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Abstract
The definition, characterisation and assessment of the similarity between target and source molecules are cornerstones of the acceptance of a read-across prediction to fill a data gap for a toxicological endpoint. There is much guidance and many frameworks which are applicable in a regulatory context, but as yet no formalised process exists by which to determine whether or not the properties of an analogue (or chemicals within a category) fall within an appropriate domain from which a reliable read-across prediction can be made. This investigation has synthesised much of the existing knowledge in this area into a practical strategy to enable the domain of a read-across prediction to be defined, in terms of chemistry (structure and properties), toxicodynamics and toxicokinetics. The strategy is robust, comprehensive, flexible, and can be implemented readily. It enables the relative similarity and dissimilarity, between target and source molecules, for both the analogue and category approaches, to be analysed and provides a basis for alternative scenarios such as read-across based on formation of a common metabolite or biological profile to be defiend. Herein, the read-across domains for the repeated dose toxicity of a group of triazoles and imidazoles have been evaluated. The most challenging aspect to this approach will continue to be determining what is an “acceptable” degree of similarity when performing read-across for a specific purpose. 
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Highlights
· A strategy to define the applicability domain of analogues and categories for read-across
· Domains characterised in terms of chemistry, toxicodynamics and toxicokinetics
· Assessment of domains enables many lines of evidence to be incorporated
· Domain assessment is a simple-to-use, yet powerful, approach


Abbreviations: ADME, absorption, distribution, metabolism excretion; BPt, boiling point; CAS, Chemical Abstracts Service; Cmax, maximum plasma concentration; Css, steady-state plasma concentration; ECHA, European Chemicals Agency; GSH, Glutathione; ICE, Integrated Chemical Environment; log P, logarithm of the octanol-water partition coefficient; MIE, Molecular Initiating Event; MW, molecular weight; MPt, melting point, NAM, New Approach Methodology; NEIHS, National Institute of Environmental Health Sciences; NOAEL, No Observed Adverse Effect Level; OECD, Organisation for Economic Cooperation and Development; PBPK; Physiologically-based pharmacokinetics; PC, Principal Component; QSAR, quantitative structure-activity relationship; RAAF, Read-Across Assessment Framework; US EPA, United States Environmental Protection Agency; VP, vapour pressure; UVCBs, unknown or variable composition, complex reaction products




1. Introduction
Read-across is the process of inferring the toxicity of a compound with few, or no, data from a similar compound with acceptable data [1]. Whilst possibly simple to conceive at the outset, achieving an adequate read-across prediction can be a lengthy process. This is especially true when attempting to justify read-across for a complex endpoint such that it may be an acceptable replacement for an in vivo assay for regulatory purposes. The key questions often relate to justifying the assessment of similarity between the molecules and demonstrating there is no significant  difference in structure (or none that is predictable) that may adversely influence the prediction of toxicity [2]. To date, much guidance has been published to assist the development of a read-across prediction, such as the Read-Across Assessment Framework (RAAF) from the European Chemicals Agency [3], weight-of-evidence for assessing analogue suitability [4] and approaches to address the issue of uncertainty in predictions [5]. However, a definitive approach to determining the adequacy of an analogue and the chemical, toxicodynamic and toxicokinetic domain to which it would be applicable remains elusive [6]. 
Hence, an approach that may assist in rationalising analogue selection, the determination of the applicability domain for an analogue (or category) and, moreover, the definition of a strategy through which this may be achieved would be beneficial. The concept of applicability domain is well developed and recognised for quantitative structure-activity relationships (QSARs) [7] and is one of the core Organisation for Economic Cooperation and Development (OECD) Principles for the Validation of (Q)SARs [8]. There are many means of defining the applicability domain of a QSAR, but one of the most comprehensive was that proposed by Dimitrov et al. [9], who defined it as a four-stage process:
· Stage 1. General Parametric Requirements. i.e. properties
· Stage 2. Structural Domain. i.e. fragments / similarity
· Stage 3. Mechanistic Domain
· Stage 4. Metabolic Domain. i.e. similarity in (simulated) metabolites 
[bookmark: _Hlk92030030]Whilst not directly applicable to the situation for read-across, the elements of the applicability domain concept for QSARs can be translated into the chemical, toxicodynamic and toxicokinetic properties required to identify analogues for read-across [4, 10]. Development of this concept can be further informed by the requirements of ECHA’s RAAF and the assessment of uncertainties. Many researchers are routinely collecting information to support read-across e.g. structural and property data. Templates are available for doing this [11, 12], as well as for organising data for QSARs - the so-called QSAR Model Reporting Format [13]. However, a systematic approach to organise the collection and analysis of data, that is sufficiently flexible and adaptable for all endpoints and enables definition of the domain is still lacking.
In order to address these needs, the aim of this study was to determine what would be required to enable the applicability domain for a read-across prediction of toxicity to be defined. Specifically, the types of information that could be used, differential requirements for analogue and category approaches and whether informatics / statistical approaches could be applied. The study utilised previously collected data for triazoles [14] to demonstrate the definition of domain for the analogue approach, whilst concurrently extending the analysis to imidazoles for the category approach. In addition, existing literature studies for read-across scenarios involving the production of a common metabolite, for biological read-across and unknown or variable composition, complex reaction products (UVCBs) were considered. This builds on both well-established means, and more recent proposals, to compile information to define uncertainties [10, 12] and justify analogue selection for read-across [4].

2. Methods: The Approach to Define Applicability Domains for Read-Across 
2.1 Criteria to define the applicability domain 
Based on ECHA’s RAAF [3] and the assessment of uncertainties of read-across relating to similarity [12], three criteria were identified as being crucial to define the applicability domain of an analogue or category. These correlate with the four types of evidence required to support read-across that were previously defined by Suter and Lizarraga [4]: structural features and physico-chemical attributes (herein jointly considered as “chemistry”), toxicodynamics and toxickinetics. The three criteria are noted below and defined in more detail in Table 1. 
1. Chemistry. In general, a prime consideration in read-across is the chemical structure and properties of the target and source chemicals and how their similarity may be defined. This may be in terms of fragments or chemical class, physico-chemical properties and a relevant metric for structural similarity. 
2. [bookmark: _Hlk92636465]Toxicodynamics. Analogues should, ideally, have a demonstrable common mechanism of action in eliciting toxicity or absence of a specific mechanism. Possession of similar structural fragments, known to be associated with a given toxicity, may provide evidence whilst the absence of such toxic fragments may also be informative. In silico, in chemico and / or in vitro New Approach Methodology (NAM) data may play a role in defining toxicodynamics. Whilst toxicodynamic data may be used in conjunction with other data sources, approaches to read-across based solely on biological similarity using NAM data, such as from those -omics are also becoming commonplace, see Nakagawa et al. [15] and Escher et al. [16] as excellent examples. 
3. Toxicokinetics. Historically, a significant barrier to acceptance of read-across was the failure to establish similarity in toxicokinetic behaviour [17] and there are several factors to consider. A significant concern is where the target molecule may have greater bioavailability than the source chemical, in general, and more specifically a higher level of exposure at the target site. Another concern is potential differences in metabolic profile, such as the rate, extent and route of metabolism, and in particular whether the target chemical may produce toxic metabolites not produced (or produced to a lesser extent) than the source chemical.  

Table 1 summarises the key factors to consider in determining the chemical, toxicodynamic and toxicokinetic domains of a read across prediction. The relevance of these domains for different read-across scenarios are specifically identified in Table 1 and the concepts are expanded on further below.
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Table 1. Key applicability domain criteria for the relationship between target and source chemical(s) indicating which are most relevant for given read-across scenarios
	Key Applicability Domain Criteria

	

	Chemistry
	Toxicodynamics
	Toxicokinetics

	

	Chemical substructure: 
- Presence of key (activity defining) structural fragment(s); additional fragments have no significant dissimilarities* (i.e. unlikely to modify activity)

Molecular similarity:
- Determined by appropriate similarity metric

Physico-chemical properties:
- Relevant physico-chemical properties are within requisite boundaries
	Toxicological activity:
- Toxicological endpoint data

MIE: 
- Ability to elicit same molecular initiating event

Mechanistic analysis: 
- Evidence of similarity in mode/mechanism of action*; (conversely no evidence (or likelihood) of specific toxicities that are elicited only by the target or the source*)
	ADME:
- Evidence of similarity in key absorption, distribution, metabolism (see also below) and excretion (ADME) properties*
- Level of target organ exposure (indicated by bioavailability, plasma/organ concentration-time profile; maximal or steady-state concentrations)

Metabolism:
Similarity in metabolic profile (where relevant)

	

	Scenario-Specific Considerations

	

	
	Biological Read-Across: Focus on similarity of biological profile (Toxicodynamics)

	Common Metabolite / Degradation Product:
Is the transformation product formed; is rate and extent of formation similar (Toxicokinetics)


	UVCB / Mixtures: Focus on similarity of chemical profile with regard to structures / proportion of structures and link to activity (Chemistry and Toxicodynamics)

	

	Analogue / Category Approach: 
All aspects considered (Chemistry, Toxicodynamics and Toxicokinetics)


*according to current knowledge




2.2 Applying the read-across domain criteria
Each of the applicability domain criteria described in Table 1 are considered individually in Table 2 [18]. The nature of the information available for compounds influences how readily a compound can be determined as being within or outside of the domain (in relation to a specific criteria). Table 2 summarises typical information available, how a domain may be defined and, pragmatically, how compounds can be assigned as being in or out of domain.  
Applicability domain can most readily be defined using chemical structure, properties and/or similarity; such approaches are often applied as a first step as these criteria lend themselves to being quantified easily. Other criteria are associated with the presence or absence of one or more structural features or chemical / biological properties. At best, these types of criteria can be only semi-quantitative and are most likely to be qualitative at the current time. They do, however, serve as a useful means of establishing differences between molecules. Defining the domain using toxicodynamics or toxicokinetics is associated with a higher level of complexity and it is generally more difficult to assign chemicals to a domain using this type of information, particularly where qualitative descriptions are given, such as “rapid” absorption. Thus, it is inevitable that the domain cannot be described quantitatively for a proportion of the criteria, making overtly parametric approaches to describe the domain difficult to apply. 


Table 2. Features of the key applicability domain criteria including metrics and typical information, as well as how to determine whether compounds are within our outside of the domain 
	Metric 

	Type of information / examples 

	Ease of assigning to domain?
	Defining the domain and assessing whether compounds are in or out of domain
	Comments

	

	Chemistry

	

	Chemical substructure / fragment(s) 

	Presence, absence or analysis of differences in fragments 
e.g. analogue(s) or member of mechanistic domain.

	Readily assignable - indicated by presence or absence of functional groups or molecular substructures
	Define key structural fragments of target and source molecule(s):
Where differences in key fragments exist between source and target, determine whether these may potentially impact toxicity.
	May not be defined for mixtures / UVCBs
Effect of additional fragments may need to be investigated with e.g. in silico profilers, NAM data, etc

	Molecular similarity 

	Comparison of fingerprint(s) using a suitable metric (e.g. Tanimoto, Dice coefficient)
	Readily assignable - determined by value of similarity metric
	Calculate score using chosen similarity metric(s):
Higher scores within domain, lower scores out of domain – a cut-off value can be arbitrarily determined

	Scores should not be used in isolation as they are relative to the fingerprint and metric – may show consistency within a defined group.

	Physico-chemical properties



	Log P, boiling point, aqueous solubility, vapour pressure etc.

	Readily assignable - If experimental data are available or property is readily calculable
	Obtain experimental value or calculate property using a suitable method:
Consider the magnitude in difference between target and source relative to: the range of the property; experimental variability and; context of application. For example: log P within 1 log unit; aqueous solubility within 1.5 log units; vapour pressure within 2 log units or M wt/boiling point/vapour pressure to be within “X” Da/oC/mmHg of target respectively (where “X” is proportional to the magnitude of the value for the target).
	Consider appropriateness experimental versus calculated values; boundary of domain determined by property range, variability and context

	

	Toxicodynamics

	

	Toxicology: Existing toxicity data

	Toxicity data for the endpoint to read-across (for the source molecule); other information for both target and source e.g. data for analogous / associated endpoints; data from non-standard assays (e.g not performed to Test Guideline); output from in silico studies (e.g. predictions from QSARs or software such as QSAR Toolbox, Toxtree etc).

	Moderately complex to assign – may require expert interpretation of existing toxicity data, or profiles
	Obtain relevant experimental data or perform in silico assessment.
Assess whether there are significant differences in individual data or overall toxicological profile that would indicate the compound is out of domain.
	Comparative data may not be available and data quality / reliability of predictions needs to be considered.

	Toxicology: Molecular Initiating Event 
(Description of the MIE which may be part of an AOP)


	Knowledge of the MIE may define it as being receptor mediating, reactive, acute enzyme inhibition, blockade of biochemical pathways, etc. Information on grouping should reflect this knowledge
	Variable – 
MIE may be well-established or may be an unknown, ill-defined or non-specific MIE
	Define MIE e.g. according to Cronin and Richarz [18]
Determine if the MIE is the same and if similarity in molecular structure reflects the MIE? If not, the compound  will be out of the MIE-defined domain.
	

	Toxicology: Mechanistic Analysis

	Biological data e.g. data from NAM, -omics  or high content assays used to confirm similarity in mechanism of toxic action

	Variable – data from NAMs may be directly associated with mechanism of action; however  difficult to definitively assign using  “high content” / -omics data
	Obtain relevant data from biological assays, NAMs, high content or -omics assays.
Establish if NAM assay results and/or high content /-omics assays indicate a commonality in mechanism of action 

	Analysis of high content /-omics data can be intensive, although data are becoming more accessible; application of NAMs is rapidly expanding at present

	

	Toxicokinetics

	

	Toxicokinetic (TK) parameters 
Relating to absorption, distribution, metabolism* and excretion (ADME)

	Data available from toxicokinetic studies or predicted using software, includes overall bioavailability (via relevant route), half-life, area under concentration-time curve (AUC), rate/percentage absorbed; volume of distribution; plasma or tissue protein binding; clearance rate or percentage excreted by kidneys, liver, lung etc
	Variable – 
Some TK parameters may be directly comparable; others require expert analysis of toxicokinetic profile
	Obtain data from experimental toxicokinetic studies or in silico predictions
Determine if there are significant differences in toxicokinetic data (individual values or AUC profile) that may indicate overall differences in bioavailability at relevant site, potential to accumulate or metabolism*.

	Differences in TK parameters such as bioavailability or accumulation may be accommodated if sufficiently understood, by adjusting the read-across value or using a safety factor

	Metabolism*: Metabolite identity, rate or extent of metabolism

	Experimentally determined metabolites, metabolites predicted using software or assumption that target and source have same primary metabolite that is responsible for toxicity; metabolism rate data (usually experimentally derived)
	
	Identify metabolites from experimental studies or in silico prediction; (rate data may be available from experimental studies).
Determine whether target and source have common metabolites (especially where the metabolite is associated with toxicity); determine if either have additional metabolites that are associated with other toxic effects. Compounds are in domain if the same key metabolite(s) are formed and other metabolites formed by either target or source are deemed inconsequential to the toxicity. Comparison of rate of metabolism may also be relevant when comparing bioavailability or half-life.
	Metabolism may be key consideration for certain read-across scenarios (e.g. formation of a common metabolite associated with toxicity) . Differences in metabolites or rate of metabolism can have a significant impact on read-across.








One approach for read-across is the analogue approach, whereby the target and source molecules are compared directly. In reality, it is not possible to make a direct and objective comparison of the absolute similarity or dissimilarity of two molecules; this can only be considered in relation to specific properties. It may be possible to consider whether the two molecules are highly similar in terms of relevant physico-chemical properties such as molecular weight (MW), logarithm of the octanol-water partition coefficient (log P) etc. The category approach, however, lends itself to a more quantitative approach i.e. the property range within a category can be considered. Analysis of this sort has two distinct advantages, firstly it enables the determination of whether the target molecule fits within the chemical and toxicological space of the category, but also takes account of the heterogeneity of the category itself. Herein, the concepts of domain for an analogue and a category, and how the domain may be applied, are illustrated through the re-analysis of a grouping and read-across study proposed by Pestana et al. [14]. This study aimed to read-across the repeat dose toxicity of triazole fungicides, more specifically tetraconazole to hexaconazole as the analogue approach, and then beyond to a larger category. Pestana et al. [14] compiled a large amount of supporting data, including for NAMs, which were utilised and added to in this study. As indicated in Table 1, the analogue or category approaches require consideration of all three types of domain criteria (chemistry, toxicodynamic and toxicokinetic). For other read-across approaches there is greater focus on specific types of data, for example toxicodynamic data for biological read-across or toxicokinetic data for the common metabolite approach. The primary focus of this study was to demonstrate the practical application of domain definition, as relevant to the analogue and category approaches, however, application of the approach to other read-across methods (formation of a common metabolite or degradant, biological read-across and read-across for UVCBs or mixtures) are also discussed below.

2.3 Data compilation to support the definition of domains

The compounds in the data set considered as part of the analogue and category approaches are summarised in Table 3, including their identifiers and experimental No Observed Adverse Effect Levels (NOAELs). All values in Table 3 represent 90 day rat oral NOAEL values [19-36], which were considered to be the most representative publicly available value, as published previously by Pestana et al. [14].

Table 3. Name and Chemical Abstract Service (CAS) Number of the triazole and imidazole categories, with associated NOAEL values, considered in this study. 
	Name and CAS Number
	Structure
	NOAEL values (mg/kg/day)
	Reference for NOAEL value

	

	Target Molecule

	

	Tetraconazole
112281-77-3
	[image: ]
	4
	EFSA [19]

	

	Source Molecules (Triazole category)

	

	Hexaconazole
79983-71-4
	[image: ]
	2.5
	US EPA [20]


	Bitertanol
55179-31-2
	[image: ]
	8
	JMPR [21]

	Cyproconazole
94361-06-5
	[image: ]
	6.4
	EFSA [22]

	Difenoconazole
119446-68-3
	[image: ]
	20
	EFSA [23]

	Epoxiconazole
133855-98-8
	[image: ]
	7
	EFSA [24]

	Fenbuconazole
114369-43-6
	[image: ]
	5.7
	EFSA [25]

	Myclobutanil
88671-89-0
	[image: ]
	51.5
	JMPR [26]

	Paclobutrazol
76738-62-0
	[image: ]
	20
	EFSA [27]

	Penconazole
66246-88-6
	[image: ]
	25
	EFSA [28]

	Propiconazole
60207-90-1
	[image: ]
	15.9
	ECHA [29]

	Prothioconazole
178928-70-6
	[image: ]
	100
	JMPR [30]

	Tebuconazole
107534-96-3
	[image: ]
	9
	EFSA [31]

	Triadimenol
55219-65-3
	[image: ]
	9
	EFSA [32]

	Triadimefon
43121-43-3
	[image: ]
	13.6
	FAO [33]

	

	Source Molecules (Imidazole category)

	

	Imazalil
35554-44-0
	[image: ]
	5
	EFSA [34]

	Prochloraz
67747-09-5
	[image: ]
	6
	EFSA [35]

	Triflumizole
68694-11-1
	[image: ]
	4.1
	EFSA [36]

	Climbazole
38083-17-9
	[image: ]
	45
	ECHA (extracted from the US EPA CompTox Chemicals Dashboard)

	Ketoconazole
65277-42-1
	[image: ]
	6.5
	NITE (extracted from the US EPA CompTox Chemicals Dashboard)




The sources of information drawn upon to address the criteria describing read-across domain are detailed in Table 4 [18, 37] and were all publicly available. They represented either databases or in silico software accessible without charge. It is acknowledged that there are many other such sources, both freely and commercially available, that the user may wish to use.


Table 4. Sources of information defining the criteria addressed in the read-across domain. 

	Criteria
	Type of information
	Resource
	Reference and / or URL

	

	Chemistry

	

	Chemical substructure
	Key structural fragment(s) for grouping 
	[bookmark: _Hlk77847178]OECD QSAR Toolbox: Profilers for mechanisms or endpoints
	www.qsartoolbox.org

	
	Additional fragment(s) defining structure
	OECD QSAR Toolbox: Profilers for functional groups
	www.qsartoolbox.org

	Molecular similarity 
	Tanimoto coefficient calculated from PubChem fingerprints
	PubChem
	https://pubchem.ncbi.nlm.nih.gov/

	Physico-chemical properties
	Various physico-chemical properties 
	United States Environmental Protection Agency (US EPA) Computational Toxicology (CompTox) Chemicals Dashboard
	https://comptox.epa.gov/dashboard

	

	Toxicodynamics

	

	Toxicology
	Primary toxicity data
	EFSA OpenFoodTox database*
US EPA Chemicals Dashboard
	https://www.efsa.europa.eu/en/data/chemical-hazards-data; https://comptox.epa.gov/dashboard

	
	Non-standard data
	US EPA Chemicals Dashboard
PubChem
	https://comptox.epa.gov/dashboard; https://pubchem.ncbi.nlm.nih.gov/compound/

	
	Data for other (related) endpoints
	PubChem
	https://pubchem.ncbi.nlm.nih.gov/compound/

	
	
	
	

	Molecular Initiating Event
	Definition according to type of interaction 
	Scheme to classify MIEs according to the nature of the interaction
	Cronin and Richarz [18]

	Mechanistic analysis
	In silico screening 
	OECD QSAR Toolbox (ver 4.4.1) mechanistic profilers
	www.qsartoolbox.org

	
	ToxCast Data
	US EPA Chemicals Dashboard
	https://comptox.epa.gov/dashboard

	
	Other mechanistic data
	PubChem
	https://pubchem.ncbi.nlm.nih.gov/compound/

	

	Toxicokinetics

	

	Absorption, distribution, metabolism and excretion
	Absorption, Distribution, Metabolism, Half-life
	EFSA OpenFoodTox database; PubChem
	https://www.efsa.europa.eu/en/data/chemical-hazards-data; https://pubchem.ncbi.nlm.nih.gov/compound/

	
	Physiologically-Based Pharmacokinetics (PBPK) model predictions of distribution 
	National Institute of Environmental Health Sciences Integrated Chemical Environment (NEIHS ICE)
	https://ice.ntp.niehs.nih.gov/Tools; Bell et al. [37] 

	Metabolite formation
	Significant metabolites
	OECD QSAR Toolbox (ver 4.4.1)
	www.qsartoolbox.org






2.4 
2.5 Applying the Applicability Domain Criteria to Different Types of Read-Across

The criteria for the definition of an analogue or category approach, based on structurally-similar source chemicals, can also be applied to other types of read-across with some adaptations.  The following read-across approaches were also considered:

i) formation of a  common metabolite or degradant [38]
ii) so-called “biological read-across” [16, 39]
iii) UVCBs or mixtures [40]


3. Results

3.1 The example of the analogue approach
To illustrate the analogue approach for read-across, tetraconazole was selected as the target molecule and hexaconazole as the data-rich source molecule. The endpoint to be read across was repeated-dose toxicity and data and information were sourced, in the first instance, from Pestana et al. [14]. The authors developed a read-across approach supported by NAM data, to illustrate how uncertainty could be reduced by their inclusion. The purpose of the current study is not to determine uncertainty as such, although it may be derived from the approach, but rather to quantify the possible domain of the analogues. 
Using the data summarised in Table 3, Pestana et al. [14] illustrated that within a group of triazoles (considered in Section 3.2), hexaconazole was an appropriate read-across candidate due to structural and toxicological similarity. The analysis detailed in Table 5 demonstrates that the two analogues are very similar in terms of their chemical and structural features and properties. In order to evaluate the chemical and other properties, some of the boundary criteria defined in Table 2 were assessed. 


Table 5. Illustration of how the characteristics of two close analogues (tetraconazole and hexaconazole) can be compared according to the properties within each domain
	[bookmark: _Hlk69036752]Applicability Domain Criteria 
	Description
	Target: Tetraconazole

	Source: Hexaconazole
	Comment
	Conclusion

	

	Chemistry

	

	Chemical substructure
	Key structural fragment(s) for grouping 
	Triazole 
	Triazole 
	No significant differences
	In domain

	
	Additional fragment(s) defining structure
	Alkane, ether moiety, aryl, aryl halide, perfluorocarbon
	Alcohol, alkane, aryl, aryl halide, perfluorocarbon
	Minor difference from ether to alcohol, which is unlikely to affect toxicity significantly 
	In domain

	Molecular similarity 
	Tanimoto coefficient calculated from PubChem fingerprints
	Tanimoto coefficient between tetraconazole and hexaconazole = 0.83
	N/A
	High similarity
	No reason to consider these compounds are not similar

	Physico-chemical properties
	MW (Da)
	372
	314
	Relatively minor difference in molecular weight (58 Da)
	In domain

	
	Log P
	3.53
	3.83
	Very minor difference in log P (0.3 log units)
	In domain

	
	Water Solubility (log solubility in moles/litre)
	-3.03
	-4.26
	Moderate difference in water solubility (1.13 log units), unlikely to affect toxicity significantly
	In domain

	
	Vapour Pressure (log VP in mmHg)
	-5.76
	-6.69
	Moderate difference in vapour pressure solubility (1.07 log units), unlikely to affect toxicity significantly
	In domain

	
	Boiling point (°C)
	339
	321
	Very minor difference in boiling point (18 °C)
	In domain

	Conclusion and Justification (Chemistry Domain): 
	The target and source molecules are highly similar with regard to the chemistry domain. The molecules share the same key structural fragment that is responsible for the dominant mode of action. There are no structural fragments that would be expected to affect toxicity significantly. All relevant physico-chemical properties are similar.

	

	Toxicodynamics

	

	Toxicology
	Effect responsible for toxicity 
	Liver toxicity
	Liver toxicity
	No significant difference
	In domain

	
	Non-standard data
	None
	None
	N/A
	In domain

	
	Data for other (related) endpoints
	None
	None
	N/A
	In domain

	Molecular Initiating Event
	Interaction between the molecule and biological system causing the toxicity (i.e. the MIE)
	Receptor binding (to nuclear receptors)
	Receptor binding (to nuclear receptors)
	No significant difference
	In domain

	Mechanistic analysis
	In silico screening for oestrogen receptor binding
	No alert
	No alert
	No significant difference
	In domain

	
	In silico screening for thyroid receptor binding
	No alert
	No alert
	No significant difference
	In domain

	
	In silico screening for non-genotoxic carcinogenicity
	No alert
	No alert
	No significant difference
	In domain

	
	In silico screening for Development and Reproductive Toxicity
	Alerts for i) polyhalogenated benzene derivative and ii) thiazole derivative
	Alerts for i) polyhalogenated benzene derivative and ii) thiazole derivative
	No significant difference
	In domain

	
	In silico screening for protein binding
	No alert
	No alert
	No significant difference
	In domain

	
	In silico screening for DNA binding
	No alert
	No alert
	No significant difference
	In domain

	
	ToxCast FXR, RARa, AHR, CAR, PXR
	Active
	Active
	No significant difference in nuclear receptor binding 
	In domain

	
	ToxCast CYP3A4, CYP1A2, CYP2C19, CYP2C9
	Active
	Active
	No significant difference in CYP activation 
	In domain

	
	Omics data
	None
	None
	N/A
	N/A

	Conclusion and Justification (Toxicodynamics Domain): 
	The target and source molecules are highly similar with regard to the toxicodynamic domain. There is strong evidence that the molecules share a common mode of action. 

	

	Toxicokinetics

	

	Absorption, distribution, metabolism and excretion 
	Absorption
	Rapid
	Rapid
	No significant difference
	In domain

	
	Distribution
	Liver, kidneys, gonads, brain, bones
	Kidney, liver and pancreas
	Source compound not distributed as widely a target although high concentrations observed in the liver
	In domain

	
	Metabolism
	Extensive
	Extensive
	No significant difference
	In domain

	
	Half-life (hours)
	< 24
	10 – 27
	Half-life is short, but potentially longer in source molecule, unlikely to significantly affect toxicity 
	In domain

	
	PBPK (liver maximum plasma concentration (Cmax)) (ng/mL)
	37.1
	31.2
	Similar maximal concentrations in the liver
	In domain

	
	PBPK (Steady-state plasma concentration (Css)) (μM)
	50.1
	1.43
	A large difference in Css is observed. Css is calculated to be significantly higher in the target molecule
	Low confidence of being in domain, further information required

	Metabolite formation
	Major and significant metabolites
	1,2,4‐triazole; triazole alanine; triazole acetic acid
	1,2,4‐triazole; triazole alanine; triazole acetic acid
	No significant difference in major and defining metabolites
	In domain

	Conclusion and Justification (Toxicokinetics Domain): 
	The target and source molecules are highly similar with regard to the toxicokinetics domain. There is strong evidence that the molecules have similar absorption, distribution and excretion properties and no difference in major and significant metabolites although the effect of higher Css in the target should be acknowledged (although no significant differences were observed in the liver). 

	
	

	Overall Conclusion and Justification:
	There is strong evidence that target and source the molecules are highly similar with regard to the read-across domain indicating low uncertainty with regard to their similarity.





3.2 The example of the category approach
The same principles to define the domain of an analogue can be applied to groups or categories of molecules that can be used for read-across. For a category, rather than there being a direct comparison of the information for two molecules, the ranges of descriptors (if continuous variables), or the presence or absence of specific properties or molecular features (if categorical variables), can be utilised. Table 6 provides a summary of domain, indicating that the target molecule falls within the domain of the azole category and hence would be a good source of information for read-across (the full data for the ranges for all compounds are provided in Supplementary Information Table S1). The ranges and properties that comprise the imidazole domain are more diverse, indicating a broader domain for this category. The breadth and diversity of a category, as defined by the domain, could potentially result in a category that is a less robust, without further evidence, source of read-across analogues. 
The quantitative aspects of the read-across can be shown graphically. Figure 1 shows the scores for the first two principal components calculated from the continuous data in Table 6 / Supplementary Information Table S1 (logarithmically transformed values for MW, log P, BPt, VP, Css and Cmax were used where available). Whilst this gives a good understanding of the chemistry and toxicokinetic properties, it is not able to describe the toxicodynamic properties due to the lack of continuous data. 
The plot of scores for the first two principal components, as shown in Figure 1, is a very simplistic representation of the chemical and toxicokinetic space of the triazole and imidazole categories. As such it should be used for illustrative purposes only. However, it does provide some useful information regarding the categories. In terms of chemical and toxicokinetic space, the two categories are relatively homogenous and, for the most part, the imidazoles fall into the same space as the triazoles. Hexaconazole, the analogue chosen by Pestana et al. [14], is relatively close in terms of this space. However, others are closer - the nearest being cyproconazole. As noted above, the imidazole category is broader than that of the triazoles. It is vital to note that whilst the two categories show consistency, no information regarding toxicodynamics or the significant metabolites is included and these issues should be considered by expert judgement. 

[image: ]
Figure 1. Plot of the scores for the first two principal components (PCs) based on the continuous data for the triazole and imidazole categories’ chemical and toxicokinetics domains. Data for tebuconazole were not available so it is excluded. Green diamonds represent triazole compounds and blue circles imidazoles. The target compound (tetraconazole) is identified.



Table 6. Domain of the triazole category, with the possible extension to include imidazoles, as defined by the criteria set out in Table 2.
	Applicability Domain Criteria 
	Description
	Target: Tetraconazole

	Category Range: Triazoles
	Conclusion
	Category Range: Imidazoles
	Conclusion

	

	Chemistry

	

	Chemical substructure
	Key structural fragment(s) for grouping 
	Triazole 
	Triazole
	Identical
	Imidazole
	

	
	Additional fragment(s) defining structure
	Alkane, ether moiety, aryl, aryl halide, perfluorocarbon
	Aryl, aryl halide in all compounds; alkanes in most compounds
	Target in domain of the triazole category
	Aryl, aryl halide in most compounds
	Similarity of triazoles and imidazoles need to be assessed to determine if it will affect toxicity

	Molecular similarity 
	Tanimoto coefficient calculated from PubChem fingerprints
	N/A
	Most Tanimoto coefficients (with target) > 0.75
	Target in domain of the triazole category
	Tanimoto coefficient of target between 0.50 - 0.70 
	Similarity of target to imidazole category needs further evidence to be strongly in domain

	Physico-chemical properties
	MW (Da)
	372
	292 - 406	
	Target in domain of the triazole category
	293 - 531
	Target in domain of the imidazole category (which is broader than that of triazoles)

	
	Log P
	3.53
	2.75 - 4.26	
	Target in domain of the triazoles category
	1.40 – 4.35
	Target in domain of the imidazole category, (which is broader than that of triazoles)

	
	Water Solubility (log solubility in moles/litre)
	-3.03
	-3.03 - -5.89
	Target in domain of the triazole category
	-3.80 to -5,98
	Target in domain of the imidazole category (which is similar to that of triazoles)

	
	Vapour Pressure (log VP in mmHg)
	-5.76
	-5.73 - -9.21
	Target in domain of the triazole category
		-2.98 to - 9.57
	Target in domain of the imidazole category (which is broader than that of triazoles)

	
	Boiling point (°C)
	339
	321 - 350
	Target in domain of the triazole category
	336 -753
	Target in domain of the imidazole category (which is broader than that of triazoles)

	Conclusion and Justification for the Triazoles Category (Chemistry Domain): 
	The target and source molecules in the triazole category are highly similar with regard to the chemistry domain. The molecules share the same key structural fragment that is responsible for the dominant mode of action. There are no structural fragments that would be expected to affect toxicity significantly. All relevant physico-chemical properties are similar.

	Conclusion and Justification for the Imidazoles Category (Chemistry Domain): 
	The target and source molecules in the imidazole category are moderately similar with regard to the chemistry domain. The molecules share a highly related key structural fragment that is responsible for the dominant mode of action. There are few structural fragments that would be expected to affect toxicity significantly in the category. The target molecule falls within the range of relevant physico-chemical properties, but it should be noted that this range is relatively broad.

	

	Toxicodynamics

	

	Toxicology
	Effect responsible for toxicity 
	Liver toxicity
	Liver toxicity
	Target in domain of the triazole category
	Liver toxicity
	Target in domain of the imidazole category

	
	Non-standard data
	None
	None
	N/A
	None
	N/A

	
	Data for other (related) endpoints
	None
	None
	N/A
	None
	N/A

	Molecular Initiating Event
	Type of interaction between the molecule and biological system causing the toxicity (i.e. the MIE)
	Receptor binding (to nuclear receptors)
	Receptor binding (to nuclear receptors)
	Target in domain of the triazole category
	Receptor binding (to nuclear receptors)
	Target in domain of the imidazole category

	Mechanistic analysis
	In silico screening for oestrogen receptor binding
	No alert
	No alert
	Target in domain of the triazole category
	No alert
	Target in domain of the imidazole category

	
	In silico screening for thyroid receptor binding
	No alert
	No alert
	Target in domain of the triazole category
	No alert
	Target in domain of the imidazole category

	
	In silico screening for non-genotoxic carcinogenicity
	No alert
	No alert
	Target in domain of the triazole category
	No alert
	Target in domain of the imidazole category

	
	In silico screening for Development and Reproductive Toxicity
	Alerts for i) polyhalogenated benzene derivative and ii) thiazole derivative
	Alerts for i) polyhalogenated benzene derivative and ii) thiazole derivative
	Target in domain of the triazole category
	Alerts for i) polyhalogenated benzene derivative and ii) imidazole derivative
	Target in domain of the imidazole category

	
	In silico screening for protein binding
	No alert
	No alert 
	Target in domain of the triazole category
	No alert 
	Target in domain of the imidazole category

	
	In silico screening for DNA binding
	No alert
	No alert except epoxy group in epoxiconazole
	Target in domain of the triazole category
	No alert except for triflumizole (Schiff base formation)
	Target in domain of the imidazole category

	
	ToxCast CYP3A4, CYP1A2, CYP2C19, CYP2C9
	Active
	Active
	Target in domain of the triazole category
	Active
	Target in domain of the imidazole category

	
	Omics data
	None
	None
	N/A
	None
	N/A

	Conclusion and Justification for the Triazoles Category (Toxicodynamics Domain): 
	The target and source molecules in the triazole category are highly similar with regard to the toxicodynamic domain. There is strong evidence that the molecules share a common mode of action. 

	Conclusion and Justification for the Imidazoles Category (Toxicodynamics Domain): 
	The target and source molecules in the imidazole category are highly similar with regard to the toxicodynamic domain. There is strong evidence that the molecules share a common mode of action. 

	

	Toxicokinetics

	

	Absorption, distribution, metabolism and excretion
	Absorption
	Rapid
	Rapid
	Target in domain of the triazole category
	Rapid
	Target in domain of the imidazole category

	
	Distribution
	Liver, kidneys, gonads, brain, bones
	Liver and kidneys 
	Target and category both show significant distribution to the liver, therefore in domain
	Widely distributed; plasma and thyroids, liver and kidneys
	Target and category both show significant distribution to the liver, however the wide distribution to other organs may be significant and would require further evidence

	
	Metabolism
	Extensive
	Extensive
	Target in domain of the triazole category
	Extensive
	Target in domain of the imidazole category

	
	Half-life (hours)
	< 24
	< 96
	Target in domain of the triazole category
	< 96 (not available for all)
	Target in domain of the imidazole category

	
	PBPK (liver maximum plasma concentration (Cmax)) (ng/mL)
	37.1
	10.25 – 55.12
	Target in domain of the triazole category
	9.75 – 46.48 
	Target in domain of the imidazole category

	
	PBPK (Steady-state plasma concentration (Css)) (μM)
	50.1
	0.43 - 83.66
	Target in domain of the triazole category
	0.33 – 77.86
	Target in domain of the imidazole category

	Metabolite formation
	Major and significant metabolites
	1,2,4‐triazole; triazole alanine; triazole acetic acid
	1,2,4‐triazole; triazole alanine; triazole acetic acid
	Target in domain of the triazole category
	Cleavage to the imidazole ring in some of the compounds 
	Target is not in the metabolic domain of the imidazoles. Further evidence would be required to assess the potential for the different imidazoles to affect the toxicity outcome

	Conclusion and Justification for the Triazoles Category (Toxicokinetics Domain): 
	The target and source molecules in the triazole category are highly similar with regard to the toxicokinetics domain. There is strong evidence that the molecules have similar absorption, distribution and excretion properties and no difference in major and significant metabolites. 

	Conclusion and Justification for the Imidazoles Category (Toxicokinetics Domain): 
	The target and source molecules in the imidazole category are moderately similar with regard to the toxicokinetics domain. There is evidence that some, but not all, molecules in the category have similar absorption, distribution and excretion properties. There is a difference in major and significant metabolites. Further evidence of the toxicokinetics properties may be required to reduce uncertainty.

	
	

	Overall Conclusion and Justification for the Triazole Category:
	There is strong evidence that target and source the molecules are highly similar with regard to the read-across domain indicating low uncertainty with regard to their similarity. The target molecule is highly likely to be a member of this category and the conservative read-across of a NOAEL is justified.

	Overall Conclusion and Justification for the Imidazole Category:
	There is moderate evidence that target and source the molecules are similar with regard to the read-across domain indicating low uncertainty with regard to their similarity. The target molecule is highly likely to share the same mode of toxicity action but possible differences in toxicokinetics must be investigated in order to ascertain whether a conservative read-across of a NOAEL is justified.



3.3 Consideration of other types of read-across
The definition of applicability domain can be adapted for other types of read-across, as indicated in Table 1. Table 7 summarises the criteria identified in Tables 1 and 2 that would be important for each type of read-across. 
For read-across associated with a common metabolite or degradant, as exemplified by the study reported by Ball et al. [38], the fundamental aspects are to ensure that the identical metabolite or degradant is formed, and that the rate of formation is comparable between the target and source molecules. As shown in Table 7, this should be demonstrated in terms of the chemical structure. Should a common structure (for the relevant metabolite) be identified then the structural similarity and physico-chemical properties will be assumed to be identical. Likewise, toxicodynamics need not be considered as the read-across molecule will be assumed to be the same. The only factors that will need to be demonstrated relate to toxicokinetics, specifically the formation of the key metabolite. 
Biological read-across and read-across for UVCBs / mixtures share many commonalities, indeed biological read-across is likely to be a key tool to fill data gaps for such assortments of substances. For the purposes of this discussion, biological read-across is taken to be an approach where chemical structure may not be known and the read-across is performed on the basis of similar biological data. Such data may typically be from –omics outputs or the results of high content assays, as exemplified by a number of studies e.g. Escher et al [16], Grimm et al. [39], Nakagawa et al. [15] and van Ravenzwaay et al. [41]. As reported in Table 7, for read-across candidates with known chemical structure, such similarity can form part of the read-across argument, although strictly speaking is not required. For biological read-across to be acceptable, it is the toxicodynamics that must be demonstrated to be similar through similar (experimental) biological responses. 
[bookmark: _Hlk92030115]Consideration of read-across for UVCBs and mixtures in many ways applies and extends the process of biological read-across [42]. However, as noted in Table 7, for UVCBs and mixtures it may still be possible to categorise the structures of chemical constituents [43-45], although this is not theoretically required. As with biological read-across, similarity in mixtures and UVCBs may be assumed by similarity in biological responses including NAMs data, as exemplified by House et al. [40]. 




Table 7. Relevance of the criteria for defining the applicability domain of a read-across (as described in Tables 1 and 2) for different types of read-across applications. 
	
	Analogue or Category
	Common Metabolite / Degradant
	Biological Read-Across
	UVCB / Mixture

	

	Chemistry

	

	Chemical substructure
	Essential – similarity in analogues and category members must be demonstrated
	Essential – common metabolite or degradant is assumed
	Non-essential. If structures are known, this may be helpful but is not a vital part of the read-across process
	Non-essential. If structures are known, this may be helpful but is not a vital part of the read-across process

	Molecular similarity 
	Essential – similarity in analogues and category members must be demonstrated
	Not relevant - common metabolite or degradant is assumed
	Non-essential. If structures are known, then information may be provided
	Not relevant – similarity metrics cannot currently be calculated for UVCBs or mixtures

	Physico-chemical properties
	Essential – similarity in analogues and category members must be demonstrated
	Not relevant - common metabolite or degradant is assumed
	Non-essential. If structures are known, then information may be provided
	Non-essential. If properties are known, then information may be provided

	

	Toxicodynamics

	

	Toxicology
	Essential – similarity in analogues and category members must be demonstrated
	Not relevant - common metabolite or degradant is assumed
	Essential – similarity must be demonstrated
	Essential – similarity must be demonstrated

	Molecular Initiating Event

	Essential – similarity in analogues and category members must be demonstrated
	Not relevant - common metabolite or degradant is assumed
	Essential – similarity must be demonstrated
	Non-essential – it may not be possible to demonstrate a common MIE

	Mechanistic analysis
	Essential – similarity in analogues and category members must be demonstrated
	Not relevant - common metabolite or degradant is assumed
	Essential – similarity must be demonstrated
	Essential – similarity must be demonstrated

	

	Toxicokinetics

	

	Absorption, distribution, metabolism and excretion 
	Essential – similarity in analogues and category members must be demonstrated
	Not relevant - common metabolite or degradant is assumed
	Non-essential. If ADME information is known, then information may be provided
	Non-essential. If ADME information is known, then information may be provided

	
Metabolite formation
	Essential – similarity in analogues and category members must be demonstrated
	Essential – demonstrating the formation of a common metabolite / degradant, with similar rates of formation, is crucial to ensuring successful read-across
	Non-essential. If metabolic information is known, then information may be provided
	Non-essential. If metabolic information is known, then information may be provided




4. Discussion

This study has defined the domains of analogues and categories for read-across with a particular focus on deriving a suitable conclusion for the question of whether two, or more, compounds are “similar”. The complexity of answering this question is well known and is the cornerstone of acceptance of read-across predictions for data gap filling [2]. Until this time, the answer to this question has either been a subjective response built on weight of evidence [4, 46], or a more parametric approach based solely on molecular structure and properties [47]. The approach described in this paper attempts to draw on the strengths of both types of analyses, in turn reducing the weaknesses. Specifically, in this study we have derived a scheme that incorporates all properties of analogues identified by ECHA’s RAAF [3], as well as those associated with known uncertainties [5]. Going beyond the identification of these properties, it has attempted to quantify differences between molecules providing a means of defining the similarity between analogues.
The definition of the domain of read-across is defined in three steps relating to chemistry (structure and properties), toxicodynamics and toxicokinetics. The significance of each is described in more detail below. 
4.1 Chemistry Domain
The simplest step in defining the domain of a read-across analogue relates to chemical structure and properties. This is the most fundamental for similarity with regard to read-across and (with the possible exception of consideration of UVCBs, mixtures and for biological read-across) the structural basis of the read-across should be stated explicitly. Should a molecule (or a constituent of a UVCB or mixture) be deemed dissimilar in terms of structure or properties, then it would be considered to fall out of domain. There are, of course, many subtleties here. Whilst category members may possess quite different global structures, provided that the key fragment driving toxicity is preserved, it may be considered similar. However, it is also recognised that even very minor structural changes can be associated with “activity cliffs” [48]. These are, in essence, dramatic shifts in bioactivity resulting from apparently minor structural modifications, which would lead to the discounting of an analogue.  
To illustrate the issue of activity cliffs, the use of read-across for skin sensitisation is a case in point. The MIE for skin sensitisation is the covalent reaction of a hapten with a skin immunoprotein [49]. Therefore, for this endpoint, analogues can potentially be read across from fragments associated with reactivity (many of these being publicly available, e.g. Enoch et al. [50, 51]. A small change in the environment about such a fragment may significantly alter reactivity. For instance, as shown in Figure 2, the susceptibility of the α,β-unsaturated carbonyl moiety towards conjugate addition renders it a standard alert for protein alkylation – potentially enabling read-across over a range of molecules broader than close structural analogues. However, the reactivity may be significantly influenced by the identity of the substituents present at either alkene carbon atom. The simple addition of a methyl substituent (an electron donating group) at these positions shall impair reactivity, whereas a halogen atom (electron withdrawing) shall enhance it [52]. Thus, there is a need to accurately identify and describe the structural basis for grouping in order that such issues may be accounted for.
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Figure 2. An example of an “activity cliff” where small changes in chemical structure may have a significant influence on toxicity. The example shown illustrates the α-substituent effect upon the reactivity of the cinnamaldehyde derivatives towards reduced glutathione (GSH).

Table 2 illustrates the range of properties that can be considered to define the chemistry domain for a read-across analogue. For a single chemical (as opposed to a UVCB), the starting point is the definition of the structural fragment(s) on which the grouping is based. For the purposes of the triazole fungicides, it is the triazole structure that is the fundamental key unit for read-across. This is on the basis of it promoting a recognisable mode of toxic action [53]. It is noted that different types of fragments will be required for different endpoints. The molecule is then defined further in the fragments that describe the structure – such that any differences in structure may be determined. Chemical similarity can be ensured by a metric such as provided by the Tanimoto score derived from a suitable molecular fingerprint. The score can be provided for the one-to-one analogues (see Table 3), but in this case would be taken in isolation – it being difficult to demonstrate similarity on a single score alone [54]. However, if a low similarity score was determined, this may need to be investigated and understood. Similarity scores may be more useful for the category approach (Table 6) and may give an indication of the “consistency” of analogues, in other words whether all scores are in a similar range. Thus, for the triazoles, the individual Tanimoto score shows a high degree of similarity (0.83) between the target and source molecules, with an overall highly consistent range of scores (0.62 to 0.85). 
There is a large range of physico-chemical properties that can be calculated for the molecules included in the read-across. A small selection is given in Tables 5 and 6. Some are rather fundamental, e.g. log P and molecular weight, and will probably be appropriate regardless of the chemistry or endpoints. Others will be more context dependent: for instance measures of volatility, such as vapour pressure and Henry’s Law constant, may be useful for inhalation effects. In addition, measures of stability (or degradation) could be included here and may be essential for environmental endpoints. The triazoles show similar ranges of properties with regard to those selected. The issue of how close a compound should be in terms of absolute properties is discussed in Section 4.4.

4.2 Toxicodynamics Domain
A significant means of defining similarity for read-across is through reference to the toxicodynamics. Indeed, this is the fundamental premise of biological-read across (and its application for UVCBs and mixtures) - namely that source and target substances can be demonstrably related in terms of a common mechanism or mode of action. Since many NAMs data are related to the molecular initiating event (MIE) of the adverse outcome pathway (AOP), this will become a critical aspect of determining similarity [55]. In order to form the relationship between MIEs and chemical structure and properties, Cronin and Richarz [18[ categorised MIEs in terms of relevant molecular features that could be defined. Thus, MIE-derived structural similarity could be based around fragments related to reactivity for genotoxicity, sensitisation, corrosion etc., but may further relate to toxicophores if the activity is as a result of receptor mediated effects. If the mechanism, or MIE, is unknown, then a structural analogue approach will be preferred. For biological read-across, activation of, or association with, an MIE will be on the basis of appropriate experimental data. Naturally, confirmation by both chemical and biological data will increase confidence. 
Toxicodynamics, specifically mechanisms of action, are essential to determining if a specific toxicity is being read across. The challenging case of “no or low” toxicity obviously removes this requirement, and accordingly increases complexity by ensuring no specific mechanisms may be apparent for the target molecule [56]. Proving a mechanism of action definitively is a lengthy and complex process which is likely to require experimental evidence, for instance -omics analyses [41] or in vitro data [57, 58]. In silico profiling will go some way to providing a weight of evidence, and is rapid, practical and potentially cost-effective. It will, however, seldom provide as reliable a result as experimental determination. 
At this point it must be recognised that it may not be possible to assign a particular mode or mechanism of action to a compound. Examples of this occur when the mode of action may be unknown, or uncharacterisable. In addition, there will be many chemicals which are classified as “no or low” toxicity with regard to chronic effects, e.g. a high NO(A)EL value may be determined for the source molecule(s) [56]. Since it is not strictly possible to confirm the absence of specific modes or mechanisms, a more realistic approach would be to gather information and lines of evidence that confirm, through an overall WoE, that there are no specific toxicities i.e. no differences in NAMs associated with the target and source molecule. 
The triazoles represent a data-rich class of compounds for which a specific mode of toxicity is identifiable. Thus, the toxicodynamics domain is founded on a nuclear receptor-centred mechanism of action, for which evidence is given by a variety of NAM data incorporating in silico screening and in vitro assays. These, indirectly at least, provide evidence for the toxicodynamic domain. It must be noted that similar in silico and in vitro profiles do not necessarily provide a definitive confirmation of similar mechanism, but, when combined with structural evidence, they will provide reasonable assurance that no other mechanisms of action may be present. 

4.3 Toxicokinetics Domain
The third aspect to the definition of read-across domain is the consideration of toxicokinetics. Potential differences in toxicokinetics should be addressed if they are likely to be significant i.e. greater systemic bioavailability or concentration at the site of action, for the target as compared to the source molecule(s). It is possible that toxicokinetics can be ignored if they are not relevant to the endpoint being read across. For instance, in vitro endpoints such as the Ames Test, or local effects such as eye or skin corrosion may be much less susceptible to the effects of uptake and systemic absorption – although aqueous solubility may also be an issue. For most, if not all, systemic effects toxicokinetics should be at least considered, if not quantified in some manner. 
Two important aspects of toxicokinetics relate to systemic bioavailability and production of similar metabolites. These have been identified as significant areas of uncertainty in read-across [2], not least due to the lack of suitable in vivo data, cost and complexity of obtaining even in vitro data and the paucity of reliable in silico approaches. However, there has been a greater realisation of the need for this information and it is more frequently being utilised. In assessing both systemic bioavailability and production of significant metabolites, if suitable experimental data are absent or insufficient, in silico tools may be used. In this study a PBPK prediction was used in conjunction with SARs and QSARs for ADME properties. Likewise, in silico profilers for metabolism can be applied to predict the metabolites that may be produced. Where there is uncertainty in the predictions themselves, it is often better not to consider them as authoritative values, but rather as a means to identify significant differences in overall toxicokinetics between two, or more, molecules. As noted above, for read-across based on a common metabolite or degradant, this aspect of the domain (i.e. formation of identical metabolites or degradants at a similar extent and rate) is essential to enable justification of similarity [38].  
Many types of toxicokinetic information were available for the triazoles. All compounds were shown to have similar toxicokinetic properties. It is appreciated that reliable toxicokinetic data are likely to be sparse and that much reliance will be placed on NAMs. In silico and in vitro approaches will certainly support the concept of toxicokinetic similarity, as well as highlighting any potential differences in toxicokinetic behaviour. For the triazoles considered in this study, it was also possible to run a generic PBPK model, in this case a freely available on-line model (https://ice.ntp.niehs.nih.gov/Tools). Data from such models should also be used to identify dissimilarities as well as similarities, and the potentially high level of uncertainty should be borne in mind. For the triazole category, all are seen to accumulate predominantly in the liver (although this is likely for any compound) and at similar time points. This would be consistent with the promotion of liver toxicity above adverse effects to other organs. 
The measurement or prediction of metabolites is one of the most difficult aspects of defining the domain for read-across. At the current time, unless detailed experimental data are available, this is likely to involve checking that the major metabolites of the target and source molecules are similar (especially if one is known to be responsible for the toxic effect) and that there are no potential additional metabolites that may cause concern for toxicity. For the triazoles, the analysis demonstrates that there is likely to be a consistent set of metabolites, which thus supports the overall hypothesis of similarity. 

4.4 Boundaries of the read-across domains
If required, the most difficult aspect of employing the applicability domain approach for read-across will be the definition of bounds, or upper and lower limits, both for analogues and for categories. Taking the one-to-one analogue approach, potential cut-offs for similarity could be utilised for all numerical properties, as proposed in Table 2 and implemented in Table 5 and, to a lesser extent, for the categories in Table 6. The logic behind these boundaries will need to be explored, bringing into question: what is an acceptable difference for analogues? It should also be noted that many descriptors will be correlated and there should be consistency between the boundaries, for instance since log P and aqueous solubility are often strongly related, there is no need to have a wide boundary for one and a narrow boundary for the other. The dependency of toxicokinetics properties on log P is likely to be of particular significance here. 
One means by which to determine acceptable boundaries may be to consider what makes a one-to-one analogue appropriate. If this is considered in terms of the addition of a certain number of atoms or functional groups, then values could be calculated e.g. MW and log P values for the addition or removal of one, two or more carbon atoms, hydroxy groups etc. For instance, in Table 2 it is stated that analogues should be within “X” Da (MW) or 1 log unit (log P). These are arbitrary boundaries created for convenience, in reality the decision must be whether there will be significant difference in the toxicodynamics and toxicokinetics of the source and target molecule. Identifying whether two substances are implicitly similar is difficult and would rely on quantitative measures or properties. Boundaries of applicability domain for analogues defined by properties are likely to be most relevant for toxicokinetics. For instance, a difference of 1 log unit of log P will impact absorption and distribution, and if these are lower in the target molecule then this is justifiable. If absorption and distribution are greater in the target, then 1 log unit is likely to be “reasonable” and within experimental limits. 
[bookmark: _Hlk92030177]The key points to making the definition of applicability domain truly quantitative are firstly assessing the impact of differences in properties for a particular endpoint, secondly determining whether the impact is likely to make the target molecule more or less toxic (with lower toxicity being the preferred and precautionary option) and thirdly being able to agree what is a significant difference between two molecules. The final point could, for instance, be addressed through an understanding of the error associated with the experimental data. Thus, if the likely difference between molecules is within experimental error, this could be used as a criterion that there is high confidence of the compounds being within domain. At the current time, we lack an understanding of the error associated with many toxicity data, although analyses of large data sets with multiple values for the same compound may be able to give insight into this [59, 60]. The use of an empirically derived similarity index may, at first sight, seem an ideal solution to the issue of defining domains. However, as stated above, it must be remembered that metrics such as the Tanimoto index are dependent on the quality of information on which they are based [54]. Attempts have been made to identify cut-offs for identifying similar chemicals [61], however the reality is that they must be intelligently and flexibly applied to be successful [62]. The use of cut-offs based on Tanimoto indices as definitive measures of similarity, category membership or falling within an applicability domain is not recommended at this time without considerable care and expertise. 
Given the difficulty in defining the confidence of being within applicability domains, it is probable that flexible and context-dependent boundaries may need to be decided upon, which become part of the similarity justification itself. In order to facilitate the use of such an approach, a set of boundary conditions have been defined for the one-to-one read across example for tetraconazole, as shown in Table 5. It is vital to stress that these were developed for this read-across alone and were developed through a problem formulation process. In reality, such boundaries are likely to be arbitrary, but they could be justifiable. There may be occasions where closely related analogues are essential, other situations where greater flexibility may be justifiable in analogue selection. 
The situation for categories becomes slightly less challenging. The category implicitly defines the range of properties and effects, and analogues should be checked as to whether they fall within these ranges. For the triazoles, in terms of chemical properties and descriptors, the category is quite broad but it does demonstrate that the target molecule is representative. Indeed, given sufficient relevant quantitative information, it is possible to determine the closest analogues in “read-across relevant category space”. 

4.5 Overall Assessment for Triazoles
In order to demonstrate how the approach for domain assessment could be applied, the information required in Table 2 was compiled. Read-across starts with problem formulation, which gives the opportunity to state the problem to be addressed and identify which data are required. At this point boundaries could be set for quantifiable analogues. Following this, is the data gathering phase, as described for the triazoles in Tables 5 and 6. Following compilation of the data, a series of questions clarify whether the domains are met and what possible consequences arise should they not have been. In some cases there may be an opportunity to obtain further information, either by measurement or from predictions. There are opportunities in the domain definition to use alternative sources of information, for instance where definitive chemical structures cannot be achieved e.g. if similarity can be obtained from biological read-across. This biological read-across concept implies that similar substances have similar toxicological profiles when measured experimentally [16, 39, 40].
The properties listed in Table 2 have been compiled for both the one-to-one analogue and for the triazole and imidazole categories (Supplementary Information Table S1). Thus, in this study, the use of the applicability domain has confirmed the suitability of hexaconazole to be an analogue for tetraconazole. Obviously, the criteria to define the domain can be tightened or adjusted as is required. The values to confirm similarity are arbitrary at this time and are based solely on the authors’ experience and what may be considered to have little significant effect in terms of changing properties, or be within expected limits of experimental error. It must also be stated that the domain must be considered in a flexible context, with different properties being important for different endpoints and effects e.g. for dermal toxicity, internal organ concentrations would not be required, whilst for environmental effects, other factors such as fate and persistence in the different media (e.g. water, soil, air, etc) may be of importance. 
The applicability domain concept can also be applied to potentially expand the categories of molecules. Analysis of the domain through descriptors has at least two applications: firstly it will determine whether a new molecule is within the domain of a category; secondly it may assist in the better identification of one or more similar analogues to the target from within the group. Therefore in this study, the domain of the triazoles is defined. The target and source molecules exemplified by the analogue approach are shown to be in close proximity, and as such to be suitable analogues. This approach also provides an opportunity to determine whether the triazole group can be expanded to include the imidazoles. From a chemistry perspective it would appear that such an expansion is feasible. However, the key question that would need to be addressed is whether there is sufficient similarity in mechanism. This final question may be resolved by in silico profiling or, more likely, by examining existing in vivo data e.g. for commonality in adverse effects or measuring further in vitro data.    
There are several advantages to the analysis of ranges of variables when describing the domain of a category. They provide the opportunity to determine if the target molecule falls within the range – which can be confirmatory of being in domain. Also, if a target molecule appears to fall out the range, this can be considered in the context of the read-across problem formulation e.g. is this a significant issue and / or can further information be obtained? This further information may be arise in the form of additional NAM data, or it may instead be measured rather than estimated. In addition, they may give an insight into the “quality” of a category in terms of its suitability i.e. a narrow range of descriptors may indicate a “tight” domain and could be indicative of closely related molecules. Furthermore, making the domain quantitative allows for the selection of highly related analogues, if a choice is available. 
Consideration of the data in Table 6 demonstrates how the definition of domains for read-across assists in our understanding of the quality of read-across analogues. The target molecule (tetraconazole) is seen to fit closely in the domain of the azole category, as would be expected. The domain of the category is quite consistent and relatively restricted in terms of the descriptors considered. The multivariate analysis of the domain e.g. Figure 1, can allow for a smaller number of closely related analogues. This is analogous to the process of “sub-categorisation” [54], albeit in this case it would be on the basis of predefined domain characteristics within a relatively small category. Such sub-categorisation would allow for the identification of a small number of potentially strong and justifiable analogues from the category and may make further data collection more streamlined. 
Attempts to expand the triazole domain to imidazoles demonstrate that, whilst there are many commonalities in the applicability domain, there are also differences. The data in Table 6 indicate key differences in the domains between the triazoles and imidazoles. Firstly, the imidazole category is broader than for the triazoles in terms of the physico-chemical properties, therefore there may be fewer high quality analogues. There is good evidence that the toxicodynamics of the triazoles and imidazoles may be similar, however the most striking difference is in the toxicokinetic domain. As well as some differences in distribution of the imidazoles, as predicted by PBPK modelling, the most important difference is in identities of the significant metabolites formed. Further assessment of the domain of the imidazoles with regard to the PBPK modelling and metabolism is required. This may be in terms of better optimisation of the models or other measurements, or alternatively a review of existing knowledge to increase understanding. Thus, the ability to organise the information regarding the category, as shown in Table 6, is a useful means to identify potential uncertainties in the read-across argument and justification. Overall, the extension of the read-across category to include the imidazoles should not be dismissed, but the information provided by the analysis of the domain suggests that this category will provide lower quality analogues. Whilst potentially of lower quality, the imidazole analogues may, however, provide additional weight of evidence - in this case in terms of consistency within toxicodynamics and NOAEL values.

4.6 General Comments and Context
Read-across for the filling of toxicity data gaps remains a beguiling, yet somehow elusive, proposition. From humble beginnings, in what was little more than an analogue approach to fill data gaps in high production volume categories [63], it has been transformed into something of great expectations and now can be viewed as a potentially complex data gathering and interpretation exercise [14, 16, 57]. The complexities of “modern” read-across should not, however, hide the basic need, and intrinsic difficulty, of justifying similarity, and identifying significant dissimilarity, of the data-poor and data-rich molecules. The justification and description of similarity is one of the fundamental means of demonstrating the validity of a read-across for a particular purpose and hence its potential acceptability. This study has made an attempt to formalise the overall domain of a read-across into chemistry, toxicodynamic and toxicokinetic domains. 
The concept of an applicability domain for in silico toxicology is not, of course, novel, having been applied extensively in QSAR. Its application, by name at least, to grouping and read-across has been limited, although it is a concept that is required to assist in the acceptance of predictions. The strategy outlined in this publication is a step in the direction of a standardised approach, as it covers all the main points required by e.g. ECHA RAAF and in identification of uncertainties. It continues ongoing work that extends previous, predominantly chemistry-based domain analyses by inclusion of information on toxicodynamics and toxicokinetics (e.g. Rice et al. [64]). It seems obvious that there is a solution to the question of whether a single analogue is within the domain of another molecule, without making prior assumptions of what is acceptable in term of differences. It is highly likely that mechanistic similarity is a pre-requisite for analogues, followed by the acceptance that toxicokinetics should not increase adversity beyond what may be predictable. In addition, it should be considered that applicability domains, however defined, will be context-dependent and adaptable for different endpoints and chemistries. The presentation of the domains in this study should be suitable for adaptation to any scenario. 
The definition of applicability domain for read-across proposed in this study goes much further than those forwarded in previous studies [4, 46, 47]. Data gathering exercises address all significant uncertainties and ECHA RAAF criteria, and allows for a (semi-) quantitative estimation of applicability domain to be made. To our knowledge, it is the first published study that formally organises all of this information and brings the concept of domain boundary criteria to read-across. In addition, it is a simple, flexible and adaptable approach based on the transparent presentation and interpretation of the properties and effects of molecules. 

5. Conclusions
This study has brought together a wealth of knowledge and experience from the scientific community spanning at least a decade [65] in order to derive an approach that will assist in the definition of the domain of a read-across analogue. The approach taken in this study has demonstrated that the key features for read-across domain are based around the chemistry, toxicodynamics and toxicokinetics. These features can be characterised by a variety of information, including in silico predictions and experimental measurements. The approach provides an opportunity to undergo a problem formulation phase before assessing analogues to define suitable information to be compiled as well as acceptable boundaries for quantitative values. This approach brings in the open question of what is meant by similarity and what will be considered acceptable. It gives an opportunity to derive acceptability criteria that are appropriate for both the endpoint and chemistry being considered. In addition to the consideration of similarity, a key component of this approach is to consider the dissimilarity of analogues and categories alike, and whether any differences may bring uncertainty into the assessment.
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Table S1. Excel file containing full data matrix for the domains of the triazole and imidazole categories. 
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