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Abstract

This report aims at describing the methodological approach adopted to collect, appraise, analyse and
integrate the evidence for assessing developmental neurotoxicity of deltamethrin and flufenacet and to
develop an AOP for DNT taking into account the identified uncertainties. Overall, it can be defined as
an ‘evidence-based AOP approach’, i.e. an AOP derived combining the systematic retrieval, screening
and appraisal of the evidence from the scientific literature with a tailored primary data collection of invitro
data and advanced methodological approaches aiming at delivering sound, transparent and accessible
scientific advice in support to decision making. The report describes the results of the systematic review
as for the number of selected relevant studies, their main characteristics and a summary of the appraisal
of their internal validity. Central in the methodological framework is the role of the uncertainty analysis.
Tailored uncertainty tables have been used to screen endpoints/KEs that might be relevant for a
deltamethrin-based DNT-AOP. A Bayesian network approach, supported by expert knowledge
elicitation, has been adopted to analyse and express the uncertainty in the Key Event Relationships and
overall in the pathways. The methodological framework is quite innovative in the context of the AOP
approach and therefore might require additional validation in the future. it represents a step forwards in
setting up quantitative AOPs models, the lack of which is considered one the main obstacles to
successfully implement the AOP framework in the regulatory context.
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1 Methodological approach

The assessment carried out to set up this stressor-based AOP, using deltamethrin as prototypical
chemical, represents a step foreword in terms of the methodological approach taken to collect, appraise,
analyse and integrate the evidence taking into account the identified uncertainties. Overall, it can be
defined as an ‘evidence-based AOP’, i.e. an AOP derived combining the systematic retrieval, screening
and appraisal of the available evidence from the scientific literature with a tailored primary data collection
of in vitro data (Masjosthusmann et al., 2020) and advanced methodological approaches aiming at
delivering sound, transparent and accessible scientific advice in support to decision making.

Two main methodological aspects can be considered innovative in the context of the AOP framework.
The first is the recourse to the systematic review process for the retrieval, the selection, the appraisal
and the synthesis of the available evidence. The second, the use of a probabilistic approach, to analyse
and express the uncertainty that is inherent in all scientific assessments both in relation to the retrieved
evidence and the methods.

1.1. The systematic review process

1.1.1. The protocol (Appendix A)

Clarification of the question and planning the methods for addressing the question and its sub-questions
is a well established practice in primary research and in the systematic review context (Chandler et al.,
2020). Acknowledging the advantages of this approach, in recent times EFSA has started to regularly
adopt this approach for all the scientific assessments that are not related to an application for regulatory
products (EFSA, 2020). Following this line, a plan for the systematic review component of this mandate
has been drafted (see protocol Appendix A). The protocol includes:

e translation of the mandate into scientifically answerable questions and sub-questions (including
specification of the population, intervention/exposure, control, outcomes);

e list of literature databases to search;

e search strings to retrieve the studies;

o eligibility criteria and procedures for screening studies for relevance;

e data model and procedures for the data extraction;

e critical appraisal tools (CATs) and procedures for assessing the risk of bias;

e tools used to performed the activities above.

Evidence synthesis and integration including uncertainty analysis has been included only partially in the
protocol since, due to the novelty of the application of a probabilistic approach in the AOP framework, it
was difficult to anticipate the methods to use at the time of the protocol draft. Therefore the methods to
address the Key Event Relationships (KERs) and the related uncertainty have been defined only once
the data extraction has been completed. It was possible instead to anticipate the methods to screen the
evidence to select MIES/KEs/AOSs to be included in the putative AOP (i.e. uncertainty tables).
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1.1.2. Systematic review results

The literature searches were conducted in three electronic bibliographic databases (PubMed, Web of
Science, TOXNET) and three resources indexing PhD theses (DART, EBSCO and PQDR) in July 2020,
and updated on 23 of November 2020 (deltamethrin) and on 7 December 2020 (flufenacet) by an
information specialist. Search strings are described in the protocol (Appendix A). Terms for the exposure
were combined with relevant terms for DNT outcomes (human and in vivo studies) or methods (in vitro
studies) and a specific search string was designed to identify studies applying high-throughput methods
to evaluate potential developmental neurotoxicity without terms of exposure (Appendix A). The DNT
outcomes were predefined by a series of toxicological in vivo and in vitro endpoints and measurements
in human observational studies and categorised in endpoint categories translated into keywords for the
searches (see Appendix A Section 2.1.3).

1.1.3. Deltamethrin systematic review results

For deltamethrin, two independent reviewers screened the literature identified through the searches;
3,776 unique references were identified after removing duplicates (see PRISMA Chart, Figure 1). The
evidence was clustered as in vivo (containing in vivo experimental studies), in vitro (containing in vitro
mechanistic studies and behavioural studies with exposure conducted in zebrafish up to 120 hours post
fertilisation) or human (containing human observational studies) during the title and abstract screening.
The title and abstract screening left 291 relevant articles that underwent a full-text review, of those, 165
were classified as in vitro, 74 as human evidence and 116 as in vivo. For in vivo, 99 publications were
excluded and 17 included providing relevant data on 58 endpoints. For human, 65 publications were
excluded and eight included providing relevant data on 12 endpoints. For in vitro, 134 were excluded
and 31 publications were included on 64 endpoints (see full list of references included and excluded
and reasons for exclusion, Appendix B2.1).

Figure 1. PRISMA chart - systematic literature review result of the screening for relevance for
deltamethrin

References identified through
other database searches
(n=3778)

|

Title abstract screened for
relevance and eligibility
(n=3776)

|

Full text articles assessed for

relevance and eligibility (n=291) |

In vitro (n=165) Human observational: In vive (n=116)

c
2
=
(1]
=2
e
—r
c
(7]
z

Cohorts (n=74) l

Full text articles excluded, in vitro: Full text articles excluded, human: Full text articles excluded, in vivo:
(n=134) (n=65) {(n=93)
-Publication type (n=14) -Publication type (n=11) -Publication type (n=18)
-Not relevant endpeints (n=11) -Not relevant endpoints (R=7) -Not relevant endpoints (n=22)
-Nat relevant exposure (n=16) -Nat relevant exposure (n=13) -Not relevant exposure (n=16)
-Not appropriate test system [n=5) -No biomarker (n=2) -Not in vivo (n=4T)
-Nat in vitra (n=T5) -Not human (n=30) -Others (n=5)
-Others (n=13) -Cthers (n=2)

In vitro In vitro HTP Human observational: In vivo

(n=27) (n=4) (n=9) (=7

Unclassified



12 | ENV/CBC/MONO(2022)24/ANN2

1.1.4. Flufenacet systematic review results

For flufenacet, two independent reviewers screened the literature identified through the searches; 137
unique references were identified after removing duplicates (see PRISMA Chart, Figure 2). The
evidence was clustered as in vivo (containing in vivo experimental studies), in vitro (containing in vitro
mechanistic studies and behavioural studies with exposure conducted in zebrafish up to 120 hours post
fertilisation) or human (containing human observational studies) in the title and abstract screening. The
title and abstract screening left five relevant articles that underwent a full-text review, of those, three
were classified as in vitro, 1 as human evidence and two as in vivo (of those one was also classified as
in vitro). For in vivo a one study was included as providing relevant data, for in vitro three publications
were included. For human no relevant publications were retrieved (see full list of references included
and excluded and reasons for exclusion, Appendix B2.2).

Figure 2. PRISMA chart systematic literature review result for flufenacet of the screening for
relevance
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1.1.5. Lines of evidence

Data related to three lines of evidence have been collected and appraised by the systematic review
process and the high-throughput battery (Masjosthusmann et al., 2020):

e Human observational data used to address the causal association between exposure to
deltamethrin and health outcomes in humans (scientific literature).

e Invivo data on zebrafish and rodents used to address the causal association between exposure
to deltamethrin and health outcomes in zebrafish, rats and mice (scientific literature and studies
from the applicant submitted as part of the dossier).

e In vitro data retrieved from the literature and collected using a battery of tests whose
experimental design was defined by EFSA. The battery unit was human and/or rat and/or mouse
neuro cells in development. Exposure duration ranged between several hours up to 28 days.
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Since there is no commonly accepted thresholds for biologically significant effects, biological
relevance was based on expert judgement taking into consideration heterogeneity of the
response measures (i.e. EC50, IC50, BMR50) and uncertainties in the experiments.

1.1.6. Risk of bias

Risk of bias (RoB) in eligible studies on rodents (experimental toxicological studies) and humans
(observational studies) was appraised by endpoints using tailored versions of the OHAT-NTP RoB tool
(OHAT/NTP, 2015). For the in vitro studies, a non-validated tool developed by OHAT-NTP for a specific
project (PFOA and PFOS Monograph (2016)) was adapted. Critical appraisal tools were defined upfront
and are described in the protocol (Appendix A). Studies were classified as being at low (Tier 1),
moderate (Tier 2) or high (Tier 3) RoB for each of the endpoints they measured. RoB tiers were derived
weighing the appraisal from the individual RoB domains some of which were identified as key. RoB was
appraised by endpoint in the cases that it was considered that the different endpoints measured in a
study used different methodology and therefore have different RoB.

For deltamethrin the outcome of the RoB appraisal and descriptive forest plots are presented in
Appendix B3.1 for in vivo, in vitro, human and zebrafish lines of evidence. For flufenacet the outcome
of the RoB appraisal and descriptive forest plots are presented in Appendix B3.2 for in vivo, in vitro and
zebrafish lines of evidence.

1.1.7. Data extraction and analysis

As anticipated in the protocol (Appendix A), the specific endpoints retained for the synthesis have been
summarised in a qualitative manner. Due to the sparse and heterogenous nature of the available data,
no meta-analysis has been performed. Available evidence have been clustered hierarchically by
evidence streams first and then by apical adverse outcomes categories and related subcategories
and/or specific endpoints. The studies’ results have been graphically displayed together with the main
study characteristics as follows:

For HUMAN studies, the following characteristics are displayed in the tables:

e metabolite (specific/unspecific) and LOD

e concentration’ of metabolite

¢ endpoint and method for assessment

e statistical model (Linear regression; Logistic regression; Negative binomial; Bayesian Kernel
Machine Regression; Linear mixed model; Generalised model; Reverse scale Cox regression;
Difference between exposure OUT?)

e adjustment and for what

o tier

e Q2 (confounding) (key question in appraisal)

e Q4 (confidence in exposure characterisation) (key question in appraisal).

For IN VIVO studies:

e species
e sex
e dose

o tier of internal validity

e maternal or system toxicity (Q9 in CAT)
e group sample size

e exposure duration
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e exposure stage.

For IN VITRO studies:

e species

e test system and origin of the test system
e stage of development of the primary cells
e concentration

e tier of internal validity

e system toxicity (Q9a in CAT)

e number of biological replicates

e exposure duration.

For ZF (behavioural) studies: same as for IN VITRO.

The outcome of the data extraction and analysis by line of evidence and endpoint is presented in the
Appendix B4.1 containing all the graphs for in vivo, in vitro and zebrafish for deltamethrin, and the human
evidence table in Appendix B4.2. For flufenacet graphs for in vivo, in vitro and zebrafish are presented
in Appendix B4.3.

1.2. Accounting for the uncertainty: the probabilistic approach

As for in vivo and in vitro evidence, only studies appraised as RoB Tiers 1 and 2 were retained for further
analysis.

To screen the evidence and to identify MIES/KEsS/AOs that can enter the putative AOP, the evidence
within each line has been clustered according to hierarchical levels.

For evidence from in vivo studies on rodents and zebrafish (ZF) the following grouping has been
considered:

e SE: Specific Endpoint (e.g. for ZF ‘Locomotor activity-total distance moved’; for rodents:
‘Acquisition — Learning and memory — MWM acquisition speed’).

e EC: Endpoint Category (e.g. for ZF: ‘Locomotor activity’; for rodents: ‘Learning’; for humans:
‘Expressive Communication (Bayley Scales of Infant Development, third edition (BSDID-III)).

e AOQO: Adverse Outcome (e.g. for ZF: ‘Behaviour’; for rodents: ‘behavioural’; for humans
‘behavioural’).

For the evidence on humans only the last two levels (i.e. EC and AO) have been used as grouping
factors.

Similarly, the evidence on neuro cells in development have been grouped by:
e SE: Specific endpoint (e.g. ‘events/burst’);
e MIE/KE: Molecular Initiating Event or Key Event (e.g. ‘patch clamp — electrical activity’).

Questions related to both hazard identification (i.e. identification of the MIE/KE/adverse outcome to be
considered in the putative adverse outcome pathway as potentially causally associated with
deltamethrin exposure) and characterisation have been addressed for the three lines of evidence on in
vitro, zebrafish and in vivo. Only hazard identification questions could be answered using human
observational studies (evidence on humans) due to high RoB affecting all the studies. The list of
questions is provided in Annex A. As for the definition of the causal relationship, the classical Bradford—
Hill criteria have been considered (Fedak et al., 2015).
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1.2.1. Uncertainty analysis for screening the evidence to identify potential MIEs, KEs,
AOs

Following EFSA recommendations to address uncertainty in addressing scientific assessment questions
possibly using quantitative approaches (EFSA Scientific Committee, 2018a, 2018b), an uncertainty
analysis was performed within each line of evidence and hierarchical level to support conclusions on
the HI and HC questions and identify MIEs, KEs, AOs to be included in the putative AOP network. A
stepwise approach was taken. The assessment of the uncertainty started with the lower hierarchical
levels and progressed at the higher levels (e.g. conclusions on the endpoint category for in vivo data
were based on those achieved for the specific endpoints). Progression of the assessment towards a
higher level (e.g. endpoint category — locomotor activity) was carried out only when at the lower level
(i.e. specific endpoint) at least one outcome (e.g. locomotor activity — total distance moved) was
assessed as possibly (probability greater than 0.66) causally association with deltamethrin exposure.

The uncertainty analysis was performed using predefined lists of factors/domains and related guiding
guestions tailored by lines of evidence. The factors/domains were assessed in two ways. First potential
explanations for the identified heterogeneity in the results (if any) were assessed. If inconsistencies
could not be justified by any factor/domain, the unexplained inconsistencies were treated as a source
of uncertainty. Secondly the same factors/domains were appraised for adequateness in the body of
evidence in relation to the specific endpoint/endpoint category/adverse outcome. Factors/domains
considered not adequate were retained as sources of uncertainty. A detailed list of factors/domains by
line of evidence is provided in Annexes B (from now on referred to as uncertainty tables). For both steps
(assessment of the inconsistencies and of the potential sources of uncertainty), the judgement was
achieved answering to domain and line of evidence specific ‘guiding questions’. The WG experts were
instructed to provide synthetic answers (Yes/No/Not Relevant) and accompany them with a narrative
explanation providing the rationale for the assessment. The tables displaying the results of the
uncertainty analysis for screening KEs/MIES/AOs are provided in Appendix B5.1 and B5.2 for
deltamethrin and flufenacet, respectively.

Based on the identified unexplained inconsistencies and uncertainties (if any), a judgement was made
on:

e whether exposure to deltamethrin is causing the KE/specific endpoint/endpoint
category/adverse outcome (hazard identification);

e only for the KE/specific endpoint/endpoint category/adverse outcome for which a causal
association was identified, the lowest concentration/dose triggering the KE/specific
endpoint/endpoint category/adverse outcome.

To take account of the identified uncertainties (including the unexplained inconsistencies) in the hazard
identification, a probabilistic expression of the results was adopted. The causal association was judged
as occurring or not occurring with an overall level of certainty summarised by the WG consensus
subjective probability on the causal relationship to occur. The threshold of 0.66 (twice as possible as
not) was used as the minimum subjective probability (minimum level of certainty) leading to the
conclusion of a causal association. The use of a bounded probability was thought to reflect adequately
the difficulties in expressing the level of certainty more precisely and was considered sufficiently precise
considering the purpose of this step of the process (screening potential KEs and AOs for the AOP). For
the human line of evidence, the working group decided not to address the hazard characterisation due
to the overall high RoB affecting the body of evidence. Only for the human line of evidence, the
certainty/uncertainty on the hazard identification question was assessed more precisely using the
approximate probability scale (%): [0-10), [10-33), [33-50), [50—66), [66—100]1.

1 Squared parenthesis indicates that the extreme is included, rounded parenthesis that it is
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The uncertainty affecting the body of evidence used for identifying the lowest concentration/dose
triggering the KE/specific endpoint/endpoint category/adverse outcome (hazard characterisation), was
expressed using either ranges (under the assumption that all values in the range were equally probable
— uniform distribution) or individual probability distributions. The estimates were derived using a semi-
formal expert knowledge elicitation (EFSA, 2014; EFSA Scientific Committee, 2018a, 2018b). In the
cases were a range was used, the experts were first requested to provide an individual estimate. Then
a consensus range was achieved based on the discussion among the experts. For two endpoints (i.e.
MEA and behavioural adverse outcome) the uncertainty distribution was derived using the roulette
method (EFSA, 2014; O'Hagan, 2019). In the roulette method, first the experts have to agree on an
overall plausible range (i.e. range that would include the true value almost certainly) that is partitioned
in a number of subsets. The latter would depend on the level of accuracy that is requested to achieve
with the uncertainty estimate (i.e. the bigger the number, the larger the accuracy). Then the experts are
requested to provide their subjective probabilities that each subset (bin) of the overall plausible range
include the true value of the parameter (lowest dose/concentration in the case at hand) by allocating
chips to each bin. The chips can be equally distributed among the bins or concentrated in one or more
bins depending on the subjective belief of the expert on which ones are more probable to contain the
true value. Each chip has a predefined value in terms of probability that depends on the total number of
chips (e.g. 0.05 when using 20 chips, 0.10 for 10 chips). The strength of the method is that it is very
intuitive and provides an immediate graphical representation of the experts’ beliefs. The individual
uncertainty distributions are then summarised in a single distribution by mathematical averaging. Based
on the collegial discussion the experts had the possibility to revise their individual judgements until a
consensus probability distribution was achieved (Figure 3 and Figure 4). The evidence dossier and the
detailed report of the expert knowledge elicitation exercise is provided in Appendices C5.1 and C5.2
(deltamethrin and flufenacet respectively).

excluded
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Figure 3. Uncertainty distribution on the lowest concentration triggering the MEA

EKE: uncertainty prob distribution on Lowest dose triggering the MEA
0.35

0.3 0.291666667

0.258333333

0.25

0.2

0.15

0.1125

0.179166667
0.091666667
¢
o

0.1
0.05
0.033333333
o o 0.00416665?-
0
(0.018-0.04] (0.09-0.2] (0.45-1) (2.24-5) (11.2-25)
(0.008-0.018) (0.04-0.09) (0.2-0.45) (1-2.24) (5-11.2] (25-56)

Rationale for the uncertainty distribution: The overall range expected to include the lowest
concentration almost certainly was chosen considering: variability of the different tests and systems,
the shape of the different dose-response and a pragmatic approach to guarantee sufficient
separation among concentrations. A logarithmic scale was considered by the experts more
appropriate to split the overall credibility range into subsets. It was highlighted that in the laboratory
practice the step of increase of concentrations/doses is set using logarithmic scale. The bounds of
the bins are in the range of -3;+2.5 in a log scale of base 5 with step increase of 0.5 (reported above
in the original scale). Twelve experts participated to the elicitation. The outcome of the elicitation was
based on all the NNF (MEA) studies and provided a credibility range of 0.04-5 pM that is expected
to include the true lowest concentration with around 88% probability. The judgement is based on the
consideration that lower bounds of concentration for individual studies with different test systems and
methods mostly overlap in the range of 0.45-5 puM covering both the distribution for single
administration (acute protocol) and multiple administration over developmental period of the network
(developmental protocol) (see Appendix C for detailed results of the discussion).

During the second round of elicitation, the initial distribution shifted from the ‘right' (higher
concentrations) to the ‘left’ (lower concentrations) following a discussion among participants to the
EKE. The initial thoughts for some of the participants for having a higher concentration in place was
mainly based on the following considerations: more weight to the ‘developmental’ protocol as
expression of DNT, more weight to the ‘human derived’ cell system or because the area that has
most overlap in the confidence intervals was considered more likely to cover the true value. After
discussion on these relevant points consensus was reached considering the arguments that are
summarised at the beginning.

Note: A round or squared parenthesis indicates that the extreme is excluded or included, respectively
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Figure 4. Uncertainty distribution on the lowest dose triggering the AO behavioural
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Rationale for the uncertainty distribution: The initial range expected to include almost certainly the
lowest dose was split in 10 equally sized subranges reflecting the level of precision the experts felt
being able to achieve in their judgement. The experts discussed the distribution by considering the
expected corresponding brain concentration in the pup. They agreed that the different route and
period of administration is associated with some inconsistencies and uncertainties (listed in Appendix
C) making the use of external dose complicated when assessing evidence coming from three different
studies. The experts finally concluded that the range of external doses between 0.25 and 2
mg/kg/bw/day (based on the study likely to yield the highest concentration in the brain) had a 53%
probability to include the true lowest dose that would trigger the AO. This distribution mainly reflects
the occurrence of the adverse outcome in what is expected to be the most sensitive population, i.e.
the pups, and the adverse outcome at the lowest dose is considered based on effect on sensory
motor and cognitive behaviours. Overall, the credible range 0.25-7.25 mg/kg/bw/day is expected to
include the true lowest dose with 96% probability (see Appendix Bl for details in the EKE process
and Appendix C for detailed results of the discussion).

Note: A round or squared parenthesis indicates that the extreme is excluded or included, respectively

Appendix C provides a summary of the assessment of the causal association of MIES/KES/AOs with
deltamethrin exposure and the associated estimate of the lowest concentration/dose (when appropriate)
for the various lines of evidence. For the events/Adverse outcomes for which a full probability distribution
was elicited, the 88% and 96% credibility interval (respectively for MEA and AQ) is derived keeping out
12% and 4% of the distribution from the upper tail.
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The assessment of the causal association with deltamethrin exposure in light of the identified
uncertainties allowed the MIEsS/KEs/AQOs to be considered for a putative adverse outcome pathway for
developmental neurotoxicity.

1.3. Putative stressor-based AO Network (deltamethrin): structure of the AOP
(MIEs, KEs, AO and KERS)

The putative AOP structure for DNT as defined on the basis of the discussion among WG experts is

displayed in Figure 5. Below each MIE/KE/AO a range or a 96%-97% credibility interval are given
expressing the uncertainty in the estimate of the lowest concentration/dose triggering the event.

Figure 5. Putative AOP network structure.
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1.4. A quantitative approach to the AOP: the Bayesian network

Lack of approaches to quantitatively model AOPs and AOP networks including the associated
uncertainty have been recently identified as the main obstacles to successfully implement the AOP
framework in the regulatory context (LaLone et al., 2017). The Bayesian network (BN) framework
represents a promising approach here. As any quantitative AOP (QAOP) a BN can serve as a
computational tool for translating or extrapolating from mechanistic measurements of an upstream KE
to a predicted severity/status of the AO (Fenton and Neil, 2012, Muller et al., 2015, Perkins et al., 2019).

Three types of probabilities are associated to the BN structure and can be used to infer conclusions on
the KEs and the triggering stressor:

Conditional probability distributions: the conditional probability is the probability of each of the possible
statuses of a downstream event given each possible statuses (or combination of statuses) of the
connected upstream event(s) (i.e. the conditioning event). For each combination conditioning upstream
KE(s)status/status of the target KE, the conditional probability can be higher or lower than the marginal
probability depending on the strength of the KER (i.e. the stronger the association the more unequal the
conditional and marginal distribution will be).
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Marginal probabilities the marginal probability distribution describes the probabilities associated to each
possible state of a KE/variable (e.g. activated/not activated, occurrence/not occurrence) irrespective of
the state of all the others. This probability distribution can be used to infer what is the most probable
status of a KE/AO (e.qg. altered behavioural function) assuming exposure to a stressor (e.g. deltamethrin)
and therefore to classify the stressor as able to trigger or not the KE/AO taking into consideration the
uncertainty in all the KERs in the AOP network. The marginal probability (as the conditional and joint
probabilities) can be updated once new ‘evidence’ (e.g. Disruption of action potential generation
activated with certainty) becomes available.

When dealing with categorical variables, the marginal probabilities can be derived from the conditional
probabilities using an exact formula (given here for a binary variable taking values 0 and 1) given below
for a pair and a triplet.

For a pair:

Prob(X; = k) = Z [Prob(X; = k/Pix, = j) * Prob(Prx, = )] [1.1]

_ j=101)
For a triplet

Prob(X; = k) = Z Z [Prob(X; = k/Pyy, = j,Ppx, = 1) * Prob(PLy, = j)
I R Crt
* Prob(Ppx, = )] [1.2]
With k = {0,1}

Joint probability: the joint probability distribution of a set/network of KEs describes the probability of all
the possible combinations of the status of the KEs in the network. A natural choice for a joint distribution
representing a set of dichotomous variables is a multinomial distribution assigning a probability to each
combination of states of the KEs in the AOP. Since the number of combinations dramatically increases
when the number of KEs raises, so does the number of distribution parameters. As illustrative examples
for a network with 10 KEs each of which entailing only two possible status (active/not active), the number
of possible combinations is 1,023. As a consequence, the probability attached to each combination is
rarely very high unless the evidence is supporting it with high certainty.

1.4.1. Bayesian networks: general description of the approach

The Bayesian Networks or Bayesian Belief Networks are graphical models that allows representation of
the probabilistic structure of multivariate data using a graphical display (Scutari and Denis 2015). The
BN approach has recently started to be applied successfully in the context of AOP (Moe et al 2020,
Jeong et al. 2019, Jaworska et al 2013, Pirone et al 2014). They entail: 1) a set of random variables
X = {X1, ....,Xk} with the associated joint probability distribution (named global probability distribution);
2) a graphical representation, namely a Directed Acyclic Graph (DAG), describing the
dependencies/independencies within the set of variables X;

The probability that an upstream node(s) will activate or inactivate a downstream node is defined
experimentally or by expert judgement and summarised in probability tables associated with each node.
A quantitative AOP-BN uses information on the activation of each node across the network to model the
potential for a chemical to cause the adverse outcome.

In a DAG, the random variables in the set X are represented as nodes (MIEs, KEs and AOs in the
context of an AOP) and the links between variables (KE relationships in an AOP) as directed arcs. The
links in a DAG have to satisfy the requirements of having a direction and being acyclic (i.e. not involving
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any cycles or loops, Figure 6). Nodes in the network play a different role depending on the direction of
the arcs from which they are connected to other nodes (Figure 6). A node is defined as parent when an
arc departs from this node towards another/other node(s) e.g. node ‘A’ is a parent of ‘B’, ‘C’ is parent of
‘E’. A child node is one to which an arc arrives from one or more nodes e.g. node ‘B’ is a chid of ‘A’ and
‘D’. Nodes sharing a child are named spouses. Nodes of this type are ‘A’ and ‘D’ since they are both
parents of ‘B’. The role of the nodes is crucial in the definition of the conditional
dependency/independency in the network. In fact each node in the DAG is conditionally independent of
any other non-descendent node given its parents. This property of the DAG combined with the recursive
application of the Bayes Theorem allows factorisation of the joint probability distribution of the set of
random variables X (KEs) using the conditional probability distributions (named local probability
distributions). The latter quantify the strength of the dependencies between couple or triplets of variables
conditioning the distribution of each node to the (combined) state of its parent(s). The factorisation
property makes the inference on the BN computationally lighter since the set of local distributions has
overall fewer parameters compared with the global distribution. The dimensional reduction is a central
property of the BN that allows its application also to high dimensional problems.

Figure 6. lllustrative example of a DAG with parents, children and spouse nodes
/E\I :’TE\ (E)

f %

’)—@ I—-(s:» .@l ®

Note: red crosses highlight cycles and loops not allowed in a DAG.

The BN allows the ‘belief updating’ or ‘belief propagation’ that consists in updating the conditional and
marginal probability distribution of each variable in the set X, as encoded by the BN, in the face of new
evidence.

The BN-AOP can have different applications. It can be used to perform prognostic inferences i.e. to
prospectively predict the probability of the occurrence and/or the severity of an adverse outcome based
on different scenarios (i.e. different combinations of the possible status of the upstream variables/events
in the networks). BN-AOP can be also used to derive diagnostic inference, running the model from the
adverse outcome backward to identify KEs that are the main determinants of the AO. Furthermore the
model can be run from any intermediate MIE or KE backwards and forwards.

Associations entailed by the BN can also be interpreted as causal relationships if the following additional
assumptions are met (Scutari and Denis, 2015):

e Each variable is conditionally independent of its non-effects, both direct and indirect, given its
direct causes.

e There must be a DAG which maps not only all conditional independence but also dependences
in the set of vars X.

e There must be no latent variables (unobserved variables influencing the variables in the
network) acting as confounding factors. Such variables may induce spurious correlations
between the observed variables, therefore introducing bias in the causal network.

The assumption of the absence of latent variables is particularly difficult to meet. Frequently a latent KE
being the pathway between an upstream and a downstream KE (i.e. a confounding factor) exists but
evidence is lacking on it.
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The structure and the parameters of a BN (i.e. the parameters of the conditional probability distributions)
can be either learned directly from data using mathematical algorithms or derived using expert
judgement informed by available data.

Resorting to expert judgement easily allows mirroring the suspected causal relationships in the modelled
system but it can be more prone to biases in the knowledge. Conversely, it turns advantageous when
available data are scarce and affected by missingness. In both cases, whether using an algorithm or
expert judgement, the BN structure would require a validation process by an external set of data to
confirm the strength of the relationships and the robustness of the identified
dependencies/independencies.

The BN approach has recently started to be applied successfully in the context of AOP (Moe et al., 2020;
Jeong et al., 2019; Jaworska et al., 2013; Pirone et al., 2014). Advantages of its implementation in this
context include fitting naturally the concept of the AOP network, allowing the integration of data coming
from different lines of evidence such as in vitro high-throughput assays and in vivo toxicological data
and measuring the impact of introducing a new information in the system. Last but not least, being a
probabilistic model, it allows accounting and propagating uncertainty also in complex assessment
systems

1.4.2. A stressor-based AOP-BN for deltamethrin

A binary AOP-BN has been used to describe the AOP for deltamethrin (DM) with random variables
(MIEs, KEs and AO from now on referred to as KEs) assuming only two categories (active, inactive).
Although more sophisticated models could have been developed using quantitative dose—response and
response-response to model the KE relationship, this option would have required more ample data to
be implemented. Those data were not available.

The putative AOP was provided by the experts based on the available data (literature based and invitro
battery data) and their knowledge of the mechanistic process leading from the exposure to deltamethrin
to altered behavioural functions. The structure of the hypothesised AOP-BN is described in Figure 7.

The AOP-BN for DM is composed of 10 nodes each taking two possible levels/states (active/inactive)
and 11 KERs:

X = {MIE1,MIE2, KE1, KE2, KE3, KE4, KE5, KE6, KE7, AO1}

KER = {KERL1: KER between MIE1 and KE1; KER2: KER between KE1 and KE2; KER3: KER
between KE2 and KE3; KER4: KER between KE3 and KE4; KER5: KER between KE4 and AO;
KER6: KER between KE1 and KE5; KER7: KER between KE5 and AO; KERS8: KER between
KE1l and KE6; KER9: KER between KE6 and KE4; KER10: KER between MIE2 and KE7;
KER11: KER between KE7 and KE2}

Considering the binary nature of the variables (KEs) a natural choice for the joint probability distribution
(i.e. the global distribution) and the conditional probability distributions (local distributions) is represented
by the multinomial distribution.

The conditional probability distributions (CPD) associated with pairs (e.g. KE1 and its parent MIE1) or
triples of nodes (e.g. KE2 with its parents KE1 and KE7) describe the probability that a child/descendent
node (downstream KE) is active or inactive given the (combined) state of its parent node(s) (upstream
MIEs/KES). They quantify the strength of the KE relationships and allow the propagation of the
uncertainty throughout the pathway.

Dealing with the joint probability distribution is not convenient since it entails a large number of
parameters to be estimated. Resorting to the property of the conditional independence implied by the
DAG (i.e. each variable/node is conditionally independent by all other nodes except its children given
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its parents), it is possible to factorise the joint probability distribution of the set of events X into the
product of the local CPDs — formula [2]:

P(X) = [I}-1P(X;/Nx,; Ox,) Joint probability distribution [2]
where Iy, = {parents of X; }
and Oy, = parameters of the conditional distribution of X; given the parents Il,

Therefore, for the set of variables/KEs in the AOP-BN for deltamethrin, the joint probability distribution
is given by:

P(X) = P(MIE1, MIE2, KE1,KE2, KE3, KE4, KE5, KE6,KE7,AO1) =
P(MIE1) = P(MIE2) « P(KE1/MIE1) = P(KE2/KE1,KE7) « P(KE3/KE2) * P(KE4/
KE3,KE6) = P(KE5/KE1) * P(KE6/KE1) * P(KE7/MIE2) x P(A0/KE4, KES5)

Interpreting the network as a causal one rests to the assumption that there are no latent variables. Such
an assumption is difficult to meet in the AOP-BN for deltamethrin since there are key events that are
expected to be in the pathway, based on expert judgement, but due to the lack of evidence they are not
appearing in the putative AOP-BN (except for hypomyelination displayed in grey in Figure 7). Therefore
the relationships embedded in the AOP-BN cannot be characterised as causal.

1.4.3. The conditional probability tables: approach used for the estimate

An expert judgement approach has been adopted to estimate the parameters of the CPDs. This choice
was made necessary by the lack of large sets of data covering the whole pathway.

For each pair of nodes in the BN the following question was addressed: ‘What is the probability that the
downstream KEXx is activated given the upstream (parent) KE is activated/not activated?’ For each triplet
the question to answer was: ‘What is the probability that the KEx is activated given all possible
combinations of the state of the upstream (parents) KEs (i.e. active/active, active/non-active, non-
active/active, non-active/non-active)?’

To answer these questions the following steps were taken:

1) The experts were requested to assess individually first and then collectively, for each of the
(combinations of) instances of the conditioning event(s) and for the conditioned event instance
‘activated’, three criteria: the biological plausibility (BP from now on), essentiality (E from now
on) and empirical evidence (EE from now on) in support to the KER. Those criteria are indicated
in the AOP handbook (OECD, 2018) as the three critical Bradford—Hill considerations for AOPs
items to characterise the KEs, KER and their uncertainty when demonstrating causality. The
criteria definition and the recommendations on how to assess them being either low, moderate
or high were the ones suggested in the AOP handbook (OECD, 2018).

2) The consensus judgements on the three criteria (two for the instance ‘not active’ in the pairs,
‘not active/not active’ in the triplets) were combined according to predefined rules for each of
the instances of the conditioning events to derive ranges for the conditional probabilities (Tables
1-6).

3) By acollegial discussion the experts were requested to find an agreement on a single probability
value within the range derived at the previous step.

4) The conditional probabilities for the various instances of the conditioning event(s) and for the
conditioned event instance ‘non-activated’ were derived based on the property that the sum of
the probabilities/density over the various classes/values of a variable distribution must be equal
to 1.
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Note that in the tables a round or squared parenthesis indicates that the extreme is excluded or included
respectively.

The CPD are provided in Annex C.

Table 1. Rules for combining the criteria assessment - pairs combination ‘active (KE
downstream)/active (KE upstream)’

’

Criteria 3 high 2 high &1 1 high & 2 3 moderate or 1 Any other
assessments moderate moderate or 2 high | high & 1moderate combination
& 1 low (only E) & 1 low (only E)
Probability range of (0.95-1.0] (0.85-0.95] (0.75-0.85] (0.66-0.75] [0-0.66]

KEx to be activated
given the upstream
(parent) KE s
activated

Table 2. Rules for combining the criteria assessment - pairs combination ‘active (KE
downstream)/not active (KE upstream)’

Criteria assessments (only biological plausibility = BP high& ' BP high & E moderate | BP moderate & = Any other
and essentiality) E low or BP moderate & E | E moderate combination
Note: essentiality is interpreted in the reverse low

direction (the higher the essentiality the lower

the probability range)

Probability range of KEx to be activated given | (0.85- (0.75-0.85] (0.66-0.75] [0-0.66]

the upstream (parent) KE is not activated 1.0]

Table 3. Rules for combining the criteria assessment - triplet combination ‘active (KE
downstream)/active (KEs upstream)’

Criteria assessments 3 high 2 high & 1 moderate | 1 high & 2 moderate = 3 moderate or 1 high & = Any other
or 2 high & 1 low = 1moderate & 1 low(#BP) combination
(#BP)

Probability range of KEx | (0.95-1.0] (0.85-0.95] (0.75-0.85] (0.66-0.75] [0-0.66]

to be activated given the

upstream (parents) KEs

are activated

Table 4. Rules for combining the criteria assessment - triplet combination ‘active (KE
downstream)/active (first KE upstream)/not active (second KE upstream)’

Criteria assessments 3high 2 high&1 1 high & 2 3 moderate or 1 | Any other

moderate moderate or 2 ' high & 1moderate = combination
high & 1 low | & 1low (?BP)
(?BP)

Probability range of KEx to be @ (0.95- | (0.85-0.95] @ (0.75-0.85] (0.66-0.75] [0-0.66]

activated given the first upstream | 1.0]

(parents) KE is activated whereas the

second is not activated
Table 5. Rules for combining the criteria assessment - triplet combination ‘active (KE
downstream)/not active (first KE upstream)/active (second KE upstream)’

Criteria assessments 3 high 2 high & 1 moderate | 1 high & 2 moderate = 3moderateor 1high& | Any other

or 2 high & 1 low | 1moderate & 1 low | combination
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(#BP) (#BP)

Probability range of KEx to | (0.95-1.0] (0.85-0.95] (0.75-0.85] (0.66-0.75] [0-0.66]
be activated given the first

upstream (parents) KE is

not activated whereas the

second is activated

Table 6. Rules for combining the criteria assessment - triplet combination ‘active (KE
downstream)/not active (both KEs upstream)’

Criteria assessments (only biological plausibility = BP high& ' BP high & E moderate | BP moderate & = Any other
and essentiality) E low or BP moderate & E | E moderate combination
Note: essentiality is interpreted in the reverse low

direction (the higher the essentiality the lower

the probability range)

Probability range of KEx to be activated given | (0.85- (0.75-0.85] (0.66-0.75] [0-0.66]
both the upstream (parents) KEs are not @ 1.0]
activated

The results of the expert elicitation process are reported in Annex C. The related conditional probability
tables (CPT) are also displayed in Figure 7. The rationale for the assessment of the three criteria for
each of the combination of statuses of the conditioning and conditioned events are provided in Table 1
of the Appendix C.

Figure 7. Conditional probability tables for AOP-BN KERs
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The conditional probability tables describe the subjective belief of the experts on how probable they
consider a KE downstream to be activated/not activated after knowing that the KE upstream has been
either activated or not activated. The number in bold indicate the marginal probability distributions
associated to each KE (also reported in Table 7).
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1.4.4. Results (marginal probs, overall certainty, influence analysis)

As discussed above the marginal probability distributions represent a useful tool to predict the most
likely state of a KE assuming exposure to the stressor. They are reported in Table 7and displayed in
Figure 8 suggesting that, for all the KEs, it is more probable than not to be ‘activated/occurring’.

Table 7. Marginal probability distributions for MIE/KE/AO

Probability
MIE/KE/AO To be  To  be not
activated activated
MIE1 | Binding to VGSC 0.99 0.01
MIE2 | Binding to Ryanodine receptors 0.7 0.3
KE1 | Disruption of sodium channel gate kinetics 0.98 0.02
KE2 | Disruption of action potential generation; membrane depolarisation 0.79 0.21
KE3 | Disruption of axon terminal depolarisation; changes in neurotransmitter | 0.76 0.24
release
KE4 | altered neuronal network function 0.54 0.46
KE5 | decreased oligodendrocyte differentiation 0.66 0.34
KE6 | Increase of intracellular sodium in microglia cells 0.66 0.34
KE7 | Disruption of intracellular Ca channel kinetics 0.66 0.34
AO Impairment behavioural function 0.55 0.45
Figure 8. Marginal probability distribution
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MiE2 No  0.34 rodents
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KER10 intracellular

to I
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e =5 i

(0.01 - _ Yes 076 Yes  0.54
o (0.01 - 0.03) Yes  0.79
= I N 0.46
e B o] e =T
Yes 0.98 Disruption of Disruption of
Yes 0.7 action axon terminal Altered
No 0.02 potential depolarization; neuronal
channal 1 ~ER2 sb'ﬂm':hoﬂ: KER3 changes in KER4 network
embrane neurotransmitt
gate | = | qepolarization | ——2 | errelease — function
kinetics
{0.04-5] uM
[0.01-1] uM ! {0.25-9]
1] [0.01-1] uM mg/ kg/day (8%)
I
1
' ] A A
: ! KER; KES5 Decreased oligodendrocyte diffe : KER7 H
: = - g [o_z’_n,.] oM Yes 0.66 = === r —————————————————————
- oo
I KER8 | KEG. Increase of Intracellular sodium in microglia cells  KERS |
No 0.01 ! y Yes 066
o 1eM me———
No 0.34

The marginal probabilities also illustrate how the uncertainty propagates across the pathway. In fact KEs
closer to the root of the network (MIEs as triggered by exposure to the stressor — deltamethrin) generally
have, with few exceptions, high probability to be activated whereas for KEs related to higher biological
complexity (i.e. organ and organism response) this probability tends to approach the maximum
uncertainty (i.e. 0.5).
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Four single string AOP-BNs could be derived from the AOP network. They are displayed in Figure 9-
Figure 12 together with the associated conditional probability tables (marginal probabilities in the bottom
line).

Figure 9. Liner string AOP (AOP1)

MIE Cellular response Qrgan response Organism
Neuro developmental cells (human, rodents...) response
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Disruption of Nerve Terminal
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R [o.kiu. 1lum f (0,04-5]} uM (0.25-7.25] mg/kg bw/d
' . .01~ 0.25-9 88% .25-7.25] mg
[0.011um | m(lifkw’dla\' (96%}

Mo o001  Yes 099 Yes 095  0.05
1 Mo 0.01 099 1 L= WD | O ! Neo 0.05 0.95 1 No 0.15 085 1 No 0.43 057 1
0.98  0.02 0.79  0.21 076  0.24 0.54 046 0.55  0.45

Figure 10. Liner string AOP (AOP2)
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Neuro developmental cells (human, rodents_ ) | response
rodents
KE7.
KER10 ms;’f'l-lcpgﬁﬂ KER11
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potential gepolarization network
generation; al anges in
Membrane KER3 | neurotransmitt  KER4_ function KERS
depolarization 3 er release and 3>
muruprohlm
(0.25-9] m‘;:‘,;],} uM (o.zs-?.z(sg] ‘-x:irku bwi/d
[0.01-1] uM | mg/kg/day
—= i E-—l H H H =
o 030 Yes 066 034 1 &2 0.95 0.66 066 034 1
1 No 066 034 1 N° LN AU K s 0.05 095 1 Neo 0.15 085 1  Ne 0.43 057 1
0.66 0.34 079  0.21 0.76 0.24 0.54  0.46 0.55  0.45
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Figure 11. Liner string AOP (AOP3)
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No o1 Yes 099 o001 1 Yes 066 034 1 Yes  0.61 039 1
1 No 0.01 089 1 No 0.5 05 1 No 0.45 055 1
0.98 0.02 0.66  0.34 o | oes
Figure 12. Liner string AOP (AOP4)
l MIE | _ Cellular response | Organ response Organism
. Neuro developmental cells (human, rodents...) | response
rodents

KE1
KER1 E'fsgdpru:f: network KERS
channel function
gate
“ 0.04-5] uM
©o1-1) [0.01-1] uM ¢ ‘us_%])"

(0.25-7.25] mg/ kg bw,/d
(96%)

KES®. Increase of Intracellular sodium in
|ﬂ) microglia cells _Kero 4

1uM

Yes No
Yes Yes No Yes No

Yes 066 034 1
No go1 Yee 0@ 001 2 Yes 055 045 1 Yes 066 034 1
No 05 05 1
1 Ne 001 099 1 — Mo 051 040 1 No 043 057 1
0.5817/10.02 : ) 0.54  0.46 055  0.45

For these liner string AOPs, CPT for pairs have been derived from the CPT for triplets when appropriate.

1.4.5. A measure of the overall certainty of the AOP network and each individual AOP

Resorting onto the Bayesian theorem and property of the nodes in a BN to be conditionally independent
from all non-descendent nodes given the parents (conditioning nodes) , the conditional probabilities for
the individual KEs to occur under the condition that the upstream KEs were activated, were used to
estimate the joint probability that all events (MIEs, KEs, AO) in the network are activated/occur. This

probability is 6.5% for the full AOP network.

Unclassified



ENV/CBC/MONO(2022)24/ANN2 | 29

It is noted that the joint probability for all KEs and the AO to be activated within a network depends also
on the number of nodes within the network as shown in Figure 13 (e.g. considering an average
probability of 0.95, would allow a joint probability of all KEs to occur of 60% with a network of 10 nodes,
74% with six nodes, 77% with five nodes, 81% with four nodes). Therefore, an interpretation of this
probability of 6.5% is neither meaningful in absolute terms, nor by comparison with absolute probabilities
for other AOPs or AOP networks. Coverslyt is meaningful to consider the probabilities for each KE being
activated, averaged over all KEs in the network. The 6.5% probability for all KEs and the AO in the 10-
nodes network being activated corresponds to a situation, when the average probability for the individual
KEs being activated under condition that upstream KEs are activated is about 0.76. This is a moderate
probability, considering that it represents a situation between random, where KEs would have an
average probability of 0.5 and a situation of very high certainty, where KEs would have an average
probability of 0.95. In comparison, the probability for all KEs and the AO being activated is 32.4% for the
AOP string including only the best documented KERs for deltamethrin (MIE1-KEs1-2-3-4-A0). This
corresponds to a situation where KEs would have an average probability of 0.84, which is slightly higher
compared with the average probability of 0.76 for the KEs in the complete network (Table 8).

Figure 13. Joint probability of all KEs and AO to be activated by number of nodes in the network
and average conditional probability to occur when parents occur by node

BN - Probability of all KEs and AO to be
activated/occur by Probs for each node and n. nodes
100

90
80
70
60
50
40
30
20
10

o 0.5 0.55 06 0.65 0.7 0.75 0.8 0.85 0.9 0.95 099

10 nodes 0.1 0.25 06 1.35 282 563 1074 1969 | 34.87 59.87 90.44
E 6nodes 156 | 277 467 754 1176 17.8 2621 37.71 53.14 73.51 94.15
—&=5nodes 313 503 | 7.78 116  16.81 2373 3277 4437 59.05  77.38 95.1
=@=4nodes 6.25 9.15 1296 1785 24.01 3164 4096 522 6561 8145 96.06

nt probability (%) for all KEs to be activated/to occur

Average Probability of a downstream KE to be activated when
adjacent KE(s) are activated

10 nodes 6 nodes ==@m=5nodes =@=4 nodes
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Table 8. Joint probability of all KEs to occur, number of nodes and average probability per node
for AOP network and single AOPs

AOP_net AOP1 AOP2 AOP3 AOP4
N. nodes 10 6 6 4 5
Joint Prob of all KEs to occur (%) 6.53% 32.45% 15.18% 39.41% 23.5%
Average prob per node 0.76 0.83 0.73 0.79 0.75

1.4.6. Influence analysis

The BN approach allows also to perform scenario analyses assessing the impact of hard evidence such
as an individual MIE/KE occurring/not occurring with certainty (probability of occurring equals to 1 or
probability of not occurring equal to 1 irrespective of the upstream KEs status) on the status of the
MIEs/KEs/AO in the network. Computing the difference between the marginal AO probability to occur
assuming that each KE is activated and not activated with certainty allows the assessment of the
influence of each KE on the final outcome. Then MIES/KEs can be ranked for their impact and this
ranking could be used for recommending further research. For the putative AOP network outlined here,
the strongest impact is from the most downstream KEs, i.e. KE4 (altered neuronal network function),
followed by KE5 (decreased oligodendrocyte differentiation) — Table 9.

Table 9. Impact of uncertainty in MIES/KERs on certainty in AO to occur within the putative AOP

Marginal Probability of AO to occur ="' 0.55
MIEs/KEs MIEs/KEs not active = MIES/KEs active with
with  certainty, i.e. | certainty, ie.
Prob(KEx = 0) = 1 Prob(KEx=1) =1
Probability for AO to | Probability for AO to | Difference in the | Rank for

oceur occur Prob for AO to | influence
occur

MIE1 | Binding to VGSC 0.47 0.55 0.08 6

MIE2 | Binding to Ryanodine receptors | 0.55 0.55 0 8

KE1 | Disruption of sodium channel | 0.46 0.56 0.10 5
gate kinetics

KE2 | Disruption of action potential = 0.47 0.58 0.11 4
generation; membrane
depolarisation

KE3 | Disruption of axon terminal | 0.46 0.58 0.12 3
depolarisation; changes in
neurotransmitter release

KE4 | altered neuronal  network & 0.43 0.66 0.23 1
function

KE5 | decreased oligodendrocyte = 0.45 0.61 0.16 2
differentiation

KE6 | Increase of intracellular sodium | 0.55 0.56 0.01 7
in microglia cells

KE7 | Disruption of intracellular Ca | 0.55 0.55 0 8

channel kinetics
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2. Remaining sources of uncertainty

Data were lacking to test the robustness of the network structure and the strength of the relationships
using external datasets (validation of the AOP network structure). The possibility to perform this exercise
rests onto the availability of adequate evidence in the future.

Although demonstrating causality for each of the KERs embedded in the AO-BN was implicitly the
purpose of the assessment, this was not possible due the likely presence of latent variables in the
pathways.

It is important to acknowledge the subjectivity of all the expert judgements. They are all based on a
structured and transparent process that is described in this report to make it repeatable. However it is
reasonable to expect that, applying the same process, a different group of experts would end up with
different conclusions in terms of uncertainty assessment and numerical estimates for the various
probability measures.
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3. Software

Statistical analyses were carried out using R version R-3.6.0 (R Core Team, 2013) and Rstudio version
1.2.1335. The BN modelling was performed using the package ‘bnlearn’, ‘Rgraphviz’ and ‘gRain’ (Scutari
and Denis, 2015).
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Annex A: Questions by lines of evidence
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Line of | Species/subject | Hazard Identification Expression of ' Hazard characterisation Expression of
evidence | age uncertainty for HI uncertainty for HC
Human Children What is the probability that a causal association between individual | Approximate
exposure to deltamethrin in uterus (mothers might have been | probability scale
exposed through dietary and non-dietary sources) and the specific = (%):[0-10), [10-
endpoint/adverse outcome occurs 33), [33-50), [50-
66), [66-100]

In vivo Rats and mice Does DM exposure affect this specific endpoint/endpoint = Bounded What is the lowest dose at which DM affects the endpoint in a dose- | Range (uniform
category/adverse outcome in a dose-response relationship in rodents | probability response relationship in rodents exposed during pregnancy and/or | distribution) or
exposed during pregnancy and/or post-natal until weaning? No: post-natal until weaning ? uncertainty probability

Prob < 0.66 distribution for the
Yes: dose
Prob > = 0.66

Zebrafish | Zebrafish Does DM exposure affect this specific endpoint/endpoint | Bounded What is the lowest concentration at which DM affects the endpointin | Range (assumption of
category/adverse outcome in a concentration-response relationship | probability ZF exposed any time and duration up to 120hours Post Fertilisation? | uniform distribution) or
in ZF exposed any time and duration up to 120hours Post Fertilisation = No: uncertainty probability

Prob(causal distribution ~ for  the
association) < 0.66 concentration
Yes:
Prob(causal
association) > =
0.66
In vitro Human and = Does exposure to DM triggers the specific endpoint/KE as measured | Bounded What is the lowest concentration at which the exposure to DM triggers | Range (assumption of
rodent cells in acute and developmental protocol (wash-out yes/no) (assuming a | probability the KE as measured in acute and developmental protocol (wash-out | uniform distribution) or
monotonic concentration-response relationship) in human and/or rat | No: yes/no) (assuming a monotonic concentration-response relationship) | uncertainty probability
and/or mouse neuro cells in development. Exposure might having a | Prob(causal in human and/or rat and/or mouse neuro cells in development. | distribution for the

duration ranging between several hours up to 28 days. There is no
commonly accepted thresholds for biologically significant effects.
Biological response is based on expert judgements using
EC50/IC50/BMR50 taking into consideration also the uncertainties in
the experiments.

association) < 0.66
Yes:

Prob(causal
association) > =
0.66

Exposure might having a duration ranging between several hours up
to 28 days. There is no commonly accepted thresholds for biologically
significant effects. Biological response is based on expert judgements
using EC50/IC50/BMR50 taking into consideration also the
uncertainties in the experiments.

concentration

: Questions by lines of evidence
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Uncertainty table for human line of evidence
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Heterogeneit | Can the | Can the | Can the | Can the | Can the | Can the | Can the | Can the
y in the | inconsistencie | inconsistencie | inconsistencies | inconsistencie | inconsistencie | inconsistencie | inconsistencie | inconsistencie
results and | sinthe results = sinthe results @ in the results be = sinthe results | sinthe results | sinthe results = sin the results = s in the results
possible be justified by | be justified by @ justified by = be justified by | be justified by = be justified by | be justified by = be justified by
explanation heterogeneity = heterogeneity | heterogeneity heterogeneity | heterogeneity | heterogeneity | heterogeneity = heterogeneity
across  kids | across timing | across exposure | in the way & across across RoB | in the | in the
age at time of | of urine | characterisation | exposure is = methods for | tier? confounding statistical
outcome collection ? (i.e. the expressed outcome factors for | analysis and
assessment? during metabolite type = (e.g.classesof | assessment which the | related
gestation for | and no. of times | exposure, (e.g. different models were | method  for
biomonitoring? | it was | exposure scales for adjusted expressing the
measured) expressed as | assessing the across effect (e.g odd
continuous same studies?? ratios,
variable; endpoint)? correlation
LOD)? coefficients, p-
values etc.)?
Uncertaintyin | Is sensitivity of | Is timing of | Is the metabolite | Is the way the | Is method for | Is RoB | Are Is statistical = What is
the results the kids age at | urine collection | and no. times is = exposure is | outcome affecting confoundings | analysis the
outcome for measured expressed assessment overall the | appropriately appropriate for | probability
assessment biomonitoring | appropriate? appropriate? adequate for = BoE for the | considered in | the BoEforthe & of at least
adequate for = in the BoE the SE/AO? SE/AO? the BoE forthe = SE/AO one false
the SE/AO in | adequate for SE/AQ? positive
the BoE? the SE/AO (familywis
e alpha
error due
to

Overall
assessment of
inconsistencie
s and
uncertainties

Hazard
|dentificatio
n (Yes/No)
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Heterogeneit
y in the
results  and
possible

explanation

Uncertainty in
the results

Can the
inconsistencie
s in the results
be justified by
heterogeneity
across  kids
age at time of
outcome
assessment?

Is sensitivity of
the kids age at
outcome
assessment
adequate for
the SE/AO in
the BoE?

Can the
inconsistencie
s in the results
be justified by
heterogeneity
across  timing
of urine
collection
during
gestation  for
biomonitoring?

Is timing of
urine collection
for
biomonitoring
in the BoE
adequate for
the SE/AO

Can the
inconsistencies
in the results be
justified by
heterogeneity
across exposure
characterisation
?  (ie. the
metabolite type
and no. of times
it was
measured)

Is the metabolite
and no. times is
measured
appropriate?

Can the
inconsistencie
s in the results
be justified by
heterogeneity
in the way
exposure s
expressed
(e.g. classes of
exposure,
exposure
expressed as
continuous
variable;
LOD)?

Is the way the
exposure is
expressed
appropriate?

Can the
inconsistencie
s in the results
be justified by

heterogeneity
across
methods  for
outcome
assessment
(e.g. different
scales for

assessing the
same
endpoint)?

Is method for
outcome
assessment
adequate for
the SE/AQ?

Can the
inconsistencie
s in the results
be justified by

heterogeneity
across  RoB
tier?

Is RoB
affecting
overall the
BoE for the
SE/AQ?

Can the
inconsistencie
s in the results
be justified by
heterogeneity
in the
confounding
factors for
which the
models  were
adjusted
across
studies??

Are
confoundings
appropriately
considered in
the BoE for the
SE/AQ?

Can the
inconsistencie
s in the results
be justified by

heterogeneity
in the
statistical
analysis and
related

method  for

expressing the
effect (e.g odd
ratios,
correlation
coefficients, p-
values etc.)?
Is  statistical
analysis
appropriate for
the BoE for the
SE/AO

multiplicity
issue) and
the
probability
of false
negative

What is
the
probability
of at least
one false
positive
(familywis
e alpha
error due
to
multiplicity
issue) and
the
probability
of false
negative

Overall
assessment of
inconsistencie
s and
uncertainties

Hazard
Identificatio
n (Yes/No)

BoE: Body of Evidence; SE: Specific Endpoint; AO: Adverse Outcome; RoB: Risk of Bias.
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Heterogeneit | Can the | Can the = Can the | Can the | Can the | Can the | Can the
y in the | inconsistencie | inconsistencie | inconsistencie | inconsistencie | inconsistencie | inconsistencie | inconsistencie
results and | sinthe results | sintheresults = sinthe results | sintheresults = sinthe results = sinthe results = s in the results
possible be justified by | be justified by = be justified by | be justified by = be justified by & be justified by = be justified by
explanation heterogeneity | heterogeneity | heterogeneity | heterogeneity | some studies | heterogeneity | heterogeneity
across across sexes across across indicating across  RoB | in the route of
species/strain exposure exposure maternal  or | (all Qs but Q9) | administration
duration stage systemic
toxicity?
Uncertainty in | Is sensitivity of | Is sensitivity of | Is  exposure ' Is  exposure | Is maternal or | Is RoB ' Is route of |Is large
the results the the sex (if only | duration in the = stage in the | systemic affecting administration | imprecisio
species/strain | one) in the = BoE adequate = BoE adequate @ toxicity overall the | an issue | n (i.e.large
in the BoE | BoE adequate @ for the | forthe SE/AO? @ affecting BoE for the | overall the | SD/SE or
adequate for | for the | SE/EC/AO? studies in the = SE/EC/AO? BoE for the | wide Cl)
the SE/EC/AQ? BoE? SE/AO? affecting
SE/EC/AO? the BoE?

Overall Hazard Hazard
assessment of | Identificatio | Characterisatio
inconsistencie | n (Yes/No) n (only if HI is
S and yes)

uncertainties

ZF: zebrafish; BoE: Body of Evidence; SE: Specific Endpoint; EC: Endpoint Category; AO: Adverse Outcome; RoB: Risk of Bias.
Possible answer for questions on heterogeneity (Yes/No) for the questions on uncertainty (Yes/No/Not Relevant). For both, narrative explanation to
describe the motivation for the assessment.
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Uncertainty table for in vitro line of evidence

Heterogeneity

in the results

Can the
inconsistencies in

Can the
inconsistencies in

Can the
inconsistencies in

Can the inconsistencies in
the results be justified by

Can the
inconsistencies in

and possible = the results be | the results be | the results be | heterogeneity across effect | the results be
explanation justified by | justified by | justified by | measurements. Note Effect | justified by other
heterogeneity heterogeneity heterogeneity in | can be expressed in | items not covered
across  exposure | across test = RoB different ways across | before?
conditions systems studies (e.g 1C50, BMR30.
Control might be baseline
value for the same group or
a different group e.g. of
embryos)
Uncertainty in | Is sensitivity of the | Is sensitivity of the | IsRoBinthe BoE | Is effect measurement @ Is sensitivity of the | Is large
the results exposure test system | adequate for the | adequate for the SE/AO? methods beyond | imprecision
conditions adequate for the = SE/AQ? exposure (i.e. large
appropriate for the = SE/AO? conditions SD/SE or
SE/AQ in the BoE adequate for the | wide Cl)

?

SE/AQ in the BoE?

affecting the
BoE?

Overall
assessment  of
inconsistencies
and uncertainties

Hazard
Identification
(Yes/No)

Hazard
Characterisation
(only if HI is yes)

ZF: zebrafish; BoE: Body of Evidence; SE: Specific Endpoint; AO: Adverse Outcome; RoB: Risk of Bias.

Possible answer for questions on heterogeneity (Yes/No) for the questions on uncertainty (Yes/No/Not Relevant)
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Conditioning
events

'/cond|t|on|ni eventisii

Conditioned event

Criteria

Consensus assessment

Probability range

Consensus probability value
P(conditioned event

Probability value
P(conditioned event =' 0'/conditioning event(s))

~Ko=1 | MIE1 Biological plausibility High (0.95-1]
Essentiality High

K0 =1 MIE2 Biological plausibility Moderate (0.66-0.85]
Essentiality Moderate

MIE1 =1 Biological plausibility High (0.95-1]
Essentiality High
Dose/temporal concordance High
~ME1=0 Biological plausibility Low [0-0.66] 0.01 0.99
Essentiality High
_
CKE1=1 Biological plausibility Moderate [0-0.66]
Essentiality Low
Dose/temporal concordance Low
KE1=0 Biological plausibility Low [0-0.66] 0.5 0.5
Essentiality Low
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KE1=1 KE6 Biological plausibility Moderate [0-0.66] 0.66 0.34
Essentiality Moderate
Dose/temporal concordance Low
KE1=0 Biological plausibility Low [0-0.66] 0.5 0.5
Essentiality Low
Y I O N
MIE2 =1 KE7 Biological plausibility Moderate (0.66-0.75] 0.66 0.34
Essentiality Moderate
Dose/temporal concordance Moderate
MIE2=0 Biological plausibility Moderate (0.66-0.75] 0.66 0.34
Essentiality Moderate
1 I N M N
KE1='1'& KE7 = KE2 Biological plausibility High (0.75-0.85] 0.8 0.2
=1 Essentiality High
Dose/temporal concordance Low
KE1 =" 1" & KE7 Biological plausibility High (0.75-0.85] 0.8 0.2
=0 Essentiality High
Dose/temporal concordance Low
KE1 =' 0" & KE7 Biological plausibility Moderate [0-0.66] 0.5 05
=1 Essentiality Low
Doseltemporal concordance Low
KE1 ='0' & KE7 Biological plausibility Low [0-0.66] 0.01 0.99
=0
Essentiality High

KE2 =1

KE2=0

KE3 =" 1" & KE6
=1

KE3 Biological plausibility High (0.95-1] 0.95 0.05
Essentiality High
Dose/temporal concordance High
Biological plausibility Low [0-0.66] 0.05 0.95
Essentiality High

KE4 Biological plausibility High [0-0.66] 0.66 0.34
Essentiality Low
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KE3 =' 1' & KE6
=0
KE3 = 0' & KE6
=1
KE3 = 0' & KE6
=0
KE4 =' 1' & KE5
=1
KE4 =' 1' & KE5
=0
KE4 = 0' & KE5
=1
KE4 = 0' & KE5
=0

AO

Dose/temporal concordance
Biological plausibility

Essentiality
Dose/temporal concordance
Biological plausibility

Essentiality
Dose/temporal concordance
Biological plausibility

Essentiality

Biological plausibility

Essentiality
Dose/temporal concordance
Biological plausibility

Essentiality
Dose/temporal concordance
Biological plausibility

Essentiality
Dose/temporal concordance
Biological plausibility

Essentiality

Low
High

Low
Low
Low

Low
Low
Low

Moderate

Moderate

Low
Moderate
Moderate

Low
Moderate
Moderate

Low
Low
Low

Low

[0-0.66]

[0-0.66]

[0-0.66]

[0-0.66]

[0-0.66]

[0-0.66]

[0-0.66]

0.66

0.2

0.05

0.66

0.66

0.55

0.2

0.34

0.8

0.95

0.34

0.34

0.45

0.8

Unclassified
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