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Abstract
Developmental neurotoxicity (DNT) potential of (agro)chemicals is assessed in rodents according to OECD Test Guide-
lines (TG) 426 (DNT) or 443 (Extended One-Generation Reproductive Toxicity; EOGRTS) incorporating a DNT cohort. 
While the EOGRTS evaluates reproductive and neurotoxicity endpoints across multiple life stages, key differences in study 
design, dose selection, and exposure duration between OECD 426 and OECD 443 can complicate data interpretation and 
impact hazard identification and risk assessment. This manuscript evaluates current DNT testing strategies and examines 
the feasibility of a combined DNT-EOGRTS approach aimed at generating data for regulatory decision making. This com-
bined approach requires substantial modifications to the EOGRTS design, and its implementation should be approached 
with caution. Given the increased complexity and logistical challenges, additional cognitive assessments such as learning 
and memory (L&M) should only be included when scientifically justified on a substance specific basis. Retrospective 
analyses indicate that L&M is among the least sensitive DNT endpoints, and its inclusion in an EOGRTS does not yield 
a functional equivalent of a standalone DNT. The review also examines regulatory triggers and recent regulatory decisions 
relevant to inclusion of cognitive assessments. Finally, the status and limitations of alternative approaches, including the 
in vitro DNT battery and zebrafish embryo models, are discussed. Overall, OECD 426 remains the scientifically preferred 
approach for DNT assessment. While a combined design may be feasible, it is inherently suboptimal for DNT evaluation. 
Collectively, this comprehensive review provides recommendations for generating robust DNT data while supporting 
animal welfare-conscious, future-oriented regulatory testing strategies.

Key points
The OECD 426 is the globally accepted standard for DNT assessment. Despite interest in integrated approaches, a stand-
alone DNT provides the most scientifically robust evaluation of developmental neurotoxicity.
Although combining a DNT assessment within an EOGRTS (OECD 443) may be feasible it is scientifically and logisti-
cally challenging. Significant modifications to study design, including dose selection, exposure duration, pup allocation, 
and endpoint assessment, are required to generate interpretable data.
Learning and memory (L&M) assessments should only be included when scientifically justified on a substance specific 
basis because L&M is among the least sensitive DNT endpoints.
An EOGRTS with cognitive endpoints is not functionally equivalent to a standalone DNT. Inclusion of L&M assessments 
in OECD 443 may generate data of limited interpretability for hazard identification and risk assessment.
Future DNT testing should balance scientific rigour, regulatory needs, and animal welfare. Alternative methods such as in 
vitro DNT batteries and zebrafish embryo models are advancing and show promise but are not yet sufficiently validated 
to replace in vivo developmental neurotoxicity testing.

Keywords  Developmental neurotoxicity · OECD 426 · OECD 443 · EOGRTS · Learning and memory · New approach 
methods · DNT in vitro battery
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Introduction

Developmental neurotoxicity (DNT) assessments are used 
to evaluate the potential adverse effects of chemicals on the 
developing nervous system resulting from exposures dur-
ing development of the offspring in utero through to early 
adolescence. The developing brain can be particularly vul-
nerable to environmental insults, and exposure to certain 
substances during critical periods of brain development 
can have long-lasting effects on cognitive, behavioural, and 
neuronal function. (Henck and Morford (2010)).

The information requirements for DNT vary accord-
ing to the relevant EU legislation regulating plant protec-
tion products, biocidal products or industrial chemicals, 
however, there are three guidelines available for conduct-
ing in vivo testing for DNT: the US EPA OPPTS 870.6300 
Guideline (US Epa 1998), the OECD Test Guideline (TG) 
426 for Developmental Neurotoxicity (OECD 2007), and 
the OECD 443 for the Extended One-Generation Repro-
ductive Toxicity Study with the inclusion of a DNT cohort 
(2A/2B) (OECD 2018). Despite these standard test guide-
lines, design differences exist across the guidelines and the 
triggers for conducting these studies differ across regula-
tory approaches. This section provides further details on 
the present regulatory background and triggers for DNT 
studies, based on relevant legislative information and data 
requirements.

Scope

This publication will evaluate the scientific and regulatory 
frameworks for developmental neurotoxicity (DNT) testing, 
focusing on the strengths, limitations, and comparative util-
ity of OECD TG 426 and OECD TG 443 with DNT cohorts, 
and combinations thereof. Particular emphasis is placed on 
study design considerations, learning and memory assess-
ments, dose selection, exposure duration, animal allocation 
and data interpretation for hazard identification, risk assess-
ment and classification purposes. This publication will 
also examine recent regulatory requests influencing testing 
requirements and the current status and future potential of 
alternative non-animal and new approach methodologies 
(e.g., in silico, in vitro etc.) for assessment of DNT. The 
ultimate objective of this manuscript is to provide evidence-
based scientific recommendations that support robust, 
interpretable and animal-welfare driven DNT assessment 
strategies.

Regulatory background and triggers

EU biocidal products regulation ((EC) No. 528/2012)

The Biocidal Products Regulation (BPR; (EC) No. 
528/2012) was updated in March 2022, such that DNT is 
now a standard information requirement within the core 
data set (CDS). The specific rules for adaptation from the 
standard information requirements state that a DNT study 
shall not be conducted if the available data:

1.	 Indicate that the substance causes developmental toxic-
ity and meets the criteria for classification as toxic for 
reproduction category 1A or 1B: May damage the unborn 
child (H360D); and

2.	 Are adequate to support a robust risk assessment.

The BPR data requirement describes three study options 
that can fulfil the DNT information requirement:

1.	 OECD TG 426: Developmental neurotoxicity study;
2.	 Any relevant study (set) providing information equiva-

lent to OECD TG 426; or
3.	 OECD TG 443 (Extended One-Generation Reproduc-

tive Toxicity Study, EOGRTS) with inclusion of DNT 
Cohort  2 and additional investigations of cognitive 
function.

Investigations for DNT under these study options include 
tests for clinical observations, motor activity, motor and 
sensory function, and cognitive function (including associa-
tive learning and memory, L&M), as well as neuropatholog-
ical examination and brain weight measurements. Guidance 
from the European Chemicals Agency (ECHA) for the BPR 
(Part A, Volume III: Human Health; (ECHA (2022b)) pro-
vides testing details to fulfil these minimum requirements, 
but compared with other legislative information require-
ments, this guidance is particularly extensive, reflecting the 
absence of other ECHA guidance documents that would 
otherwise support applicants and the evaluating Competent 
Authorities (CAs) in selecting appropriate tests for cogni-
tive function.

Alternative test methods (such as a battery of in vitro 
DNT assays) are not yet fully validated and are not described 
in the BPR requirements because an OECD guidance docu-
ment on an integrated approach to testing and assessment 
(IATA) for DNT is still under development and was not 
available at the time of writing. However, the BPR guid-
ance further states that the in vitro DNT testing battery is 
not considered sufficient to fulfil the minimum data require-
ments because it currently does not provide information 
equivalent to that generated by in vivo tests. While positive 
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in vitro findings indicating DNT properties may strengthen 
the overall weight of evidence (WoE), negative in vitro 
results alone do not allow conclusions on the absence of 
DNT properties due to inherent limitations of in vitro sys-
tems compared with in vivo studies. In addition, in vitro 
data alone are currently not sufficient for classification and 
labelling under the CLP Regulation (Regulation (EC) No. 
1272/2008).

EU plant protection products regulation ((EC) No. 
1107/2009)

Within the European regulatory frameworks for Plant Pro-
tection Products (PPPs), DNT is considered an effect of 
particular significance. More recently, draft proposals have 
been made to amend the standard data requirement for active 
substances under the PPP framework (Regulation (EC) No. 
283/2013) to include DNT testing as a core testing require-
ment (including cognitive function). However, experimental 
verification of DNT endpoints is not a standard data require-
ment at the time of this publication. Additional information 
or specific studies addressing the postnatal manifestation of 
DNT may be required where indicated by observations in 
other studies or by the mode of action of the test substance. 
Such additional data requirements are not further specified. 
Nevertheless, for a considerable number of PPP active sub-
stances, DNT studies performed in accordance with OECD 
426 (2007) and/or the US EPA Guideline OPPTS 870.6300 
(1998) are available. The majority of these studies were 
triggered by US EPA data requirements. In several recent 
active substance reviews, the EOGRTS with inclusion of 
DNT Cohorts 2A/2B was accepted to address developmen-
tal neurotoxicity concerns in combination with data gaps 
identified in datasets containing two-generation studies con-
ducted under the outdated (pre−2001) OECD 416 test pro-
tocol, particularly where conclusions on thyroid-mediated 
endocrine disruption could not be drawn.

EU REACH regulation ((EC) No. 1907/2006)

Testing for DNT became an optional information require-
ment under the European chemicals’ legislation REACH 
(Regulation (EC) No. 1907/2006) a few years after adoption 
of the EOGRTS as OECD 443 on 28 July 2011 and follow-
ing subsequent updates in 2018 and 2025.

Compared with the Two-Generation Reproduction Tox-
icity Study (OECD 416 (2001)), the EOGRTS offers impor-
tant improvements in animal welfare through reduction 
and refinement within a modular study design. The adverse 
effects of substances can be evaluated in separate cohorts 
for fertility and development (Cohorts 1A/1B, where Cohort 
1B optionally mated to produce a second (F2) generation), 

effects on the developing nervous system (Cohorts 2A/2B, 
DNT), and effects on the developing immune system 
(Cohort 3, developmental immunotoxicity (DIT)).

No specific DNT or DIT endpoints are part of the Two-
Generation Reproduction Toxicity Study (OECD 416), 
which was initially the standard information requirement 
for reproductive toxicity under REACH Annexes IX (if 
triggered) and X. Since 13 March 2015, the EOGRTS in its 
basic study design (Cohorts 1A/1B without extension to an 
F2 generation) has become the standard testing requirement 
in the EU for evaluating reproductive toxicity (in lieu of 
the Two-Generation Reproduction Toxicity Study) for new 
substances in accordance with Regulation (EU) 2015/282. 
OECD 416 studies initiated before that date remain scien-
tifically relevant for regulatory assessment and decision-
making. Extension of EOGRTS Cohort 1B to include an F2 
generation and inclusion of Cohorts 2A/2B (DNT) and/or 
Cohort 3 (DIT) are required under REACH only where the 
specific provisions or triggers set out in the legislation are 
met, or where a particular concern has been identified.

A particular concern for triggering DNT Cohorts 2A/2B 
under REACH Annexes IX/X (8.7.3., Column 2) may 
include:

1.	 Existing information on the substance derived from rel-
evant available in vivo or non-animal approaches (e.g., 
abnormalities of the central nervous system (CNS), or 
evidence of adverse effects on the nervous system in 
adult animals or following prenatal exposure);

2.	 Specific mechanisms or modes of action associated with 
(developmental) neurotoxicity (e.g., cholinesterase inhi-
bition or relevant changes in thyroid hormone levels 
linked to adverse effects); or

3.	 Existing information on structurally analogous sub-
stances suggesting similar effects or mechanisms.

There have also been instances where additional cogni-
tive function tests (learning and memory) were requested 
by ECHA as part of the testing decision for EOGRTs with 
the DNT cohort (Cohort 2). In several cases, such requests 
were subsequently annulled by the ECHA Board of Appeal 
(BoA), as they extended DNT testing requirements beyond 
those specified in OECD 443 (see Key Endpoints) (Beekhui-
jzen et al. (2024), Salverda (2024)).
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Study designs, key endpoints and 
limitations

Guideline study designs

The aim of a developmental neurotoxicity assessment is to 
investigate effects on the development and function of the 
nervous system resulting from repeated exposure to a sub-
stance in utero and during early postnatal development. This 
section focuses on study designs (per the aforementioned 
test guidelines), key endpoints, assessment parameters, and 
associated limitations. The preferred test species for DNT 
assessment is the rat.

Standalone DNT (OECD 426 & OPPTS 870.6300)

In a standalone DNT study conducted according to OPPTS 
870.6300 or OECD 426, the test substance is administered 
daily to time-mated females from implantation (e.g., Gesta-
tion Day  6 when sperm positive day is Gestation Day 0) 
through gestation and parturition and continuing until wean-
ing of the offspring (generally Lactation Day (LD)/Postna-
tal Day (PND) 21), resulting in approximately 36–37 total 
days of maternal (perinatal) exposure. The test substance 
is expected to be administered by the route most relevant 
to potential human exposure, generally oral (e.g., gavage, 
dietary, or drinking water), although other routes of expo-
sure (e.g., dermal or inhalation) may be used depending on 
substance properties and/or known human exposure routes. 
Pregnant dams are evaluated during gestation and lactation 
to provide a basis for comparison with their offspring. At or 
just prior to weaning, offspring are randomly selected for 
DNT evaluation beginning at weaning and again as young 
adults. Evaluation of at least 20 litters per dose group at each 
age is recommended. F1 offspring are indirectly exposed in 
utero and potentially via maternal milk during the prewean-
ing period. Direct dosing of F1 offspring is not typical but 
should be considered where transfer through maternal milk 
cannot be demonstrated (see Direct Dosing of F1 Rat Pups). 
Recommended assessments include physical and develop-
mental landmarks, and functional/behavioural endpoints 
including at least two measures of behavioural ontogeny, 
and assessments of motor activity, sensory function, and 
L&M assessments at a minimum of two ages.

EOGRTS with a DNT cohort (OECD 443) design

When DNT is evaluated as part of an EOGRTS, the test 
substance is administered to adult F0 males and young 
adult nonpregnant F0 females for 2 to 10  weeks prior to 
mating. Dosing continues through mating, gestation, lac-
tation, and until weaning of the offspring (generally LD/
PND 21), at which time the parental generation is eutha-
nized. At or just prior to weaning, F1 offspring are selected 
for direct dose administration post-weaning and randomly 
assigned to cohorts for evaluation of reproductive endpoints 
(Cohorts  1A/1B), developmental neurotoxicity (2A/2B), 
and developmental immunotoxicity (Cohort 3). Assignment 
of at least 20 rat pups per group (10/sex/group, represent-
ing as many litters as possible) is recommended for DNT 
assessments in Cohorts 2A/2B. Table 1 presents the alloca-
tion of F1 rat pups to these cohorts on an EOGRTS study.

The F1 offspring in an EOGRTS are indirectly exposed to 
the test substance in utero during gestation and potentially 
via maternal milk during the preweaning period. Follow-
ing weaning, F1 offspring are directly exposed to the test 
substance until euthanasia via the same route of adminis-
tration as the parental generation. Recommended assess-
ments include physical and developmental landmarks and 
functional/behavioural endpoints, including a functional 
observational battery, motor activity, and sensory func-
tion assessed at a single interval. Unlike OECD 426, L&M 
investigations are not required for Cohort 2A/2B under the 
published test guideline (OECD 2025b).

In recent years, ECHA has requested inclusion of L&M 
testing for F1 animals (e.g., Morris water maze, radial arm 
maze for allocentric tasks; Cincinnati water maze for ego-
centric tasks) in both EOGRTS compliance check (CCH) 
decisions and substance evaluations under REACH, typi-
cally at adolescence (PND 25 ± 2 days) and young adulthood 
(PND 60 and older). These requests have been previously 
justified based on assumptions that perturbations in thyroid 
hormone signalling impact cognitive abilities or based on 
concerns arising from structurally analogous substances.

However, a critique by Arts et al. (2023) concluded that 
the publications relied upon by ECHA do not substantiate 
that decreases in circulating thyroxine (T4) levels result in 
impaired L&M in rats, and that alterations in thyroid hor-
mones alone are not sufficient to justify inclusion of L&M 
testing in an EOGRTS. This conclusion aligns with the US 
EPA’s retrospective review of 69  DNT studies (Raffaele 
et al. (2010)), which demonstrated that L&M endpoints 
rarely determined the point of departure, were less sensi-
tive than locomotor activity or auditory startle, and never 
served as the sole basis for lowest observed adverse effect 
level (LOAEL) determination. This analysis informed the 
OECD DNT expert group decision during adoption of the 

Table  1  Selection of F1 Rat Pups, by Cohort, per OECD 443 
(EOGRTS)
F1 cohorts Males/group Females/group
F1 Cohort 1A (Reproductive) 20 20
F1 Cohort 1B (Reproductive) 20 20
F1 Cohort 2A (DNT) 10 10
F1 Cohort 2B (DNT) 10 10
F1 Cohort 3 (DIT) 10 10
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OECD 443 to exclude cognitive tests for L&M (Piersma et 
al. (2012)). Similarly, a more recent curation of 104 DNT 
studies by the European Food Safety Authority (Mangas et 
al. (2025) ranked locomotor activity as the most common 
endpoint used to derive the no observed adverse effect level 
(NOAEL), followed by: changes in brain morphometry, 
effects in acoustic startle response, decreased brain weight, 
brain cholinesterase (ChE) inhibition, and lastly effects on 
L&M. It is important to note that this analysis by Raffaele et 
al. (2010) was based solely on guideline DNT studies where 
L&M assessments were performed during the F1 non-dos-
ing period, following cessation of maternal exposure. This 
dosing paradigm allows exposure of rat pups prior to wean-
ing, during a period of active neurodevelopment (Semple et 
al. (2013)) yet avoids any confounding impact due to acute 
effects of test substance exposure on motor function, which 
is often necessary for an animal to perform in the majority 
of L&M tasks (see Route of administration and exposure 
duration). Taken together, these retrospective data analyses 
demonstrate that inclusion of L&M assessments, the least 
sensitive DNT endpoint, is unlikely to improve the sensitiv-
ity of DNT assessments beyond endpoints already included 
in the EOGRTS.

Combination EOGRT-DNT study design

Requests for inclusion of L&M assessments within an 
EOGRTS overlook a fundamental design principle: the 
DNT cohort in 443 was never intended to function as a 
full standalone DNT study. In the original proposed design 
by Cooper et al. (2006), the DNT module was deliber-
ately limited in scope, using half the number of rat pups 
typically assigned to functional/cognitive testing in a stand-
alone DNT and requiring functional assessments only in 
adult F1 animals, with the exception of auditory startle. 
L&M testing was explicitly not included. The intent was 
that these limited functional and cognitive assessments in 
the EOGRTS would serve as a reliable screen to identify 
potential developmental neurotoxicity and inform the need 
for follow-up (Tier 2) testing. With the adoption of OECD 
443 in 2011, however, the EOGRTS became the highest-tier 
reproductive and developmental toxicity study, integrating 
reproductive, developmental, neurotoxicity, and immuno-
toxicity endpoints into a single complex study design, none 
of which underwent separate OECD validation because all 
were established regulatory methods prior to adoption of 
OECD 443 (Fegert et al. (2012). The technical and logistical 
challenges associated with this integrated testing approach 
have been extensively discussed (Fegert et al. (2012); 
Beekhuijzen et al. (2016a), Beekhuijzen et al. (2016b); 
Moore et al. (2016); Saghir and Dorato (2016); Schulz et al. 
(2014); Oldenburger et al. (2022); Schneider et al. (2011)), 

and inclusion of additional functional assessments will only 
further increase study complexity.

Paragraph 51 of OECD 443 states “if existing information 
indicates the need for other functional testing (e.g., sensory, 
social, cognitive), these should be integrated without com-
promising the integrity of the other evaluations conducted 
in the study.” It is important to recognise that conducting 
L&M testing at a single age using a limited cohort size as 
included in an EOGRTS (Cohort 2A, 10/sex/group) is scien-
tifically less robust than a standalone DNT (20/sex/group). 
Even augmenting group sizes cannot overcome the limita-
tions posed by a combination study (e.g., dose selection, 
exposure duration, pup allocation, and endpoint assessment) 
despite the ethical advantages from a 3Rs perspective and 
the likelihood of compromising the quality and integrity of 
the core evaluations integral to both study designs.

Clear differences in the basic study designs and regula-
tory guidance documents for an EOGRTS and a standalone 
DNT underscore why a combination EOGRT-DNT study is 
likely to pose logistical and interpretive challenges. A side-
by-side comparison of an EOGRTS, a standalone DNT and 
a Combination EOGRT-DNT study are presented in Table 2.

Dose selection criteria differ fundamentally

Dose levels for a standalone DNT are selected so as to 
induce some maternal toxicity, but the high dose is chosen 
in a manner that does not induce excessive offspring toxic-
ity. In contrast, EOGRTS dose levels are chosen with the 
aim to induce some parental systemic toxicity or be high 
enough to elicit deficits in sexual function and fertility. Fur-
thermore, the guidance is clear that EOGRTS dose levels 
should not be lowered to ensure offspring survival (see Dose 
Level Selection). It is well established that maternal toxic-
ity, particularly at the level recommended for the EOGRTS 
(at or just below maximal tolerated dose), has an impact on 
developmental, reproductive, as well as DNT and develop-
mental immunotoxicity endpoints (Ladics et al. (2005)).

F1 pup group sizes and statistical power differ

Only 20 rat pups per group (10/sex/group) are allocated to 
DNT assessments in an EOGRTS. In contrast, at least 40 rat 
pups per group (20/sex/group) are allocated to each subset 
on a standalone DNT (see Table 2; and Selection and Allo-
cation of F1 Rat Pups). This difference in group size has 
implications for statistical power and the ability to detect 
treatment-related effects, particularly for variable functional 
and behavioural endpoints.
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Dosing paradigms are not comparable

Different dosing paradigms are used for a standalone DNT 
study compared to an EOGRTS where direct exposure of 
F1 rat pups to the test substance continues beyond weaning 
until scheduled euthanasia of adult F1 animals. In contrast, 
F1 rat pups on a standalone DNT are not directly exposed 
to the test substance (see Route of administration and expo-
sure duration), which can result in stark differences in pup 
growth and development. It may be prudent to consider 
a dosing paradigm similar to a standalone DNT for the 
EOGRT-DNT cohort i.e., ending exposure at weaning, con-
sistent with standalone DNT designs, may better distinguish 
true DNT originating during development from effects of 
continued post-weaning exposure of the EOGRTS-DNT 
cohort into adulthood (contrary to the RAC position that 
effects in adults are considered DNT if there was any evi-
dence of developmental exposures).

Collectively, these design differences mean that adding 
L&M testing to an EOGRTS does not create the functional 
equivalent of a standalone DNT and may yield equivocal, 
low power data unsuitable for hazard identification and risk 
assessment. A true combined EOGRT-DNT study would 
require substantial redesign—larger group sizes, multiple 
ages of assessment, and modified dosing schedules—to 
achieve comparable scientific robustness.

Several recipients of final decision letters under the 
REACH compliance check process requesting investiga-
tions of L&M function in the EOGRTS filed appeals (Cases 
A-002-2022 and A-003-2022, A-009-2022, A-006-2023, 
A-007-2023 and A-008-2023) with the ECHA BoA based on 
the premise that such investigations are not an information 
requirement under REACH Annexes IX/X. This position 
was upheld by the BoA in Cases A-002-2022, A-003-2022 
and A-009-2022. The BoA further confirmed that para-
graph 51 of OECD 443 serves to ensure that the integrity 
of evaluations conducted in Cohorts 2A/2B of an EOGRTS 
is not compromised by any additional functional testing but 
does not establish an obligation to carry out such testing. 
As a consequence of these rulings, ECHA has revised its 
approach and has confirmed that L&M function testing will 
not be requested in OECD 443 studies in future CCH or 
TP evaluations under REACH. However, despite the shift 
in ECHA’s stance on L&M assessments on EOGRTS con-
ducted under REACH, L&M assessments remain standard 
endpoints in OECD  426 and EOGRTS studies conducted 
under ECHA guidance for biocidal products (ECHA 2022a, 
b) in stark contrast to both EU REACH and PPP information 
requirements.

Study design elements, key endpoints and 
limitations

The aim of DNT testing remains the investigation of effects 
on the developing nervous system. These observed effects 
can be functional (eliciting neurochemical, neurophysiolog-
ical, or neurobehavioural deficits in the central or peripheral 
nervous systems) or structural (impacting neuroanatomy). 
Here, we compare and contrast key elements of study 
design, study endpoints, and associated limitations and 
challenges across DNT study designs.

Dose level selection

OECD 426 states that “the highest dose level should be cho-
sen with the aim to induce some maternal toxicity (e.g., clin-
ical signs, decreased body weight gain (not more than 10%) 
and/or evidence of dose-limiting toxicity in a target organ). 
The highest dose level should be the maximum dose which 
will not induce excessive offspring toxicity, or in utero or 
neonatal death or malformations, sufficient to preclude a 
meaningful evaluation of neurotoxicity.”

This approach is broadly consistent with and supported 
by well-established conventions, such as those proposed by 
HESI (Brannen et al. (2011), Beyer et al. (2011)), which 
concluded that ‘A decrease in body weight gain during the 
treatment period in the dose-range finding study of 10 to 
15% should be justifiable as a suitable high dose in repro-
ductive toxicity studies.’

By contrast, for an EOGRTS, ECHA advice on dose level 
selection ECHA (2022a) states that “the highest dose level 
should be chosen with the aim to induce some systemic tox-
icity but not death or severe suffering.” Furthermore, “the 
study should be designed to ensure adequate assessment 
of the effects on sexual function and fertility, the dose lev-
els should not be reduced to get enough offspring for the 
assessment of developmental toxicity.”

Taken together, the OECD guidance and ECHA advice 
(both intended to be used for DNT assessments) are incon-
gruent in dose level selection philosophy. The standalone 
DNT is designed to assess adverse effects on the developing 
nervous system and as such specifies that the highest dose 
should not induce excessive offspring toxicity. In contrast, 
the intent of the EOGRTS is to provide ‘an evaluation of 
reproductive and developmental effects that may occur as 
a result of pre- and postnatal chemical exposure as well as 
an evaluation of systemic toxicity in pregnant and lactat-
ing dams and young and adult offspring’ (OECD (2025b)). 
In recent years, however, the dose selection for EOGRTS 
conducted under REACH has increasingly focused on CLP 
considerations, prioritizing assessment of parental sexual 
function and fertility over offspring survival. This shift 
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may compromise postnatal developmental evaluations 
in the offspring, including DNT assessments and assess-
ments of sexual function and fertility in the second gen-
eration. These dose selection principles are intended to be 
applied even when DNT (Cohort 2A/2B) and developmen-
tal immunotoxicity (Cohort 3) assessments are included in 
the study design. Because neurobehaviour can be impacted 
by dysfunction in other organ systems (e.g., liver, kidneys, 
endocrine), excessive systemic toxicity due to high-dose 
exposure in offspring can manifest as secondary non-spe-
cific changes in behaviour and/or cognitive abilities (Lewis 
et al. (2024)) that confound interpretation of DNT assess-
ments. Consequently, instead of providing information that 
may support a WoE approach for interpretation of observed 
DNT findings, prioritisation of sexual function and fertility 
detracts from the original goal and design of the EOGRTS 
as a comprehensive, integrated evaluation of fertility, repro-
duction, and pre- and postnatal development (Cooper et al. 
(2006)).

This concern is not merely theoretical. Several reviews 
and case-based critiques have documented EOGRTS where 
high-dose selection elicited marked developmental toxicity 
(Beekhuijzen et al. (2024)) (Lewis et al. (2024)). Because 
neurobehaviour can be secondarily altered by systemic tox-
icity or non-nervous system toxicity in a non-specific man-
ner, high dose systemic stressors in dams and/or offspring 
can produce changes in activity which may be erroneously 
attributed to DNT. For example, changes in the musculo-
skeletal system may be misinterpreted as neurotoxicity. 
Such potential confounding of DNT testing may be difficult 
to detect in the absence of overt indicators such as in utero 
and neonatal death or macroscopically apparent malforma-
tions. In addition, rat pups are dependent on dams for mater-
nal care, milk quality and quantity, and thermal homeostasis 
(Tyl et al. (2008), Desesso (1987), Desesso et al. (2008)). 
Prenatal stress and food deprivation have been associated 
with long-lasting effects on neurotoxicity endpoints, includ-
ing cognitive, behavioural, and brain measures (Albee et al. 
(1987), Garman et al. (2016), Charil et al. (2010), Weinstock 
(2008), Markham et al. (2010)). Thus, dose levels that are 
optimal for identifying primary functional and behavioural 
effects on the developing nervous system may differ from 
those selected for evaluation of fertility, reproduction, or 
general systemic toxicity. Conversely, dose selection opti-
mised for general reproductive or pre- and postnatal devel-
opmental toxicity may introduce secondary non-specific 
effects that are not truly indicative of DNT.

Route of administration and exposure duration

Per OECD 426, the route of administration for the DNT will 
generally be oral (e.g., gavage, dietary, via drinking water), 

but other routes (e.g., dermal, inhalation) may also be used. 
Similarly, the EOGRTS is designed for the administration of 
the test chemical orally, although the design can be modified 
for other routes of administration. In both cases, the selected 
dose route should be the one that is most relevant for human 
exposure.

There are, however, distinct differences in the over-
all exposure duration between a standalone DNT and an 
EOGRTS where the extended duration of exposure in the 
EOGRTS beyond weaning adds uncertainty to the interpre-
tation of neurotoxicity detected in adulthood. This dosing 
paradigm makes it difficult to differentiate between DNT, 
acute adult neurotoxic effects or effects due to repeated 
exposures during adulthood (without developmental expo-
sures). In both designs, F1 rat pups can be directly exposed 
to the test chemical during the preweaning period via der-
mal contact from the dam (for dermal or inhalation routes 
of exposure). For studies where the test chemical is admin-
istered in the diet, offspring can also be directly exposed via 
self-weaning and direct intake of feed beginning in about 
the third week of the preweaning period once the eyes are 
open and the rat pups are active and strong enough to access 
the maternal food jars. It needs to be noted that in instances 
where there are secondary sources of exposure, the actual 
dosage received by the F1 offspring can usually not be quan-
tified. Thus, the evidence of developmentally neurotoxic 
effects in the offspring may depend on the kinetic profile of 
each individual compound in the maternal, as well as juve-
nile, animals. For example, for compounds where secretion 
into milk is high, rat pups might receive higher dosages (per 
kg body weight) during the pre-weaning period compared 
to directly dosed adult animals. This variable is difficult 
to control on a study-by-study basis and adds complexity 
when comparing sensitivity for neurotoxic effects between 
adults and rat pups.

Recently, the ECHA Biocides Working Group requested 
that OECD 426 (DNT) studies include extended dosing 
beyond weaning through to approximately PND 60. This 
emerging expectation reflects a shift in regulatory inter-
pretation of the guideline; however, it also raises important 
questions regarding the scientific justification and added 
value of such an extension. The original design of the guide-
line was intended to capture the most sensitive windows of 
neurodevelopment, namely gestation and early postnatal 
life, when the brain is undergoing rapid growth, differentia-
tion, and organisation. These stages are widely regarded as 
the periods of greatest vulnerability to chemical insult, and 
it is therefore not self-evident that extending exposure into 
later developmental phases provides additional sensitivity 
for hazard identification.

A key issue is the distinction between developmental 
neurotoxicity and general or frank neurotoxicity in adults. 
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Continued dosing through PND 60 increases the likelihood 
that any observed effects may reflect direct pharmacological 
or toxicological action in a more mature organism, rather 
than the effects observed due to disruption of developmen-
tal processes. This has the potential to blur the conceptual 
boundary that the OECD test guideline seeks to maintain 
between developmental and adult toxicity endpoints. As 
a result, interpretation of findings becomes increasingly 
more complex, particularly in cases where effects are only 
observed after prolonged exposure, raising questions as to 
whether such outcomes fall within the intended scope of 
a DNT study or would be more appropriately addressed 
in repeat-dose or dedicated neurotoxicity studies (as per-
formed under OECD 408 or 424).

While it is acknowledged that aspects of brain matura-
tion, such as synaptic refinement and functional speciali-
sation, continue beyond weaning, there remains limited 
empirical evidence demonstrating that extending dosing to 
PND 60 consistently identifies adverse effects that would 
not have been detected under standard pre-weaning expo-
sure paradigms or in standalone repeat-dose toxicity studies. 
The extent to which this later developmental window repre-
sents a uniquely sensitive period for chemical perturbation 
remains a matter of scientific debate. In this context, a more 
evidence-based and case-specific justification for extended 
dosing may be warranted, rather than its routine inclusion, 
to ensure that DNT study designs remain both scientifically 
grounded and proportionate to their regulatory purpose.

The request for extended dosing also introduces practi-
cal and ethical considerations. Prolonging the exposure 
period increases study duration (and numbers of procedures 
per animal) and resource requirements, without clear and 
consistent evidence that the additional data materially influ-
ences regulatory decision-making. At the same time, evolv-
ing expectations from regulatory bodies (such as ECHA 
and EFSA) in the absence of formal revisions to the core 
OECD test guidelines, introduce regulatory uncertainty and 
potential inconsistency in study design requirements across 
jurisdictions.

Direct dosing of F1 rat pups

For substances that are poorly secreted or not secreted 
into maternal milk, both OECD  426 and  443 recommend 
direct dosing of preweaning rat pups. Such evidence can be 
retrieved from pharmacokinetic data, offspring toxicity or 
changes in specific biomarkers (e.g., maternal milk concen-
trations). Direct dosing of rat pups, typically conducted via 
oral (gavage), can be included in either study type begin-
ning as early as PND 4; however, the scientifically appro-
priate starting age depends heavily on CNS developmental 
staging. Current literature indicates that exposure beginning 

around PND 10 captures the major CNS developmental 
window most comparable to human neonates. Specifically, 
Schmitt and Barrow (2022) show that CNS ontogeny in 
rodents is sufficiently aligned with human neonatal devel-
opment by PND 10, and that dosing before PND 7 is rarely 
necessary except in exceptional mechanistic cases (Schmitt 
and Barrow 2022). Similarly, Semple et al. (2013) empha-
sized that rodent PND 7–10 corresponds to the term equiva-
lent human infant for many neurodevelopmental processes. 
Taken together, these manuscripts support initiation of 
direct dosing of rat pups around PND 10, or earlier in rare 
occasions, when warranted.

When preweaning rat pups are directly dosed, exposure 
of lactating dams can be stopped as the offspring are directly 
exposed. However, this change is not compatible with the 
EOGRT study design where dams continue to nurse all F1 
rat pups including those assigned to other cohorts. Nursing 
and nesting behaviour are integral components of postnatal 
developmental assessments on a reproductive toxicity study 
and modifying maternal exposure would disrupt the validity 
and functional endpoints required by the guideline.

On studies conducted via diet or drinking water routes of 
administration, there is also the risk of overdosing both the 
offspring and the dams during the second half of lactation 
due to the increasing caloric demands of lactation (on dams) 
and the high food/water efficiency (of rat pups) during these 
periods. Most laboratories choose to adjust dietary or water 
concentrations during these periods to ensure that target 
doses are maintained. Lastly, it is important to note that 
direct dosing of young rat pups via oral gavage is a stressful 
procedure that poses the risk of intubation trauma and over-
dosing due to direct exposure and exposure via the mother's 
milk. As such, direct dosing could lead to a different haz-
ard assessment of chemicals depending on the choice of the 
route of administration, as discussed by Arts and Beekhui-
jzen (2020). Often, (agro)chemicals are used in industrial 
or professional settings where direct exposure to neonates 
is unlikely. Thus, although direct dosing of rat pups is fea-
sible from a technical standpoint and several industry labo-
ratories have experience with the technique, this does not 
automatically imply that it is the most relevant approach for 
this study type or population and should therefore only be 
considered in exceptional cases and, when utilised, should 
be justified on a case-by-case basis.

Selection and allocation of F1 rat pups

Selection and allocation of F1 offspring prior to or at the 
time of weaning can influence overall data quality and study 
logistics, regardless of which test guideline is being fol-
lowed. Table 1 presents the schema for assignment of F1 
rat pups to various cohorts on an EOGRTS study. If all 3 
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cohorts are included on the study, as many as 70 rat pups 
per sex per group may be selected for F1 generation assess-
ments, although only 20 rat pups per group (10/sex/group, 
representing as many litters as possible) are allocated for 
Cohort 2A and 2B for DNT assessments. Per OECD 443, 
the size of each litter may be standardised to yield, as nearly 
as possible, five males and five females per litter, to ensure 
that no littermates are selected for a given cohort. Even in 
rat strains of good fecundity, not all litters meet the expected 
size or sex distribution, and thus, most labs initiate these 
studies with 22–25 breeding pairs in the F0 (P) generation 
to ensure sufficient offspring, although up to 30 breeding 
pairs may be used for certain strains of rat. The latter some-
what diminishes the advantage of the OECD 443 study with 
respect to reducing animal use. Additional limitations in 
offspring numbers and sex ratio may arise when decreased 
fertility or substantial offspring mortality is noted in treat-
ment groups, as is expected with the current ECHA dose 
selection recommendations for this study (see Dose Level 
Selection). The design of the EOGRTS (DNT cohort) was 
intended to provide only an initial assessment of DNT com-
pared to the standalone OECD 426, due in part to the limited 
assessments and smaller group sizes in this cohort (Cooper 
et al. (2006)). These differences are illustrated in a side-by-
side comparison of these study types in Table 2.

Various approaches can be used for selection and alloca-
tion of F1 offspring on a standalone DNT. Similar to the 
EOGRTS, litter sizes are standardised to yield uniform lit-
ter sizes, with equal numbers of male and female rat pups, 
where possible. In Appendix 1 of the published OECD 426, 
three different illustrative examples are provided to show 
the flexibility in animal assignments on this study. Animals 
can be assigned such that the same animals are tested at each 
interval for all behaviours tested, where appropriate (e.g., 
it is not appropriate to test the animals more than once in 
a test for L&M as the learning during the second interval 
of testing may be influenced by learning which occurred 
during the first interval). It is also possible to allocate the 
animals such the various neurobehavioural tests are divided 
across 2 or 3 sets of animals, which may have the advan-
tage of reducing interference across the various types of 
testing (i.e., auditory startle vs. motor activity vs. L&M). 
There are advantages and disadvantages to each of these 
approaches. Because neurobehavioural testing of animals 
at younger ages is often staggered over a 4–7-day period 
based on parturition stagger (i.e., animals bred and birthed 
over several days) in order to test all animals at the same 
developmental stage and ontogeny, the selection of different 
subsets of animals for each neurobehavioural test offers the 
additional advantage of removing overlapping testing peri-
ods. While some testing facilities have sufficient personnel 
and procedures in place to conduct longitudinal assessments 

in a single subset of animals, these are generally considered 
more challenging than testing different subsets of animals.

When considering a combined EOGRT-DNT study, it is 
important to recognise that there are limitations in numbers 
of F1 offspring available for the inclusion of a full DNT 
study in combination with the existing design. With cre-
ative study design (selection of sufficient breeding pairs 
and pup allocations) and careful dose selection, an inte-
grated study design may eliminate the need for the addi-
tional 100–120 time-mated female rats (and their offspring 
[1200–1600]). However, due to the need for pup allocations 
for reproductive toxicity assessments (Cohort 1A/1B, man-
datory) and developmental immunotoxicity assessments 
(Cohort 3, optional) on the EOGRTS portion of a combined 
EOGRT-DNT study, one may be limited to allocation of 
only a single subset of rat pups to postweaning functional 
and neurobehavioural testing, i.e., it may only be possible 
to perform longitudinal assessments on the same subset of 
animals (Table  2, Example 1 (longitudinal assessments); 
Examples 2 and 3 (additional subsets)). This is an impor-
tant consideration because Cohort 1A/1B is the primary 
reproductive cohort in an EOGRTS as the primary goal of 
this study is to provide an assessment of potential effects 
on sexual function and fertility. It is prudent to not assign 
these animals to additional testing since every additional 
procedure has the potential to induce additional stress on 
the animals and increases the likelihood of compromising 
the primary purpose of the study. This is especially impor-
tant because several of the endpoints evaluated on Cohort 
1A/1B (e.g., landmarks of sexual development, cyclicity, 
thyroid hormone levels, sperm parameters and male and 
female reproductive performance) have been demonstrated 
to be sensitive to the effects of excessive stress (Pollard et 
al. (1975); Suárez et al. (1996); Lerman et al. (1997)).

Behavioural ontogeny and functional assessments

Under OECD 426, at least two measures of behavioural 
ontogeny must be evaluated ideally in the same animals 
during both pre-weaning and adulthood using endpoints 
such as righting reflex, negative geotaxis, or motor activity. 
Although the EOGRTS does not specifically request behav-
ioural ontogeny, these endpoints are often included with 
home cage and open field observations conducted during 
the assessment of a functional observational battery (FOB), 
which is required at young adulthood.

Functional assessments for motor and sensory function 
are required for DNT assessments. Motor activity is assessed 
in both a standalone 426 and EOGRTS although the latter 
only requires assessment at a single interval (adult ani-
mals in Cohort 2A). In contrast, standalone DNTs perform 
motor activity assessments repeatedly across developmental 
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timepoints as part of the assessment of behavioural ontog-
eny. In addition, the OECD 426 also requires motor and 
sensory function to be assessed at least once during the ado-
lescent period and again during the adult period (Table 2). 
Sensory function, often evaluated using auditory startle 
response testing, is also only assessed once near the age of 
weaning (PND 24 ± 1) on an EOGRTS (Table 2).

As mentioned previously, L&M assessments are an inte-
gral component of a standalone DNT and are required on 
individual subsets of male and female animals post-wean-
ing and at young adulthood. OECD 443 originally did not 
require L&M assessments; however, under the ECHA BPR 
guidance for biocidal products (ECHA (2022b)), two ages 
of L&M assessment are now required for EOGRTS con-
ducted for biocidal products.

Though the guidelines allow some flexibility in the 
choice of L&M test(s), certain acceptability criteria should 
be met: (a) Learning should be evaluated as a change across 
multiple repeated learning trials (or sessions) and (b) the 
selected test should include a measure of either short-term 
or long-term memory, which cannot be interpreted without 
accompanying evidence of learning acquisition in the same 
test. Regulatory documents frequently cite the NAFTA 
TWG (NAFTA 2016) DNT guidance, which discusses allo-
centric and egocentric navigation tasks—including the Mor-
ris Water Maze (MWM) for allocentric learning, and the 
Cincinnati (CWM, 9 T) and Biel Water Maze (BWM, 6 T) 
for egocentric learning. Another test for allocentric naviga-
tion is the Radial Arm Maze (RAM) although its use in a 
regulatory safety context is limited. A detailed description 
and analysis of L&M paradigms in each of these mazes is 
outside the scope of this manuscript. However, in light of 
recent ECHA BPR requests to include L&M investigations 
on EOGRT studies, discussion regarding the use of these 
tests is warranted.

The CWM and BWM are both complex labyrinthine 
mazes with T-shaped cul-de-sacs, requiring sequences of 
left–right navigational choices to reach a hidden platform. 
The two mazes differ in size, design and complexity (based 
on the number of T-junctions). Testing can be done under 
visible, low, red lighting or infrared (complete darkness) 
conditions. Under visible light, rats may rely on both allo-
centric and egocentric cues, reducing test specificity; under 
infrared lighting, distal cues are eliminated, but testing dura-
tion increases dramatically (5 days of training under visible 
light vs. 15–20  days under infrared) (Vorhees and Wil-
liams 2024, 2015). Although there are currently no avail-
able reports for the operation of the BWM under infrared 
light, similar increases in learning duration are anticipated 
for animals trained in the dark. For a typical four group 
EOGRTS with 10 males and 10 females per group, CWM 
testing may require >12 h/day of continuous trials, raising 

concerns about diurnal activity related variability in the data 
(Stryjek et al. 2013) and major increases in labour and costs 
of the study. In contrast, the MWM requires significantly 
less time, and most animals learn the location of the escape 
platform over 16–20 learning trials (i.e., 4 to 5 days, with 4 
trials/day).

While adult rats perform well in the MWM, there are 
limited data to support testing of juvenile rodents in this 
maze in a safety assessment setting. Hippocampal-depen-
dent allocentric navigation is not reliably developed prior 
to PND 20 (Ehman and Moser (2006)) and juvenile test-
ing requires methodological modifications (OECD (2008)) 
such as smaller pools (< 5 feet diameter), adjusted platform 
sizes to adapt the complexity of the task, the use of warmer 
water (to avoid hypothermia), drying and warming rat pups 
between trials (to maintain body temperature), providing 
cued platform learning etc. (Roberts GK (2023); Ehman and 
Moser (2006)). Rats as young as 22–30 days have been used 
to evaluate L&M in smaller diameter mazes in academic 
settings (Yang et al. (2009); Zaichenko et al. (2025); Jett et 
al. (2001); Goodlett and Peterson (1995); Jett et al. (1997)), 
however, performance at this age is variable (Vorhees and 
Williams 2024) and there is limited evidence for use of a 
MWM at this age in a safety assessment setting. Similarly, 
there is limited evidence for use of a standard CWM (9–10 
Ts) at this age in a safety assessment setting. Jablonski et al. 
(2019) demonstrated that a 10 T CWM was too difficult for 
PND 30 rats (none of the rats found the goal) and the same 
age performed poorly even when the maze was simplified 
by blocking off part of the maze to only 6Ts. In this sce-
nario, rat pups were able to find the goal platform, however, 
even control rats failed to reach full proficiency even fol-
lowing 15 days of training and Jablonski et al. concluded 
that rats at this age (PND 30) may not have reached their 
full egocentric cognitive ability. However, there are reports 
that demonstrate successful performance of rats at this age 
in a BWM (6 T) in a safety assessment setting (Stump et al. 
(2010); Faber et al. (2007); Cruzan et al. (2005); Biesemeier 
et al. (2011); Butenhoff et al. (2009); Sheets et al. (2015)). 
Although the exact reason for the difference in performance 
between a 6 T CWM as tested by Jablonski and a 6 T BWM 
as tested by these authors is unclear, these differences could 
have arisen from a variety of variables including but not 
limited to room size and dimensions, construction differ-
ences between a partially blocked (10 T > 6 T) CWM and 
a 6 T BWM, the presence of a longer straight channel in 
a BWM or even differences in training and testing para-
digms between laboratories. Overall, due to recent regula-
tory requests for L&M assessments in weanlings, industry 
laboratories continue to test and optimize weanling L&M 
performance in various types of mazes. It is clear however 
that the type of maze and the testing paradigm should be 
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selected based on multiple factors, including but not limited 
to (a) age of animals, (b) validation of the training and test-
ing paradigms, (c) applicability and logistical appropriate-
ness of the test in a safety assessment setting, (d) the ability 
to detect deficits in L&M following exposures to positive 
control substances, (d) the availability of relevant historical 
control data, and (e) the technical expertise of the perform-
ing laboratory.

Gross brain weights, measurements and 
neurohistopathology

Gross brain weights, brain measurements and neurohistopa-
thology are required DNT assessments. Typically, these are 
performed around the time of weaning and at study (cohort) 
termination. Animals selected for weanling assessments are 
allocated primarily for central nervous (CN) tissue (brain) 
neurohistopathology whereas examination of both CNS and 
peripheral nervous system (PNS) tissues is required for ani-
mals necropsied at study (cohort) termination. While tissues 
for weanlings can be immersion fixed, perfusion fixation of 
the nervous system tissues is required for young adults since 
these tissues, especially the brain, are used for morpho-
metric (quantitative) evaluations, which include linear (or 
sometimes areal) measurements of specific brain regions. In 
addition, OECD 426 also recommends inclusion of infor-
mation regarding alterations in the gross size or shape of 
the olfactory bulbs, cerebrum, or cerebellum. Procedures 
for performing linear gross brain measurements of the intact 
brain in both weanlings and young adults are included in 
the Society of Toxicologic Pathology (STP) ‘‘best practice’’ 
recommendations for DNT neuropathology assessment 
(Bolon et al. (2006) and as revised by Garman et al. (2016).

The extent to which deficits in body weight or body 
weight gains impact brain weights is a subject of consider-
able debate. Some agencies consider any change in absolute 
brain weight to be evidence of adverse effects on neuro-
development (NAFTA 2016), regardless of differences in 
pup body weights. Other agencies take into consideration 
whether brain weight deficits occurred in the presence of 
substantial body weight changes (Crofton (2024); Li et al. 
(2017)) and may even consider absolute brain weight defi-
cits to be non-adverse when confounded by alterations in 
body weight.

In a recent analysis sponsored by EFSA, Crofton (2024) 
surveyed neonatal body weights and brain weights from 173 
publicly available DNT studies conducted according to EPA 
or OECD DNT guidelines. Out of 173 studies, 122 stud-
ies (70%) showed a decrease in body weights in rat pups, 
but only 50 of these studies (41%) reported concomitant 
decreased brain weights. This analysis led to the conclusion 
that body weight is an unreliable predictor of alterations in 

brain weight and concluded that the use of a brain weight to 
body weight ratio is not appropriate as a common approach 
to dismiss brain weight as a DNT effect. This conclusion 
may be inadequate given that the Crofton analysis did not 
consider (or specify) whether the brain weights used in the 
analysis were from perfusion- or immersion-fixed brains 
(which can lead to significant variability in brain weights). 
There was also no discussion of whether or not maternal 
care was impacted on individual studies; as summarized by 
Garman et al. (2016), maternal care issues impacting pup 
growth can produce long lasting effects on brain weights. 
It is important to recognise that high dose exposures can 
impact maternal care and cause substantial initial decreases 
in pup body weight gain or absolute body weight. In studies 
where rat pups and/or dams are exposed soon after parturi-
tion, the ability of the rat pups to nurse and/or the dams’ 
ability to care for their offspring can be impacted by sys-
temic toxicity. This is an especially important consideration 
for studies such as a EOGRTS or a combined EOGRT-DNT 
(see Dose Selection) where the regulatory recommendation 
is to select dose levels high enough to cause systemic tox-
icity (but not death or severe suffering). According to the 
best practices approach to neuropathologic assessments in 
DNTs, Bolon et al. (2006) state that absolute brain weight 
and morphometric values can be compared with relative 
values based on brain weight or brain volume when evaluat-
ing whether alterations might be either localised or related 
to a more general effect on growth.

Statistical analysis for neurobehavioural and 
neuropathology endpoints

The OECD 443 does not provide specific guidance on the 
statistical analyses for neurobehavioural and neuropathol-
ogy endpoints and instead refers the reader to OECD 426 
for further guidance. Both guidelines specify that the litter 
must be the experimental (and statistical) unit, and repeated 
measures should be analysed to account for non-indepen-
dence of those measures. On developmental and reproduc-
tive studies, the litter (and not the pup) has been used as the 
statistical unit of measure for decades due to the clustering 
of variance among offspring in rodents (Vorhees and Wil-
liams (2020)). Experiments should be designed such that 
measurements on littermates are not treated as independent 
observations. Treating the litter as a unit allows for the use 
of representative rat pups within each litter for different tests 
(see Selection and Allocation of F1 Rat Pups).

Functional and cognitive DNT endpoints are typically 
collected from the same subjects at more than one time in 
relation to treatment (Maurissen and Vidmar (2017). These 
repeated measures could reflect multiple intervals within a 
study (e.g., two or more ages of motor activity assessments) 
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or multiple trials within a single session (e.g., assessment of 
habituation across each testing interval in an auditory startle 
response test). Tests for L&M also have repeated measures 
within a session (multiple learning trials over each day or 
multiple days of learning). Both guidelines indicate that 
separate analysis of each individual interval or trial is inap-
propriate. For example, statistically analysing each 10-min 
interval for motor activity separately from the rest is inap-
propriate as an initial analysis of the data, because progres-
sive activity of the animals in the enclosures is a continuum 
of observations.

In 2016, a more specific internal guidance document was 
written by the NAFTA Technical Working Group (TWG) on 
Pesticides, comprised of scientists from the United States 
Environmental Protection Agency (US EPA) and Health 
Canada (NAFTA 2016). This guidance was written for the 
standalone DNT but continues to serve as a useful resource 
for behavioural endpoints on any study with DNT assess-
ments, with the following caveats. It recommends that 
all analysis for neurobehaviour should be conducted with 
males and females combined which is especially help-
ful for EOGRTS Cohort 2A, where only one male or one 
female from each litter is tested (10/sex/group, representing 
as many litters as possible). Combining data for males and 
females doubles the sample size from 10/sex to a total of 
20  rat pups, each representing a different litter. However, 
combining different factors (e.g., sex) into a single global 
analysis requires that the investigator ensure that the equip-
ment settings and experimental design support pooling all 
the data together (Holson et al. (2008)). If equipment or 
equipment settings are different based on the sex or age (due 
to size differences), it may not be appropriate to combine 
data into one analysis across these factors. For example, in 
some laboratories the auditory startle equipment settings are 
optimised for males and females differently so that the full 
range of responses for males vs females can be detected. In 
such cases, it may not be appropriate to combine both sexes. 
To combine data for males and females in a single analysis, 
it is also important to counterbalance the time of testing not 
just across group but also across both sexes. Failure to do so 
is likely to confound interpretation of the sex effect or dose 
interaction with sex due to the divergent testing conditions 
(Maurissen (2010)). If there is a statistically significant sex 
interaction, it is important to analyse each sex separately 
within the framework of the original analysis to take advan-
tage of the full power of this combined analysis, even in 
subsequent post-hoc analyses.

New approach methodologies (NAMs) 
for DNT: current status, application and 
limitations

The literature was reviewed for information on new approach 
methods (e.g. in silico, in vitro etc.) for assessment of DNT. 
Several alternative methods identified are presented in the 
Supplemental Information. These are increasingly con-
sidered within applications of next generation risk assess-
ment (NGRA, in which NAM-derived hazard, kinetics and 
exposure data are combined to drive substance specific risk 
assessment decisions (Leist et al. (2026)), and the develop-
ment of these is a clear objective of the EU Commission's 
Roadmap toward phasing out animal testing for chemical 
safety (European Commission (2026)).

No robust quantitative structure activity relationship 
(QSAR) models for assessing DNT could be found in the 
literature, and previous work has identified that there are no 
predictive in silico computational DNT models (Crofton et 
al. (2022) as cited in OECD (2023)). This is likely due to the 
lack of available in vivo data. For an appropriate in silico 
tool (e.g., QSAR) to be developed, a large dataset of in vivo 
studies on well-characterised substances would be needed.

The most recognised but not yet fully validated in vitro 
approach for assessing DNT is the Developmental Neu-
rotoxicity In Vitro Battery (DNT IVB), which was devel-
oped within an international, inter-organisation programme 
coordinated by the OECD, with the aim of predicting 
DNT outcomes without the use of laboratory animals. It is 
acknowledged that the DNT IVB does not cover all molecu-
lar or cellular components that are involved in adverse neu-
rodevelopmental outcomes and most assays included are 
based on downstream effects instead of initiating molecular 
events and have not yet been formally validated. In addition, 
there is no analysis to date correlating changes in vitro with 
in vivo neurodevelopmental outcomes (OECD 2023).

However, with increasing data generation using the DNT 
IVB and further Adverse Outcome Pathway (AOP) devel-
opment these uncertainties are expected to be reduced. 
AOPs serve as the mechanistic link between NAM data and 
adverse outcomes (AOs) on which NGRA depends. Spinu 
et al. (2019) neurotoxicity AOP network identifies learning 
and memory impairment as the principal convergence point, 
reached from multiple initiating events including thyroper-
oxidase and sodium/iodide symporter inhibition, whilst also 
showing present constraints. The links between key events 
remain largely qualitative without the dose response data 
risk assessment requires.

The DNT IVB testing cannot currently replace in vivo 
testing but may be used to screen and inform on follow-up 
testing and it can also be used in WoE approaches for DNT 
hazard assessments (OECD 2023). OECD work continues 
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on new DNT in vitro assays, standardisation, methodologi-
cal refinement and regulatory integration of the DNT IVB 
(OECD (2025a), Sachana et al. (2026)). The authors of this 
review note that when a substance’s DNT effect is clearly 
linked to its interaction with a specific enzyme or recep-
tor, in vitro assays targeting this interaction can be useful 
for screening chemical libraries to identify analogues that 
do not exhibit it. However, when such a mechanistic under-
standing is not available, it is challenging to make conclu-
sions on potential toxicity.

The ECHA June 2024 and 2026 Key Areas of Regula-
tory Challenge (ECHA Karc (2026)) (ECHA 2024) identi-
fied a need for a better understanding of developmental and 
adult neurotoxicity. The KARC proposed a focus on NAMs 
development, including further validation and refinement 
of the DNT IVB battery and identification of reliable posi-
tive and negative reference chemicals for NAM validation. 
It also proposed research on new AOPs, further develop-
ment of existing AOPs and establishing their interlink with 
NAMs.

The zebrafish (Danio rerio) embryo provides a whole 
organism non-mammalian model that possesses 70% con-
cordance with human genes (Howe et al. 2013) and has been 
recognised as a valuable model to study DNT. Changes in 
zebrafish neurobehaviour and morphology (such as sponta-
neous swimming, learning, normal eye development) can be 
easily observed and paired with the analysis of gene expres-
sion, neural morphogenesis and neurobehaviour, which 
provides opportunity to test for potential developmental 
neurotoxicants (Chen et al. 2024; Fu et al. 2024; Ikeda et al. 
2023). Zebrafish embryo developmental toxicity assays are 
reported widely in the literature, and validation activities are 
progressing rapidly, however the addition of neurodevelop-
mental parameters is less mature in the literature (Alzualde 
et al. 2018; Weiner et al. 2024). An international collabora-
tion led by the Netherlands aims to harmonise behavioural 
testing in eleuthero embryos of zebrafish and to explore 
incorporation into the DNT IVB. In addition, an interlabo-
ratory ring test is underway to validate the zebrafish embryo 
DNT assay using light/ dark transition behaviour testing 
(Massei 2024, Muriana, 2023).

It is noted that zebrafish embryo tests may not be consid-
ered by all stakeholders as an alternative method because 
animals are used, though zebrafish embryos up to a certain 
age are not considered a protected life stage under EU Direc-
tive 2010/63 on the protection of animals used for scientific 
purposes, which covers independently feeding larval forms.

A survey of eleven contract research organisations, inter-
national and Europe-based, was conducted by the authors 
to understand the capacity for alternative testing methods 
for DNT and their commercial availability. No laborato-
ries responded with commercial availability to conduct 

the assays included in the OECD DNT IVB, despite this 
being the only alternative method with regulatory recogni-
tion, at the time of this publication. DNT testing of zebrafish 
embryo/larvae (not older than 5  days post fertilisation) is 
offered commercially by at least one commercial laboratory. 
As mentioned above, the regulatory acceptance of this assay 
is in the early stages, with validation activities ongoing.

This review indicates that in vivo testing remains the 
default approach for assessing developmental neurotoxicity 
potential of substances, as in silico approaches are not yet 
available as in vitro approaches still require further devel-
opment and validation. This should not be interpreted that 
in vitro and in vivo testing could be a one-to-one substitu-
tion. NGRA aims to be protective without superseding in 
vivo testing directly (Leist et al. (2026)), and NAMS are 
increasingly contributing to early screening, prioritisation 
and weight of evidence.

Conclusions and recommendations

As outlined in the introduction, there have been instances in 
which additional cognitive function testing (L&M) has been 
requested by ECHA as part of the EOGRTS with the DNT 
cohort (Cohort 2), thereby extending the testing require-
ments beyond those intended under OECD  443. ECHA 
defines the EOGRTS (OECD 443) as a fertility study, such 
that priority is given to Cohort 1 over Cohorts 2 and 3 with 
respect to dose level selection and pup allocation in cases 
of insufficient rat pups. Such design priorities can compro-
mise the conduct and interpretation of DNT assessments. 
From a DNT perspective, this may result in inappropriate 
dose levels, unsuitable dosing paradigms, and insufficient 
animal numbers in Cohort 2. As these data are used for 
classification and labelling under REACH, as well as for 
risk assessment purposes, it is essential that the data gener-
ated are interpretable. A compromised Cohort 2 dataset is 
not consistent with good scientific practice and is therefore 
not recommended. However, where assessment of DNT as 
part of an EOGRTS is a clear regulatory requirement, then 
the following recommendations support a more scientifi-
cally robust approach, increase the likelihood of generating 
interpretable data, and ensure the most appropriate use of 
animals.

Study design

	● The OECD 426 is the globally accepted standard for 
DNT assessment. Despite interest in integrated ap-
proaches, a standalone DNT provides the most scientifi-
cally robust evaluation of developmental neurotoxicity.
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	● Although combining a DNT assessment within an EO-
GRTS (OECD 443) may be feasible it is scientifically 
and logistically challenging. Significant modifications 
to study design, including dose selection, exposure du-
ration, pup allocation, and endpoint assessment, are re-
quired to generate interpretable data. Even then such an 
assessment of DNT would be considered scientifically 
sub-optimal.

Learning and memory (L&M) assessment

	● L&M should only be evaluated, when scientifically jus-
tified on a substance specific basis, in an EOGRTS if 
there is clear evidence that such testing would resolve 
or further clarify an issue that would otherwise require a 
standalone DNT study.

	● Where conducted, L&M assessments should only be 
conducted in adult animals and scheduled independently 
of final motor activity assessments to avoid overlap and 
ensure valid evaluation of complex behavioural patterns.

	● At present, the MWM and the BWM are the most wide-
ly used and validated L&M tests available in safety 
assessment laboratories. Should alternate tests be rec-
ommended it is important to assess whether they meet 
equivalent validation requirements for use for safety as-
sessment purposes.

Exposure duration

	● To ensure the generation of reliable and unambiguous 
DNT data, Cohort 2A animals in an EOGRTS should not 
be dosed beyond weaning (PND 21), prioritising their 
purpose for the assessment of true DNT as opposed to 
general neurotoxicity.

	● Whilst such animals would no longer be suitable to as-
sess the timing of puberty or other endpoints unrelated 
to neurodevelopment, these endpoints can be adequately 
assessed using animals from other cohorts without im-
pacting the core objectives of the EOGRTS.

Animal numbers and statistical considerations

	● Animal numbers can be reduced to a manageable level 
when incorporating aspects of DNT into an EOGRTS. 
OECD 426 recommends that 20 litters per group should 
be used for DNT assessments. If the experimental meth-
ods and equipment settings are identical for males and 
females, then only 10 male and 10 female rat pups can 

be selected such that there is one male or female per lit-
ter (representative of 20 litters in total per dose group).

	● Combining data from both sexes into a single analy-
sis may increase statistical power to detect treatment-
related effects (Li et al. (2017)). If this approach is used, 
then the experimental design must balance the time of 
testing for males and females so that statistical analysis 
can combine data from both sexes together in a repeated 
measures analysis of variance that includes sex of ani-
mal as a factor in the analysis (Maurissen (2010)). Post-
hoc analysis can be done within the framework of the 
combined analysis to maintain the power even if a sex 
vs. dose interaction is present.

	● Validation would be needed of the 10 rats/sex for all be-
havioural tests using statistics described above. This can 
be achieved using existing DNT datasets and simulating 
selection of individual animals such that only 1 male or 
1 female per litter is allocated to each assessment.

Endpoint selection

	● To reduce study complexity and overlap, the functional 
observational battery currently required for Cohort 2A 
between PND 63 and PND 75 can be removed or limited 
to key observations such as gait, foot splay, and righting 
reflex.

	● Routine assessment of brain morphometry and neuropa-
thology in Cohort 2B (PND 22) could be omitted, with 
evaluation instead limited to adult offspring (Cohort 
2A), recognising that such a study design allows evalu-
ation of effects across all stages of life but cannot be 
interpreted as a specific DNT effect.

Direct pup dosing

	● Direct exposure to rat pups should not be conducted rou-
tinely due to confounding effects of acute bolus doses 
and potential physical trauma to rat pups.

	● Where unavoidable, the first dose should not be admin-
istered before PND 10, and determination of overt toxic-
ity following direct dosing in juvenile rat pups should be 
completed before commencement of the study.

Dose selection philosophy

	● Mathematically focused approaches to dose selection 
designed to maximise the chance of detecting a hazard 
by exaggerating the top dose level of an EOGRT study 
(e.g., Van Berlo et al. (2022)) should be avoided, as such 
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approaches fail to account for the integrated biology of 
the test organism.

	● The complexity and interdependencies of DART experi-
mental models have led to the development of scientifi-
cally robust approaches to dose level selection in DART 
studies including consensus limits on reductions in body 
weight gain, with >20% considered excessive and 10–
15% reduction adequate for the highest dose level.

	● Replacement of MTD-based criteria of a 10% decrease 
in body weight gain with absolute decreases in body 
weight is not compatible with the aims of DART studies. 
(van Berlo et al. (2022), Lewis et al. (2024))

	● Definitions of severe suffering that permit mortality 
(e.g., >10%) are inconsistent with dose level selection 
approaches outlined in OECD 414, 421/422, and 443, as 
well as humane endpoint guidance, which indicate that 
death should be avoided. Any degree of mortality cannot 
be supported on animal welfare grounds, nor on scien-
tific grounds due to the risk of generating non-specific, 
uninterpretable data.

	● It is recommended that a clear and transparent justifi-
cation of dose selection should be included in regula-
tory submissions to support interpretation by regulatory 
authorities.

Alternative methods

The status of New Approach Methods (NAMs) (e.g. in 
silico and in vitro methods) for assessment of DNT has 
been extensively reviewed (see Supplemental Information). 
These analyses confirm that in vivo testing remains the pri-
mary method for evaluating DNT potential of substances, 
as in silico tools are not yet established and current in vitro 
methods require further development and validation before 
they can serve as reliable alternatives for safety assessment 
purposes.
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