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INTRODUCTION

Over the last four decades, environmental toxicity testing in support of regulatory
decision-making has crystalized into a set of highly codified practices and standardized
protocols. While conventional risk assessment methods (relying primarily on whole
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animal in vivo assays) are useful for determining acceptable thresholds for chemicals,
they have notable drawbacks, including being very expensive, time-consuming and
requiring the use of large numbers of live animals (Basu et al. 2019). These limitations
have created a situation where most synthetic chemicals entering the environment are
considered “data poor” (Hartung 2011). The need for faster, less expensive and more
ethical risk assessment approaches has been formally recognized (National Research
Council 2007), with alternative options - commonly referred to as 'New Approach
Methodologies (NAMS)' - becoming increasingly available. Following the outcome of an
ECHA international scientific workshop, New Approach Methodologies (NAMs) are
defined broadly as "in silico approaches, in chemico and in vitro assays including high-
throughput and high-content techniques, omics with a focus on metabolomics™ (ECHA
2016a: 47). While international initiatives to ‘modernize’ toxicity testing are multiplying
and gathering momentum (Arnold 2015; ECHA 2016a; ICCVAM 2018; Kavlock et al.
2018), the formal adoption and deployment of NAMs in chemical risk assessment
generally remains limited. This situation represents an increasing source of frustration
and topic of debate among different actors within the community of practice engaged in
chemical risk assessment (Vachon et al. 2017; Zaunbrecher et al. 2017).

The Society of Environmental Toxicology and Chemistry (SETAC) is a global
organization bringing together approximately 5,200 members from academia,
government, industry and NGOs in 80 countries. For scientists and professionals working
in the fields of environmental toxicology, SETAC is a key forum for exchange, where
advances in toxicity testing and risk assessment practices are demonstrated, discussed and
— potentially — diffused. There has, however, been limited empirical research on the
contemporary viewpoints and perspectives of SETAC members regarding NAMs and
their potential role in enhancing regulatory environmental toxicology.

In this article we draw on original data to explore the experiences and
perspectives of participants at SETAC-organized events in order to assess: 1) how NAMSs
are discussed in comparison to conventional testing methods; and 2) how participants at
SETAC-organized events view the viability of NAMs. The aim of our study was to assess
the perspectives of a broad cross section of the environmental toxicology community
concerning the viability of various NAMs for regulatory use and decision-making. Our
analysis also explores some of the sociological factors that may help explain why certain
approaches are deemed more or less viable by different actors. We then discuss the
implications of our findings for the environmental toxicology community more broadly.
Throughout the article, we use the term ‘toxicology’ to denote “the study of the adverse
effects of chemical, physical, or biological agents on living organisms and the
ecosystem” (Woolley and Woolley 2017: 9).

The need for New Approach Methodologies (NAMs)

Given current legislative mandates in North America (Chemicals Management
Plan in Canada, and Toxic Substances Control Act in the US) and Europe (Registration,
Evaluation, Authorisation and Restriction of Chemicals) and the slow pace at which
conventional testing proceeds, there is a need to accelerate the pace of chemical risk
assessment (Kavlock et al. 2018). The gap between these legislative mandates and the
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number of chemical substances in need of toxicity data is large and widening (Basu et al.
2019). The United States EPA estimated that using whole animal testing for a single
chemical can take four years and cost between $1 and $20M USD (Martin et al. 2012).
Such resource demands are a major obstacle to reaching current legislative mandates to
manage chemicals. Therefore, governments and businesses are increasingly interested in
NAMs that promise to reduce animal use, costs and delays in chemical testing (Bradbury
et al. 2004; Krewski et al. 2010). NAMs that are currently being considered, or
experimented with, by regulatory agencies include In silico approaches (e.g. (Q)SARs,
physiological toxicokinetic modeling), In vitro testing (e.g. cell-based, cell-free or
biochemical assays), In vivo early life stage (ELS) testing (e.g. whole animal exposures
prior to independent feeding); ‘Omics approaches (e.g. genomics, transcriptomics,
metabolomics, proteomics) and high throughput screening.

The use, acceptance and validation of NAMs have been discussed in the
toxicology community for at least 20 years (Zeiger 1999; Freeman 2004; Waters and
Fostel 2004; Ankley et al. 2006; Council of Canadian Academies 2012; ECHA 2016a;
Whelan and Eskes 2016; Sauer et al. 2017 Sep). Regulatory acceptance is generally
considered more likely if the NAM has ‘relevance’, which means that it can be clearly
linked to the regulator’s operationalized protection goal, and ‘reliability’, which can be
enhanced by ensuring technical guidance documents are available to regulators. But the
adoption of a NAM does not depend solely on its attributes, as features of the adopting
system, including organizational and institutional factors, also need to be addressed in
order to realize a shift towards greater use of NAMs in chemical risk assessment
(National Toxicology Program 2004; Environment and Climate Change Canada 2016;
Busquet and Hartung 2017; ICCVAM 2018; Standing Committee on Emerging Science
for Environmental Health Decisions et al. 2018; Tickner et al. 2018). Furthermore,
previous surveys concerning the perceptions of NAMSs within the toxicology community
have provided a portrait of perceived drivers and obstacles, and demographics tied to the
use and level of knowledge about NAMs (Vachon et al. 2017; Zaunbrecher et al. 2017).
Vachon et al.’s (2017) survey of Canadian human health risk assessors (n=29) revealed
that familiarity with, and use of, toxicogenomics was very low. The authors suggested
that a lack of guidelines regarding data interpretation and a lack of organizational
leadership to promote the use of toxicogenomics might be causes of this limited uptake.
Zaunbrecher et al.’s (2017) survey of toxicology professionals (n=1,381; 75% of which
were from North America) reported that between 26% and 86% (depending on the
method and application) of respondents used alternative testing strategies or believed that
different alternative testing strategies were viable. Regulatory acceptance and difficulties
interpreting data were the main barriers to adoption identified by respondents. A
significant driver for adoption was educational cohort, where more recent university
graduates tended to view alternatives as being more viable. These contributions offer
useful insights to the factors tied to the adoption of NAMs, however, as noted by
Zaunbrecher et al. (2017), “further inquiry will be necessary to dissect the root of the
differences in perception”. Our study builds on this observation, aiming to further
understand some of the social dynamics affecting the uptake of novel scientific methods
in regulatory risk assessment.

This article is protected by copyright. All rights reserved.



REVISED — December 2019
The need for research on the social acceptance of NAMs

To identify the root of different perceptions concerning the viability of NAMs in
the environmental toxicology community, we sought to investigate the social factors that
could influence the perception of NAMs. To do this, we operationalized five factors
leveraged from previous studies on the interface between science and public policy and
from science and technology studies (STS): 1) professional profile of user; 2) internal
science communication within professional forums; 3) concern for ‘error cost’ in
regulatory  decision-making; 4) collaboration across stakeholders, and 5)
fundamental/paradigmatic beliefs regarding toxicology. We further explain each of these
factors below.

Professional profile in the environmental toxicology community (educational
cohort, type of employer) is the first and most well-studied potential factor influencing
community perceptions of NAMs. Vachon et al. (2017) reported that most of their
Canadian risk assessor respondents did not have any training in toxicogenomics.
Zaunbrecher et al. (2017) reported a positive correlation between perceived viability of
alternatives and degree year demonstrating that as new individuals enter the community,
the overall skills and education background of professionals change. Given that NAMs
are relatively recent additions to the curriculum in environmental toxicology-related
university programs, professionals having graduated with older cohorts may not have the
same level of familiarity and knowledge regarding NAMSs than more recent graduates,
potentially influencing perceptions of viability. The type of employer may also influence
perceptions of NAM viability through a number of mechanisms, including prevailing
levels of familiarity among workplace colleagues with the new tools, professional norms,
and organizational practices. From a regulatory point of view, environmental toxicology
is a professional field that operates within clear policy and legal frameworks designed to
guide decision-making in national contexts, with the acceptable/ preferred methods of
risk assessment subject to broader democratic processes that may or may not reflect
international scientific perspectives. We could therefore expect perceptions of viability to
vary between actors who are more subjected to these processes (e.g., government and
industry risk assessors) and those that have more freedom to operate beyond the existing
regulatory frameworks (e.g., academics and students).

Internal science communication within professional fora of prestige is potentially
important to the acceptance of new regulatory test methods because such fora serve as
arenas for continuing education and provide opportunities for young and well-established
professionals alike to become more familiar with new test methods (Fischer and Leifeld
2015). Within the field of environmental toxicology, SETAC fills this role, rallying
professionals from academia, regulatory agencies, industry and NGOs through a
commitment to interdisciplinary and multi-stakeholder dialogue. This commitment is
enshrined in the society’s by-laws, which guarantees equal representation from
government, academia and industry, along with regional representation (SETAC 2014).
Furthermore, its activities are animated by norms of scientific objectivity and a culture of
civil discourse (SETAC North America (SNA) Board 2017 Feb 16; Menzie and Smith
2018). Given the prominence of SETAC and its specific ethos and norms, debates on
NAMs at SETAC-organized events have the potential to influence what the larger
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environmental toxicology community knows about NAMs and how it evaluates their
potential for regulatory adoption.

Concern for ‘error cost’ is a third potential factor affecting the perception of
NAMs. This concept was first introduced by sociologists of science and technology,
Collingridge and Reeves (1986). Using the concept, Montpetit (2011) argued that as
emergent technology moves closer to application in policy, scientific disagreements
become greater.

The error cost hypothesis: “The more a group of scientists becomes policy relevant, the
more its knowledge will be scrutinized for potential errors and the more intensive the
scrutiny, the higher the potential for disagreement among scientists.” (Montpetit 2011:
529)

Concerned that using scientific knowledge for policy decisions may vyield
negative consequences if they are wrong, scientists tend to ‘double down’ on scrutiny
amongst themselves. This can have important implications for how NAMs are debated
internally among the environmental toxicology research community, potentially
heightening the scrutiny of testing approaches that deviate from established practice.
Within the broader regulatory frameworks supporting environmental toxicology,
standardized procedures designed to explicitly evaluate the remaining uncertainties when
using results of NAMs and conventional techniques in risk assessment are considered
important [see, for example, the European Food Safety Authority’s Guidance on
Uncertainty Analysis in Scientific Assessments (2018)].

Collaboration across stakeholders on NAMs (for example between end-users in
government on the one hand and academic researchers on the other hand) is a fourth
potential factor that may influence perceptions of their viability. The frequency of
collaboration with different stakeholders (government, industry, academics, NGOs) may
influence the nature and flow of information that different environmental toxicology
professionals receive. In a context where NAMs are still emerging, and therefore present
greater uncertainty than traditional testing methods, these different experiences with
NAM-related information may create different perceptions.

Finally, paradigmatic beliefs (Kuhn 1962) - fundamental views on one’s
scientific discipline [e.g. what are the primary goals?; how can we reach significant
conclusions?; what is important to study?] — may also influence perceptions of the
viability of NAMs. By shaping the relative importance attached to information (i.e.
raising or discounting the value of some information over another, paradigmatic beliefs
can influence whether, how and what scientists learn about emergent technologies
(Montpetit and Lachapelle 2015) such as NAMs.

MATERIALS AND METHODS

We surveyed members of the environmental toxicology community who had
previously participated in at least one SETAC-organized event in order to assess their
viewpoints on toxicity testing and their self-reported learning experiences at SETAC.
Following the online survey research method (Dillman et al. 2008), we sought to better
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understand how the environmental toxicology community learns and adapts to emerging
challenges.

Survey instrument

An initial version of our online survey instrument was pre-tested with seven
members of the SETAC community in November 2017 to improve the clarity and logical
flow of questions, and reduce the potential for bias. The survey instrument began with
obtaining the informed consent of participants, followed by demographic questions
related to the professional role and disciplinary training of the respondent. The next
section of the survey sought to elicit the respondent’s viewpoints on toxicity testing. We
asked questions designed to elicit viewpoints related to the viability of alternative versus
conventional testing strategies in environmental toxicology, adapted from previous
surveys of professionals in the field of toxicology conducted by Zaunbrecher et al. (2017)
and Vachon et al. (2017). According to the Cambridge dictionary, viability refers to the
“ability to work as intended or to succeed”. We therefore asked respondents their views
on the ability of different NAMs to succeed/work in testing hazard. To answer this
question we asked respondents to score NAMSs on a scale that was previously developed
by Zaunbrecher et al (2017) based on interviews with professionals in toxicology.

We also asked a series of questions requiring the respondent to rate their learning
experiences and observations during SETAC-related activities (meetings, forums,
working groups, conferences, networking events, etc.) on Likert-type scales. The survey
was anonymous, was conducted with the permission of SETAC and received approval
from the McGill University research ethics board. See Appendix 1 in Supplemental data
for full questionnaire.

Data collection

Following a purposive sampling strategy, survey invitations were sent to members
of SETAC between January and April 2018 using a combination of direct and indirect
recruitment strategies, resulting in 171 completed responses (with an approximate
response rate of 13%). Direct survey invitations were sent to ~1,300 SETAC members
who were identified through SETAC interest groups, professional events and networks.
The survey was also advertised through the SETAC Globe, an online publication
distributed to ~11,000 subscribers, many of whom are not active SETAC members. Due
to the open nature of our survey distribution strategy, the final response rate is unclear.
However, considering there are over 5,000 SETAC members internationally, and that our
sampling design was non-random, it is clear that our data does not permit us to generalize
to the broader SETAC population (low external validity). Instead, the completed survey
dataset provides a large purposive sample exhibiting a high degree of internal validity
from which we can explore relationships and generate results that are appropriate for
generalization to theory, based on the content and construct validity of our data collection
instruments (following a case study logic, see (Yin 2003). We therefore present results in
a descriptive rather than explanatory form and triangulate findings with other data
sources, such as those presented in previous studies, the content of policy documentation
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and performance evaluations, and through our own participation in, and informal
observation of, SETAC meetings, to help assess the reliability of our interpretation.

Data analysis

Throughout the analysis we paid special attention to differences in the perceptions
of academics versus non-academics. The rationale for separating academic from non-
academic respondents was to explore whether different motivations for using NAMs
influenced how respondents evaluated their viability. Arguably, academic respondents
have less organizational pressures to be concerned about the policy application issues tied
to using NAMs than individuals or groups associated with government or industry. The
tradition of academic autonomy generally places them in a situation where the pursuit of
knowledge for its own sake is the primary goal. This may influence academics’
evaluation of the viability of NAMs.

We also used the survey data to develop ordered logistic regression (OLR) models
in order to better understand the influence of exploratory variables on the probability of a
respondent’s categorical evaluation of the viability of different NAMs (dependent
variable). Respondents’ categorical evaluations or the relative ordering of evaluative
responses are common in social and political science research, which are difficult analyze
following the assumptions of common statistical techniques like Ordinary Least Square
regression (Williams 2016). OLR is based on the cumulative probabilities of a dependent
variable which is assumed to be a linear function of independent variables (Grilli and
Rampichini 2014). OLR develops a series of cumulative logit models based on binary
logistic regression. For example, this study initially performed a binary regression for the
first two categories (i.e., category 0 versus category 1) of a NAM variable, while second
binary regression involved categories 1 and 2 and so forth. In each binary model, the
lower categories were coded as 0 and the higher category was considered as 1. OLR
model assumes that the coefficients of an independent variable in each binary logistic
model are same — also known as a parallel assumption. An increase in the positive
coefficient of an independent variable means a higher probability of support, while an
increase in the negative coefficient of an independent variable means less support.

OLR is assumed to be based on the existence of a contentious and unobserved
random Y* latent variable under the categorical dependent variable Y (Yakut et al. 2015).
The categories of Y are measured as sequential intervals — also referred to as the threshold
parameter — on a continuous plane (Kaplan and Prato 2012; Yakut et al. 2015). For ay.1 <
Y* < ay and in any case between a = -ooand a = +oo, Y* is expressed as (Yakut et al.

2015):
i
Y = ZﬁiXi +e
i=1
The relation between observed Y and unobserved Y* variables can be presented
as:
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Lifa, < Vjj<a,
Y;j = 2)if ay < Vjj < az

IR

M, lf Ap—1 < Y*

Here, j denotes different categories, M is the number of categories, g is the
coefficient of an independent variable X, « is the threshold parameter of occurring a
certain category.

The main independent variables were 1) cohort (year since last degree
completed), 2) core scientific beliefs on environmental toxicology expressed by
respondents’ agreement with, among others, the Paracelsus adage (“the dose makes the
poison”) and the systems biology perspective (“all adverse outcomes originate from a
molecular-level event”), and 3) the frequency of collaboration and exchange of
information on alternative testing approaches with different stakeholders. Control
variables included satisfaction with current toxicity testing methods used for decision-
making, as well as self-reported level of knowledge on the NAM of interest. Before
developing six OLR models (one for each NAM), we calculated Pearson correlation
coefficients among the exploratory variables to identify if there was any strong positive
or negative correlation among the exploratory variables. The results confirmed that the
variables were not strongly correlated with r<+0.4 for all the variable pairs, indicating an
absence of autocorrelation in our data. Since the coefficients of independent variables are
not often considered as reliable measures, we estimated the marginal effects of the
exploratory variables to demonstrate the specific probability of each variable to influence
the categorical responses with other variables held constant (see Appendix 3 in
Supplemental data). We report individual p values for coefficients that were approaching
statistical significance. Otherwise, the coefficients mentioned in the discussion are below
the statistical significant thresholds (Table 2). To demonstrate the goodness-of-fit of the
models, we took account of several measures: i) maximum log-likelihood with an
assumption that the lower the value, the better a model fits; ii) McFadden's R?, also
known as a pseudo R? the higher value of which indicates better model fit; and iii)
Akaike information criterion (AIC), whose lower value indicates better model fit.

RESULTS AND DISCUSSION

Consistent with SETAC membership, the majority of our sample was comprised of
academics (Table 1). Reflecting that SETAC is a global organization, our sample was
distributed across five continents, with the greatest number of respondents based in
Europe (36%).

<<INSERT TABLE 1 ABOUT HERE>>

Interestingly, 70% of respondents (120/171) reported not being satisfied with the
way that ecological toxicity testing is currently carried out for regulatory purposes in
their jurisdiction. This finding supports the relevance of our study and is in line with the
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ongoing discourse in the environmental toxicology community concerning the need for
alternative testing methods to respond to current challenges.

How NAMSs are discussed

We asked respondents to observe how frequently the scientific grounds of NAMs
are challenged at SETAC-organized events compared to conventional testing methods
(Figure 1).

<<INSERT FIGURE 1 ABOUT HERE>>

The perception of respondents was that NAMs are systematically challenged more
frequently than conventional testing methods during SETAC activities (Figure 1). In
other words, studies using NAMs were regularly subjected to more methodological
critique and contestation than studies using conventional testing methods at SETAC
events. This finding resonates with existing research suggesting that NAMs are submitted
to stricter validation criteria than animal tests (Balls and Fentem 1997). It is also
consistent with the error cost hypothesis. Research that has found alternative testing
methods to lack reliability for use in legal settings (Bergeson 2008) and highlighted
actors’ concern with litigation from retrospective analysis of alternative test data (Pettit et
al. 2010) indicates that error cost impacts the validation and adoption of NAMs. As new
standards and policies increasingly consider NAMs for inclusion, Montpetit’s (2011)
error cost hypothesis suggests further criticism and debate within the environmental
toxicology community.

Our findings also suggest that scientific debates of toxicity testing methods at
SETAC-organized events are, overall, balanced. On average, respondents reported that
although NAMs were more frequently challenged than conventional testing methods,
both testing methods were challenged at a frequency level that is near the mid-point of
the 5 point scale (Figure 1). Furthermore, 35% of respondents reported that SETAC
discussions on the policy consequences of using alternative testing strategies were
‘balanced’, compared to respondents that reported discussions tended to focus on
‘negative’ (8%) or ‘positive’ (18%) policy consequences (39% did not know; results not
shown in figures).

We also explored the extent to which discussions about toxicity testing at SETAC
differed from the respondent’s experience in their wider professional work environment.
The skewness values indicated that respondents felt that discussions of gaps in toxicity
testing at SETAC were on average slightly more open than similar discussions in their
workplace (Figure 2). However, the distribution and mean for the two questions were not
substantially different. These findings indicate that NAMs are discussed in similar ways
at SETAC and in the workplace. More broadly, structural barriers to communication
stemming from the separation of environmental toxicology into disciplines and sectors —
which SETAC seeks to overcome through its principles of multidisciplinary problem
solving and balanced participation from all sectors (SETAC 2019) — may affect NAM
discussions and adoption among SETAC members and possibly the environmental
toxicology community altogether.

This article is protected by copyright. All rights reserved.



REVISED — December 2019
<<INSERT FIGURE 2 ABOUT HERE>>
Viability of NAMs

NAMs were defined as follows: 1) In silico approaches (e.g. (Q)SARSs,
physiological toxicokinetic modeling); 2) In vitro testing (e.g. cell-based, cell-free or
biochemical assays); 3) In vivo early life stage (ELS) testing (e.g. whole animal
exposures prior to independent feeding); 4) Omics approaches (e.g. genomics,
transcriptomics, metabolomics, proteomics); 5) High throughput screening. How did
respondents evaluate the viability of different NAMs? The mean scores for five different
NAM classes, showing the means for all respondents, as well as for sub-samples of
academic respondents and non-academic respondents are shown in Figure 3.

<<INSERT FIGURE 3 ABOUT HERE>>

Analysis of the results show that, on average, respondents thought that NAMs
were generally nearing the point of being viable (i.e., in most cases, within 5 years)
(Figure 3). As a comparative benchmark, 90% of respondents found conventional
methods viable and 8% found them ‘not viable', and 2% “did not know” (our survey data,
not shown in figures). The order (from more to less viable) in which the different NAMs
appeared broadly reflects their respective introductions into the toxicity testing
community, suggesting that familiarity influenced perceptions of viability. On average,
respondents perceived early life stage testing as closest to being viable relative to the
other NAMs, and they did so with less variation (lowest overall standard deviation). This
likely reflects a pattern of higher familiarity given that many regulatory tests already
allow for ELS, confirming what we would expect. Similarly, it is commonly accepted
that, with few exceptions, ELS are considered the most vulnerable and sensitive life stage
of most organisms.

Within specific NAM categories some notable contrasts emerged in their mean
ranking based on different employer categories. Non-academics, on average, reported
that in silico approaches would be viable sooner than the timeframe reported by
academics. Conversely, academics, on average, reported ‘omics approaches as becoming
viable sooner than non-academics. These differences between academics and non-
academics were statistically significant. We recognize that the professional background
of academics (e.g. modelers versus experimenters) may also be important to these results,
however we were unable to test this with our data.

The reported difference between academics and non-academics for in silico
approaches may also be driven by the existence of regulations and guidelines.
Quantitative Structure-Activity Relationship (QSAR) models are being increasingly used
by industry, and governments in Europe (ECHA 2016b: 69). In North America, industry
and regulatory agencies have long used QSAR models for hazard identifications and
other applications. For example, QSAR predictions are one of many potential sources of
data for weight-of-evidence (WOoE) approaches to the risk assessment of pesticides (U.S.
EPA 2012). In the pharmaceutical industry, QSAR modeling has been used traditionally
for lead optimization — the process by which a drug candidate is designed after an initial
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lead compound is identified. Recently, industry has used QSAR modeling to discover
lead compounds, predict drug-like properties of compounds, and chemical risk
assessment (Golbraikh et al. 2017). Regulators have made similar advances: the OECD
has been involved in extending the use of “read-across” for at least a decade, notably
through its QSAR toolbox (Read-across is an alternative approach for predicting endpoint
information for target substance(s) by using existing data for the same endpoint from
other substance(s)). Related to familiarity, Paterson and Whelan (2017) suggested that
determining the value of QSAR models is a “process of social epistemology” between
end-user and modeler. In chemical risk assessment, QSAR models essentially provide
decision-making value as a heuristic, i.e. a guide grounded in practical conditions that
although not methodologically optimal, may nonetheless help regulatory scientists make
substantiated judgment calls based on WoE. There are, however, challenges involved in
using models due to their complexity and the limited number of people that can delve
into their specifics. As Paterson and Whelan (2017: 14) explain: “Some computational
models of biological systems would appear to be untestable due to their complexity and
the difficulty in acquiring reliable data from the biological system. It is tempting at this
point, to trust the judgment of the modeler and accept that the simulation will provide
interesting information.” Accepting such a trade-off between a methodologically sub-
optimal, but nonetheless practical, model may deter academics. Arguably, academics are
generally less prone to “trust the modeler’ and will want to ‘see what’s under the hood’ (if
they have the necessary knowledge) before endorsing a method or study. These dynamics
mirror similar “operability vs scientific rigor” debates that occurred between attributional
life-cycle analysis and consequential life-cycle analysis in biofuel standard-setting
discussions (Winickoff and Mondou 2017: 23).

Why did our sample of academics and government professionals on average
respond that ‘omics approaches were closer to being viable than other stakeholders?
Fueled by government-funded initiatives, ‘omics-based approaches have gathered
considerable momentum in the academic community over the last 10 years following the
publication of “Toxicity testing in the 21 century” (National Research Council 2007).
For example, the number of scientific papers citing toxicogenomics has increased
exponentially since 2007 (Mittal 2018), indicating that researchers that publish in
academic journals have embraced the new possibilities that ‘omics offers toxicity testing.
The systems biology and mode of action (MoA) perspectives that underpin ‘omics-based
approaches likely also feed academic curiosity to better understand the complexity of
biological systems. In this sense, academics may be more inclined to favor ‘omics to help
understand hazard. In contrast, this complexity may have a negative effect on respondents
that are more concerned about the difficulties of making consistent, predictable and
explainable ‘omics-based regulatory determinations. The uncertainty and complexity
innate to ‘omics-based approaches (non-monotonic dose responses, compensatory
feedback loops, etc.) collides directly with norms of procedural fairness (using the same
standards of decision-making for each applicant or each substance) that bureaucracies
and courts use to uphold regulatory determinations on what is a defensible toxicity
threshold (Bergeson 2008; Pettit et al. 2010). As a result, business respondents — while
applying omics tools to study the potentially adverse effects of pharmaceutical drugs, and
industrial and environmental chemicals (Balbus and Environmental Defense 2005;
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ECETOC 2007) — may declare ‘omics approaches less viable, consistent with our
findings (Figure 3). In other words, industry’s concern for regulatory risk may influence
their perception of the viability of ‘omics-based approaches. At the same time,
government respondents generally viewed ‘omics approaches as more viable than the
sample average. This may reflect some of the initial momentum of ‘omics approaches
being championed by government agencies (Shostak 2005), however further research in
order to better understand how different contexts might affect this pattern would be
useful.

Interestingly, all of the 21 respondents from business answered that in vitro
methods ‘May be viable within 5 to 10 years’, while the mean values reported by
respondents from other employer categories were near the mid-point between ‘Viable’
and ‘May be viable within 1 to 5 years’. Although caution needs to be exercised when
interpreting such a small subsample of respondents (n=21), the contrast as well as the
unanimity in response was striking.

Factors affecting the perception of NAMs

To further examine the potential factors affecting the perceptions of respondents
related to the viability of NAMSs, we built ordered logistic regression models (Table 2).
There were 6 models (columns), one per test method. Response variables included the
perceptions concerning the viability of the different methods for testing hazard. Three
blocks of exploratory variables — 1) professional profile; 2) paradigmatic beliefs about
environmental toxicology; and 3) frequency of collaboration with different stakeholders —
were included in the models (Table 2). Control variables included satisfaction with
regulatory testing and knowledge levels regarding the given test methods. For ordered
logistic regressions, the direction of the probabilistic relationships were interpretable (i.e.,
positive vs negative), but not the strength of the probabilities. Online supplemental data
contain the marginal effects tables (Appendix 3), which allow the reader to interpret more
fully the probability of an exploratory variable influencing the change in response
variable for each outcome value of the response variable.

<<INSERT TABLE 2 ABOUT HERE>>

With regard to professional profile, the results supported the hypothesis that
cohort has a potential influence on perceptions of test method viability. Less recent
graduates had a lower probability of perceiving in silico and ‘omics-based approaches
(p=0.168) as closer to being viable than more recent graduates. Additionally, less recent
graduates had a higher probability of perceiving conventional testing as being viable than
more recent graduates. The social mechanism behind this relationship may be associated
with changes in the educational curriculum in relevant degree programs. Given that
NAMs are often developed in academic research environments, their content is likely
initially diffused by academics through their teaching. Plotting the relationship between
years since last degree and viability shows that there is a great deal of variation within
outcome values, which suggests that while the correlation for ‘omics, in silico, and
conventional, is significant, it is also weak (see Appendix 4 in supplemental data).
Results for the academics vs non-academics variable were less clear-cut, with only a
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positive relationship with in silico methods being statistically significant. Both results are
consistent with the interpretation that familiarity is an important factor influencing
perceptions of viability.

Results for the second set of exploratory variables provide little support to the
hypothesis that paradigmatic beliefs about environmental toxicology influence
perceptions of NAM viability. We asked several questions eliciting respondents’
viewpoints on environmental toxicology (e.g. “Whole animal studies are the best way to
understand the integrated way in which biological systems work”, “The maxim ‘the dose
makes the poison’ is an accurate guide for testing all chemicals”, “All adverse outcomes
originate from a molecular-level event”). For ease of interpretation, we inverted some of
the scales for these questions to create a consistent pattern where agreement with the
statement was consistent with status quo opinions in environmental toxicology.
Therefore, the theoretical expectation was a negative relationship for the NAM models
and a positive relationship for the conventional testing model. Of a total of 24
relationships explained in all the models, 12 (50%) indicated a direction that was
consistent with this theoretical expectation. Out of 3 statistically significant relationships
(p<0.1), 3 indicated a direction that was consistent with theoretical expectation.
Interestingly, there was a statistically significant positive relationship between agreement
with the Paracelsus maxim and perceptions of viability for conventional testing (i.e.
respondents who agreed with the Paracelsus maxim had a greater likelihood of finding
conventional testing viable, and inversely, respondents who disagreed with the Paracelsus
maxim had a greater likelihood of finding conventional testing not viable). Although
caution needs to be exercised when interpreting the meaning of a single coefficient in the
model, this correlation is of interest given the debate on non-monotonic responses in
endocrinology. Such responses challenge the Paracelsus maxim, with the “Dietrich v.
Gore” letters (Dietrich et al. 2013; Gore et al. 2013) showing how deep the divide
between these schools of thought is (Cressey 2013). Respondents’ evaluation of the “dose
makes the poison” question can be considered an approximation of whether respondents
accept the endocrine disruption hypothesis and the relevance of ‘low dose effects’ to
chemical risk assessment. Relatedly, the distribution of responses to the Paracelsus
question was bimodal, suggesting that our sample reflected disagreements on the
existence of non-monotonic dose-response curves. While these data suggest that
paradigmatic beliefs on environmental toxicology are not significantly important factors
in determining perceptions of test viability, it remains to be seen if these beliefs affect the
process of learning about NAMs.

Results for the third set of exploratory variables were related to the frequency of
collaboration with different stakeholders, and these showed variable responses. There
was one clear pattern, however: the more a respondent reported collaborating/exchanging
information with industry on alternative testing strategies, the more likely she/he was to
report that ‘omics-based approaches, in vitro, in silico and high-throughput screening
were less close to being viable. There was also a statistically significant positive
relationship between reported frequency of collaboration with consultants and reported
perception of viability of in silico and early life-stage tests, and a statistically significant
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positive relationship between collaboration with NGOs and perception of the viability of
‘omics and high-throughput screening approaches.

With regards to the knowledge levels, the results generally aligned with
expectations (with ‘omics at p=0.171). The findings demonstrated strong support for the
expectation that the more knowledgeable an individual was regarding a given test
method, the more she/he found such a test method viable, again reinforcing the ‘pattern
of familiarity” interpretation.

INSIGHTS FOR THE IMPROVEMENT OF ENVIRONMENTAL
REGULATION

Broadly, the finding that NAMs are more likely to be critiqued and challenged
than conventional testing in professional forum discussions suggests that change in
regulatory science is subject to a dynamic of social interaction, both democratic and
technical, that slows its pace. In this particular dynamic, concern for “error costs’ could
be an important mechanism slowing policy experimentation with, and adoption of,
potentially viable NAMs. As Montpetit (2011: 520) discussed: “When policymakers turn
to a scientific community for policy advice, the cost of their potential errors suddenly
increases. (...) Therefore, questioning the science behind the advice and expanding the
debate to unattended questions becomes the reasonable thing to do.” In a policy context,
where science is already a purveyor of advice according to conventional forms, the
potential errors that environmental management professionals make by using
conventional methods are more familiar. Therefore, such errors can be justified within
‘tried and tested’ bounds of professional judgment calls related to uncertainty. However,
such professional ‘immunity’ does not exist for new regulatory science, creating
asymmetric options akin to free solo climbing vs. harnessed climbing.

Another way of reconciling this finding is to attribute heightened scrutiny to the
fact that NAMs are now in the implementation stage of policy-making (ECHA 2014,
ECHA 2016a; Environment and Climate Change Canada 2016; ICCVAM 2018; U.S.
EPA 2018). In her book “Science in Environmental Policy — The Politics of Objective
Advice”, Ann Keller (2009) observed that scientists’ influence decreases as the policy
process moves from agenda-setting (recognizing an issue as an important public problem)
to implementation. Case studies of acid rain and climate change policies in the US led her
to conclude that it was not the strength of the science that explained policy influence: “As
the policy process unfolds, scientists are placed under increasing scrutiny with respect to
the credibility of the advice they offer, even as scientific uncertainties are reduced”
(Keller 2009: 170). As new science translates into operationalized regulatory science,
scientists often become increasingly concerned with being seen as exceeding their
mandate. This social and reputational dynamic, along with concern for ‘error cost’,
generate inertia in regulatory science. They are processes that exert pressure towards the
perpetuation of status quo in regulatory science.

At the same time, our findings show that the acceptance of NAMs is relatively
close to the level for conventional methods in our sample of respondents. It may be that
increased scrutiny for NAMs compared to conventional methods is progressively evening
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out, as the “decades long process” of adopting NAMs is proceeding (National Research
Council 2007: 16; Zaunbrecher et al. 2017).

How can we avoid prolonging this process further? One clear path is to increase
the environmental toxicology community’s familiarity with NAMs. Our findings related
to the cohort effect and ‘pattern of familiarity’ — which correspond with those of
Zaunbrecher et al. (2017) — and those related to collaboration patterns support the view
that the pace of change in environmental regulatory science is in no small part influenced
by how and when content in a given scientific specialty is diffused/transmitted. If
perceptions of the viability of a given method to make regulatory determinations vary
according to cohort, collaboration patterns across stakeholders and knowledge level on
the given method, then acceptance of that test method is not only a scientific process of
knowledge communication. It is also a social learning process that could, for example,
involve redefining curriculum and continued learning initiatives. Making a given piece of
regulatory science familiar implies that professional practice in that area is regularly
confronted with its use in their work setting.

Another path could be to “open the floodgates” and think about innovative ways
to make decisions with new forms of uncertainty and complexity. Regulatory agencies do
not have prescribed procedures to manage non-monotonic dose responses, compensatory
feedback loops and other forms of novel uncertainty. This does not mean that these
emergent scientific concepts are not useful to regulation, but rather that regulatory
innovation is needed. Consistent with our findings on collaboration patterns, one way to
promote innovation in regulatory science will be diversifying the patterns of information
transmission across (potentially new) stakeholders.

CONCLUSION

In a recent commentary, SETAC leadership reaffirmed its commitment to the
multidisciplinary and multi-sectorial credo of the society as the bulwark against
partisanship and the best approach to “distilling the [scientific] essence of the matter”
(Menzie and Smith 2018). Interestingly, the authors mention that this credo is based on
recognition that “bias is pervasive” and that we “can’t escape it, but we can acknowledge
and manage it.” In this article, we have empirically examined and discussed sources of
bias that may not have been fully acknowledged within the environmental toxicology
community. Our findings suggest that there are sources of bias that are constitutive of
scientific discourse itself, and usefully complement existing reflections on how to
approach the science-policy interface in the environmental toxicology community, such
as the ideas captured in the “Late Lessons from Early Warnings: science, precaution,
innovation” report (European Environment Agency 2013). We have contributed to
showing that social processes can shorten or lengthen the now decades long process of
adopting NAMs: specifically increased scrutiny fuelled by the *politics of objective
advice’ and concern for ‘error cost’, patterns of transmission of knowledge (cohort and
familiarity) and information between professionals.
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CAPTIONS

Figure 1:

“How often have you observed the following during SETAC activities?””, mean of a 5
point Likert scale; error bars represent standard error of the mean, n=171

Note: * Differences between alternative and conventional testing method are all statistically significant
(alpha= 0.05; two-tailed Mann-Whitney U test). See Supplemental material for more detail.
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Figure 2:

“To what extent do you agree or disagree with the following statements?”*, distribution of
a 5 point Likert scale, n=171

Note: -2 = Strongly Disagree, +2=Strongly Agree
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Figure 3:

“To what extent do you believe the following alternative approaches are viable for
testing hazard?”” mean of a scale 0 to 3, error bars are standard error of the mean; n for
academics= 95, n for non-academics= 71, n for all=171

Note: * indicates differences between academics and non-academics are statistically significant (alpha=
0.05; two-tailed Mann-Whitney U test).

Note: Range of values: 0 to 3; standard deviation between parenthesis.
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Table 1: Sample description — demographics of the respondents

n (%)
Year of last degree
1969-1979 4 (2%)
1980-1989 13 (8%)
1990-1999 29 (17%)
2000-2009 49 (29%)
2010-2018 70 (41%)
No degree completed | 6 (4%)
Employer
Academia 95 (56%)
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Business/Industry 21 (12%)
Government/Military | 29 (17%)
NGO 2 (1%)
Consultant 17 (10%)
Retired 2 (1%)
Other 5 (3%)
Region

Africa 18 (11%)
Asia/Pacific 14 (8%)
Europe 62 (36%)
Latin America 32 (19%)
North America 45 (26%)

How active are you in the SETAC

community?
Not at all active 21 (12%)
Slightly active 65 (38%)

Moderately active 50 (29%)
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Very active

27 (16%)

Extremely active

8 (5%)

Table 2: Ordered Logistic Regression - Determinants of perceptions of the viability of

different test methods.

Variables ‘omics  Invitro Insilico HTS ELS Conventio
nal
Years since last -0.023  0.000 -0.037* -0.001 -0.01 0.124**
degree (0.017) (0.017) (0.027)
(0.02) (0.018) (0.051)
Non-Academic -0.061  0.405 1.265** 0.339 -0.6765 -0.353
(0.476) (0.53) (0.592) (0.561) (0.738) (0.678)
Conventional testing  -0.138  0.059 0.241 -0.230  0.132 -0.087
limitations (0.247)
(0.161) (0.183) (0.164) (0.23) (0.275)
Whole animal studies -0.12 -0.263* - 0.107 0.144
0.334** 0.067
(0.141) (0.158) (0.17) (0.155) (0.211) (0.271)
Paracelsus 0.148 -0.205 0.147 0.206 -0.175 0.507**
(0.122) (0.135) (0.146) (0.146) (0.183) (0.244)
Molecular level origin  -0.045 -0.104  0.063 0.093 0.144 0.25
(0.134) (0.142) (0.154) (0.152) (0.217) (0.349)
Collaboration w/ 0.168 0.013 0.113 -
academics (0.182) -0.02 0.582**
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(0.207) (0.213) (0.220) (0.282)

Collaboration w/ - -0.393* - 0.246
industry 0.722** 0.796**

* (0.231) = -0.512* (0.325)

(0.227) (0.276) (0.284)
Collaboration w/ 0.089 0.119 0.095 -0.021  0.338
government

(0.196) (0.221) (0.266) (0.214) (0.306)
Collaboration w/ 0.481* -0.101 -0.044 0.615** 0.304
NGOs (0.272)

(0.265) (0.309) (0.283) (0.471)
Collaboration w/ 0.047 0.263 1.139** 0.739*
consultants * 0.155

(0.256) (0.286) (0.445)

(0.358)  (0.283)

Satisfaction with 0.414 0.159 0.718 - -0.095

regulatory testing 0.473 1.259**
(0.36) (0.385) (0.464) (0.685)
(0.413) (0.547)

Knowledge level: 0.246
‘omics
(0.180)

Knowledge level: in 0.511**
vitro (0.212)

Knowledge level: in 0.727**
silico *

(0.233)

Knowledge level: 0.286
High-throughput (0.242)
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screening
Knowledge level: 0.588**
Early life stage in vivo
(0.301)
Threshold (0->1) - - - - - 1.532***
2.807** 2.496** 1.737** 1.971** 3.768**
* * * * * (0552)
(0.548)
(0.639) (0.599) (0.619) (0.952)
Threshold (1->2) -0.753 - -0.670 -
1.075** (0.558) 2.482*%*
(0.471) -0.346 *
(0.542)
(0.562) (0.821)
Threshold (2->3) 0.803* 0.434 0.887 0.982*  -1.325*
(0.781)
(0.464) (0.53)  (0.558) (0.564)
Log-Likelihood - - - - - -38.45524
166.898 142.175 123.969 132.679 79.2791
6 6 4 9 6
McFadden's R? 0.06869 0.04882 0.14863 0.04410 0.11320 0.1786285
89 04 4 11 31
AIC 365.797 316.351 279.938 297.359 190.558 92.91047
3 3 7 8 3
N 141 146 132 110 144 153

Note: ***p< 0.01; **p< 0.05; *p<0.1 (standard errors in parentheses). Threshold (0->1) indicates category
0 if the value of threshold parameter is less than or equal to -2.807; Threshold (1->2) indicates category 1 if
the value of threshold parameter is higher than 2.807 and less than or equal to -0.753 and so forth. See
Appendix 2 in supplemental data for further detail.
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