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ABSTRACT

The National Toxicology Program (NTP) receives requests to evaluate chemicals with potential to cause adverse health
effects, including developmental neurotoxicity (DNT). Some recent requests have included classes of chemicals such as
flame retardants, polycyclic aromatic compounds, perfluoroalkyl substances, and bisphenol A analogs with approximately
20–50 compounds per class, many of which include commercial mixtures. However, all the compounds within a class
cannot be tested using traditional DNT animal testing guideline studies due to resource and time limitations. Hence, a rapid
and biologically relevant screening approach is required to prioritize compounds for further in vivo testing. Because
neurodevelopment is a complex process involving multiple distinct cellular processes, one assay will unlikely address the
complexity. Hence, the NTP sought to characterize a battery of in vitro and alternative animal assays to quantify chemical
effects on a variety of neurodevelopmental processes. A culmination of this effort resulted in a NTP-hosted collaborative
project with approximately 40 participants spanning across domains of academia, industry, government, and regulatory
agencies; collaborators presented data on cell-based assays and alternative animal models that was generated using a
targeted set of compounds provided by the NTP. The NTP analyzed the assay results using benchmark concentration (BMC)
modeling to be able to compare results across the divergent assays. The results were shared with the contributing
researchers on a private web application during the workshop, and are now publicly available. This article highlights the
overview and goals of the project, and describes the NTP’s approach in creating the chemical library, development of NTPs
data analysis strategy, and the structure of the web application. Finally, we discuss key issues with emphasis on the utility
of this approach, and knowledge gaps that need to be addressed for its use in regulatory decision making.
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This article is published as part of the NTP Neurotoxicology Screening Strategies Initiative.

BACKGROUND

The National Toxicology Program (NTP) receives requests for
toxicological assessments on classes of chemicals such as flame

retardants, bisphenol A (BPA) analogs, polycyclic aromatic com-
pounds, and perfluorinated compounds. These nominations
usually consist of 20–50 compounds per class and often include

Published by Oxford University Press on behalf of the Society of Toxicology 2018.
This work is written by US Government employees and is in the public domain in the US.

6

TOXICOLOGICAL SCIENCES, 167(1), 2019, 6–14

doi: 10.1093/toxsci/kfy278
Advance Access Publication Date: November 28, 2018
Forum

Deleted Text: Background
https://academic.oup.com/


commercial and isomeric mixtures. Among other toxicities,
there is an increasing emphasis on examining the potential of
these chemicals to cause developmental neurotoxicity (DNT)
due to (i) their wide-spread exposure to sensitive populations
including pregnant women and young children, and (ii) in some
cases, their structural similarity to compounds known to be as-
sociated with DNT. An example of the latter is the similarity be-
tween the organophosphate (OP) flame retardants to some OP
insecticides that are known DNTs (Makris, 2006). However, due
to resource and time limitations, the NTP cannot evaluate the
toxicity of most of the compounds within a class using tradi-
tional in vivo DNT guideline studies. Importantly, DNT guide-
line studies are usually conducted only when there is an a priori
trigger, eg, clinical observations or histopathological changes in
the brain noted from acute or subchronic studies, structural
and/or use patterns of concern to known DNTs (such as exten-
sive exposure of flame retardants with an OP backbone in chil-
dren), or if there is suspected/known DNT. As a result,
chemicals with unknown potential to cause DNT remain
untested. Even in cases with in vivo DNT data, there are uncer-
tainties in the current DNT test guidelines due to limitations
with respect to sensitivity, reproducibility, and relevance to
complex human diseases like autism or attention-deficit/
hyperactivity disorder (ADHD) when extrapolating from rodent
to humans (Bal-Price et al., 2015). This occurs primarily due to
issues with respect to toxicokinetics, timing of exposure in
brain development, use of functional tests that may not be as
sensitive, and concerns that findings in rodents using guideline
studies are not designed to capture many of the underlying bio-
chemical or behavioral traits associated with these diseases.

Hence, there is a need to expand beyond traditional rodent
studies to incorporate models that can screen for compounds
rapidly and incorporate humanized cells/tissues. For a more effi-
cient prioritization approach, the NTP has been evaluating a bat-
tery of medium-throughput, high-content assays that capture
critical neurodevelopmental processes using in vitro cell-based
and alternative animal models. The culmination of these efforts
was presented in a recent NTP-hosted collaborative effort with
the following goals: (i) evaluate emerging medium- to high-
throughput and/or high-content cell-based in vitro and alterna-
tive animal (eg, zebrafish, planaria) model systems that screen
for some aspect of DNT and might contribute to the development
of a DNT screening battery, (ii) develop a data analysis approach
to compare results from assays across diverse biologicals space,
(iii) relate outcomes from these assays to current human expo-
sure situations, and (iv) apply the battery approach in prioritizing
NTP classes of compounds (and other chemicals) for further test-
ing and/or in regulatory decision making.

The need for a DNT battery has been recognized for about a
decade resulting in several important global efforts that have
influenced progress in the field (Aschner et al., 2017; Bal-Price
et al., 2012, 2018; Coecke et al., 2007; Crofton et al., 2011, 2012,
2014; Fritsche et al., 2018; Kadereit et al., 2012; Lein et al., 2007;
Smirnova et al., 2014). The critical contribution of the NTP col-
laboration is that this was the first time that a unified data anal-
ysis pipeline has been applied across a common set of
characterized chemicals that was provided to each investigator.
Individual researchers tested the same set of chemicals in their
respective cell-based or alternative animal assay that captured
a unique aspect of neurodevelopment. The NTP then developed
a data analysis pipeline that allowed for these assays to be com-
bined to form a battery with improved biological coverage. The
advantage of this approach is that the results from these assays
can now be directly compared with each other to identify

potential underlying brain development pathways that may be
perturbed following chemical exposure. This information is
now publicly available through NTP’s, interactive web-applica-
tion known as Developmental NeuroToxicity Data Integration
and Visualization Enabling Resource (DNT-DIVER). This tool
enables researchers to analyze, compare, and visualize results
across multiple assays. Down-loadable data files are also
available.

This article provides a brief description of NTP’s chemical li-
brary, the data analysis approach, and salient features of the
web application. It also addresses lessons learned with regards
to data handling and design considerations, as well as knowl-
edge gaps. Companion papers in this special issue highlight
details on NTP’s data analysis pipeline for alternative animal
models (Hsieh et al.,2018), findings from collaborators on pri-
mary studies in in vitro alternative animal models (Dach et al.,
2018; Quevedo et al., 2018; Zhang et al., 2018), how actives com-
pare across some of these models (Hagstrom et al., 2018) and in-
sight on how this approach may be used in regulatory decision
making (Sachana et al., 2018).

OUR APPROACH

NTP’s Chemical Library
Beginning in 2014, the NTP made available a diverse set of com-
pounds for distribution via material transfer agreements to
investigators conducting in vitro and alternative animal toxico-
logical studies. The library included chemicals with published
evidence of neurotoxicity (NT) or DNT, many of which were pes-
ticides, drugs, and industrial chemicals. The library also con-
tained compound classes of interest to the NTP (eg, flame
retardants, polycyclic aromatic compounds, BPA analogs) and
compounds reported to be negative/inactive in most develop-
mental or acute NT assays. Additionally, it included several
chemicals in replicate, to allow for the assessment of technical
reproducibility within an experiment. The first NTP compound
library contained 80 compounds (designated as NTP80); details
on this list, including chemical name, source, purity, and litera-
ture supporting known chemical-specific NT, were published
previously (Ryan et al., 2016). In 2016, 11 compounds (industrial
chemicals, flame retardants, etc.) were added to the list to collec-
tively generate the NTP91 compound library. The NTP91 library
contains 87 unique compounds and 4 duplicate compounds to
serve as technical replicates (hence sometimes also referred to
NTP87). Some of the collaborators tested the NTP80 library while
others the NTP91 library. General details regarding compound
category, source, CASRN, and purity are provided for the NTP91
list in Supplementary Table 1. Supplementary Table 2 provides
references for the 38 compounds of the list which are identified
to have effects on DNT or general NT based on a literature re-
view. Broad categories for the NTP91 compound library are pre-
sented in Figure 1A. Figure 1B provides the breadth of available
in vivo data on the NTP91 compounds in terms of chronic, sub-
chronic, carcinogenicity, acute, reproductive/developmental
studies for comparison to (i) compound category or (ii) whether
or not the compound is considered a DNT or NT as defined by
the NTP. For all other categories, the NTP91 compound list was
searched across the EPA Chemistry Dashboard (https://comptox.
epa.gov) and the Leadscope Toxicity Database (Leadscope, Inc.)
for evidence of whether the chemical has previously been tested
for other toxicity domains.

Major features of the NTP library include: (i) all compounds
were independently verified for identity and purity using
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standard chromatographic and mass spectrometry techniques
prior to distribution; (ii) stock solutions at known concentra-
tions were generated in bulk and shipped frozen in 96 well
plates to the testing laboratories, ensuring that they received
identical compound libraries; (iii) collaborators were provided
the compounds in a blinded manner, and (iv) collaborators had
access to a shared resource for questions they may have regard-
ing handling and utilizing of compound plates.

The Screening Battery
Over the past several years, the NTP has been developing rapid
approaches for screening large numbers of compounds for bio-
logical/toxicological activity, as part of the Tox21 federal part-
nership. In parallel, the NTP responds to requests for
toxicological evaluation of classes of chemicals such as a group
of organophosphorus flame retardants for which DNT, develop-
mental toxicity (DT), and/or acute NT are considered a concern
(Behl et al., 2015, 2016; Glazer et al., 2017; Jarema et al., 2015).To
expand on existing efforts, we developed a library containing a
larger, diverse set of chemicals (Supplementary Tables 1 and 2)
with assays representing varying levels of biological complexity
covering domains of DT, DNT, and NT (Figure 2). Additional
details on findings from individual assays with NTP’s com-
pound library can be found in recent publications (Delp et al.,
2018, Nyffeler et al., 2017; Ryan et al., 2016) and companion

manuscripts in this issue (Dach et al., 2018; Hagstrom et al., 2018;
Sirenko et al., 2018; Zhang et al., 2018).

Briefly, the NTP evaluated a set of cell-based and alternative
animal models that capture critical neurodevelopmental pro-
cesses for potential incorporation into a screening battery. The
cell-based assays included measures of neuronal proliferation,
differentiation, neurite outgrowth (Ryan et al., 2016), migration
(Delp et al., 2018; Nyffeler et al., 2017), and neuronal network for-
mation (Brown et al., 2016; Frank et al., 2017). All of these assays
incorporated a metric that evaluated compound effects on cell
viability in addition to effects on specific neurodevelopmental
processes of interest. These assays have previously been shown
to be in vitro models for critical stages of neurodevelopment
and are perturbed by compounds that produce DNT in animals
and humans (Aschner et al., 2017; Harrill et al., 2018; Mundy
et al., 2015; Nyffeler et al., 2017). The alternative animal model
assays including zebrafish (Geier et al., 2018; Nishimura et al.,
2015; Raftery et al., 2014) and planaria (Hagstrom et al., 2015)
were used to screen for DNT and NT, measuring general early
development, motor activity (measurement of behavior), and
mortality.

Data Analysis
Although the assays share a common goal of detecting chemi-
cals with a potential to cause DNT, they are from 11

Figure 1. The NTP91 compound library. A, Pie chart of the NTP compound library, by use category (percent of total). As shown in the figure, we had a fairly uniform dis-

tribution of drugs (blue), flame retardants (yellow), industrial compounds (green), polycyclic aromatic hydrocarbons (PAH, purple), and pesticides (pink). B, Heat map

identifying whether the compound has (black bars) or has not (light gray bars) been evaluated in a variety of systems toxicity assays. Data were derived from the EPA

Chemistry Dashboard and Leadscope. Color bars indicate (i) if the compound has evidence of in vivo DNT or NT by NTP literature review (orange) and (ii) use category

(eg, flame retardant [yellow]) repro. dev., reproductive and developmental.
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laboratories, collecting a variety of different data measure-
ments, and each of which has a preferred data storage format
suitable for in-house data analysis. Thus, the first challenge
was to make the data directly comparable by incorporating a
single unified structure. To accomplish this goal, we created a
data ingest pipeline for “extraction, transformation, and
loading” (ETL) of the data from the different sources. For each
data source, intermediate files were created that captured one
row per plate in one file, and one row per well in another file.
Then, a series of Jupyter notebooks (ie, the pipeline) were writ-
ten to process intermediate files and establish a relational data-
base (REF). A Jupyter notebook is a free and open-source
interactive file format which contains code and documentation,
and is widely used in data science and reproducible science
(http://jupyter.org). The resulting database contained over 100
000 distinct wells from plates and nearly 1 million individual
responses.

Since the data share a standard format, the database allows
for the upload of additional assays in the future. The results of
the analysis can be traced back to the original raw data, provid-
ing much needed efficiency and transparency when analyzing
diverse datasets. In addition, results from these analyses were
saved in the database as well, building a system architecture
which was subsequently used for the interactive web
application.

A second challenge for the integrated analysis was designing
a flexible yet comparable method to identify active chemicals
and to quantify their potency in each assay. Current popular
strategies to quantify the potency of actives use either an ECX%

(effective ECx [concentration at X% of chemical’s maximal
effect] value), based on an analysis of concentration response
data, or a LOAEL (lowest-observed-adverse-effect level value),
based on pairwise statistical tests between responses at each
concentration and responses of the control data. The ECX% is

not desirable for comparing activity of chemicals which elicit
varying maximal effect and the LOAEL is limited to the actual
concentrations tested and does not provide an uncertainty fac-
tor for the reported potency. Therefore, instead of adopting ei-
ther of these two strategies, we applied the benchmark
concentration (BMC) modeling strategy, which was designed to
tackle shortcomings of the LOAEL/ECX% approach and has previ-
ously been used for modeling in vivo animal data for quantita-
tive risk assessment (eg, benchmark dose [BMD] modeling for
in vivo data). Both BMC approach and ECX% approach consider
the concentration-response relationship, but the meaning of
the calculated potency is different. The ECX% typically repre-
sents the potency at the response relative to the maximal re-
sponse that the chemical elicits, whereas a BMC is usually a
potency at which the response is equivalent to a user-defined
benchmark response (BMR) relative to the background response
rate. This concentration-response modeling-based strategy
enables an objective and direct comparison of results between
data sources generating a value that can serve as a point of de-
parture (POD) in risk assessment.

Data Reporting and Visualization
The purpose of the collaboration was to enable comparisons
across assays while allowing researchers to examine their
assay-specific data. Enabling this level of flexibility would re-
quire either prohibitively large reports or highly summarized
findings based on numerous assumptions. Therefore, we
designed an interactive web application for data exploration
and visualization, using the database created for data analysis
(Figs. 3A–H). The key goals of the web application included being
able to:

1. Compare the different assay parameters (such as testing
concentration range and time points), which is useful when

Figure 2. Schematic of assays included in the battery by increasing biological complexity. The figure shows the primary assays that were covered in the initial collabo-

ration from left to right in increasing level of biological complexity. A total of 80 assays were evaluated as part of the Tox21 effort that covered receptor-based cellular

assays including mitochondrial activity, stress response pathways, and general cytotoxicity. Additionally, 137 assays were assessed in cell-free and Novascreen models

based on ToxCast data that included target genes related to genes of axon guidance or other axon parameter. As we move toward the right, the models covered func-

tional aspects of key events that included neuronal differentiation, outgrowth and neural network formation in human-derived iPSC cells, immortalized cell lines, and

rat primary cultures. Finally, to incorporate whole organisms in screening, we measured complex behavior (locomotor activity) and terata in zebrafish and planaria.

DT, developmental toxicity; DNT, developmental neurotoxicity, and NT, neurotoxicity.
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Figure 3. Salient features of web application DNT-DIVER. A, Description of each assay in the database, including model system, doses-tested, and endpoints measured.

B, Plate map and response for each well on the plate. C, Exploration of vehicle control response variability; used for better understanding normalization techniques. D,

Individual dose-response dataset and BMC curve fits. E, Summary of curve-fit data for multiple endpoints (here development and mortality endpoint are shown). F,

Activity summary showing BMC estimate for both specific effect (colored point) and viability (black point). G, BMC heat map comparing chemicals and readouts from

multiple laboratories; H, Principal component analysis (PCA) showing each chemical, colored by chemical class, in biological endpoint readout space (79 readouts re-

duced to 3 dimensions).
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interpreting results across end-points and assays
(Figure 3A).

2. Visualize vehicle response variability of each end-point in
each data-set that was used to assign benchmark thresholds
(Figs. 3B and 3C).

3. Visualize individual concentration-response curves (Figs. 3D
and 3E).

4. Rank order chemicals for activity (as defined by a BMC being
calculated for any effect including cell death) and selectivity
(defined by a specific DNT effect that occurs at a concentra-
tion lower than that at which cytotoxicity is induced)
(Figure 3F).

5. Compare effects of a specific chemical across assays or to
compare the performance of classes of chemicals in a partic-
ular assay with options of a heat map view, boxplot view, or
a principal component analysis view (Figs. 3G and 3H).

6. Download original data and BMC analysis via flat file for-
mats or application programming interfaces (API).

The web application DNT-DIVER is now publicly available at
https://sandbox.ntp.niehs.nih.gov/neurotox/ (last accessed
December 14, 2018), and will be available for at least two-years
post-publication of this article. The web application was
designed to separate data (eg, assay results) from views (eg,
tables, charts). To allow easy interactions with the underlying
data in the database, a Representational State Transfer
Application Programming Interface (REST API) was created us-
ing the Python Django web framework (Fielding, 2000). Views
were implemented in two technologies: R-Shiny and JavaScript
using d3.js and plotly (Bostock et al., 2011). By loosely coupling
data from views, future assays or datasets can be integrated
easily into the application, or the visuals can be repurposed for
other projects. Components were containerized in Docker for
reproducible deployment (Boettiger, 2015).

KNOWLEDGE GAPS AND LESSONS LEARNED

Based on our experience with different datasets, we have identi-
fied several areas for consideration while creating a battery of
diverse assays, some of which have been reported previously
(Bal-Price et al., 2018; Crofton et al., 2011, 2012; Fritsche et al.,
2018; Kadereit et al., 2012).

A Systematic Approach to ETL and Data Analysis
Although our data analysis pipeline was designed for DNT
assays, the fundamental problem that it attempts to solve is
common in the field of toxicology: how to compare and contrast
diverse data in biological and chemical space using a systematic
framework. This is particularly difficult in a research environ-
ment where datasets are updated frequently, analyzes are mod-
ified, and final results and visualizations must be re-generated
as upstream changes propagate downstream. The approach we
took applied software-development principles, rather than a
“one size fits all” solution which had a number of benefits:

1. The use of standardized intermediate file formats provide
flexibility for data analysts to convert raw formats to re-
usable formats.

2. The use of a series of Jupyter notebooks to combine the in-
termediate files to SQL-based data makes it easier to modify
steps (ie, swap a Jupyter notebook) as the pipeline evolves.

3. The use of a RESTful API to confine the database data to es-
sential building blocks for web application development
allows more modular and re-usable visualizations.

The critical step for handling diverse datasets is to create a
common schema for database importing. We believe our data-
base schema can be used (with some modifications) for many
other similar projects.

Application of BMC Modeling
There are a wide variety of approaches to data analysis from
in vitro and alternative assays; however, there is no consensus
on which of these approaches is most informative to decision
makers. The BMC modeling approach is being more extensively
used in in vitro datasets because it offers the advantage of a
user-defined BMR relative to the background response thereby
allowing for an objective comparison of results across data
sources (Hsieh et al., 2015; Huang et al., 2011). Although BMC
modeling provides a unified data analysis approach for com-
paring across datasets, there are still many details to be
addressed including guidance for the selection of best-fitting
model and/or model averaging, model parameterization, etc.
We found that by normalizing the chemical responses using
vehicle control responses (per plate) and linearly shifting base-
line response to 0, it facilitated the streamline BMC modeling
processes (see Hsieh et al., 2018 for further details).
Normalization of chemical responses using vehicle control
responses per plate is a common practice in in vitro medium-
and high-throughput assays. However, it is oftentimes not
used when analyzing data generated using alternative animal
models. After the normalization procedure, the responses can
be linearly shifted in order to set baseline response as 0.
Setting baseline response to 0 has several advantages in BMC
data analysis: first, it makes it easier to interpret the
responses, where value > 0 (< 0) represents increased (de-
creased) effect relative to the vehicle control; second, it makes
the responses in vehicle control comparable across datasets;
third, it allows for a standardized BMR identification approach.
Analyzing the response variation of vehicle control across
plates (eg, standard deviation, SD) allows for a comparison of
the background variation between assays. Setting a proper
BMR is known as the critical step in vivo BMD modeling.
Despite guidelines [BMD manual], we found that these may
not be directly applicable to our in vitro DNT studies (Ryan
et al., 2016). Therefore, as in Ryan et al., we adopted 3� SD of
the vehicle control response as an activity threshold, a method
that has previously been used in in vitro high throughput
screening efforts (Hsieh et al., 2015; Huang et al., 2011).
However, we also found that the 3� SD BMR approach is not
applicable to the alternative animal model data, probably due
to the nonnormal distribution of vehicle control responses.
For these data, we applied a new approach that is currently
under development for BMR identification. Details of this ap-
proach are discussed in our companion paper by Hsieh et al.
(2018) using a sample zebrafish dataset. This approach can
further be applied to in vitro data, an effort that the NTP is cur-
rently working on that will be discussed in a future
publication.

The selectivity dilemma. For DNT studies, it is not only important
to identify actives but also to prioritize actives for their primary
DNT effect, separate from secondary outcomes (eg, cell death).
These prioritized actives are considered to have higher
“selectivity” than the remaining actives. In a previous related
study on neurite outgrowth (Ryan et al., 2016), we created a se-
lectivity score by using the ratio of the BMC values of the actives
in both primary outcome (ie, neurite outgrowth) and secondary
outcome (ie, cell viability) and applied a pre-defined cut-off to
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identify selective actives. The cut-off was based on the testing
concentration interval generally used in the assays. Although
the choice is sensible, this approach does not take into account
assay or chemical data variability. Therefore, instead of provid-
ing a pre-defined cut-off, we have allowed the user to filter the
actives based on a user-defined selectivity cut-off. Currently, we
are still exploring methods to define selectivity statistically
(Hsieh et al., 2018).

Expanding the Chemical Library
Although ours are the first chemical libraries to be distributed
internationally among DNT research groups, they contain a rel-
atively limited number of compounds, especially with respect
to compounds that have known DNT/NT potential. The goal of
this effort was to establish proof of concept using a combination
of compounds that included known DNTs/NTs, NTP chemical
classes of interest, and negative controls. The known DNTs/NTs
were not further specifically categorized as DNT or NT because
we were focusing on a more generalized prioritization strategy
with emphasis on comparing data across assays. However,
moving forward, it would be valuable to expand the current
NTP91 compound library to include more DNT compounds to
better characterize the sensitivity and specificity of these
assays. The NTP is working with collaborators to identify addi-
tional appropriate positive and negative DNT chemicals for vari-
ous assays, and creating a more comprehensive set of
compounds for data generation (Sachana et al., 2018).

Biological Coverage and Relevance
In addition to evaluating DNT, we also included a limited num-
ber of assays spanning various domains of DT and NT in this
test battery. In this preliminary effort, we did not distinguish
between compounds which specifically caused DNT (vs NT)
because our main goal was to prioritize compounds for further
in vivo testing; chemicals identified as actives in these screens
will likely be tested in NTP’s modified one generation rodent
study, during which specific effects on DT versus DNT and NT
can be further evaluated (Foster, 2014).

There was a consensus among collaborators that while iden-
tifying complete coverage representing all possible pathways by
which DNT may occur is not necessary (or possible) for an initial
screening evaluation, a thorough assessment of how biologi-
cally representative the test battery is would help build confi-
dence in outcomes. For example, there are several DNT assays
such as 2D and 3D mixed cell cultures including “brain on a
chip” that incorporate microfluidics (Koo et al., 2018) were not
represented in this battery due to throughput limitations, and/
or are still in developmental or optimization stages. The NTP is
currently working to evaluate these model systems and are an-
ticipated to be powerful second-tier screens, due to their ability
to inform on the underlying biology and/or adverse outcome
pathways of a chemical. Other examples of such models include
in vitro models that evaluate the role of blood brain barrier,
metabolic capability, and reflect genetic diversity.

For alternative animal models, there was a high degree of
regulatory interest and emphasis on expanding beyond early
activity in zebrafish embryos to developing assays that more
closely mimic critical behavioral aspects of DNT guideline stud-
ies (eg, motor activity, motor and sensory response, learning,
and memory). To incorporate such models in future screens,
efforts at the NTP are already underway where zebrafish are ex-
posed to chemicals during early development and evaluated for
neurobehavioral outcomes such as motor activity, startle, learn-
ing and memory, and anxiety later in life (Glazer et al., 2017,

2018). Another topic of interest under current investigation is
the need to understand performance in multiple strains of fish
to be able to improve confidence in the data generated. Finally,
there was consensus for the need for a global harmonization ef-
fort to ensure that standardized terminology is used across
researchers to define and describe their findings. To further ad-
dress some of these concerns, the NTP has a program-wide on-
going effort on the Systematic Evaluation of the Application of
Zebrafish in Toxicology (SEAZIT).

Finally, we recognize that in addition to covering key events
of neurodevelopment, it is important to define the biological
plausibility and relevance (eg, metabolism), and to recognize
limitations of the in vitro and alternative animal assays because
there are no direct links to endpoints in humans. Some of these
questions are being addressed using adverse outcome pathway
approaches (Bal-Price and Meek, 2017).

Need for better communication and collaboration. One of the key, yet
often overlooked, factors critical to the success of advancing the
DNT/NT (or any) field is the ability to communicate and collabo-
rate across disciplines. During this effort, there was extensive
interaction between researchers with different scientific back-
grounds, data scientists, software developers, toxicologists, and
statisticians. Although this diversity of expertise resulted in a
steep learning curve for most of the participants, the willing-
ness of the participants to be patient, to learn, and to contribute
made for a much richer and more successful endeavor.
Additionally, NTP’s DNT-DIVER website provides transparent
and effective mode of communication for researchers to com-
pare and contrast their data globally.

CLOSING THOUGHTS: THE FUTURE IS HERE

Over the past decade, there has been increased recognition for
the need to develop more and better rapid screening methods
to identify compounds with a potential for DNT/NT (Aschner
et al., 2017; Bal-Price et al., 2012, 2018; Coecke et al., 2007; Crofton
et al., 2008, 2011, 2012, 2014; Fritsche et al., 2018; Kadereit et al.,
2012; Lein et al., 2007; Smirnova et al., 2014). There is a pressing
need to demonstrate the utility, and limitations of these
approaches so that they can be put into effect as soon as possi-
ble, especially in the context of prioritizing chemicals for further
in-depth evaluation to help protect public health. Currently, it
can take over a decade for regulations to be put into effect from
the time a compound is identified as potentially neurotoxic due
to the rigor required for decision making. In the interim, there is
a global rise in neurodevelopmental disorders and susceptible
populations continue to be exposed (EPA, 2015), which drives an
increased public concern about the potential contributions of
chemicals to these increases that cannot be addressed in the
absence of data. Although we need to constantly challenge our-
selves to improve our understanding of knowledge gaps to de-
fine the DNT space more comprehensively, we strongly believe,
that in the interim, batteries such as these can be put into effect
to provide useful information on hazard identification, prioriti-
zation, and regulatory—decision making for a more timely pro-
tection of public health. In fact, at the NTP, we have already
started implementing such a battery to prioritize a class of
flame retardants for further in vivo testing (Behl et al., 2015).
Regulatory and scientific efforts are underway to discuss how
batteries such as these can be used by OECD and regulatory
agencies by providing case examples of Integrated Approaches
to Testing and Assessment (IATAs) based on readiness criteria
(Fritsche, 2016; Sachana et al., 2018).
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DATA AVAILABILITY

To access the normalized data and BMCs descried in this paper
and visualized on NTP’s interactive web-application, DNT-
DIVER, go to: https://doi.org/10.22427/NTP-DATA-002-00062-
0001-0000-1. Last accessed December 14, 2018.

SUPPLEMENTARY DATA

Supplementary data are available at Toxicological Sciences
online.
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