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Foreword 15 

 16 

Developmental neurotoxic chemicals are a diverse set of substances that have the potential to 17 

interfere with the normal development of the nervous system, which, if perturbed without 18 

compensation, may lead to adverse effects on the normal development of nervous system structures 19 

and/or functions. The current OECD test guideline (TG) 426 requires assessing the impact of prenatal 20 

and postnatal exposure on physical and neurodevelopmental landmarks, clinical observations, and 21 

behavioural and neuropathological endpoints (OECD 2007). Use of the in vivo test guideline has been 22 

limited due to extensive time and resource costs, the number of animals used, and lack of chemical 23 

alerts that trigger it. This limited testing, coupled with an increasing need to assess the hazards of 24 

hundreds of pesticides and thousands of industrial chemicals, has resulted in calls for the development 25 

and use of in vitro methods. International efforts have led to the development of the Developmental 26 

Neurotoxicity In Vitro Battery (DNT IVB). The DNT IVB covers mechanisms directly involved in DNT as 27 

depicted in key neurodevelopmental processes and not mode of actions that may lead to secondary 28 

effects on neurodevelopment (e.g., endocrine and immune mode of actions). The purpose of the 29 

present document is to provide guidance on the evaluation of data developed with the DNT IVB.  The 30 

major aims are to describe the assays that comprise the battery in terms of neurodevelopment, 31 

provide criteria that allows evaluation of the relevance of the data to developmental neurotoxicity, and 32 

to assist in the determination of the degree of certainty in any positive or negative findings to better 33 

inform use of DNT in vitro data in regulatory hazard determinations. Although a list of regulatory needs 34 

identified by international working groups is provided, it is expected that the different needs of various 35 

regulated chemical sectors and regulatory frameworks will dictate their use of the DNT IVB.  36 

The original draft of this document was developed by Kevin M. Crofton and William R. Mundy who 37 

served as consultants to the Danish Technical University under contract with EFSA (Contract number:  38 

NP/EFSA/PREV/2019/01) and published in 2021 (Crofton and Mundy, 2021).  A second version was 39 

developed after review and revisions by the co-Chairs of the Expert Group, Andrea Terron (EFSA), 40 

Timothy Shafer (US EPA), with input from Expert Group members Susanne Hougaard Bennekou, Stefan 41 

Masjosthusmann, Ellen Fritsche, Anna Price, Kate Willet, Francis Bailey, Rex FitzGerald, the Secretariat, 42 

and the external experts Jack Fowle and Pamela Lein. The current version is the outcome of two 43 

commenting rounds by the members of the OECD Expert Group on the DNT IVB and one commenting 44 

round by the Working Party of the National Coordinators of the Test Guidelines Programme (WNT).   45 
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• Purpose – The purpose of this document is to provide guidance on how to evaluate data from the DNT 46 

IVB (e.g., hit vs non-hit, uncertainties, biological coverage). It is not intended to guide the use of results 47 

in human hazard and risk assessments.  Specific criteria for such use will likely be available in specific 48 

regulations or developed by regulatory authorities who will determine acceptability based on their 49 

needs.   50 

• Assay Inclusion:  The assays included in the current iteration of the DNT IVB are those that: 1) were 51 

deemed ready for use in screening and prioritisation (Fritsche et al. 2017; Bal-Price et al. 2018; Sachana 52 

et al. 2019); 2) have been tested using a common set of chemicals (see Appendix E);  3) data have been 53 

analysed using the US EPA’s ToxCast Pipeline (TCPL) (ToxCastDB v3.5, ToxCast Website); and 4) have 54 

detailed descriptions in the ToxTemp (Krebs et al. 2019) format in Appendix B.      55 

• Chemicals:  There have been a total of 476 compounds tested in one or more DNT IVB assays, and 81 56 

compounds tested in all the assays of the DNT IVB.  The chemicals were chosen based on criteria that 57 

included: 1) assay-specific chemicals used in assay development; 2) a list of possible positive and 58 

negative developmental neurotoxicants; and 3) chemicals important to funding agencies.    59 

• Negative findings: At this time negative results from the DNT IVB should not be interpreted as a lack of 60 

DNT potential. This is due to the uncertainties associated with the in vitro methods used, as well as the 61 

lack of coverage for some critical neurodevelopmental processes.  62 

• Adversity:  At this time interpretations of adversity is outside the scope of the document. As with many 63 

in vitro test methods, there is a lack of empirical data to correlate specific levels of changes in the assays 64 

with known alterations in in vivo neurodevelopmental outcomes.   65 

• Validation:  A classic OECD 34 validation of the DNT IVB (e.g., inter-laboratory testing of all assays using 66 

defined lists of positive and negative compounds) has not been conducted.  This uncertainty is clearly 67 

stated in the GD and should be considered by regulatory authorities for use in a fit-for-purpose manner 68 

driven by their decision needs. Information on the level of validation of the individual assays can be 69 

found in the ToxTemp files in Appendix B.   70 

 71 
  72 

https://www.epa.gov/chemical-research/exploring-toxcast-data-downloadable-data
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1. Introduction 105 

1.a. Purpose 106 

 Developmental neurotoxicants are a diverse set of substances that have the potential to interfere with 107 
the normal development of the nervous system, which, if perturbed without compensation, may lead to adverse 108 
effects on the normal development of nervous system structures and/or functions (Mileson and Ferenc 2001; 109 
USEPA 1998). Development of the nervous system involves a complex interplay between multiple processes that 110 
occur both prenatally and postnatally and are developmental stage and location dependent. This has led to the 111 
general observation that the developing nervous system is particularly vulnerable to environmental chemicals 112 
(Grandjean and Landrigan, 2006; 2014). Due to the vulnerability and potentially high societal costs of adverse 113 
impacts on neurodevelopment, the potential health effects following exposure to environmental chemicals led to 114 
development of in vivo testing batteries starting in the 1980’s, and development of testing guidelines by the USEPA 115 
in 1986, with refinement by OECD in 2007.  116 

 Current EPA and OECD DNT test guidelines require assessing the impact of prenatal and postnatal 117 
exposure on the development of physical and developmental landmarks, clinical observations, behavioural and 118 
neuropathological endpoints (OECD 2007). However, there has been limited use of these test guidelines, with a 119 
total of approximately 165 chemicals assessed to date using either EPA/OECD DNT or TG443 extended one-120 
generation test guidelines (Crofton 2021; Makris et al. 2009; OECD 2008). This is the result of a number of factors, 121 
including:  the limited regulatory requirement for DNT testing as compared to some other test guidelines, testing 122 
is both time- (e.g. 1-2 years) and resource-consuming, limited  triggered testing by chemical alerts, and the need 123 
to reduce animal use), (Paparella et al. 2020; Tohyama 2016; Tsuji and Crofton 2012). This limited testing, coupled 124 
with an increasing need to assess the hazards of hundreds of pesticides and thousands of industrial chemicals, has 125 
resulted in calls for the development and use of New Approach Methodologies (NAMs) that reduce the use of 126 
animals (Kavlock et al. 2018) and are efficient and predictive for DNT testing (Bal-Price et al. 2015; Barbosa et al. 127 
2015; Crofton et al. 2011; Fritsche et al. 2017; Lein et al. 2005; Fritsche et al., 2017).  128 

 The output from the 2016 OECD/EFSA DNT workshop was a consensus that an existing in vitro testing 129 
battery (IVB) could immediately be used for screening and prioritisation (OECD 2017a), and that further work was 130 
needed to gain international acceptance for hazard identification and characterisation.  This formed the basis of 131 
several global projects. These include a long-running project by the USEPA to develop and validate in vitro DNT 132 
methods (USEPA 2020a), a project led by EFSA to generate more data from the DNT IVB (Masjosthusmann et al. 133 
2020), one led by the Danish EPA to test high priority pesticides 134 
(https://mst.dk/service/nyheder/nyhedsarkiv/2018/jun/forskningsprojekter2018/), and another by the US 135 
National Toxicology Program (Behl et al. 2019) to develop a rapid and cost-effective screening strategy to prioritise 136 
replacements for classes of chemicals (e.g. flame retardants). Furthermore, in response to the outcome and the 137 
recommendations of this workshop, in 2017 the OECD convened an international Expert Working Group to 138 
develop a framework for evaluation of in vitro DNT testing and use of DNT IVB data in Integrated Approaches to 139 
Testing and Assessment (IATA) based on case studies using DNT IVB data. 140 

 The overall purpose of the present document is to provide guidance on the evaluation of data developed 141 
with the DNT IVB.  The major aims are to describe the assays that comprise the battery in terms of 142 
neurodevelopment, provide criteria that allows evaluation of the relevance of the data to developmental 143 
neurotoxicity, and to assist in the determination of the degree of certainty in any positive or negative in vitro 144 
bioactivity to better inform use of DNT in vitro data in regulatory hazard determinations. The aim of this document 145 
is not to guide the use of results in human hazard and risk decisions. Specific criteria for such use will likely be 146 
available in specific regulations or developed by regulatory authorities who will determine acceptability based on 147 
their needs.   148 
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1. b. The Developmental Neurotoxicity In Vitro Battery (DNT IVB) 149 

 The DNT IVB developed for the EFSA funded research project was based on the OECD/EFSA review of 150 
available in vitro DNT assays (OECD, 2017a; Fritsche et al. 2017). This review proposed a set of assays that are not 151 
based on molecular targets, as no comprehensive list of targets is currently known, but instead on a number of 152 
fundamental neurodevelopmental processes (Figure 1.1, see Section 2.b. for details).  This battery of assays has 153 
been reviewed,  by  expert panels (Fritsche et al. 2017; Sachana et al. 2019; Bal-Price et al. 2018), and deemed 154 
ready for use in the regulatory arena. 155 

 The use of the assays in DNT IVB that measure changes in neurodevelopmental processes  is based on the 156 
assumption that changes in these processes will reflect the integration of chemical disruptions in multiple up-157 
stream molecular events (Lein et al. 2007; Lein et al. 2005; Radio and Mundy 2008).  This battery contrasts with 158 

many other in vitro batteries that cover a single cellular pathway (e.g., oestrogen receptor, Judson et al., 2015), in 159 
that it seeks to predict the impact of xenobiotic exposures on the development of an entire organ (i.e., brain). To 160 
date about 476 chemicals have been tested in up to 17 assays in the DNT IVB (see Appendix E), using animal- and 161 
human-based cell cultures that can measure changes in proliferation, differentiation, apoptosis, migration, neurite 162 
formation, synaptogenesis, and neural network formation (Masjothusmann et al. 2020; Harrill et al. 2018; Shafer 163 
et al., 2019). Each assay includes assessment of cell viability and/or cytotoxicity. This battery was developed based 164 
on current knowledge; it should be considered an “evergreen” document with improvements and revisions 165 
occurring as new assay methods (e.g., Culbreth et al., 2022; Loser et al 2021) and more chemical test data become 166 

Figure 1.1.  Fundamental neurodevelopmental processes necessary for proper nervous system development. In vivo 

studies have shown that several biological processes at the cellular level are essential for nervous system development. 

Neural stem cells (NSC, green) proliferate and differentiate into multiple types of neural progenitor cells (NPCs) 

including neuronal progenitors (light purple) and glial progenitors (orange). These proliferate, migrate, and 

differentiate into neurons (purple) and glia (yellow). As cells mature, they extend neurites and form synapses (red). 

Surplus cells undergo apoptosis (grey). When these events happen in a coordinated fashion, cell-cell interactions result 

in a functional neuronal network (olive). (From Aschner et al., 2017, courtesy of William Mundy and John Havel). 
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available to improve predictive capacity of the whole test battery, and as the reliability of each individual test 167 
method is improved through further validation work.  168 

1.c. Target Uses 169 

  It is important to note that currently there is not sufficient evidence that the DNT IVB can replace the use 170 
of OECD TG426 and the DNT Cohorts 2A and 2B in OECD TG443 for derivation of all hazard-based decisions. 171 
Instead, targeted DNT IVB testing should be guided by a problem formulation approach based on regulatory needs 172 
using the IATA framework (OECD 2016; Sachana and Leinala 2017; Sakuratani et al. 2018). Below is a list of needs 173 
for some regulatory frameworks identified by international working groups (Fritsche et al., 2017; Bal-Price et al., 174 
2018; Sachana et al., 2019). 175 

• Follow-up testing for positives identified by quantitative structure activity relationships ((Q)SAR), read-176 

across and other predictive computational models of developmental neurotoxicity 177 

• Screening for prioritisation 178 

o Screening of large numbers of chemicals that lack or have limited data on DNT (e.g., 179 

Tox21/ToxCast, Health Canada prioritisation scheme). 180 

o Screening of small numbers of structure/class specific chemicals (e.g., Behl et al. 2019). 181 

•  Single chemical hazard assessments  182 

o When no in vivo DNT data exists, in some regulatory frameworks data from the DNT IVB may be 183 

used to determine if, and what, follow-up testing (e.g., orthogonal assays, alternative species 184 

(e.g., zebrafish), or a guideline study) could be conducted. 185 

o If existing in vivo DNT data is equivocal, data from DNT IVB testing could be used to inform the 186 

Weight of Evidence (WoE)-based IATA assessment for DNT. 187 

o When DNT in vivo data exists and is negative, but concern exists from new findings or novel in 188 

vitro assays  (i.e., not currently covered in the DNT IVB assay), the DNT IVB may be used to 189 

inform the WoE . 190 

o When data from an MIE1  based assay or alternative species assay (e.g., zebrafish) data exist, a 191 

regulatory choice could be to run the DNT IVB battery to inform the WoE-based assessment. 192 

1.d. Target Chemicals 193 

 The target chemicals for possible use in the DNT IVB are industrial chemicals, pesticides, and 194 
environmental contaminants, including metabolites and environmental degradates. There are known limitations 195 
of chemical testing capability in in vitro assays related to the physiochemical characteristics (e.g., volatility, high 196 
reactivity, hazard level, and limited solubility in assay appropriate media) of the test compounds (Richard et al. 197 
2020; Richard et al. 2016). These types of chemical limitations for the individual  assays in the DNT IVB should be 198 
described in assay documentation as per OECD GD211 (OECD 2017b) and/or the ToxTemp format (Krebs et al. 199 
2019). Descriptions for assays in the DNT IVB, using the ToxTemp format, can be found in Appendix B. 200 

 Currently, a total of 81 compounds have been tested in all 17 assays in the DNT IVB.2 A total of 97 201 
compounds have been tested in 14 or more assays, and 331 compounds have been tested in at least four assays. 202 
A total of approximately 476 compounds have been tested in one or more of the assays in the DNT IVB.  Appendix 203 
E provides a list of which assays have been conducted for each chemical.   204 

 
1 More information on AOP Framework can be found in Section 2 and Appendix C. 
2 As of February 2022. 
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 205 

 206 

 1.e. Aims and ContextThe purpose of this document is to provide guidance on how to evaluate data from 207 
the DNT IVB (e.g., hit vs non-hit, uncertainties, biological coverage). It is not intended to guide the use of results 208 
in human hazard and risk assessments.  Specific criteria for such use will likely be available in specific regulations 209 
or developed by regulatory authorities who will determine acceptability based on their needs. Nor is it intended 210 
to provide guidance for all in vitro assays purported to detect DNT (e.g., available in published literature). The 211 
structure of this guidance should be expanded in the future to encompass improvements to the current assays in 212 
the DNT IVB, updated validation information, and/or new and novel assays that complement or expand the DNT 213 
IVB as it currently exists. 214 

 The assays in the DNT IVB were chosen based on international discussions on the ability of existing in vitro 215 
DNT assays to measure neurodevelopmental processes and the readiness of the assays, at a screening level, to 216 
test large numbers of chemicals (Fritsche et al. 2017; Bal-Price et al. 2018; Sachana et al. 2019). The specific assays 217 
included in the current iteration of the DNT IVB are those that: 1) were deemed ready for use in screening and 218 
prioritisation (Fritsche et al. 2017; Bal-Price et al. 2018; Sachana et al. 2019); 2) have been tested using a common 219 
set of chemicals (see Appendix E);  3) data have been analysed using the US EPA’s ToxCast Pipeline (TCPL), a 220 
common normalization and dose-response modelling approach (ToxCastDB v3.5, ToxCast Website);  and 4) have 221 
detailed descriptions in the ToxTemp format in Appendix B.    222 

 This guidance was developed based on the testing of a set of chemicals that is limited compared to the 223 
overall chemical universe (Richard et al. 2020), and a set of assays that do not include all critical processes within 224 
the developing nervous system (see Section 2.b). Thus, there are uncertainties in the predictive accuracy of the 225 
DNT IVB that cannot currently be quantified. This uncertainty will only be reduced with the testing of additional 226 
chemical libraries and by integrating additional assays in the DNT IVB (see Section 4.e). This uncertainty needs to 227 
be considered when using data from the DNT IVB within any regulatory assessment (see Section 4.f).  228 

 The remainder of this document contains a background on DNT assays, a brief description of the assays 229 
in the battery, elements for evaluation and use in WoE considerations for both individual assays and the battery, 230 
and a brief review of available case studies. This document is intended to briefly review the science that supports 231 
the DNT IVB and to provide guidance on how to evaluate data from the DNT IVB. 232 

 2. Background 233 

2. a. Integrated Approaches to Testing and Assessment (IATA) for DNT 234 

 IATA is a framework developed by OECD that allows for the integration of all available hazard and 235 
exposure data, including in silico, in chemico, in vitro and in vivo, for use in chemical regulatory assessments (OECD 236 
2016). IATAs are “pragmatic, science-based approaches for chemical hazard characterisation that rely on an 237 
integrated analysis of existing information, with optional use of the adverse outcome pathway (AOP) framework, 238 
coupled with the generation of new information if necessary. IATAs follow an iterative approach to answer a 239 
defined question in a specific regulatory context, taking into account the acceptable level of uncertainty associated 240 
with the decision context.” (OECD 2016; Sachana and Leinala 2017; Sakuratani et al. 2018). 241 

https://www.epa.gov/chemical-research/exploring-toxcast-data-downloadable-data
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 242 

 Problem 243 
formulation is the 244 
first step in IATA 245 
development and 246 
is critical to the use 247 
of the DNT IVB. 248 
This involves an 249 
understanding of 250 
the scope and 251 
needs of the risk 252 
assessment 253 
objective, data 254 
requirements, and 255 
the level of 256 
acceptable 257 
uncertainty 258 
associated with the 259 
decision being 260 
made (Tollefsen et 261 
al. 2014).   262 

 263 

 Regulatory needs in an IATA can range from screening of large chemical classes for prioritisation of follow-264 
up testing, to regulatory acceptance of the use of new chemicals (see also Section 1.d.). An IATA is based on an 265 
evaluation of all existing evidence and may include use of AOPs or other frameworks. Figure 2.1 illustrates these 266 
approaches, which can be iterative if necessary. If the uncertainties in the IATA are acceptable within the context 267 
of a given regulatory need, the IATA may be used for that regulatory purpose. If the uncertainties in the IATA are 268 
not acceptable due to insufficient confidence of the totality of available information, additional data that can 269 
address the uncertainties should be identified and input into the IATA. One basic approach of IATAs is to apply the 270 
AOP framework to integrate and organise the various data sources. AOPs allow the mapping of data to molecular 271 
initiating events (MIEs) and key events (KEs) at the molecular, cellular, organ levels, that lead to an adverse 272 
outcomes (AOs) at organismal and population levels (Ankley et al. 2010; OECD 2016). A diagram that illustrates 273 
potential components of a DNT AOP is shown in Figure 2.2.  274 

 Within IATA it is important to clearly articulate the uncertainties in the use of the AOP framework for DNT. 275 
First, only a limited number of putative and reviewed AOPs exist for DNT (Bal-Price et al. 2015; Spinu et al. 2019) 276 
(see Appendix C for an updated list).  Second, most of the assays used in the DNT IVB do not measure MIEs, but 277 
instead downstream KEs. While this does not impact the use of DNT IVB data in AOP-based IATAs, it does limit use 278 
of DNT IVB data in development of in silico models that are based on chemical interactions with the MIE (i.e., 279 
initial biological target) as opposed to downstream KEs. Third, the basic assumption underlying the DNT IVB is that 280 
if a chemical disrupts neurodevelopmental  processes in vitro, then it has the potential to do the same in vivo (Lein 281 
et al. 2007; Lein et al. 2005; Radio and Mundy 2008). Understanding these intrinsic uncertainties is critical to 282 
inform regulatory authorities in the use of data derived from the DNT IVB. As more data are generated using the 283 
DNT IVB, and with further AOP development and improved understanding of mechanisms underlying 284 
developmental neurotoxicity (see Section 4), the uncertainties in the use of DNT IVB will be reduced. 285 

Figure 2.1.  A conceptual framework for an AOP-informed IATA to support regulatory 

assessments (from Tollefsen et al. 2014).  
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 A description of existing DNT AOPs and the relationship to KEs measured in the DNT IVB assays is found 286 
in Appendix C.  287 

 288 

2. b. Developmental Neurotoxicity In Vitro Battery (DNT IVB) 289 

In vivo development of the nervous system proceeds through a series of coordinated biological processes that 290 

are essential for the formation of normal brain structure and function. While the timing, duration, and spatial 291 

location of these processes differ between species, the fundamental processes are remarkably conserved across 292 

invertebrate, non-mammalian vertebrate and mammalian organisms (Sanes et al. 2011). These fundamental 293 

neurodevelopmental processes include progenitor cell proliferation, differentiation into neuronal and glial cells, 294 

migration, apoptosis, axonal and dendritic outgrowth, myelination, synapse formation and formation of 295 

functional neural networks (Figure 1.1). In vivo, perturbation of one or more of these neurodevelopmental 296 

processes during nervous system development may, if not compensated, result in adverse effects on brain 297 

structure and/or function (Rice and Barone 2000; Rodier 1994; De Vries, 2004). Thus, use of the DNT IVB is 298 

based on the assumption that chemicals affecting one or more of these neurodevelopmental processes in vitro 299 

have the potential to do so in vivo (Lein et al. 2007; Lein et al. 2005; Radio and Mundy 2008). This does not, in 300 

any way, imply that in vitro changes in these processes, de facto, predict an adverse outcome in vivo.  Some 301 

aspects of these neurodevelopmental processes can be examined as discrete, measurable events in vitro that 302 

provide biologically relevant information about chemical perturbations at the cellular level. In terms of the AOP 303 

framework, the assays which comprise the DNT IVB can be considered as cellular/organ level KEs in an AOP for 304 

DNT (Figure 2.2). An advantage of measuring cellular-level neurobiological processes (e.g., migration) in cell-305 

based assays (i.e., assays in which cell cultures are exposed to the test chemical) is that the intact cell integrates 306 

potential chemical actions at multiple upstream targets (MIEs) and cellular pathways (KEs) (Lein et al. 2007; Lein 307 

et al. 2005; Radio and Mundy 2008). For use in hazard identification and characterisation and chemical 308 

 

 

Figure 2.2. Diagram illustrating potential components of an Adverse Outcome Pathway (AOP) for Developmental 

neurotoxicity. Pathway showing the relationship between molecular initiating events (MIEs) such as altered cell signaling, 

and key events (KEs) at the cellular level (neurodevelopmental processes) and organ level (nervous system connectivity), 

which may lead to an adverse outcome (AO) for the individual. 
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screening, cell-based assays “cast a wide net” (Cooper et al. 2017), in that they can detect chemical effects in the 309 

absence of prior knowledge of MIEs. In addition, use of the AOP framework for selection, and development of 310 

assays in the DNT IVB identifies the potential links between MIEs, KEs and AOs and provides a mechanistic basis 311 

supporting the relevance of the data derived from the DNT IVB. Concurrent measurement of cell viability and/or 312 

cytotoxicity in cell-based assays allows for the evaluation of data in terms of a “selective effect” of a chemical on 313 

a neurodevelopmental process (i.e., changes occurring in the absence of an overall effect on cell health or 314 

viability), further supporting the relevance of in vitro data to perturbation of neurodevelopment. 315 

  Due to the many known and unknown modes of action for chemical effects on nervous system 316 
development, any one individual assay is unlikely to detect all developmental neurotoxicants. Rather, a battery of 317 
assays covering multiple neurodevelopmental KEs has been proposed that should increase the ability to detect 318 
developmental neurotoxicants. Numerous test methods (assays) have been developed for quantitative 319 
assessment of chemical effects on aspects of neurodevelopmental processes in vitro (e.g., Fritsche et al. 2017; 320 
Schmidt et al. 2017). These assays use a variety of neural cell types derived from human and animal sources (test 321 
systems) and measure molecular, morphological, and electrophysiological endpoints. In most cases, methods that 322 
are amenable to medium- or high-throughput testing are used. Details on published methods for measuring the 323 
neurodevelopmental processes at the cellular level and their application for use in regulatory DNT testing have 324 
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been reviewed (OECD, 2017a).  The conclusion of that review was that for many of the neurodevelopmental 325 
processes, in vitro assays are available that permit quantitative assessment of relevant endpoints (i.e., measured 326 
variable). Due to advances in stem cell biology that have made human cells more accessible, test systems using 327 
human-derived neural cells are becoming more common; such test systems are preferred since they should 328 
minimise interspecies extrapolation issues. However, human neural cells can be difficult to culture, and the 329 
developmental timeline of such cells may be much longer than rodent-derived neural cells (Barry et al. 2017; 330 
Nimtz et al. 2020; Odawara et al. 2016). For some processes (e.g., synaptogenesis), assays incorporating human-331 
derived neurons and glia are being developed (Nimtz et al. 2020), but currently only assays using rodent-derived 332 
cell cultures were deemed ready for screening. An international expert group on DNT completed an analysis that 333 
scored and ranked the available in vitro assays for their readiness for use in chemical screening/prioritisation or 334 
risk assessment (Bal-Price et al. 2018). Readiness criteria included assay descriptions (e.g., purpose, relevance, cell 335 

 

Figure 2.3. Assays in the current DNT IVB and assays identified as high priority for development (modified and adapted 

from Masjosthusmann et al., 2020). Assays are grouped according to the neurodevelopmental process evaluated 

(rows) and test system used (columns). Each assay box lists the abbreviated assay name, cell type and assay 

development laboratory. Assays which need further development, and not included in the current DNT IVB, are 

identified as data gaps. Each assay is represented as a box which lists the test method name (italics), the test system 

(cell type used), and the home institution of the developer (IUF =Leibniz Research Institute for Environmental 

medicine; UKON =University of Konstanz; EPA= US Environmental Protection Agency. 
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type, reference chemicals, exposure, technical limitations), performance (e.g., repeatability, variability, 336 
sensitivity/specificity), data evaluation (e.g., dynamic range, curve fitting, benchmark response) and application 337 
(e.g., chemicals, relevant pathways/AOPs, prediction models). Additional information used to evaluate assay 338 
readiness included results from assays that have already screened tens to hundreds of chemicals. Based on the 339 
recent reviews of DNT in vitro assays (Bal-Price et al. 2018; Fritsche et al. 2017), a battery of assays (DNT IVB) has 340 
been assembled that covers a majority of the key neurodevelopmental processes (Masjosthusmann et al. 2020). 341 
Figure 2.3 illustrates the assays in the current battery (in total 17 assays) organised by key neurodevelopmental 342 
processes (rows). The figure indicates the species origin of the test system used and lists neurodevelopmental 343 
processes where assays should be a high priority for development. In many cases, multiple test methods are 344 
available to assess a single neurodevelopmental process. These assays are used currently used in the battery in a 345 
complementary manner (as opposed to orthogonal assays) (see Textbox 1). 346 

 However, due to differences between test systems (e.g., neural stem cell versus primary neural cell 347 
cultures) and test methods (e.g., developmental timing, assay duration, endpoints, exposures), different 348 
outcomes from assays for the same neurodevelopmental process are possible. Three assays in the DNT IVB that 349 
measure migration are a case in point. The UKN2 assay utilises neural crest cells, a type of neural stem cell that 350 
migrates towards tissues outside the nervous system during early embryogenesis and can differentiate into both 351 
neural and non-neural cells (Mayor and Theveneau 2013). In contrast, the NPC2a assay uses radial glia cells that 352 
normally migrate as a prerequisite for cortex formation (Borrell and Gotz 2014), and the NPC2c assay uses 353 
oligodendrocytes, a more mature cell that arises and migrates later in development (Barateiro and Fernandes 354 
2014). The biology that regulates migration is different in these test systems (Minoux and Rijli 2010; Ortega et al. 355 
2012; Sild and Ruthazer 2011), providing different targets and pathways for testing chemical interactions. Another 356 
example is the neuronal network formation assay (NNF). The cortical cell-based Multi-Electrode Assay (MEA), and 357 
Human NNF assay being developed, use the same basic cell types (neurons and astrocytes), but from different 358 

species (rat primary neocortex versus human induced pluripotent stem cell- and primary astrocyte-derived). Test 359 
results from these assays may be different due to differences in developmental timing (Saavedra et al. 2021) as 360 
well as differences between neural cells derived from different brain regions and in the pathways and proteins 361 
expressed in rats versus humans (Robbins et al. 2010). Thus, to facilitate evaluation of the results in terms of the 362 
stated test purpose it is important that both the test system and test method be clearly described and annotated 363 
by the assay developer. This information is documented in an organised format developed for cell-based assays 364 
(see below) and is found Appendix B. Table 2.1 provides a general description of the types of cell cultures used as 365 
test systems in the current DNT IVB. Each of these different types of neural cultures can be derived from rodent 366 
or human tissue. 367 

Textbox 1.  

Complementary Assays: Assays that measure similar endpoints and are conducted in conjunction rather than as 

follow-ups to primary screening. These assays may use similar or different technologies or test species and may 

evaluate different levels of biological complexity.  Such assays can provide additional certainty when they are all 

positive or negative. However, different findings between the assays are not necessarily indicative of a false positive in 

that said differences could be due to differences in assay methods such as cell type, species, level of biology 

evaluated, or assay technology. 

Orthogonal Assays: An assay performed following the primary assay to differentiate between compounds that 

generate false positives from those substances that are genuinely active against the target. Such assays use different 

reporter or assay technologies in an effort to confirm that activity of the compound is directed toward the biological 

target of interest, or if negative suggest that the original substance activity was most likely assay format-dependent 

and not specific to the biology of interest. In some cases, orthogonal assays can be run at the same time (adapted 

from Thorne et al., 2010).   
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 368 

 Test methods for the DNT IVB are designed to model aspects of one or more neurodevelopmental 369 
processes in vitro. The primary purpose of each method is to evaluate whether test chemicals can alter these 370 
processes as a function of development in vitro. A general description of each neurodevelopmental process 371 
modelled in the DNT IVB along with potential consequences of chemical disruption and endpoints measured is 372 
listed in Table 2.2. Note that these are neurodevelopmental processes that may not necessarily reflect 373 
developmental timing, location, or neuronal subtype aspects. 374 

 In vitro DNT test methods have been reviewed (Bal-Price et al. 2018; OECD 2017a), and those that 375 
constitute the current DNT IVB are presented in Table 2.3, which is organised by the neurodevelopmental process 376 
being modelled 377 

Table 2.1.  General descriptions of neural cell cultures used as test systems in the current DNT IVB 

Type of Cell Cultures Description 

Neural Stem Cells (NSC) Cells that can self-renew and proliferate indefinitely. They produce progeny cells (e.g.  

neural progenitor cells such as radial glia) that ultimately give rise to a majority of cells in 

the nervous system. They can be derived from embryonic stem cells (ESC) or induced 

pluripotent stem cells (iPSC). 

Neural Progenitor Cells 

(NPC) 

Derived as progeny of neural stem cells or directly from fetal brain tissue, they have a more 

limited proliferative ability.  They can terminally differentiate into neurons (including many 

subtypes) and glia (astrocytes and oligodendrocytes). 

Neurospheres 3D culture of neural stem cells and neural progenitor cells that grow in small clusters and 

can terminally differentiate into a mixed culture of neurons and glia. 

Primary Cells    Immature neurons and glia derived directly from brain tissue. 

Table 2.2.  General descriptions neurodevelopmental process modelled in the DNT IVB 
Process Description 
Proliferation Division of neural stem cells and neural progenitor cells resulting in an increase in cell number. 

Changes in proliferation can result in an incorrect cell number (increase or decrease) and altered 
brain growth. It is measured directly by assessing the number of cells undergoing DNA 
replication or inferred by measuring a change in cell number over time. 

Apoptosis Programmed death of cells resulting in a decrease in cell number. Changes in apoptosis can 
result in an increase or decrease in cell number and altered brain growth. It is measured by 
assessment of cell nucleus morphology or detection of biochemical markers specific to the 
apoptosis pathway. 

Migration Movement of neural progenitor, glial or neuronal cells from their point of origin to a final 
position. Changes in migration can result in cells in the wrong position and abnormal brain 
structure. It is measured by assessing the number of cells moving into a defined area, or the 
distance moved by individual cells. 

Neuronal 
Differentiation 

Process in which a neural progenitor cell changes to a specific type of neuron. Changes in 
differentiation can result in altered cell numbers for specific populations of neurons, changing 
brain structure and function. It is measured by assessment of the number of cells expressing 
markers specific for neurons and neuronal subtypes. 

Neurite Growth Outgrowth of morphological processes relatively early in neuronal differentiation. Neurites 
eventually develop into dendrites or axons. Changes in neurite growth can alter the number and 
length of axons and dendrites, changing brain structure and connectivity between neurons. It is 
measured by counting the number of cells elaborating processes or morphological assessment of 
neurite length. 
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in vitro for chemical testing (i.e., the test purpose). For each test method, a brief description is provided of the 378 

test system, exposure scheme, and endpoints measured. To facilitate the evaluation of data from cell-based test 379 

methods and potential use in regulatory settings, the OECD has formulated guidance for a more detailed 380 

documentation for non-guideline and new approach methods (OECD 2017b). This guidance outlines the 381 

standard information that should be provided by developers to assess the quality of data produced and the 382 

potential utility in regulatory applications. A more recent and expanded template called ToxTemp, expanding 383 

upon OECD GD 211, was developed to guide the user in the details required, specifically for the description of 384 

cell-based test systems (Krebs et al. 2019). For the DNT IVB, assay descriptions based on these formats are 385 

provided in Appendix B. 386 

 387 

Neurite Maturation 
& Synaptogenesis 

Maturation of neurites into the specialized processes of dendrites and axons which then form 
synapses responsible for communication between neurons. Changes in neuronal maturation and 
synaptogenesis alter neuronal connectivity, changing network formation and brain function. 
They are measured by morphological assessment of axon and dendrite length and counting of 
the number of synapses 

Glial Differentiation 
& Maturation 

Process in which a neural progenitor cell changes to a specific type of glia (radial glia that 
support formation of cortical architecture, astrocytes that support neuronal function, and 
oligodendrocytes that myelinate axons). Changes in differentiation can result in altered numbers 
of glia and reduced myelination, changing brain structure and function. Differentiation and 
maturation are measured by assessment of the number of cells expressing markers specific for 
glial subtypes. 

Network Formation Process in which neurons and glia grow and make functional contacts with each other, 
exemplified by spontaneous generation and propagation of electrical action potentials within a 
network. Changes in network formation and function can result in altered neural connectivity 
and altered brain function. It is measured by electrophysiological assessment of coordinated 
electrical activity of neurons and glia grown on electrode arrays. 

Viability/Cytotoxicity  Test methods for each neurodevelopmental process should also include a concurrent measure of 
cell viability (or its converse, cytotoxicity) as a baseline for comparison of potential non-specific 
effects of chemical exposure. Cell viability can be assessed by counting cells with normal 
morphology (based on cell body and nucleus size), delineation of live/dead cells based on uptake 
or exclusion of vital dyes, or biochemical assessment of active cell metabolism. Cytotoxicity is 
typically assessed by measuring parameters associated with loss of cell membrane integrity, 
including leakage of intracellular proteins and enzymes, or exposure of DNA. 
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Table 2.3. Assays Currently in the DNT In Vitro Battery 

Test Method 
(Assay) 

Test System 
(Cell culture) 

Assay Duration/ 
Chem exposure 

DNT  
Endpoint 

Viability/Cytotoxicity 
Endpoint 

Proliferation 

NPC1 human NPC grown as 
proliferating 3D 
neurospheres 

72 h / 72 h neurosphere area, BrdU 
incorporation in dividing cells 

Resazurin reduction /LDH 
release 

hNP1 Prolif human NPC 24 h / 24 h BrdU incorporation in dividing 
cells 

ATP level 

Apoptosis 

hNP1 Apop human NPC 24 h / 24 h apoptosis pathway (Caspase) 
activation 

ATP level 

Migration 

UKN2 human NSC-derived 
neural crest cells 

72 h / 24 h number of cells moving into 
defined area 

Calcein-AM vital dye 

NPC2a human NPC grown as 
differentiated 3D 
neurospheres 

72 h / 72 h 
120 h / 120 h 

mean distance of radial glia 
(nuclei negative for neuronal and 
oligodendrocyte markers) from 
edge of sphere 

Resazurin 
reduction/LDH release 

NPC2b human NPC grown as 
differentiated 3D 
neurospheres 

120 h / 120 h mean distance of tubulin-positive 
neurons from edge of sphere 

Resazurin 
reduction/LDH release 

NPC2c human NPC grown as 
differentiated 3D 
neurospheres 

120 h / 120 h mean distance of O4-positive 
oligodendrocytes from edge of 
sphere 

Resazurin 
reduction/LDH release 

Neuronal Differentiation 

NPC3 human NPC grown as 
differentiated 3D 
neurospheres 

120 h / 120 h number of tubulin-positive 
neurons 

Resazurin 
reduction/LDH release 

Neurite outgrowth 

NPC4 human NPC grown as 
differentiated 3D 
neurospheres 

120 h / 120 h neurite length & area Resazurin reduction 
/LDH release 

UKN4 human NSC-line 
(v-myc transformed) 

72 h / 24 h neurite area Calcein-AM vital dye 

UKN5 human iPSC-derived 
peripheral (sensory) 
neurons 

24 h / 24 h neurite area Calcein-AM vital dye 

hN initiation human NPC-derived 
neurons 

48 h / 48 h neurite length cell morphology 

Cortical 
initiation 

rat primary neocortex 48 h / 48 h neurite length cell morphology 

Neurite Maturation and Synaptogenesis 

Cortical 
maturation 

rat primary neocortex 288 h / 120 h dendrite length cell morphology 



DNT IVB Guidance   221014 

13 

 388 

2c. Developmental Neurotoxicity (DNT) versus Neurotoxicity (NT) In Vitro 389 

 DNT testing is based on the observation that the developing brain may be more vulnerable to chemical 390 
toxicity than the adult brain. A major reason for increased vulnerability is the dynamic nature of development 391 
itself. During this period there is a sequential and coordinated expression of molecular signaling pathways 392 
underlying neurodevelopmental processes, and chemical disruption during critical time windows can lead to 393 
permanent effects (Rice and Barone 2000; Rodier 1994). 394 

 In vitro assays that measure the impact of chemicals on the nervous system can be divided into two 395 
categories: 1) assays for DNT that use test systems that model neurodevelopmental processes, and 2) assays for 396 
neurotoxicity (NT) that use test systems that better model the steady state observed in the adult brain and may 397 
not model developmental processes. Assays in the DNT IVB are included in the first category and assess the impact 398 
of exposures on critical neurodevelopmental processes. For developmental neurotoxicity, in vitro test systems are 399 
by definition in a dynamic state, undergoing changes in cellular status over time. For example, in proliferation 400 
assays the number of neural progenitor cells increases over time (Moors et al. 2009), while for neurite outgrowth 401 
assays neuron cell number is relatively constant but the length of neurite processes is increasing (Harrill et al. 402 
2010). This contrasts with the second category, NT assays, which use in vitro test systems that are designed to 403 
assess neurotoxicity in cell cultures using “matured” cells that have reached a relatively stable equilibrium. These 404 
mature neural cell cultures do not necessarily exhibit the complex and dynamic changes in cell status associated 405 
with active neurodevelopment. 406 

 407 

2d.  Developmental Exposure 408 

 Proper evaluation of data from DNT in vitro assays requires a good understanding of the exposure regimen 409 
used. While there are several factors to consider, the most important is the timing and duration of exposure 410 
relative to the timing of dependent variable measurement. A rapid and acute chemical application applied to the 411 
in vitro test system over a relatively short time (e.g., seconds to minutes) prior to assessment of the endpoint is 412 
not a developmental exposure. Since it does not encompass a period that includes a significant change in the 413 
baseline of the endpoint, it is unlikely to measure a change in a neurodevelopmental process, although it may 414 
provide information on direct effects of a chemical on cell function. 415 

 Developmental exposures require time periods between chemical application and endpoint assessment 416 
that coincide with the dynamic changes in cell status associated with neurodevelopmental processes. Since 417 
exposures may be different for each test method and test system, they must be documented with reference to 418 
the dynamic change in cell status as described above. The actual exposure scheme can range from a single 419 

Cortical 
synapto 

rat primary neocortex  288 h / 120 h 
 

synapse number cell morphology 

Glial Differentiation 

NPC5 human NPC grown as 
differentiated 3D 
neurospheres 

120 h / 120 h number of O4-positive 
oligodendrocytes 

Resazurin reduction 
/LDH release 

Neural Network Formation 

Cortical MEA rat primary neocortex 288 h / 288 h  Action potential spike and burst 
parameters related to network 
connectivity 

Resazurin 
reduction/total LDH 
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application without media change at the start of the test to multiple applications (with or without media changes) 420 
at regular periods throughout the test.  For the DNT IVB, the test duration can range from 24 hours to weeks. For 421 
example, proliferation is a process that can occur relatively rapidly in neural progenitor cells. In the DNT IVB, the 422 
hNP1 proliferation assay uses a single chemical application at the start of the 24-hr exposure period, during which 423 
the cells are undergoing cell division. In contrast, neural network formation is a more prolonged process that 424 
includes axon and dendrite outgrowth and synapse formation occurring over days to weeks. In the rat Cortical 425 
MEA assay, multiple applications of the chemical are made along with media changes at regular intervals 426 
throughout a 12-day test period (Brown et al. 2016). For this assay, the delay of 48 hr between chemical 427 
application and endpoint assessment used in the rat Cortical MEA assay minimises the chance of detecting rapid 428 
and acute effects of chemicals on neural network activity that would not necessarily reflect a change in 429 
neurodevelopment. Acute exposures can, however, provide information on MIEs by examining the direct effects 430 
of a chemical on cell signalling pathways that regulate neural cell electrophysiology. For example, MEA assays 431 
using mature cortical cell cultures have been used to study the effects of chemicals on action potentials following 432 
a single acute exposures (i.e., chemical addition to the cells minutes prior to recording) (Strickland et al. 2018; 433 
Valdivia et al. 2014). 434 

 The suitability of the chemical exposure scheme should be determined with reference to the 435 
developmental status of the test system at the beginning and end of the test for each individual test method. 436 
Information on the exposure scheme (including a graphical timeline indicating addition of chemical and medium, 437 
assessment of endpoints, etc.) in the context of the overall cell culture scheme is provided in the Section 5 of 438 
ToxTemp (Krebs et al. 2019). Further documentation of the test method should demonstrate that the exposure 439 
scheme is appropriate for examining chemical effects on a particular neurodevelopmental process based on the 440 
use of positive control compounds (Crofton et al. 2011). 441 

 442 

3. Elements for establishing WoE  443 

3.a. Background  444 
 445 

 Any WoE assessment, not only for DNT IVB data, should follow OECD GD 311 (OECD 2019) or equivalent 446 
internal guidance of regulatory authorities. WoE guidance provides a set of principles and elements that promotes 447 
a consistent and clear approach to ensure transparency and avoidance of unreasonable bias in the WoE decision 448 
processes. The overall aim of data evaluation is to determine data quality, based on relevance and reliability.  449 

 450 

 Relevance should be determined by an a priori problem formulation as a critical first component in the 451 
use of data from the DNT IVB in regulatory assessments. A “fit for purpose”  or “context-dependent’ approach 452 
(Andersen et al. 2019; Cote et al. 2016; Griesinger et al. 2016; Judson et al. 2013) can be used to determine 453 
whether the uncertainties in the data (or dataset) are deemed acceptable for the regulatory need (see also: Parish 454 
et al., 2020; Patterson et al., 2021; van der Zalm et al., 2022; Carmichael et al., 2022) . IATAs encompass this 455 
concept (see Section 2.a and Figure 2.1) with two possible outcomes after consideration of all empirical 456 
information against the regulatory need; either the available information is adequate and supports a decision, or 457 
the uncertainty due to data gaps is too large and a decision cannot be made.  458 

 459 

 Reliability in a WoE will require assessments of both data for the individual assays (see Section 3.e below) 460 
as well as the entire data set from all assays (see Section 3.f below). Ideally, all assays used in the DNT IVB and the 461 
battery itself should have been validated for predicting adverse in vivo developmental neurological outcomes 462 
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according to OECD principles (see uncertainty section 4.e). However, the current lack of traditional approaches to 463 
validation should not impede the use of data from the DNT IVB in a fit-for purpose manner for some regulatory 464 
assessments (see Parish et al., 2020; Patterson et al., 2021; van der Zalm et al., 2022; Carmichael et al., 2022). The 465 
important issue is that the uncertainties in the assays and available data are transparently communicated to 466 
regulatory authorities, who will decide if such uncertainty is acceptable given their decision needs (Weinberg 467 
1972). To date, data from the DNT IVB was used in a WoE-based decision for some organophosphate pesticides 468 
(USEPA 2020b),  in IATAs for deltamethrin and flufenacet (EFSA et al. 2021), and in an IATA for neonicotinoids that 469 
include data from the DNT IVB (https://www.eu-toxrisk.eu/page/en/case-studies.php). 470 

  471 

3.b. Generic In Vitro WoE Issues 472 

 473 

 All in vitro data, not just data from the DNT IVB, must meet basic criteria for use in regulatory assessments. 474 
These criteria include adherence to guidance for reporting test systems and methods, data analyses, and 475 
transparency.  476 

 First among these criteria is whether the in vitro data to be used was generated using OECD Test 477 
Guidelines or national equivalents. If not, documentation of the test methods should, at a minimum, adhere to 478 
OECD GD286 (OECD 2018) and GD211 (OECD 2017b). GD286 provides guidance for both development and 479 
implementation of in vitro test methods using good scientific, technical, and quality practices. The goal of GD286 480 
is to enable test developers to establish robust in vitro methods and those utilising the in vitro method to apply 481 
the assay following the established good practice, thereby reducing uncertainties in predictions from in vitro data 482 
and assisting in the acceptance of such data by regulatory authorities. All present and future DNT IVB assays should 483 
be compliant with this guidance.  484 

 The rapid development of in vitro technologies has led to the recognition that in vitro test methods 485 
without applicable Test Guidelines are still useful to regulatory authorities (EFSA, 2021). OECD GD211 (OECD 486 
2017b) outlines the type of information that should be provided for each assay, by the assay developers. The test 487 
system and methods should be described in enough detail to allow assessment of data quality and its potential 488 
use in regulatory applications. It is important to note that GD211 acknowledges that due to rapid technological 489 
developments this guidance “may thus need to be revised in the near future”. Indeed, a revision has already been 490 
developed (i.e., ToxTemp) that has improved on details that should be provided for NAMs (Krebs et al. 2019).   491 

 The assays included in the DNT IVB proposed in this guidance were developed consistent with the 492 
principles of OECD GD 286, and all assays have descriptions that include the information required in either the 493 
original GD211, or the newly expanded ToxTemp format (Krebs et al al. 2019).  494 

 495 

3.c. WoE Issues Specific to DNT Battery 496 

 497 

 There are limitations of the DNT IVB that must be considered in any WoE assessment. Some are similar to 498 
limitations of other in vitro test methods. These include lack of, or unknown metabolic competence of the assays, 499 
limitations of testing methods for volatiles or DMSO insoluble chemicals, limited exposure durations, and potency 500 
estimates based on nominal media concentrations (Thomas et al. 2018; Tice et al. 2013). Examples of limitations 501 
specific to the DNT IVB are listed in Table 3.1 (see also section 4.e).  502 

 503 

Table 3.1.  Examples of WoE limitations in evaluation of DNT IVB  

https://www.eu-toxrisk.eu/page/en/case-studies.php
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• The lack of assays for several cellular processes and systemic processes known to be critical for normal 

neurological development (see Sections 2.b and 3.f).  

• Need for development of additional AOPs to increase mapping of the KEs covered in the DNT IVB. 

• A relatively limited number of tested chemicals as compared to current accepted batteries (e.g., ER activation). 

• Uncertainty in the overall specificity and sensitivity of the DNT IVB due to limited testing of DNT reference 

chemicals and comparison of results to a curated in vivo developmental neurotoxicity study database.  

• A need for a consensus-based and regulatory driven tiered testing strategy to be used in IATAs.  

 504 

3. d.  Data Availability 505 

 506 

 A key component of any WoE is transparency in all decisions. For high-throughput screening (HTS) data 507 
an especially critical component is the availability of all data on the activity or inactivity of a compound in an assay. 508 
Examples of good practice in data availability and analyses include the Tox21 and ToxCast datasets available from 509 
NCATS (https://tripod.nih.gov/tox21/assays/), NTP (CEBS database), and EPA ToxCast programs 510 
(https://www.epa.gov/chemical-research/exploring-toxcast-data-downloadable-data), in which the publicly 511 
available data is adequate to foster transparency and independent replication of analyses. 512 

  To aid in transparency and increasing confidence in data usage, it is critical that there is  public access to 513 
both all the underlying data as well as the analysis algorithm code. Results from some previous analyses are 514 
available as processed data (Masjosthusmann et al. 2020; Frank et al. 2017; Shafer et al. 2019; Harrill et al. 2018). 515 
Processed data has been through normalisation, curve fitting and hit calls, unprocessed data has not been through 516 
these processes.  Some additional assays from the NTP project have hit calls, but only summary data are available 517 
(https://doi.org/10.22427/NTP-DATA-002-00062-0001-0000-1).  The recent release of ToxCastDB v3.5 provides 518 
public access to both unprocessed and processed data, the underlying analysis code, and results for all 17 assays 519 
analysed using the ToxCast data analysis pipeline (ToxCast Website). This includes hit information, curve fit 520 
comparisons, and a number of “flags” or warnings that identify by the processing pipeline have identified possible 521 
false positive or false negative findings.       522 

   523 

 524 

3. e. Criteria for Individual Assay Evaluation 525 

 526 

 Evaluation and appropriate use of the data derived from NAMs such as the individual in vitro assays that 527 
comprise the DNT IVB should be based on demonstrating that they have biological and toxicological relevance 528 
(e.g., scientific rationale for use of test system, linking endpoints measured to an adverse outcome) and 529 
acceptable technical qualification (e.g., repeatability, reliability, predictive capacity) (Judson et al. 2013). As 530 
described in Section 2, the battery of assays in the DNT IVB are based on an understanding of the underlying 531 
neurobiological processes required for normal brain development, with each assay modelling a distinct KE at the 532 
cellular level in a AOP for DNT (Figure 2.2). Evaluation of the utility and performance of any specific assay will 533 
therefore be influenced by the documentation of how well the in vitro test system can recapitulate a particular 534 
KE. The assays in the DNT IVB were developed in different laboratories using multiple technologies. Thus, while 535 
the criteria used for evaluating the state of “readiness” (i.e., fit-for-purpose use) are applicable across all assays 536 
in the DNT IVB, the type and amount of information describing individual assays, including the availability, and 537 
testing of reference chemicals, will vary. Important supporting information for the evaluation and use of data from 538 
individual assays is listed in Table 3.2 (see Krebs et al, 2019 for details). 539 

https://tripod.nih.gov/tox21/assays/
https://www.epa.gov/chemical-research/exploring-toxcast-data-downloadable-data
https://frc-word-edit.officeapps.live.com/we/wordeditorframe.aspx?ui=en%2DUS&rs=fr%2DFR&wopisrc=https%3A%2F%2Foecd-my.sharepoint.com%2Fpersonal%2Fmagdalini_sachana_oecd_org%2F_vti_bin%2Fwopi.ashx%2Ffiles%2Fd20560372a2846d89692ca0c7b624994&wdenableroaming=1&mscc=1&wdodb=1&hid=5D8D68A0-9005-5000-431F-DD51E3A8AEDA&wdorigin=ItemsView&wdhostclicktime=1664143128904&jsapi=1&jsapiver=v1&newsession=1&corrid=9c1d533e-3f82-4092-9c27-25572aa5c469&usid=9c1d533e-3f82-4092-9c27-25572aa5c469&sftc=1&cac=1&mtf=1&sfp=1&instantedit=1&wopicomplete=1&wdredirectionreason=Unified_SingleFlush&rct=Medium&ctp=LeastProtected#_ENREF_72
bookmark://_ENREF_45/
https://doi.org/10.22427/NTP-DATA-002-00062-0001-0000-1
https://www.epa.gov/chemical-research/exploring-toxcast-data-downloadable-data
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 It is important to note that this guidance document does not provide extensive details and analyses of the 540 
assays in the DNT IVB. Instead, it highlights those factors deemed most important for assessing how and when the 541 
data may be used in a fit-for-purpose regulatory context, including screening and prioritisation of chemicals or 542 
targeted testing for single chemical hazard assessment (see also Section 1.c). A detailed description of the 543 
information and data required for evaluation of the individual DNT IVB assays is documented in Appendix B. These 544 
descriptions may use different formats including the ToxTemp format (Krebs et al. 2019) which explicitly provides 545 
the acceptance criteria for test elements needed for evaluation of assay performance. A summary of the 546 
information described in the ToxTemp is shown in Table 3.3. Other formats used (e.g., OECD 211) include similar 547 
information. Further sources of data documenting assay relevance and performance can be found in publications 548 
from the assay developers as documented in assay descriptions in Appendix B, and several reviews evaluating the 549 
readiness of DNT in vitro assays for regulatory use (Bal-Price et al. 2018; Fritsche et al. 2017;  550 

Table 3.2 Evaluation criteria for critical elements that support use of data from individual assays in the DNT 

IVB. 

Critical Element Supporting Information 

The test system assesses 

change in one or more aspects 

of neurodevelopmental 

processes 

• Characterisation of neurodevelopmental process in vitro including demonstration that 

endpoints accurately quantify developmental change in key event over time. 

• Evaluation of the ability of measured endpoints to quantify chemical-induced changes 

in the key event, as well as concurrent measurement of viability/cytotoxicity. 

Assay quality and  
repeatability . 

 

• Estimates of criteria such as signal to noise ratio, linear range, and baseline variation of 

the measured endpoint(s).  

• Within laboratory repeatability of assay is demonstrated in medium- to high-

throughput testing format using multi-well plates. 

Chemical screening with 

training set 

• Use of training set (endpoint-specific positive controls and negative controls) to 

demonstrate ability of assay to test multiple chemicals in concentration-response 

mode and provide initial indication of predictive ability. 

Data analysis and 

identification of a reference 

point 

• Methods for data normalisation, curve fitting for concentration-response analysis 

documented. 

• Derivation and justification of a reference point identifying critical effect level based on 

concentration-response data. 

Descriptions of chemical 

activity  

 

• Description of procedure used to classify chemicals as active or inactive in the assay. 

• Determination of selective effect on neurodevelopmental process versus general effect 

on cytotoxicity. 

• Supported by correct identification of positive and negative controls. 
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Masjosthusmann et al. 2020). The following text provides examples and recommendations for evaluating test 551 

elements that are critical for determining assay performance and informing data interpretation. 552 

 553 

Table 3.3.  Summary of information in the ToxTemp documentation format with reference to assays in the 
DNT IVB (Krebs et al. 2019) 
Section Information 

1. Overview Descriptive title and brief abstract describing test method and endpoints used to assess key 
neurodevelopmental process(es) related to DNT. 

2. General information Test method name, version, related databases, depositor, and contact person. 

3. Description of general 
features of the test 
system source 

Supplier and source of cells. Definition and characterisation of cells, including description of 
type of neural cell culture (e.g., Neural Progenitor Cells, Primary Cells), species, and format 
(e.g., 2-D, neurosphere). Procedures for characterisation and maintenance of cells (including 
acceptance criteria), and differentiation of cells towards the final test system. 

4. Definition of test 
system as used in the 
test method 

Description of the cell culture protocol in terms of the neurodevelopmental process tested. 
What subpopulation of neural cells are present during the assay (e.g., subpopulations of 
neurons, glia)? How is the cell culture manipulated (addition of mitotic inhibitors, growth 
factors, etc.) during the assay? Is there endogenous metabolic capacity in the test system 
(e.g., CYPs)? Is there any transporter activity? How closely does the test system reflect the in 
vivo neural tissue being modelled? 

5. Test method exposure 
scheme and endpoints 

Description of the exposure scheme: how and when are cells exposed to the test compound 
(including a graphical timeline) in terms of the overall culture protocol (when cells are 
plated, medium changes, endpoint measurement)? Definition of specific endpoints 
measured in relationship to the neurodevelopmental process tested. Is cytotoxicity assessed 
concurrently? Are any reference endpoints included (e.g., cell number, protein content) to 
be used for normalisation? What endpoint-specific controls (positive, negative, unspecific) 
are used? What rules are applied to determine that the assay is performing as expected and 
that the results are acceptable? 

6. Handling details of the 
test method 

Description and documentation of the execution of the assay, with reference to a Standard 
Operating Procedure (SOP). Provides details for preparation and addition of test 
compounds, including definition of the concentration range. Precautions and uncertainties 
that can affect with the assay should be noted (e.g., compounds that are volatile or auto 
fluorescent, known sources of variation, need for special supplies or equipment). 

7. Data management Description of raw data format, definition and handling of outliers, and processing of raw 
data to summary data.  

8. Prediction model and 
toxicological application 

Which neurodevelopmental processes are modelled in the test method? What toxicological 
endpoints (e.g., neurite length, cell number, etc.) are used in the prediction model? How 
does the model classify the results in terms of toxicity (e.g., hit, no hit, borderline) and 
selectivity (e.g., neurotoxicity vs cytotoxicity)? What is the performance of the test method 
(e.g., sensitivity and specificity, z-score, etc.) and what compounds were used to make that 
determination? What is the application domain of the test method and how does it fit into 
the DNT IVB?  

9. Publication/validation 
status 

Provide a list of key publications describing the development and use of the test method. Is 
the test method linked to an AOP or is there information on mechanistic validation? Is it part 
of a formal pre-validation or validation study? 

10. Test method 
transferability 

What experience/training is required? Has the test method been transferred to another 
laboratory? 

11. Safety, ethics, and 
specific requirements 

Are there any specific hazards or safety requirements? Is any aspect of the test method 
licensed or protected by intellectual property rights? 
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 Application of the test system to assess the key neurodevelopmental processes. Because the assays are 554 
designed to recapitulate basic processes of neurodevelopment, the ability of the test system to reproducibly 555 
undergo quantifiable developmental changes over time using a multi-well plate format is a prerequisite for assay 556 
performance. All assays in the DNT IVB are known to use test systems that assess neurodevelopmental processes 557 
(Fritsche et al. 2017). As described in Crofton et al. (Crofton et al. 2011), cell culture test systems should be 558 
characterised and their ability to accurately quantify developmental changes in an endpoint related to the KE 559 
demonstrated. Additional endpoints to concurrently assess aspects of cell health and viability should be included. 560 
This information is typically provided in peer-reviewed publications by the assay developers and can include data 561 
showing control of the culture conditions that influence the dynamic range of the endpoint. For example, 562 
published data that evaluate the KE of neurite outgrowth are available for LUHMES cells (UKN4 assay (Stiegler et 563 
al. 2011), and human neuronal cells (hN initiation assay (Harrill et al. 2011a). These publications characterised cell 564 
growth in 96-well plate format, quantified neurite outgrowth over time using automated measurement of neurite 565 
number, length, and/or area as endpoints, and simultaneously assessed cell viability. Both studies used endpoint-566 
specific controls (see Textbox 2) to demonstrate the dynamic range of the test system and characterise 567 
concentration-related changes in neurite outgrowth. 568 

 569 

 Assay quality and repeatability in medium- to high-throughput testing mode. Characterisation of the utility 570 
of in vitro assays for chemical testing should include estimates of the signal (S, endpoint measurement under 571 
maximal conditions), the background (B, endpoint at baseline or solvent control conditions) and the variation 572 
between wells in a multi-well plate format. The signal-to-background ratio (S/B = mean signal / mean background) 573 
and the signal-to-noise ratio (S/N = mean signal – mean background / standard deviation of background) can be 574 
determined to provide an indication of the dynamic range of the assay. While there is no consensus on an 575 
acceptable value, larger numbers generally indicate better dynamic range. For example, in the UKN4 assay, 30,000 576 
cells/well and a time period of 2 h and 24 h after replating were used to evaluate neurite outgrowth, which 577 
resulted in a S/N ratio greater than 50 (Stiegler et al. 2011). However, S/B and S/N ratios do not adequately take 578 
into consideration assay variability between wells. Another measure, the z’ factor, has been developed that 579 
provides a measure of assay quality that takes account of both the signal window and assay variability (Zhang et 580 
al. 1999). The higher the z’ value the more discriminating the assay, with a z’ value of > 0.5 generally considered 581 
acceptable for complex cell-based assays like those in the DNT IVB. In the UKN4 neurite outgrowth assay example, 582 
the z’ score was 0.6 (Stiegler et al. 2011). Further discussion of these criteria can be found in OECD 286 Guidance 583 
Document on Good In Vitro Method Practices (OECD 2018). 584 

 Variation between plates and over time (i.e., between experimental runs) is also used to evaluate 585 
repeatability. This information can be obtained by assessing endpoint response under baseline (solvent control) 586 
and treated (endpoint-specific positive control) conditions in multiple plates across independent cultures. For 587 
example, repeatability of neurite outgrowth was compared in the hN assay and the rat primary cortical initiation 588 
assay across multiple plates and cultures (Harrill et al. 2011b). The results showed that an endpoint-specific 589 
positive control (lithium chloride) consistently decreased neurite outgrowth in both assays, with a coefficient of 590 
variation (CV) of 27% in human neurons and 6% in rat primary cortical neurons. Similar data for other assays in 591 

Textbox 2.  

Endpoint-Specific Controls are chemicals that are known to alter the endpoint of concern in a particular test system, 

also termed “endpoint-selective controls” or “mechanistic tool compounds”. Within a known concentration range, 

they selectively alter the key neurodevelopmental event (e.g., cell proliferation, neurite outgrowth) without affecting 

general test system characteristics including cell viability. 
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the DNT IVB can be found in the EFSA DNT publication (Masjosthusmann et al. 2020) and Appendix B. This 592 
information is important for understanding the difference in sensitivity between assays. These results illustrate 593 
that the assays in the DNT IVB differ in their variability, and thus will not be able to detect the same effect size. 594 
This will be an important consideration in the calculation of a reference point and formulation of the data analysis 595 
algorithm (see below), especially when comparing data across the battery of assays. 596 

 Use of a training set. To further demonstrate the biological relevance and utility of an assay, as well as its 597 
practical ability to rapidly and efficiently screen moderate numbers of chemicals, a larger set of chemicals, called 598 
a training set (Crofton et al. 2011) should be used (see Textbox3).  599 

 It is important to note that for the assays in the DNT IVB, there is not a standard training set for each of 600 
the neurodevelopmental processes. Rather, training sets have been selected and annotated by the individual 601 
assay developers, and often include several endpoint-specific controls. Examples of training sets for in vitro assays 602 
of the neurodevelopmental process of neurite outgrowth are described for the hN, UKN4 and hNPC assays (Harrill 603 
et al. 2011b; Krug et al. 2013; Masjosthusmann et al. 2020). It is important to note that training set chemicals are 604 
specific to the neurodevelopmental endpoint being measured, and different training sets will be necessary for the 605 
different assays in the DNT IVB. In the above examples, the training sets for assays of neurite outgrowth included 606 
chemicals that selectively affected signalling pathways involved in neurite extension, as well as environmental 607 
toxicants that have multiple or unknown modes-of-action that include known effects on neurite outgrowth (Harrill 608 
et al. 2011b; Krug et al. 2013). Similarly, chemicals affecting  signalling underlying hNPC migration, neuronal or 609 
oligodendrocyte differentiation were used as a training set for those endpoints (Masjosthusmann et al. 2020). In 610 
comparison, a training set for an assay for proliferation included chemicals that selectively altered DNA replication 611 
and cell division, as well as some of the same non-selective environmental toxicants that affect neurite outgrowth 612 
that also affect proliferation (Mundy et al. 2010). The use of a training set which includes chemicals that have a 613 
positive effect, or no effect informs the demonstration of the ability of an assay to test multiple chemicals at the 614 
same time in concentration-response mode (i.e., throughput), and can provide an initial indication of its predictive 615 
ability. All assays in the DNT IVB were developed using appropriate training sets.  616 

 Data analysis and identification of a reference point. The methods used to analyse data from the DNT IVB 617 
assays require two major steps. The first is a statistical data analysis algorithm, and the second is the choice of a 618 
reference point (see Textbox 4).  619 

 Data analyses typically start with plate corrections. Assays in the DNT IVB normally include solvent 620 
controls and a wide concentration range for a chemical within a multi-well plate. This “plate map” is then repeated 621 
across multiple plates, and for large numbers of chemicals testing can occur over multiple cultures and 622 
experimental runs. The initial step may include “pre-processing” of raw plate data, such as subtracting out plate 623 
blanks (Nimtz et al. 2019). This step may vary depending upon the technology used to measure the endpoint (e.g., 624 
fluorescence plate reader, automated imaging, etc.). The next step is normalisation of data to control wells within 625 
a plate to correct for plate-to-plate variability. In high-throughput screening assays there are several methods for 626 

Textbox 4.  

The Reference Point is a point on the concentration-response curve corresponding to an estimate of potency (e.g., 

EC50) or a threshold defining a critical level of response (e.g., 20% change from control). 

Textbox 3.   

A Training Set is a small group of chemicals including those that are known to reliably elicit a response to the 

specific neurodevelopmental endpoint of interest (positives), and those that do not elicit a response (negatives). 

Evidence for an effect, or lack thereof, should come from in vitro data using multiple test systems. 
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normalisation based on calculating percent of control. These include dividing raw values by the average of the 627 
within plate solvent control, or, under the assumption that most compounds are inactive, including wells 628 
containing low chemical concentrations in the average of the solvent controls (Malo et al. 2006). Normalised 629 
concentration-response data are then pooled across all experiments and subjected to curve fitting using multiple 630 
models (including linear and non-linear models), and the best fit curve selected and used for determination of a 631 
reference point. The normalisation and curve fitting methods have been clearly stated for each assay in the DNT 632 
IVB and are found in the assay description in Appendix B. Automated data analysis pipelines have been developed 633 
for high-throughput screening assays (e.g., Filer et al. 2017; Hsieh et al. 2015), and models are also available to 634 
estimate the uncertainties in estimated potency and efficacy endpoints (Watt and Judson 2018). Moving forward, 635 
data analysis should be performed in a consistent and transparent manner for all assays in the DNT IVB. 636 
Confidence in any results is vastly improved when all aspects of the statistical analyses are publicly available and 637 
allow replication of findings. 638 

 A consensus choice of  reference points (effect concentrations) for chemical effects observed using in vitro 639 
assays in the DNT IVB has not yet been formalised (Hardy et al., 2017). Based on standard quantitative analysis of 640 
chemical-receptor interactions, many in vitro pharmacologic and toxicologic studies focus on determining the 641 
concentration giving rise to a 50% response (i.e., EC50) (Goodman 1996). While using this approach can be valuable 642 
in ranking the potency of chemicals and prioritising them for further testing (e.g., Paul Friedman et al. 2016), it 643 
does not necessarily consider biological variation or relevance of the degree of in vitro change to possible in vivo 644 
adverse outcomes. For this purpose, the Benchmark Concentration (BMC) approach has been recommended by 645 
the EFSA Scientific Committee (Hardy et al. 2017). This approach fits a concentration-response curve to all data 646 
points and generates the BMC as the concentration that is associated with a predefined level of response, that is, 647 
the Benchmark Response (BMR). Ideally the in vitro BMR would be chosen based on quantitative understanding 648 
of the relationship between the endpoint measured (neurodevelopmental process) and the adverse outcome 649 
(DNT), as demonstrated by a quantitative AOP. There are currently no documented quantitative relationships 650 
between DNT IVB endpoints and in vivo neurodevelopmental outcomes.  Thus, without a data-derived 651 
quantitative relationship, expert judgement and scientific consensus of stakeholders can supply a suggested in 652 
vitro BMR for a particular endpoint. For individual assays in the DNT IVB this choice has, to date, been made by 653 
the assay developer. Based on variation in the particular assay, the current parameters used are considered 654 
adequate to limit the number of false positives.  Ongoing work is aimed at development of a consolidated data 655 
analysis pipeline that uses the same process for choices of in vitro BMRs across assays, to begin to address this 656 
issue (Paul Friedman, personal communication). This effort will allow estimation of the false positive and false 657 
negative rates of the entire battery. Preventing false negatives in DNT IVB screening efforts is critical and is needed 658 
to decrease the uncertainty in hazard assessments. 659 

 In the absence of a biological basis for selecting the in vitro BMR, its value can be defined statistically as 660 
an effect size that is higher than the biological (control) variability of the measured endpoint (Davis et al. 2011).  661 
It is important to note that this statistical approach can result in different in vitro BMRs for each endpoint, since 662 
the variability will change with the different test systems and methods used in each assay. On a practical basis the 663 
in vitro BMR is determined by quantifying the variability across all control wells in all plates used within a data set 664 
or experiment. For screening studies, this can include hundreds of plates. Again, there is not a formalised approach 665 
for either calculating the assay variability or setting the in vitro BMR using this calculated value, and the decision 666 
is left to the assay operator. One method used in evaluating variability of high-throughput screening data in the 667 
USEPA ToxCast program is determining the baseline median absolute deviation (BMAD), a robust statistic of 668 
control variability that is resilient to outliers (Leys et al. 2013).  This approach yielded coefficients of variation in 669 
control values ranging from 2-22% across some in vitro DNT assays (including the endpoint of cytotoxicity) 670 
developed at the USEPA (Harrill et al. 2018). Another method normalises the lowest compound concentration 671 
(assuming the lowest concentration has no affect) to the solvent controls within a plate and calculates the 672 
standard deviation (SD) between the means of the lowest concentration over all plates in an experiment. This 673 
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resulted in deviations ranging from 1.5-27% across the assays developed at the IUF - Leibniz Research Institute for 674 
Environmental Medicine (Masjosthusmann et al. 2020). Once the variation has been determined, a modifying 675 
factor is used to account for the distribution of values in the control well population. Thus, the in vitro BMR may 676 
be set for example, at a level above 2xSD (accounting for 95% of the variation in control wells) or 3xSD (accounting 677 
for 99% of the control wells).  678 

 Currently, in vitro BMRs have been set for some assays based on both expert judgement and statistical 679 
considerations as determined by the assay developer. For example, for cell migration (UKN2 assay), in vitro BMRs 680 
of 25% for migration and 10% for cytotoxicity were used based in part on expert judgement of in vitro biological 681 
significance (i.e., what is a meaningful extent of reduction), in part on statistical considerations (all positive 682 
controls showed a reduction in migration of > 25%), and in part on graphical comparisons of effective 683 
concentrations for positive control chemicals and “unspecific” controls (chemicals that show general cytotoxicity 684 
in cell cultures) (Nyffeler et al. 2017b; Zimmer et al. 2012). 685 

 Data Analysis and Statistical Model.   Data analysis for the in vitro DNT assay results requires a statistical 686 
model which is an algorithm or set of rules for determining whether a chemical has altered the key 687 
neurodevelopmental process assessed in the assay. These decisions should include: 1) an evaluation as to whether 688 
a change in an endpoint has reached or surpassed the level set as the in vitro BMR; and 2) a determination as to 689 
whether the effect is selective for the neurodevelopmental process examined or is a result of a general effect on 690 
cell health and viability (i.e., distinguish “DNT-specific hits” from “nonspecific hits”). The former is based on the 691 
statistical analyses of the data to determine whether a threshold for a hit has been met or exceeded. To determine 692 
selectivity, the chemical concentration affecting the neurodevelopmental endpoint (e.g., migration distance, 693 
neurite length, etc.) is compared to a concurrent measurement of the concentration affecting cell health (e.g., a 694 
measure of cytotoxicity or viability). 695 

 The statistical algorithm would then categorise a chemical as either inactive, active and selective, or active 696 
but non-selective (Textbox 5). In some cases, a fourth category defined as borderline has been used (Delp et al. 697 
2018; Masjosthusmann et al. 2020). Borderline classifications may be defined by an overlap of the confidence 698 
intervals for the in vitro BMC of the neurodevelopmental process and in vitro BMC for cytotoxicity/viability 699 
(Masjosthusmann et al. 2020). Examples for chemical concentration-response curves illustrating each category 700 
have been reported (Delp et al. 2018; Harrill et al. 2018) and are illustrated in Figure 22 from Masjosthusmann et 701 

al.  (Masjosthusmann et al. 2020).  702 

 From the description provided above it is apparent that the decision as to whether a chemical has a 703 
selective effect on neurodevelopment (i.e., is a DNT-specific hit) will depend upon the choice of the level of 704 
response set for the in vitro BMRs for the neurodevelopmental endpoint and a non-specific endpoint such as 705 
cytotoxicity/viability, and the procedure used to define the degree of separation required between the resulting 706 
in vitro BMCs. To date, the procedure for determining the degree of separation is not standardised but has been 707 
set by the assay developer. For the DNT IVB assays, a common approach has been used whereby testing of each 708 
assay includes both endpoint-specific controls (positive control chemicals that alter the endpoint of interest) and 709 
unspecific controls (chemicals that show general cytotoxicity in cell cultures). The degree of separation of the in 710 

Textbox 5.  Potential Chemical Categories Based on Assay Results: 
Inactive – An in vitro BMR not reached for either the neurodevelopmental process or cytotoxicity/viability 
Active and selective – An in vitro BMC for the neurodevelopmental process separated from the BMC for 
cytotoxicity/viability 
Active but non-selective – An in vitro BMC for the neurodevelopmental endpoint is not separated from the BMC 
for cytotoxicity/viability 
Borderline – chemicals for which the separation between the in vitro BMC for the neurodevelopmental endpoint 
and the in vitro BMC for cytotoxicity/viability is not clear 
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vitro BMCs for the neurodevelopmental endpoint and cytotoxicity is compared for each group of controls, with 711 
the expectation is that it will be larger for the endpoint-specific controls and smaller for the unspecific controls. 712 
Another approach is to use cytotoxicity data from multiple assays to determine the cytotoxicity “burst” (c.f., 713 
Judson et al., 2016; Escher et al., 2020).  All these approaches assume that the presence of cytotoxicity is not just 714 
a confound, but instead a cause of any changes in the assay endpoint.  The degree of separation between the 715 
concentrations that change the DNT assay and the cytotoxicity assay will impact the rate of false positive and false 716 
negatives, and the criteria can also be adjusted to balance or limit false negatives, should this be a priority for 717 
regulatory use. 718 

 Statistical determination of the degree of separation most often examines the ratio of the in vitro BMC 719 
for cytotoxicity to the in vitro BMC for the neurodevelopmental endpoint for each unspecific control chemical 720 
(e.g., EC50 cytotoxicity/EC50 neurodevelopmental endpoint). The ratios are averaged and the variation (SD or 95% 721 
confidence interval) calculated. The degree of separation is then chosen as a value that accounts for the upper 722 
bound of the variation of the ratios. For example, in the rat cortical MEA Neural Network Formation assay, the 723 
mean of these ratios was 1.9 (i.e., network formation endpoints were on average affected by unspecific controls 724 
at slightly lower concentrations than cytotoxicity). The upper 95% confidence interval of the ratio was 2.8, so a 725 
ratio of 3 was chosen as a threshold for chemicals to be considered as having selective effects (Frank et al. 2017; 726 
Shafer et al. 2019). Similar calculations were done for neurite outgrowth in the UKN4 assay, resulting in an average 727 
ratio of 1.4 with a SD of 0.8 (Krug et al. 2013). In this case, variation was accounted for using 3xSD, and a ratio of 728 
4 was used as the threshold (see Krug et al. 2013; Delp et al. 2018). To verify the appropriateness of the threshold, 729 
ratios from the endpoint-specific controls and unspecific controls should be examined to see if they are classified 730 
correctly as selective or nonselective, respectively. 731 

 A second approach is to set individual fixed in vitro BMR levels for the neurodevelopmental and 732 
cytotoxicity/viability endpoints which consider differences in the underlying biological process and/or the baseline 733 
variability. Different in vitro BMR levels can be compared, and the most appropriate chosen based on a ratio that 734 
correctly classifies the endpoint-specific and unspecific control chemicals.  This approach has been used for the 735 
UKN2 cell migration assay (Nyffeler et al. 2017b). An in vitro BMR of 10% for cytotoxicity/viability was used based 736 
on biological plausibility that changes in viability below this value are not meaningful. In contrast, an in vitro BMR 737 
of 25% for migration was used based on experimental findings that unspecific control chemicals may cause up to 738 
a 25% change of migration, but not beyond. Using the EC10 cytotoxicity/EC25 migration ratio, all unspecific control 739 
chemicals had a ratio ≤ 1.11, whereas endpoint-specific control chemicals reached a ratio of > 1.3. Thus, the EC10 740 
cytotoxicity/EC25 migration ratio of 1.3 was used as the threshold to classify selective chemicals (Nyffeler et al. 741 
2017a).  742 

 As described above, the outcome of the data analyses that interpret chemical data from individual assays 743 
in the DNT IVB is dependent upon variables that are inherent to the test method (complexity of the test system, 744 
measurement technology used, biological variability, etc.), but also upon decisions by the assay 745 
developer/operator. These decisions include expert judgement on the level of change in an endpoint considered 746 
as biologically relevant in vitro (i.e., relative to assay positive controls in the training set), what constitutes a “DNT-747 
specific” effect, and the statistical evaluation of variability. Currently, most  statistical algorithm set parameters 748 
that are relatively conservative and maximise both sensitivity (the correct prediction of a positive compound) and 749 
specificity (the correct prediction of a negative compound) (e.g., Filer et al. 2017; Hsieh et al. 2015). These 750 
“default” parameters used by assay developers for assays in the DNT IVB are considered adequate, and thus 751 
limit the number of false positives in the individual assays.  An important advantage of public access to the data 752 
and analysis algorithms is that it allows reanalyses that can incorporate adjustment of these parameters to focus 753 
on balancing or limiting false negatives, should this be a priority for regulatory use. However, screening of 754 
chemicals for potential developmental neurotoxicity involves multiple (unknown) targets and complex biological 755 
processes. In this case, the analysis parameters can be altered to be fit-for-purpose. When screening for 756 
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prioritisation the specificity could be altered to allow for a higher number of false positives, so that a smaller 757 
number of potential neurotoxicants will be missed. For example, in the UKN2 cell migration assay the in vitro BMR 758 
level for the migration endpoint could be reduced from 25% to 20% (leading to more chemicals classified as active) 759 
and the selectivity threshold could be reduced from 1.3 to 1.2 (leading to more chemicals classified as selective). 760 
This approach may be desirable when testing large numbers of chemicals for which there is little or no toxicology 761 
data.  762 

3f. Evaluation of the DNT IVB for chemical testing 763 

 Predictive performance. To date there has been limited use of the current DNT IVB in chemical testing. 764 
This is mainly the result of research to date that has focused on assay development and refinement efforts. In 765 
addition, chemical testing will be facilitated by the assembly of a set of annotated DNT reference chemicals (see 766 
Textbox 6).  767 

 The importance of a set of reference chemicals cannot be understated because it allows estimations of 768 
performance, in terms of sensitivity and specificity, of both individual assays and the assay battery. Currently there 769 
is no consensus set of reference chemicals for use in development and validation of DNT in vitro assays. Ideally, 770 
100 or more structurally diverse chemicals should be identified. Testing this set of DNT reference chemicals across 771 
all the assays would allow for the evaluation of the predictive performance of the entire battery. Several groups 772 
have evaluated the available evidence for in vivo developmental neurotoxicants to be included as reference 773 

chemicals. Short lists of so called “gold standard” chemicals that are generally acknowledged to be developmental 774 
neurotoxicants in humans have been proposed (Grandjean and Landrigan 2006; 2014; Rees et al. 1990). Mundy 775 
et al. (Mundy et al. 2015) evaluated approximately 500 peer-reviewed publications and EPA DNT guideline studies 776 
and found evidence for in vivo developmental neurotoxicity in mammals and/or humans for approximately 100 777 
chemicals. Importantly, this list included only chemicals where empirical evidence of DNT was reported from two 778 
or more different laboratories. Similarly, a workshop consensus (Aschner et al. 2017) identified approximately 30 779 
chemicals as being in vivo developmental neurotoxicants. Individual laboratories employing assays in the DNT IVB 780 
have, to date, used lists of proposed positive compounds derived from the above publications that include 781 
empirical findings of in vivo DNT. Only recently has there been a review publication for negative reference 782 
compounds, and it lists only eight chemicals that have empirical findings of no DNT in vivo (Martin et al., 2021).  783 
Thus, in the work examining DNT IVB assays, these same laboratories used more extensive lists of “proposed” 784 
negative reference chemicals, chosen primarily based on the authors’ expert opinions and not necessarily on 785 
empirical negative in vivo data (see in publications listed below for details).  Performance estimates of the DNT 786 
IVB assays, indicated by the ability to correctly detect a positive (sensitivity), and reject a negative (specificity) 787 
abased on positive and negative reference chemicals chosen by the authors are summarised below. A summary 788 
of all tested reference chemicals is in Appendix A.  789 

 A set of 75 proposed DNT reference chemicals was assessed in the cortical MEA network formation assay 790 
(see Figure 2.3) developed at the USEPA (Frank et al. 2017; Shafer et al. 2019). The chemical set included 61 791 
proposed positives and 14 proposed negatives. Based on a selective hit (i.e., a hit that is DNT endpoint-specific as 792 
compared to cytotoxic) in at least one of the seventeen network parameters assessed, the sensitivity was 61% 793 
and the specificity was 86%. If the data is considered in terms of any active hit (selective or not selective) in at 794 
least one network parameter, the sensitivity was 75% and the specificity was 86%. 795 

Textbox 6.   
DNT Reference Chemicals are chemicals with evidence for in vivo developmental neurotoxicity identified in studies of 
humans or animals (positives), as well as chemicals with evidence that they do not result in developmental 
neurotoxicity in vivo (negatives). 
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 A set of chemicals consisting of 53 proposed positives and 14 proposed negatives were tested in a suite 796 
of DNT IVB assays (see EPA assays in Figure 2.3) including hNP1 proliferation, hNP1 apoptosis, hN neurite initiation, 797 
cortical neurite initiation, and cortical maturation and synaptogenesis (Harrill et al. 2018). Based on selective 798 
effects, the combined assays had a sensitivity of 68% and specificity of 93%. When all active hits are considered 799 
(regardless of selectivity) the sensitivity was 87% and the specificity was 71%. In both cases, the combined results 800 
of all five assays had a better sensitivity and specificity than any individual assay (Harrill et al. 2018).  801 

 Output from the European Food Safety Authority (EFSA) and Danish EPA projects involved testing at the 802 
University of Konstanz (UKON) and the IUF in Düsseldorf using ten DNT IVB assays (see Fig 2.3)  This work tested 803 
a library of about 100 compounds, assembled from multiple sources, including 29 proposed DNT positives and 17 804 
proposed DNT negatives (for details see Masjosthusmann et al. 2020). The assays tested endpoints including, 805 
proliferation, migration, differentiation, neurite outgrowth, and oligodendrocyte differentiation. For selective 806 
effects, the combined assays had a sensitivity of 83% and a specificity of 88%. Based on all active hits (regardless 807 
of selectivity) from the combined assays, the sensitivity was 83% and the specificity was 82%. Further analysis 808 
showed that performance was optimal when results from all assays were combined (Masjosthusmann et al. 2020). 809 

 The currently available data indicate that use of all 17 assays currently in the DNT IVB can detect a majority 810 
of chemicals considered to be in vivo developmental neurotoxicants, with a relatively small number of false 811 
positives (Masjothusmann et al., 2020; Harrill et al., 2018; Shafer et al., 2019). The data support the previous 812 
international consensus that the battery could be used in the current form for chemical screening (Fritsche et al. 813 
2017; OECD 2017a). As discussed below, a more complete understanding of the predictive performance of the 814 
DNT IVB will be possible when a standardised DNT reference chemical set is tested using the entire suite of assays 815 
(Table 2.3). There is currently an ongoing effort to re-analyse all data from both EPA and EFSA projects using a 816 
common analysis pipeline, an effort likely to be completed in 2022 (Paul Friedman, personal communication). 817 
Such analyses will be critical to estimate performance of the entire DNT IVB, and importantly, allow 818 
interlaboratory comparisons for assays that measure similar processes. 819 

 Based on selective hits, the predictive ability across all assays in the DNT IVB exhibit a sensitivity range 820 
from 61 to 83%. This is comparable to many other in vitro screening assays. For context, performance estimates 821 
of the DNT IVB, can be compared to in vitro assays used for chemical screening for other outcomes such as 822 
carcinogenicity, hepatotoxicity, and endocrine disruption. The ability of a battery of commonly used in vitro 823 
genotoxicity tests (Ames assay, mouse lymphoma assay, and the in vitro micronucleus or chromosomal 824 
aberrations assay) was evaluated for its ability to predict rodent carcinogens and non-carcinogens, based on a 825 
database of over 700 reference chemicals (Kirkland et al. 2005). Using an optimal combination of three assays the 826 
sensitivity was 93%, but the specificity was only 29%. Vorrink et al. (Vorrink et al. 2018) evaluated the use of 827 
human hepatic spheroid cultures to predict hepatotoxicity of 123 reference compounds with positive or negative 828 
clinical evidence for drug-induced liver injury. The results showed a sensitivity of 69% and a specificity of 100%. 829 
Judson et al. (2015) used a battery of assays to screen for oestrogen receptor active chemicals with a set of 18 in 830 
vitro assays covering multiple KEs. Computational model classifications were derived for 1812 substances, and 831 
model performance was compared to data for specific reference chemicals. Depending on the combination of 832 
tests used, the prediction model achieved a sensitivity of 97% and specificity of 89%, as compared to guideline in 833 
vitro tests and the uterotrophic assay. 834 

 Two factors contribute to the uncertainty in assessing performance of the battery. The first is the lack of 835 
a comprehensive analysis to assess performance of the entire data set. The second is the extent of coverage in 836 
the DNT IVB for all critical neurodevelopmental processes (Figure 2.3). Several gaps in coverage of 837 
neurodevelopment processes and cell types have been acknowledged, including assays for neuroectodermal 838 
formation, astrocyte differentiation and maturation, the blood-brain and placental barriers, microglia regulation 839 
of neuronal growth and connectivity, neuronal subtype specification, and axon myelination (see Section 2). It is 840 
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expected that addition of assays that account for these aspects of neurodevelopmental processes will increase 841 
the predictive ability of the battery.  842 

 Several factors, also common to most in vitro assays, contribute to the uncertainty in predicting in vivo 843 
developmental neurotoxicity. Brief descriptions of the most important of these are listed below. For a more 844 
complete review see Barbosa et al. 2015; Fritsche et al. 2015; Harry et al. 1998; Harry and Tiffany-Castiglioni 2005; 845 
Lein et al. 2005; Smirnova et al. 2014. 846 

• Incomplete coverage of complex interactions within the brain during development. Factors that regulate 847 

normal brain development in vivo including cell-to-cell communication within and between brain 848 

regions, neurotransmitter and growth factor signalling (Cameron et al. 1998; Cowan and Petri 2018; 849 

Ojeda and Avila 2019) are not fully accounted for in the current neural cell culture models. Multicellular 850 

test systems (including neurospheres and rat primary cortical cultures)  contain limited aspects of cell-851 

to-cell interactions like auto- or paracrine signalling (Kartvelishvily et al. 2006; Masjosthusmann et al. 852 

2018; Ogunshola et al. 2002), thus there is a need for additional assays to cover these complex 853 

interactions.   854 

• Use of human- and animal-derived neural cell cultures. Some assays in the DNT IVB use animal derived 855 

cells rather than human cells, and the potential for species-specific effects is unknown. Also, the current 856 

DNT IVB does not fully account for sex or human genetic diversity that may influence susceptibility to 857 

chemical-induced developmental neurotoxicity (i.e., gene x environment interaction). These factors may 858 

result in lower sensitivity and specificity. 859 

• ADME (absorption, distribution, metabolism, and excretion). Like most other in vitro assays/batteries, 860 

the ADME processes that determine chemical exposure in vivo are mostly absent in the current DNT IVB. 861 

Many in vitro test systems, including the DNT IVB, have minimal or unknown metabolic capacities 862 

compared to liver (DeGroot et al. 2018; Ferguson and Tyndale 2011; Hedlund et al. 2001). In addition, 863 

developmental changes in in situ metabolism including the influence of glia are not completely 864 

understood. Thus, the DNT IVB may not accurately predict the potential DNT of chemicals that are 865 

activated or detoxified. Importantly, there are issues specific to nervous system exposure during 866 

development that are not currently included in the DNT IVB, e.g., test methods and kinetics models for  867 

chemical transport across the placental (Wong et al., 2020; Gingrich et al., 2021) and blood brain 868 

barriers (Ball et al. 2013; Barbosa et al. 2015; Delsing et al. 2020). 869 

• Systemic impacts of hormones and immune signalling on brain development. Circulating steroid and 870 

thyroid hormones are known to impact a wide variety of neurodevelopmental processes including 871 

sexual dimorphism (Adhya et al. 2018; Bernal 2022; Arambula et al., 2020). Chemicals that disrupt 872 

maternal thyroid hormone levels in vivo can result in developmental neurotoxicity (Miller et al. 873 

2009;Zoeller and Rovet 2004). Several in vitro screening assays have been employed to test the ToxCast 874 

and/or Tox21 chemical libraries for a number of known MIEs linked to disruption of thyroid homeostasis 875 

and consequent downstream impacts on the developing nervous system (Hornung et al. 2018; Olker et 876 

al. 2019; Paul-Friedman et al. 2019; Paul Friedman et al. 2016; Wang et al. 2018). It should be noted that  877 

some assays in the DNT battery may be modified to study hormonal mechanisms (e.g., Klose et al., 878 

2021)., but they do not currently meet the four criteria for inclusion in the batter In addition, immune 879 

regulators (microglia), the gut/brain axis, and the placental/brain axis also regulate brain development 880 

(Cowan and Petri 2018). While endocrine activity and immune signalling are outside the domain of the 881 

DNT IVB, incorporation of such data streams will expand coverage of MIEs and KEs for known DNT AOPs, 882 
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and thus reduce the probability of false negatives.  This is an example of how results from the DNT IVB 883 

should be assessed in the context of all other available relevant data.  884 

 The next step to a better understanding of the predictive performance of the entire DNT IVB requires a 885 
thorough analyses of all data from all 17 assays. The recent release of ToxCastDB v.3.5 has allowed this process to 886 
begin.  The combined in vitro data can then be compared to any existing in vivo findings, including compounds in 887 
a consensus DNT reference chemical list (see Section 80). At this time there are no predictive in silico 888 
computational DNT models (Crofton et al., 2022). Development of computational models that use data from 889 
multiple assays of the DNT IVB for prediction could be feasible, similar to the model describing oestrogen receptor 890 
activation by Judson et al (2015), who used data from in vitro assays covering multiple KEs of the oestrogen 891 
receptor activation pathway to construct a computational model predicting endocrine disruption. This approach 892 
requires the ability to link measured MIEs, KEs and adverse outcomes, but current AOPs describing developmental 893 
neurotoxicity are incomplete. However, information on important signalling pathways modulating 894 
neurodevelopment is available for some assays in the DNT IVB (Masjosthusmann et al. 2020; Sachana et al. 2021). 895 
These data, obtained by using selective pathway inhibitors, begin to describe the biological applicability domain 896 
of the DNT IVB, and provides the basis for further AOP development. Until these types of analyses are completed, 897 
it is recommended that all available assays in the DNT IVB should be used within a fit-for-purpose approach. 898 

 Evaluation of results across the battery. Data from chemical testing using all 17 assays in the DNT IVB 899 
summarised above (Frank et al. 2017; Harrill et al. 2018; Masjosthusmann et al. 2020; Shafer et al. 2019) show 900 
that most chemicals that are hits are active in more than one assay. This is not surprising, and likely the result of 901 
two reasons. First, the key neurodevelopmental events modelled in the in vitro battery are controlled by signalling 902 
pathways that are not specific for individual processes, but rather contribute to multiple processes 903 
(Masjosthusmann et al. 2020). Thus, chemical actions at a single target (MIE) can affect multiple downstream KEs 904 
and neurodevelopmental endpoints. Second, some known developmental neurotoxicants are pleotropic, i.e. may 905 
act at multiple MIEs (e.g., Klocke and Lein 2020; Prince et al. 2019). As a result, chemical testing has shown a 906 
spectrum of chemical effects across the in vitro battery.  907 

 Evaluation of the potency and selectivity of chemicals across all assays in the battery may be useful in 908 
some regulatory frameworks for chemical prioritisation and may provide information on chemical hazard, as well 909 
as in the context of cumulative risk assessment  Evaluation of results across the DNT IVB will be facilitated using a 910 
common set of methods and parameters to analyse data obtained from different assays and laboratories. This 911 
would include both the concentration-response analysis and determination of a reference point and selectivity 912 
(i.e., a DNT-specific hit). Currently the parameters summarising chemical response data from the individual assays 913 
(in vitro BMRs and BMCs, selectivity, etc.) have been derived using a variety of different approaches (see Section 914 
3.e above). It is suggested that a consensus should be sought for the definition and statistical determination of 915 
the values used as the BMR level and the degree of separation between the DNT-specific endpoint and cytotoxicity 916 
(i.e., selectivity). There is currently an ongoing effort to harmonize this process ( Paul Friedman, personal 917 
communication). 918 

 As potency is a critical determinant of hazard, chemicals can be ranked and prioritised based on 919 
comparison of relative potencies across all assays in the battery. For example, chemicals with potent effects in 920 
multiple assays could be ranked higher compared to chemicals that are potent in just one assay, followed by 921 
chemicals with lower potencies. Further development of a consensus-based statistical algorithm is needed for 922 
ranking and prioritizing results from the DNT IVB. Regardless, several procedures and tools have been applied to 923 
the data currently available for the DNT IVB in order to provide both an overall ranking of chemicals and a graphical 924 
visualisation of chemical groups or clusters with similar properties. 925 

• Selective versus non-selective effects. The use of selectivity to filter in vitro data will exclude chemicals 926 

that are designated as active as the result of a non-specific effect on cell health. Current DNT IVB data 927 
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described above suggest that accounting for cytotoxicity improves the correct rejection of chemicals 928 

that are DNT negatives (i.e. specificity) but may decrease identification of DNT positives (i.e., sensitivity)  929 

(e.g., Harrill et al. 2018). Some well-known DNT chemicals (e.g., methylmercury) are very potent in vitro, 930 

and the degree of separation between the DNT endpoint-specific in vitro BMCs and cytotoxic BMCs can 931 

be small; an appropriate cut-off for selective effects can be difficult to define. As more data is collected 932 

on chemical effects, it will be possible to compare results from the battery both with and without using 933 

selectivity as a filter. In addition, potency estimates for both DNT endpoint-specific effects and 934 

cytotoxicity can be compared to values obtained for in vitro assays examining other (non-DNT) effects 935 

(see section 3g). 936 

• MSE (Most Sensitive Endpoint). As an initial approach, a chemical can be ranked by potency using the 937 

lowest in vitro BMC identified after testing in the DNT IVB. The assay with the lowest in vitro BMC is 938 

designated as the MSE, and in addition to use for ranking, it may be considered as a relevant endpoint 939 

for further targeted testing. There may be other assays, however, with in vitro BMCs in the range of the 940 

MSE that should also be considered. Ranking chemicals by the MSE is illustrated in Masjosthusmann et 941 

al. (2020). A caveat on the use of the MSE is that it compares assays that use different benchmark 942 

response levels (e.g., BMR of 10% for radial glia migration (NPC2a) versus an in vitro BMR of 30% for 943 

oligodendrocyte differentiation (NPC5). In theory this could bias the MSE to assays with lower 944 

benchmark responses. 945 

• Hierarchical cluster analysis. Chemical effects based on both the number of endpoints affected and the 946 

potency for each endpoint can be analysed using hierarchical clustering. The result is a heatmap that 947 

provides a grouping of chemicals with similar effect profiles (e.g., Harrill et al. 2018; Masjosthusmann et 948 

al. 2020). The data can be used to prioritise chemicals based on potency and number of endpoints 949 

affected and facilitate identification of chemicals with a common mode-of-action. 950 

• ToxPi (Toxicological Prioritization Index). ToxPi is a data modelling tool that combines multiple sources 951 

of data and can provide prioritised orders of chemical toxicity based on endpoint classes, as well as a 952 

visualisation of the weight of the contributing factors (Reif et al. 2010). The use of ToxPi to compare 953 

chemicals in a class and rank their potential for developmental neurotoxicity is illustrated in 954 

Masjosthusmann et al. (2020). 955 

 956 

 Consistency of evidence within the DNT IVB. Examination of chemical outcomes across the DNT IVB can 957 
also be considered in terms of consistency between multiple assays for the same neurodevelopmental endpoint 958 
(e.g., multiple assays for neurite outgrowth) or known biological relationship between assays at increasing levels 959 
of complexity (e.g., the upstream KE of neurite outgrowth proceeding and necessary for the downstream KE of 960 
neuronal network formation). In the first case, quantitative analysis has shown that chemical effects in related 961 
assays (e.g., UKN4 and UKN5 assays for neurite outgrowth) can be highly correlated (Masjosthusmann et al. 2020). 962 
For an individual chemical, consistency of an outcome between different assays for the same endpoint increases 963 
the strength of evidence. In the second case, data showing that a chemical alters two KEs in a neurodevelopmental 964 
pathway (e.g., neurite outgrowth in the cortical maturation assay and neuronal network formation in the cortical 965 
MEA assay) increases the biological plausibility of the effect.  966 

 967 

3g. Chemical potency in DNT IVB assays versus assays for other endpoints   968 

 969 
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 An important consideration in the evaluation of findings from the DNT IVB is the comparison of chemical 970 
potency in neurodevelopmental assays to potency in other in vitro toxicity assay. This allows a differentiation 971 
between neural specific effects and disruption of non-specific cellular processes such as cell stress. This can be 972 
considered in two ways. 973 

 974 

 The first approach is comparing the potency of a given chemical that is considered a DNT-specific hit to 975 
data from other cell types., i.e. non-neural cell types. To do this the potency of DNT-specific chemicals from the 976 
DNT IVB could be compared to their potencies calculated in the “burst” region from all other non-DNT in vitro 977 
assays(Judson et al. 2016). This burst region is the concentration range showing in vitro activity across multiple 978 
assay endpoints that is associated with non-specific cellular processes. Examples include activation of  cell stress 979 
pathways, disruption of proteins or membranes, or broad low-affinity non-covalent interactions (Judson et al. 980 
2016). This approach, while not conducted yet for DNT IVB results, can inform the specificity of the DNT effect 981 
relative to non-specific effects across a wide biological spectrum. 982 

 The second approach is to compare the potency of a DNT-specific hit to the potency in specific hits from 983 
other non-DNT assays (e.g., assays for hepatic nuclear receptors, hormone transactivation, proliferation, 984 
apoptosis) (Thomas et al. 2013). This has been done to a limited degree for some assays in DNT IVB (Delp et al. 985 
2018; Masjosthusmann et al. 2020; Shafer et al. 2019; Ryan et al., 2016). These comparisons have demonstrated 986 
that for some chemicals the in vitro potency estimates for the DNT IVB assays were below those found for all 987 
Tox21 assays (e.g., Leist graph reference), demonstrating the importance of DNT in vitro assays as part of any 988 
overall assessment. Failure to include DNT in vitro assays would, for some chemicals, underestimate in vitro 989 
potency. 990 

 991 

 992 

 993 

4. Integration of Evidence 994 

 995 
4.a. Background  996 

 997 

 Use of evidence from the DNT IVB may be guided by several factors, including: 1) the consistency of in 998 
vitro data derived from complementary assays within the battery itself; 2) biological plausibility based on existing 999 
AOPs for adverse developmental neurological outcomes and any available in vivo data; 3) incorporation of 1000 
available in vitro to in vivo extrapolation (IVIVE) exposure modelling that extrapolates in vitro exposures to in vivo; 1001 
and 4) weighting of  known uncertainties of the IVB and any existing in vivo data  against the regulatory needs. 1002 
These factors are all integrated with the IATA framework. 1003 

 1004 

4.b. Predictive Power  1005 

 1006 

 The predictive power of the battery is currently good (See Section 3.b.); estimates of sensitivity range 1007 
from 61 to 87%, and specificity from 71 to 93% for different groups of DNT assays (Harrill et al. 2018; 1008 
Masjosthusmann et al. 2020; Shafer et al. 2019).” These numbers will evolve, likely improve, over time as more 1009 
chemicals are tested,  additional negative controls are tested, new assays are developed that fill known biological 1010 
gaps in the current in vitro models of neurodevelopmental processes, and also with the development of 1011 
consensus-based data pipelines and publicly available databases.  1012 
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 1013 

4.c. Plausibility 1014 

 1015 

 Any use of results from the DNT IVB must be integrated with all other available information to determine 1016 
the potential plausibility of xenobiotics to cause alterations in the developing nervous system. Data integration 1017 
should be conducted using WoE methods such as OECD GD 311 (OECD 2019) or equivalent internal guidance of 1018 
regulatory authorities. This may include data from in silico or read-across predictions, data from in vitro assays or 1019 
alternative species, data from in vivo animal studies, and human data from clinical or epidemiological studies.  1020 
Evaluation of findings for single chemicals, or structurally similar chemicals, should be made in the context of 1021 
known neurobiology pathways that underlie neurodevelopment. Note that for some chemicals or chemical classes 1022 
(e.g., new or untested chemicals) data on DNT may be non-existent or extremely limited. Below are several 1023 
examples of the integration of DNT IVB findings with other information that support plausibility.  1024 

 The scientific basis of the DNT IVB is the use of assays for KEs at the cellular level that are plausibly related 1025 
to the mode of action of developmental neurotoxicants in vivo. At a basic level, plausibility is supported by data 1026 
demonstrating the correlation of effects of chemicals on neurodevelopmental processes in vitro and in vivo. A 1027 
number of known developmental neurotoxicants alter Kes in vitro and have the analogous effect after in vivo 1028 
exposures, with subsequent changes in brain structure and function (Guo et al. 2013; Jones et al. 1996; Miller 1029 
1986; Tingling et al. 2013; Yang et al. 2009; Yu et al. 2010). As a detailed example, MeHg alters the rate of radial 1030 
glial migration in the NPC2 assay and neural crest cell migration in the UKN2 assay (Nyffeler et al. 2017a), as well 1031 
as neuronal differentiation and maturation in the NPC3, NPC4, UKN4 and UKN5 assays (Masjosthusmann et al. 1032 
2020). And it is known that in vivo developmental exposure to MeHg disturbs neurodevelopment by altering 1033 
cortical migration processes and results in adverse neuronal differentiation and cortical organisation (e.g., Choi 1034 
1986; Guo et al. 2013). Consistency with other in vitro data for the same key neurodevelopmental process also 1035 
adds to the plausibility. MeHg has also been shown to alter migration in other complementary in vitro assays 1036 
(Kunimoto and Suzuki 1997; Sass et al. 2001), as well as trophoblast cells (Tucker and Nowak 2018).  Thus, 1037 
consistency of a change in a KE in the DNT IVB assay to an upstream mechanism for the same chemical increase 1038 
plausibility.  1039 

 There are many signalling pathways that are known to initiate and regulate the Kes controlling 1040 
neurodevelopment, and chemical or genetic perturbation of these pathways can result in adverse outcomes in 1041 
brain structure and function. Demonstration of a chemical effect on both a key neurodevelopmental process 1042 
(measured in the DNT IVB) and on a signalling pathway underlying that process provides evidence for a plausible 1043 
mode-of-action. For example, distinct from its role as an esterase to hydrolyse acetylcholine in the adult brain, 1044 
acetylcholinesterase  (AChE) acts as a morphogen during early brain development and can regulate neurite 1045 
outgrowth (Bigbee et al. 1999). Cholinesterase inhibitors that bind to the morphogenic site on AChE, including 1046 
chlorpyrifos and its active metabolite chlorpyrifos oxon, can inhibit neurite outgrowth in vitro (Masjosthusmann 1047 
et al. 2020), in some cases at concentrations that do not inhibit the esterase activity (Das and Barone 1999; 1048 
Howard et al. 2005). Additional work showed that chlorpyrifos inhibited axon growth in vivo in developing 1049 
zebrafish (Yang et al. 2011). There is also limited data suggesting chlorpyrifos can alter neurite outgrowth in vivo 1050 
in mammals (Qiao et al. 2003).This data supports  the plausibility of DNT IVB data for inhibition of neurite 1051 
outgrowth for chlorpyrifos, and although incomplete, provides a plausible AOP leading from AChE binding to 1052 
altered brain growth (USEPA 2012).  1053 

 Plausibility is also enhanced by mapping changes in the Kes measured in the DNT IVB to existing AOPs.  1054 
Appendix C maps DNT IVB assay endpoints to Kes in currently available DNT AOPs. For example, neural network 1055 
formation (NNF) is a KE in two proposed AOPs, and NNF is a KE in the current DNT IVB. Recently, EFSA (EFSA et al. 1056 
2021) developed an IATA case study for the integration of  all available in vitro data, including data from the DNT 1057 
IVB,  in a developmental neurotoxicity hazard characterization for deltamethrin, a pyrethroid insecticide 1058 
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(Appendix D). This case study utilised data streams that included: data from the DNT IVB, and results of a 1059 
systematic review both human and animal studies in the peer reviewed literature and DNT OECD TG426 guideline 1060 
study. This was followed by development of an AOP that links changes in voltage gated sodium channels, through 1061 
downstream impacts on NNF, to alterations in neurodevelopment expressed as adverse impacts on 1062 
neurobehaviour. A Bayesian network analysis was used to determine the probability of occurrence of downstream 1063 
Kes and identified the largest uncertainty data gap as being the lack of empirical support for the biological 1064 
understanding of the key event relationship (KER) between changes in neuronal network functioning and the 1065 
adverse behavioural outcome (EFSA et al., 2021). This is an example of how DNT IVB data can inform a hazard 1066 
characterisation for a pesticidal chemical. 1067 

 1068 

4.d. Incorporation of IVIVE. 1069 
 1070 

 As with all in vitro data, the use of data from the DNT IVB in vitro assays to inform human hazard 1071 
assessment requires the extrapolation of dose to identify relevant in vivo exposure levels. Thus, it is important to 1072 
understand that dose, per se, in many in vitro assays is estimated as the nominal media concentration. The 1073 
relationship between the media concentration and cellular or target concentration is influenced by several  1074 
variables, including, but not limited to binding to media serum proteins and/or the plastics of cell plates, active vs 1075 
passive uptake into cells or multi-cellular tissues, cell density, and the degree of any metabolism and parent 1076 
compound stability in the culture (Paini et al. 2019). New models are available to predict partitioning to in vitro 1077 
compartments, i.e. cells, serum constituents in exposure medium, microtiter plate plastic, headspace and 1078 
extracellular matrices (Kramer et al. 2015; Proenca et al. 2021). Use of media concentrations as a surrogate for 1079 
cellular concentrations has, especially for lipophilic compounds, been shown to underpredict cell concentrations 1080 
by orders of magnitude (Croom et al. 2015; Mundy et al. 2004; Schreiber et al. 2010; Shafer and Hughes 2010).  1081 
Important to note is that actual analytical measurement of media and cellular concentrations in in vitro DNT 1082 
studies, including the DNT IVB, are very rarely done. However, new computational models are available for 1083 
extrapolation from in vitro to in vivo, and these are applicable to DNT IVB assays. These models involve the use of 1084 
empirical data for a limited number of in vitro ADME parameters (e.g., binding to serum proteins, disappearance 1085 
rates of parent chemical rates in hepatic cultures) to predict a human oral equivalent dose, a dose which would 1086 
result in steady-state in vivo blood concentrations equivalent to the in vitro concentration that alters a response 1087 
by 50% (e.g., Wetmore et al. 2012). Data have been developed to predict oral equivalents for thousands of 1088 
chemicals (e.g., Breen et al., 2021; Sipes et al., 2017; Wetmore et al., 2012).  To date, this has been done for some 1089 
DNT IVB assays (e.g., Algharably et al. 2021; Shafer et al. 2019). It is important to point out that some extrapolated 1090 
daily human equivalent doses have extremely high uncertainty (e.g., Wetmore et al., 2012; Wambaugh et al., 1091 
2019).. Data gaps in IVIVE for developmental toxicity, including DNT, include a need to incorporate placental 1092 
transfer, and in addition estimating brain concentrations and the foetal and postnatal development of the blood 1093 
brain barrier. Oral equivalents calculated from in vitro assays can be combined with human exposure estimates 1094 
for large numbers of chemicals to develop risk-based prioritisations (Wambaugh et al. 2019; Beal et al., 2022). 1095 
IVIVE can also be used for single chemical assessments. This was recently done to determine the ‘dose relevance’ 1096 
of data from in vitro DNT IVB assays to in vivo rodent developmental neurotoxicity data and relevant in vivo 1097 
kinetics models for development (EFSA et al. 2021). While it is acknowledged that progress has been made on 1098 
development of IVIVE methods for extrapolating results from in vitro assays to an in vivo equivalent dose that can 1099 
be used in a quantitative risk assessment, there is lack of an internationally accepted guidance on IVIVE procedures 1100 
and models. 1101 

 1102 

4.e. Uncertainties. 1103 

 1104 
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 The development of the nervous system, arguably the most complicated organ in the body, involves 1105 
integration of intracellular, intercellular, interregional, and systemic interactions that occur in development-stage 1106 
and regional specific manners.  Due to the lack of knowledge of all possible molecular targets that, if disrupted, 1107 
will alter nervous system development, the DNT IVB was designed to measure changes in some of the critical 1108 
cellular processes downstream from potential molecular targets.  Thus, the DNT IVB is different than in vitro 1109 
batteries that assess one intracellular pathway (e.g., intracellular oestrogen signalling pathway). Thus, 1110 
uncertainties in the evaluation of data from the DNT IVB (see previous sections) will be different compared to 1111 
other batteries of in vitro assays.  In addition to known uncertainties common to all in vitro assays (e.g., 1112 
metabolism, untested chemical domains), the DNT IVB has additional uncertainties. These include the lack of 1113 
assays for some critical developmental Kes (e.g., myelination), incomplete coverage of cell-to-cell interactions 1114 
even in multicellular test systems (e.g., MEA, neurospheres), unknown neuronal subtypes, maturation stage, and 1115 
complementary assays for only some processes (e.g., migration). The dearth of a consensus set of animal or human 1116 
positive and negative reference chemicals adds uncertainty to the predictive nature of the DNT IVB and should be 1117 
a high priority effort in the future (see Appendix A). These uncertainties are described in detail in previous sections. 1118 
Importantly, these uncertainties must be judged in light of the problem formulation.. 1119 

 1120 

4.f. Usage in Hazard Assessments 1121 

 1122 

 It is important to note that this document does not provide guidance on follow-up testing or tiered testing 1123 
that would inform use of in vitro data in hazard assessments. Such testing could include orthogonal assays (i.e., 1124 
not part of the current DNT IVB) to confirm positives or negatives, or further chemical characterisation using 1125 
alternative species (e.g., C. elegans, zebrafish), mechanistic testing in rodent, or use of the DNT or OECD TG 443 1126 
guidelines. 1127 

 Development of a tiered decision framework, which has been previously advocated (Bal-Price et al. 2018; 1128 
Bushnell et al. 2010; Coecke et al. 2007; Crofton et al. 2011; Fritsche 2017; Lein et al. 2007), has only recently been 1129 
begun. One framework has been proposed (Masjosthusmann et al. 2020) that includes multiple tiers starting with 1130 
toxicokinetics, then the DNT IVB, targeted follow-up in vitro testing, and targeted in vivo testing in rats only when 1131 
necessary. This approach advocates using a WoE at each tier to determine if sufficient information is available for 1132 
a hazard classification decision, prior to progression to the next tier. A draft tiered testing framework, which was 1133 
developed to facilitate international discussion, is currently under review by the OECD. 1134 

 Considering the currently limited use of data from the DNT IVB, it is recommended that regulatory 1135 
jurisdictions create frameworks that are fit-for-purpose, taking into account scientific uncertainties and practical 1136 
limitations of existing test methods, to incorporate the DNT IVB into their regulatory process that is reflective of 1137 
their needs. This should include critical comparisons of the uncertainties and limitations of both the in vitro and 1138 
in vivo test methods (e.g., NAFTA 2016; Paparella et al. 2020; Pham et al. 2020). Critical appraisals of in vivo based 1139 
approaches may serve as an objective benchmark to be met or overcome with any new approach considered 1140 
(NASEM, 2022). 1141 

 Despite the uncertainties summarised above, data from the DNT IVB assays have been used to inform 1142 
several hazard and risk decisions. For example, data from the NNF assay is being used, along with data from many 1143 
other in vitro assays, to prioritise large number of perfluorinated chemicals for further testing (USEPA 2019). 1144 
Prioritisation for flame retardant alternatives is being made based on the combination of data from both in vitro 1145 
DNT assays and zebrafish (Behl et al. 2015). Data from multiple DNT IVB assays has been proposed for use in a 1146 
WoE for organophosphates (USEPA 2020b). Data from the entire DNT IVB, were recently used by EFSA to develop  1147 
IATA case studies for deltamethrin and flufenacet (EFSA et al. 2021). This effort resulted in an AOP-informed DNT 1148 
risk assessment using all available hazard-related information (e.g., in vitro, toxicokinetics, epidemiology, in vivo 1149 
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animal data) (see also Appendix D). A recent publication summarized a WoE analysis that integrated in vivo data 1150 
on DL-glufosinate and data from from the DNT IVB assays for both DL- and L-glufosinate that utilized DNT IVB data 1151 
in a WoE analysis that resulted in a waiver for a DNT guideline to waive the need for a new DNT guideline study 1152 
on the enriched isomers (L-glufosinate ammonium, and L-glufosinate acid) (Dobreniecki et al., 2022).    These 1153 
examples illustrate how data from the DNT IVB can be applied to a wide variety of use contexts.  1154 

  1155 
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