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Assessment: Insights from Social Science Perspectives
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BACKGROUND: Some 20 y ago, scientific and regulatory communities identified the potential of omics sciences (genomics, transcriptomics, proteo-
mics, metabolomics) to improve chemical risk assessment through development of toxicogenomics. Recognizing that regulators adopt new scientific
methods cautiously given accountability to diverse stakeholders, the scope and pace of adoption of toxicogenomics tools and data have nonetheless
not met the ambitious, early expectations of omics proponents.

OBJECTIVE: Our objective was, therefore, to inventory, investigate, and derive insights into drivers of and obstacles to adoption of toxicogenomics in
chemical risk assessment. By invoking established social science frameworks conceptualizing innovation adoption, we also aimed to develop recom-
mendations for proponents of toxicogenomics and other new approach methodologies (NAMs).

MEeTHODS: We report findings from an analysis of 56 scientific and regulatory publications from 1998 through 2017 that address the adoption of toxi-
cogenomics for chemical risk assessment. From this purposeful sample of toxicogenomics discourse, we identified major categories of drivers of and
obstacles to adoption of toxicogenomics tools and data sets. We then mapped these categories onto social science frameworks for conceptualizing
innovation adoption to generate actionable insights for proponents of toxicogenomics.

Discussion: We identify the most salient drivers and obstacles. From 1998 through 2017, adoption of toxicogenomics was understood to be helped by
drivers such as those we labeled Superior scientific understanding, New applications, and Reduced cost & increased efficiency but hindered by obstacles
such as those we labeled Insufficient validation, Complexity of interpretation, and Lack of standardization. Leveraging social science frameworks, we find
that arguments for adoption that draw on the most salient drivers, which emphasize superior and novel functionality of omics as rationales, overlook poten-
tial adopters’ key concerns: simplicity of use and compatibility with existing practices. We also identify two perspectives—innovation-centric and
adopter-centric—on omics adoption and explain how overreliance on the former may be undermining efforts to promote toxicogenomics. https://doi.org/

10.1289/EHP6500

Introduction

Toxicogenomics is part of a new generation of scientific techniques
in toxicology and ecotoxicology referred to as new approach meth-
odologies (NAMs) (ECHA 2016a). The Society of Environmental
Toxicology and Chemistry (SETAC 2019) defines toxicogenomics
as “the study of the relationship between the genome and the
adverse biological effects of external agents,” and highlights its
connection with other omics disciplines, including genomics [“the
study of the genome, which is the entire set of genes (DNA) in an
organism”], transcriptomics [“the study of all messenger genes
(RNA) transcripts under specific conditions, which is the transcrip-
tome”], proteomics (“the study of proteins, which are important
components of organisms”), and metabolomics (“the study of the
metabolome, which are the molecules involved in metabolism
including sugars, lipids, and amino and nucleic acids”). Despite
impressive advances, the scope and pace of adoption of new toxi-
cogenomics tools and data sets in chemical risk assessment have,
generally, not met the ambitious expectations of their proponents
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(Birnbaum 2013; Cote et al. 2016; Leung 2018). In particular, reg-
ulatory uptake has been slow despite notable improvements and
new applications (Grondin et al. 2018; Li et al. 2019; Tice et al.
2013), as well as considerable national and international efforts
(Arnold 2015; ECHA 2016a; ICCVAM 2018; Kavlock et al.
2018).

A range of factors that serve as drivers of (or, conversely, barriers
or obstacles to) adoption of toxicogenomics and other NAMs have
been posited. For example, Zeiger (1999) foresaw adoption as driven
by the tools’ ability to predict apical outcomes of interest, cost effec-
tiveness, and contributions to reduced animal use, among other fac-
tors. Some research invokes structured frameworks to bring
conceptual order to drivers and obstacles: Ankley et al. (2006) dis-
cuss obstacles using the practical categories of “methods and capa-
bilities,” “research needs,” and “implementation challenges,” and
address drivers in terms of “potential applications” and “regulatory
challenges”; Balbus (2005) employs an empirically derived dichot-
omy between “scientific” and “sociopolitical” factors; Sauer et al.
(2017) present “legal,” “regulatory,” “scientific,” and “technical”
challenges to adoption; Vachon et al. (2017) distinguish “individual”
from “organizational” factors inhibiting adoption; and Zaunbrecher
et al. (2017) distinguish “scientific or technical” barriers to adoption
from “social/legal/institutional”” ones. These are important contribu-
tions, but the frameworks invoked are not directly informed by theo-
ries of innovation adoption. In fact, to date we are not aware of
efforts to comprehensively inventory both drivers of and obstacles to
toxicogenomics and NAM adoption and to examine them in light of
established social science frameworks for conceptualizing the adop-
tion of innovations.

More than 20 y after the potential of the omics fields of biol-
ogy to accelerate and improve the assessment of chemical risks
to human health and the environment was recognized (Fielden
and Zacharewski 2001; Iannaccone 2001; Olden et al. 2001;
Schmidt 2002) and more than 10 y after publication of the U.S.
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National Research Council report Toxicity Testing in the 21*
Century: A Vision and a Strategy, referred to as TTC21 (NRC
2007), answering the following questions remains crucial: )
What are the drivers of and obstacles to adoption of toxicoge-
nomics in chemical risk assessment? b) Which drivers and
obstacles are more and less salient in terms of attention paid to
them? and ¢) How could proponents of toxicogenomics better le-
verage drivers and overcome obstacles? We describe our
approach to answering these questions in the “Methods” section
herein, and we derive “Recommendations for policy and prac-
tice” in our Discussion (see Figure 1 for an overview).

Methods

Our research methods followed guidelines for qualitative research
from the Equator Network, namely, O’Brien et al.’s (2014) stand-
ards for reporting qualitative research (SRQR); Tong et al.’s (2007,
2012) consolidated criteria for reporting qualitative studies
(COREQ) and enhancing transparency in reporting the synthesis of
qualitative research (ENTREQ); Clark’s (2003) Relevance,
Appropriateness, Transparency, and Soundness (RATS) criteria;
and Malterud’s (2001) qualitative research standards (see Table S1).

Data Collection

We used an expert-driven approach to identify relevant studies.
We consulted 20 toxicologists from academia, regulatory agencies,
and industry who helped us identify relevant sources: peer-
reviewed journals (Table S2), books (Table S3), and authoritative
sources (Table S4) with searchable websites and online document
repositories [e.g., the Society of Toxicology (SOT), the European
Chemicals Agency (ECHA)] that potentially contained discussions
of what helped or hindered the adoption of toxicogenomics in
chemical risk assessment. We then conducted a targeted review of
these sources and generated a purposeful sample of toxicogenom-
ics discourse focused on drivers of and obstacles to adoption of tox-
icogenomics in chemical risk assessment. We retained 56
documents (listed in Table S5) for subsequent coding.

Data Analysis

In Stage I, to capture the original ideas and language of authors,
we extracted 300 verbatim text segments associated with drivers
and obstacles from the 56 sources making up the corpus of texts,
using broad operationalizations of drivers and obstacles, i.e., pos-
itive or negative influences of any kind on adoption. A researcher
not involved in extraction reviewed text segments to verify that
they indeed addressed drivers or obstacles. (See Table 1 for
examples and Table S1 for the complete list.)

In Stage II, we coded text segments using “open coding,” a
qualitative method that identifies major information categories in
data (Creswell 2013). We assigned each segment to one or more
driver or obstacle categories. After the initial coding, we merged
overlapping categories and adjusted labels to ensure that the final
categories were analytically distinct and labeled according to
original ideas in corpus sources. To establish the relative salience
of drivers and obstacles identified in our sample of toxicogenom-
ics discourse, we counted the number of corpus sources that men-
tioned each one, so the maximum possible “score” for any driver
or obstacle was 56. Because the data set had, on average, 5.4 text
segments per source, this approach prevented giving undue
weight to sources that repeated the same point. The resulting 11
drivers (D1-DI11) and 12 obstacles (O1-O12) are presented,
defined, cross-referenced to sources, and detailed below.

Because the analysis spanned 20 y, we revisited the data to see
whether there were notable differences over time. The first, me-
dian, and final year of mention for each driver and obstacle were
noted (Table S6). From the resulting consistent distribution of
mentions for empirically derived drivers and obstacles, especially
the most salient ones, we concluded that the data adequately repre-
sent toxicogenomics discourse over the period 1998-2017.

In subsequent stages, we deployed social science frameworks
widely used for theorizing innovation adoption but heretofore not
used to study toxicogenomics. In Stage I1I, we drew upon the work
of Rogers (1962, 2003), who posits five fundamental drivers of
adoption, articulated in terms of innovation attributes (relative
advantage, compatibility, simplicity, trialability, and observability).

Identify and analyze
relevant scientific
and regulatory
articles and
documents

Analysis - Stage I:
Extract text
segments and label
them as drivers or
obstacles

Analysis - Stage II:
Group drivers and
obstacles into
categories, then
build a list

Most salient drivers:

« Superior scientific understanding;
* New applications;

* Increased efficiency.

Most salient obstacles:

* Insufficient validation;

* Complexity of interpretation;
* Lack of standardization.

Recommendations
for policy and
practice

Analysis - Stage IlI:
Map drivers and
obstacles onto
theoretically
grounded
innovation
attributes

Drivers emphasize
superior
functionality.
Obstacles
emphasize lack of
simplicity and
compatibility more
than superior
functionality.

Analysis - Stage IV:
Identify
fundamental
perspectives on
adoption of
innovations that
underpin drivers
and obstacles

The most salient
drivers and
obstacles reflect an
innovation-centric
perspective on
omics adoption.
The adopter-centric
perspective is
underdeveloped.

Analysis - Stage V:
Map drivers and
obstacles onto
organizational
learning concepts

Drivers and
obstacles map
strongly and evenly
onto organizational
learning concepts,
indicating the need
for mediating
institutions to
speed adoption.

* Omics proponents need to understand better the practices of potential adopters to ensure that new omics tools
address their needs and are a good fit with their work practices;
* Researchers developing newer and more elaborate omics methods need to consider their compatibility with users’

work flows and simplicity of use, lest their efforts deter adoption of their innovations and fail to impact practice;

* Mediating institutions, such as contract research organizations with specialized omics capabilities, publicly available
omics databases, and online bioinformatics platforms could lower knowledge barriers and mitigate performance
uncertainties associated with omics methods.

Figure 1. Overview of approach to constructing social science insights into adoption of toxicogenomics for chemical risk assessment.
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Table 1. Examples of text segments and their coding as “drivers” or
“obstacles.”

Coding Sample text segments

With more tools available and impor-
tantly more experienced practi-
tioners of the art of interpretation
forthcoming it is most likely that
environmental science will increas-
ingly experience the application of
genomic tools in chemical assess-
ments (ECETOC 2007 p. 19).

Industry, government, and academic
institutions all are engaged in
developing and applying omic data.
The strongest driver behind the de-
velopment of these technologies is
the pharmaceutical industry, which
is confident that these techniques
will accelerate drug discovery and
toxicity testing (Balbus and
Environmental Defense 2005
p. 12).

Without a clearly defined approach to
categorize in vitro effects as benefi-
cial, adverse, or irrelevant (normal
variation), there is the concern that
pathway perturbation results will
not be credible as a risk assessment
tool for the regulatory community
(Andersen and Krewski 2010
p. 19).

Data sharing and providing adequate
informatics support to retrieve and
utilise available data, including
those from NAMs [new approach
methodologies], is a key challenge
to supporting their use for regula-
tory purposes (ECHA 2016 p. 13).

Drivers (positive influences on
adoption)

Obstacles (negative influences on
adoption)

Note: Underlined phrases in this table are the summary labels for each driver which are
used in the rest of this article for ease of reference.

We mapped each empirically derived driver and obstacle onto
these attributes by establishing the presence or absence of seman-
tic correspondence. Although we recognized that this approach
unavoidably involves interpretation and subjectivity, our analy-
sis allowed a coarse-grained view of the distribution of drivers
and obstacles across Rogers’ attributes, and in turn, by noting
patterns in how specific attributes relate to more or less salient
drivers and obstacles, allowed development of recommendations
for proponents of toxicogenomics.

In Stage I'V, we noted that, whereas Rogers’ five attributes focus
on the innovation and de-emphasize features of the adopting system,
some of our empirically derived drivers and obstacles refer directly
to the adopting system. We labeled the perspective emphasizing
innovation attributes as the main cause behind (non)adoption “inno-
vation-centric.” It suggests that proponents of an innovation should
focus efforts on the innovation itself to improve it sufficiently to in-
terest potential adopters. We labeled the perspective emphasizing
features of the adopting system as the main cause behind (non)adop-
tion “adopter-centric.” It suggests that proponents of an innovation
should focus efforts on potential adopters to make them more
inclined as well as better prepared and able to adopt it. We then cate-
gorized empirically derived drivers and obstacles as innovation- or
adopter-centric using semantic correspondence. This analysis made
it possible to observe the distribution of drivers and obstacles across
the two perspectives and to make inferences from the relative bal-
ance/imbalance between them.

In Stage V, we mapped drivers and obstacles onto key concepts
from Paul Attewell’s work, which relates technology adoption to
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organizational learning (Attewell 1992; Bhaskarabhatla 2016;
Compagni et al. 2015; Cusumano et al. 2015). Attewell (1992)
notes that, for “simple” innovations, information flows explain
innovation adoption, because organizational ties suffice to inform
potential adopters about an innovation’s existence, relative advant-
age, simplicity, and compatibility. However, information flows are
insufficient to spur adoption of “complex” innovations, for which
Attewell posits two generic obstacles to adoption: knowledge bar-
riers (e.g., lack of know-how; few opportunities for “hands-on”
learning by doing; limited transferability of technical expertise)
and resulting performance uncertainties. Two generic drivers of
adoption help overcome these generic obstacles: skill development
(i.e., individuals cultivate hands-on understanding of the technol-
ogy within their specific context) and organizational learning (i.e.,
organizations consolidate this situated understanding into organi-
zational practices). In such situations, mediating institutions, such
as service bureaus and consultants, can ‘“progressively lower
[knowledge] barriers, and make it easier for firms to adopt and use
the technology without extensive in-house expertise” (Attewell
1992, p. 1). In other words, mediating institutions can substitute for
skill development and organizational learning early in the adoption
process and facilitate them over time. Reframing toxicogenomics
as a complex innovation, we mapped empirically derived drivers
and obstacles onto Attewell’s generic drivers and obstacles, guided
by semantic correspondence, which allowed us to draw conclu-
sions about how mediating institutions could facilitate adoption of
toxicogenomics.

Discussion

Drivers of and Obstacles to Adoption of Toxicogenomics

Stages I and II of analysis of toxicogenomics discourse from 1998
through 2017 yielded 11 drivers and 12 obstacles (See Tables 2
and 3). (Here, we note the possibility that our corpus inadver-
tently excluded texts containing relevant drivers and obstacles, a
limitation of our approach. However, given the number of sour-
ces supporting our most salient drivers and obstacles, we believe
they approximate well the content of toxicogenomics discourse
during the period 1998-2017.) With one exception (D8: 2007),
the final years of mention of the nine most salient drivers fell
within the period 2015-2017. More strikingly, with two excep-
tions (O7: 2011, O9: 2016), the final year of mention of the nine
most salient obstacles was 2017. These findings indicate that our
drivers and obstacles, which are labeled with overarching con-
cepts to capture a range of more finely grained issues, remained
important concerns for the toxicogenomics community in 2017,
notwithstanding significant progress made on specific, more
finely grained issues (e.g., standardization, as discussed below).
We identified several types of potential adopters/users of toxico-
genomics: government agencies and regulators (ECVAM and
ICCVAM 2003; OECD 2005, 2010; Tralau et al. 2015); businesses
(Kramer and Kolaja 2002; Liihe et al. 2005; Orphanides 2003); aca-
demia (Bahamonde et al. 2016; Boverhof and Zacharewski 2006;
Grodsky 2007; Hartung 2009; Hattis 2009; Trosko and Upham
2010); and cross-sector collaborations (Andersen and Krewski
2010; Malloy et al. 2017; Taylor et al. 2007). These groups are con-
sidered together as ‘“potential adopters” in this commentary.
Notably, the nature of what precisely was to be adopted varied.
Sources discussed toxicogenomics as a suite of approaches, tests,
and methods (e.g., Hartung 2011; SOT 2015; Zaunbrecher et al.
2017); a set of technologies (e.g., ECETOC 2007; NRC, 2005;
Sauer et al. 2017); and data or data sets produced by particular
approaches, tests, methods, and technologies (e.g., Bergeson 2008;
Freeman 2004; Gant 2016). Distinguishing whether the specific tox-
icogenomics innovations being adopted were knowledge, practices,
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physical artifacts or data was therefore challenging. Given a tradi-
tion in social science of conceptualizing technologies as a nexus of
knowledge, artifacts, and practices (Garud and Rappa 1994), we eli-
ded distinctions and present findings below with reference to “toxi-
cogenomics” writ large and/or “toxicogenomics tools and data
sets.” The rest of this section describes the five most salient drivers
and obstacles, explaining how they were understood during the pe-
riod 1998-2017 to help or hinder the adoption of toxicogenomics in
chemical risk assessment. We labeled drivers and obstacles accord-
ing to their relative salience, from those mentioned in the most to the
fewest number of sources in our corpus (D1, D2, ... D11; and O1,
02,...012).

Drivers. The first driver, Superior scientific understanding
(D1), reflects the view that omics methods allow a detailed sci-
entific understanding of health and ecological effects from
chemical exposure (Olden et al. 2001). Sources mentioning this
driver suggested that the more comprehensive toxicogenomics
knowledge of chemical hazards becomes, the more users will
adopt toxicogenomics to improve risk assessment (Table 2).
This driver includes the discovery of new toxicity pathways and
mechanisms of action (Fent and Sumpter 2011), refinements of
risk models (Andersen and Krewski 2010), optimization of
assays for specific chemicals (Ankley et al. 2006), more accu-
rate health risk assessments (Tsuji and Garry 2009), and
enhanced public health and regulatory decisions (ECETOC
2007; ECHA 2016b; Tralau et al. 2015).

The second driver refers to New applications (D2) afforded by
omics in human and ecological toxicology (ECHA 2016b; Olden
et al. 2001). Sources mentioning this driver argued that access to
previously unavailable tests motivates the adoption of toxicoge-
nomics. New applications include identifying biomarkers of expo-
sure (IPCS 2003), determining species-specific toxicity or mixture
toxicity, assessing low-dose effects, examining endocrine effects,
investigating nanotoxicology (Tralau et al. 2015), generating tox-
icity data to identify the best analogs to chemicals of concern
(NASEM 2017), and removing new substances with unsuitable
safety margins early in the testing process (Chen et al. 2012).

The third driver, Reduced cost & increased efficiency (D3),
captures the notion that omics have been expected to reduce testing
cost and time, thus increasing testing efficiency (Iannaccone
2001). Sources highlighted alternative methods’ potential for time
and cost savings in comparison with conventional approaches
(ECHA 2016b; OECD 2010; Tsuji and Garry 2009) and noted that
costs for using some new technologies were already reasonable
(Sauer et al. 2017). Continued improvement of the economics of
toxicogenomics, it was argued, could lead to greater toxicological
coverage of the chemical universe (NRC 2007), especially if
omics-based methods are applied widely, generating efficiencies
of scale (Saueretal. 2017).

The fourth driver highlights how Scientific and technological
advances (D4) have been viewed to expand the capacities and
scope of omics methods in toxicology, resulting in more New
applications (D2) and fueling the uptake of omics. Advances in
molecular technology, proteomics, metabolomics, bioinformatics,
and modeling improve testing efficiency and efficacy (Iannaccone
2001), understanding of mechanistic toxicology (Tralau et al.
2015), alternative methods validation (Hartung 2011) and, more
broadly, the capacity to deal with important issues in human and
ecological toxicology (Chen et al. 2012), according to toxicoge-
nomics discourse during the period 1998-2017.

The fifth driver, Belief in the potential of omics (D5), refers to
confidence in the promise of omics methods to generate Superior
scientific understanding (D1) and New applications (D2). During
the period 1998-2017, it manifested itself in assertions that omics
would transform risk assessment in medical science (ECVAM
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and ICCVAM 2003) and ecotoxicology (OECD 2005), with spe-
cific claims regarding better classification of chemicals and drugs
based on transcriptomic profiling (Fielden and Zacharewski
2001), improved specificity of chemical risk assessment (IPCS
2003), and increased speed and efficiency of toxicity testing
(NRC 2007; Tralau et al. 2015).

Obstacles. The first obstacle, Insufficient validation (O1),
reflects the claim made in numerous sources during the period
1998-2017 that omics methods lack adequate validation, especially
for regulatory uses (Table 3). Different validity requirements across
specific uses and user needs [e.g., regulatory vs. other contexts
(Malloy et al. 2017; Zeiger 1999)] may amplify this concern.
Ultimately, lack of appropriate validation discourages actors from
using omics (Sauer et al. 2017). Concerns during the past 20 y
include the likelihood of false positives (Andersen and Krewski
2010; Balbus and Environmental Defense 2005; Villeneuve et al.
2012), difficulty in distinguishing chemically induced from normal
gene expression (Balbus and Environmental Defense 2005), insuffi-
cient knowledge of data quality (ECHA 2016b; Fent and Sumpter
2011; Vachon et al. 2017), as well as limited biological understand-
ing of omics data (Pettit et al. 2010). Some sources claimed that toxi-
cogenomics need further scientific justification (Frueh 2006;
Wakefield 2003; Zaunbrecher et al. 2017). Complicating matters,
the validation of omics and other novel methods has been a moving
target due to their rapid evolution (Balbus and Environmental
Defense 2005; NASEM 2017; NRC 2007). Further, validation has
been constructed as requiring lengthy, expensive, and technically
and logistically demanding efforts (NRC 2007; Olden et al. 2001;
Tralau et al. 2015). Other validation challenges discussed during the
period 1998-2017 include the perceived requirement to compare
data from alternative methods with data from incumbent methods
that are still considered the “gold standard” (Sauer et al. 2017;
Wittwehr et al. 2017) despite shortcomings (Andersen and Krewski
2010); and the constraints of a necessarily multistakeholder
approach to validation (Bergeson 2008).

The second obstacle, Complexity of interpretation (02),
reflects the complexity of omics data analysis (Ankley et al. 2006;
ECETOC 2007; Fent and Sumpter 2011), which has been under-
stood to bring uncertainty to data interpretation and make some
actors reluctant to use omics. During the period 1998-2017, inter-
pretation challenges came primarily from limited knowledge of
gene sequences and annotations (Fent and Sumpter 2011; OECD
2005; Pennie et al. 2004); lack of a rigorous, established and
harmonized interpretation framework, including baseline data
(ECETOC 2007; Fent and Sumpter 2011; Frueh 2006; NASEM
2017; NRC 2007; NTP 2004); and uncertainty in extrapolations
from gene expression to outcomes in cells, organisms, and popula-
tions (Fent and Sumpter 2011; NTP 2004; Olden et al. 2001).
Challenges also arose from the time required for data analysis and
interpretation (ECETOC 2007; Pettit et al. 2010), and the need to
integrate data from separate disciplines (NASEM 2017). Big data
have further complicated interpretation through significant compu-
tational requirements, multiple online data sources, and the consid-
erable investments that were needed to generate and analyze data
sets, especially early in the period from 1998 through 2017 (Balbus
and Environmental Defense 2005; ECETOC 2007).

Many sources from 1998 through 2017 called for more standard-
ization of omics assays, data evaluation, and reporting (NASEM
2017) to establish a simpler interpretation framework that would
also be compatible with users’ routines (Table 3). Accordingly, the
third obstacle was labeled Lack of standardization (O3). Even recent
research identified lack of standardization as a crucial reason risk
assessors continue to balk at using omics data (Sauer et al. 2017).
Researchers have argued that standardization is essential for credi-
ble and consistent processing of omics data in regulatory risk
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assessment (ECVAM and ICCVAM 2003; Pettit et al. 2010; Sauer
et al. 2017), and for characterizing new risk assessment approaches
(Government of Canada 2016). Standardization, it has been argued,
can help address issues such as low compliance with data standards
(Pettit et al. 2010) and variability in results across methods and labo-
ratories (Fent and Sumpter 2011; Frueh 2006; Nature Publishing
Group 2006). Notwithstanding the benefits that might flow from
standardization, proponents of toxicogenomics confronted persis-
tent hurdles to standardization that compounded their challenges
(Balbus and Environmental Defense 2005). These hurdles included
the high levels of expertise across numerous, diverse actors needed
to achieve standardization (Tralau et al. 2015), norms of storing ex-
perimental data in unconnected silos (Malloy et al. 2017), and rapid
technological progress (ECVAM and ICCVAM 2003).

The Lack of expertise (O4) obstacle highlights that addressing
the Complexity of interpretation (O2) of omics data requires exper-
tise in several domains, including experimentation, data gathering,
data analysis, result interpretation, reporting, and decision making,
which often require training (ECVAM and ICCVAM 2003; Fent
and Sumpter 2011; Vachon et al. 2017). There has been concern
about the lack of expertise in the regulatory community (ECVAM
and ICCVAM 2003) and broader public (Balbus and Environmental
Defense 2005). Limited training has been understood to engender
costly recruitment of experts to interpret omics data, difficult inte-
gration of omics knowledge into existing paradigms (Balbus 2005),
low individual acceptance of omics methods (Zeiger 1999), and
poor regulatory uptake of omics (Sauer et al. 2017). Training and
education have therefore been considered necessary to develop tech-
nical expertise (ECHA 2016b; OECD 2005) and familiarity (Sauer
etal. 2017; Zeiger 1999).

The fifth obstacle, Difficulty of coordination (O5), refers to the
need for diverse actors to align their efforts around toxicogenomics
(ECETOC 2007; Zaunbrecher et al. 2017) and the associated chal-
lenges. Insufficient coordination has been understood to impede
integration of omics into chemical risk assessment (OECD 2005).
Coordination relates explicitly to Lack of standardization (O3),
because concerted efforts help harmonize laboratory procedures
(OECD 2005), validation processes (SOT 2015), and (inter)
national regulatory guidelines on alternative methods (SOT 2015).
Coordination also helps legal, regulatory, ethical, and policy com-
munities develop stable frameworks for the use of omics data in
regulatory and legal settings (Bergeson 2008). During the period
1998-2017, coordination challenges included the absence of
harmonized and publicly available tools for data analysis (Ankley
et al. 2006; ECHA 2016a; ECVAM and ICCVAM 2003), barriers
to data sharing (Balbus and Environmental Defense 2005; ECHA
2016b), scarce infrastructure to bridge different types of informa-
tion and expertise (IPCS 2003), and the need for extensive cross-
sector collaboration (Krewski et al. 2009).

Given contrasts between empirically derived drivers and
obstacles [e.g., D3 indicates that Reduced cost & increased effi-
ciency drive adoption, whereas O7 (High level of required invest-
ment) and O9 (Uncertain economic benefits) counter this claim
with economics-based rationales for nonadoption] we note that
there is no consensus in our corpus (Tables 2 and 3).
Nonetheless, clear patterns were uncovered in how authors have
talked about what helps and what hinders the adoption of toxico-
genomics for chemical risk assessment.

Drivers, Obstacles, and Adoption of Innovations

The social science literature on innovation adoption permits
anchoring empirically derived drivers and obstacles into theoreti-
cal frameworks that can provide guidance for proponents of toxico-
genomics. In particular, Everett Rogers’ highly cited Diffusion of
Innovations (Rogers 1962, 2003) theorizes five innovation
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Table 4. Five innovation attributes that facilitate and accelerate adoption.
Definition (from Rogers 2003)

The extent to which an innovation has
superior functionality relative to
cost, as compared to incumbent
technologies.

Innovation attribute

Relative advantage

Compatibility The extent to which an innovation is
consistent with potential adopters’
values, past experiences, and needs.

Simplicity The extent to which an innovation is
easy to understand and use.

Trialability The extent to which an innovation can

be experimented with by potential
adopters.

The extent to which an innovation’s
benefits can be clearly seen by later
adopters when early adopters use it.

Observability

attributes that facilitate the adoption of a given innovation (Table
4). Guided by semantic correspondence, we mapped drivers and
obstacles onto Rogers’ (1962, 2003) innovation attributes. For
example, International collaboration & harmonization (D11)
refers to efforts to align omics practices across jurisdictions and to
create a shared basis for omics data interpretation. Harmonization
is unrelated to the perception that omics methods are superior to in-
cumbent technologies (i.e., relative advantage) or to adopters’
ability to experiment directly or vicariously with omics (i.e., trial-
ability and observability). Rather, it refers to ensuring consistency
and ease of use of omics tools and data across jurisdictions, so we
mapped D11 onto compatibility and simplicity.

The majority of empirically derived drivers—the eight most
salient ones—map onto relative advantage, indicating a wide-
spread assumption during the period 1998-2017 that the superior
functionality of toxicogenomics tools in comparison with legacy
methods would drive adoption (Table 5). Our mapping also indi-
cates some attention to ensuring that toxicogenomics tools and
data sets have the requisite compatibility with skills and routines
of potential adopters, and the requisite simplicity to be understood
and used easily by them, to drive adoption. Finally, our mapping
highlights that trialability and observability received little atten-
tion in discussions of what drives adoption of toxicogenomics,
during the period 1998-2017.

Trialability and observability received slightly more considera-
tion in discussions of obstacles in comparison with drivers; i.e., low
trialability and low observability hindered adoption: Two out of the
five most salient obstacles map onto these attributes, suggesting that
adopters lacked opportunities for direct and proxy experimentation
with omics tools and data sets (Table 5). Three of the five most sa-
lient obstacles map onto relative advantage, indicating that the per-
formance of omics relative to legacy methods was also a concern.
Four of the five most salient obstacles map onto simplicity, indicat-
ing that difficulties in understanding and using omics tools and data
sets were key barriers to adoption. Finally, all of the five most sa-
lient obstacles map onto compatibility, suggesting that poor fit of
toxicogenomics with risk assessors’ routines was an important bar-
rier to their adoption during the period 1998-2017.

Recommendations for policy and practice. The difference in
focus we observe between drivers and obstacles suggests how tox-
icogenomics’ proponents may redirect their efforts to ensure atten-
tion to all innovation attributes. Arguments that invoke the most
salient drivers, thus highlighting relative advantage, are unlikely
to convince potential adopters concerned with compatibility and
simplicity. Further, the apparent lack of attention to trialability and
observability in the discourse on drivers and obstacles could ag-
gravate compatibility issues; if potential adopters cannot experi-
ment directly or vicariously with toxicogenomics tools and data
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Table 5. Mapping drivers and obstacles onto innovation attributes that facilitate and accelerate adoption.

Innovation attributes Drivers

Obstacles

Relative advantage
D2 - New applications

D3 - Reduced cost & increased efficiency
D4 - Scientific and technological advances
D5 - Belief in the potential of omics

D6 - Stakeholder commitment & investment

D7 - Reduced animal use

D8 - Numerous untested chemicals

D6 - Stakeholder commitment & investment

D9 - Enabling laws & regulations

D10 - Accessibility of capabilities & resources
D11 - International collaboration & harmonization

Compatibility

Simplicity

Trialability

Observability

D1 - Superior scientific understanding

D6 - Stakeholder commitment & investment
D10 - Accessibility of capabilities & resources
D11 - International collaboration & harmonization

D6 - Stakeholder commitment & investment
D10 - Accessibility of capabilities & resources

D6 - Stakeholder commitment & investment
D10 - Accessibility of capabilities & resources

Ol - Insufficient validation

02 - Complexity of interpretation

O5 - Difficulty of coordination

O7 - High level of required investment
08 - Lack of organizational support

09 - Uncertain economic benefits

010 - Inadequacy for some applications

Ol - Insufficient validation

02 - Complexity of interpretation
O3 - Lack of standardization

04 - Lack of expertise

O5 - Difficulty of coordination

08 - Lack of organizational support
02 - Complexity of interpretation
O3 - Lack of standardization

04 - Lack of expertise

O5 - Difficulty of coordination

08 - Lack of organizational support
O1 - Insufficient validation

O5 - Difficulty of coordination

08 - Lack of organizational support
Ol - Insufficient validation

OS5 - Difficulty of coordination

08 - Lack of organizational support

Note: For the sources of Drivers and Obstacles, please see Tables 2 and 3, respectively.

sets, it is unlikely they can evaluate the compatibility of these tools
and data with their work. Our findings corroborate previous stud-
ies of toxicogenomics that have highlighted their unfamiliarity, a
need for more knowledge about them, and resistance to change as
important obstacles to their adoption (Balbus 2005; Vachon et al.
2017) but additionally cast these studies in new light by mobiliz-
ing social science theorizing of innovation adoption.

Our findings also provide theoretical support for initiatives
aiming to increase trialability and observability of emerging tools
and data sets, such as the U.S. Food and Drug Administration’s
provision of a “safe harbor” for industry to submit genomic data
voluntarily for learning purposes, with reassurances that regula-
tory decisions would not leverage premature data (see Goodsaid
et al. 2010). Also, we acknowledge that the need for toxicoge-
nomics researchers to make their tools and data sets more readily
and easily usable by regulators and other end users has been iden-
tified in recent research (Farmahin et al. 2017; Harrill et al. 2019;
Thomas et al. 2019). Our commentary complements existing
work by pointing to potential solutions, including the expansion
of the priorities of developers of toxicogenomics tools beyond
further scientific advances that yield superior functionality and
novel uses. Specifically, ensuring that tools and data sets are not
overly complex to use (simplicity) and not unnecessarily disrup-
tive of established risk assessment practices (compatibility)
would speed their adoption.

We propose that one way to increase the simplicity and compat-
ibility of toxicogenomics tools and data is by addressing the Lack
of standardization obstacle (O3), i.e., by developing standardized
approaches to guide the development of tools, associated data sets,
and reports that are simple to use and compatible with users’ work-
flows (see mapping in Table 5). Standardization has been difficult
because the technology for evaluating gene expression has
changed repeatedly since 1998 (NASEM 2017; NRC 2007), even
if researchers have long recognized that consistent data sets built
on a stable platform represent a necessary foundation for adoption
of toxicogenomics by regulators (Frueh 2006). In fact, academic
and regulatory scientists have made important progress toward this
goal. As part of the U.S. National Institutes of Health’s Library of
Integrated Network-Based Cellular Signature (LINCS) initiative,
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bioinformaticians identified 978 “landmark” genes that when per-
turbed could represent changes across the human transcriptome
(Subramanian et al. 2017); whereas Thomas et al. (2019) describe
the U.S. Environmental Protection Agency’s plan to develop a sim-
ilar database of sentinel genes for toxicological applications, an
approach now used by multiple stakeholders. For example,
researchers at the U.S. National Toxicology Program (NTP) real-
ized the S15004+ gene set based on an analysis of available
Affymetrix Human Whole Genome Microarrays (HG-U133plus2)
(Mav et al. 2018); an academic team built the Toxicogenomics-
1000 (T1000) gene set based on analyses of in vivo and in vitro
data from human and rat studies from the Toxicogenomics Project-
Genomics Assisted Toxicity Evaluation System (Open TG-
GATEs) database (Soufan et al. 2019); and a group of industry
researchers used the Connectivity Map (CMap) concept in a read-
across study that spanned 186 chemicals and 19 cell lines (de
Abrew et al. 2019). In particular, researchers are seeking to stand-
ardize the reporting of omics data through various initiatives, e.g.,
development of a generic Transcriptomics Reporting Framework
(TRF) that includes Reference Baseline Analysis (RBA) (Gant
et al. 2017); the MEtabolomics standaRds Initiative in Toxicology
(MERIT) (Viant et al. 2019); and incorporation of omics data into
the Adverse Outcome Pathway (AOP) framework (Brockmeier
et al. 2017). Our analysis underlines the importance of these and
similar efforts, because an innovation’s simplicity and compatibil-
ity bear critically on innovation adoption.

Adoption of Innovations: Innovation-Centric vs. Adopter-
Centric Perspectives

In Stage IV in the “Methods” section, we introduced the analyti-
cal distinction between an innovation-centric and an adopter-
centric perspective on the adoption of innovations (Figure 1).
Following semantic correspondence, we mapped each empiri-
cally derived driver and obstacle onto one of these perspectives.
For example, cost and efficiency are attributes of omics methods,
and it falls on omics proponents to refine omics methods in ways
that improve these attributes. Therefore, we linked Reduced cost
& increased efficiency (D3) to the innovation-centric perspective.
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Table 6. Relating drivers and obstacles to innovation- and adopter-centric perspectives on adoption of innovations.

Perspective Drivers Obstacles

Ol - Insufficient validation

02 - Complexity of interpretation

O3 - Lack of standardization

09 - Uncertain economic benefits

010 - Inadequacy for some applications

Innovation-centric D1 - Superior scientific understanding

D2 - New applications

D3 - Reduced cost and increased efficiency

D4 - Scientific and technological advances

D7 - Reduced animal use

D10 - Accessibility of capabilities and resources
D5 - Belief in the potential of omics

D6 - Stakeholder commitment and investment
D8 - Numerous untested chemicals

D9 - Enabling laws and regulations

Adopter-centric O4 - Lack of expertise
OS5 - Difficulty of coordination
06 - Resistance to change

O7 - High level of required investment

D11 - International collaboration & harmonization

08 - Lack of organizational support
O11 - Concerns about litigation
012 - Frustrated expectations

Note: For the sources of Drivers and Obstacles, please see Tables 2 and 3 respectively.

Conversely, Stakeholder commitment & investment (D6) refers to
a feature of the adopting system; the likelihood of adoption
increases when potential adopters allocate resources to toxicoge-
nomics training and other efforts that increase organizations’
“absorptive capacity” (Cohen and Levinthal 1990, p. 128). We
thus linked D6 to the adopter-centric perspective.

Drivers from 1998 through 2017 are distributed almost evenly
between the innovation-centric and adopter-centric perspectives
(Table 6), but the four most salient ones reflect an innovation-
centric perspective. This finding suggests that attributes of omics
innovations received more attention than features of the adopting
system in discourse about drivers of adoption of toxicogenomics.
Similarly, the three most salient obstacles are innovation-centric,
which suggests more attention was paid to attributes of omics
innovations than to features of the adopting system in discourse
about obstacles to adoption of toxicogenomics. This finding is
mitigated somewhat, however, by most obstacles mapping to the
adopter-centric perspective, including two of the top five, which
suggests a heightened sensitivity to adopters in discussions of
what hindered adoption, in comparison with what helped it dur-
ing the period 1998-2017.

Recommendations for policy and practice. These findings
indicate that the innovation-centric perspective was more preva-
lent than the adopter-centric one in discourse about the (non)
adoption of toxicogenomics during the period 1998-2017. Given
recent expressions of concern about the pace of adoption
(Bergeson 2008; Lalone et al. 2017; Leung 2018), this preva-
lence may in itself represent an obstacle. It appears that research
and development of omics tools has heretofore focused more on
the tools and associated data abstracted from context than on
characterizing the adopting system to develop a clearer “situated”
view of the “tools in use.” We propose that a more balanced
approach—one that places more emphasis on the adopter-centric
perspective and, therefore, users—could facilitate and speed the
adoption of toxicogenomics and other NAMs.

Adoption of Innovations and Organizational Learning

Reframing toxicogenomics as a complex innovation, we mapped
empirically derived drivers and obstacles onto Attewell’s (1992)
generic drivers and obstacles, guided by semantic correspon-
dence. This analysis yielded interesting insights (Table 7).
Except for Inadequacy for some applications (010), empirically
derived obstacles map richly and positively onto Attewell’s two
generic obstacles as well as richly and negatively onto his two
generic drivers. For example, potential adopters’ Lack of exper-
tise (O4) clearly increases knowledge barriers and performance
uncertainties, but undermines and slows skill development and
organizational learning; the more expertise is lacking, the more
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skill development and organizational learning are required, and
the more difficult they are.

Empirically derived drivers mapped onto Attewell’s generic
drivers and obstacles almost as richly but less symmetrically
(Table 7). Several empirically derived drivers with very high sali-
ence, i.e., Superior scientific understanding (D1), New applications
(D2) and Scientific and technological advances (D4) contribute pos-
itively to generic obstacles and negatively to generic drivers, just
like empirically derived obstacles. The more advanced, sophisti-
cated, and novel that toxicogenomics becomes, the more knowledge
barriers and performance uncertainties are increased and the more
skill development and organizational learning are required and diffi-
cult. Most other empirical drivers map to generic drivers and
obstacles in the opposite way, i.e., decreasing knowledge barriers
and performance uncertainties and/or contributing positively to skill
development and organizational learning. For example, consider
Reduced cost & increased efficiency (D3). As toxicogenomics tools
become cheaper and more efficient, more organizations will be able
to afford to acquire, experiment with, and engage in learning-by-
doing with them, which contributes positively to skill development
and organizational learning.

Recommendations for policy and practice. We argue that
because toxicogenomics innovations are complex ones that require
new expertise, know-how, and learning by doing, two generic
obstacles to adoption, knowledge barriers and performance uncer-
tainties, are to be expected. These obstacles can however be over-
come by two generic drivers: individual skill development and
organizational learning. When potential adopters lament perform-
ance uncertainties and the knowledge barriers to which they give
rise, we recommend that toxicogenomics’ proponents focus more
on understanding adopter needs and working toward skill develop-
ment and organizational learning in the adopting system. They
could also attend to and foster the emergence of mediating institu-
tions to bridge the divide between innovators and potential adopters,
which might include specialized consulting organizations and con-
tract laboratories with the requisite know-how, bioinformatics plat-
forms, and databases that reduce knowledge asymmetries and
performance uncertainties associated with toxicogenomics innova-
tions, and accessible training programs to speed skill development.

Indeed, numerous entities already appear to be playing the
facilitating role of mediating institutions. For example, publicly
available omics databases, such as TG-GATEs (Igarashi et al.
2015) and, more broadly, NCBI’s Gene Expression Omnibus
(GEO), create opportunities for potential users to experiment
with omics data. Similarly, online bioinformatics platforms, such
as EcoToxXplorer.ca, developed for the EcoToxChip project
(Basu et al. 2019), offer tutorials that support skill development
and allow potential users to generate their own bioinformatics
data. In reducing knowledge barriers and mitigating performance
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Table 7. Mapping drivers and obstacles onto concepts from Attewell’s (1992) framework for understanding the adoption of complex innovations.

Concept

Drivers

Obstacles

Knowledge barriers (generic obstacle)

Performance uncertainties (generic obstacle)

Skill development (generic driver)

Organizational learning (generic driver)

D1 - Superior scientific understanding (4)

D2 - New applications (+)

D4 - Scientific and technological advances (4)

D6 - Stakeholder commitment & investment (—)

D10 - Accessibility of capabilities & resources (—)
D11 - International collaboration & harmonization (—)

D1 - Superior scientific understanding (4)

D2 - New applications (+)

D4 - Scientific and technological advances (4)

D6 - Stakeholder commitment & investment (—)

D9 - Enabling laws & regulations (—)

D10 - Accessibility of capabilities & resources (—)
D11 - International collaboration & harmonization (—)

D1 - Superior scientific understanding (—)

D2 - New applications (—)

D3 - Reduced cost & increased efficiency (+)

D4 - Scientific and technological advances (—)

D6 - Stakeholder commitment & investment (+)

D9 - Enabling laws & regulations (+)

D10 - Accessibility of capabilities & resources (+)
D11 - International collaboration & harmonization (+)
D1 - Superior scientific understanding (—)

D2 - New applications (—)

D3 - Reduced cost & increased efficiency (+)

D4 - Scientific and technological advances (—)

D6 - Stakeholder commitment & investment (+)

D9 - Enabling laws & regulations (+)

D10 - Accessibility of capabilities & resources (+)
D11 - International collaboration & harmonization (+)

O1 - Insufficient validation (+)

02 - Complexity of interpretation (+)

O3 - Lack of standardization (+)

04 - Lack of expertise (+)

05 - Difficulty of coordination (+)

06 - Resistance to change (+)

O7 - High level of required investment (+)
08 - Lack of organizational support (+)
O1 - Insufficient validation (+)

02 - Complexity of interpretation (+)

O3 - Lack of standardization (+)

04 - Lack of expertise (+)

05 - Difficulty of coordination (+)

06 - Resistance to change (+)

O7 - High level of required investment (+)
08 - Lack of organizational support (+)
09 - Uncertain economic benefits (+)

O11 - Concerns about litigation (+)

O1 - Insufficient validation (—)

02 - Complexity of interpretation (—)

O3 - Lack of standardization (—)

04 - Lack of expertise (—)

06 - Resistance to change (—)

O7 - High level of required investment (—)
08 - Lack of organizational support (—)

O1 - Insufficient validation (—)

02 - Complexity of interpretation (—)

O3 - Lack of standardization (—)

04 - Lack of expertise (—)

06 - Resistance to change (—)

O7 - High level of required investment (—)
O8 - Lack of organizational support (—)
O11 - Concerns about litigation (—)

Note: (+) indicates that the empirically derived driver of or obstacle to adoption of toxicogenomics tools is likely to contribute positively to or increase the generic driver or obstacle
from Attewell’s framework. (—) indicates that the empirically derived driver of or obstacle to adoption of toxicogenomics tools is likely to contribute negatively to or decrease the

generic driver or obstacle from Attewell’s framework. For the sources of drivers and obstacles, please see Tables 2 and 3 respectively.

uncertainties, these and similar initiatives facilitate the adoption
of toxicogenomics and other NAMs in chemical risk assessment.

Conclusion

We observed that an innovation-centric perspective appears to
have dominated discourse about the adoption of toxicogenomics
in chemical risk assessment during the period 1998-2017, with
proponents extolling the tools’ putative superior and novel func-
tionality but overlooking the tools’ and data sets’ understandabil-
ity, ease of use, and fit with users’ routines. We recommend that
more attention be placed on ensuring the simplicity and compati-
bility of toxicogenomics tools and data, as well as creating oppor-
tunities for potential adopters to experiment with them directly
(trialability) and vicariously (observability). We also conclude
that the innovation-centric perspective would be usefully bal-
anced with an adopter-centric one that highlights the importance
of skill development and organizational learning in the adopting
system.

The asymmetric focus on honing the innovations themselves
rather than engaging with, understanding and intervening in the
adopting system might reflect toxicogenomics’ origins in “basic”
science, i.e., biology, which tends to be more abstracted from and
less embedded in the context of its potential use than “applied” sci-
ences. Even further embedded in a specific context of use are “reg-
ulatory” sciences such as toxicology and ecotoxicology, which are
accountable to normative demands of diverse stakeholders and
epistemic demands of the scientific community (Jasanoff 1994,
2011). Regulatory knowledge is not produced simply as a result of
curiosity but, rather, for application in regulatory decision making
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involving multiple stakeholders (Balbus and Environmental
Defense 2005; Boverhof and Zacharewski 2006; Buesen et al.
2017) who are relevant to evaluating the merits or shortcomings of
toxicogenomics innovations. We therefore propose that propo-
nents of toxicogenomics would benefit greatly from a heightened
sensitivity to the workings of the system into which they hope their
innovations will be adopted.
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