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Abstract

The Threshold of Toxicological Concern (TTC) is a pragmatic approach used to establish safe
thresholds below which there can be no appreciable risk to human health. Here, a large inventory
of ~45,000 substances (referred to as the LRI dataset) was profiled through the Kroes TTC
decision module within Toxtree v3.1 to assign substances into their respective TTC categories.
Four thousand and two substances were found to be not applicable for the TTC approach.
However, closer examination of these substances uncovered several implementation issues:
substances represented in their salt forms were automatically assigned as not appropriate for
TTC when many of these contained essential metals as counter ions which would render them
TTC applicable. High Potency Carcinogens and dioxin-like substances were not fully captured
based on the rules currently implemented in the software. Phosphorus containing substances were
considered exclusions when many of them would be appropriate for TTC. Refinements were
proposed to address the limitations in the current software implementation. A second component
of the study explored a set of substances representative of those released from medical devices
and compared them to the LRI dataset as well as other toxicity datasets to investigate their
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structural similarity. A third component of the study sought to extend the exclusion rules to
address application to substances released from medical devices that lack toxicity data. The
refined rules were then applied to this dataset and the TTC assignments were compared. This case
study demonstrated the importance of evaluating the software implementation of an established
TTC workflow, identified certain limitations and explored potential refinements when applying
these concepts to medical devices.
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1. Introduction

The Threshold of Toxicological Concern (TTC) is an approach intended to establish

safe thresholds below which there can be no appreciable risk to human health [1,2].

There are 2 types of TTC —a DNA-reactive TTC and those for non-cancer effects. The
DNA-reactive TTC devised by Rulis (1986) [3] was derived by low-dose extrapolation of
carcinogenicity data from animal studies to define human exposures associated with an
upper-bound estimate of one in a million cancer risk. The carcinogenicity data relied on
the carcinogenicity potency database (CPDB) developed by Lois Gold and colleagues [4].
This TTC, termed the Threshold of Regulation (TOR) was set at 0.5 ppb. The workflow
for the assessment of TTC proposed by Kroes et al. [2] has 0.0025 pg/kg-day as the

lowest TTC tier for substances that raise a concern of genotoxicity determined on the
basis of structural alerts for DNA reactivity. For substances without structural alerts for
DNA reactivity, a series of non-cancer TTC tiers, are used which are predominantly based
on the Cramer et al. decision tree [5]. Derivation of these non-cancer TTC values arises
from work by Munro et al. (1996) who compiled a database of No Observed Effect

Levels (NOELSs) for 613 substances that had been tested in repeat-dose oral toxicity studies
including subchronic, chronic, reproductive and developmental toxicity [6]. In cases where
there were multiple NOELS for a given substance, Munro et al. [6] selected the lowest

one (there were a total of 2941 NOELSs for the 613 substances). The substances were then
assigned to the appropriate Cramer structural class, and cumulative distributions of the
logarithms of NOELSs were plotted separately for each structural class. Adjustments were
made to extrapolate subchronic NOELSs to chronic, and Lowest Observed Effect Levels
(LOELSs) to NOELSs as appropriate. The 5th percentile NOEL was estimated for each
structural class, which then was converted into its respective TTC value by applying a
safety factor of 100 (10X to account for extrapolation of animals to humans and 10X for
human variability). The TTC values established by Munro et al. [6] were 30 ug/kg-day

for Cramer Class I, 9 pg/kg-day for Cramer Class Il, and 1.5 pg/kg-day for Cramer

Class 111 substances. Certain chemicals are excluded from the TTC approach because they
were not represented in the original toxicity databases supporting TTC (e.g., metals or
metal containing compounds, organosilicons, proteins) or because standard risk assessment
approaches are more appropriate (e.g., 2,3,7,8-dibenzop-dioxin (TCDD) and its analogues,
high potency carcinogens such as A-nitroso compounds).
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Although the origins of the TTC lie in food ingredients, food additives and food contact
materials, the approach is increasingly applied in many other sectors such as cosmetics [7],
fragrances [8], pesticides [9-12], and pharmaceuticals [13]. For example, the TTC approach
is used to assess genotoxic impurities in pharmaceutical active ingredients [14]. More
recently, an approach for prioritising large numbers of chemicals using a TTC approach

has been proposed [15]. The TTC approach also formed a component of the EPA Proof-
of-Concept case study integrating publicly available information to screen candidates for
chemical prioritisation under TSCA [16]. The workflow in Patlewicz et al. [15] relied on that
proposed by Kroes et al. [2] and highlighted a couple of key issues: 1) how to benchmark
the approach against a large inventory of chemicals whose TTC assignment were already
established and, 2) challenges in adapting the module within Toxtree to accommodate batch
processing of substances for which the exposure was not defined a priori. The study also
identified a number of issues around the way in which organophoshates and carbamates
were identified, and refinements were made in Nelms et al. [17] to address some of these
specific short comings.

A question raised in both Patlewicz et al. [15] and Nelms et al. [17] regarded the
implementation of specific questions in the Kroes TTC decision tree module as implemented
in Toxtree 3.1 (Ideaconsult Ltd — https://sourceforge.net/projects/toxtree/files/). This is
challenging in that much of the TTC literature published has proposed refinements or
evaluated TTC approaches focused solely on the Cramer structural classes without a clear
articulation of how a determination was made for the remaining aspects of the Kroes
workflow. Indeed, processing the enriched dataset used in Yang et al. [7] finds instances
where substances might be excluded from the TTC approach or assigned as DNA-reactive
based on the presence of structural alerts (unpublished). Another shortcoming in the Kroes
module in Toxtree is that an exclusion exists to address substances that are dioxin-like;
presumably due to their bio-accumulation potential and persistence; yet there are no explicit
structure-based or property-based rules to capture these exclusions. The dataset used in
Nelms et al. [17] contained Per- and polyfluoroalkyl substances (PFAS)-like substances

but the Kroes decision tree module within Toxtree did not identify these substances as

out of scope of the TTC approach. On a case-by-case basis, a substance likely to be bio-
accumulative would be unlikely to be a candidate for assessment through the TTC. However,
if the scenario is to use the TTC approach to prioritise large numbers of chemicals, then

a more robust means of systematically addressing these types of considerations is needed.
Reconsidering what constitutes an exclusion in the TTC approach and whether refinements
to the software implementation within Toxtree are potentially needed particularly in the use
case of profiling large numbers of chemicals.

One such example is the ability to identify whether a substance is a candidate for TTC

in the context of a toxicological risk assessment of leachables released from an FDA-
regulated medical device. The International Organization for Standardization (ISO) technical
specification 1ISO/TS21726:2019 describes a set of TTC exclusions for assessing medical
device constituents that have been compared against the more generic guiding principles
described in Kroes et al. [2]. Kroes et al. [2] describes how polymers, proteins, radioactive
constituents, high potency carcinogens, and dioxin-like substances are excluded. This is
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replicated in the European Food Safety Authority and World Health Organisation (EFSA/
WHO) 2016 guidance [18].

This case study had three main aims to: 1) perform a closer evaluation of the exclusion
rules as implemented in the Kroes module within the Toxtree software tool and propose
refinements if necessary, 2) assess the chemistry landscape of substances released by
medical devices relative to other inventories where TTC is used or can be applied and,

3) apply the revised set of exclusion rules to the Extractables and Leachables Safety
Information Exchange (ELSIE) dataset (described in more detail in Masuda-Herrera et al.
[19]), a dataset of extractables representative of the medical device chemical space.

The intent of the first aim was to evaluate the exclusions implemented in the Kroes Toxtree
module and consider whether these needed to be refined in any manner. A large inventory of
over 45,000 substances, first compiled by Scitovation as part of an ACC LRI funded project
(since published in Nicolas et al. [20]), had already been profiled in Nelms et al. (2019) and
served as a comprehensive inventory of chemicals representing multiple industrial sectors
from pesticides, cosmetics and industrial chemicals. This inventory, referred to herein as
the ‘LRI dataset’, would be a suitable one for use in this evaluation. Aim 2 was to explore
whether the landscape of medical device substances being considered for TTC assessment
is similar to other sectors based on their chemistry. This would help determine whether

the chemistry is unique and, furthermore, to scrutinise whether there are specific types of
chemical functional groups that are over or underrepresented in the TTC training set. Aim 3
would apply the learnings from the previous steps to the ELSIE dataset.

2. Materials and Methods

2.1. Datasets

The assessment of the chemistry landscape focused on several specific datasets: a dataset

of representatives from the medical device chemical space, the ELSIE dataset, the LRI and
Munro TTC datasets that had been profiled in Nelms et al. [17] and the EPA Toxicity Values
Database (ToxValDB). An earlier version of ToxValDB (version 7) had been profiled in
Nelms et al. [17]. Here a later version of the dataset (version 9.1) was used.

2.12. ELSIE dataset

The dataset of representatives from the medical device chemical space was taken

from the EPA CompTox Chemicals Dashboard [21] (https://comptox.epa.gov/dashboard/
chemical-lists/ELSIE). This list named ELSIE, the Extractables and Leachables Safety
Information Exchange, comprised 457 substances (last updated 16th November 2019). The
list contained preferred names, DTXSIDs (DSSTox Substance Identifiers), CAS Registry
numbers and structural 1D representations as Simplified Molecular-Input Line Entry
System (SMILES). The set of identifiers were queried against the Dashboard to retrieve
QSAR_READY_SMILES. The final ELSIE list with SMILES comprised 414 substances.
Substances for which SMILES could not be readily determined were mainly inorganics,
reaction products and polymers. Examples included sulfur, fluoride, alumina, hydrocarbon
waxes, Polymethylsilsesquioxane (silsesquioxanes, Me), epoxidised soybean, and talc. The
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ELSIE list from the Dashboard was used since a master list of extractables from devices
does not exist. Whilst this set is representative of extractables that may be released from
devices, the list primarily represents substances released from pharmaceutical packaging and
drug delivery systems and as such may not cover the full chemical space of device-related
extractables.

2.13. LRI dataset

A publicly available inventory of chemicals (~45,000 substances) along with their TTC
category assignments that were reported by Scitovation as part of ACC LRI supported
research (first accessed 28th June 2019) formed the benchmark comparison inventory. This
inventory had been profiled into its respective TTC categories in Nelms et al. [17]. The
dataset comprised DTXSIDs, SMILES and TTC assignments. The TTC assignments relied
upon in this study were those reported in Nelms et al. [17]. There were 45,038 substances in
the LRI dataset, of which TTC assignments were available for 45,017 substances.

2.14. Munro TTC

The dataset underpinning the TTC values published by Munro et al. [6]

comprising 613 substances was used as one toxicity dataset comparator.

SMILES had been assigned in Nelms et al. [17] hence the supporting

data files associated with this publication were used directly (hosted

at https://gaftp.epa.gov/Comptox/CCTE_Publication_Data/CCED_Publication_Data/
PatlewiczGrace/CompTox-TTC_evaluation_refinements-regtoxpharm/).

2.15. EPA Toxicity Values Database (ToxValDB)

The EPA Toxicity Values Database as compiled by RS Judson and hosted at https://
gaftp.epa.gov/Comptox/Staff/rjudson/datasets/Tox\ValDB/ was used as a second comparator
toxicity dataset. Tox\ValDB consists of a collection of summary level in vivotest data from
a variety of study types typically used in risk assessments. It comprises point of departure
(POD) values such as the no observed (adverse) effect level NO(A)EL and lowest observed
(adverse) effect level (LO(A)EL) data. These data have been aggregated from over 40
publicly available sources including US Federal and State agencies (e.g., US EPA, US Food
and Drug Administration (FDA), and California EPA), alongside international organisations
(e.g., World Health Organisation (WHQ)), as well as data submitted under regulatory
frameworks, such as the European Union’s REACH regulation (e.g., non-confidential
registration data submitted to the European Chemicals Agency (ECHA) by industry
registrants). This was filtered to retrieve repeated systemic dose toxicity studies conducted
in rats, rabbits, mice or guinea pigs where the route of administration was via the oral

route and where a NOAEL or LOAEL had been reported. Studies that were specifically
developmental, reproductive or neurotoxicity in nature were excluded. There were 60,614
records for 8331 individual substances. SMILES identifiers were queried for the 8331
substances using the EPA CompTox Chemicals Dashboard which garnered 4344 substances
with associated SMILES.
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3. Chemical features
3.1. ToxPrints

A binary molecular fingerprint was generated for each chemical in the four datasets
utilising the publicly available ToxPrint chemotype feature set (https://toxprint.org) and
the ChemoTyper software (https://chemotyper.org/). These fingerprints were intended to
facilitate the comparison of the chemistry landscape between the four datasets in a number
of different ways — from profiling the datasets using fingerprints and projecting them

in 2D for visualisation purposes or performing an enrichment analysis to compare the
overrepresentation of specific fingerprints between datasets.

In practice, given the large numbers of substances being profiled, the commercial command
line version of CORINA Symphony application licensed from Molecular Networks was
used. ToxPrint chemotypes consist of a predefined library of 729 sub-structural features
designed to encapsulate a broad range of chemical atoms and scaffolds, which were
developed by Altamira and Molecular Networks under contract by the US Food and Drug
Administration [22].

The full 729-bit ToxPrint fingerprint was condensed to a length of 70-bits (Level

2) for profiling purposes. To do this, the ToxPrints were condensed based upon the

root of the ToxPrint name. For example, the ToxPrints “bond:C#N_cyano_cyanamide”,
“bond:C#N_nitro_isonitrile”, and “bond:C#N_nitrile_generic” were concatenated to form
the more generalised name “bond:C#N” that is common amongst these ToxPrints. The
frequency of these condensed Level 2 fingerprints in each dataset were calculated and
plotted.

3.2. International Chemical Identifier (InChl) Keys

International Chemical Identifier (InChl) Keys were generated for each chemical in the

four datasets utilising the open-source python package, RDKit [23]. This was performed to
enable a comparison of substances based on their structural representations between the four
datasets since DTXSIDs were not available for the Munro dataset.

3.3. 2D visualisations

Visualisation of the four datasets was undertaken using the ToxPrint fingerprints and
projecting them in a 2D scatter plot. Two approaches were undertaken — £SNE and UMAP.
7-SNE or tDistributed Stochastic Neighbor Embedding is a machine learning algorithm for
visualisation developed by van der Maaten and Hinton [24]. It is a nonlinear dimensionality
reduction technique that is well suited to embedding high dimensional data for visualisation
in a low dimensional space of 2 or 3 dimensions. It models each high dimensional object

in a manner that similar objects are close together whereas dissimilar objects are far away
in 2D space. Since £SNE is very memory intensive, rather than reducing the entire dataset
of ~50,000 substances across 729 dimensions, 10 % of the data was extracted at random
whilst conserving the ratio between the inventories. For the ToxPrint dataset, a Variance
Threshold was first used to exclude ToxPrints for which there was no variance. This
removed 129 ToxPrints as containing zero variance. For the 600 ToxPrints remaining, #SNE
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was performed to extract 2 features on the basis of a learning rate of 200 using scikit
learning’s TSNE module [25].

Since #SNE was only applied to 10 % of the dataset, a different dimensionality technique,
UMAP, Uniform Manifold Approximation and Projection [26] was applied to the full
dataset. This is a similar approach to ~#SNE although UMAP aims to keep both globally
and locally similar objects together in contrast to #SNE which keeps locally similar objects
together.

3.4. Chemotype enrichment analysis

Briefly, chemotype enrichment analysis identifies sub-structural features that are over-
represented with respect to a given endpoint. Typically, this endpoint may show activity

in a particular (suite of) assay (s); however, in this study the “endpoint” was the presence/
absence of the chemical in the respective comparator datasets relative to the ELSIE dataset.
Dummy variables indicating presence or absence of a substance in the datasets was denoted
by a 1 for presence and 0 for absence. To conduct this analysis, the full 729-bit ToxPrint
fingerprints generated above were annotated with an additional binary column representing
which dataset the substance was present in. A Fisher exact test was performed to compute
the odds ratio statistic and its associated p-value. The number of true positives (TPs,
member of the inventory of interest) and containing a ToxPrint were computed from the
corresponding confusion matrix for each ToxPrint. Enriched ToxPrints were identified by
filtering for an odds ratio equal or greater than 3, a p-value equal to or less than 0.05 and the
number of TPs greater than or equal to 3.

3.5. Assessment of the exclusion rules encoded in Kroes TTC decision tree within

Toxtree

The assignments of the LRI dataset as reported by Nelms et al. [17] were used as a
starting point. Examination of the assignments and the rationale reported were investigated
by exploring the software implementation itself to determine how specific structural rules
had been captured. Additional filters and rules were created making use of RDKit’s
functionality to capture metals and inorganics and referencing both the original Kroes et
al. [2] publication as well as the EFSA guidance [1].

Structural alerts for genotoxicity represented by SMILES arbitrary target specification
(SMARTYS) were taken from the ISS profiler implemented as another module within Toxtree,
from publications such as Enoch and Cronin [27] or the ToxAlerts website embedded in
OCHEM [28]. Dioxin-like substance alerts were compiled based on existing SMARTS in
Toxtree or created de novo using https://smarts.plus/ [29] as a resource for creating and
testing SMARTS. New exclusion rules were created using SMARTS already established for
existing structural alerts encoding genotoxicity or skin sensitisation such as those available
in OCHEM.

4. Software and code

Toxtree v3.1.0 was used to profile substances into their non-cancer TTC categories, using
the Cramer rules [30] and Kroes TTC modules as well as custom modules developed by
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Patlewicz et al. [15] and Nelms et al. [19] to identify carbamates, organophosphates and
steroids.

Data processing was conducted using the Anaconda distribution of Python 3.9
(anaconda.com) and associated libraries — RDK:it [23], scikit-learn [25], pandas [31], numpy
[32], visualisation tools matplotlib [33] and seaborn [34] and the statistical library scipy
[35] within a Jupyter lab environment [36]. The code repository supporting this analysis

is available at https://github.com/g-patlewicz/ttc_exclusions. All data files (including
supplementary data files) are available at https://doi.org/10.23645/epacomptox.21215354.

5. Results and discussion

5.1. Evaluation of the exclusion rules

As noted in the Methods, the LRI dataset was used to probe the substances that were flagged
as ‘exclusions’ since this dataset comprised over ~45,000 substances covering a diverse
breadth of chemistry that was representative of many sectors of interest from industrial
chemicals to pesticides. The assignment of TTC classes were taken from the evaluation in
Nelms et al. [17] (Table 1, Supplementary Fig. S1, code Notebook 03).

There were 4002 substances identified as ‘not appropriate for TTC’ i. e., an exclusion of
some kind. These substances were examined by probing the decision point triggered within
the Kroes TTC decision tree logic within Toxtree. The majority of substances (3759 out of
4002 substances) flagged as ‘not appropriate for TTC’ were due to the first question in the
workflow (see Supplementary Table S1, code Notebook 03).

Question 1 in the Kroes TTC decision tree within Toxtree considers whether a substance is
a non-essential metal or metal containing, or whether it is a polyhalogenated dibenzodioxin,
-dibenzofuran or -biphenyl. Polyhalogenated substances are excluded due to their potential
for bioaccumulation. This description is consistent with what is described in Kroes et al.

[2]. Within the Toxtree module, a list of essential metals and non-essential metals are

also provided. The EFSA guidance [1] provides additional context for the Q1 exclusion,
specifically substances such as inorganics, metals in elemental, ionic or organic form,
proteins, organosilicons, nanomaterials, radioactive substances are either outside of the
domain of applicability of TTC or are simply substances that were not represented in the
underlying TTC dataset. In the case of organic salts, where the counter ion is an essential
metal such as sodium, the TTC approach is applicable to the organic ion. The Kroes module
in Toxtree specifies 3 substructures by name ‘dibenzodioxin’, ‘dibenzofuran’ and ‘bipheny!’
to identify the polyhalogenated substances.

According to Zoroddu et al. [37], essential metals are as follows: Na, K, Mg, Ca, Fe, Mn,
Co, Cu, Zn and Mo. The Toxtree Kroes module names these as essential metals but it

also includes P as an essential metal even though phosphorus itself is not a metal. Further,
Toxtree does not include Si in its listing of non-essential metals and includes B which is not
a metal but recognised as a metalloid.
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There were 241 substances tagged as high potency carcinogens (HPC). HPC are specifically
named as N-nitroso, azoxy, aflatoxin-like and benzidines in the Kroes workflow. The
Toxtree Kroes module has SMARTS patterns to identify A-nitroso, aflatoxin and azoxy
containing substances following an initial profiling against 33 specific alerts for genotoxic
carcinogenicity. Two substances were tagged as ‘Steroids’. This was captured by one of the
alerts for genotoxic carcinogens (SA_gen_and_nogen).

The entire set of 4002 substances were re-evaluated in light of the manner in which the

Q1 was implemented in Toxtree. A revised set of rules were proposed to a) identify the
presence of a metal atom and distinguish it from an essential metal that was present as a salt
form and b) identify inorganic substances such phosphoric acid. If the excluded substances
were reconsidered, then of the 4002 substances, only 639 were true inorganics whereas
2220 substances were actually metal salts where the metal was an essential metal and could
therefore be applicable for TTC purposes. The remaining 1143 substances were still not
applicable for TTC on account of dioxin like features, alerts for steroids or high potency
carcinogens (Table 2 - see code Notebook 03).

From the Kroes TTC decision tree profiling, 4002 substances were tagged as not appropriate
for TTC due to 3 main reasons. Closer examination of these substances found that
substances that contained metals as salts were still being flagged as inorganic and

excluded from TTC consideration. Substances with P were being erroneously excluded
from consideration; thus organophosphates would be assigned as not appropriate for TTC
when they might be otherwise filtered into the OPs/carbamates category. Silicon containing
substances would not be excluded from consideration despite being noted as not appropriate
for TTC based on the EFSA guidance though a recent study has proposed that silicon
containing compounds should be included [38].

An important consideration when using the Kroes TTC module within Toxtree therefore
is for structural representations to be desalted and neutralised to avoid potential
misclassification. QSAR_READY_SMILES as provided in the EPA CompTox Chemicals
Dashboard [21] or generated using the OPERA software (https://github.com/kmansouri/
OPERA) are two freely available resources that can be utilised to identify SMILES
representations more suited to processing through the Kroes module.

Within the Kroes TTC module, a count of all the genotoxicity structural alerts was made

to determine whether any of the alerts correspond to a HPC. To better understand how this
was implemented in the workflow, the 4002 excluded substances were profiled through the
ISS module (specifically the Carcinogenicity (genotox and nongenotox) and mutagenicity
rulebase by Istituto Superiore di Sanita (ISS)) within Toxtree to identify what structural
alerts were triggered and which of these were associated with alerts characterising HPCs.
The output from Toxtree presents the alert id but to link this back to the alert name — a
dictionary was created that mapped alert ids to alert names. The output of all alerts fired was
cross referenced to this dictionary so that for each substance, a list of which DNA-reactive
structural alerts were triggered could be identified.
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For the 241 substances assigned as HPCs, 204 substances contained a A-nitroso alert and

8 contained azoxy alerts. Of the remaining substances, one substance did not flag any
structural alerts whereas 28 substances fired other DNA reactive structural alerts including
aromatic nitro, aliphatic nitro, hydrazine, aromatic diazo, aliphatic halogens, A~methylol
derivatives. The module in Toxtree performs a count of the alerts before moving onto the
next question and asking whether the chemical is an aflatoxin-like, A-Nitroso or azoxy
using generic SMARTS patterns. A closer examination was made to identify how substances
were being identified as HPCs. Within the Kroes TTC decision tree, there was no alert for
benzidine, aflatoxin-like substances only identified aflatoxin itself and azoxy and A-nitroso
flags were represented by generic functional group flags rather than specific structural alerts.
A new set of queries was created to better capture the HPC alerts using a custom set of
SMARTS patterns — either created manually using the SMARTS.plus resource or extracted
from the existing ISS module. Seven SMARTS patterns were created or extracted from
existing alerts for “‘aflatoxin-like’ substances, 5 SMARTS patterns were created for Azoxy
substances, 2 SMARTS for Nitroso- substances and 1 pattern for Benzi-dine. The SMARTS
patterns and the corresponding HPC alert name are available as supplementary information.

The set of 4002 substances tagged as excluded was re-profiled through this revised set of
alerts for HPCs. HPC alerts were not flagged for 3708 substances, but alerts were flagged
for 284 substances — i. e., more than the initial 241 substances due to their more limited
coverage (Table 3, Fig. S2, code Notebook 03).

QLY also addresses substances that are dioxin-like (DLC) including polyhalogenated

— dibenzodioxins, dibenzofurans and biphenyls. The Kroes TTC decision tree module
identified these substances on the basis of a structure data file (sdf) comprising
dibenzodioxin, dibenzofuran and biphenyl themselves. New SMARTS patterns were
constructed to capture these substances in a more generalised manner (Supplementary Table
2) of which 334 substances were found to fire an alert.

The 4002 substances originally tagged as being considered not appropriate for TTC were
then re-profiled using the revised HPC alerts, the inorganics filters, and DLC flags. Table 4
summarises the outcomes.

5.2. Cohort of Concern based on ISO/TS21726:2019

The 1SO/TS21726:2019 describes an extended list of substances that would be tagged as
‘cohort of concern’ (CoC) and hence not appropriate for TTC. In addition to the inorganic
substances, steroids, DLCs and HPCs, a number of additional alerts have been proposed.

Examples of proposed CoCs include azo compounds, strained heteronuclear rings, alpha-
nitro furyl compounds, hydrazines, triazenes, azides, organophosphorus compounds and
polycyclic amines.

A list of 102 CoC were compiled based on DNA alerts proposed in Enoch and
Cronin (2010), alerts published on the OCHEM Toxalerts website as well as the revised
organophosphate alerts from Nelms et al. (2019) (see supplementary information).
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5.3. Extending and revising the genotoxicity structural alerts

Genotoxicity alerts were extracted from Enoch and Cronin (2010), and OCHEM and
grouped manually into specific alert classes. There were 207 unique SMARTS patterns
associated with 109 alert classes. 34 of the SMARTS could not be resolved by RDK:it and
were excluded from further consideration. The full set of genetox structural alerts collected
are provided in the supplementary information.

5.4. Reprofiling the LRI dataset with the revised workflow

The 45,038 substances were re-profiled using the revised set of alerts and schemes. One
substance could not be resolved by RDKit hence was dropped from further consideration.
Firstly, the inorganic filters developed were applied to the 45,037 substances to identify
whether substances were inorganic and should be excluded from inclusion by the TTC
approach.

From this initial profiling, 1012 substances were found to be inorganic and should be
excluded from further consideration of the TTC, 2388 were found to be metal salts. These
together with the remaining 41,638 substances could be processed further through the
remaining TTC workflow. Substances were then processed through the extended CoC filter.
The CoC filter identified 5120 substances as possessing 1 or more alerts whereas the
remaining 39,917 substances flagged no CoC alerts. Substances were next profiled with the
extended collection of structural alerts for genotoxicity which identified 26,600 substances
triggering an alert. The outcomes from the various filters and schemes were combined
together to assign a final assignment for each substance (see Table 5, code Notebook 04).

If a substance was identified as an inorganic substance — the final assignment was tagged
as ‘inorganic’. If a substance was not inorganic but flagged a CoC alert, it was tagged as

a CoC. If a substance was not inorganic, flagged no CoC alerts but did trigger structural
alerts for genotoxicity (including those for OPs and carbamates), it was tagged as presenting
an alert. Substances that were not inorganic and did not trigger any structural alerts were
assigned as applicable for Cramer structural class consideration. Those substances found

to be applicable for Cramer class assignment were then profiled using the original Cramer
module within Toxtree.

Since the CoC is substantially broader to address the medical device need for additional
exclusions, the number of substances not applicable for TTC in this application is far higher
than before 5995 vs 4002. With the revised set of genotoxicity structural alerts, the number
of substances presenting an alert is also much higher 22,093 vs 9422. As such the number
of substances that would proceed to a Cramer class designation is far lower (16,940). The
study highlights a need for further evaluation of the genotoxicity structural alerts used
within a TTC workflow, harmonising which alerts are used and how specific they need to
be i.e., generic DNA-reactive based on chemistry considerations vs supported by empirical
genotoxicity data.

5.5. Profiling the ELSIE dataset with the revised workflow

The 416 ELSIE substances for which SMILES could be computed were profiled with the
revised workflow developed herein (code Notebook 08). Table 6 lists the counts for the
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dataset. Over half of the substances in this representative data are applicable to Cramer

class assignment.. For the 45 % of substances that are not eligible for assignment of Cramer
class values, other approaches such as read-across and QSAR models could be considered to
assess these substances.

The 226 substances that were applicable to Cramer class assignment were merged with

the toxicity data already extracted from ToxValDB (see code Notebook 11). As a worst

case scenario and to maximise the number of returned toxicity records, all 226 substances
were assumed to belong to Cramer Class I11. Repeated dose toxicity with reported NOAELS
was available for 143 of the 226 substances. Subacute (risk assessment class in ToxValDB
was denoted as either subacute, short-term or repeat dose) and subchronic NOAEL values
were extrapolated to chronic values using 6 and 2 as assessment factors respectively (per
ECHA REACH technical guidance for extrapolating between subacute, subchronic and
chronic values). The minimum NOAEL value was then computed on a per chemical

basis and this was converted to the log10(NOAEL) equivalent. The 5th percentile of the
distribution of log10(NOAEL) values was then calculated and compared with the 5th
percentile values reported in Munro et al. (1996). The 5th percentile of the distribution

was found to be 0.1697 mg/kg-bw-day (TTC 102 ug/person/day; 1.7 ug/kg-bw-day) which
was most comparable to the Cramer Class I11 5th percentile (0.15 mg/kg-bw-day) value
(TTC 90 ug/person/day; 1.5 ug/kg-bw/day) reported by Munro et al. (1996). The 5th
percentile value from Munro et al. (1996) was compared with the 5th percentile derived
from the distribution of the logl0(NOAEL) values using a bootstrap hypothesis test. In

this case the distribution of log10(NOAEL) values was shifted with the 5th percentile

from the Munro et al. (1996) study and 1000 bootstrapped replicates were drawn from

the difference between the 5th percentiles. The p-value was taken as the sum of the
bootstrapped replicates that exceeded the actual observed difference in percentiles. Since
the p-value was calculated to be 0.438, it is possible that there is no difference between the
5th percentiles derived from the ToxValDB and Munro datasets and hence their associated
TTC values. Bootstrapping the log10(NOAEL), 1000 times resulted in a median TTC
percentile of 1.697 ug/kg-bw-day but with a very wide 95th confidence interval [0.25
ug/kg-bw-day, 16.67 ug/kg-bw-day] highlighting the limitations of such a small dataset.
There were eight substances found to exceed the TTC threshold proposed based on

the ELSIE dataset. These were namely acrylic acid [DTXSID0039229], methacrylic acid
[DTXSID3025542], cyclohexanol [DTXSID4021894], dimethyl sulfide [DTXSID9026398],
DEHP [DTXSID5020607], styrene [DTXSID2021284], acrylonitrile [DTXSID5020029]
and Bisphenol A [DTXSID7020182]. Although these were not CoC substances per se, they
might be exempt from the TTC approach. Closer examination of the underlying toxicity data
beyond taking the minimum NOAEL as a conservative value would be warranted before
excluding them from the TTC approach. Note: A similar investigation was undertaken using
the LRI substances for which min log10 (NOAEL) values were extracted for Cramer class
applicable substance, 47 of these were found to exceed the TTC ELSIE threshold. The set of
47 substances can be found in the supplementary information.
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5.6. Profiling the ELSIE and other datasets using chemical fingerprints: ToxPrints

The four datasets were first profiled using the condensed Level 2 ToxPrints. A countplot of
their profile is shown in Fig. 1 (see code Notebook 01). Based on the profiling outcomes,
the distribution of the features across the datasets appears quite different. Moreover, there
are a number of features present in the other datasets that are not necessarily present

in the ELSIE dataset. This is more readily observed in the heatmap in Fig. 2 where

the counts (represented as a log10 value) are depicted for each of the datasets. Grey

colours in the heatmap are indicative of no data, whereas light to dark colours signify

high to low count numbers. For instance, the highest counts are for hetero ring structures,
chain:alkaneLinear, bond:CH_amine and bond:COH_alcohol whereas the lowest counts are
for substances containing bond:N=[N+]=[N-]_azide and bond:P=C_phosphorane_generic
features. Phosphate and sulphate containing substances are absent in the ELSIE dataset as
are many Nitrogen containing substances such as triazenes, nitriles, nitro, azide and azo
compounds whereas these functional groups are present at lower count levels in the LRI
dataset and to a lesser extent in the ToxValDB and Munro datasets. An enrichment analysis
using the full set of ToxPrints was conducted to provide greater resolution in terms of which
features were more or less represented between the respective datasets.

5.7. Visualisation of landscapes of the datasets through non-linear dimension reduction

techniques

Visualisation of the datasets was undertaken using the ToxPrints and projected on 2D
scatterplots was conducted using 2 techniques. For the #SNE approach, a sample of the
dataset was used for visualisation purposes where the ratio between membership in one or
other dataset was maintained.

The coverage of ELSIE vs LRI datasets using ToxPrints can be seen in Fig. 3 (see code
Notebook 01).

In Fig. 3, it can be seen that the ELSIE substances are clustered within the boundaries of the
broader LRI dataset and typically close in space to substances from the other 2 comparator
toxicity datasets.

Since £SNE was only applied to 10 % of the dataset, UMAP, Uniform Manifold
Approximation and Projection was used to create a 2D plots with ToxPrints containing
the full datasets (Fig. 4) (see code Notebook 02).

Overall, based on these representations, the ELSIE substances are not distinct relative to

the other datasets. Had there been differences then the ELSIE would be expected to form
their own distinct cluster within the overall projection. This is not such a surprise given

that there is significant overlap in the substances themselves in this set and the other
datasets. After computing InChl Keys and dropping duplicate keys from each dataset, the
concatenated dataset comprised 50,382 records for 46,197 unique InChl Keys. There were
47 substances that overlapped across all 4 datasets, 491 that overlapped across 3 datasets
(185 were matches between the ELSIE, TOXVAL and LRI datasets and 3 were matches
between the ELSIE, MUNRO and LRI datasets) and 3062 that overlapped across 2 datasets
(108 substances included matches with ELSIE). Overall, only 71 substances were distinct to
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the ELSIE dataset. Exploring the predicted LogKow values and Molecular weights across
the ELSIE set relative to these 71 (LogKow could only be predicted for 63 substances) also
showed no apparent differences (Fig. 5).

5.8. ToxPrint enrichment analysis

The four datasets were concatenated together as one single data-frame comprising 50,291
substances characterised by 729 ToxPrints. A final column provided a tag of membership

in one or other dataset. The tag column was converted into a dummy variable, such that
presence in the ELSIE dataset was denoted with a “1” and presence in the other datasets
was denoted by ‘0’. An enrichment analysis was performed to identify the most enriched
ToxPrints in the ELSIE dataset relative to the LRI/Munro/ToxValDB dataset. A Fisher exact
test was performed to compute the odds ratio statistic and its associated p-value. There were
31 enriched ToxPrints for the ELSIE dataset.

The enriched ELSIE ToxPrints provide more resolution to explain the differences between
the inventories namely that there were a number of silicon containing substances

(cyclic siloxanes such as hexamethylcy-clotrisiloxane DTXSID6027185), long chain fatty
carboxylates (e.g. oleic acid DTXSID1025809) as well as fused aromatic structures such
as benzo (a)pyrene (DTXSID2020139) in this set that were not significantly present in the
remaining datasets. The top 3 enriched ToxPrints were ring: fused_PAH_acenaphthylene,
ring:fused_PAH_pyrene and bond:metal_metalloid_alkylSiloxane. The full set of 31
enriched ToxPrints are provided in the supplementary files (see code Notebook 02).

6. Conclusion

This study was focused on three main objectives. The first was to evaluate the exclusions
implemented in the Kroes Toxtree module. A large inventory of ~45,000 substances (termed
the LRI dataset) was profiled through the Kroes TTC decision module within Toxtree to
assign substances into their respective non-cancer TTC categories. Closer examination of the
4002 substances found to be not applicable for the TTC approach uncovered several issues.
Substances represented as their salt forms were automatically assigned as not appropriate
for TTC when many of these contained essential metals as counter ions and would be
considered applicable for TTC. Structural representations should be presented as their
desalted equivalents to avoid this error when using the Kroes module within Toxtree. High
Potency Carcinogens and dioxin-like substances were not entirely captured based on the
rules implemented in the software. Refinements were made to the exclusion rules to address
these issues.

The second objective of the study sought understand the structural similarity between
chemical inventories and medical device constituents, prior to extending the refined
exclusion rules to address these constituents in the final objective. Our comparison of the
coverage and relevance of the LRI dataset coupled with 2 toxicity datasets against the ELSIE
dataset showed an overall reasonable overlap in terms of the actual substances, as well

as more generally when comparing their ToxPrint fingerprints in a 2D UMAP projection.
However, profiling on the basis of Level 2 ToxPrint showed that there were some differences
in the structural features between the datasets which were further explored by performing
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an enrichment analysis. The main difference in the datasets were that siloxanes, fused
polyaromatic substances and long chain fatty acid carboxylates were significantly enriched
in the ELSIE dataset relative to the remaining datasets.

A third and final objective of the study was profiling the ELSIE dataset through the refined
workflow which resulted in 226 substances denoted as Cramer class applicable for TTC.
Merging these substances with repeated dose toxicity studies extracted from the ToxValDB
identified relevant studies for 143 substances from which a TTC value was derived which
was comparable to the Cramer class 111 TTC value reported by Munro et al. (1996).
Considering the chemical similarity of the ELSIE substances to those in the broader dataset
in concert with deriving a very similar TTC value to the Cramer Class I11 threshold provides
greater confidence in the use of TTC for these medical device substances.

In summary, this study demonstrated the importance of evaluating the software
implementation of established workflows, identified and addressed certain limitations in
the TTC workflow, as well as extended the approach for medical device constituents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Countplot of Level 2 ToxPrints for the four datasets.
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Heatmap of Level 2 ToxPrint counts for the four datasets.
Grey colours are indicative of zero counts whereas dark colours are indicative of low counts.
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UMAP 2D scatterplot based on ToxPrint fingerprints colour coded by dataset.

The ToxPrints representation shows the ELSIE dataset to be more evenly distributed

throughout the LRI landscape.
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Boxplots for the ELSIE datasets showing the distribution of parameters for the unique
substances relative to the remaining set.
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Table 1

Initial assignment of TTC categories for the LRI dataset.

TTC category

Number of substances

Cramer Class |

Cramer Class |1

Cramer Class 111

Organophosphates/carbamates

Substances presenting an alert for DNA reactivity
Not appropriate for TTC

Could not be processed by Toxtree

Total

7370
952
21,691
1580
9422
4002
21
45,038
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Table 2

Counts following re-profiling through the revised inorganic rules.

Toxtree exclusions

Number of substances

Inorganics

Metal salts

Not applicable to TTC
Yesto Q1

639

2220 - should have been considered applicable for TTC
1143

900

High Potency Carcinogens (HPC) 241

Steroids

2
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Table 3

Reprofiled 4002 excluded substances based on revised HPC alerts.

HPC Alert Name Number of substances

No alert 3708
Azoxy or Nitroso 207

Benzidine 44
Azoxy 36
Aflatoxin-like 6
Nitroso 1
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Table 4

Re-profiled substances that were assigned as not applicable for TTC.

TTC category Number of substances
Inorganic 639

HPC 293

DLC 334

Steroids 0

Substances firing 1 or more DNA-reactive structural alerts 487

Substances that should progress to OP/carbamates and/or Cramer class assignments 2249
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Table 5
Re-profiled substances from the LRI dataset.
TTC category Number of substances
Inorganic 1012
CoC 4993
Substances presenting a genotoxicity alert (including carbamates/OPs) 22,093
Cramer class applicable * 16,940
Cramer Class 11 11,152
Cramer Class |1 738
Cramer Class | 5049

*
1 substance not processed by Toxtree’s Cramer class module.
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Table 6

Reprofiled substances from the ELSIE dataset.

TTC category Number of substances
Inorganic 27
CoC 24

Substances presenting a genotoxicity alert (including carbamates/OPs) 139

Cramer class applicable
Cramer Class 111
Cramer Class 11

Cramer Class |

226
81
11
134
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