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Abstract

Integrating models and data from various disciplines such as exposure science, epidemiology, and toxicology
is vital for understanding (health) effects linked to chemical exposure and for improving decision-making.
However, models and data are often created by separate parties using different concepts, data standards, and
programming languages. This diversity hampers practical implementation of workflows linking models and data
for integrative assessments. PARC T8.3 addresses this challenge by focusing on enhancing the FAIR
(Findable, Accessible, Interoperable, Reusable) characteristics of modeling tools, leading to a network of linked
modeling tools and data. Within this framework, workflows are under development, leveraging these
connections.

This deliverable presents an update on the conceptual and technical design of the PARC model network and
showcases initial outcomes from its application across various case studies. The report outlines a conceptual
framework that serves as a common ground for describing workflows and relationships between modeling tools
across different domains. Furthermore, it discusses technical solutions for linking modeling tools, including the
development of indicators to assess their interoperability.

Preliminary findings from the application of the integrative model network in selected use cases, such as HBM-
based mixture risk assessment and aggregate exposure assessment, are also provided. These findings
highlight the effectiveness of the developed workflows in enabling efficient and transparent integrative
assessments. Practical applications demonstrate consistent analysis, output, and interpretation across users
and datasets, fostering potential adoption in regulatory risk assessment contexts.

Key words

Model network; Integrative risk assessment; FAIR; Workflows, Human biomonitoring; Mixture risk assessment;
Aggregate exposure assessment; Physiologically based kinetic modeling; Uncertainty analysis
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Definitions

The PARC integrative model network will be a digital ecosystem where researchers, regulators, and other
stakeholders can find and access modelling tools and workflows relevant for the assessment of (health) effects
linked to exposure to chemicals. It is the ambition to improve interoperability and reusability of these modelling
tools to enable their efficient and practical implementation in integrative assessments.

A PARC workflow in the modelling network is a series of one or more computational (modelling) steps,
carried out by one or more (PARC) modelling tools, to transform input data into output data, from which insights
about an assessment can be derived in the form of figures and tables.

A model is a conceptual representation of reality to help understand and predict scientific concepts, whereas
a modelling tool is a technical implementation of a model (e.g., in a certain programming language)

The modelling tools in scope of the model network are all modelling tools that are used in specific
workflows within PARC, or which are deemed relevant within the context of the PARC community. This
includes models/software actively developed by partners within PARC, but also software developed outside
PARC.

Named Entity Recognition (NER) Models are computational systems designed to identify and classify proper
nouns and other significant terms (like names, dates, and locations) in text. These models facilitate the
extraction of structured information from unstructured data by tagging entities with predefined categories. They

Co-funded by
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are commonly used in natural language processing (NLP) tasks to enhance text analysis and information
retrieval.

Topic Modeling is a type of statistical modeling technique used in natural language processing (NLP) to
discover abstract topics within a collection of documents. It helps in identifying patterns of word co-occurrence
and grouping similar words together to infer latent themes in the text. Common algorithms for topic modeling
include Latent Dirichlet Allocation (LDA) and Non-Negative Matrix Factorization (NMF).

Bayesian Kernel Machine Regression (BKMR) is a statistical method used to analyze and estimate the
combined effects of multiple environmental exposures on health outcomes. It employs a kernel machine
framework to flexibly model nonlinear and interaction effects among exposures while incorporating Bayesian
inference for uncertainty quantification. BKMR is particularly useful in environmental epidemiology for assessing
the impact of complex exposure mixtures on health.

Text Summarization Models are algorithms designed to condense long pieces of text into shorter versions
while retaining the most important information and overall meaning. They operate in two primary ways:
extractive summarization, which selects key sentences directly from the original text, and abstractive
summarization, which generates new sentences to capture the essence of the text. These models are widely
used in applications such as news aggregation, document summarization, and information retrieval.

Word Embedding Models are computational techniques used in natural language processing (NLP) to map
words or phrases to high-dimensional continuous vector representations. These models capture semantic
relationships between words by placing similar words closer together in the vector space based on their
contextual usage. Popular methods for creating word embeddings include Word2Vec, GloVe, and FastText.

Text Generation Models are algorithms designed to produce coherent and contextually relevant text based
on a given input. They leverage machine learning techniques, particularly deep learning, to learn language
patterns and generate new text that resembles human writing. Common applications include chatbots,
automated content creation, and language translation, with prominent models like GPT (Generative Pre-trained
Transformer) and RNN (Recurrent Neural Networks) being widely used.

The Hazard Index is a numerical value used in risk assessments to quantify the potential non-carcinogenic
health risks posed by exposure to chemical substances. It is the ratio of the potential exposure to a substance
and the level at which no adverse effects are expected (the reference dose).

The Risk Quotient is a ratio used in ecological and human health risk assessments to compare the predicted
or estimated exposure concentration of a substance to a reference concentration, such as a safe exposure limit
or an environmental threshold.

The Modified Relative Potency Index is used to compare the toxicity of different chemicals by scaling their
potencies relative to a reference chemical. It helps in assessing the combined risk from multiple chemicals that
have similar health effects.
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1 Introduction

Integrating models and data from various disciplines such as exposure science, epidemiology, and toxicology
is vital for understanding (health) effects linked to chemical exposure and for improving decision making. This
is for example illustrated by the growing scientific and regulatory interest towards assessments involving
aggregate and cumulative exposure possibly integrating human biomonitoring (HBM) and environmental (ENV)
monitoring data. However, models and data are often created by separate parties using different concepts, data
standards, and programming languages. This diversity hampers practical implementation of workflows linking
models and data for integrative assessments. Clearly there is a need for making data and models more FAIR
(findable, accessible, interoperable, reusable).

PARC T8.3 aims to develop solutions to increase FAIRness, leading to a network of linked modeling tools and
data. Within this framework, workflows are under development, leveraging these connections, thereby aligning
with PARC objective O012 to develop models and innovative concepts for risk assessment and deliver
toolboxes to promote their acceptability and uptake. In PARC deliverable D8.3, a first conceptual design
of the model network was presented. It was shown that the network is anticipated to link various modeling types
and tools spanning the continuum from environmental release of chemicals to (human and environmental)
exposure and the resulting (health) impact. Given its large scope, the model network is being developed
iteratively, with a focus on developing a general framework for linking modeling tools, alongside its application
within (PARC) case studies to implement specific model links and workflows.

This additional deliverable reports preliminary findings on the application of the integrative model network in
use cases, in particular focusing on workflows for HBM-based mixture risk assessment, aggregate exposure
assessment, environmental risk assessment, and quantification and propagation of uncertainties in such
workflows. Furthermore, to support the description of the workflows, a selection of PARC year 2 updates on the
general framework for linking models in the network is provided.

2 Ambitions and strategy

As mentioned above, the aim of PARC T8.3 is to establish an integrative modelling network for chemical risk
assessment, which is defined as:

The PARC integrative model network will be a digital ecosystem where
researchers, regulators, and other stakeholders can find and access modelling
tools and workflows relevant for the assessment of (health) effects linked to
exposure to chemicals. It is the ambition to improve interoperability and
reusability of these modelling tools to enable their efficient and practical
implementation in integrative assessments.

By adopting a common frame of reference, standards for interfacing, and harmonised data formats, this network
of linked modelling tools (and data) is expected to emerge. This will facilitate:

9 cross-sectional collaboration by making modelling tools from different domains available and
interoperable;

9 integrative modelling workflows potentially covering several tools and domains (e.g. use of aggregate
exposure assessment, human biomonitoring data, environmental monitoring, adverse outcome
pathways, and new approach methodologies (NAMS) in risk assessment)

1 uptake and transparent application of integrative modelling workflows by stakeholders, e.g.
standardised regulatory assessments;

1 reduction of duplication efforts for implementing models in software tools, e.g. implementation of the
same PBK model in several programming languages.
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2.1 Experiences and lessons learned from similar initiatives

A wide variety of examples of initiatives in setting up research e-infrastructures is available. All of these
initiatives aim to promote interoperability of data and tools for some targeted research community and therewith
establishing some form of digital ecosystem. A selected number of initiatives were reviewed, namely
OpenRiskNet!, FNS-Cloud?, RAKIP?, and the Elixir bio.tools portal®. From this, the following recommendations
for development of the PARC model network were obtained:

1 An online catalogue of modeling tools and workflows for chemical risk assessment can support their
findability. Furthermore, such a catalogue provides a concrete overview of the relevant tools and
workflows in the risk assessment community. When combined with detailed, community-specific,
metadata schemas it can improve harmonization of the (meta)data for describing models. This is a
relevant first step towards improving their FAIR (Findable, Accessible, Interoperable, Reusable)
characteristics.

1 An online catalogue of modeling tools and workflows allows for domain demarcation. It enables
identification of relevant modeling tools within specific domains and their use and potential
Apositiond/role withisn risk assessment workfl ow

1 Releasing FAIRness scores for resources listed in the catalogue could motivate developers to enhance
the FAIRness of their tools, offering a tangible acknowledgement of their efforts. These FAIRness
scores may provide modeling tool developers with concrete suggestions on how to improve the
FAIRness of their tools for inclusion in the PARC model network. Furthermore, they serve as a
straightforward measure for assessing the degree of interoperability among tools within the model
network, making it accessible even to non-technical users.

1 Adoption of standards is essential for developing the model network. This involves use of common
vocabularies for key entities necessary to connect models and data, adhere to data standards, uptake
of standards for implementing specific types of models, and (possibly) standards for linking models in
workflows.

1 A large number of (technical) standards for linking models and data are available, but their complexity
may hamper adoption by tool developers. A balance needs to be struck between technical
sophistication and ease of use to ensure uptake of a proposed standard for harmonization.

1 The strategy for building the model network should consider integration of external modeling tools. That
is, tools developed and maintained by parties outside of PARC T8.3. These tools are taken off-the-shelf
and their inner workings may not be well known. Therefore, it's presumed that modifying these tools
directly to improve their interoperability may not be feasible in most instances.

2.2 Strategy for development of the model network

Due to the large number of domains and modelling tools involved, a pragmatic bottom-up, top-down strategy is
adopted for establishing the integrative modelling network. See also PARC deliverable D8.3. In particular,
development of the model network will focus on establishing workflows, which are defined as:

A PARC workflow in the modelling network is a series of one or more
computational (modelling) steps, carried out by one or more (PARC) modelling
tools, to transform input data into output data, from which insights about an
assessment can be derived in the form of figures and tables.

1 OpenRiskNet- Risk Assessment elnfrastructure

2 Homepage - FNS Cloud

3 RAKIP Initiatived FoodRisk Labs (bund.de)

4 bio.tools - Bioinformatics Tools and Services Discovery Portal
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From a bottom-up perspective, the focus lies on establishing practical model links and workflows in the context
of PARC case studies where there is a clear use and need for this. At the same time, a general framework for
model integration (covering both conceptual and technical aspects) is developed. This is referred to as the top-
down approach. The top-down and bottom-up approaches are performed in parallel and refined in an iterative
fashion.

A distinction is made between the conceptual and technical aspects of model integration. A model is a
conceptual representation of reality to help understand and predict scientific concepts, whereas a modelling
tool is a technical implementation of a model (e.g., in a certain programming language). This same distinction
is also considered relevant for establishing the modelling network. On the one hand, a conceptual framework
is established to capture the relevant concepts in the scope of PARC. This should provide a common frame of
reference that is essential for linking models (e.g., use of the same terminology). On the other hand, there are
technical challenges when connecting two modelling tools (i.e., implementations), such as data transfer (e.g.,
file formats and data standard) and the use of communication standards (e.g., (web)APISs).

To provide a clear view of the tools that are considered part of the model network, an inventory/catalogue of
tools is maintained. This inventory provides a tangible view on the (modelling) tools considered relevant for
establishing integrative modelling workflows in PARC. In addition, it allows for structured evaluation of these
tools on general findability/accessibility aspects (e.g., details on how to get/access the tool), conceptual aspects
(e.g., details on the type and purpose of the tool), and technical aspects (e.g., the data/communication
standards supported by the tool). Inclusion of such a catalogue in a public registry, e.g., in the PARC FAIR data
Hub that is planned to be developed within PARC WP7 also promotes findability of these tools. The model
inventory presented in Annex B is a refinement of the model catalogue. This refinement was carried out in the
context of the case studies that are described in section 5.

For inclusion/exclusion of tools in the model inventory, the following scope is applied:

The modelling tools in scope of the model network are all modelling tools
that are used in specific workflows within PARC, or which are deemed
relevant within the context of the PARC community. This includes
models/software actively developed by partners within PARC, but also software
developed outside PARC.

3 Conceptual framework

Workflows in the PARC model network will most likely involve several modelling activities. These activities
relate to different domains that are relevant in the context of PARC. To establish the envisioned model network,
a common frame of reference is required that will:

1 Identify relevant domains and main model classes (e.g. exposure assessment, human biomonitoring,
see section 3.1).

1 Identify the principal entities and properties associated with models that ought to be included in the
model inventory for findability and characterization of modelling tools.

1 Introduce a common basis for describing workflows and relationships between modelling tools across
diverse domains.

The framework is being developed in an iterative process as part of T8.3. In PARC deliverable D8.3 an initial
version of this framework was presented. This section describes refinements of this framework for specific
modelling activities (status on March 30, 2024). The specific activities for which the refinements were made
were selected based on the needs of the case studies in Section 5.

3.1 Domains and model classes

Model domains define the specific area of focus or subject matter that a model aims to address or predict and
also delineates the boundaries within which the model operates, such as the variables, entities, processes and
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interactions that are considered relevant for the model function. By identifying modeling domains relevant to

the purposes of the inventory, pertinent standards, connections, and workflows can be generated. The current
proposal includes the following application domains comprising modelling and/or data domains:

Table 1: List and description of the modelling domains identified for inclusion in the PARC Model Network.

Domain Description
Encompasses the collection and analysis of time-course based monitoring data for
sustainable management/protection of natural resources. These data are involved in
ecosystem, hazard, and decision-making assessments for policies. Environmental
monitoring can include data collection, quality assurance, spatial and temporal coverage,
media (air, water, sediment) quality monitoring, biodiversity assessments, remote
sensing, emerging technologies, regulatory compliance, and early warning systems.
Assesses the contact over time and space between a receptor and one or more
biological, chemical, or physical agents in terms of contact (exposure),
uptake/absorption, and internal dose. It primarily focuses on external exposure and
estimating the magnitude, frequency, duration, and route of exposure to substances.
Uncertainty analysis associated with exposure assessment is vital, which can be
influenced by sampling and measurement techniques, selection of measured data, size
of data sets, use of modeled data, reliability of models, selection of exposure factors for
modelling, quantity and quality of contextual information, and the definition and
description of exposure scenarios.
Assesses the contact over time and space between a receptor and one or more
biological, chemical, or physical agents in terms of contact (exposure),
uptake/absorption, and internal dose. It primarily focuses on internal exposures and
evaluating internal levels and their distribution, metabolism, and elimination within the
body. Uncertainty analysis associated with exposure assessment is vital, which can be
influenced by sample matrix, environmental background levels, and
temporal/biological/analytical variability.
Toxicokinetic models are computational tools used to simulate and quantify the
absorption, distribution, metabolism, and excretion (ADME) of chemicals or substances
in biological systems, typically in humans or animals. These models facilitate a better
understanding of how the body processes and eliminates substances over time.
Investigates the inherent capability of a chemical to induce toxic or adverse effects
(intrinsic hazard) and involves evaluating whether exposure to a chemical can lead to
adverse effects/outcomes such as cancer, birth defects, sensitization, etc. Hazard may
be organism-specific, so assessments include addressing the likelihood of adverse
effects occurring in one or more taxa or species (e.g. humans, rats, mice, fish,
crustaceans, algae etc.). An adverse effect is defined as an abnormal, undesirable, or
harmful change following exposure to a potentially toxic chemical.
Risk characterisation combines the results of both the hazard characterisation and the
Risk exposure assessment to estimate the nature and magnitude of potential risk from a
characterisation | chemical substance or mixtures of chemicals. Decisions are derived quantitatively based
on effect levels or qualitatively.

Environmental
media
concentrations

Exposure
assessment

Human
Biomonitoring

Toxicokinetics

Hazard
characterisation

In addition, it is of relevance to define model classes, distinguishing the specific modelling techniques that are
applied in a domain. Models of a particular class can be applicable to several domains. For instance, in-
silico/QSAR models can be used for hazard characterisation, risk assessment (grouping), and toxicokinetics.
The model classes in view are:

Table 2: Model class, domain, description, and sub-class identified as relevant to the PARC Model Network.

Model Class Domain Description Model Subclass
Estimate the concentration of a chemical i
Exposure Models Environmental monitoringthe environment

Exposure mixture models are mathematic
Exposure mixtures mode[Environmental monitoringrepresentations that are used to character
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the combined effects of numerous chemic
or environmental exposures on environme
These models are designed to integrate
multiple sources of exposure data, such &
concentrations of pollutants in air, water,
and soil.

Fate and Transport Mode

Environmental monitoring

Simulate the movement, transformation, a
distribution ofone or morechemicals in
environmental media

Exposure Models

Human biomonitoring

Estimatethe concentration of a chemical ir|
individuals or populations

Exposure mixtures mode

Human biomonitoring

Exposure mixture models are mathematic
representations used to characterize the
combined effects of many chemical or
environmental exposures adpiological
systems, i.e. human3hese models are
designed to integrate multiple sources of
exposure data, such as concentrations of
pollutants in air, water, soil, or consumer
products, including information on exposu
pathways and biological responses.

BKMR

Physiologically Based
Pharmacokinetic (PBPK)
Models

Toxicokinetics

Simulate the absorption, distribution,
metabolism, and excretion of chemicals
within the human body

StructureActivity
Relationship (SAR) Mode

Hazard characterization

Quantify therelationship between the
chemical structure of a substance and its
biological or toxicological activity

Quantitative Structure
Activity Relationship
(QSAR) Models

Hazard characterization

Use statistical methods to correlate chemi
structure withbiological activity or other
properties

Predicting group
membership toxicity

Quantitative Structure
PropertyRelationship
(QFR) Models

Phys/chenproperties
characterization

Use statistical methods to correlate chemi
structure withphys/chemproperties

Predicting
lphysicochemical
properties of
compounds

Quantitative Structure
Activity Relationship
(QSAR) Models

Hazard characterization

Use statistical methods to correlate chemi
structure with biological activity or other
properties

Predicting parametes
nhecessary for the
parametrisation of
toxicokinetic models

Dose response model

Hazard characterization

Benchmark Dose
Response (BMDR)
Modeling

Dose response model

Hazard characterization

In vitro to in vivo
extrapolation (IVIVE)

Adverse Outcome Pathw
(AOP)

Hazard characterization

An Adverse Outcome Pathway (AOP) is &
conceptual framework used in toxicology
risk assessment to understand the sequert
of events that lead from a molecular
initiating event (MIE) to an adverse tmome
at an individual or population level. The A
framework helps to organize existing
knowledge about the biological processes
and events that occur across different leve
of biological organization.

Adverse Outcome
Pathway (AOP)

Adverse Outcome Patay
(AOP)

Hazard characterization

Quantitative Adverse
Outcome Pathway
gAOP)
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Adverse Outcome Pathw
(AOP)

Hazard characterization

Adverse outcome
pathway networks

Text mining models, aldmown as text
analytics or natural language processing
(NLP) models, are designed to extract
meaningful information and insights from
textual data. Text mining involves the
application of computational techniques tq

Hazard analyze and understand the patterns,

characterization/Risk relationships, and trends within large Text Classification
Text mining models assessment volumes of unstructured text. Models

Hazard Named Entity

characterization/Risk Recognition (NER)
Text mining models assessment Models

Hazard

characterization/Risk
Text mining models assessment Topic Modeling

Hazard

characterization/Risk Text Summarization
Text mining models assessment Models

Hazard

characterization/Risk Word Embedding
Text mining models assessment Models

Hazard

characterization/Risk
Text mining models assessment Text Generation Mode

Ecological impact
assessment

Risk characterization

Ecological impact assessment models arg
tools used to evaluate and predict the
potential impacts of human activities or
developments on ecosystems. These moq
help assess how chgas in the environmen
might affect ecological components, such
biodiversity, populations, habitats, and
ecosystem functions.

Human impact assessme

Risk characterization

Human impact assessment models are to
used to evaluate and understand the
potential effects of human activities on
human health. These models help decisio
makers, environmental scientists, and
policymakers assess the consequences o
human actions and make informed decisiq

Ecological risk assessme

Risk characterization

Ecological risk assessment models are to
used to evaluate the potential adverse
effects of stressors on ecosystems. Thesg
models consider the interactions between
stressors, such as contaminants or chang
land use, and ecological components,
including species, habitats, and ecosysten
functions. The goal is to quantify the
likelihood and magnitude of adverse effec|
and inform decisiormaking for risk
management.

Human risk assessment

Risk characterization

Human risk assessment models are tools
usedto evaluate and quantify potential rish
to human health from exposure to various

stressors, such as chemicals, contaminan
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or other hazards. These models aim to
estimate the likelihood and magnitude of
adverse health effects resulting from
exposure andnform risk management

decisions.

Assess the environmental impact of a
Life Cycle Assessment chemical throughout its entire life cycle,
(LCA) Models Risk characterization from production to disposal

3.2 Conceptual framework for selected modelling activities
3.2.1 Aggregate exposure and internal dose modelling

Figure 1 presents an entity relationship diagram of the conceptual framework for aggregate exposure and
internal dose modelling.

The main modelling activity in this context is aggregate exposure and internal dose modelling, represented by
the red box. The green elements represent the main entities/concepts for this activity. Square boxes represent
composite/complex entities, composed of multiple elementary entities (ellipses). An example of such a complex
entity is an external exposure estimate, which is composed of elementary entities, such as the exposure source,
the unit, the value, the descriptor. For the sake of simplicity, this diagram shows only the main entities
considered relevant for high level linking between domains. Therefore, entities such as unit, value and
descriptor are omitted from this figure. The arrows (and labels) of the diagram indicate the relationships between
the entities. For instance, the activity of aggregate exposure and internal dose modelling uses as input (has-
input) external exposure estimates. Definitions of the elements in the conceptual frameworks will be included
in the list of terms in the model inventory (see Appendix B for a snapshot of the inventory on March 28, 2024).

Exposure has
. ———— Exposure event
duration

h/a

consi contains .
Exposure pathway +———————— Exposure scenario ——————————#—#¥H Papulation —_— Individual

\ has one or more is-a

Exposure

is-a
i —_—
Emission source S Exposure factor "
A 7 hfa
A ’
N
\ Internal
\ Exposure subject

Substance exposure
Substance Hface

su
Ih/a / \ h/a Wa
hfa
Exp
Mot «——— External exposure Internal exposure

route

Legend Estimate of ‘Es(ma(eol

hfa Has-input
Exposure External exposure " Aggregate exposure and Has-output Internal exposure
—_— A _— J
source estimate internal dose modelling estimate

Composite entity \
uses

Modelling activity

Attribute

TK canversion

——+ Hasrelationship
model

Figure 1. Conceptual framework for (aggregate) exposure and internal dose modelling as entity relationship
diagram.

A starting point of interpreting the conceptual framework may be the exposure scenarios considered in an
assessment. An exposure scenario takes place in some temporal setting (exposure duration), consists of a
number of pathways linked to exposure sources and routes, and has one or more exposure determinants. An
exposure scenario applies via a population/individual to a subject being exposed to substances via certain
routes. Estimates of these exposures are used as input of the modelling activity. Using TK conversion models
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(e.g., TK conversion factors or PBK models) the external exposure estimates are aggregated at some internal
level, resulting estimates of the internal exposure at specific internal exposure surfaces.

3.2.2 Toxicokinetic simulation
Figure 2 presents the conceptual framework for estimation of exposures via a toxicokinetic (TK) model.

The activity of TK simulation considers a dosing pattern from either an external or an internal exposure to a
substance (i.e., forward and reverse dosimetry) as input. The outputs of TK modelling are internal or external
exposures estimates over time. These estimates are related substances (with certain chemical properties) and
to exposure subjects with certain physiological properties. TK simulation uses a TK conversion model. TK
conversion models can be either conversion factor models, translating, for instance, external doses to internal
doses using a simple factor, or they can be compartments models consisting of one or multiple compartments.
PBK models are a class of multiple compartments which model the internal kinetics via systems biology models.
PBK models consist of two or more compartments that represent some internal exposure surface (e.g., tissues,
organs) and have one or more parameters that can be varied in the model. These parameters reflect either
physiological parameters that should match the physiological properties of the modelled subject or biochemical
parameters relating to properties of the substance.

Exposure
=xpasure Substance
source h/a Internal
Internal exposure — s——— exposure
hfa Has one or more, Isa surface
Obtained from
I_ ————————————————————————————— L Exposure Isa b
Exposure
| External exposure ———
I route
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I
I
|
Has-input Has-output has Physiclogical
Dosing pattern =~ +————————— TK simulation f———————— Exposure estimate Exposure subject —=—— Fhysio‘ogical
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Has one or more

EKEOSUI‘E

i h/a contains
foute Has-one-or-mare [E :;r;\;eerlsmn Population Individual
Inner
exposure Has-one-or-more ! .
Is-a Is-a
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species
Conversion factor
— PBK model
I hfa Has one or moNe or more
Conver_swn Compartment Parameter
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hfa
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SeTace parameter parameter
l h/a lhle Composite entity
Attribute
Physiological e
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Figure 2: Conceptual framework for toxicokinetic modelling as entity relationship diagram.

3.2.3 HBM exposure assessment

Figure 3 presents a conceptual framework for exposure assessment based on HBM data. A starting point for
interpreting the conceptual framework may be an HBM sample for a biological matrix (e.g. urine) which is
sampled from an exposure subject by a specific method (e.g. 24-hours urine). HBM measurements are obtained
from the HBM sample for exposure to specific biomarkers. These are related to substances. The HBM
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measurements are used as input in the activity of HBM exposure assessment. The exposure assessment might
use a TK conversion model and has as output an estimate of the exposure of an exposure subject to a
substance via a specific (or unknown) source. The exposure may be an external exposure (for certain routes)
or an internal exposure for a specific internal exposure surface (i.e. blood or urine).

Internal

exposure Legend
surface
Modelling activity
Is-a
- i Composite enti
Sampling Biological e contains —— P ty
e
method i ndividual opulation
Attribute
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Figure 3: Conceptual visualization of exposure assessment based on HBM data, represented through an entity
relationship diagram.

3.2.4 QSAR modelling and prediction

QSAR models are predictive models specific to a given endpoint. There are thousands of models, based on
different training sets, different ways to represent the molecular structure, different algorithms and approaches.
Within the previous Deliverables in WP8 (Deliverable D8.3 and Deliverable D8.1), different QSAR models have
been listed. Here we simply remember that it is beneficial to use more than one model for a given endpoint,
possibly, and this is recommended in specific guidelines, as in the case of impurities of pharmaceuticals, to be
evaluated for mutagenicity.

The modern approach related to the use of non-testing methods integrates multiple lines of evidence, as
described in the EFSA Guidance of Weight-of-evidence (EFSA, 2017). We already mentioned that multiple
QSAR models should be used. In addition, read-across should be used (e.qg. for addressing data gaps), as well
as the information on mechanisms, which can be provided for instance by expert systems (Benfenati et al.,
2019).

Beyond the QSAR models for individual endpoints, there are more complex in silico tools based on individual
QSAR models. Within the network of tools planned here, we can identify different uses of these in silico tools.

1 QSAR models to predict a property value of substance, when this is missing. These properties are quite
different, and may be (eco)toxicity, physicochemical property, environmental property, metabolism,
partitioning, adsorption, excretion, etc. Thus, it is clear that a QSAR model in principle can be applied for
most of the situations where an input value is missing. The value can be used for hazard and exposure
assessment. The availability of the model or limitations to its applicability domain is a possible limitation to
use.
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1

1

QSAR models for identification of families of substances, and this kind of application is useful for the
evaluation of mixtures, when substances have to be grouped in families. These models are often based on
chemical structural similarities and/or presence of functional groups that are key to the overall chemical
properties.

In silico tools can be used for prioritisation related not to a single property, but to a large set of properties
simultaneously. This is the case, for instance, of the JANUS program (www.vegahub.eu), which covers PBT
(Persistent, Bioaccumulative and Toxic), CMR (Carcinogenic, Mutagenic, Reprotoxic), endocrine disruption
and environmental degradation, wrapping about 50 separate QSAR models together.

In silico models exist for risk assessment and in this case, they combine the endpoints necessary for the
assessment of a substance according to a specific regulation, with the exposure scenarios. An example is
the VERMEER Cosmolife system (Selvestrel et al., 2021) for cosmetics. The advantage of these tools is
that they codify the specific exposure scenarios defined by the regulation for the different kind of cosmetics,
include the information of the black- and whitelists of forbidden and admitted substances, check if a certain
exposure value is exceeded when thresholds are defined by law, and thus are tools tailored for the specific
regulations.

Another category of in silico models relates to the substitution of substances taking into account functional
use of the chemical. The functional use is not related to the properties addressed above. These kind of
tools can be combined with tools for risk assessment, to suggest candidates for the substitution of risky
substances. An example of this kind of tools is ToxEraser Cosmetics (www.vegahub.eu)
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Figure 4: Conceptual visualization of QSAR models, represented through an entity relationship diagram.

Figure 4 provides a conceptual framework for QSAR prediction. We start with the substance. Here we need

two categories, namely:

1. The substance used for the experiment, which may be a salt, maybe with impurities, etc.
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2. The substance as a theoretical entity used by the QSAR model; in most of the cases this is in its neutral
form, i.e. without Na+, Cl-, etc. Thus, it might have different properties compared to the substance
above, and in many cases, it has different chemical identifiers (e.g. CAS, InChl).

From the substance we obtain its structure. Here we may have different formats. Depending on the format we
obtain different molecular descriptors and representation, and thus different models. Typically, SMILES is used.

Once the structure is defined, we generate models.
Three main elements of QSAR models are:

1 The algorithm: different algorithms can be used to build a model (linear regression, random forest,
SVM, KNN, etc).

1 Dataset division: splitting data in training (a subset to train the model) and test set (a subset to test
the trained model).

9 Descriptors: several types of descriptors exist (e.g. constitutional, topological, geometrical,
electrostatical); they must be properly selected for building high predictive QSAR models.

The result of this modelling activity is the QSAR model itself, implemented in platforms, such as VEGA.

The QSAR model has an output (endpoint estimation), in several cases a complex one. Here we consider
mainly the prediction. This prediction has a certain format. Here we indicated:

1 The value
1 The unit
i The qualifier (e.g. > a certain value)

However, the model can provide more pieces of information, e.g. fragments to explain the mechanism of action,
the identification of similar substances, etc. Similar substances can be useful to assess the validity of the QSAR
prediction, applying a read-across analysis (VEGA, for instance, provides in the output the six most similar
compounds). In this sense, VEGA offers more lines of evidence. Actually, this goes beyond the QSAR concept;
we are moving forward a Weight of Evidence (WoE) approach, as described in the EFSA Guidance of Weight-
of-Evidence (EFSA et al.,, 2017). It is highlighted as a procedure to support the potential responses to a
guestion. This document outlines the weight of evidence assessment, which involves three fundamental stages:
(1) collection of the evidence into groups based on their similarities, (2) evaluating the significance of the
evidence, and (3) merging the evidence together.

Each model is related to a specific endpoint. For a given endpoint there may be different models and thus
different training sets, different descriptors and different algorithms.

Thus, we can list the endpoints of interest, as in VEGA, for instance. A table may be appropriate.

There are different endpoint categories: human toxicity, ecotoxicity, environmental fate, parameters related to
PBPK (biochemical, physiological).

Another use of the QSAR model is to group substances. In this case we do not predict a toxicity value, but a
feature of the molecule: e.g. it can be grouped with substances which provoke steatosis. In practice, the same
model (prediction for steatosis) can be used for two purposes.

Another important element of QSAR, which is one of the OECD principles for validation of QSAR for regulatory
purposes, is the Applicability Domain. It serves to indicate the reliability of the prediction.

Figure 5 presents the conceptual framework for risk assessment. The scope of the assessment follows from
the population, substances, (health) effect, and exposure scenario that is considered. The activity of chemical
risk assessment has as input an exposure estimate. This estimate is conceptually connected to an exposure
(external or internal) and an exposed subject, similar to the conceptual framework for aggregate exposure and
internal dose modelling (section 3.2.1) and the framework HBM exposure assessment (section 3.2.3). In this
conceptual framework an additional distinction is made between exposure estimates for a single substance,
and cumulative estimates for a group of substances (for mixture risk assessment). A second input for risk
assessment is a hazard characterisation for the (health) effect of exposure of a population to a substance,
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expressed for a specific exposure level (exposure route or internal exposure surface). Hazard characterisations
are estimates of safe effect thresholds (including uncertainty or assessment factors) related to a one or more
organisms (or ecosystem) of protective importance. The output of risk assessments are estimates of the risk
expressed according to some risk metric. This risk metric is commonly a ratio between the exposure and the
hazard characterization, either in the form of exposure divided by the hazard (e.g., HI, mRPI, RQ) or as hazard
divided by the exposure (e.g., MOE(T)). Risk is identified when this risk index/quotient exceeds (or is below)
some threshold of concern.
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Figure 5: Conceptual visualization of risk assessment modelling, represented through an entity relationship
diagram.

3.3 Generic concepts across modelling activities

Workflows in the PARC model network will most likely involve several of the modelling activities considered
above. For instance:

1 In a risk assessment, exposure estimates may be obtained from HBM measurements, environmental
monitoring data or via (aggregate) exposure modelling. For this, they should be aligned with respect to
the substances / biomarkers, exposure routes and / or internal exposure surfaces, and characteristics
of the exposure subjects.

1 Hazard characterisations may be obtained using QSAR models. This requires alignment of the
substances, effects, and populations.

1 Toxicokinetic modelling has a clear link to the activity of aggregate exposure and internal dose
modelling, where these are used for the translation of external exposure estimate to internal exposure
estimates. In order to be used for this activity the substances, exposure routes, internal exposure
surfaces, and physiological properties of the population of interest should match.

i Parameters of toxicokinetic models may be obtained using QSAR models. This requires alignment of
the substances (physico-chemical parameters), and population (species, physiological parameters).

1 HBM exposure assessment has clear links to the activity of aggregate exposure and internal dose
modelling, where the exposure estimates obtained from HBM measurements may be compared to the
estimates obtained from exposure modelling. In order to make the link between these modelling
activities the substances / biomarkers, exposure routes and / or internal exposure surfaces, and
characteristics of the exposure subjects should match.
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In practice, linking multiple modelling activities in workflows requires alignment of the shared/common concepts
involved. Table 3 provides a short list of the essential concepts that are required for linking models in the
modelling activities presented in Section 5.

Table 3: Overview of common concepts across modelling activities.

Entity Emission-to- Aggregate exposure | Toxicokinetic HBM QSAR Risk

concentration and internal dose modelling exposure modelling | assessment
modelling assessment

Biomarker X

Biochemical X X

parameter

Effect X)* X

Exposure X X X X

duration

Exposure event X X X

Exposure route X X X X

Exposure source X X X

Exposure subject X X X X

Individual X X X X

Internal exposure X X X X

surface

Physiological X X X

properties

Population X X X X

Substance X X X X X X

3.4 Current status and next steps

Note that the current conceptual framework may not include all modelling activities relevant in PARC. For
instance, for hazard characterisation and related to this dose-response modelling and quantitative AOP network
modelling are not included at this stage, although some of the modelling initiatives have ongoing activities
relevant for future inclusion of such. Also, further refinements of the presented conceptual frameworks are
foreseen as larger degree of harmonisation and reuse of modelling concepts across models are implemented.
For instance, possible extension of the framework for risk assessment to include both human and environmental
health impact assessments, including exposure assessment and hazard characterization, is envisaged. Also,
for environmental fate modelling and refinement/generalisation for environmental hazard and risk assessment
is needed.

This conceptual framework may serve as input for creating standardised data formats and provides input (or a
basis) for development of ontologies in collaboration with WP7. Conversely, ontology development may serve
as input for the conceptual frameworks. Over the course of PARC, this conceptual framework and ontology
development in PARC are expected to converge. Examples currently in view are the development of the PARC
PBK ontology and the development of the HBM ontology.

4 Technical framework

Risk assessment analyses commonly rely on multiple sources of data and modelling steps, carried out by one
or more modelling tools/software. The PARC model network strives to develop a digital ecosystem that enables
the creation of complex modelling workflows, possibly incorporating different tools for executing different
modelling steps, with the goal of addressing regulatory and scientific research questions relevant to chemical
risk assessment. This section discusses the technical aspects of linking modelling tools in such workflows. It
will first present the high-level framework, laying out the main aspects/challenges for linking modelling tools in
workflows. Next, based on the identification and classification of the various modelling tools forming the building
blocks of the PARC model network, it will discuss how to assess (and improve) the interoperability of these
tools for (re-)use in such workflows. Finally, it will zoom in on the technical aspects and solutions for establishing
workflows, given the constraints posed by the tools included in the workflow.
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4.1 Workflows in the PARC model network

From a data analysis perspective, a workflow refers to a structured sequence of data processing steps and
analytical procedures designed to transform initial data into meaningful insights or outputs. The technical
aspects and challenges of linking models in workflows are illustrated in Figure 6, depicting a workflow consisting
of multiple connected modelling tools. In this figure we identify the following elements:

1

Data layer: Each modelling tool performs part of the computational steps of the workflow and requires
certain data to perform this step. This data can either be provided externally as data required by the
workflow, or it can be obtained from the output of an earlier tool in the workflow. The external data required
by the workflow forms the input data of the workflow. For model connections in which the output of the first
model serves as the input of the next model, a data mapping step is required within the workflow. Depending
on the level of interoperability between the input/output data of the tools involved, this may be
straightforward or require complex/manual data mapping steps. The data resulting from a run of the
workflow is considered the output of the workflow.

Software layer: Modelling tools/software are available in different forms (e.g., as web service, as a desktop
application, or in the form of a library) and provide ways of interfacing with it (e.g., a GUI or an API). The
possibilities for integrating tools in (automated) workflows much depend on the type of software and the
type(s) of interface(s) provided by the software. When a tool only provides a GUI, then inclusion of this tool
in a workflow will de facto involve manual processing steps. When a tool provides APIs, e.g., a Web API for
web services, it becomes possible to automate the execution of the modelling step by this tool in the
workflow.

Execution layer: Each workflow is executed in one (or multiple) computing environment(s) and includes
some way of user interaction for running the workflow. Largely depending on the data/interfacing
interoperability possibilities of the tools that are included in the workflow, this may have different forms,
such as:

o Implementation as a manual protocol: At the lowest automation level, a workflow is merely
implemented as description of the input and output data and a set of instructions for manually
executing the different modelling steps using the therefore selected modelling tools.

o Implementation in generic workflow management software: A workflow (or part of a workflow)
may also be implemented in some scientific workflow management software, such as Galaxy® or
KNIMES. In this case, the workflow management software provides the user interface for the
workflow and takes care of the mapping of inputs/outputs between tools and interfacing with the
different tools included in the workflow.

o Implementation in dedicated software: A workflow could also be implemented in a dedicated
software tool providing a (custom/specialized) user interface tailored to the modelling task of the
workflow. This may be a new software tool developed specifically for the workflow or the workflow
may be implemented/integrated in an already existing software tool (e.g., an integrative modelling
platform).

Transparency layer: A workflow connects modelling tools and data inlets to create a new computational
unit with a defined input and output. This resembles the characteristics of an individual modelling tool and
by this analogy we may consider the workflow itself as a new modelling tool. In technical terms, a workflow
can be considered as a composite modelling tool. Therefore, for a workflow, the same requirements
regarding compliancy with the FAIR principles for scientific software, validation, and transparency apply.
That is, workflows should be described in a transparent and reproducible manner and should be well
findable and accessible.

The building blocks of the workflows are the modelling tools. The easier it is to exchange data between tools in
the modelling network and to (automatically) interface with these tools, the easier it becomes to establish (new)
workflows on the model network. To achieve a high level of interoperability, these tools need to adopt some

5 https://galaxyproject.org/
6 https://www.knime.com/
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harmonised standards for data and interfacing. Section [4.2] describes these standards and how to assess and

improve interoperability of tools. Based on this, a more detailed definition and representation of workflows (i.e.,
the execution layer) are provided in section [4.3].
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Figure 6: lllustration of the technical components of a workflow in the model network.

4.2 Tools and interoperability

Modelling tools are the central building blocks of the model network and the workflows defined on it. At the most
general level, modelling tools forming the model network are regarded scientific (software) implementations of
models. However, within the scope of chemical risk assessment, we can also identify specific, prominent sub-
domains of tools/models. These are, for instance, PBK models for toxicokinetics and QSAR models, see section
3.1).

The aim for improving interoperability and reusability of (scientific) software in digital research e-infrastructures
is not new, and inseparably connected to the FAIR principles for scientific data management and stewardship,
Wilkinson et al. (2016). Although they are mostly associated with data, the FAIR principles are, as stressed by
Barker et al. (2022), also applicable to other digital assets, such as software. Yet, specifically for (research)
software, implementation of the FAIR principles may differ from that of data. Specifically for research software,
Chue Hong et al. (2022) proposed the FAIR principles for research software (FAIR4RS) as a refinement of the
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FAIR Guiding Principles for scientific data management and stewardship of Wilkinson et al. (2016). These
FAIR4RS principles are more tailored to the specific characteristics of software.

The FAIR principles align very well with the proposed view of the model network and the workflows therein.
Reusability of modelling tools within different workflows related to chemical risk assessment is what is strived
for. In order to achieve this, the aim is to assess and improve the interoperability of the modelling tools (both at
the data exchange and interfacing level). Findability and accessibility are part of the transparency layer and
improved by inclusion of identified relevant models in dedicated catalogues/registries, such as the PARC FAIR
data HUB, developed within PARC WP7. The inventory/catalogue of tools (section 2.2) allows for structured
evaluation/assessment of the various aspects of modelling tools relevant for integration in workflows. That is,
for information related to the findability and accessibility of the modelling tools (i.e., the transparency layer),
information on the interoperability of the input/output data (i.e., the data layer), and information on the type of
software and interfacing of the tools (i.e., the software layer).

4.2.1 General interoperability solutions for tools

The possibilities for technically linking different modelling tools in workflows highly depend on the interoperability
of the input/output data and the interfacing possibilities of the tools. For establishing the PARC model network,
it seems logical to evaluate relevant modelling tools/software on the various aspects relevant for connecting
and using them in (automatic) workflows. Inspired by the FAIR4RS principles and the recommendations for
FAIR software by the Netherlands eScience Center and DANS, this section defines the indicators for evaluating
the FAIRness of modelling tools in general, and in particular for interoperability.

Interoperability of modelling tools is relevant from the very small scale, where two models are combined on a
local computer, to a professionalised large-scale solution of a platform where a variety of modelling tools can
be chained together to form a logical workflow. The potential of each tool for taking part in this interconnected
network will vary widely. Some tools may have a low potential and only provide as output, for example, a
generated PDF document. Other tools may provide a Web API and thus have a larger potential to realise an
automated workflow. To provide insight at which level a tool can potentially work with other modelling tools,
interoperability levels are identified for two different categories: how the data standards agree (0) and the level
of interfacing and communication (0).

Data interoperability

Many modelling tools require input data and need to have this provided in a certain way. That is, the data should
be provided in some digital/file format (e.g., CSV, Excel) and needs to comply with specific additional rules,
such as tabular structures (i.e., fields/columns) and use of specific terminology (vocabularies). We refer to the
set of rules and conventions for the digital organisation/structuring of data as a data standard.

Such a data standard defines that output data of the first modelling tool is in the input format of the second
modelling tool. The term data interoperability refers to the ease with which this data exchange is accomplished.
When manual conversion/mapping and human interpretation are required, data interoperability is low. When
no human intervention is required because both tools share the same data standard, then the interoperability
is high. The use of harmonised data standards for data exchange is key for achieving data interoperability.

In the PARC modelling network, four levels of data interoperability are defined (Table 4). In this definition, the
level of interoperability is assessed by compliancy to PARC data standards (levels 1 to 3) and the PARC
semantic data standards (level 4), which are defined as:

PARC data standards (see inventory) are 1) found relevant in the context of the
PARC, 2) have a publicly available format description, and 3) include a clear and
consistent versioning strategy.

PARC semantic data standards are specifically linking with
ontologies/vocabularies developed within PARC WP?7.
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Examples are the harmonised HBM data standard’ developed within PARC and the SSD2 (Standard Sample
Description version 2) data standard by EFSA (Abbinante et al., 2013; EFSA, 2014). These are data standards
that are well-defined and used in various workflows within PARC. They are composed of a substantial
classification system, with standardised terminology, a dedicated code system, sometimes extended with
hierarchical relationships. The extensiveness is the result of schema evolution: new refinement and detailing is
added based on new insights and feature requests. It is supported through versioning of the data schema and
implies maintenance of the standard, e.g., through a yearly update. Old items can become deprecated, which
necessitates an active maintenance plan of the data provider.

The currently identified data standards are included in the model inventory/catalogue (section B). Note that this
list is not complete and may be extended in the future.

Table 4 : Data interoperability levels for PARC modelling tools.

Level Definition Description

1 Non-harmonised The input and output data are not, or only slightly compatible with
PARC data standards.

2 Manual mapping The input and output data can be converted to PARC data
standards, but this requires a manual conversion or the
development of a custom conversion routine.

3 Automatic mapping The input and output data of the modelling tool can be
automatically mapped to the PARC data standards (section B) and
data (file) formats. This could be realized, e.g., by publishing a
separate conversion tool.

4 Native support The modelling tool has built-in support for reading input data and
writing output data in PARC semantic data standard.

All standards provide an Excel workbook or XML schema that describes the various attributes and type
definitions of the classification system. Often, a data validation tool is provided, available as download or online.
This allows the data provider to validate a dataset before publishing it or submitting it to the agency or institute
that issues the standard. As an example, the SSD2 standard of EFSA comes with a downloadable catalogue
browser to assist in finding the correct food codes. For the HBM standard, a dataset validation tool is available?,
and the data preparation phase is supervised by the VITO HBM Data management, who creates a personalised
data template out of a biomarker list supplied by the data provider.

Interfacing and communication interoperability

The interfacing and communication levels describe the compatibility of the tools with regards to the software

interfaces, APl &s and c olabiednA leva 1 toobhas np otret neeans df imteractsoe d

than through the user interface and has no or a non-standard import and export support. For example, the tool
supports creation of a report in Word or as PDF but has no options to export the data as CSV file.

This type of CSV export is available for tools classified as a level 2 interfacing tool. The markup and semantics
of the content of the CSV file may not adhere to the PARC harmonised data format, but the file can still be
processed by other software. Level 2 also includes the use of (open) source files from the modelling tool. As
an example, an open-source R script might be embedded by another tool and as such take part in a model
pipeline.

7 Tools for harmonized HBM data reporting | VITO HBM
8 Tools for harmonized HBM data reporting | VITO HBM
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Table 5: Interfacing and communication levels for PARC modelling tools.

Level Definition Description Examples

1 Human interaction The tool only has a user interface | { Web page with results

that requires manual interaction. . .
a 9 Generation of report in Word

or PDF format

2 Non-standard interfacing | The tool supports interfacing for 9 Export of CSV file with custom
machine interaction, but these are markup

non-standard.
1 Use source code from open-

source repository

3 Standard interfacing The toc_JI supports interfacing 1 SDK

ggfn‘xg;ggcg‘;n‘;ﬁﬁgifyﬁa”da“ds Ofthe| ¢ published R package (CRAN)
1 CLI

1 Web API

1 Plugins

9 Local Docker integration

4 PARC pipeline The tool supports interfacing 1 Container platform

according to PARC modelling N .
network standards that allows it | 1A P(lj ods ac PARCd i n
to create automatic pipelines. standards

At level 3, the modelling tool provides interfacing that adheres to community standards and comes with
production ready software artefacts. Exampl es ar e, R
software repository (CRAN), Web APIs from secure, acknowledged and publicly available servers.

At level 4, it allows easy coupling to other modelling tools and thus realizes a PARC model network. For this
level, a choice has to be made out of the available community standards.

4.2.2 Interoperability solutions for PBK models

PBK models play an important role across different PARC work packages (WPs), tasks and projects. Within
PARC, both newly developed and existing PBK models are used and/or updated for specific scenarios/use
cases. Because of the relevance of PBK models, combined with the fact that these models all have a very
similar structure, a high level of harmonisation and standardisation can be achieved.

The implementation of the FAIR principles for PBK modelling meets the following challenges:

1 Thereis a lack of (technical) harmonisation within the domain of PBK modelling. PBK models are developed
using different software packages, each with its own standards (and file format / language). This hampers
reuse of PBK models in other software environments.

1 There is no standardisation in the naming of the elements that define PBK models. For example, no
standardised vocabulary exists for the tissues and body fluids represented by the compartments of the PBK
models. Relating the inputs and outputs of PBK models to external exposures and/or measured HBM
concentrations requires manual mapping. For instance, mapping PBK compartments to biological matrices
measured by HBM and conversion of the units of the modelled concentrations to the units of measurement.

1 The accessibility of model implementations varies. The models themselves are commonly presented in
well-referenceable scientific reports. The implementations, however, may be included in the appendix as
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plain text within the report pdf or word file, in a zip-file, on a public (Git) repository, on a public data repository
such as Zenodo, etc. Obtaining PBK model implementations is a case-by-case endeavor.

1 Finding PBK models and model implementations for specific purposes, such as specific chemicals, specific
species or modelling specific organs/tissue, is difficult. No (searchable) online catalogues are available.

To improve the interoperability and reusability across diverse modelling software/tools, the systems biology
markup language SBML (Keating et al., 2020) is proposed to be used as harmonised neutral exchange
language. This markup language is specifically designed in the context of systems biology modelling. It has a
long development history, a broad user-community, and can be readily adopted for PBK modelling.

Figure 7 illustrates the role/potential of this neutral exchange format for improving interoperability. For example,
a PBK model implemented in R is converted to SBML and imported in other tools/modelling software (e.g.,
MATLAB or GNU MCSim) or model platforms for integrative risk assessment (e.g. MCRA or Integra). By using
this exchange format there is no need to create separate mappings for each pair of modelling
tools/environments. It reduces technical interoperability for each environment to provide specific software
solutions (e.qg., scripts) to map to-and-from the neutral exchange format.

SBML is an already a well-supported format amongst multiple tools commonly used for PBK modelling.
Packages/modules are available for creating and running SBML models using (scientific) programming
languages such as Python®, R19, and MATLAB!!. Also COPASI and the GNU MCSim software have built-in
support for SBML. However, here it should be noted that degree to which it is supported may vary. For instance,
the GNU MCSim software only supports SBML level 2 and not the more recent level 3 and with a latest release
dating back to June 2020 it is unsure whether this software is still actively developed and whether updates of
SBML support can be expected. For such tools, or tools that have no native support additional tools/software
may be need for mapping to and from SBML. An example of such translation software is the Heta compiler'?.

Specific PBK modelling software Nodes PARC model network

/" HBM /aggregate "/~ Y D 4 \

Python . MATLAB Berkely | exposure  INTEGRA ‘ MCRA | .
(RoadRunner) (desolve) Madonna | delling tool /| | | ]
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|
N eh”"a' ' Metadata / ontological
exchange | annotation
format :
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Figure 7: The role of a neutral exchange format for PBK models. The blue boxes represent PBK models implemented
in specific software. By mapping to and from the neutral exchange format, it becomes much easier to map PBK
model implementations between 1) specific PBK modelling software, and 2) tools in the model network that can use
the PBK models for specific (CRA) calculations.

The adoption of SBML also provides the possibility to introduce the use of harmonized vocabularies. For
instance, for specification of biological endpoints (organs, tissues, body fluids, etc.) and concentration units.

9 https://www.libroadrunner.org/

10 https://www.bioconductor.org/packages/release/bioc/html/SBMLR.html
11 https://www.mathworks.com/help/simbio/gs/simbiology-and-sbml.html
12 https://heta-online.insysbio.com/
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For automatic linking of PBK models, such annotation is essential. It is therefore proposed to develop standards
for annotation at the exchange level and to consider SBML as a semantically interoperable (FAIR) format in
which PBK models should preferably be published. The annotation standards should align/make use of the
terminology/vocabularies of the PBK ontology that is currently being developed within PARC.

To improve findability and accessibility of the PBK models developed and used in PARC, it is proposed to
introduce a harmonized development and publication workflow for developers. This workflow is harmonized in
Figure 8. In this workflow, developers can implement, test, and validate PBK models in their preferred
environment. Once ready, models can be prepared for publication through two steps 1) by converting the code
to the harmonized format, and 2) by (semantically) annotating the PBK model to align with common
vocabularies. The converted and annotated PBK model package is then disseminated through, e.g., publishing
it on a public repository such as Zenodo. Alternatively, a dedicated PBK repository, currently under development
within PARC, could also serve as a platform for sharing the package. The inclusion of metadata which is a part
of the model package has the potential of increasing visibility when published in dedicated catalogues/registries
such as the PARC FAIR Data Hub. Once published, these FAIR PBK models can be (re)-used for further
development and incorporated in, e.g., workflows for CRA.

==

PARC FAIR Data Hub
Metadata record of PBK
model x

I
’ /
Eg R i PBK Repository E.g. MCSim
- mude' . - - 7 - = mOdeI .
:
Develop and validate PBK When completed, export final | Find/access PBK model in
model using own preferred PBK model (version) in . repository and (re)use in
software package(s) harmonized data format H modelling workflow

model curation

Figure 8: Envisioned workflow for development and publication of FAIR PBK models.

Implementation and regulatory uptake of this envisioned solution for FAIR PBK modelling requires good
alignment with current standards such as the OECD Guidance on the Characterisation, Validation, and
Reporting of Physiologically Based Kinetic (PBK) Models. Also it should align with (current) practices and tools
of both the (PARC) community of PBK modellers as well as those at EFSA (e.g. TKplate) and ECHA (Dorne et
al., 2023). Such development of tools and software should ideally in a process of co-creation.

4.2.3 Interoperability solutions for QSAR models

Interoperability solutions for QSAR models are crucial for enhancing collaboration, reproducibility, and efficiency
in computational toxicology. Benefits to the FAIRification of in silico predictive models encompass creating
resources that can assist chemical safety assessment, reinforcing the credibility of models and demonstrating
responsible and transparent scientific practices.

To achieve the objective of FAIR in silico models, it is inevitable that several issues will need further refinements
and acceptance, going beyond the current state of the art. For example, findable models must have persistent
identifiers to make them citable from regulatory documents and rich metadata to make them discoverable.
Accessible models must be accessible via open and implementable protocols. Interoperable models must use
open standards for both data and metadata. Reusable models must have clearly defined licensing information
to make them usable in different usage scenarios.

An important aspect of interoperability is the harmonisation of model descriptions and metadata. This involves
providing detailed information about the model's inputs, algorithms, endpoints, and validation procedures in a
standardised format, which enables other researchers to understand, reproduce, and validate the results. In this
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sense, QMRFs (QSAR Model Reporting Format) (www.vegahub.eu) represent protocols which provide means
to make models acceptable for specific purposes (e.g. regulatory purposes)*=.

For interoperability, an open and machine-readable representation of in silico models is crucial for enhancing
collaboration, independent validation, or extending for different usage scenarios. The machine learning
community has developed several open formats (e.g. PMML and ONNX) that are applicable to the majority of
QSAR model types. However, they have limitations for fully describing QSAR data sets. The QsarDB format
addresses this limitation by combining well-established machine learning and chemoinformatics formats to
describe both models and the related data sets!4.

Furthermore, interoperability solutions for QSAR models often involve the use of interoperable platforms and
frameworks that support the integration of diverse data sources, models and tools. The possibility of having
open-source platforms makes it even easier to achieve this integration. Examples of open-source platforms are
VEGA, QsarDB and OPERA, while other systems, such as the OECD QSAR Toolbox, are not. These platforms
facilitate the exchange of data and models between different research groups and enable seamless integration
with other computational tools and databases.

Finally, the focus on fostering a culture of collaboration and knowledge sharing is essential for promoting
interoperability in QSAR modelling. Initiatives such as community-driven model repositories, collaborative
benchmarking exercises, and open-source software development encourage researchers to share their data,
models, and expertise with the wider scientific community, driving innovation and advancing the field of
computational toxicology.

4.2.4 Tool metadata schema and alignment with other activities

As a part of activities in WP7, task 7.2, MU is landscaping existing databases and data platforms and creating
a proof of concept for the PARC data hub, i.e., FAIR inventory connecting the major existing and planned
databases, repositories, platforms, registries, portals and libraries relevant for chemical risk assessment. PARC
FAIR data hub is expected to cover not only data on chemicals but also methods for risk assessment, including
different types of mathematical models. Since the classification of model domains (i.e., ways and purposes of
the models use) is not fully established yet, MU is collaborating with AUTH on defining the structure of the
domains. This structure should align with requirements from stakeholders within and outside PARC. PBK
models were selected as a case study within the proof of concept. This was mainly due to their clearly defined
and frequent use within PARC.

In collaboration with task 8.3, MU has developed a prototype ontology/relational model/database schema for
PBK models and associated categories, intended for an implementation within the PARC FAIR data hub. After
its successful implementation and practical alignments, this ontology will serve as a template for building
ontologies for all the other types of models according to the completed domain classification/structure. It is
expected that for some of the model domains, the ontologies may be adopted from already existing ontologies
being developed by the other partners within task 8.3.

4.3 Definition and classification and establishment of workflows

The definition of the PARC workflow (section 2) leaves room for a variety of implementations. Workflows may
range from fully human operated workflows where the output of one modelling tool is manually inserted as the
input of another modelling tool to a fully automated workflow with a single point of entry for user interaction. If
a single modelling tool can accomplish a defined assessment task, then this single tool establishes the
workflow. For example, more comprehensive tools like MCRA or Integra are composed of several modules,
with internal connections between the modules, not immediately visible as such from the outside. At the other
end of the spectrum, a workflow could be envisioned as consisting of separate modelling tools, some running
locally, some running in the cloud, and fed with data originating from different geographic locations. However
simple or extensive a workflow may be, an additional consideration is to what degree a workflow is standardised
and automated.

13 https://one.oecd.org/document/ENV/CBC/ MONO(2023)32/ANN1/en/pdf
14 Home | QsarDB
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4.3.1 Workflow automation levels

Workflow automation is a process that performs tasks without human intervention. Automation is not always
required and a workflow can also be run manually. This will involve an understanding of how to run each and
every tool, have knowledge about the input data and settings, know what a tool produces as output and how to
prepare the output of tool as input for the tool next in the chain. For a one-time request, this can certainly be a
feasible approach, but for more routine computations, this approach is cumbersome and can easily lead to
mistakes.

Automation of workflows has several benefits. It reduces errors, by preventing manually induced errors but also
because an automated workflow tracks the exact location of where an error occurs. Automation accelerates
transparency and trust in the computations and enhances collaboration between partners. It will standardise
the computations and presentation of results of assessment studies. Although the realisation of an automated
workflow does require an initial investment, it will enhance productivity in the long run. Here, we clearly see the
balance between short and long term objectives: is it meant to answer a one-time question or will it be used on
a more regular basis, or used by several groups of partners, or by regulators with a long-term commitment to
give far reaching advise.

A definition for a level of automation will help in identifying the maturity of a workflow, which in turn helps in
deciding whether a particular workflow is a valuable asset for a research application or in solving a request in
a regulatory context. For the PARC modelling network, four levels of workflow automation are defined (Table
6).

Table 6 : Automation levels of PARC workflows.

Level Definition Description

1 Manual The tool(s) of the workflow need to be installed and run manually. The
input data and settings need to be prepared for each individual tool,
including the conversion of data for the inter-tool communication.

2 Scripting The tool(s) and data requirements of the workflow are defined and run
through a custom scripting solution, e.g., using a PowerShell, Python or
R script.

3 Workflow language The workflow is defined and run using a community supported standard,

for example the Workflow Description Language (WDL), or runs in a
standardized computing environment. This level may or may not include
a user interface.

4 Workflow The workflow and tools are run in a dedicated workspace management
management system | environment, selected from one of the PARC accepted standards. This
environment preferably includes a user interface. This system facilitates
the creation of workflows, selecting data and tools and running the
workflows with standardised outputs.

4.3.2 Establishing and deploying workflows

Data analysis workflows where tools are interconnected to carry out tasks can be achieved in different ways,
each with advantages and disadvantages. For example, the nodes in the workflow could all be on a local
computer, they could be consumed on servers, where servers might be located in different geographical
locations and governed by separate organisations. That is, we can distinguish two types of execution levels:
centralized and distributed (Table 7).
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Table 7: Workflow execution levels.

Level Definition Description

1 Centralized User or user organisation has full control of all nodes in the workflow,
can manage scaling for capacity reasons, and troubleshoot any
problems that surface. This has the highest level of control and privacy
preservation but implies that all/l
infrastructure which can require a lot of time, cost and expertise to
achieve.

2 Distributed Here some of the nodes that the user consumes as part of a workflow
are governed by other organizations and data is transmitted over
external networks. This could be effective as organizations contribute
with nodes where they have expertise and resources, and also sharing
responsibility and costs for part of a workflow. The apparent downsides
are that this requires trust and commitments between organizations, and
a well-defined process and service-level agreement (SLA) that also
covers how data and results from other organizations is handled, stored,
and logged. It also has technical implications such as authentication and
authorization infrastructure (AAl), that needs to be compatible among
the node providers.

An appealing thought is that as many components as possible should be available as standalone components
(e.g. software containers) that can be linked via APIs and exchange data using compatible data formats. That
way, a user can easily launch these components on a private infrastructure (e.g. by a cloud provider) and use
them as nodes in a workflow. For some tools, this might not be realizable due to data sizes, proprietary code,
technical incompatibilities, or other practical, strategic or political reasons. As mentioned in section 2, for PARC,
the ambition is to strive towardghis realization butwith a pragmatic view on the variousiorkflows envisioned.

When workflows are constructed, a big advantage is that they can be re-used by the originator and others,
sometimes with modifications and sometimes out of the box. Workflows can be deployed on systems and
consumed as a single component, perhaps in a higher-level workflow. The deployment of a workflow on a
system is not much more complex than a single service, apart from having to incorporate parameters such as
credentials for AAl and security tokens so that the underlying deployed workflow can be executed as a single entity.

4.3.3 Workflow catalogue

Besides the structured collection of metadata on modelling tools and data standards, the model network
catalogue also contains an inventory of workflows, see Annex B. This inventory of workflows is maintained for
the same reason as for the modelling tools, namely, to obtain a tangible view on the workflows considered to
be part of the PARC model network and to allow for structured evaluation of different workflows. For each
workflow, the catalogue aims to describe:

i The tools that are part of the workflow;

1 The input data and output data of the workflow;
1 The workflow automation level;

1 The workflow execution level;

1 The workflow user interface(s).

At present, the catalogue only includes workflows of the case studies that are considered for bottom-up
development of the PARC model network within T8.3.
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5 Case studies

The PARC model network is developed in a bottom-up fashion where links between models / tools are
established based on (regulatory) needs following case studies in PARC projects. This section describes the
development of these links in PARC year 2 and their evaluation in the context of the selected case studies.

5.1 Case study integrative risk assessment

In this case study the PARC model network is being developed to support (regulatory) risk assessment by
providing tools for practical application of modelling approaches for integrative exposure and risk assessment
by different stakeholders. A collection of models is used to estimate (mixture) risks, risk drivers, and main
sources and routes of exposure involved. Collaborative work with T6.2 (integrative risk assessment) is driving
the developments. This encompasses integration of innovative approaches into the network and testing and
applying the resulting workflows in the context of several case studies in T6.2. It is important to highlight that
the tools arising from these developments are versatile and can be applied beyond the specific context of the
T6.2 case studies.

Figure 9 presents the computational steps in this case study as a network of linked modules, each
corresponding to a specific modelling task. This setup allows for:

1 A generic approach for defining workflows connecting one of more linked modules
1 Potential re-use of modules (specific functionality) in other parts of the PARC model network

Table 8 presents a summary of the calculation modules (orange and mixed green/orange boxes). The modelling
steps represented by each module can be performed by one or more software tools (see model inventory).
Interconnectivity between the modules and therefore the software tools is in large part automated, but some
manual steps are involved mainly related to the data inputs. The green boxes represent the main workflow data
modules, which are considered the most relevant inputs of the workflow.

The chosen design features MCRA-web as the central user interface for the application of workflows involving
multiple modules. MCRA-web was chosen because it provides a widely accepted interface for mixture risk
assessment, a key component in this case study, that aligns with regulatory methodology and infrastructure
supported by EFSA (Johannes W Kruisselbrink et al., 2023; van Klaveren et al., 2023). Additionally, the MCRA-
web interface includes functionality for aggregate exposure assessment, another crucial element in this case
study, which was developed in the EU project EuroMix. Lastly, the re-use of an existing interface facilitates
rapid development, testing, validation and application of workflows.

Use of the MCRA-web interface requires a user account. After registering to MCRA, all modules and options to
configure your models are available. A probabilistic calculation can be complex, therefore, a user-friendly
environment with a limited number of predefined settings is implemented to guide the user through the
modelling steps. For experienced users, the MCRA core library is supplied with a command line interface (CLI)
utility, enabling to run an assessment using input files and specification of sequences of modules and settings
through XML templates (J. W. Kruisselbrink et al., 2023).

To date, the number of publicly available software (tools) offering the functionality to model and analyse human
monitoring data and aggregate exposure data is limited. Therefore, the MCRA modules are extended and
updated to facilitate these kinds of analyses besides dietary (risk) assessment.

Table 8 : Summary of the calculator models in the model network for integrative risk assessment. Data modules
(green boxes in Figure 9) serve as inputs to these calculator modules.

Domain / model class | Module Description
Exposure assessment | External exposure This network structure foresees in combining
assessment different models for exposure assessment.

Assessment of exposures expressed at the
external exposure surface. Exposures can be
assessed for specific types of exposure, such as
exposures from diet, exposures from (non-dietary)
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consumer products, and exposure related to
specific occupations/occupational tasks.

Exposure assessment

Internal (aggregate)
exposure assessment

Calculation of exposures for internal exposure
surfaces based on exposure estimates for external
exposure surfaces. This modelling task may
include aggregation of exposures from different
sources and routes of exposure (possibly obtained
from external exposure models) and application of
kinetic (conversion) models to translate external
exposures to corresponding internal exposures at
some specified internal exposure surface.

Human biomonitoring

HBM exposure assessment

Calculation of population exposure estimates
obtained from HBM data. This module can contain
various sub-tasks for converting the raw HBM
measurements into substance concentration
estimates at some exposure surface. For instance,
imputation of measurements below the limit of
detection/quantification, imputation of missing
values, extrapolation/kinetic conversion of
measurements between biological matrices (e.g.,
extrapolation of blood concentrations from urine
concentrations, or reverse calculation of
equivalent external exposures based on measured
concentrations).

Human biomonitoring

Biomarker conversion

Conversion rules/models for translating
concentrations of measured biomarkers to
equivalent concentrations of (related) biomarkers.
E.g., for translation of total arsenic (tAs) to
toxicologically relevant arsenic (TRA).

Hazard
characterisation

Hazard characterisation

Derivation of reference (hazard) dose levels for
substances. These may be obtained from data
(e.g., ADIs/ARTDs) or derived from points of
departure and/or dose response models obtained
from in vitro/in vivo assays (possibly combined
with additional extrapolation/uncertainty factors).

Dose-response
modelling

Dose-response modelling

Modelling/derivation of a quantitative description of
the dose-response relationship. Either obtained
from in vitro data or in vivo data. May be used as
input for hazard characterisation.

Chemical risk
assessment

Risk assessment

Exposures are combined with hazard
characterisations in the risks module. Risks can be
characterised using different metrics, for instance,
as a ratio of the hazard divided by exposure or the
exposure divided by the hazard. Main
outputs/results of the risk assessment are
summary statistics of the population risk
distribution (e.g., mean or specific percentiles) and
(contributions of) risk driving substances.

Toxicokinetics

Kinetic modelling

Models for translating exposures/dose levels of
chemicals between different (internal/external)
exposure surfaces. This may comprise conversion
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via simple conversion factors or conversion via
PBK model simulation. Also, this includes
conversion from external exposures to internal
exposures, from internal to external exposures
(reverse dosimetry), and conversion between
different internal exposure surfaces.

Exposure assessment | Co-exposure assessment Models for assessment of co-exposure / mixture
patterns from individual exposure data.

Exposure assessment | Comparison modelled / Comparisons of exposure estimates obtained from

/ Human observed aggregate and internal exposure modelling based

biomonitoring on external exposure estimates and exposure

estimates obtained from HBM data for the same
target population at the same time-frame. For
some HBM studies that also record behavioral
patterns of the subjects (e.qg.,
consumption/occupational activities), this
comparison may be done at the individual level.
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Figure 9 : Schematic overview outlining the computational steps employed in the integrative risk assessment case study, presenting a network of linked
calculation and data modules.
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5.1.1 Workflow for (mixture) risk assessment based on human
biomonitoring data

Individuals are regularly exposed to mixtures of chemicals through their diets and various
environmental sources. Dietary risk assessment of chemical mixtures for e.g. pesticides is now
relatively well addressed by the European Food Safety Authority (EFSA). Nevertheless, there is a
need for mixture assessment covering all possible routes and sources of exposure. The PARC
projecti iRkemli xtureso is currently investiga
for this specific purpose.

The PARC model network implemented a workflow for mixture risk assessment using HBM data.
This generic workflow defines the scope of the assessment, encompassing population,
substances, health effect, and exposure scenario (e.g. acute or chronic exposure, exposure
surface of interest), based on input data sources. The strategy for mixture risk assessment applied
in this workflow originates from the T6.2.3fi Relail f e mi xturesod project
deliverable 6.5, which is based on the regulatory methodology for retrospective dietary cumulative
risk assessment by EFSA et al. (2020). HBM study owners in this project will use the workflow to
perform mixture risk assessment in a harmonised way. The project will present the workflow to
potential end-users including EFSA panels, ECHA working groups, national experts, and industry.

5.1.1.1 Workflow description and tools

The workflow is schematically depicted in Figure 10. It connects several modules from Figure 9
through the use of four software tools, namely the VITO HBM data checker tool*®; the MCRA
platform, dose response models from e.g., the PROAST R package or the EFSA BMD platform?¢;
and PBK model(s) from e.g. TKplate, MCRA or a future PARC PBK repository. See Table 9 for
more details.

Table 9: The software tools and their application in the different modules of the workflow for HBM
mixture risk assessment

Software/tool/model | Module Description
MCRA software HBM exposure The web-platform is considered to be the

(MCRA web- assessment, dose- primary user interface of this workflow
platfor_m and' MCRA response_mo_olellmg, hazard | pecause it provides functionality for
core simulation characterlsatlo.n, r|_sk many modules of the workflow, amongst
modules) assessment, kinetic

models, kinetic conversion which the main risks module.

factor, biomarker
conversion, biomarker
conversion factors, relative
potency factors

VITO data checker HBM data Conversion of HBM data in study specific
tool format to PARC harmonised HBM format
(v2.0 - v2.3). A manual step is needed
between the use of the VITO online HBM
data checker and the upload of the HBM
data to the MCRA web-platform.
PROAST R Dose-response modelling The PROAST R package for dose-

Package response modelling is used in this
workflow for fitting dose-response
models on in vitro and/or in vivo data. Via

15 Tool for data validation | VITO HBM

16 Interuniversity Institute for Biostatistics statistical Bioinformatics. (2022). EFSA Platform for
Bayesian Benchmark Dose Analysis. EFSA Supporting Publications, 19(12), 7740E.
https://doi.org/10.2903/sp.efsa.2022.EN-7740
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embedding within an MCRA module, this
software package is automatically linked
to the MCRA software.

EuroMix PBK model | PBK models + The EuroMix PBK model is one of the
parametrizations PBK models that can be used in this
workflow. The model is included in the
MCRA software and therewith embedded
for automatic linking in the workflow.

5.1.1.2 Implementation: input data, description of modelling steps, and accessibility
Table 10 presents an overview of the data standards for the input data used in the current workflow.
These correspond to the black data icons in Figure 10. Starting point is an HBM data set which is
converted from a study specific format to the PARC harmonised format for HBM data (data
interoperability level 3). Next, the data are manually uploaded to the MCRA platform (interfacing
and communication level 1). Subsequent steps are performed in the MCRA platform making use
of the MCRA-web interface, MCRA data formats, and automatic connections between MCRA
modules, PBK models, and PROAST (data interoperability level 2, interfacing and communication
level 4). MCRA-web is accessible via https://mcra.rivm.nl/ (registration required). In principle the
workflow can also be performed locally, making use of the MCRA-core source code on Zenodo (J.
W. Kruisselbrink et al., 2023). This approach, however, is not recommended for inexperienced
users and therefore not discussed in this report. Use of the MCRA web-platform may require a
priori establishment of a data controller i data processor agreement due to GDPR restrictions for
HBM data.

As shown in Figure 10, wi t hin MCRA modul e Ahuman bi oHBMNni t or i n
data is made based on the specific biological matrices (e.g. hair, urine, blood), biomarkers, and

HBM samples that are in focus. The metadata associated with the selected samples (subject age,

gender, etc), together with the HBM survey characteristics, implicitly define the scope of the

popul ation of the assessment. The selected data is
where it is pre-processed according to the principles outlined in the (not yet published) statistical

analysis plan of PARC WP4. Pre-processing involves imputation of censored and missing values,
normalization/standardisation of biomarker concentrations, and calculation of derived variables

(e.g. a sum of several arsenic species using conversion rules). Next, acute or chronic exposures

are estimated at the internal or external level using the individual day concentrations or the

observed individual means (OIM) model (EFSA, 2012), respectively. Optionally, cumulative

exposures are estimated using relative potency factors. Reverse dosimetry based on kinetic

conversion factors or (in time) PBK models is used for external exposure estimation.

The HBM exposure estimates are passed on to the MCRA risks module. This module estimates
the distribution of the risk in the population and identifies the main substances driving the risk.
Several risk metrics are supported, including a hazard quotient based on cumulative exposures,
the margin of exposure total (MOET), the reference point index, and the modified reference point
index. The hazard characterisations used in the assessment are supplied as data, but their
derivation from in-vivo or in-vitro dose-response data is foreseen as a future direction. The
PROAST package for statistical analysis of dose-response data has been incorporated in the
workflow for this purpose.

Additional details about these steps and the MCRA modules involved are provided in additional
deliverable 6.5 and the MCRA documentation https://mcra.rivm.nl/documentation/. Note that
MCRA also allows for quantification of uncertainties in the workflow (see section 5.3). Two-
dimensional Monte Carlo (2DMC) is applied to separate variability and uncertainty in the Monte
Carlo simulation. The inner loop simulates variability by repeatedly sampling from empirical or
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parametric distributions, while in the outer loop uncertainty is simulated by sampling from
bootstrapped data or parametric uncertainty distributions.
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Figure 10: Schematic display detailing the workflow for HBM (mixture) risk assessment, with a focus on the data, modelling steps and software tools utilised.
Four distinct pathways through the workflow are presented. The pathway followed is determined by the data and input settings
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Table 10: Overview of data standards used for each input data source in the HBM risk assessment workflow in
Figure 10. Notice that the referenced data standards are included in the model catalogue.

Data

Data standard

Description

HBM data

1 PARC Harmonised HBM data
format

Data harmonisation format for
HBM data. The first step of the
workflow covers HBM data
conversion from a study specific
format to the harmonised format.

Biomarker conversion

1 MCRA data standard for
biomarker conversion

Data for extrapolation of
measured biomarkers to
equivalent substance
concentrations of the substances
of interest. E.g., combining
different arsenic species in
toxicologically relevant arsenic
(TRA).

Hazard data

1 MCRA data standard for
hazard characterisations

1 MCRA data standard for
points-of-departure

Toxicological reference values
used for risk assessment. For
instance, guidance values such
as HB-GVs / HBM-GVs or other
threshold values, such as
NOAELSs.

Dose-response data

1 MCRA data standard for
dose-response data

In-vivo/in-vitro dose response
data that can be used for deriving
hazard characterisations.

Relative potency factors

1 MCRA data standard for
relative potency factors

Factors expressing the relative
toxicity of chemical substances
based on a reference substance
for a certain adverse (health)
effect.

Kinetic conversion factors

1 MCRA data standard for
kinetic conversion factors

Used in this workflow as a low-tier
approach for extrapolation of
internal (urine) concentrations to
equivalent external exposures or
to extrapolate between internal
exposure surfaces (e.g., between
blood and urine concentrations).

Kinetic model parametrisations

1 MCRA data standard for
kinetic model
parametrisations

Specific parametrisations for PBK
models.

PBK models

1 PARC FAIR PBK standard
(SBML)

The (future) PBK models of the
workflows will follow the PARC

standard for PBK models based
on SBML.

5.1.1.3 Main output

The main output of the workflow is returned by the MCRA module risks in the form of tables and figures. In
addition, all other modules in the workflow provide intermediate results. The main outputs are summarized in

Table 11.

Table 11: Overview of the main outputs of the workflow for HBM mixture risk assessment.

Output Module Type File Format(s) | Description
(MCRA
module)
Analysis report Risks Report Pdf Report summarizing all main and
html intermediate outputs of the workflow in
tables and figures
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(Cumulative) risk Risks Table, csv Table with estimated risk at several

distribution figure svg percentile points in the risk distribution.
Histogram and cumulative plot of the
risk distribution. The toxicological
threshold is indicated by a vertical line
in the plot.

Safety chart Risks Figure svg Estimated risk distribution presented
as a boxplot. The toxicological
threshold is indicated by a vertical line.

Substance Risks Table, csv Table, pie-charts and boxplots of the

contributions figure svg (average) contribution of each
substance to the risk for all individuals
and the individuals most at risk

Summary statistics HBM Table, csv Table and boxplots of the (cumulative)

for (cumulative) analysis, figure svg biomarker concentrations of the raw

biomarker exposures | HBM data and pre-processed (imputed,
normalized/standardised, converted)
data.

5.1.1.4 Validation of the workflow

Validation of the implementation of the workflow is broken down into two parts, namely external and internal
validation. External validation compares the functionality and output of the workflow to external values
generated by (an) independently developed software platform(s). Internal validation ensures consistency of the
functionality and outcomes of the workflow in comparison to previously released versions of the software tools
involved. Furthermore, unit tests check the basic functionality, although this is not a guarantee that the entire
workflow is working correctly.

I'n coll aboratio-hi wethi ptaojesd BREeal nalFigwelDwad eatriedout o f
by comparing the results with calculations in R using a custom script. For internal validation all steps of the
workflow are involved, except the VITO HBM data checks shown in Figure 10. For internal validation automated

unit tests were developed to protect against programming errors during updates and further development of the
workflow. The unit tests are run overnight and are monitored daily by the workflow development team. A new
release of the workflow is only provided when all tests passed successfully. In addition, after successful unit
testing the latest version of the workflow is tested against the currently released (previous) version of the
software by running a large set of predefined scenarios. These scenarios cover a broad range of workflows,
(model)settings and data inputs.

5.1.1.5 Demonstration of the workflow

The black line in Figure 10 represents an analysisthati s carried out in a specific
l'ife mixtureso. The results for this case study have
HBM data. Therefore, the demonstration below is based on artificial data (based on characteristics of a real

HBM data set), in particular the HBM example data set from VITO (https:/hbm.vito.be/tools/data-
harmonisation) and do not represent a real risk assessment.

Figure 11, Erreur ! Source du renvoi introuvable. and Figure 12 present the MCRA user interface. The
interface consists of three elements, (1) a task bar for running the workflow and accessing the results; (2) a

menu for selecting one of the MCRA modules that are used in the workflow (these are linked to the modules in

Figure 9); and (3) an overview of module specific settings and input data used in the risk assessment. For
example, in Figure 11t he modul e A human moni twihniain gptiodsatte sedectionafsan s e | e
input HBM dataset ( AiHuman moni t o r)iandgpedfigdtian ofthe bialogi@lomatrices in scope of

the assessment (fisampling met hodo un)dEereur!fBawcamdurenaod ni t ©
introuvable.s hows the interfacewfthoptilbe fEK plkhslicomacutey, the O
exposure surface of interest (internal or external), and risk metric witho p t i o n sharéckiisatiknr at i 00 a
ACumul ati on settingo.
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Figure 13 shows some examples of the graphical output of this workflow: a visualization of the estimated risk
distribution, a histogram and cumulative distribution (panel a), and the substances contributing to the risk (panel
b) . I ntermedi ate results-acamnoberaeacuées sed -piaa thée HB& GBS
bi omarker concentrations, which is an output of modul

MCRA / = Example assessment / [CINE§

Exposure, Hazard & Risk Assessment workspace action
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Figure 11: MCRA user interface showing the selection menu for the HBM data source which will be used in the
mixture risk assessment. In this example two biological matrices, urine and blood, are selected from the data source
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Figure 12 : MCRA interface for specifying the risk assessment settings including the exposure scenario (acute or
chronic), the exposure surface (external or internal), and the risk metric. In this example a chronic risk assessment
is performed at the internal level using the (modified) reference point index as risk metric.
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Figure 13: Examples of some graphical output of the workflow for mixture risk assessment showing (a) the user
interface with a safety chart of the mixture risk distribution; (b) a histogram of the estimated risk distribution; (c) a pie-
chart highlighting the contribution of each substance to the risk, and (d) an intermediate output showing the
distribution in observed HBM biomarker concentrations.
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5.1.2 Workflow for co-exposure analysis based on human biomonitoring data

To conduct the workflow for mixture risk assessment (section 5.1.1), chemicals must first be organized into
assessment groups. Chemicals within the same group are assessed together. EFSA proposed three
approaches to filter the number of chemicals to be considered for grouping (Committee et al., 2021). These
methods are exposure-driven or risk-based (combining exposure and hazard information). Implementing a
purely risk-based approach proves challenging in HBM surveys comprising a large number of chemicals.
Therefore, the PARC pr oljiefca niiRetadr es 0 i s artcaxposue-urivénpriolitization
method using HBM data (PARC additional deliverable 6.5). Following this approach, the prioritized set may
contain chemicals from several families across regulatory silos.

The PARC model network implemented a workflow for co-exposure analysis based on human biomonitoring
data, including two exposure-driven prioritization methods. This general workflow defines the scope of the
assessment encompassing population, substances, and exposure scenario (e.g. acute or chronic exposure,
exposure surface of interest), based on input data sources. The strategy in this workflow originates from the
T6.2.3A Relail f e mi xt amd s eudinegin more@etail in additional deliverable 6.5. Briefly, it comprises
the use of two multivariate statistical methods to identify mixtures based on co-exposure patterns in the data,
originally introduced in the EuroMix and HBM4EU projects. The first method, sparse nonnegative matrix
underapproximation (SNMU) in combination with hierarchical clustering, follows (Crépet et al., 2019; Crépet et
al., 2022). The second method, network analysis using the graphical lasso in combination with module detection
using the walktrap algorithm, follows (Ottenbros et al., 2021). In addition, the so-called maximum cumulative
ratio plot can be used as a tool to assess the proportion of individuals in a population for which exposure to a
single chemical or a mixture is a concern (Price & Han, 2011). HBM study owners in this project will use the
workflow to perform mixture selection (exposure-driven prioritization of substances) in a harmonised way.

5.1.2.1 Workflow description and tools

The workflow is schematically depicted in Figure 14. It connects six modules from Figure 9 through the use of
four software tools, namely the VITO HBM data checker tool, the MCRA platform, the RSExpo package, and
an R script for network analysis developed in the HBM4EU project. See Table 12 for more details.

Table 12: The software tools and their application in the different modules of the workflow for mixture selection.

Software/tool/model Module Description

MCRA software (MCRA HBM exposure The web-platform is considered to be the

web-platform and MCRA assessment, biomarker primary user interface of this workflow

core simulation modules) conversion, biomarker because it provides functionality for many
conversion factors, relative | modules of the workflow, amongst which the
potency factors main exposure mixtures module.

VITO data checker tool HBM data Conversion of HBM data in study specific

format to PARC harmonised HBM format
(v2.0 -2.3). A manual step is needed between
the use of the VITO online HBM data checker
and the upload of the HBM data to the MCRA
web-platform.

ANSES RSExpo R-Shiny Co-exposure assessment | The RSExpo Rshiny package functionality for
application i SNMU analysis SNMU analysis is used in this workflow for
selecting mixtures based on HBM data. The
model is included in the MCRA software and
therewith embedded for automatic linking in
the workflow.
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HBMA4EU R script for Co-exposure assessment | The HBM4EU R script for network analysis is
network analysis one of the methods for mixture selection that
can be used in this workflow. Via embedding
within an MCRA module, this R script is
automatically linked to the MCRA software.

5.1.2.2 Implementation: input data, description of modelling steps, and accessibility

The initial steps for the workflow for mixture selection mirror those of the HBM risk assessment workflow. Thus,
several modules/modelling tools are re-used. In addition, the standards for the input data sets correspond to
the standards for HBM data, relative potency factors, and biomarker conversion in Table 10. The common
modelling steps, namely initiation of the workflow up to estimation of internal exposures, are described in section
5.1.1.2.

In the present workflow for HBM mixture selection, optionally cumulative exposures are estimated in MCRA
modul e Ahuman mo nusingathe intargal eaposare gssmatesdand relative potency factors. See
Figure 14. Based on these, a maximum cumulative ratio plot can be generated.

The internal exposure estimates are passedont o MCRA modul e t fue. dpsmvodulesseleats x
mixtures based on co-exposure patterns in the HBM data, using either SNMU or network analysis. For this
purpose, the MCRA exposure mixtures module has been re-designed. Previously, it was only possible to apply

this module to modelled dietary or aggregated exposures, but functionality has been added to also allow for
mixture selection based on pre<pr ocessed HBM dat a h@noano ingnioting a h a Imyseeud @
section 5.1.2.5). The mixture selection method SNMU was already available in MCRA, but its implementation

has been aligned with the implementation in the ANSES R-Shiny application RSExpo (Crépet et al., 2019;
Crépet et al., 2022). In particular an option for hierarchical clustering of individuals based on their exposure to

the selected mixtures has been added and the structure of the output was improved. Finally, the network
analysis approach developed for mixture selection in HBM4EU was implemented (Ottenbros et al., 2021).

Selection of mixtures (mixture analysis) in MCRAmodul e AEXposure mixtureso proce
data are transformed (e.g. log-transformation) and scaled (e.g. to standardize the variance observed for each
exposure biomarker, or to allow for toxicity weighted selection of mixturesb y u s i n gNeR, BIRMUsand/or

network analysis are applied.

Additional details about these steps and the MCRA modules involved are provided in additional deliverable
6.5 and the MCRA documentation.

5.1.2.3 Main output

The main output of the workflow is returned by the MCRA module exposure mixtures in the form of tables and
figures. In addition, all other modules in the workflow provide intermediate results. The main outputs are
summarized in Table 13.

5.1.2.4 Validation of the workflow
The workflow was validated analogously to the workflow for HBM risk assessment. See section 5.1.1.4.
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Figure 14: Schematic display detailing the workflow for HBM mixture selection, with a focus on the data, modelling steps and software tools utilized.
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Table 13: Overview of the main outputs of the workflow for HBM co-exposure assessment.

Output Module Type File Format(s) | Description
Analysis report Exposure | Report Pdf Report summarizing all main and
mixtures html intermediate outputs of the workflow in
tables and figures
Mixture selections Exposure | Table, csv Figure presenting the mixtures that
mixtures | figure svg were selected by SNMU or network

analysis. In case of network analysis
this corresponds to a list of substances
that were grouped in the same mixture.
In case of SNMU analysis this
corresponds to qualitative information
about the contribution of substances to
the mixtures, as well as output about
the exposure of (sub-groups of
individuals) to these mixtures.

Maximum cumulative | HBM Figure svg Figure of an MCR plot, i.e. cumulative

ratio plot analysis exposure of each individual versus the
maximum cumulative ratio

Summary statistics for | HBM Table, csv Table and box-plots of the (cumulative)

(cumulative) analysis, | figure svg biomarker concentrations of the raw

biomarker exposures | HBM data and pre-processed (imputed,
normalized/standardised, converted)
data.

5.1.2.5 Demonstration of the workflow

The demonstration of the workflow is based on artificial data, for similar reasons as detailed in section 5.1.1.5.
A demonstration of the workflow on the ESTEBAN HBM survey is provided in section 4.3 of additional
deliverable 6.5.

Figure 15 presents the main MCRA user-interface for this workflow. It contains the same building blocks for

loading data, specifying settings, and running the workflow as shown in Figure 11 and detailed in section
5.1.1.5. In particular Figure 15 s hows the interface for the MCRAthehexp
fi Ex p o s u r(ehronicyopaeude) is set, the method for mixture selection (opti ons AMet hodo
anal ysi s toptigne ®pr as8MU anal ysi s (ASubstance weightin
component so, fSpal. Baemetalloptipna areashoavn il Figore 15.

Figure 16 presents some of the graphical output of the workflow. The interface displays the main output of
modul e 0 ex po s avisealizatiorkof ther selected mixtures by SNMU or network analysis (panels a
and c), and for SNMU analyses an estimate of the relative exposure of individuals in the population to each
mixture (component).
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Figure 15: MCRA interface for specifying exposure mixture analysis settings (SNMU or network analysis). In this
example an SNMU analysis is carried out for chronic exposures estimates based on HBM data.
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Figure 16 : Examples of some graphical output of the workflow for mixture risk assessment showing (a) the user
interface with a heatmap representing the mixtures selected by the SNMU method, (b) the relative exposure of the
average individual in the population to these mixtures (components), and (c) the outcome of the network analysis
showing 3 modules (mixtures) with 2 7 5 substances. Substance names have been omitted since this example was
based on artificial data.
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5.1.3 Workflow for aggregate exposure assessment

Individuals may experience chemical exposures originating from diverse sources in both general and
occupational environments at the same time. These exposures may occur through various routes. PARC
projects T6. 2. 1. a i sra@@.2clleaggregatd exgosutedage developing an integrative strategy for
aggregate exposure estimation that will factor all relevant sources and routes of exposure, see additional
deliverable 6.3. This is in line with recent initiatives from European agencies such as the EFSA ExpoAdvance
project (Cascio et al., 2022). The output of this project is expected to be published as a roadmap later this year
(2024).

A specific workflow for aggregate exposure assessment is being developed for the PARC model network
covering multiple routes and occupational and general life (i.e., non-occupational) sources of exposure. The
workflow builds upon a framework in MCRA for aggregate exposure estimation developed within the EuroMix
project (Kennedy et al., 2019; Kennedy et al., 2015; van Der Voet et al., 2020), with plans for refinement to
align with e.g. the strategy that will be developed in PARC T6.2.1 projectfag gr egat e §@/anpoles et
al., 2020). Over time this workflow will integrate with the HBM (risk or exposure) assessment workflow (section
5.1.1), allowing for e.g. the validation of aggregate exposure estimates through comparison to HBM
measurements, and facilitating the identification of primary routes and sources of exposure in a (HBM) risk
assessment.

This generic workflow defines the scope of the assessment, encompassing population, substances and
exposure scenario based on input data and settings for the modelling tools involved. In this manual workflow,
exposure estimates acquired via different modelling tools are manually input into a central platform for
aggregate exposure estimation.

5.1.3.1 Workflow description and tools

The workflow is schematically depicted in Figure 17. It connects eight modules from Figure 9 through the use
of three or more software tools, the MCRA platform, other non-dietary or occupational exposure assessment
tools, and PBK model(s) from e.g. MCRA or a future PARC PBK repository. In this proof-of-principle an
exposure assessment based on MCRA and PACEMweb is presented. Inclusion of additional exposure
assessment tools such as ConsExpo, RSExpo, Art, and (d)ART is foreseen. See Table 14 for more details.

Table 14: The software tools and their application in the different modules of the workflow for aggregate exposure
estimation.

Software/tool/model Module Description

MCRA software (MCRA
web-platform and MCRA
core simulation modules)

Dietary survey, Food
Occurrence data, Dietary
exposure assessment,
Internal (aggregate)
exposure assessment,
Kinetic modelling

The MCRA web-platform is considered to be
the primary user interface of this workflow
because it provides an interface to the main
aggregate exposure assessment module. In
addition it is used for estimation of exposure
to chemical substances via diet.

PACEM software
(PACEMweb)

Non-dietary exposure
assessment

The PACEM web-platform is used for
estimation of exposures to chemical
substances from different consumer products.
A manual step is needed between the use of
PACEM web (or another exposure
assessment tool) and the upload of the
exposure assessment data to the MCRA web-
platform.

EuroMix PBK model

PBK models +
parametrizations

The EuroMix PBK model is one of the PBK
models that can be used in this workflow. The
model is included in the MCRA software and
therewith embedded for automatic linking in
the workflow.
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Figure 17: Schematic display detailing the workflow for aggregate exposure assessment, with a focus on the data, modelling steps and software tools utilized. Two
distinct pathways through the workflow are presented, namely (solid black line) an assessment aggregating MCRA and PACEM exposure estimates, and (blue line)
an assessment linking two other tools which have not yet been specified. The pathway followed is determined by the data and input settings.
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5.1.3.2 Implementation: input data, description of modelling steps, and accessibility

Table 15 presents an overview of the data standards that are used for the input datasets of the workflow. These
correspond to the black data icons in Figure 10.

The starting point in the workflow is application of different modelling tools to estimate exposures for specific
sources and routes. For instance, exposures originating from consumer products can be assessed by
PACEMweb. Refer to Figure 10 and the demonstration in section 5.1.3.5 for clarification. The exposure
estimates obtained this way are exported to a harmonised data format. Depending on the software utilized, this
can be achieved either through an automatic export of the exposure estimates to the harmonised data format,
or necessitate manual conversion from the software-specific format. Subsequently, the data in the harmonised
format is manually transferred to the MCRA platform. All subsequent modelling steps are executed within the
MCRA platform, making use of the MCRA-web interface and automatic connections between MCRA modules
and (in time) PBK models. MCRA-web is accessible via http://mcra.rivm/nl (registration required). In principle
the workflow can also be performed locally, making use of the MCRA-core source code on Zenodo [ref]. This
approach, however, is not recommended for inexperienced users and therefore not discussed further in this
report.

Dietary exposure estimates are obtained usingthe MCRA modul e fAdi et ary e xrmoddes r
thereof. The exposure estimates are based on food consumption data, occurrence data, and food translations
(to convert food products to raw primary commaodities), following the principles outlined by EFSA (Johannes W
Kruisselbrink et al., 2023) The di etary exposure estimates are pass
exposureso, which serves as the main platfor herefther ag
user indicates whether non-dietary exposure estimates should also be included in the assessment. The relevant

data sources are linked and selectedi n t he MC R Aon-dietadylekpesurdso and are passed on to
A(inter nal Nextehe gubjects (in@ividoals / populations) which were in scope of the various exposure
assessments are matched. The following options are foreseen: (1) random matching of subjects, (2) stratified

random matching of subjects (e.g. using factors age and gender), (3) matching of specific subjects across
assessments by a specific identifier (Vanacker et al., 2020). Subsequently, an aggregate exposure estimate is
obtained for each matched subject, making use of absorption factors or (in time) PBK models.

eso

Additional details about these steps and the MCRA modules involved are provided in MCRA documentation
https://mcra.rivm.nl/documentation/. As mentioned in section 5.1.3.1, this workflow will be further updated
according to the strategy that is being developed in

Table 15: Overview of data standards used for each input data source in the aggregate exposure workflow in Figure
17. Note that additional data standards may be used / required when additional exposure assessment tools are
included in the workflow.

Data

Data standard

Description

External exposure data

 PARC T6.2 standard for
external exposures (under
development, based on
conceptual model for
aggregate exposure (section
3.2.1))

Data harmonisation format for
(aggregate) exposure
assessment data. The first step of
the workflow covers data
conversion from a format that is
specific to a modelling tool to the
harmonised format.

Consumption data

 MCRA data standard for
individual consumption data

Individual consumption data used
for dietary exposure calculations.

Occurrence data

1 EFSA SSD v1 data format

EFSA Standard Sample
Description guideline is used as a
harmonised format for occurrence
data for substances in foods.

Food translations

 MCRA data standard for food
translations data

Food translations provide
information on translating
consumed foods (e.g., apple pie)
to the level of the measured
commodities (e.g., apple).
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Kinetic conversion factors 1 MCRA data standard for Used in this workflow as low-tier
kinetic conversion factors approach for extrapolation of
internal (urine) concentrations to
equivalent external exposures or
to extrapolate between internal
exposure surfaces (e.g., between
blood and urine concentrations).
Kinetic model parametrisations 1 MCRA data standard for Specific parametrisations for PBK
kinetic model models.
parametrisations
PBK models 1 PARC FAIR PBK standard The (future) PBK models (defined
(SBML) / developed in PARC T6.2 case
studies) of the workflows will
follow the PARC standard for
PBK models based on SBML.
Input data of the external 9 Standards depend on Many of the to-be-linked external
exposure modelling tools requirements of the individual | exposure modelling tools are not
external exposure modelling known yet. Each of these tools
tools comes with own requirements
and standards for input data.
5.1.3.3 Main output
The main output of the workflow i $exmpdauumedo biyn tthlkee M

and figures. In addition, all other modules in the workflow provide intermediate results. The main outputs are

summarized in Table 16.

Table 16: Overview of the main outputs of the current implementation of the workflow for aggregate exposure

assessment.
Output Module Type File Format(s) | Description
(MCRA
module)
Analysis report Exposures | Report pdf Report summarizing all main and
html intermediate outputs of the workflow in

tables and figures

Summary statistics Exposures | Table, csv Histogram and cumulative plot of the

for the aggregate figure svg aggregate exposure distribution. Table

exposure distribution with estimates at several percentile
points in the aggregate exposure
distribution.

Contribution of each Exposures | Table, csv Pie-charts and table illustrating the

route to aggregate figure svg average contribution of each route to

exposure the aggregate exposure distribution
and a high percentile within it.

Summary statistics Exposures | Table csv Table, with estimates at several

for the overall percentile points in the (overall)

exposures distribution distribution for each route.

by route

Summary statistics Dietary Table, csv Histogram and cumulative plot of the

for dietary exposure exposures | figure svg dietary exposure distribution. Table

estimates with estimates at several percentile
points in the dietary exposure
distribution.

Summary statistics Non-dietary | Table csv Table detailing the average exposure

for non-dietary exposures estimate across routes for each non-

exposure estimates dietary data set considered in the
analysis.
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5.1.3.4 Validation of the workflow

Validation of the workflow is in progress. This may involve external validation by comparison of the output of
the workflow to calculations obtained using an alternative implementation e.g. in R. For internal validation unit
tests and regression tests will be developed, similar to the other workflows described in section 5.1.

Note that these steps do not cover validation of the individual modelling tools that are used in the workflow.

5.1.3.5 Demonstration of the workflow

To illustrate the application of the aggregate exposure estimation workflow, an aggregate exposure assessment
for PFOA was conducted. In this illustrative aggregate exposure assessment, exposure estimates of dietary
exposure in food and drinking water were combined with dermal exposure estimates of exposure from the use
of personal care products (PCP). Dietary exposures were calculated using the MCRA module for dietary
exposure assessment, following the approach of Schepens et al. (2023). Dermal exposures from use of PCPs
was assessed using PACEMweb , which incorporates information on product usage for PCPs that were
obtained in different surveys (Delmaar et al.,, 2023). Note in the figure that the percentages of products
containing the product are low. Consequently, only a small proportion of individuals in the population are
exposed to PFOA via the PCPs considered. PACEMweb returns estimates for specific percentile points of the
exposure distribution of interest. Based on these the exposure distribution was reconstructed for males and
females, and 10000 samples were randomly drawn from each distribution. These exposure estimates were
converted to the harmonised data format referred to in Table 15.

The dietary and dermal PCP exposure estimates were combined in the MCRA module for calculation of
aggregate and internal exposures. Figure 18 illustrates the MCRA user interface that is used for aggregate
exposure assessment, with the option to include both dietary and non-dietary sources / routes of exposure
selected. In the kinetic models menu (selection via the left-hand menu in Figure 18) oral and dermal exposure
factors of 0.1 and 0.7 were specified, respectively. The systemic exposure estimates obtained this way are
presentedin Figure 19. These are an output of t hResphkeGhe bw cocudende of
PFOA in the PCP considered, their contribution to the aggregate exposure distribution is sizeable (Figure 19b).

MCRA /A RS G WA s MCRA-PACEM
Exposure, Hazard & Risk Assessment workspace action
— MCRA-PACEM - A
= Exposures action B * 3= m ‘I >
X Exposures N4 Exposures 8ach2cad P ¢
L2 Active substances v Foods (2083 selected) v A
* Concentration models v Substances (1 selected) Vv
* Consumptions by modelled food Dietary exposures v
Q Dietary exposures v Non-dietary exposures (2 non-dietary surveys selected) Vv
* Food conversions v Kinetic models (defaults)
€& Modelled foods v
= centrations 7 Exposures settings
&= Consumptions v
Chronic v
&= Food recipes v
[ Compute cumulative exposures o
&= Kinetic models (defaults)
- Include dietary and non-dietary routes of exposure o
== Non-dietary exposures v
[ Perform MCR analysis o
m Output settings
4 » Y

Figure 18: MCRA user interface showing the selection menu for including both dietary and non-dietary sources /

routes of exposure in the assessment. Af t er sel ection both t A bl aoedfii®itetrayr ye xepxos

modules are visible in the left-hand menu.
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Figure 19: Examples of some graphical output of the workflow for aggregate exposure assessment showing (a) the
user interface with a histogram of the aggregate exposure distribution, and (b) pie-charts illustrating the average
contribution of each route to the total aggregate exposure distribution and a high percentile point within the
distribution.

5.2 Bisphenols

In this case study, we have translated the source code of INTEGRA from CSL to R. Each module of INTEGRA
is now an independent function capable of running autonomously without requiring interaction with other
modules. These functions can also run in a common framework providing robust estimation for the source-to-
dose-continuum. This modular approach enables the development of individual APIs for each function, allowing
INTEGRA to be seamlessly integrated with other software. Specifically, INTEGRA presently encompasses
functions for calculating environmental fate, dietary exposure, non-dietary exposure across three exposure
pathways, and a PBPK model capable of estimating the Absorption, Distribution, Metabolism, and Excretion
(ADME) process of the parent compound along with up to three linear metabolites in humans.

5.2.1 Workflow description for the bisphenols case study

The workflow utilized in bisphelnWelempoy thealSTEGRAtcaredmodel s

to estimate the environmental distribution of bisphenols across numerous environmental media. Additionally,
we convert bisphenols' urine biomonitoring data into intake by applying the INTEGRA exposure reconstruction
framework. Finally, we utilize the MCRA dietary exposure framework to estimate the contribution of each dietary
component to the intake of European citizens. Further details are provided in Table 1.

Table 17 : The software tools and their application in the different modules of the workflow for HBM mixture risk
assessment.

Software/tool/model Module Description

INTEGRA HBM exposure assessment, INTEGRA platform provides the option of
Multimedia modelling, PBPK integration for the components of source-to-
EOd‘?”'”@d”SIk assessment, dose-continuum. Exposure reconstruction

Inetic models, exposure also allows the conversion of the HBM data to
reconstruction .
intake
MCRA web platform Dietary exposure MCRA provides the option to convert the

impact of bisphenols intake during exposure
incidents into impact from specific

components from indiywv
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IPCHEM platform HBM data Human biomonitoring data database

ECHA database Chemi cal sd& dat al Informationregarding the tonnage of the
bisphenols

EPISuite QSARs application Parametrization of the environmental Fate
model

5.2.2 Implementation: input data, description of modelling steps, and accessibility

Based on the source-to-dose continuum framework, we conducted simulations of the INTEGRA core to
estimate the environmental distribution of bisphenol A, S, and F. We integrated the worst-case tonnage values
as they derived from the ECHA database into the INTEGRA fate model. A brief description of the selected
bisphenols is provided in the table below. It is noteworthy that bisphenol F is not manufactured within the EU,
and we assumed a value of 100 tonnes per year based on the research by Wiklund and Beronius (2022). For
the parametrization of the fate model, data from the INTEGRA database were utilized. The simulation results
of the model are elaborated in Figures 6-16, depicting bisphenol concentrations across numerous media,
including agricultural, natural, urban, and industrial soil, agricultural and natural vegetation, concentrations in
particles and the gaseous phase, sediments (sea water and surface water), and water (sea water and surface
water), among others.

Table 18: Tonnage data used for the simulation of the INTEGRA fate model.
Chemical BPA BPS BPF
Tonnage (tonnes/year) = 1000000 100000 100

The subsequent phase involves assessing the exposure levels (intake) experienced by individuals based on
the concentrations of bisphenols (A, S, and F) detected in their urine samples. This evaluation is conducted
leveraging the wealth of data on bisphenols and adult exposure available in IPCHEM portal. IPCHEM serves
as a comprehensive resource detailing the exposure levels of European citizens to a plethora of chemicals,
including bisphenols. Given that only urine data is available in the existing human biomonitoring datasets and
as a result of that we mainly focus on urine matrices for the present analysis. To streamline the incorporation
of this data into the INTEGRA framework, we developed an in-house R script designed to efficiently organize
and visualize human biomonitoring data derived from IPCHEM portal. Human biomonitoring data specific to
the selected bisphenols are thoroughly presented in Figures 16-25. Finally, it is important to mention that for
BPA IPCHEM also provides data for unconjugated amounts of bisphenol a in the urine matrix which
something that is used to increase the reliability of the model developed.

5.2.3 Main Outputs

5.2.3.1 INTEGRA Multimedia Modelling

The concentrations of bisphenol A detected across all media notably exceed those of other bisphenols, showing
a direct correlation with the initial tonnage introduced into the model. Outstandingly, owing to the substantial
molecular weight of bisphenols, their volatility and vapor pressure remain low, hindering their transition into the
gaseous phase. On the other hand, elevated concentrations of bisphenols are observed predominantly in liquid
and soil matrices compared to gaseous phase. These findings are consistent with environmental assessments
documented in the literature (Belfroid et al., 2002; Kle| ka et al., 2009).
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m Gaseous phase (ug/m3) m Particles phase (ug/m3)
8E-06

7E-06 7E-06
BE-06
5E-06
4E-06
3E-06
2E-06

1E-06 7E-07
2E-10 2E-11 - 7TE-16  2E-1

BPA BPS BPF

OE+00

Figure 20: Concentration of bisphenols in gaseous phase based on the INTEGRA fate model.

m Surface waters sediment (mg/kg sediment dw) Sea water sediment (mg/kg sediment dw)
9E-05
8E-05
7E-05
6E-05
5E-05
4E-05
3E-05
2E-05
1E-05
0E+00

8E-05

8E-06

0 - 0 1E-17 0

BPA BPS BPF

Figure 21: Concentration of bisphenols in the sediments based on the INTEGRA fate model.

m Natural soil (ug/kg) m Agricultural soil (pg/kg) Urban and industrial soil (ug/kg)

Natural vegetation (ug/kg) m Agricultural Vegetarion (Jug/kg)
6E-03 6E-03

5E-03
4E-03
3E-03
2E-03

9E-04
1E-03 6E-04
OE+00 - 1E°04 2618 1E-16 SE-05 I 1E-05 2E-19 1E-17 4E-17 2E-12 4E-17 OE+000E+00

BPA BPS BPF

Figure 22: Concentration of bisphenols in the soil based on the INTEGRA fate model.
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m Surface waters (mg/L) m Sea water (mg/L)

6.0E-03
5.3E-03
5.0E-03
4.0E-03
3.0E-03
2.0E-03
1.3E-03

1.0E-03 5 3E-04

B ' GE04 1.5E-13 7.1E-12
0.0E+00

BPA BPS BPF

Figure 23: Concentration of bisphenols in the waters based on the INTEGRA fate model.
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Figure 24: Bisphenol A concentration (ug/L) in subject urine based on IPCHEM data.

The studies (Figures 16-21) referenced exclusively focus on adults aged 18 years and above. Across all
European countries with available data derived from IPCHEM database, the concentration of BPA in urine
typically demonstrates stability and comparability. However, an exception arises in the data from Israel, where
notably higher concentrations are observed compared to the rest European countries. This variation can be
attributed to differing legislations regarding exposure limits to BPA between the two geographical regions. At
this point it is worth mentioning that data from almost all European countries is provided. Last but not least, it
is pertinent to highlight the relatively low concentrations of bisphenol A found in studies conducted in the Czech
Republic and some Belgian citizens.

A similar pattern to that demonstrated for BPA is also observed when discussing the remaining bisphenols (S
and F). The exposure of European citizens to BPS is illustrated in Figures 22-23, while the exposure to BPF is
depicted in Figures 24-25. Human biomonitoring data is provided by IPCHEM, as previously mentioned.
Particularly, there are significantly elevated concentrations of BPF observed in Czech citizens compared to
those of other countries, with the Belgian population exhibiting the lowest levels of BPF. Portuguese and French
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citizens display higher levels of BPS compared to other countries, whereas Czech citizens have the lowest
levels of BPS.
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Figure 26: Bisphenol S Total concentration (ug/L) in subject urine based on IPCHEM data.
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Figure 27: Bisphenol S Unconjugated concentration (ug/L) in subject urine based on IPCHEM data.
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Figure 28: Bisphenol F Total concentration (ug/L) in subject urine based on IPCHEM data.
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BPF free/unconjugated (Bisphenol F unconjugated)
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Figure 29: Bisphenol F Unconjugated concentration (ug/L) in subject urine based on IPCHEM data.

5.2.3.2 Exposure Reconstruction Framework

The exposure reconstruction framework offers the advantage of estimating individualsédaily intake based on
their biomonitoring data. In our approach, we utilized the INTEGRA PBPK model in reverse to predict daily
intake. Given the availability of urine concentrations only for bisphenols, we focused exclusively on this matrix
to avoid unnecessarily complicating the model with additional matrices. The human biomonitoring data were
obtained from multiple studies encompassing various characteristics of European citizens. However, our
analysis exclusively targeted adults aged 18 years and above, as previously mentioned. It is evident that the
estimated intakes correlate with the concentrations of bisphenols in subjects' urine, as discussed earlier. The
outputs of the exposure reconstruction are presented in the figures below, encompassing all bisphenaols.
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Figure 30: Reconstructed exposure for Total BPA utilizing IPCHEM HBM data.
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Figure 31: Reconstructed exposure for Unconjugated BPA utilizing IPCHEM HBM data.
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Figure 32: Reconstructed exposure for Total BPS utilizing IPCHEM HBM data.
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Figure 33: Reconstructed exposure for Unconjugated BPS utilizing IPCHEM HBM data.
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Figure 34: Reconstructed exposure for Total BPF utilizing IPCHEM HBM data.
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Figure 35: Reconstructed exposure for BPF utilizing IPCHEM HBM data.

5.2.3.3 Dietary Exposure Patterns
In this phase, we are establishing a connection between MCRA and INTEGRA. The bisphenol use case

explores both directions of interoperability, and conversion routines will be developed to allow for (A) the use
of non-dietary exposures from INTEGRA in MCRA and, in the reverse direction, (B) the use of dietary exposures
from MCRA in INTEGRA. The conversion addresses possible differences in data formats and has a technical
focus on different options for accessing the model outputs, ranging from manual exchange via spreadsheet
files to the use of an application programming interface (API).
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For direction A of interoperability, a function was developed to convert the output from INTEGRA into a format
suitable for MCRA. An important conceptual challenge here involves converting the time step from hourly to the
daily values of MCRA, and exporting the INTEGRA results as an Excel file in the MCRA data format for non-
dietary exposures (https://mcra.rivm.nl/documentation ). This Excel file can then be readily uploaded and used
in the MCRA application for an aggregate exposure assessment, where the INTEGRA non-dietary data can be
combined with dietary data. Moving forward, as we anticipate the completion of the APIs in 2024, our next step
involves integrating the remaining components of INTEGRA with their counterparts in MCRA

For direction B of interoperability, representative consumption and concentration data on the exposure to
bisphenol A (BPA), from a Dutch study kindly provided by RIVM [Dietary sources of exposure to bisphenol A in
the Netherlands, P. E. Boon et al. (2018)], have uploaded to MCRA (mcra.rivm.nl), where they will become
available as data sources for running dietary exposure actions. Consequently, the privacy-sensitive
consumption and concentration input data will reside at the protected environment of RIVM, and this raw data
will not be shared with AUTH. The results of running a dietary exposure action consists of summary statistics
of exposure percentiles and a full dataset on the individual day exposures, ordered by substance. The aim is
to share the resulting exposure percentiles with INTEGRA, where it can be combined with the non-dietary
exposures.

In this scenario, the data sharing is facilitated through a REST APIl. MCRA operates as a web application, thus
data communication between the frontend and the backend already occurs via a Web API. As an initial proof
of concept, existing endpoints of this Web API were utilized in the case study. Dietary exposure percentiles
were successfully retrieved through the Web API following the dietary exposure action on BPA conducted in
MCRA. This proof of concept was executed within a test application, outside INTEGRA. A key advantage of the
Web API is its versality 1 it can serve multiple purposes, including facilitating communication between the
MCRA frontend and an external application.

This initial exercise revealed that the endpoints of the MCRA Web API have been purposefully developed for
the frontend, adhering to the Backend For Frontend (BFF) design pattern. The BFF is closely integrated with a
particular user experience and is typically maintained by the same team as the user interface. This approach
simplifies the process of defining and adapting the API to meet the requirements of the Ul, while also
streamlining the coordination of releases for both client and server components. It may be tempting to argue
for the development of a more general-purpose backend, capable of accommodating processes beyond the
frontend, as a one-size-fits-all solution. However, in practice, various API clients may necessitate different calls,
in different sequences, rendering a general-purpose API cumbersome to manage. Additionally, relying on a
single backend API can create bottlenecks during the rollout of new releases. A logical next step would involve
extending the existing API of the MCRA backend to include endpoints specifically tailored for external processes
within the modelling network, such as INTEGRA. Although these new endpoints may follow a different workflow
sequence, the underlying code logic will require minimal modification and can build upon the existing
implementation.

Both of these approaches - the manual data transfer through the Excel file and the automatic transfer via the
API - will be further investigated to achieve the overarching objective within the PARC model network:
facilitating a more seamless exchange of information, data, and results between these two tools automatically.

5.3 Uncertainty of different model types and its propagation

In models that encompass diverse domains/classes interconnected in extensive workflows, uncertainty
undoubtedly plays a significant role. The quantification and qualification of uncertainty as it propagates across
these domains is crucial in achieving a comprehensive outcome, ultimately leading to more accurate risk
assessments and conclusions. Therefore, integrating general strategies in the PARC model network for
quantification of uncertainties throughout workflows is of great importance.

As a starting point development, implementation, and validation of uncertainty analysis on the smaller scale of
a case study was undertaken. This practical approach will result in a real-life guidance, ensuring stakeholders
derive maximum benefit rather than relying only on theoretical concepts. This will feed establishment robust
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strategies and guidance for handling uncertainty in large workflows that could be applied for different model
types and compounds.

Accomplishment of this objective will be carried out in collaboration with PARC T7.3.2, which focuses on
qualitative and quantitative estimation of uncertainties at the different steps within a workflow, and the
methodological approaches used for propagation of the uncertainties across the workflow. A list of models in
PARC and various methods for uncertainty assessment across these models will be compiled within T7.3.2
and T8.3. Relevant outcomes will be implemented in the PARC integrative model network.

The case study T7. 3. 2 ARARBK madslswéRFAS eaplosura im buenans and mevenge |

dosimetry (uncertainty in PFAS exposure)o functions

T7.3.2 and T8.3. The case study aim is development of the method for uncertainty assessment and its further
implementation on a user-friendly PARC platform (e.g. MCRA). To reach this aim, the case study will serve as
a practical tool with a focus on uncertainties in input data, model parametrization and uncertainty propagation.

5.3.1 Workflow description and tools

The PFAS case study will establish and implement a selected PBK model for exposure to PFAS for some
subgroups from the European population and will use the PBK models to link internal and external exposure.

The workflow of the PFAS case study is harmonized with the workflow of the integrative risk assessment case
study (Section 5.1, Figure 9) and presented below.

-
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po: St Re_\rerse €Dls Comparison EDls P
assessment parametrization dosimetry modelled/observed assessment

—

- = Data module = Calculation module E— Module connection /

direction of data flow

Figure 36: Schematic overview of the case study fAAsessment
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the integrative risk assessment case study (Section 5.1, Figure 9).
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Figure37: Schematic overview of the case study i As segpsssrmient o
humans and reverse dosimetry (uncertainty in PFAS expos
and software tools.

The workflow includes six calculator modules that require five input data modules (Figure 36 and Figure 37),
most of the modules are common with the workflow of the integrative risk assessment case study (Section 5.1,
Figure 9). The alignment of the workflows is foreseen in Year 3 of PARC. In the initial stage of the case study
R software environment is the main software tool that will be used across the workflow. In the final stage, the
workflow will be integrated within the framework of integrative risk assessment (section 5.1) and implemented
in a user-friendly platform MCRA (https://mcra.rivm.nl). Table 19 contains description of the calculator modules
and Table 20 contains input data modules described, the software tools are presented in Table 21. Table 19
represents calculator modules description specific to the PFAS case study, however, Table 8 (Section 5.1)
contains more general description of the common modules.

Table19: Summary of the calculator modules in the workfl ow f
model s of PFAS exposure in humans and reverse dosimetry
boxes in Figure 36) serve as inputs to these calculator modules. The modules names are consistent with Table 8
(Section 5.1), the description is specifically focused on the PFAS case study.

Module Description

HBM exposure assessment | The step of the HBM exposure assessment involves a combination of the
HBMA4EU data from the PEH platform (Human Biomonitoring for Europe,
further utilization of previously collected data in T4.1.4.2), specifically PFASs
individual concentrations in blood serum and physiological data plus life-
style factors of the corresponding participants. Distribution of PFAS
concentrations, physiological parameters, and dietary habits (from
guestionnaire data) and other lifestyle factors will be used for calculation and
selection of important exposure factors. HBM exposure will be assessed for
certain European population subgroups (in this case teenagers in up to nine
European countries).

Since the HBM exposure data are available in a form of individual records
(in order of hundreds of participants form the aligned studies), the result will
have a form of a list of estimated statistical distributions expressing both the
typical value and uncertainty of the exposure (depending on particular
inputs, see below) for each of the participants. Moreover, a total variability
of the participants will be expressed in a form of composed statistical
distribution. Technically, output of this step will be an R named list in an .rds
file or .csv/.xIsx file adapted according to a set-up of MCRA tool for the next
step of reverse dosimetry.

PBK model+parametrization | The PBK model will be used via reverse dosimetry that will provide estimates
of PFASs daily intakes (EDIs, doses) that would result in the measured
biomarker concentration. Whereas a forward dosimetry takes estimated
intakes and parameters of a PBK model as inputs and provides estimates of
HBM exposure as an output, in case of the reverse dosimetry HBM exposure
serves as an input and the EDIs are provided as an output of that PBK
model.

Different methods, usually based on Monte-Carlo Markov-Chain technique
have been recently used to successfully characterize uncertainty in PBK
models parametrization, based on known inputs (EDIs) and outputs (internal
exposure). However, in that case, the same methods will be used to rather
characterize the uncertainty in EDIs (eg. Metropolisi Hastings algorithm),
using known parametrization (including uncertainty, see below) and HBM
exposure of the model.
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A selection of the most appropriate PBK model is now ongoing in
collaboration with partners from T6.2.2 and T6.2.3 based on a review of
PFAS PBK modelsThe ongoing review follows the OECD Guidance No. 331
checklist, assessing PBK models based on specific criteria. The guidance
document provides an evaluation framework for assessing these models in
terms of uncertainties in the inputs and outputs of the models. Consequently,
the selected model will be implemented in R language within the MCRA tool.
Detailed structure of the input and output data format will depend on the
selected model, however both will be named lists in R, stored as .rds files.

A set of parameters required by the PBK model will stem from the model
selection. In general, the parameters were defined in T6.2.2 and T6.2.3 and
they consist of both general and individual physiological parameters,
chemical specific parameters, and exposure parameters defined by
literature search (absorption, distribution, excretion and partition coefficients
derived using in vitro methods).

Based on a present state of knowledge, most of the parameters will be
represented by statistical distribution constructed from values known from
scientific literature and PBK models research. In cases of parameters with
sufficient number of measurements, the distribution may be constructed
empirically, otherwise the uncertainty will be estimated using expert
solicitation. In extreme cases where no measurements are available
(especially for less common PFASs), quantitative structure-activity
relationships models (QSAR) may be used to estimate the compound-
specific parameters from the known structure properties of the compound.

External exposure
assessment

The long-term external exposure will be modelled by a combination of
consumption patterns of the selected population subgroups (life-style
patterns) and known contamination of food and drinking water by PFASs
(review of PFAS dietary). This will allow to estimate the typical values as well
as an uncertainty of EDIs for individual participants of the case study.

In order to be comparable with the results of the EDIs estimation based on
the internal exposure, the external exposure model results will be stored in
form of a named list in a .rds file.

Comparison
modelled/observed

The final step of the workflow aims to compare estimated individual daily
intakes that were derived from HBM exposure and estimated daily intakes
calculated from external exposure. Not only a relatively high level of
uncertainty may be expected on both sides of that comparison, but also the
comparability is limited due to the fact that the HBM exposure reflects the
whole scale of external effects (including air, dust, dermal exposure etc.)
whereas the external exposure modelling is limited to food and drinking
water contamination. This fact needs to be carefully interpreted and
emphasized when comparing the final results from both sides of the
workflow.

Table20: Summar y
model s of PFAS

the input data modules in the workfl ow
exposure in humans and reverse dosimetry

Module

Description

HBM data

The data include parameters of individual blood serum samples such as
sample ID, sampling date, matrix, country and/or region and PFASs
concentrations and limits of detection (LODs) and quantification (LOQs).
Technically, structure of the data follows codebooks of the PEH platform
AfBasi cCodebook_ _v2.30 and fABi omar ke
data is .xlIsx, and .rds will be used for further HBM exposure calculations.
Uncertainty of PFASs concentrations at individual level consists of the
specified accuracy of the chemical measurement (not available at the
moment) and a possible left-censoring of the concentration values below
LoD and LoQ. In case of censored values, a triangular statistical distribution
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is assumed beginning in 0 (with zero probability density) and linearly
increasing up to the limit value. This will allow to use the data within various
methods of uncertainty propagation (analytical x Monte Carlo etc.).

Physiological data Second component of the HBM exposure contains physiological data of
participants such as sex, age, height, weight, BMI, organ volumes and blood
parameters (blood lipids and proteins concentration, waist circumstance
etc.) that may be essential to fulfii PBK model requirements. As in the
previous case, the structure of the data follows codebook of the PEH
platform ABasicCodebook_v2.30 wher
other cases new variables (organ volumes) will be added to the codebook.
Therefore, the input format of the data is .xIsx, and .rds will be used for
further HBM exposure calculations.

Although the directly measured parameters are less uncertain, the accuracy
still plays a role (eg. rounding of age or weight) and will be characterized in
means of a statistical distribution. For parameters which can not be directly
measured a qualified estimate will be conducted based on the other known
parameters (eg. organ volumes estimated from sex and weight by modelling
tools such as the PopGen) and characterized in means of its uncertainty.

QSAR prediction QSAR (quantitative structure-activity relationships) models allow the
estimation of properties of compounds based on their structure. The output
of QSAR could be certain coefficients or other values to complete the PBK
model parametrization for PFAS where data from in vivo and in vitro
studies are not available.

The case study outcome in this step is a set of values to fulfill parameters
specific for PFAS related to ADME etc.

Occurrence data Extensive number (n = 27,058) of PFASSs records in food and drinking
water were collected from scientific papers and country reports. The data
contain codes assigned to each food item and drinking water harmonized
according to Exposure hierarchy Level 2 and Level 1 of the food
classification and description system FoodEx2 by EFSA, version 2019.
Despite the codes of the food items, the database contains information on
a number of samples, country of consumption, and a country of food origin.
Based on review of statistical distributions within the food categories, log-
normal distributions were used to characterize the uncertainty in PFAS
dietary, representing each combination of a country and a food item by one
statistical distribution (geometric mean and geometric standard deviation).
Further investigation is needed to determine if PFASs concentration in food
and water significantly change in time. In such case, parameters of the log-
normal distribution will be derived as time-dependent, removing part of the
total uncertainty in PFASs dietary.

Technically, the PFAS occurrence data is stored in a form of a .xIsx sheet,
segmented according to the Level 1 and 2 of the food classification and
description system FoodEx2 by EFSA.

Dietary survey Second set of inputs for the external exposure modelling consists of
individual frequencies of consumption by food items ascertained in form of
questionnaires filled by the study participants and portion sizes defined by
EFSA (https://www.efsa.europa.eu/en/data-report/food-consumption-data).
High uncertainty may be expected in the frequency-of-consumption data
since the self-reporting bias is typically present in this type of data. Another
source of uncertainty is represented by standard portion sizes which may
vary within an order of magnitude. As before, these uncertainties will be
characterized in form of statistical distributions and treated by some of the
methods for uncertainty propagation (analytical or Monte-Carlo).

Four tools/models are foreseen to be used in the workflow where the R software environment is the major tool
to perform all the steps of the workflow in the initial stage (Table 21). The selected PBK model(s) for PFAS is
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the core of the workflow allowing to perform the reverse dosimetry calculations to estimate external exposure

from HBM exposure.

Table 21: The software tools and its application in the different modules of the workflow.

Software/tool/model

Module

Description

R software environment
(https://cran.r-roject.org/)

All modules

R is a software environment for statistical
computing. In the workflow it is considered
as the primary tool for structuring and
harmonizing inputs as well as performing
calculations in the calculator modules.

To perform all workflow steps offline, R
scripts will be stored in the PARC Data
Hub that will make the workflow
accessible to other R users. However, for
enhanced reach of the workflow to other
users it will be implemented into the
MCRA tool within the framework of T6.2
integrative risk assessment in
collaboration with T8.3.

MCRA software
(https://mcra.rivm.nl)

All modules

The web-platform is considered to be the
primary user-friendly interface of this
workflow in the final stage because it
provides functionality for many modules of
the workflow. MCRA is used as primary in
the T6.2 integrative risk assessment within
which framewaork the current workflow will
be integrated. At the current stage MCRA
cannot provide full functionality of the
workflow, however, missing functionality is
foreseen to be completed. For instance,
MCRA will allow to perform comparisons
between predictions of external exposure
derived from HBM data and external
exposure of the same individuals from
dietary survey and concentration data.

PopGEN
(https://xnet.hsl.gov.uk/popgen/)

Physiological data,
HBM exposure
assessment

PopGen is designed to produce data that
forecasts realistic variations in anatomy
and physiology across human
populations. The tool can be used to
estimate physiological parameters which
cannot be directly measured based on
those parameters that are known.

Selected PBK model/models for
PFAS

PBK
model+parametrization

Selected PFAS PBK model(s) for the
corresponding European subpopulations
that fulfills requirements predefined for this
case study.

QSAR PBK QSAR models are mathematical models
model+parametrization | that allow to predict properties of
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compounds based on their structure. This
tool is required to fulfill the PBK model
parametrization module when certain
coefficients/values are needed and not
available from in vivo/in vitro studies.
Thus, these coefficients/values need to be
defined.

5.3.2 Implementation: input data, description of modelling steps, and accessibility

Figure 37 demonstrates the workflow schema with a focus on input/output data, modelling steps and software
tools. The workflow consists of two main data flows HBM exposure and external exposure pathways. The HBM
exposure pathway aims to estimate PFAS individual EDIs using the reverse dosimetry while the external
pathway will estimate PFAS individual EDIs of the same population using PFAS occurrence data and
consumption patterns. The final step of the workflow is the comparison of the corresponding EDIs that is one
of the outcomes. The uncertainty assessment will be conducted throughout the entire data flow (input data,
calculator modules, etc.) and represents the main outcome reflecting the focus of the case study.

R, an open-source software environment, will be used at first as the major tool for performing all modules of the
workflow at the current stage. All R scripts will be available for users in PARC Data Hub where users can
download them and run in R with their input data. The scripts can be run directly in the R script editor or more
user-friendly interface, e.g. RStudio. However, due to the aim of the workflow and its intersection with T6.2
integrative risk assessment (Section5.1), it is rational to integrate the current workflow into the framework of
T6.2. Considering MCRA as a major tool in the T6.2 workflow that is accessible to more potential users, the
final PFAS case study workflow will be implemented into MCRA (https://mcra.rivm.nl) as well.

The input data should follow data standards mentioned in Table 22. The HBM data standard represents the
main standard of input data for HBM exposure estimation, while the FoodEx2 system should be applied for
certain parameters of PFAS occurrence data (Table 22). For the workflow implementation into MCRA, the input
data should follow MCRA data standards that could be found in Table 10 (Section 5.1).The main aim of the
case study (as stated above) is development of the uncertainty analysis, with implementation into MCRA along
with associated guidance that will be applicable to various PBK models and compounds. However, MCRA
already has a general approach of uncertainty assessment by way of 2D Monte Carlo method. 2D Monte Carlo
method will be performed to assess uncertainty of HBM and external exposure estimations to PFAS. Monte
Carlo simulation represents a statistical approach that employs random sampling for the modeling and analysis
of complex systems. In the scope of uncertainty assessment, Monte Carlo methods are often employed to
estimate the range of possible outcomes and associated uncertainties in a system. Specifically, 2D Monte Carlo
involves implementing Monte Carlo simulation within a two-dimensional parameter space. This technique is
commonly used when there are two uncertain variables affecting the system, and the goal is to understand the
combined effect of these uncertainties on the overall outcome.

This method will be expanded with implementation of the uncertainty methodology developed in the PFAS case
study. The methodology will allow to quantify uncertainty of different data sets; thus, its application will not be
limited by the case study only. Based on this methodology will be developed a general strategy and guidance
for uncertainty analysis across workflows with several linked models.

Table 22: Overview of data standards used for input data source in the PFAS case study workflow in Figure 36 and
Figure 37.

Data Data standard Description

HBM data, 1 HBM Basic Codebook and The codebooks represent data

physiological data Biomarker list harmonization formats for HBM4EU and
physiological data. The data should
speci fically follow Ff
AiBi omarkerList v2.25¢(
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PBK model review

 OECD Guidance No. 331
checklist

The checklist provides a set of criteria for
assessing PBK models. Following the
checklist allows to select a PFAS PBK model
that meets study requirements.

Occurrence data

1 The FoodEx2 system

The system represents a standardized
method for classifying and describing food.
Food codes of the PFAS occurrence data
should be harmonized according to
Exposure hierarchy Level 2 and Level 1 of
the system FoodEx2, version 2019.

PBK model

1 PARC FAIR PBK standard
(SBML)

The PFAS PBK model of the workflow will
follow the PARC standard for PBK models
based on SBML.

5.3.3 Main output

The output of the workflow is presented in Table 23. The HBM and external exposure pathways end up with
estimated central values of daily intakes for each individual (EDIs) which undergo through comparison. The
main outcome of the workflow is uncertainty assessment throughout the workflow i uncertainty assessment of
the input data and the selected PFAS PBK model itself, and uncertainty propagation across the workflow

modules.

Table 23: Overview of the output of the workflow for the PFAS case study.

Output

Module Type File Format(s) | Description

Comparison of EDIs

Comparison | Table xlIsx, csv

The output represents a table with

central values modelled / estimated central values of daily
observed intakes for each individual derived
from HBM and external exposures.
Uncertainty Throughout | Table xIsx, csv Except of central values of EDIs
assessment the entire estimates, the complex uncertainty
data flow assessment will stem out of individual
process uncertainties of all data inputs

(chemical measurement of internal
concentration, uncertainty in food
questionnaires, variable concentration
of PFASs in different food items,
population variability) and also from
the selected PBK model .

Central values of EDIs will be
supplemented by a probabilistic
distribution of the values (e.g.
confidence intervals).

However, all outcomes can be categorized into specific findings directly related to the case study itself and
more general that are relevant to other model types and compounds. The outcomes that are relevant to T8.3
will be implemented and incorporated in collaboration with T8.3.

The relevant findings that are specific to the case study and will be incorporated into T8.3:

1. Development of the case study workflow, followed by the validation of the model network.

2. Development and integration of the uncertainty analysis, with implementation into MCRA along with
associated guidance. This guidance has the potential for application across various PBK models and
different compounds.

3. Implementation of the PBK model into MCRA.

4. Uploading the collected data on PFAS occurrence in food and drinking water into MCRA.

Additionally, the scope of these specific outcomes will be expanded to encompass general applications within

T8.3:
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1. Contribution to a model inventory within the WP7 PARC Data Hub, initially focusing on PBK models
and subsequently extending to other models (Section 5.3.1).
2. Preparation of a scoping document regarding uncertainty analysis approaches between domains in the
model network.
3. Development of a general strategy and guidance for uncertainty analysis across domains (uncertainty
propagation in workflows with several linked models).
Therefore, the case study will expand uncertainty analysis to encompass model networks more broadly,
exploring how uncertainty propagates between domains enabling qualify and assess this uncertainty throughout
the data flow process across domains.

Validation of the workflow

Validation of the workflow is in progress and can be characterized by a self-validating nature. As it was stated
above, the workflow is divided into HBM and external exposure pathways, culminating with PFAS EDIs for each
individual that undergo through comparison. Due to absence of authentic PFAS EDIs for these input data to
compare with, it poses a challenge to perform a comprehensive workflow validation, hence, ii t e s &ligns g 0
more accurately with the current state of validation. Since the selection of the PFAS PBK model(s) and a request
of access to HBM4EU data are ongoing, validation/testing could be performed on MU data (the CELSPAC
study, human biomonitoring data and life-style patterns of young adults) using kinetic conversion factors instead
of still being selected PBK model. The internal data request for the CELSPAC life-style patterns data was
applied and validation/testing will be performed as soon as the data is available. The validation/testing will
represent estimation of PFOA and PFOS EDIs from the CELSPAC HBM exposure data using kinetic conversion
factors, and PFOA and PFOS EDIs from external exposure data based on the CELSPAC consumption patterns
and PFAS occurrence data for Eastern Europe collected from scientific papers and country reports. Afterwards
the individual EDIs will undergo comparative analysis, thus, this validation process could be characterized as
self-validating.

Additional way of the workflow validation is foreseen during Year 3 of PARC since MCRA will allow to perform
comparisons between predictions of external exposure derived from HBM data and external exposure of the
same individuals from dietary survey and concentration data. Thus, using artificial data (if other observed data
is not available at that point) the workflow will be performed in R and MCRA with subsequent comparison of the
results between these tools. Demonstration of the workflow

Considering that MCRA already contains some workflow modules, MCRA was used to demonstrate an
application of some workflow parts. All the input data was harmonised according to MCRA data standards and
uploaded into the software. MCRA represents a user-friendly web tool that could be used for risk assessment
of various compounds, human monitoring analysis and exposures. The demonstration follows the workflow in
its simplified version: the HBM exposure pathway using HBM data and a conversion factor instead of a PBK
model, and the external exposure pathway using artificial consumption patterns and a part of the PFAS
occurrence data. The MCRA action fHuman monitoring analysiso was used for HBM exposure pathway
demonstration aiming to convert the internal blood PFOA concentrations (ug/L) to the estimated daily intake
(Mg/kg bw/day) using a preliminary conversion factor of 1. The action derives substance concentration estimates
from the input HBM data. The input data was presented by the CELSPAC human biomonitoring data, 291 blood
PFOA concentrations in Czech young adults from 18 to 37 years old. The uncertainty analysis (two-dimensional
Monte Carlo simulation) was also performed in MCRA with 1000 iterations.

The interface of the AHuman nedmiFigwe3B.Tle main edmegndsiobtibe MCRA pr e s
interface are described in Section 5.1. Figure 39 shows the MCRA user interface of the mo d u | Humaih

bi omoni t or i ngpleadiantmenu,for thdnHBM data source which will be used in the human monitoring
analysis. The input data is presented by PFAS blood concentrations of the CELSPAC study (i Hu ma n
monitoring data source0), and specification of the substance for the analysis (il npu-t*&8%ubst gances.
Specific settings should be set up for recalculation HBM exposure to external int he modul e fAHuU
moni tor i ng , '&Homan ynenitering analysis settingsd where a s el e ct Coovert to fsingfie
exposure surface (biological matrix or external route)o i s r éFigure 39g d
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Figure 40 demonstrates some graphical outputof t he fAHuman moni t,@aroxplayof theyal y s

external exposure to PFOA (ug/kg bw/day) calculated from an HBM exposure (ug/L), and a table covering
lower (2.5%) and upper (97.5%) uncertainty limits.

MCRA / = DE training by WUR / M Human monitoring a...

Exposure, Hazard & Risk Assessment workspace action

— Human monitoring analysis E & = @ ¢ >

~ Human monitoring analysis action

uman monitoring analysis / Human monitoring data
2 summary H itoring lysis / Hi itoring dat
:O: Populations v
6 Sibatances v Human monitoring data Y
Q Human monitoring analysis v
, Human monitoring data data source
Q Active substances v
— > Copy of 230915_CELSPAC_YA_pfas_metals_KKomprdova_oprava_lod-log_odeslano — CORRECTED.xIsx  v1 /7
&= Human monitoring data V|
u Output settings
Inputs
3_;" Uncertainty analysis v
Populations v
‘= Results
Substances (1 selected) v

Human monitoring data data selection
4 »

Figure 38: MCRA user interface showing the selection menu for the HBM data source which will be used in the
human monitoring analysis. The input data is presented by PFAS blood concentrations of the CELSPAC study, one
substance (PFOA) was selected.
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v
0 Human monitoring analysis v
[] Apply exposure biomarker conversions
2 Active substances v
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&= Human monitoring data v Target level *
Internal hd o
m QOutput settings
Biological matrix *
:_;" Uncertainty analysis v Blood serum v o
‘= Results Kinetic conversion method *
\ Convert using conversion factor of 1 g 0)
[ Perform MCR analysis o

Figure 39: MCRA user interface showing Human monitoring analysis. The selection of conversion to single
exposure surface is required for recalculation of HBM exposure to external exposure.
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Figure40:OQut put of the AHuman monitoring analysisd action

(Mg/kg bw/day) calculated from an internal HBM exposure (ug/L), a boxplot and a table covering lower (2.5%) and
upper (97.5%) uncertainty limits.

For external exposure pathway demonstration, the option from the MCRA menu titled fDietary exposuresowas
used to estimate amount of PFOA (ug/kg bw/day) to which the participants are exposed to per day based on
their consumption patterns. The input data was presented, first, by PFAS occurrence data (PFASs
concentrations in food and drinking water) that was collected from scientific papers and country reports.
Second, individual consumption patterns and physiological parameters were generated to represent example
life-style patterns of CELSPAC young adults (314 individuals). The diet covered 34 food and beverage
categories harmonized according to Exposure hierarchy Level 2 of the system FoodEx2, version 2019. Median
portion amounts were calculated based on the EFSA Comprehensive European Food Consumption Database,
version 2022. The uncertainty analysis (two-dimensional Monte Carlo simulation) was also performed in MCRA
with 1000 iterations. The i nt er Daetaofy theod ur €Eiguée 41 anditphowsshe selectiah
menu of input data modules for dietary exposure modelling, A | nWsing thedfood consumption data
(Consumptions0) and PFAS oc€oncemt¢cetallabmed il e A Di eektimates
amounts of substances (PFOA in this case) to which the CELSPAC young adults are exposed from their diet
per day. Figure 42 demonstrates some graphical output of the iDi et ar y aoctigno(a)warpmtsod
cumulative acute dietary exposure distribution, (b) boxplots of uncertainty of percentiles, (c) a table of exposure
percentiles, (d) a table of exposure percentages, (e) a boxplot of uncertainty of limits, and (f) a pie chart of
contribution to total exposure distribution for modelled foods.
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Figure 41: MCRA user interface showing the selection menu of input data modules for dietary exposure modelling.
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