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ABSTRACT: In 2007 the United States National Research Council (NRC) published a vision for toxicity testing in the 21st century
that emphasized the use of in vitro high-throughput screening (HTS) methods and predictive models as an alternative to in vivo
animal testing. In the present study we examine the state of the science of HTS and the progress that has been made in
implementing and expanding on the NRC vision, as well as challenges to implementation that remain. Overall, significant
progress has been made with regard to the availability of HTS data, aggregation of chemical property and toxicity information
into online databases, and the development of variousmodels and frameworks to support extrapolation of HTS data. However,
HTS data and associated predictive models have not yet been widely applied in risk assessment. Major barriers include the
disconnect between the endpoints measured in HTS assays and the assessment endpoints considered in risk assessments as
well as the rapid pace at which new tools and models are evolving in contrast with the slow pace at which regulatory structures
change. Nonetheless, there are opportunities for environmental scientists and policymakers alike to take an impactful role in the
ongoing development and implementation of the NRC vision. Six specific areas for scientific coordination and/or policy
engagement are identified. Environ Toxicol Chem 2019;38:12–26. Published 2018 Wiley Periodicals Inc. on behalf of SETAC.
This article is a US government work and, as such, is in the public domain in the United States of America.
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ENVIRONMENTAL RISK ASSESSMENT OF
CHEMICALS

Government authorities, industries, and the public they serve
have a shared interest in protecting both human health and
ecosystems from potential adverse effects associated with
chemicalsentering theenvironmentasa resultofhumanactivities.
The framework for environmental risk assessment (US Environ-
mental Protection Agency Risk Assessment Forum 1998, 2014)
provides a systematic process for evaluating the likelihood that
adverseeffectsmayoccur as the result of exposure to chemicals in
the environment. The primary elements of that process include 1)
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clear formulationofaproblemstatement in lightofanappropriate
protection goal or management decision; 2) assessment of the
probable routes, severity, duration, and frequencyof exposure; 3)
assessment of the adverse or toxic effects that may result when
exposure occurs; and 4) final risk characterization that brings the
first 3 elements together. Risk assessments are conducted in a
wide range of regulatory and commercial contexts but may be
broadly categorized as prospective (i.e., trying to assess risks
before any release or exposure takes place) or retrospective (i.e.,
evaluating risks associated with exposures that have already
occurred and/or are still occurring). Regardless of context, quality
risk assessments are dependent on the availability of data and/or
models for estimating exposure and probable effects, and the
lack of appropriate data and models can represent a significant
impediment to environmental safety decision-making. The lackof
available data for evaluating the safety of many chemicals in
wileyonlinelibrary.com/ETC
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commerce was a significant driver for considering new ap-
proaches (National Research Council 2007; Judson et al. 2009).
A VISION FOR MODERNIZING CHEMICAL
SAFETY EVALUATION, CA. 2007

In a landmark report published in 2007, the United States
National Research Council (NRC) clearly identified the lack of
toxicity data, for most chemicals in commerce, as a major barrier
to efficient and cost-effective risk assessment (National Research
Council 2007; Judson et al. 2009). The authors laid out a vision
that emphasized theuseofpredictive,high-throughput screening
(HTS) assays to characterize the ability of chemicals to perturb
biological pathways critical to health. High-throughput assays
were defined as those that can be “automated and rapidly
performed to measure the effect of substances on a biological
process of interest” (National Research Council 2007). Broadly
speaking, they referred to assays that could be run in 96-, 384-, or
1536-well plate formats. This allows hundreds or thousands of
chemicals to be screened over a wide concentration range and
facilitates the use of many different assays that can encompass
different biological endpoints from different organs and different
systems. They envisioned that data from these HTS assays would
be complemented by collection of chemical-specific information
related to physicochemical properties, important functional
groups, key structural features, or commercial production and
use(s), among others, to identify exposure potential and critical
aspects of uptake, distribution, metabolism, elimination, and/or
TABLE 1: Initiatives, legislation, and online tools contributing to the scienc
and human risk assessment, listed in chronological order and separated by

Year
United States

Initiative Purpose

1998; 2014 USEPA Guidelines for Ecological
Risk Assessment, www.epa.
gov/risk/guidelines-
ecological-risk-assessment

Framework for environmenta
assessment, systematic
process

2000 Interagency Coordinating
Committee on the Validation
of Alternative Methods, ntp.
niehs.nih.gov/go/iccvam

Founded by NIEHS to facilit
interagency and internatio
collaborations for
development, regulatory
acceptance, and use of
alternative tests for toxici
testing

2005

2007 National Research Council,
www.nap.edu/catalog/11970/
toxicity-testing-in-the-21st-
century-a-vision-and-a

Vision for toxicity testing in
21st century

2008 Tox21, ntp.niehs.nih.gov/go/
tox21

Research, develop, evaluate
translate innovative test
methods, using HTS

2013

wileyonlinelibrary.com/ETC
accumulation and by fundamental understanding of biological
pathways that could facilitate quantitative extrapolation model-
ing. The NRC identified critical needs for implementation of their
overall vision, which included 1) development of appropriate
suites of HTS assays, 2) availability of targeted in vivo data to
complement and provide an interpretive context for the HTS
results, 3) computational extrapolation models that could predict
which exposures may result in adverse changes, 4) infrastructure
to support the basic and applied research to develop the assays
andmodels, 5) validation of the assays and data for incorporation
into guidance regarding their interpretation and use, and 6)
evidence that the new approaches are adequately predictive of
adverse outcomes (National Research Council 2007). Although
that vision was focused entirely on human health risk assessment
and primarily prospective chemical assessments, it was expected
that many aspects of the vision could translate to ecological and
retrospective risk assessments as well (Villeneuve and Garcia-
Reyero 2011). It was also understood that realizing the vision
necessitates thedevelopmentof biologically basedextrapolation
tools ormodels that allowcell- or tissue-leveldata tobeapplied to
individual or population-level outcomes (Ankley et al. 2010).

HIGH-THROUGHPUT SCREENING, STATE OF
THE SCIENCE IN 2018

The science of HTS has progressed significantly since
publication of the NRC report in 2007 (Table 1). In April 2018,
over 100 international participants from academia, government,
e of high-throughput screening and implementation into ecological
region

Europe

Initiative Purpose

l risk

ate
nal

ty

NORMAN Network, www.
norman-network.net

Enhances the exchange of
information on emerging
environmental substances and
encourages the validation and
harmonization of common
measurement methods and
monitoring tools

the

, and

Solutions, www.solutions-
project.eu

Produce consistent solutions for
the large number of legacy,

(Continued)
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TABLE 1: (Continued )

Year
United States Europe

Initiative Purpose Initiative Purpose

present, and future chemicals
posing a risk to European
water resources with respect to
ecosystems and human health

2016 EU ToxRisk, www.eu-toxrisk.
eu/

Drive the required paradigm shift
in toxicological testing away
from “black box” animal
testing toward a toxicological
assessment based on human
cell responses and a
comprehensive mechanistic
understanding of cause–
consequence relationships of
chemical adverse effects

2016 SEURAT-1: Safety Evaluation
Ultimately Replacing
Animal Testing, www.
seurat-1.eu

Blueprint for future safety of
chemicals, without using
animal testing

Legislation Purpose Legislation Purpose

2000 EU Water Framework
Directive, http://ec.
europa.eu/environment/
water/water-framework/

Expands the scope of water
protection to all waters,
surface waters and
groundwater, achieving “good
status“ for all waters by a set
deadline

2007 REACH: Registration,
Evaluation, Authorization
and Restriction of
Chemicals, http://ec.
europa.eu/environment/
chemicals/reach/

Improves protection of human
health and environment
through better and earlier
identification of intrinsic
properties of chemical
substances

2013 EU Cosmetics Act, ec.
europa.eu/growth/
sectors/cosmetics/
legislation_en

Bans animal testing, emphasizes
product safety, while taking
into consideration the latest
technological developments

2016 Frank R Lautenberg Chemical
Safety for the 21st Century
Act, www.epa.gov/assessing-
and-managing-chemicals-
under-tsca/frank-r-lautenberg-
chemical-safety-21st-century-
act

Amends the Toxic Substance
Control Act to include
alternative tests (in vitro, in
silico) and use risk-based
chemical assessments

Tool Purpose Tool Purpose

1996 ECOTOX Knowledgebase,
cfpub.epa.gov/ecotox/

Knowledgebase that provides
single-chemical environmental
toxicity

2002 USEPA Chemistry Dashboard,
comptox.epa.gov/dashboard

Access to chemistry data for
chemicals

2009 Add-my-Pet dynamic energy
budget wiki, www.bio.vu.
nl/thb/deb/deblab/
add_my_pet/

Collection of dynamic energy
budget model parameters for
1400 species

2012 AOP knowledge base (AOPwiki,
etc.), aopkb.oecd.org/index.
html

Collection of AOPs and tools
related to AOPS

2015 ToxCast, www.epa.gov/
chemical-research/toxcast-
dashboard

Database of high-throughput
assay data

2015 Toxcast Pipeline, www.epa.gov/
chemical-research/toxcast-

R package for processing and
modeling chemical screening

(Continued)
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TABLE 1: (Continued )

Year
United States Europe

Initiative Purpose Initiative Purpose

data-generation-toxcast-
pipeline-tcpl

data

2016 SeqAPASS: Sequence
Alignment to Predict Across
Species Sensitivity, seqapass.
epa.gov/seqapass/

A Web-based tool that compares
protein homology across
species

2017 Integrated Chemical
Environment: IVIVE and PBPK
models, ice.ntp.niehs.nih.gov

Provides high-quality curated
data and appropriate tools to
support development and
evaluation of new, revised, and
alternative methods

AOP¼ adverse outcome pathway; HTS¼ high-throughput screening; IVIVE¼ in vitro to in vivo extrapolation; NIEHS¼National Institute of Environmental Health Sciences;
NORMAN¼Network of reference laboratories, research centres and related organisations for monitoring of emerging environmental substances; PBPK ¼ physiologically
based pharmacokinetic; USEPA ¼ US Environmental Protection Agency.
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industry, and other sectors came together to take stock of the
progress that has been made in HTS science and its application
in environmental risk assessment (Society of Environmental
Toxicology and Chemistry [SETAC] North America Focused
Topic Meeting on High-Throughput Screening and Environ-
mental Risk Assessment, 16–18 April 2018, Durham, NC, USA).
In addition, challenges that remain regarding implementation of
NRC’s vision and broadening its scope to encompass a full range
of environmental risk-assessment contexts were identified.
Building from the 6 critical needs for implementation that
were identifiedby theNRC,wedetail the state of the science and
ongoing challenges in application of HTS in risk assessment.
Although the topics, activities, and examples described in the
present article are by no means comprehensive with respect to
all progress in the field, they do provide a general view on how
far the science has come and how far it still needs to go for HTS to
play a routine role in environmental risk assessment.
Implementation need 1: Development of HTS
bioassays and data

A first major need for implementation of an HTS assay–based
paradigm was the availability of the assays themselves and
associated data. The ToxCastTM and Tox21 initiatives (Kavlock
et al. 2012; Tice et al. 2013) were landmark achievements in that
regard. Together, the ToxCast and Tox21 data sets represent
the largest publicly accessible libraries of HTS data currently
available. Most of the assays used by ToxCast were performed
under contract by commercial vendors (Kavlock et al. 2012),
allowing a wide range of biological endpoints (hundreds) to be
interrogated in a relatively rapid manner using assays that had
already been developed. Since 2007, over 4700 chemicals have
been screened in at least a portion of the ToxCast assays
(Richard et al. 2016; US Environmental Protection Agency
2018a). The Tox21 program (Tice et al. 2013) has employed the
infrastructure of the National Toxicology Program to screen over
8900 chemicals (US Environmental Protection Agency 2018b),
although in a smaller number of assays (tens) compared to the
number included in ToxCast. All data from these pioneeringHTS
wileyonlinelibrary.com/ETC
programs are accessible through the US Environmental Protec-
tion Agency’s (USEPA’s) CompTox Chemistry dashboard
(Williams et al. 2017; US Environmental Protection Agency
2018c). In addition to these large-scale efforts, targeted HTS
assay development, followed by screening of large chemical
libraries available through the ToxCast and Tox21 programs are
being used to gradually expand the biological pathway space
covered by the assays (e.g., Paul Friedman et al. 2016). However,
apart from the incorporation of zebrafish embryo toxicity assays
(e.g., Reif et al. 2016) and some research-scale attempts to
incorporate cross-species testing platforms (e.g., Arini et al.
2017), assay and data coverage remain strongly mammalian-
biased, reflecting the human health-centric nature of the
ToxCast and Tox21 efforts, to date.
Implementation need 2: Availability of in vivo
data to complement HTS results

The aggregation of targeted, in vivo data is another area
where significant progress toward implementation has been
made. For example, the USEPA’s CompTox Chemistry Dash-
board (US Environmental Protection Agency 2018c) aggregates
toxicity data from a wide variety of sources and presents it in
viewable and downloadable tables linked with chemical
structures. Likewise, the USEPA’s ECOTOX knowledgebase
(US Environmental Protection Agency 2018d) has been modern-
ized to greatly improve search capabilities as well as data
visualization and interpretation. The ECOTOX knowledgebase
has also been dynamically linked to the Chemistry Dashboard so
that both ecological and human health-related effects data,
where available, can be readily accessed.

Both the development of literature-derived toxicological
knowledgebases and the ability of individual assessors to search,
review, and evaluate the peer-reviewed literature have been
accelerated by rapid advances in informatics and associated
technologies. Computational tools for searching the literature
and both automated and semiautomated extraction of data and
information from various online sources are developing so
rapidly that it is difficult to stay abreast of the strengths and
Published 2018 SETAC
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critical limitations of different approaches. When it comes to
computer-assisted literature and data extraction, documenta-
tion of an appropriate problem statement, search strategy,
retrieval and extraction approach, and subsequent cleanup and
formatting of the extracted data have become critical for
transparent application of literature-obtained data in risk
assessments (Vandenberg et al. 2016).
Implementation need 3: Computational
extrapolation models

The proposed shift away from direct observation of apical
outcomes in whole-organism toxicity tests necessitates devel-
opment of a range of different extrapolation models (Figure 1).
The ideal case is to be able to identify probable hazards directly
from chemical structure. However, chemical structure and
property-driven interactions are more readily defined at the
molecular level than at the highly integrated, apical levels of
biological organization. Consequently, a variety of models,
tools, and frameworks are being developed to bridge the gap
between biological activities that can be predicted from
structure or measured efficiently and cost-effectively and the
outcomes that are of concern to risk assessors (Table 1). For
example, in vitro to in vivo extrapolation (IVIVE) models are
needed to translate relevant in vitro concentrations to equivalent
blood or tissue doses in exposed organisms. Biologically based
extrapolation models are needed to understand how pathway
perturbations typically measured in a cell or even a cell-free
system may translate to higher-level impacts in an intact
organism. The integrated impacts on multiple physiological
processes in an intact organism, such as growth, maintenance,
reproduction, and resilience to environmental change, need to
FIGURE 1: Examples of extrapolationmodels and frameworks being develop
high-throughput screening data and their integrated application.

Published 2018 SETAC
be translated into estimates of individual fitness and, at least in
the case of ecological risk assessment, relevant effects on
populations or ecosystem services. Finally, for both human and
ecological risk assessments, cross-species extrapolation from
the model systems represented in toxicity tests or HTS assays to
those that are of concern for a given risk assessment is often
involved. Given the critical role of extrapolation under the
proposed vision for toxicity testing, progress and the state of the
science related to development of several types of extrapolation
models, tools, and frameworks are detailed in the present
section.

Chemical property information and structure-based pre-
diction models. Along with the rapid expansion and availabil-
ity of HTS data sets and aggregation of available in vivo data,
there has been a complementary explosion in the resources
available for chemical property characterization. Modern
computing power along with available high-speed Internet
have brought access to chemical property information for
hundreds of thousands of structures to our computers and even
our mobile phones. For example, the USEPA’s Chemistry
Dashboard (US Environmental Protection Agency 2018c) has
linked many external databases and prediction models and
provides extensive documentation on models via direct hyper-
links, thereby providing one-stop access to a wide range of
chemical-specific information. The widespread availability of
chemical structure and property information as well as crystal
structures for proteins has made construction of in silico 3-
dimensional docking models nearly routine. In addition, the
combination of chemical property information and HTS-based
biological effects data, in many cases, now provides large
enough libraries of biologically active and inactive chemical
ed to predict which exposuresmay result in adverse outcomes, based on

wileyonlinelibrary.com/ETC
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structures to employ machine learning approaches. These
approaches can identify structural alerts and define chemical
categories likely to interact with specific biological targets and/
or pathways. Such resources and tools are developing so rapidly
that it is extremely challenging for scientists and risk assessors to
keep pace with the development of new structure-based
prediction models and databases. Consequently, at present,
deficiencies in structure-based prediction model documenta-
tion, validation, training, and outreach needed to build
confidence in the fit-for-purpose use of such models are,
perhaps, the greatest barrier to application. Arguably, as with
other types of computational models, there is a need for the
scientific community to develop a set of rules and best practices
that ensure the quality and applicability of the models to
decrease uncertainty and increase acceptance. For instance, the
Interagency Coordinating Committee on the Validation of
Alternative Methods (ICCVAM) sponsored a global project to
develop in silico models for acute oral systemic toxicity that
predicted specific endpoints (US National Toxicology Program
2018a). More than 130 models were submitted and discussed
during a workshop (US National Toxicology Program 2018b). A
consensus model was then developed and used to generate
predictions that performed well when compared to results from
animal tests (Kleinstreuer et al. 2018).

Translating in vitro concentration-response to equivalent
in vivo effect or environmental exposure concentrations.
Several tools and frameworks have been developed to support
IVIVE of HTS data for health risk assessment (Judson et al. 2014).
Some generalized models for IVIVE/reverse toxicokinetics have
FIGURE 2: Extrapolating in vitro concentration-response to equivalent in vivo
vivo extrapolation/reverse toxicokinetic modeling has been applied to gener
(B) Plasma concentrations in fish estimated based on the free fraction
bioconcentration modeling can then be used to estimate the water concent

wileyonlinelibrary.com/ETC
been proposed (Wetmore et al. 2015). These allow at least
screening-level estimation of human plasma doses equivalent to
a nominal in vitro effect concentration. Likewise, dose–response
data for many different endpoints for a given chemical can be
combined into a distribution of “biological pathway activating
concentrations” (BPACs), which can be converted into “biologi-
cal pathway activating doses” (BPADs) for diverse human
populations by reverse toxicokinetic modeling (Judson et al.
2011). From the resulting distribution of BPADs, a lower
confidence limit can be selected as a conservative exposure
limit (Figure 2A). An approach like the BPAD approach in human
health could be used in screening-level ecological risk assess-
ments as well.

At present, BPAC and BPAD estimation is based on nominal
activity concentrations in in vitro assays. However, it is
recognized that nominal concentrations do not account for
free versus bound chemical fractions in vitro (Armitage et al.
2014; Fischer et al. 2017). Consequently, generalizable mass
balance/partitioning models that can provide a more realistic
estimate of the freely dissolved concentrations in an assay have
been developed (Armitage et al. 2014; Fischer et al. 2017).
However, to be widely employed, assay-specific parameters like
lipid and protein content of the cells, volume and composition of
the microplate wells, properties of the carrier solvent(s), as well
as medium/serum used (liposome–water and protein–water
partition coefficients, etc.) need to be measured and made
available (e.g., Fischer et al. 2017). With appropriate availability
of assay-specific parameters and in vitro toxicokinetic models,
HTS activity data expressed as concentrations in wells could be
more readily equated to free concentrations in, for example, fish
effect (A) or environmental exposure (B) concentrations. (A) In vitro to in
ate screening-level estimates of equivalent human blood concentrations.
of the active chemical concentration in the assay test well. Reverse
ration that would yield the equivalent internal dose.

Published 2018 SETAC
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plasma. Further, using reverse bioconcentration models, they
could be equated to critical water concentrations (Figure 2B) that
could be used in establishing water quality benchmarks and
other ecological risk-assessment applications. Parameter esti-
mation tools and databases of physiological parameter values
for different species are being assembled to facilitate the use of
physiologically based toxicokinetic models to aid IVIVE (Bes-
sems et al. 2014). As with most extrapolation models, however,
transparency and reporting standards are critical for implemen-
tation (Bell et al. 2018).

Extrapolating from pathway-based biological activity to
potential in vivo hazard(s). With regard to extrapolation
across levels of biological organization, the adverse outcome
pathway (AOP) framework has been developed with the aim of
organizing scientifically credible support for extrapolation
between pathway perturbations commonly measured in HTS
assays and impacts on survival, growth, reproduction, or
individual health that are more widely considered relevant to
risk assessment (Ankley et al. 2010). Since initial publication of
the NRC’s vision for toxicity testing in the 21st century, the AOP
framework has evolved from an informal concept to an
internationally coordinated program supporting development
of a harmonized AOP knowledgebase (Society for Advancement
of AOPs 2018; Organisation for Economic Co-operation and
Development 2018a) and accompanying guidance for AOP
documentation and weight-of-evidence evaluation (Organisa-
tion for Economic Co-operation and Development 2018b).
Recognizing that chemical exposures in the real world are likely
to result in concurrent perturbation of multiple pathways in an
organism and that those pathways are highly interconnected,
approaches for deriving and analyzing AOP networks are also
emerging (Knapen et al. 2018; Villeneuve et al. 2018). However,
those approaches are in early stages of development and have
not been sufficiently tested and refined for immediate applica-
tion in risk assessment.

Integrating effects in the context of organism fitness.
Leveraging concepts from the AOP framework, dynamic energy
budget (DEB) theory is being used to help integrate specific
pathway perturbations into overall estimates of organism fitness
(Murphy et al. 2018). Dynamic energy budget theory describes a
multicompartment dynamical systems model of the perfor-
mance (growth, development, reproduction, and mortality) of
organisms and their metabolism throughout their life cycle
(Kooijman 2010). Dynamic energy budget models are con-
structed around assumptions of conservation of energy and of
elemental matter that are general enough to cover a wide
diversity of unicellular and multicellular organisms with diverse
life histories and energetic systems. It has been envisioned that
outcomes from high-throughput assays can be used as damage
variables (e.g., quantitative representation of damaged mem-
branes, impaired protein function, oxidative stress) that can be
correlated or mechanistically linked to DEB fluxes (Murphy et al.
2018;Muller et al. 2018). However, although several case studies
have been developed, the application of DEB models to
integrate the toll of multiple biological perturbations on the
Published 2018 SETAC
fitness of specific organisms has not moved from concept into
regulatory practice. In part, this is because, for parametrization,
DEB models require specific time-resolved data for multiple
endpoints collected under different temperature and food
regimes (Jager 2016).

Cross-species extrapolation. Cross-species extrapolation
of pathway-based data is being facilitated by the USEPA’s
Sequence Alignment to Predict Across Species Susceptibility
(SeqAPASS) tool (LaLone et al. 2016; US Environmental
Protection Agency 2018e). This tool leverages the rapidly
growing database of protein sequence information to gener-
ate quantitative comparison of protein conservation across
species. Although this is by no means the only relevant
determinant of a species’ probable susceptibility to a chemical
that acts via a specific protein target or pathway, it provides an
important line of evidence that can help inform appropriate
cross-species extrapolation of HTS as well as strategic
development of new HTS assays intended to provide broader
coverage than the current human-centric assay space. In
addition, embedding the HTS into an AOP framework and
developing concrete linkages to DEB facilitates cross-
species extrapolations because DEB models have been
parameterized for over 1000 species (Murphy et al. 2018;
Add-my-Pet 2018).

Overall, chemical structure–based prediction methods, IVIVE
approaches, the AOP framework, DEB models, and SeqAPASS
each provide examples of focused research activities that have
been aimed at building the theory, tools, andmodels that will be
needed to extrapolate HTS data for use in risk assessment for
multiple ecologically relevant species. However, although
development of the scientific and technical foundations of a
newapproach to toxicity testing is critical, there are also practical
and policy needs that must be addressed.
Implementation need 4: Infrastructure to support
basic and applied research

Because, at least to date, technologies do not implement
themselves and obstacles are not resolved without effort,
development of institutes, organizations, and consortia of
various kinds has been critical to coordinating and supporting
the basic and applied research needed to elicit the envisioned
paradigm shift in toxicity testing. The ongoing support and
growth of the USEPA’s National Center for Computational
Toxicology and continued engagement in Tox21 by multiple
federal agencies were foundational in North America. Likewise,
similar efforts have been mounted worldwide. The SEURAT-1
(SEURAT-1 2018) and Solutions (Solutions 2018) projects are just
2 examples involving European Union and global partners in the
scientific endeavor of transforming our approach to chemical
safety assessment. Through consortia like the ICCVAM, strategic
research efforts are being coordinated amongmultiple agencies
and organizations (e.g., US National Toxicology Program
2018c). Notably for the SETAC community, the ICCVAM has
also initiated an ecotoxicology working group, recognizing the
need to provide coordination and infrastructural support for
wileyonlinelibrary.com/ETC
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development of transformative approaches in ecological toxicity
testing and risk assessment.
Implementation need 5: Validation of assays and
data to ensure fit for purpose

Validation of assays and resulting data has generally been
viewed as a prerequisite for regulatory application. Validation
typically involves establishing that an assay is specific, sensitive,
and reliable for its intended purpose. It also entails the
identification of reference compounds (positive and negative
controls) that can be used to establish that the assay is being
conducted and is functioning as intended and that the data
generated are of high quality. A primary goal of validation,
particularly mediated through the Organization for Economic
Co-operation and Development (OECD), is the mutual accep-
tance of data among different regulatory domains.

High-throughput assays and data have presented some
challenges for traditional assay validation. First, becausemany of
the early HTS data sets (e.g., ToxCast) relied on commercial
assay providers and largely on assays intended for pharmaceu-
tical candidate screening, many of the methods were at least
partially proprietary and not intended to be transferred to or
conducted in other laboratories (e.g., requiring specialized
equipment, reagents, cell types, or infrastructure). Conse-
quently, traditional round-robin testing, characteristic of many
validation processes, was not feasible. In addition, in the case of
many multiplexed assays that measure multiple endpoints
reflective of different pathway activation in a single assay, use
of reference chemicals to establish performance-based stand-
ards was also problematic. Furthermore, distinction of true
positives and negatives from false positives and negatives relies
on the availability of orthogonal data or comparison of results
with some widely accepted “gold standard” assay, which in
many cases was not available for HTS data sets. Consequently,
although validation is viewed as critical for acceptance and
application of HTS data, conventional approaches to assay
validation do not always apply and, in these cases, new
standards for mutual acceptance of data need to be developed.

A major step forward with regard to HTS assay validation has
been improved documentation of the assay methods. Following
OECD guidance document 211 (Organisation for Economic Co-
operation andDevelopment 2017), testmethod descriptions are
now being developed for assays employed in ToxCast and
Tox21. This description includes the development of a bioassay
ontology that clearly defines the relationships between a given
assay, the number of different entities measured in that assay
(termed “assay components”), and component endpoints (e.g.,
increase or decrease in those entities measured) indicative of
either activation or inhibition of a pathway/process. Where
appropriate to the assay, performance measures and reference
chemicals are being identified. In addition, acceptance is being
fostered through full transparency with regard to the data
themselves and their processing. For example, the ToxCast
Pipeline, which is a data storage and statistical analysis platform,
is organized into 7 levels of data processing/analysis. The assay
annotations, raw and processed data, curve fits, and other
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summary information are publicly available (US Environmental
Protection Agency 2015; Filer et al. 2017). Additional statistical
methods aimed at providing uncertainty estimates associated
with values derived from curve-fitting, such as a confidence
interval for the concentration at which 50% of activity is
observed, are under development (Watt and Judson 2018).
Thus, although the kind of information needed to assure validity
of HTS data and foster acceptance was often lacking when the
data were first released, that information (i.e., detailed assay
information, structured data releases with transparent and
reproducible analysis methods, and uncertainty estimates) is
emerging, and appropriate guidance for the validation of HTS
assays is taking shape.

Nonetheless, it is not clear that the current level of assay
documentation goes far enough. Even if documentation defines
how the assays were performed, what reference chemical(s) was
used, and the performance criteria that were met, interpretation
can still be challenging. Information on data interpretation and
prediction models for which the data are used is still lacking for
most assays, despite calls for this information as part of OECD
guidance document 211 (Organisation for Economic Co-
operation and Development 2017). Additional details regarding
assay specificity and relevance to whole-organism toxicity via
linkage to specific AOPs would also enhance use in risk
assessment. Consequently, although strides have been made
in terms of both assay validation and assay description,
additional translational information is needed to more effec-
tively utilize the data in practice.
STATE OF APPLICATION OF HTS TO
ENVIRONMENTAL RISK ASSESSMENT IN
2018

A view of the state of the science in 2018 suggests that
considerable progress has been made in developing the
scientific and technical foundations needed for implementation
of the NRC’s vision. Risk assessors have expressed awareness of
the HTS data themselves and conceptual recognition of the
many ways in which those data might be used in the future
(Textbox 1). However, adoption and acceptance into the
chemical risk-assessment process have been limited. The
disconnect between what is measured in most HTS assays
(e.g., receptor binding, enzyme inhibition, gene expression,
changes in cell growth or morphology) and the outcomes of
concern from a risk-management perspective (e.g., human
health; survival, growth, and reproduction in wildlife; sustain-
ability of populations; impacts on ecosystem services) remains
one of the greatest impediments to use. In concept, the AOP
framework was developed to help address this disconnect
(Ankley et al. 2010). However, well-developed AOPs to aid
interpretation of these data do not exist in most cases, and even
where they do exist, they provide only a qualitative connection,
rather than quantitative extrapolation into terms that are
relevant for risk assessment.

The challenge posed by inadequate anchoring to AOPs is
compounded by the legacy nature ofmuch of the legislation and
regulatory structures under which risk assessments are currently
Published 2018 SETAC
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conducted. Both the risk-assessment framework itself and much
of the major legislation under which chemical risk assessments
are conducted predate the NRC vision. Consequently, statutes
often do not allow for the acceptance or use of data from
alternatives to traditional whole-animal toxicity tests. Updating
of these regulatory structures may be needed before the use of
HTS data in environmental risk assessment becomes common.
Thus, although scientific institutes and consortia have taken up
the charge of coordinating research needed to develop the
data, tools, and models to support the vision for toxicity testing,
there may be a need for parallel coordination by institutes and
consortia of risk assessment and policy professionals to adapt
risk assessment frameworks and approaches to better utilize
them.

A number of newer regulatory frameworks have already
started to foster a transition toward alternatives to animal testing
data and methods. Some of the earliest drivers came from
European initiatives like the Registration, Evaluation, Authorisa-
tion and Restriction of Chemicals (REACH; EC No. 1907/2006),
the European Cosmetics Act (EC No. 1223/2009), and the
European Union’s Water Framework Directive (Directive 2000/
60/EC), with the first 2 in particular advocating or requiring
reduction, refinement, and replacement of animal testing. More
recently, the Frank R. Lautenberg Chemical Safety for the 21st
Century Act (2016) represents the first US chemical safety
legislation to promote the use of nonanimal alternative testing
methods (US Environmental Protection Agency 2018f). Conse-
quently, regulatory frameworks are starting to create oppor-
tunities to consider HTS data in risk assessments.

Nonetheless, it is perceived that more work is needed.
Although HTS data sets are large and cover far more chemicals
than conventional testing, gaps in both the biological and
chemical spaces remain. Furthermore, the HTS data sets are
complex. By and large, regulators do not feel confident in how to
interpret and extrapolate those data, and it remains unclear how
to place the data into proper context for decision-making.
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Nearer-term opportunities for application fall in the realm of
screening, prioritization, and mode of action identification,
where knowing a chemical’s mode of action or “lead activity”
could be used to inform subsequent testing and data gathering
activities (Textbox 1). It is expected that programs accustomed
to “data-poor” risk assessments that already rely heavily on
structure–activity relationships, read-across, and othermodeling
approaches (e.g., assessment of new chemicals under the Toxic
Substances Control Act, emergency management scenarios),
would likely be earlier adopters than “data-rich” programs with
authority to require extensive whole-animal toxicity testing.
Nonetheless, ongoing development of even broader data sets,
application case studies, and training are expected to foster
comfort, confidence, and competence in using these data
appropriately. This can all be viewed as part of the sixth element
required for implementation of the NRC vision, developing
evidence and case studies that the new approaches are
adequately predictive of adverse outcomes and provide
scientific reliability and quality at least equivalent to that
achieved using traditional methods (US Environmental Protec-
tion Agency 2018f).

BROADENING THE SCOPE

Although the vision of the NRC was focused on the
prospective assessment of chemical risks to human health, the
current ambitions for modernizing chemical risk assessment are
broader. Given significant conservation of biological pathways
across organisms, many of the current mammalian-focused HTS
data can be reasonably extrapolated to a diversity of vertebrates
and in some cases even invertebrates (LaLone et al. 2018).
Likewise, AOPs available for translating HTS responses to
potential in vivo hazards are as abundant for ecological toxicity
outcomes as for human health–focused pathways (Society for
Advancement of AOPs 2018). Indeed, some of the strongest
application case studies for HTS data and tools, to date, have
wileyonlinelibrary.com/ETC
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been in retrospective environmental monitoring. For example,
HTS data available for individual chemicals are being used to
better understand the toxicological significance of chemical
monitoring data (e.g., in water quality monitoring). Building on
traditional risk-assessment concepts like hazard quotients and
hazard indices, ratios of measured chemical concentrations and
in vitro effect concentrations in pathway-based assays are being
summed for all chemicals detected in a sample (e.g., Blackwell
et al. 2017). In this way, both relative exposure concentrations
and the relative potency of chemicals tested individually in a
specific assay are accounted for, allowing exposure–activity
ratios of a mixture (EARmix) and the bioanalytical equivalent
concentration of a mixture (BEQmix) to be estimated. The terms
of EARmix and BEQmix can be converted into each other
(Figure 3), provided the effect levels (y) are similar. A
harmonization in terminology will allow an improved compara-
bility of bioassay studies in the future.

In addition, the same types of assays used for single-chemical
evaluation in ToxCast and Tox21 are being increasingly used for
environmental samples, including water, sediment, and even
tissues and biofluids. The European Union’s Solutions project
(Solutions 2018), for example, involving over 100 scientists from
nearly 40 institutions, conducted pioneering studies on the
application of HTS assays for water quality monitoring and
effect-directed analysis. This included bioassay-based screening
of water samples for bioactive contaminants. Direct analysis of
environmental samples in HTS assays allows for determination of
BEQbio, which are based on concentration–response modeling
compared to an appropriate reference compound.
FIGURE 3: “Iceberg modeling” compares bioactivity detected by directly t
predicted by multiplying the concentrations of each chemical analytically d
summing across all detected chemicals in the mixture (BEQmix). Assay-spec
chemical that yields an equivalent magnitude of response as a reference che
known composition of the mixture reasonably accounts for the biological ac
constituents are likely contributing. The BEQ terminology is very similar to the
to BEQmix. ACC¼ activity cutoff concentration (often close to EC20[i]); Ci¼ co
yields an equivalent magnitude of response y; ref¼ reference; REPi¼ assay-
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The comparison of BEQbio with BEQmix has been termed
“iceberg modeling” (Escher et al. 2013). The BEQmix constitutes
the visible tip of the iceberg, the calculated mixture effect of
quantified chemicals, whose concentrations (Ci) and relative
effect potency (REPi) are known. The BEQbio relates to the entire
iceberg, and BEQbio minus BEQmix is a measure of effect
triggered by (yet) unknown chemicals (Figure 3). Comparison of
biological activities observed in these assays (BEQbio) with those
predicted based on known chemical composition (BEQmix)
reveals what was long anticipated, that unknown/undetected
constituents of environmental samples often contribute large
fractions of their overall biological activity (Neale et al. 2015,
2017).

In cases where unknowns are contributing to observed
biological activities, high-throughput tools also offer distinct
advantages for effects-directed analyses (Brack et al. 2016;
Muschket et al. 2018) aimed at identifying sources and drivers of
biological activity. Specifically, large numbers of fractions/
samples can be rapidly and efficiently analyzed using high-
throughput platforms. Given the number of useful applications
in environmental monitoring and retrospective mixture assess-
ments, an even larger consortium, organized via the NORMAN
network (Network of reference laboratories, research centers
and related organizations for monitoring of emerging environ-
mental substances; NORMAN2018), has been actively engaged
in the development of performance-based criteria for bench-
marking bioassays for use in water quality monitoring and
developing effect-based trigger values (Escher et al. 2018).
Derivation of effect-based trigger values, along with guidance
esting a complex mixture in a screening assay (BEQbio) with bioactivity
etected in the mixture by its assay-specific relative potency and then

ific relative potency is estimated as the effective concentration of a test
mical. By comparing BEQbio with BEQmix one can evaluate whether the
tivity observed, assuming additivity, or whether analytically undetected
exposure–activity ratio (EAR) terminology. The EARmix can be converted
ncentration of chemical i; ECy¼effective concentration of chemical that
specific relative potency.
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on their interpretation and significance, offers real opportunities
for practical application of HTS assays and data in environmental
monitoring. Similar efforts are under way in North America.
Collectively, these efforts paint a picture of vigorous scientific
development of HTS applications that lie well beyond the scope
articulated in the NRC’s vision for toxicity testing in the 21st
century.
WHAT’S NEXT?

In their proposed timeline for implementation of the vision for
toxicity testing in the 21st century, theNRCenvisioned that “new
knowledge and technology generated from the proposed
research program will be translated to noticeable changes in
toxicity-testing practices within 10 years” (National Research
Council 2007). Certainly, significant progress, only a fraction of
which was noted here, has been made in the areas of need that
the NRC identified. They envisioned that “within 20 years,
testing approaches will more closely reflect the proposed vision
than current approaches,” assuming adequate and sustained
funding. Taking stock of the state of the science in 2018, what are
the critical challenges that lie ahead?

At least at some level, the commitment, collaboration, and
communication needed to support the establishment of new
approaches and methodologies, including HTS, are in place.
Within the United States, 16 federal agencies have contributed
and agreed to a strategic plan to move these efforts ahead (US
National Toxicology Program 2018c). The Tox21 collaboration
has been sustained for over a decade, and a road map for
expanding the chemical and biological space addressed by the
HTS programs as well as known challenges, such as the lack of
metabolic competence and unknown chemical disposition of in
vitro systems, is under way (Thomas et al. 2018). The OECD
remains committed to an AOP development program, and
Europe remains dedicated to the effort through activities like the
NORMAN network (NORMAN 2018), ToxRisk (EU-ToxRisk
Project 2018), and a variety of other programs. Consequently,
global support for this ongoing transformation in chemical safety
assessment appears strong. Nonetheless, there are many and
varied challenges yet to be addressed. Each of these represents
areas where SETAC and its members could take an impactful
role in advancing the vision for 21st-century chemical safety
assessment.
Opportunities for impact: HTS assays for
nonmammalian physiology

The human health research community has made it a priority
to continue to fill gaps in the toxicological space covered by the
major HTS programs. To that end, assays for underrepresented
modes of action like neurotoxicity are being developed.
Likewise, HTS assays that query the entire human transcriptome
are being employed to maximize pathway coverage. However,
to date there has been no systematic or parallel effort to develop
HTS assay and testing infrastructure for pathways that are
important in ecological risk assessment but are neither
conserved with mammalian physiology nor represented in
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current HTS programs. A few prominent examples include
photosynthetic pathways in plants and invertebrate endocrine
systems. Both plants and invertebrates often drive ecological risk
assessment, and a variety of pesticide classes are specifically
designed to interact with biological pathways and functions
unique to these taxa. Nonetheless, HTS assays for those
pathways are unavailable at present. In principle, development
of HTS assays for important aspects of invertebrate and plant
biology should be “low hanging fruit” because the biology is
well understood and/or assays that could be adapted to high
throughput are already established (e.g., Organisation for
Economic Co-operation and Development 2011; Song et al.
2017). A coordinated effort to map out the major gaps in the
current mammalian-centric HTS assay space relative to screen-
ing for ecologically relevant hazards would allow for a strategic,
coordinated, and efficient approach to ecological HTS assay
design and development.
Opportunities for impact: Accessible testing
infrastructure

To date, most HTS data have been generated by large
consortia with access to government funding and contracting
mechanisms. At present, it is generally not practically feasible for
an individual investigator, manufacturer, or regulatory body to
rapidly have a chemical or sample screened through a well-
established and validated battery of HTS assays. Likewise, new
HTS assays are often being developed in individual laboratories,
whichmay screen a large library consisting of several hundred to
a few thousand compounds, then move on to a new assay.
Although such efforts have succeeded in placing a large amount
of data into the public domain, most current HTS assays are not
readily accessed or applied for the assessment of new chemicals
or environmental samples. The lack of access to HTS testing
platforms limits both the amount and scope of the data that are
generated and broader acceptance and uptake in risk assess-
ment. If there are roughly 80 000 chemicals in commerce and
data are still only available for 1 in 10 of those, let alone their
relevant transformation products, mixtures, and so on, HTS data
may still only be useful in a small minority of risk assessments.
Creating and investing in an infrastructure in which researchers,
regulators, and industry, including those from developing
countries, could submit chemicals/samples and have a stan-
dardized and validated set of HTS assays available to test their
compound or sample would broaden the available data while
distributing the costs of testing across the community.
Establishment of one or more certified, accessible, HTS testing
facilities would also have substantial benefits for validation and
mutual acceptance of data. The lack of accessibility of HTS could
be addressed through creative public–private partnerships that
should make it possible to expand the amount of data in the
public domain while protecting confidential business informa-
tion, for example, through substantially discounted pricing for
users who agree to make their data public. At the same time
additional effort should be invested in development of guide-
lines, performance-based measures, controlled vocabularies,
and databases that could be used to establish the quality,
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validity, and comparability of low- tomedium-throughput assays
that are viable for individual investigators to run in their
laboratories and would be accepted as comparable to those
available through commercial HTS services.
Opportunities for impact: Enhanced international
coordination

Stakeholders around the globe would stand to benefit from
greater accessibility to HTS infrastructure. In particular, the
environmental monitoring community has been one of the first
to acknowledge the potentially transformative nature of these
testing platforms (Neale et al. 2015, 2017; Schroeder et al. 2016;
Blackwell et al. 2017; Muschket et al. 2018). However, a
recognized limitation, to date, has been a relatively limited
amount of interaction and awareness between various global
efforts to develop the approaches, models, and tools to support
the application of HTS in environmentalmonitoring. This has led,
to some extent, to the use of inconsistent terminologies and
approaches and less efficient use of limited research and
development resources. Given its role as a global organization,
SETAC is uniquely positioned to help coordinate a truly global
research strategy to tackle both scientific and policy hurdles
related to the application of HTS in this domain and to assist in
providing developing countries access and training related to
HTS technology and its applications.
Opportunities for impact: Response–response,
not just dose–response

Considering the state of the science, there is little skepticism
that HTS data can be generated. As noted, however, a major
barrier to application is the disconnect between what is
measured in an HTS assay and assessment endpoints consid-
ered meaningful for decision-making. The AOP framework can
address this to some extent, but quantitative extrapolation
along AOPs is currently limited by a lack of data that address the
critical question: how much perturbation of a key event is too
much? Toxicologists have been trained to think in terms of dose-
response (i.e., what magnitude of exposure is needed to elicit an
effect?). However, quantitative understanding needed to
extrapolate along an AOP requires a more generalized
understanding of how much change in some upstream biologi-
cal response (i.e., an early key event in an AOP) is needed to
evoke a defined level of downstream biological effect (e.g.,
eliciting a later key event in an AOP). This is captured as a
response–response relationship, where, conceptually, the mag-
nitude of change in an upstream biological event is plotted on
the x-axis and the magnitude or severity of a downstream
biological effect is plotted on the y-axis. The relationship
between the endpoints may be captured as a regression
equation or a more complicated mathematical model or
probabilistic function. Regardless of form, the aim is to develop
a quantitative relationship between one biological change and
another it is causally related to (e.g., Conolly et al. 2017).
Ultimately, the goal is to be able to define at what point those
biological changes become so severe that an organism’s health
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or ecological fitness is compromised. Although this may seem
closely aligned with traditional toxicology experiments,
answering it often involves investigation of multiple endpoints
at multiple time points to understand the progression of
different key events along an AOP (e.g., Villeneuve et al. 2013;
Villeneuve 2016; Conolly et al. 2017). Thus, a shift in mind-set
is required with regard to the kinds of experimental designs
needed to support the AOP framework and its use for more
quantitative applications of HTS in risk assessment. This shift
could also coincide with a concerted effort to collaborate with
the broader biological research community (e.g., cell and
molecular biologists, physiologists, ecologists) because the
study of both unperturbed biological systems and various
responses to nonchemical stressors can both add to key event
inventories and augment understanding of response–response
relationships.
Opportunities for impact: Ecosystem relevance

However, even if AOPs can be successfully developed and
applied to translate HTS data to relevant endpoints at the
individual level, there remain deficiencies in our ability to
translate individual-based endpoints into predicted population-
or ecosystem-level consequences (Forbes et al. 2017). Ecologi-
cal risk is measured by focusing on sensitive individuals and
relies on a few well-studied model organisms. Nevertheless,
unlike in human health risk assessment, the concern for hazard is
at the population level, whichmakes the gap betweenmeasured
effects and protection goals even larger, particularly when
focusing on HTS and/or mechanistic data to inform decisions.
Furthermore, the large number of species in ecological risk
assessment with different life histories, strategies, and environ-
ments significantly increases the challenge of extrapolation and
the level of uncertainty when using in vitro or in silico tools for
hazard prediction. Predicted effects on survival, growth,
development, and reproduction at the individual level still
need to be integrated in the context of life-history traits to
understand their overall significance to a population. Likewise,
effects that may translate across trophic levels to have
ecosystem-scale impacts should not be ignored. A simple
example is the case of an herbicide affecting photosystem II of
plants. Although the chemical may be completely innocuous to
animal life, if it were to eliminate the base of the food chain,
populations of a broad range of taxa could nonetheless be
impacted. Consequently, the ongoing effort to link ecological
modeling frameworks through dynamic energy budgets and
other integrated approaches like the AOP framework is another
area where a strategic research effort could make a powerful
impact (Forbes et al. 2017; Murphy et al. 2018).
Opportunities for impact: Aggregation of
ecological exposure data sets

Finally, although the focus of the present article is primarily on
what HTS could bring to the hazard or effects side of the risk-
assessment equation, it is recognized that exposure is critical
and constitutes a large source of variability when extrapolating
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from laboratory to field studies. The temporal and spatial
variability of exposure concentrations in the field and their
intersection with the different life histories, behaviors, and
physiological attributes of different species is an aspect of
ecological risk assessment that cannot be ignored. Although
investment in the HTS tools for biological effects assessment is
important, there needs to be parallel investment in aggregation
of exposure and toxicokinetic information. Human exposure and
absorption, distribution, metabolism, and elimination data are
being aggregated through sources like the USEPA’s Chemistry
Dashboard (US Environmental Protection Agency 2018c).
However, to date, there are no ongoing parallel efforts to
aggregate ecological exposure data or relevant parameters
needed to develop robust toxicokinetic models for a wide range
of vertebrate and invertebrate wildlife and plants.

CONCLUSIONS

It is apparent that the science needed to support implemen-
tation of a broad vision of toxicity testing in the 21st century has
advanced considerably over the decade since initial publication
of the NRC report. Many of the objectives defined by the NRC
have been at least partially achieved. However, the uptake of
these approaches into risk-assessment practices has been
limited. The reasons for that limited uptake are multifactorial,
but the challenges involved have been articulated and defined
and are not insurmountable. At the same time, none are trivial,
and well-coordinated strategic research, development, and
investment will be required to address them in an effective and
efficient manner. Although several cross-agency and global
partnerships have already laid out strategic goals and roadmaps
for addressing some of the critical science challenges, there
remain several key areas where SETAC leadership and/or
effective coordination of the SETAC community with the efforts
of other institutes and societies could make highly impactful
contributions. The authors encourage SETAC and its member-
ship to take up the charge.
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