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A B S T R A C T

The framework for developmental toxicity testing has remained largely unchanged for over 50 years and al-
though it remains invaluable in assessing potential risks in pregnancy, knowledge gaps exist, and some outcomes
do not necessarily correlate with clinical experience. Advances in omics, in silico approaches and alternative
assays are providing opportunities to enhance our understanding of embryo-fetal development and the pre-
diction of potential risks associated with the use of medicines in pregnancy. A workshop organised by the
Medicines and Healthcare products Regulatory Agency (MHRA), “Predicting the Safety of Medicines in
Pregnancy – a New Era?”, was attended by delegates representing regulatory authorities, academia, industry,
patients, funding bodies and software developers to consider how to improve the quality of and access to
nonclinical developmental toxicity data and how to use this data to better predict the safety of medicines in
human pregnancy. The workshop delegates concluded that based on comparative data to date alternative
methodologies are currently no more predictive than conventional methods and not qualified for use in reg-
ulatory submissions. To advance the development and qualification of alternative methodologies, there is a
requirement for better coordinated multidisciplinary cross-sector interactions coupled with data sharing.
Furthermore, a better understanding of human developmental biology and the incorporation of this knowledge
into the development of alternative methodologies is essential to enhance the prediction of adverse outcomes for
human development. The output of the workshop was a series of recommendations aimed at supporting mul-
tidisciplinary efforts to develop and validate these alternative methodologies.

1. General introduction

Evidence on the safety and efficacy of medicines in pregnant women
is generally lacking. Despite this, there is widespread use of medicines
in pregnancy, for reasons such as ongoing treatment for pre-existing
medical conditions, the development of medical conditions during
pregnancy or inadvertent exposure. Current estimates suggest that the
prevalence of prescription drug use during pregnancy ranges from 60 to
90% [1–5], even though only a small number of marketed products are
specifically classed as safe to use in pregnancy. For many medicines,

patients and clinicians cannot make informed benefit-risk decisions
because of lack of evidence, which is largely the result of ethical con-
siderations that exclude pregnant women from clinical trials due to
concerns over fetal/infant risk. Consequently, nonclinical data remains
an integral part of evaluating the benefit-risk for medicines in preg-
nancy until it is superseded by clinical data captured through post-
marketing surveillance.

Whilst the nonclinical testing of developmental toxicity in animals
remain the gold standard for assessing potential risk, outcomes do not
necessarily correlate with clinical experience and remain largely
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qualitative with limited mechanistic understanding. Such limitations
have been recognised globally by researchers, industry and regulators,
and initiatives developed to consider how the evidence base can be
improved to strengthen our confidence in predicting and commu-
nicating potential risks associated with use of medicines in pregnancy.

In 2017, a UK Commission on Human Medicines (CHM) Expert
Working Group [6] produced a set of recommendations aimed at im-
proving the evidence base for medicines taken during pregnancy and
lactation. One such recommendation was the delivery of a workshop to
consider how nonclinical data could be made more predictable and
accessible, as well as the feasibility of using computer modelling and
molecular structural alerts to generate safety signals from in vivo and in
vitro data. This workshop was held in January 2019.

Given the diverse complexities of the subject matter, multi-
disciplinary experts representing industry, academia, contract research
organisations (CROs), regulatory bodies, patients and software devel-
opment companies were invited to discuss the status of the current
developmental toxicity testing paradigm and the challenges and op-
portunities presented when considering novel approaches for the pur-
pose of improving the predictability of nonclinical data.

For medicines, the regulatory assessment of developmental and re-
productive toxicity (DART) is routinely based on a testing paradigm
involving studies in mammalian species and although this has evolved
over the years, the overall base set of requirements has not changed
greatly since its introduction in the 1960s. It comprises a combination
of studies covering conception through embryo-fetal stages, birth and
sexual maturation of test animals. The rat is usually used in all re-
productive toxicity studies, with the rabbit typically used as the second
species in the embryo-fetal development toxicity studies. Such studies
typically require the use of between 16–20 litters per dose group for
rodents and rabbits [7] are expensive, and need to have been conducted
prior to certain stages of clinical development, depending on the po-
pulation being exposed [8]. At least one of the test species should be
pharmacologically relevant (responsive to the primary pharmacody-
namic effects of the test compound). In cases where these species are
considered unsuitable an alternative species may be considered, for
example replacing rodents and rabbits with non-human primates (NHP)
for testing biotherapeutics. The use of NHPs in these studies however
has limitations.

Since the implementation of the ICH guideline on reproductive
toxicology in 1993, not only has experience been gained with the
testing of pharmaceuticals using the current and novel testing para-
digms, but scientific, technological and regulatory knowledge has also
significantly evolved, as acknowledged by the ongoing revision of the
ICH S5 (R3) guideline [63]. Examples of such advancements include the
development of alternative assays, in silico modelling and a better un-
derstanding of developmental adverse outcomes pathways (AOPs).
Consequently, there are now potential opportunities to modernise the
current testing paradigm, improve predictivity, re-evaluate opportu-
nities to reduce animal use [9] and most importantly improve the
safeguarding of public health through the generation of more clinically
relevant data.

Given the current revision of ICH S5, the emergence of new tech-
nologies over recent years, and an opportunity to seek the opinions of
multidisciplinary cross-sector experts, the workshop considered the
following questions:

1 Can the current testing strategy for developmental toxicity be im-
proved?

2 What alternative methods (assays and in silico) are available, how
can they strengthen the current strategy and what are the challenges
and opportunities?

3 How can stakeholders collaborate to help implement these strategies
by sharing data and what are the challenges in sharing such data?

2. Limitations of current state and future opportunities

The present developmental toxicity testing models, involving the
dosing of pregnant rodents and non-rodents and evaluation of fetuses
and pups, have a long history of use and are considered the most de-
finitive available. Despite this, due to species differences, there remains
residual uncertainty about the interpretation of some findings for
human risk assessment. These relate to a range of factors including
differences in species pharmacology and physiology, translation of
animal exposures to the clinical situation, differences in pharmacoki-
netic/pharmacodynamic (PK/PD) in pregnancy, the use of maternal
rather than fetal exposure in risk assessment and that conventional
studies provide limited mechanistic insight. Advances in technology
mean that biological systems may be interpreted by increasingly data-
rich quantitative processes requiring new multidisciplinary approaches
to analyse outputs. Taking advantage of these advances presents op-
portunities for improving the current developmental toxicity testing
protocols. It was conjectured how we might evaluate the possible ef-
fects of medicines on embryo-fetal development in humans if we made
a fresh start using modern technology. Two approaches were con-
sidered, an “evolutionary” approach adapting existing technology or a
“revolutionary” approach. An evolutionary approach might include re-
finements of the current paradigm to use existing information about a
drug to generate hypotheses that could be tested using customised
models and protocols. Modifications could include choosing a model
that is pharmacodynamically like humans or adjusting the dosing re-
gimen so that the animal exposure is more reflective of human phar-
macokinetics. Alternative methods could also be introduced alongside
standard protocols to complement conventional methods to develop a
mechanistic understanding of adverse findings in an animal study. A
revolutionary approach might involve replacing existing developmental
toxicity testing methods with a hypothesis‐driven approach where
specific questions are answered with targeted experiments using a
range of human-relevant assays rather than animal studies. A central
theme in this approach is the knowledge that adverse events are the end
result of a series of linked effects that ultimately lead to pathogenic
events.

The AOP concept provides the description of an individual me-
chanistic pathway from the molecular initiating event (MIE), linked by
all key events measured at various levels of organisation through to the
resulting adverse outcome at the organism and population levels. AOPs
are linear, reductive models of complex physiology and do not factor in
interactions with other pathways, but they are useful for understanding
how chemicals exert their toxic effects. Complex computational net-
work modelling can be utilised to map AOPs networks and can subse-
quently be used for toxicity prediction purposes when used in con-
junction with all relevant existing biological, toxicological and
chemical knowledge. Mapping such relationships in an ontology can
provide a useful tool to link molecular information to traditional tox-
icology outputs and human adverse outcomes. Realistically, a useful,
fully AOP in silico driven approach for human developmental toxicity
hazard assessment still requires major progress but the principles of
what such a system might look like are being established. Information
held within an AOP can also be used to inform and develop in vitro/in
silico-based testing strategies based on the key events [10]. A challenge
for the practical applications of AOP approaches are limitations in the
current understanding of the mechanisms of developmental toxicity.
The concept of defining the key characteristics of chemicals that cause
reproductive toxicity as an approach for organising and evaluating
mechanistic/AOP evidence is useful and could be applied to develop-
mental toxicity [11,12].

Currently, whilst a complete revolutionary approach cannot be im-
plemented straight away, advances in the field of alternative methods
could be utilised now and help to contribute towards the eventual
modification of the current testing paradigm. In order to progress the
advancement of such innovative approaches, numerous factors need to
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be considered that were acknowledged in more detail in subsequent
talks and breakout sessions during the workshop and discussed below.

3. Overcoming regulatory barriers

Currently, the ‘gold standard’ for predicting effects of small mole-
cule medicines on human reproduction and development is a package
of studies in a rodent (usually rat) to evaluate effects on fertility, em-
bryo-fetal development and postnatal development, with the rabbit
usually used as the second species in embryo-fetal development studies.
If needed, reassurances over the clinical relevance of findings in these
studies can be further investigated by conducting additional mechan-
istic studies. Whilst alternative assays are typically used for screening
purposes, they can also be employed for such mechanistic studies and
have shown utility in characterising pharmacological targets, in ap-
plying hypothesis-driven ‘mode of action’ strategies, in testing meta-
bolites and investigating unexpected toxic effects in animal species.

Gaining regulatory acceptance of alternative assays is challenging
and to date, official validation efforts of developmental toxicity assays
by European Centre for the Validation of Alternative Methods
(ECVAM), Interagency Coordinating Committee on the Validation of
Alternative Methods (ICCVAM) has been slow [13–19]. This is due in
part to limited knowledge on the applicability domain of individual
assays, their reductionist nature as compared to the intact organism, the
classic approach towards one to one replacement of animal studies with
alternative methods, and their validation against animal data as the
gold standard, which can be of limited relevance to the situation in
humans [20]. To reduce the uncertainties of alternative non-mamma-
lian in vivo assays and cell/tissue based in vitro method predictions, it is
necessary to apply good scientific, technical and quality practices. The
Organisation for Economic Co-operation and Development (OECD)
guidance document 34 [21] sets out the basic principles and processes
required for the validation and acceptance of animal and non-animal
test methods for regulatory hazard assessment purposes (Table 1). The
European Medicines Agency (EMA) also provides guidance on the cri-
teria for regulatory acceptance of 3Rs approaches [22].

The development and adoption of fully validated assays for reg-
ulatory purposes is clearly hindered by stringent acceptance criteria.
This has subsequently led to the consideration on whether fully vali-
dated assays are required and instead whether ‘qualified’ assays can be
used in specific circumstances. This concept is addressed in the latest
ICH S5 revision (R3) draft document [63], which at the time of writing,
provides a framework and testing scheme to facilitate the qualification
of alternative assays, including a list of test compounds. The ICH Re-
ference Compound List provides information on embryo-fetal toxicity
for various reference compounds covering multiple drug classes. The
applicability domain together with the intended regulatory context of
use influences the factors for assay qualification and the rigor for
achieving regulatory acceptance.

In incorporating new tests into regulatory risk assessment, it is

essential that the method has clearly defined and scientifically valid end
points. The relationship of the test method to the effect of interest and
whether it is meaningful and useful for a particular purpose needs to be
carefully considered. In integrating alternative methods, the context of
use is a key consideration [23]. For example, a small molecule drug
with a novel target for a chronic lifestyle indication would warrant
more safety data than a therapeutic for a life-threating indication with
established developmental effects. Evidence for adequate integration of
alternative assays needs to be based on scientific principles and prac-
tices such as avoiding confounding toxic effects through use of high
doses/concentrations. One limitation is the current lack of human de-
velopmental toxicity information, which means in vivo animal data will
remain for the present the best reference for qualifying alternative as-
says for the majority of compounds. Increased focus on obtaining high-
quality human pregnancy outcome data will provide an opportunity to
compare new methods to the intended species (i.e. human) rather than
benchmark against animals.

There needs to be a consistent approach across the regulatory re-
gions to qualifying alternative assays to avoid fragmented regional
differences and thus, early interactions with the regulator are strongly
encouraged. The EMA for example offers scientific advice to support the
qualification of innovative methods for a specific intended use in the
context of research and development into pharmaceuticals [24]. Reg-
ulatory advice regarding new technologies and methods can also be
sought from individual National Competent Authorities (NCAs). The
Medicines and Healthcare products Regulatory Agency (MHRA) can
provide advice through either the Innovations Office or Scientific Ad-
vice Meetings, whilst the US Food and Drug Administration (FDA) can
offer advice through discussions with the Center for Drug Evaluation
and Research (CDER) via the Critical Path Innovation Meetings (CPIM).
It is envisaged that alternative assays could be incorporated into the
current paradigm and used to complement conventional models to in-
vestigate areas of residual uncertainty. For some medicines, alternative
approaches could be incorporated into a tiered strategy to defer con-
ventional studies in development and add mechanistic understanding to
provide greater human relevance.

4. Alternative techniques for developmental toxicity testing

The development of alternative models for developmental toxicity
testing can be seen as an attractive opportunity for the pharmaceutical
industry, not only from a cost saving perspective of minimising ex-
pensive animal studies that typically take place during the latter stages
of drug development, but also by speeding up drug candidate identifi-
cation by allowing for better informed decisions earlier in the drug
development process. However, the development of such models is a
resource intensive exercise requiring clear regulatory guidance and it is
for these reasons that only a handful of alternative models for devel-
opmental toxicity have been developed over the last 20 years. Some of
these alternative models have been employed by the pharmaceutical
industry for numerous years, but generally the data have been used for
hazard identification and internal decision making only and not for
regulatory submission purposes [25]. Examples of models that have
been successfully developed and employed include rodent whole em-
bryo cultures (rWEC), zebrafish embryo, mouse embryonic stem cells
(mESC) and human embryonic stem cells (hESC). Advantages and dis-
advantages of these models are outlined in Table 2.

To counter predictivity concerns surrounding the use of non-human
tissue, alternative methods can be fine-tuned to increase clinical re-
levance if developed from biological materials of human origin, and
furthermore can provide mechanistic information that can help to
better understand human hazard [26]. However, the development and
validation of human-based alternative assays is hampered by the ab-
sence of sufficient data for teratogens in humans. Thus, new assays can
only be qualified against animal data, meaning new models with su-
perior predictivity for the human are penalised because of incomplete

Table 1
Selected principles and criteria for test method validation from OECD Guideline
34 [21].

Criteria for test method development

The rationale for the test method should be available
The relationship between the test method's endpoint(s) and the (biological)

phenomenon
A detailed protocol for the test method should be available
The intra-, and inter laboratory reproducibility of the test method
The test method's performance should be based on the testing of reference chemicals

representative of the types of substances
The performance of the test method from the species of concern, and existing relevant

toxicity testing data
Ideally, principles of GLP
All data should be available for expert review
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concordance with existing animal models. Additionally, assessing pre-
dictive capacity is difficult for novel approaches which are based on
mechanism, thus we may need to move away from validation against
animal data with its potential shortcomings to defining what an ideal
test would identify [27]. This approach may rely on a battery or com-
bination of tests that cover the multiple steps in a mechanistic pathway.

A study performed by Roche aimed to assess the concordance of
results from mESC, hESC and zebrafish embryo assays with in vivo rat/
rabbit data using 20 reference compounds demonstrated that each in-
dividual alternative assay failed to detect ≥1 human teratogen and ≥1
rat/rabbit teratogen (Table 3). This limited dataset highlights the
challenges of cross-species concordance and correlating in vivo/in vitro
exposures. Another consistent problem with alternative assays, irre-
spective of the species, is the difficulty in extrapolating the clinical
relevance of the exposure-effect relationship, which in turn makes the
transition from hazard identification to risk assessment challenging. In
an ideal scenario, newly developed alternative assays will have the

ability to accurately predict all known human teratogens and embryo-
lethal agents, including maternal drug metabolites, in addition to ef-
fects on the placenta, whilst having the ability to allow for exposure
comparison for risk assessment purposes.

It is generally acknowledged that the development, validation, ac-
ceptance and integration of such assays into the testing strategy will
take time to achieve. In the short-term, it is more likely that alternative
approaches will be used for candidate screening purposes and subse-
quently used to complement DART regulatory submission packages
once confidence in their predictability and regulatory acceptance has
been achieved. Ideally, the future of developmental toxicity testing will
present itself as an integrated testing strategy whereby some currently
accepted animal-based models could be replaced with a battery of al-
ternative testing models covering a specific toxicological domain, that
are animal-free, more predictive of the human situation, accepted by
the health authorities as defined by regulatory guidance and are offered
by several CROs.

Table 2
Advantages and disadvantages of the rWEC, zebrafish embryo, mESC and hESC alternative models.

Model Advantages Disadvantages

Rodent whole embryo cultures Allows real-time monitoring of morphogenesis e.g. organ development
Culture drug concentration can be equated to in vivo TK parameters
(e.g. Cmax)

It is not animal-free i.e. requires donor females and maternal serum
Does not consider maternal PK or placental influences
Only considers a limited period of development i.e. late stage
developmental teratogens may not be identified

Zebrafish embryo Utilises an intact complex organism
Embryonic development occurs outside of mother
Visualisation of effects can be easily observed due to transparency of
organism and availability of fluorescent stains
Rapid development and easy breeding increases throughput
Possible to automate assay
Genomic profile similar to humans

Morphological and physiological differences from human
Species-specific PK with some drugs
Bioanalysis necessary
Does not consider maternal PK or placental influences

Mouse embryonic stem cells Animal-free
Has high specificity
Is high-throughput and can be automated

Sensitivity of assay may not be suitable for regulatory purposes
Does not consider maternal PK or placental influences
Only examines a single cell type for a short duration

Human embryonic stem cells Animal-free
Human origin
Has high specificity
Is high-throughput and can be automated

Sensitivity of assay may not be suitable for regulatory purposes
Does not consider maternal PK or placental influences
Only examines a single cell type for a short duration

Abbreviations: Cmax = maximum/peak drug concentration; PK = pharmacokinetic; TK = toxicokinetic.

Table 3
Roche’s alternative assay comparison data.

Compoundb In vivoa mESC hESC ZF

Phenytoin Teratogenic Teratogenic+ Not teratogenic Inconclusive
Levetiracetam Inconclusive Inconclusive Inconclusive Not teratogenic
Bosentan Teratogenic Not teratogenic Not teratogenic Not teratogenic
Clozapine Not teratogenic Inconclusive Not teratogenic+ Teratogenic
Lithium Teratogenic Teratogenic+ Inconclusive Not teratogenic
Ganciclovir Teratogenic Not teratogenic Teratogenic+ Inconclusive
Garcinol – Not teratogenic – Not teratogenic
Zebularine – Not teratogenic – Inconclusive
RO-1 Teratogenic Teratogenic+ Not teratogenic Teratogenic+

RO-2 Not teratogenic Not teratogenic+ Not teratogenic+ Not teratogenic+

RO-3 Teratogenic Teratogenic+ Teratogenic+ Not teratogenic
RO-4 Not teratogenic Teratogenic Not teratogenic+ Teratogenic
RO-5 Not teratogenic Not teratogenic+ Teratogenic Not teratogenic+

RO-6 Not teratogenic Not teratogenic+ Not teratogenic+ Teratogenic
RO-7 Not teratogenic Not teratogenic+ Not teratogenic+ Not teratogenic+

RO-8 Teratogenic Not teratogenic Teratogenic+ Not teratogenic
RO-9 Teratogenic Teratogenic+ Not teratogenic Teratogenic+

RO-10 Teratogenic Teratogenic+ Teratogenic+ Not teratogenic
RO-11 Not teratogenic Not teratogenic+ Teratogenic Teratogenic
RO-12 Not teratogenic Not teratogenic+ Not teratogenic+ Teratogenic
Concordance 75 % 63 % 33 %

Abbreviations: hESC = human embryonic stem cell assay; mESC = mouse embryonic stem cell assay; ZF = zebrafish embryo assay; + = compares with in vivo
outcome; RO- = Roche investigatory compound.

a =in-house rat/rabbit or published human data.
b =compounds were selected on the basis of pre-existing mEST and in vivo data i.e unblinded. hEST and ZF data were blinded.
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In summary, the pharmaceutical industry welcomes the develop-
ment and use of alternative techniques for developmental toxicity
prediction and acknowledges the potential benefits of reducing animal
usage whilst increasing the efficiency of the drug discovery process.
However, there is common agreement amongst industry and regulators
that current alternative methods are still in their infancy and that fur-
ther investment in both time and money is required along with the
development of appropriate regulatory guidance to advance this field of
research.

5. Adverse outcome pathways for developmental toxicity

The specificity of the manifestations of embryo-fetal toxicity and
teratogenicity may vary greatly between species [28–31], which raises
questions on the translatability of some findings and gives rise for a
need to consider alternative, more human-relevant, end-points. The
AOP concept is increasingly being recognised as a framework which can
be used to develop integrated approaches to testing and safety assess-
ment. The AOP itself is the description of the pathway characterised by
the identification of a molecular initiating event followed by a series of
key events (KE) that lead to the adverse outcome (AO) at the organism
and population levels (Fig. 1). AOPs can be used to develop assays
modelled on the key event relationships that can predict the adverse
outcomes and can facilitate the translation of mechanistic data into
outcomes meaningful to safety assessment.

The development of ‘omics’ technologies are essential for this fra-
mework to be successful, in order to identify critical developmental
pathways and define the key components of the AOP. These ‘big data’
sets fall into various subdivisions, depending on the cellular component
measured (e.g. genome, transcriptome, proteome, and metabolome).
The range and sensitivity of these technologies are providing good
opportunities to identify molecular perturbations leading to toxicity
and will play an important role in establishing AOP-based risk assess-
ments. These can be applied not only to tissues and cell cultures but also
to single cells with technologies such as single-cell RNA sequencing.
This is being used to obtain cell profiles which provides higher preci-
sion and opens new opportunities to understand cell-specific alterations
and pathways [32]. These data rich technologies will require the par-
allel development of computational or in silico biology and mathema-
tical modelling to understand the underlying biologic processes. In silico
approaches are essential to cope with the increasing quantity and
quality of biologic information, but also for modelling purposes.

In this testing paradigm, in vitro models will provide the main bio-
logical systems for toxicity testing instead of traditional whole-animal
models. Fig. 2 describes the basic concept, in which a limited number of
critical key events (represented by stars) are monitored using dedicated
in vitro assays. The results thereof are integrated with chemical and

kinetic information into an in silicomodel, which predicts the toxicity or
safety profile of the compound tested. In this approach, critical key
events (the stars) are those mechanistic steps in the process that provide
the thresholds that need to be overcome to result in adverse outcomes.
Thus, quantitative key event relationships and in vitro concentration-
response relationships are crucial to discriminate adaptive versus ad-
verse effects in the integrated model. For risk assessment quantitative
information will be critical to understand what level (threshold) of
perturbation must occur to lead to the next step in the pathway [10].
Ultimately, the system could in principle include the entire adverse
outcome pathway network that drives toxicity, as part of the virtual
human in silico model.

The utilisation of an AOP approach for embryo development was
considered for retinoic acid. Retinoic acid is involved for example, in
cortical neurogenesis mediated by Wnt3a and in progenitor cell pro-
liferation mediated by Fgf8 (Fig. 3). Neural tube and axial patterning
are mediated by additional families of genes. Excess retinoic acid can be
associated with heart defects, cleft palate, anencephaly, caudal re-
gression, craniofacial and limb defects, mediated by down‐regulation of
Dhrs3 and Cyp26a1, 26b1, and 26c1. Insufficient retinoic acid has been
associated with craniofacial, cardiac, and limb malformations asso-
ciated with down‐regulation of Rdh10 and Raldh2. These relationships
can be mapped, giving a multistep, interconnected network of processes
that can be evaluated in experimental systems that do not necessarily
involve intact mammalian organisms [33].

Whilst retinoic acid AOPs have been identified, current knowledge
of the AOP field specific to human development is limited. However,
the need to enhance our understanding in this field has been ac-
knowledged in recent years. For example, the AOP-Knowledge base
open source platform is an OECD-supported web-based resource for
collecting and organising AOP biological information [34,35]. At the
time of the workshop there were 38 DART related AOPs being devel-
oped, out of approximately 250, demonstrating significant interest in
this area. The chronic binding of N-methyl-D-aspartate (NMDA) re-
ceptors leading to neurodevelopmental effects, disruption of VEGFR
signalling leading to developmental effects and COX inhibition adverse
effects on reproduction are examples of only a handful developmental
AOPs endorsed by the OECD. Clearly more are needed to be fully de-
veloped, upgraded to quantitative AOPs, integrated in AOP networks,
represented by in vitro assays for critical key events, and accepted by
OECD for use before an AOP testing strategy can be implemented, but
they are providing initial step exemplars for what can already be
achieved.

Development is a highly complex ordered process and experimental
models based on less complex assays are limited by eliminating the
critical cellular, temporal, and spatial interactions involved in embryo
development. Although many of the critical aspects of development

Fig. 1. AOP pathway concept [65].
Abbreviations: AOP = adverse outcome pathway; MIE = molecular initiating event; KE = key event; AO = adverse outcome.
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remain unknown, computer simulations can be used to reconstruct
cellular networks and collective cell behaviour underlying particular
morphogenetic events. In developmental toxicology, progress is being
made by combining mechanistic data with detailed computational
modelling of blood vessel development, secondary palate fusion and
urethral fusion [36–38]. These approaches are promising and provide a
path that may ultimately lead towards an array of systems comprising a
‘virtual embryo’ for simulation and quantitative prediction of adverse
developmental outcomes. Such an approach alongside algorithms that
model exposure, could lead to the development of the complete in silico
prediction for human developmental toxicity.

6. QSAR approaches for the prediction of developmental toxicity

In silico toxicology encapsulates a wide range of computational ap-
proaches that include quantitative structure-activity relationship
(QSAR)-based approaches and modelling of complex biological systems
([39]– In silico Toxicology, Principles and Application). These methods
can be used to predict the potential toxicity of a chemical and in some
situations quantitatively predict the toxic dose or potency. In silico
approaches adhere to the 3Rs principles but are also viewed as a fast,
robust and cost-effective alternative to traditional toxicity testing.
However, their use by risk assessors will depend on the outputs the
model can generate and the applicability domain for which the model
has been proven useful.

Current off-the-shelf in silico approaches for predicting reproductive

Fig. 2. AOP network concept schematic representation of the
application of the virtual human in toxicological safety as-
sessment. The virtual human (the physiological map box)
challenged by chemicals will lead to adverse outcomes
through a limited number of pathways, in which critical rate-
limiting steps occur, indicated here graphically by red stars.
Testing these aspects in quantitative in vitro tests combined
with kinetic information provides the basis for feeding the
integrated in silico model for predicting the resulting safety
profile in humans. ADME = absorption, distribution, meta-
bolism, excretion [66] (For interpretation of the references to
colour in this figure legend, the reader is referred to the web
version of this article).

Fig. 3. Schematic representation of the proposed retinoic acid–neural tube/axial patterning adverse outcome pathway (RA–NTA AOP) framework. Reprinted from
Reproductive Toxicology, Volume 55, Tonk et al. An adverse outcome pathway framework for neural tube and axial defects mediated by modulation of retinoic acid
homeostasis. Copyright (2015) with permission Elsevier.
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toxicity are models based on QSARs and enable a prediction of hazard,
which are useful in a compound prioritization setting [40,41]. QSAR
models utilise experimental data and scientific knowledge to associate
chemical properties with biological activity, which are then used as the
basis of a prediction for a new chemical entity. Approaches include
statistical-based methods which apply an algorithm to a training set of
example chemicals labelled with toxicological outcomes, to generate a
model which can predict a level of biological activity or potency. A
complementary approach is the development of expert-rule based sys-
tems. These systems encode rules written by experts which are derived
from the expert review of data generated from toxicity studies but can
also consider knowledge of chemical properties and mechanisms.

QSAR models can be generated using a wide variety of methods and
a number of algorithms and descriptors are available for generating a
statistical model [42]. One of the challenges for the modeller is pro-
ducing a model which can generate reliable predictions over a wide
area of chemical space and in some cases provide a degree of trans-
parency to the user. As confidence in the predictions tend to decrease as
a model operates in areas more distant from the training set, the
availability of training data is a key determinant in how a model op-
erates throughout chemical space.

In the pharmaceutical regulatory setting, QSAR approaches are now
used routinely in submissions to predict the mutagenicity of impurities
in medicines [43]. For mutagenicity, the mechanisms are well under-
stood and a vast array of data are available to support modelling across
relevant chemical space. However, for developmental toxicity, QSAR
approaches are currently limited to smaller and more disparate data-
sets, which can hinder their predictive capacity and therefore ability to
support regulatory decision-making. For example, the aggregation of
data from nonclinical studies involving different exposure scenarios can
lead to the training of models where the clinical relevance of the pre-
dictions remains unclear.

Model developers are overcoming some of the limitations of mod-
elling in vivo outcomes directly using QSARs, through the application of
AOPs. Organising data around AOPs allows for QSAR models to be
trained on larger in vitro datasets, the outputs of which can then be
associated with adverse outcomes using knowledge of the pathway.
This will enable QSAR models to cover larger areas of chemical and
biological space relevant to an endpoint, compared to QSAR models
trained solely on apical toxicity data. The collection and incorporation
of a wide array of genomic, proteomic, chemical and disease-related
resource data into in silico systems will be crucial to this approach [44].
Organisation of this ever-increasing biological data, both in terms of
quantity and quality, will enable computational approaches to predict
how a chemical might perturb the complex signalling networks and
interactions between tissues and organs that occur during embryogen-
esis.

In summary, current off-the-shelf QSAR methods for developmental
toxicity allow for predictions of hazard and can support hypothesis-
based testing and prioritisation. Given the number of endpoints and
complexity, the complete in silico risk assessment for human develop-
mental toxicity where QSAR predictions act as inputs for system biology
models remains a very big challenge. Greater access to data including
from proprietary sources, will support the development of new in silico
models which can operate in wider areas of relevant chemical and
biological space. Anchoring these in silico models to AOPs will provide
the necessary context required to enable risk assessors to use in silico
approaches with increased confidence and identify when additional
data should be generated.

7. Data sharing: aspirations and delivery

As highlighted, the current ICH S5 guideline on “Toxicity to
Reproduction for Human Pharmaceuticals” is undergoing revision and
for the first time provides guidance on the use of alternative assays in
certain circumstances for DART prediction. A change of regulatory

guidance is an important step, but whether guidance change alone will
stimulate the advancement in the development of such alternative as-
says is uncertain, especially considering that the currently accepted
paradigm is well established and universally accepted, and that any
change in direction needs stakeholder buy-in to invest in new processes
and different data packages. One way of promoting change and
building confidence is by sharing data and experiences across multiple
sectors (including industry, CROs, academia and regulators), to reach
consensus for evidence-based recommendations to drive change.

The advantages of data sharing projects for the purpose of devel-
oping globally accepted alternative testing strategies are numerous,
benefitting not only the pharmaceutical industry, academia and reg-
ulatory authorities, but ultimately, and most importantly, patients.
Firstly, and most obviously, data sharing allows for the accumulation of
a larger-evidence base which can reveal patterns that are not apparent
in smaller component data sets [45], thus generating improved scien-
tific confidence in conclusions that are drawn. Furthermore, such pro-
jects can promote multidisciplinary cross-sector interactions to take
place for the purpose of utilising the expertise of various disciplines to
analyse and interpret the data in ways that might not have originally
been envisioned, whilst having the potential to promote the harmoni-
sation of practices and eventual global acceptance. Given that such
projects can be a resource intensive exercise requiring both money,
time and personnel, the chance for collaboration also opens up the
possibility to share these burdens and create exploratory research op-
portunities that otherwise might not be commercially viable. Should
data sharing projects prove successful in modifying current testing
strategies the benefits could be far reaching. For the pharmaceutical
industry, there are several business advantages, such as streamlining
the product development lifecycle through obtaining toxicity informa-
tion sooner, allowing for better informed decisions early in the drug
development process and reducing the number of expensive and time-
consuming animal studies. For the regulators, there are opportunities to
provide scientific advice and promote the harmonisation of regulatory
guidance, and from an ethical standpoint there is the opportunity to
improve animal welfare and generate better quality predictive data that
ultimately promotes the safeguarding of public health.

However, whilst the benefits of data sharing are clear, certain
challenges exist that need to be overcome. Critically, the majority of
data, which has typically been generated to regulatory standards and
thus already fit for purpose, is owned by industry meaning there is a
heavy reliance on the goodwill of industry to provide such data in the
face of the sensitivities surrounding the sharing of confidential pro-
prietary information that may compromise the competitive edge of the
business. It is therefore important that certain assurances are provided
to address the concerns of industry in this regard. In addition, phar-
maceutical companies may require justification in terms of the benefits
not just from a scientific perspective but also from a business perspec-
tive to encourage participation on such resource intensive exercises.
There are also challenges surrounding the practicalities and processes
of data sharing such as how will the data be captured, hosted, stan-
dardised and validated, and whether this will be facilitated by industry
consortia, regulatory bodies or trusted independent third parties acting
as “honest brokers”.

Despite such challenges there are plenty of examples where cross-
company collaborations involving data sharing have succeeded, either
to change regulatory guidance [46] or promote discussion and re-
commendations for change, including within the area of DART [47,48].
Numerous cross-company collaborations under the auspices of the
Health and Environmental Sciences Institute (HESI), the NC3Rs (UK
National Centre for the Replacement, Refinement and Reduction of
Animals in Research), industry consortia (such as the European Fed-
eration of Pharmaceutical Industries and Associations (EFPIA) and the
International Consortium for Innovation and Quality in Pharmaceutical
Development [49]), and international scientific organisations such as
the Society of Toxicology and Safety Pharmacology Society actively
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discuss the need for new scientific approaches and work together to
influence regulatory change [50].

In summary, changes to accepted practices and regulatory guidance
is a process that requires a collective effort globally. Collaborative
multidisciplinary cross-sector data sharing projects offer the opportu-
nity to network to share expertise and provide a wider evidence-base to
refine and improve currently accepted practices. The benefits of such
projects are wide ranging and include the advancement of scientific
knowledge, financial benefits for both industry and academia, harmo-
nisation of regulatory guidance, improved animal welfare, and most
importantly an opportunity to improve patient safety by delivering
safer products with fewer DART concerns.

8. Discussion and consensus

Given the current revision of ICH S5, the emergence of new tech-
nologies over recent years, and an opportunity to seek the opinions of
multidisciplinary cross-sector experts, the following questions were
considered at the workshop.

8.1. Can the current testing strategy for developmental toxicity be
improved?

In order to address whether and how the current developmental
toxicity testing strategy for medicines could be improved, the status of
the current testing paradigm and any apparent limitations in its pre-
dictive capabilities were discussed. It was considered that although the
current regulatory testing strategy had performed well in identifying
developmental toxicity hazards, the outcomes are largely qualitative,
typically without mechanistic understanding and that residual un-
certainty can exist concerning the human relevance of some findings.
For example, the teratogenic properties of medicines are identified
through the assessment of morphological and functional changes in
animal models but do not provide an understanding of the events
leading to these apical endpoints. There is also the potential difficulty of
disentangling direct and indirect drug-induced embryo-fetal adverse
effects in the presence of maternal toxicity. Providing mechanistic in-
sight would assist in providing further clarity and reassurance in sce-
narios where the translatability and specificity of drug-induced adverse
effects are challenged. A good example from the agrochemical sector is
the replacement of the single end point uterotrophic and Hershberger in
vivo rat assays for female and male endocrine disruption respectively
with a battery of computational and in vitro assays in the US
Environmental Protection Agency’s (EPA) Endocrine Disruptor
Screening Program Tier 1 battery [51].

Further limitations in the current testing paradigm were considered
to include a reliance on the assessment of risk using safety margins
based on maternal, rather than embryo-fetal, exposure in animals versus
the expected clinical exposure. Furthermore, there are concerns sur-
rounding the suitability of rats and rabbits in modelling the human
placenta. Given the importance of exposure for risk assessment and the
role of the placenta in pregnancy, the delegates considered future work
should focus on understanding the role of the placenta in drug transport
and the potential for adverse effects on placental function. The devel-
opment of organ-on-chip and other in vitro models of placental function
and the embryo implantation process were highlighted [13].

There was acknowledgement that parts of the chemicals sector are
exploring moving away from traditional experimental animals to al-
ternative strategies guided by AOPs. For example, high-throughput
screening (HTS) and high content screens (HCS) are being used for in
vitro profiling of chemicals for biological activity and potential toxicity
including developmental toxicity [28]. In this context, the EPA recently
announced a directive to prioritise efforts to use new technologies to
reduce animal testing by calling for a 30 % reduction in mammalian
studies and funding by 2025 and completely eliminating their use by
2035 [52]. Whilst the acceptance criteria for developmental toxicity

testing may differ depending on the sector, product and geographical
region, alternative strategies can benefit all sectors. Cross-sector inter-
actions could provide an opportunity to advance the field and promote
harmonisation of practices.

In summary, there was a consensus that there is a need to consider
how the current strategy could be improved to enhance human re-
levance and predictivity of embryo-fetal harm, possibly through the use
of alternative methods in certain scenarios supported by regulatory
guidance. Coupled with a growing interest in the development and
potential utilisation of such approaches, as indicated by the current ICH
S5 revision and formation of international consortia focussed on ad-
vancing this field, it was considered that there is a real opportunity to
modernise the current testing paradigm to improve predictability for
the ultimate purpose of safeguarding public health. Furthermore, in the
interests of safeguarding public health, it was also highlighted that
there was also a requirement to consider how best to communicate the
outcomes of such studies to prescribers, patients and the general public.

The following recommendations from the workshop were proposed.

• More research is needed to improve current models and develop
new ones to predict the potential adverse effects of medicines on the
placenta during pregnancy.

• Stakeholders to determine how to communicate the outcomes of
alternative testing methods to prescribers, patients and the general
public.

8.2. What alternative methods (assays and in silico) are available, how can
they strengthen the current strategy and what are the challenges and
opportunities?

It was acknowledged by the delegates that within the pharmaceu-
tical sector a limited number of in vitro, ex vivo and non-mammalian in
vivo assays are currently being used as hazard identification screens for
embryo-fetal development, to guide later in vivo testing strategies and to
elucidate mechanisms underlying toxicity. These typically involve
mESC or hESC, ‘organs on a chip’, rat whole embryo culture and zeb-
rafish embryo tests. The data also have the potential to provide further
mechanistic insight and clarity in scenarios where AOs have been ob-
served, yet such data are not routinely used in regulatory submissions.
This is partly due to an absence of regulatory guidance on the assay
development criteria and thus confidence in the regulatory accept-
ability of the data. Consequently, efforts to develop alternative models
have been fragmented, with no inter-laboratory sharing of methodol-
ogies or data, thus leading to a variability in outcomes and lack of
harmonised protocols. For the field to move forward there is a need for
regulatory authorities to provide clear guidance on steps that need to be
taken to validate alternative assays.

Another barrier preventing the uptake of alternative assays was
considered to be human relevance of the data generated. While the
current standard animal testing approach is associated with some un-
certainties and unknowns, alternative approaches based on in vitro as-
says or non-mammalian in vivo assays are currently considered to be
associated with much higher uncertainties. Added to this, they are ty-
pically validated against imperfect mammalian in vivo data, thus ne-
glecting interspecies differences, whilst also only providing limited
specific information when used standalone. Additionally, for the
growing number of human-only targeted therapeutics, rat/rabbit de-
velopmental toxicity testing may be considered a suboptimal approach.
To address the concern of human relevance, it was acknowledged that
human tissue-based assays e.g. hESC, could enhance translational re-
levance and that performing a battery of assays could improve the
quantity and quality of alternative assay data. However, in moving
forward, there is a need to consider whether a standard battery of al-
ternatives tests should be developed for all classes of compounds or if a
case-by-case approach is more appropriate.

Whilst alternative assays serve a purpose with regards to hazard
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identification, it was highlighted that their predictivity could be en-
hanced through incorporating exposure-risk relationships into alter-
native models to improve risk assessment (in vitro to in vivo extrapola-
tion). Correlating in vitro concentration-response with internal dose-
response kinetics and understanding how in vitro activity from one cell
type or assay links with another currently presents huge challenges. To
address this, computational models that simulate kinetics (ADME)
would be useful to connect in vitro findings to effects on development.

In considering computational approaches, it was concluded that in
silico tools for predicting adverse effects on development were limited
due to the lack of available data needed to generate predictive algo-
rithms coupled with the challenge of modelling the complexities of
embryo-fetal development. Furthermore, additional factors such as
both fetal and placental changes during gestation, the level and the
timing of exposure, genetic variation, and environmental factors all add
to the complexity. It was considered that for developmental toxicity
prediction, computational systems will for the foreseeable future be
used early in development primarily as a complementary screening tool
and used to generate testable hypotheses. However, there was a re-
cognition that there have been significant advances in omics technol-
ogies coupled with bioinformatics and computational biology that
mean that there are potential opportunities to utilise in silico ap-
proaches to advance prediction, which could be used for regulatory
purposes in the future once confidence in such approaches have been
established.

It was agreed that to advance the progression of alternative methods
and human relevance a better understanding of human developmental
biology is needed, which could be gained through identification and
development of relevant AOPs. Understanding such AOPs would elu-
cidate specific key events which could form the basis of alternative
assays and in silico approaches could help model and network such
pathways allowing for better holistic prediction. However, the dele-
gates concluded that current knowledge of AOPs specific to human
development is in its infancy and that only a handful of genes and
pathways had been adequately characterised. Initial steps to promote
the advancement of the AOP-based approach could be for stakeholders
to agree a defined set of the key developmental pathways that could be
validated and taken forward. However, identifying such pathways in
the first instance is challenging. Mapping genes involved in key de-
velopmental events such as cell migration, differentiation, proliferation,
cell shape and overall organ morphology is one approach that could aid
the identification of such AOPs. Reverse engineering AOPs from the
adverse developmental outcome back along the pathway(s) was also
considered a valuable approach. Due to the complex nature of AOPs,
both in terms of identifying the key events involved and mapping the
associated pathways, it was concluded that the development of an AOP-
based approach in the first instance requires extensive resource and
investment to identify novel AOPs, from which the development of
associated assays and complex in silico systems required to model the
associated pathways will follow.

In summary, alternative methods (in silico, in vitro, tissue-based and
non-mammalian in vivo assays) are already proving useful at least in a
screening capacity to provide indications of compound effects, for
prioritisation of compounds and providing mechanistic understanding.
In the short-term, it was considered that alternative methods, if quali-
fied, could be introduced in certain circumstances and potentially defer
or replace conventional in vivo studies.

The following recommendations from the workshop were proposed.

• The pathways by which medicines can affect human development
need to be mapped to enable the development of appropriate assays.

• There is a need to bridge the gap between evolving knowledge of
AOPs with developing quantitative computational tools to better
predict the reproductive and developmental risk of specific drug
classes.

• Alternative assays need to be developed and validated in accordance

with agreed guidance.

• Alternative testing methods need to consider exposure-risk re-
lationships to promote the translation of risk to the clinical setting.

8.3. How can stakeholders collaborate to help implement these strategies by
sharing data and what are the challenges in sharing such data?

It was recognised that the development of alternative methods for
better predicting adverse developmental outcomes to regulatory stan-
dards is complex and requires specific expertise. Subsequently, for such
approaches to be optimally implemented, there is a requirement for
multidisciplinary cross-sector interactions between toxicologists (from
regulatory authorities, pharmaceutical companies, CRO’s and aca-
demia), developmental biologists, computational system developers
and funding bodies in order to make progress. A transition period in-
volving case-studies whereby new approaches are compared alongside
current assays would be required.

There are a number of ongoing projects that can serve as a template
for developing and validating developmental toxicity prediction. For
example, the IMI eTOX/eTRANSAFE project has successfully developed
a drug safety database from the pharmaceutical industry toxicology
reports and public toxicology data and developed novel software tools
to better predict the toxicological profiles of small molecules. The US
Environmental Protection Agency's (EPA) ToxCast research programme
and the broader US government Tox21 consortium is using HTS-HCS
(high-throughput screening-high-content screening) strategies leading
to vast amounts of information on the adverse impact of environmental
exposures [53]. In this project, databases with freely available HTS and
HCS data on hundreds of in vitro screens and cellular bioactivity profiles
for thousands of environmental compounds will eventually become
available. The related EPA virtual embryo project is building a frame-
work for incorporating knowledge gained from the HTS-HCS projects
into in silico models incorporating morphogenetic programs to simulate
developmental toxicity [36]. The EPA has recently proposed that the
data and models underlying science that is pivotal to its regulatory
decisions are publicly available in a manner sufficient for independent
validation and analysis which will increase transparency to the general
public [54].

To help facilitate acceptance of alternative assays in support of
regulatory submissions, early engagement with the regulator in the
process through early access to the data streams is warranted. It was
considered that one approach to promote standardisation, validation
and adoption of new assays, was for regulators and industry to identify
a ‘safe harbour’ or ‘trusted broker’ for evaluation of the data from al-
ternative assays, generating supporting evidence for new develop-
mental toxicity testing paradigms. Consequently, an improved dialogue
between regulators and industry is required which could be provided
through guidance and regulatory advice meetings. A clear message was
that these efforts should not be fragmented but harmonised across the
ICH regions with OECD involvement for them to gain acceptance.

The challenges and opportunities provided by data sharing were
also considered. There was general agreement that data sharing was
valuable and had produced notable successes in other areas of reg-
ulatory toxicology, such as in the ongoing evaluation of the current
requirements for dedicated carcinogenicity testing in rodents [64].
Despite researchers’ enthusiasm, competitive and legal concerns over
confidentially and patent protection can lead to a reluctance of com-
panies to share data. It was considered that the anonymisation of cer-
tain information e.g. compound structures, by an independent third-
party mediator or the creation of legally binding confidentiality
agreement contracts could overcome such challenges. Such approaches
have been successfully implemented by current global collaborative
projects.

It was also agreed that a wealth of data exists on compounds that
have failed in clinical development due to adverse pathology, which
can be used to generate and map AOPs and validate alternative assays.
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This is potentially an important source of data that is currently being
underutilised because the compounds are no longer considered com-
mercially viable candidates and this information could be shared.
However, whilst sharing data on toxic compounds is imperative, it was
also considered important to share data on non-toxic compounds,
especially for the purposes of developing and validating in silico mod-
elling algorithms. The benefit of providing data in a standardised
format to promote the harmonisation of data capture and analysis
practices was also highlighted. It was considered that for new data the
Standard for Exchange of Nonclinical Data (SEND) format required by
the FDA for animal studies, which specifies a way to collect and present
nonclinical data in a consistent format, provides a useful approach [55].

The following recommendations from the workshop were proposed.

• Greater interactions between regulatory bodies, academia, CROs,
the pharmaceutical industry and funding bodies to promote the
multidisciplinary collaborations required to encourage the devel-
opment and utilisation of alternative and complementary methods.

• High quality developmental toxicity data with associated exposure
data for selected compounds and classes tested in rodent and non-
rodent models should be made available to researchers to assist with
the validation of alternative testing methods.

• A “safe harbour” approach should be identified to enable the sub-
mission of alternative assay data required for comparing outcomes
with currently accepted standard assays.

9. Conclusions

Advances in scientific, technological and regulatory knowledge, and
the timely revision of ICH S5, are providing opportunities to consider
improving nonclinical methodologies to better predict adverse devel-
opmental outcomes. This workshop explored specific opportunities that
exist and the challenges that need to be overcome in order to further
advance the field of predictive developmental toxicity, specifically the
need to further understand human developmental biology, the re-
quirement for multidisciplinary cross-sector interactions and a re-
quirement for data sharing.

In light of such considerations, it is encouraging to note that the
concept of needing to modernise the current DART testing paradigm is
something that has gained more traction in recent years, not only from
a regulatory perspective, but also from within the pharmaceutical,
chemical and academic communities. Efforts within the chemical sector
are already challenging the current status quo by moving away from
traditional animal-based models to alternative testing strategies, which
may well help pave the way for a similar approach for pharmaceutical
toxicity testing. Additionally, international efforts such as NC3R's
CRACK-IT challenges, HESI-DART, eTRANSAFE, IQ-DruSafe, EU-
ToxRisk, Tox21 [56–60] and OECD AOP Development Programme
highlight a willingness and opportunity for the whole of the scientific
community to collaborate and advance the development and utilisation
of better predictive methodologies. Advantages of such consortia in-
clude not only providing an opportunity for knowledge sharing through
enhanced interactions of expert individuals from various disciplines,
but also, and critically, the sharing of data through the provision of safe
havens.

Whilst a desire and willingness to advance the field of DART testing
from such communities is apparent, gaining regulatory advice during
the development and validation process of new approach methodolo-
gies is critical for the acceptance and eventual routine adoption of such
approaches for regulatory purposes. The provision of appropriate reg-
ulatory guidelines is one way that regulators can help support such
ambitions, which is currently being addressed with the revision of ICH
S5. Likewise, an open dialogue either through the potential participa-
tion of regulators on advisory boards within collaborative projects or
the provision of advice through specific scientific advisory meetings are
other methods by which regulators can help support.

The safety of medicines in pregnancy is a high priority issue that has
gained significant regulatory interest recently, not only from the MHRA
but also other global bodies such as FDA [61] and US National Institutes
of Health [62]. In the current scenario where clinical evidence on the
safety and efficacy of medicines in pregnant women is lacking, non-
clinical data remains an integral part of evaluating the benefit-risk for
medicines in pregnancy. Subsequently, opportunities to improve the
current testing strategy through the utilisation of technological ad-
vancements, improved scientific knowledge and regulatory experience
need to be employed.

The advantages of incorporating better predictive alternative
methodologies into the current testing paradigm are wide ranging and
far reaching and benefit not only industry, academia and regulators, but
most importantly provides an opportunity to improve the delivery of
safer medicines for pregnant women.
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