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The use of threshold of toxicological concern (TTC) supports the safety assessment of exposure to low levels of
chemicals when toxicity data are limited. The Research Institute for Fragrance Materials (RIFM) delivers safety
assessments for fragrance materials that result in safe products for consumer use. A major goal for the RIFM
safety assessment program is to invest in alternative methods to animal testing for use in assessment of fragrance
materials. This includes use of TTC, which provides a pragmatic approach for safety evaluation of fragrance
materials in the absence of chemical-specific toxicity data and reduces the need to generate new animal data. To
bolster the TTC approach for support of fragrance materials and specifically to strengthen the Cramer class IT
threshold, the RIFM database was reviewed with a goal of identifying fragrance materials with data that can be
added to the existing TTC databases. The RIFM database identified a total of 476 chemicals that were added to
the existing TTC databases. The chemicals were then individually assigned a Cramer class and 238, 76 and 162
chemicals in Cramer class I, II and III respectively were identified. The RIFM-TTC dataset was then combined
with the COSMOS-Federated TTC dataset for a total of 421, 111 and 795 chemicals in Cramer class I, I and III
respectively. The combined dataset further expands the chemical space thereby providing more robust 5th
percentile thresholds. Moreover, the combined dataset bolsters the threshold for Cramer class II to include a total
of 111 chemicals which is an improvement over the original (Munro) TTC dataset which only included 28
chemicals in Cramer Class II and the COSMOS Federated dataset which had 40 chemicals. This allows for a more
reliable and robust 5th percentile NOAEL value for Cramer class II chemicals of 1.27 mg/kg bw/day. The 5th
percentile NOAELs for Cramer class I, I and III from the combined dataset are 4.91, 1.27 and 0.29 mg/kg bw/
day, which supports the threshold values derived from the original Munro dataset. This work confirms the ad-
equacy of the existing TTC values and provides further support for the use of TTC as a tool to conduct safety
assessments for fragrance materials. It further opens the future possibility of updating the existing values with
more robust TTC values for fragrance and cosmetic materials.

1. Introduction

The Research Institute for Fragrance Materials (RIFM) independently
assesses the safety of fragrance materials in consumer products using a
quantitative, exposure-based safety assessment approach that follows
the RIFM criteria document (Api et al., 2015). For systemic toxicity,
when no data are available on a fragrance material or its appropriate
read-across analog and, if exposure falls below the relevant Threshold of
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Toxicological Concern (TTC) limit, the safety assessment is considered
to be complete with no further data requirements following a thorough
genotoxicity assessment. Thus, TTC is a strategic part of the safety
assessment of fragrance materials and a critical animal alternatives
methodology.

The application of TTC is a safety assessment approach that defines
exposure thresholds for chemicals with limited or no toxicity data below
which there are no concerns for adverse effects. The TTC thresholds have
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been established from repeat-dose toxicity data for cancer and non-
cancer endpoints of many hundreds of chemicals. The first TTC-like
approach, introduced as the Threshold of Regulation (ToR), was devel-
oped by the US FDA as a single value from carcinogenicity data and was
adopted in the 1990s to expedite the assessment of low-level migrants
from food contact materials (US-FDA, 1993; US-FDA, 1995). Since then,
the TTC approach has been expanded to be used as one of the animal
alternative methods for safety assessment to support low-level exposure
to materials including consumer products, food, flavor ingredients,
drinking water, and pharmaceuticals (EFSA, 2016).

The original non-cancer TTC limits proposed by Kroes et al. (2004)
were supported by a reference dataset of 613 chemicals from Munro
etal. (1996) (Munro et al., 1996; Kroes et al., 2004). The chemicals were
binned into three classes (Class I, II and III) according to chemical
structure via a series of 33 questions following the Cramer et al. (1978)
decision tree (Cramer et al., 1978). The 5th percentile NOEL values were
derived for each structural Cramer class from cumulative frequency
distribution curves of all the NOELs in each respective Cramer class.
Recently Yang et al., 2017 expanded the Munro et al., 1996 dataset to
include cosmetic-related chemicals and merged them with the Munro
dataset to form a COSMOS-Federated dataset with963 total chemicals
(Yang et al., 2017). The COSMOS-Federated dataset further expanded
the already broad chemical space and derived thresholds that were
similar to the Munro TTC thresholds.

For both the Munro and COSMOS-Federated datasets, the number of
chemicals in Cramer classes I and III are considerably higher compared
to the number of chemicals in Cramer class II. Specifically, the Munro
Cramer classes I and III contained 137 and 448 chemicals respectively
and the COSMOS-Federated Cramer class I and III contained 243 and
671 chemicals, respectively. Chemicals designated Cramer class II were
present at much lower numbers in both Munro- (28) and COSMOS- (49)
TTC datasets. While Munro derived a 5th percentile NOEL and threshold
for Cramer class II, Yang et al. (2017) concluded that size of the Cramer
class II dataset was inadequate to derive a threshold (Yang et al., 2017).
More recently Nelms et al. derived TTC values for chemicals contained
within the EPA’s ToxVal database of over 4500 chemicals (Mark et al.,
2019). They screened and eliminated chemicals with genotoxic struc-
tural alerts as well as organophosphates and carbamates and used the
minimum NOAEL for each chemical to derive TTC values from a final
dataset of 1300 chemicals. However, there still remained very few
chemicals in Cramer class II (39) for which there was no statistically
significance difference in the cumulative distribution frequency curve
when compared to either Cramer class I or III. Overall, Nelms et al.
concluded that the original Munro et al. (1996) TTC values remain
consistently lower than the thresholds they derived. (Mark et al., 2019).

In the 2012 joint opinion on TTC issued by the European Commis-
sion’s three non-food Scientific Committees, it was concluded that “the
TTC value for Cramer class II is not supported by the currently available
databases and these substances should be treated as Class III substances”
(SCCS, 2012). This was on the basis of there being too few chemicals in
Cramer class II to support the derivation of the 5th percentile threshold
value. This opinion was also carried forward by the Scientific Committee
on Consumer Safety in its most recent Notes of Guidance for cosmetics
(SCCS, 2018). However, in the same time frame, the recommendation
from an expert group convened by EFSA/WHO to evaluate the state of
the science for TTC was that Cramer class II should continue to be used
(EFSA, 2016). Thus, there are different opinions among scientific au-
thorities in considering the use and applicability of Cramer class II for
assessing the safety of chemicals with known structure and unknown
toxicity.

2 In the abstract of the Yang et al. (2017) paper it states that there are 966
chemicals in the Federated dataset, however, the paper lists 963 materials in
the tables. Of the 552 cosmetic-related chemicals, there was an overlap of 190
chemicals that were already in the Munro database.
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As previously reported and confirmed from an internal review, the
RIFM database contains many fragrance materials that are in Cramer
class II (Bhatia et al., 2015). Thus, the RIFM database was reviewed with
a goal of identifying fragrance materials with data that could be added to
the existing TTC datasets. The RIFM database is the largest available
inventory of toxicity studies on over 6000 unique entries (including
fragrances, flavours, extracts, naturals, UVCBs and others). The RIFM
database was used to identify a total of 476 unique materials having
repeated dose and/or reproductive and developmental toxicity studies.
These studies comprise the RIFM-TTC dataset for integration into the
most recently developed COSMOS-Federated TTC dataset (Yang et al.,
2017). The goal was to integrate the RIFM-TTC dataset with the
COSMOS-Federated dataset to enhance the Cramer class II dataset and
increase confidence in the resulting TTC values. Additionally, because
TTC has been recognized as an important safety assessment tool to
support the relatively low level exposures to fragrance materials,
available data on Cramer class I and III chemicals from the RIFM data-
base were also considered in this analysis.

2. Materials and methods
2.1. The RIFM database

The RIFM database was queried for chemicals with repeated dose,
reproductive, and developmental toxicity data following oral adminis-
tration. This resulted in a total of 516 chemicals with a total of 625
studies in mammalian species that met the study inclusion criteria.
These went through a rigorous peer-review process that resulted in 476
chemicals for inclusion in the final RIFM-TTC dataset (Fig. 1). Detailed
information on the process is provided in sections below.

2.2. Toxicology information assembly criteria

The RIFM database provided the most comprehensive source of
toxicology data available for the generation of the RIFM-TTC dataset.
Where complete toxicity information was not available in the RIFM
database, it was sourced from peer-reviewed scientific literature and
regulatory authoritative sources. databases to source toxicity informa-
tion included PubMed, published Opinions of the European Food Safety
Authority (EFSA), information obtained from substances in the Euro-
pean Chemicals Agency (ECHA) database, the National Toxicology
Program (NTP), the US EPA ChemView database (IRIS, HPVIS and
Robust Summaries), the Joint FAO/WHO Expert Committee on Food
Additives (JECFA) evaluations, the International Agency for Research
on Cancer (IARC) monographs, Japan Existing Chemical Data Base
(JECDB), published OECD assessments, the German Federal Institute for
Risk Assessment (BfR), Cosmetic Ingredient Reviews, RIFM-fragrance
material reviews or group summaries, the Opinions of the European
Commission’s Scientific Committee on Consumer Safety (SCCS), and the
National Industrial Chemicals Notification and Assessment Scheme,
Australia (NICNAS).

For the purposes of this project, criteria similar to those described by
Yang et al., 2017 for the development of the COSMOS-Federated -TTC
dataset were followed when characterizing a chemical in terms of test-
chemical or chemical structure (Yang et al., 2017). Similar inclusion,
exclusion and study evaluation criteria along with adjustment factors as
those of the COSMOS-Federated-TTC dataset were used (Yang et al.,
2017). Each test-chemical included in the RIFM-TTC dataset was asso-
ciated with a unique chemical abstract service number (CAS#) and a
corresponding Simplified Molecular-Input Line-Entry System (SMILES)
identification code. Each sourced study for the individual test-chemical
was detailed with information outlined in Appendix A.

2.3. The COSMOS-Federated TTC dataset

A recent development in the area of TTC included expanding the
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Fig. 1. Initiation, curation and finalization of the RIFM-TTC dataset.

original Munro dataset (Munro et al., 1996) by the inclusion of cosmetic
ingredients resulting in the COSMOS-Federated TTC dataset with a total
of 966 chemicals ((Yang et al., 2017). Yang et al. identified 190 chem-
icals that overlapped between the Munro dataset and the COSMOS-TTC
dataset. These were carefully reviewed by the authors for final inclusion
and completion of the COSMOS-Federated TTC dataset which was
downloaded from the COSMOS-Federated dataset v2.0 (Molec-
ular-Networks, 2017) for further federation with the RIFM-TTC dataset.

2.4. Study inclusion and point-of-departure (POD) selection criteria

Chemicals identified in this project were screened for toxicology data
that met the study selection criteria listed in Table 1. Overall, this
resulted in a total of 516 chemicals with a total of 625 studies. In order to
identify the point-of-departures (POD) for each chemical entry, the
criteria listed below were applied. These criteria were similar to those
used by Yang et al., 2017 (Yang et al., 2017):

1) For each chemical, a search was conducted within the RIFM database
for studies that met the criteria listed in Table 1. A data matrix was
created to include all toxicology data available on the chemical
within the RIFM database that included filling each criterion listed in
Appendix A, Table A.1. Each study listed in the data-matrix was
carefully peer-reviewed by and marked for consideration into the
RIFM-TTC dataset.

Table 1
Study inclusion criteria for RIFM-TTC chemicals.
Parameter Criteria
Study Type Short term, Sub-acute, sub-chronic, developmental,
reproductive, carcinogenicity, chronic, immunotoxicity, or
neurotoxicity.
Species Rodents (rat, mouse, hamster), primates, humans, dogs or
rabbits.
Treatment For repeated dose toxicity studies, a minimum of 28 days
duration repeated dose toxicity studies.
For developmental toxicity (10-14 days for pregnant rats, mice
or rabbits) covering duration of organogenesis among treated
animals.
For reproductive studies treatment duration was not defined.
Route of Gavage, intubation, drinking water or diet/feed
exposure
Reference RIFM-Study reference number or publicly available regulatory

evaluations or manuscripts.

2) Following compilation of the data from the RIFM database, a wider
search was conducted on each chemical for relevant toxicity data and
evaluations in publicly available data sources listed above. It should
be noted that most of the studies referenced in publicly available
toxicity databases were already included in the RIFM database as
original study reports or published manuscripts. Thus, the RIFM
database typically provided the most comprehensive source of
toxicity data on fragrance materials. In cases where publicly avail-
able data sources provided the most relevant information, the

NOAELSs cited therein were used with appropriate citation. Any dis-

crepancies in NOAELs from multiple publicly available sources citing

different NOAELs for the same study were resolved by peer-review.

Once clear NOAELs/LOAELs were identified, appropriate adjustment

factors were included to derive the POD that would be used for a

study to be included into the RIFM-TTC dataset. These adjustment

factors are the same as those used by Yang et al. (2017) in developing

the COSMOS-Federated TTC dataset (Yang et al., 2017):

a. For sub-chronic studies (studies with duration of 90-180 days), an
adjustment factor of 3 was applied to extrapolate POD for chronic
effects.

b. For short-term studies (28 days to <90 days), an adjustment factor
of 6 was applied to extrapolate POD for chronic effects.

c. For reproductive and developmental studies, no duration adjust-
ment factor was applied.

d. Benchmark Dose analysis was used in cases where a clear dose
response was observed for the critical effect driving the NOAEL
and appropriate duration adjustment factors outlined above were
applied.

e. An adjustment factor of 3 was applied to the LOAEL for POD
derivation in cases where a clear NOAEL could not be identified.

3

-

The adjustment factors listed above were applied to studies on
chemicals included in the RIFM-TTC project to derive appropriate PODs
for finalization of the RIFM-TTC dataset and compilation of chemicals.
Criteria for study and chemical inclusion to derive the POD included the
following:

1) Where chronic studies were available, NOAELs from these studies
were favored, with the intent to cover lifetime exposures. Where
shorter duration studies were used over the chronic, an explanation
is provided within the dataset.

2) Where multiple studies were conducted on the same chemical, a
thorough review was conducted to derive an appropriate POD.
Criteria for review in such cases included:
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a. Studies that provided a clear NOAEL and associated LOAEL were
given preference.

b. Cases where a study with the highest tested dose provided the
NOAEL, an alternate study providing a clear NOAEL and associ-
ated LOAEL value were given preference.

3) Studies conducted according to good laboratory practice (GLP) and/
or conducted in accordance with standardized protocols (e.g. OECD
or EPA) were given preference over non-guideline non-GLP studies in
cases where both such studies were made available at the time of
review.

Finalization of studies selected for respective chemicals resulted in a
total of 476 chemicals into the final generation of the RIFM-TTC dataset.

2.4.1. Single dose studies

Repeat dose toxicity studies are most commonly conducted by
administering multiple doses and often at doses high enough to establish
a dose-response for identifying test material related toxicity, thereby
defining a NOAEL and/or LOAEL. In some cases, however, such studies
may be conducted using only a single dose level. This might be the case
where a study is conducted on a test chemical known to have very low
toxicity (e.g., tested at a limit dose), or to support the safety of the test
chemical at an estimated human exposure level at the time the study was
conducted, thereby providing a free-standing NOAEL. While these
studies might be adequate for assuring safety for known human intakes,
they may not be ideally suited for inclusion in a TTC dataset and are
generally excluded (e.g. (Yang et al., 2017)).

A total of 93 RIFM chemicals were identified to have single dose
studies (with appropriate controls) during the dataset finalization. Of
these chemicals, 48 were in Cramer class I, 8 in Cramer class II, and 37 in
Cramer class III. Before excluding these chemicals from the dataset, the
studies were evaluated to confirm there were no adverse effects
observed at the dose level tested. If an adverse effect was identified in
the study, it was included but, with appropriate adjustment factors listed
above to extrapolate the NOAEL from a LOAEL. For chemicals with free-
standing NOAELS, the PODs were compared to the respective TTC
thresholds to determine if any single dose studies would potentially
impact the 5th percentile threshold. Single dose studies with PODs less
than 3X the threshold for the respective Cramer class were removed to
prevent any inappropriate lowering of the thresholds where only a
single, very low dose was tested in the toxicity study and no adverse
effects were identified. This pragmatic decision was made to include the
single dose studies where the PODs were 3X greater than the respective
5th percentile thresholds to expand the database without inappropri-
ately impacting the 5th percentile. A total of 15 single dose studies were
excluded from the dataset — 8 from Cramer class I and 7 from Cramer
class III.

2.5. Cramer class assignments

The original Cramer decision tree consists of 33 sequential questions
with binary results providing “yes” or “no” answers that ultimately
result in classifying chemicals into 3 potency tiers based on chemical
structure (Cramer et al., 1978):

e Class I: Substances with simple chemical structures and for which
efficient modes of metabolism exist, suggesting a low order of oral
toxicity.

Class II: Substances which possess structures that are less innocuous
than class I substances, but do not contain structural features sug-
gestive of toxicity like those substances in class III.

Class III: Substances with chemical structures that permit no strong
initial presumption of safety or may even suggest significant toxicity
or have reactive functional groups.

Although the Cramer decision tree serves to improve consistency
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between toxicological evaluation made by different experts, its reliance
on knowledge of organic chemistry, chemical reactivity, toxicity and
metabolism invariably included some degree of subjectivity. Thus,
several software-based platforms were introduced to minimize subjec-
tivity and consistently apply the Cramer decision tree for any chemical
requiring evaluation. Software-based platforms such as, ToxTree and
OECD QSAR toolbox, that provide Cramer classifications following the
original Cramer decision tree or their own modification of the Cramer
decision tree, have raised the potential for differential Cramer classes for
an individual chemical (Bhatia et al., 2015). To maintain consistency
with the COSMOS-Federated dataset, ToxTree v2.6.13 was used for
assigning Cramer classes for all chemicals within the RIFM-TTC dataset
although, Cramer classifications from OECD QSAR Toolbox were also
included to compare the resulting outcome. Several discrepancies
resulting from the different software programs used were attributed to
differences in source databases for characterizing a chemical as a normal
constituent of the body (Q1) or a common component of food (Q22).
These 2 questions are critical and often debated for their importance
towards classifying chemicals in their individual Cramer classes. This is
due to the fact that a “yes” answer to Q1 or Q22 invariably results in
classifying the chemical as Cramer class I or II, respectively. Additional
information regarding the discrepancy arising from Q1 and Q22 is dis-
cussed in the following section. The RIFM-TTC dataset was carefully
peer-reviewed for each Cramer Decision Tree question (ToxTree and
OECD toolbox).

2.5.1. Cramer Decision Tree, Q1 and Q22
From the Cramer decision tree, two questions cannot be answered
solely based on evaluation of chemical structure (Cramer et al., 1978):

e Q1 asks “Is the substance a normal constituent of the body or an optical
isomer of such?” This is further clarified as meaning any systemic
constituent present at a normal physiological level, whether free or
combined, except hormones. This includes essential nutrients and
major food constituents, as well as their normal physiological me-
tabolites. However, it excludes transitory chemicals present only as a
result of (a) trace constituents of food, (b) gut contents or (c) prod-
ucts of the actions of the gut flora. If the answer to Q1 is “yes” then,
that results in the chemical being assigned to Cramer class I.

e Q22 asks, “Is the substance a common component of food or structurally
closely related to a common component of food?” This question refers to
the natural and nearly natural-identical substances that were not put
into Cramer class I by answering “yes” to Q1 or other structural
criteria. In fact, Cramer et al. (1978) did acknowledge that the
definition of common component of food is diverse, changing, and
occasionally uncertain (Cramer et al., 1978). Hence, they offer the
following guideline: a chemical that has been reported in the
recognized literature as occurring in significant quantity (approxi-
mately 50 ppm or more) in at least one major food, or in trace
quantities at the ppm level or less in several foods, including minor or
less frequently consumed foods. The latter include spices, herbs and
ethnic specialties. This definition excludes natural or man-made
contaminants, and hormones. An answer of “yes” to Q22 results in
the chemical being assigned to Cramer class II.

The 1978 Cramer Decision Tree was employed as a tool to support
the tiered TTC approach described initially by Munro et al. (1996)
(Munro et al., 1996). As the application of TTC has expanded, the de-
cision tree continues to be considered fit-for-purpose, but it was also
recognized that the decision tree needed to be re-evaluated and poten-
tially updated. During a state-of-the-science EFSA/WHO workshop
convened in December 2014, a group of experts focused on evaluating
the Cramer classification scheme; and they recognized that several
groups are working towards updating the Cramer decision tree. But the
general consensus was that in the interim, the decision tree “is well
suited for its intended purpose and when used in conjunction with the
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associated TTC values is protective.” The group generally agreed that it
would be preferable to delete Q22, but this is not a simple modification
because the question is linked to many other questions in the decision
tree and would have several other consequences that would need to be
carefully evaluated. In the meantime, they recommended the develop-
ment of “clear and harmonized criteria of what ‘common component of
food” means” (EFSA, 2016).

As described above, an answer of “yes” to Q1 or Q22 results in
assignment of that chemical to Cramer class I or II; thus, this question
has importance for establishing the dataset of chemicals to support the
5th percentile NOAEL underlying the TTC for the respective Cramer
classes. For in silico tools such as ToxTree and the OECD toolbox used to
assign the appropriate Cramer class, Q1 or Q22 will be answered “yes”
only if that chemical is found in the respective reference list. In fact,
ToxTree continues to evolve as more chemicals are added to the refer-
ence lists against which the program can check for answering Q1 and
Q22. Notably, the program specifically remarks that, “the answer to
these questions relies on an incomplete list of compounds, identified by
an expert as a normal body constituent. If you believe a query compound
is wrongly identified as such, or not recognized, please consult and/or
update the list.” This allows the end user to apply expert judgment and
override the ToxTree answer.

During peer review of the RIFM-TTC dataset, several discrepancies in
Cramer classifications were found, resulting from the different software
programs used. As described above, these discrepancies were primarily
due to differences in reference lists used to identify a chemical as a
normal body constituent (Q1) or a common food component (Q22). This
discrepancy in Cramer class assignments was also noted for chemicals in
the COSMOS-Federated dataset. Thus, a peer review was conducted for
all chemicals within the RIFM-TTC and COSMOS-Federated datasets in
relation to Q1 and Q22. Following peer review, evidence based expert
judgement was accepted for Cramer classification based on Q1 and Q22
for 46 chemicals where the originally assigned Cramer class was over-
ridden. These resulted in 18 Cramer class I and 28 Cramer class II
chemicals. In addition, 34 Cramer Class I and 3 Cramer class II chemicals
were derived by using ToxTree by answering “yes” to Q1 and Q22
respectively for a total of 52 Cramer class I and 31 Cramer class II
chemicals based on Q1 and Q22 respectively. For any chemical assigned
evidence based expert judgement for the answer to Q1 or Q22, reliable
sources of references were included, following the criteria defined by
Cramer for Q1 and Q22, while differing from the software-based plat-
forms. Only sources citing the exact chemical and quantified values of
the respective chemical’s presence in the human body or as a normal
constituent of food were considered evidence for differing from the
software-based platforms. It should be noted that several food and flavor
chemicals occur naturally or are synthetic forms of naturally occurring
chemistries. In order to avoid their misclassification, Cramer classifi-
cation of these chemicals was done based on evidence based expert
judgement of Q1 or Q22. As aresult, fragrance chemicals in Cramer class
I or Cramer class II present in the RIFM database contribute towards
bolstering the resulting TTC dataset (Table 2).

2.6. Curation of a combined RIFM-COSMOS-Federated dataset

The RIFM-TTC dataset was combined with the COSMOS-Federated
dataset to curate a complete master TTC dataset, referred to here as,

Table 2
Distribution of Cramer class for discrete RIFM-fragrance materials within the
RIFM-database.

Cramer class Number of RIFM Fragrance Materials in the TTC Dataset

I 238
II 76

il 162
Total 476
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RIFM-COSMOS-Federated Dataset. This master TTC dataset offers a
holistic evaluation of the most current database of the original Munro
dataset, cosmetics and fragrance materials together expanding the
dataset that supports the TTC values for each Cramer class. As outlined
by Yang et al. (2017), similar challenges in combining the RIFM-TTC
and COSMOS-Federated datasets were encountered here, including in-
stances where overlapping chemicals among the RIFM-TTC and
COSMOS-Federated datasets were encountered (Yang et al., 2017). In
order to avoid conflicting decisions towards deriving PODs for such
overlapping chemicals, the PODs derived by Yang et al., 2017 were
included in the final combined dataset (Yang et al., 2017). However,
before consolidating the final PODs, all chemicals were subjected to a
thorough data search for any new toxicity data. In doing so there were
two chemicals for which new data were found: 2-ethyl butyric acid
(CAS# 88-09-5) and allyl heptanoate (CAS# 142-19-8). In addition,
although data on canthaxanthin (CAS# 514-78-3) was included in the
COSMOS-Federated dataset and due to the fact that toxicity data was
also available in humans, a more relevant human study was considered
here for inclusion into the dataset for POD derivation. Additional details
on the POD derivation for these three chemicals is made available in
Appendix B of the manuscript. Details on RIFM-COSMOS-Federated
dataset chemicals are outlined in Supplementary Table 1 (S1).

3. Results

A total of 476 RIFM Chemicals with repeat dose, developmental,
and/or reproductive toxicity data were identified from the RIFM data-
base and considered adequate for addition to the RIFM-TTC dataset
based on the inclusion criteria described previously. The 5th percentile
PODs for each Cramer class was determined from the cumulative dis-
tribution of NOAELs for the RIFM-TTC dataset (Fig. 2). The RIFM-TTC
dataset was then combined with the COSMOS-Federated dataset and
the combined dataset was analyzed to determine the 5th percentile
PODs (Fig. 3). The 5th percentiles were derived from parametric fitting
of the lognormal distribution of NOAELs using the “survival” package
from the R-Project for Statistical Computing (Therneau, 2015; Team,
2019). This approach is consistent with what has become standard in
deriving human exposure thresholds for TTC purposes (Munro et al.,
1996; Yang et al., 2017).

For the RIFM-TTC dataset, the 5th percentile PODs were 5.39, 1.97,
and 1.17 mg/kg bw/day for Cramer classes I, II, and III, respectively.
The RIFM-COSMOS-Federated dataset provides 5th percentile PODs of
4.91, 1.27, and 0.29 mg/kg bw/day. Comparing the RIFM-COSMOS-
Federated dataset and existing Munro PODs shows a significant in-
crease in the number of chemicals analyzed and yields slightly higher
5th percentile PODs as compared to the original values derived by
Munro et al. (1996) (Table 3). Particularly significant is the increase of
the number of Cramer class II chemicals from 28 in the original Munro
dataset to 111 in the RIFM-COSMOS-Federated dataset. The RIFM-TTC
dataset adds 53 new Cramer class II chemicals to the dataset,
increasing the statistical weight of the analysis.

From these 5th percentile PODs, human exposure thresholds for each
Cramer class were calculated using an adjustment factor of 100x (10x for
interspecies differences and 10x for human variation), consistent with
the approach used by Munro et al. (1996). The human exposure
thresholds derived for the RIFM-TTC and RIFM-COSMOS-Federated
datasets are shown in Table 4 with the corresponding values calcu-
lated by Munro et al. (1996) and Yang et al. (2017).

As described earlier, we generally agreed with the values used by
COSMOS for both the Cramer class designation and the NOAEL after
examination for chemicals in the COSMOS-Federated dataset. There are
three exceptions to this: 2-ethylbutyric acid, canthaxanthin, and allyl
heptanoate. In the case of 2-ethylbutyric acid, our data search revealed a
newer repeated dose/developmental and reproductive toxicity
screening study which provided a more robust basis for the assessment.
For allyl heptanoate, we identified an error in the dose conversion from
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Fig. 3. Cumulative Distribution of NOAELs from the RIFM-COSMOS-Federated dataset.

Table 4
Human exposure threshold (ug/kg bw/day).

Table 3
5th percentile PODs (mg/kg bw/day).
Cramer Munro et al. COSMOS RIFM RIFM-Munro-
class (1996) © (2017) ® COSMOS Combined
Set
I 3.0(N=137) 4.20 (N = 5.39 (N 4.91 (N =421)
219) =238)
II 0.91 (N =28) 0.58 (N = 1.97 (N 1.27 (N =111)
40)" =76)
III 0.15(N = 0.79 (N = 1.17 (N 0.29 (N = 795)
448) 293) =162)

# This 5th percentile value is driven by the choice of NOAEL of Allyl Hepta-
noate and Canthaxanthin, which is discussed in detail in Appendix B.

b Represents the 5th percentile PODs from the as derived by Munro et al.
(1996) and Yang et al. (2017).

the original study cited in COSMOS and also found a recent 90-day GLP/
OECD guideline study that provides a much more robust basis for the
assessment. For canthaxanthin, we modified the NOAEL entered into the
RIFM-COSMOS-Federated dataset because it was based on human data
(and therefore should not have 10X UF applied for interspecies extrap-
olation). It is noted that allyl heptanoate and canthaxanthin were two of
the chemicals in the COSMOS-Federated dataset that were driving the
5th percentile POD for Cramer class II, so it is particularly important that

Cramer Munro COSMOS  RIFM  RIFM/Munro/COSMOS Combined
class Set

1 30 42 53.9 49.1

I 9 NA*® 19.7 12.7

I 1.5 7.9 11.7 2.9

@ While COSMOS reported a 5th percentile for Cramer class II, a human
exposure threshold was not proposed because of the small number of chemicals
and overlap of Cramer class II and III in the COSMOS-Federated dataset.

these chemicals are reviewed in detail. More details on each of these
chemicals, and the basis for our decision to update the information from
Yang et al. (2017) is provided in Appendix B.

4. Discussion
4.1. Chemical space

As is the case with any chemistry-based safety assessment tool, it is
crucial to determine the chemical space distribution of the related
dataset in order to ascertain if the chemical of interest falls within the
domain of applicability. Our analysis revealed that the chemical space
defined by the RIFM-COSMOS-Federated dataset is representative of all
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the fragrance related chemicals in current use, thereby confirming the
applicability of TTC for their safety assessments. Chemical space for any
dataset can be defined by several methods (such as, principle component
analysis, partial least squares, atom centered fragments) and using a
range of parameters (including but not limited to chemical structure,
physico-chemical properties and chemical functional groups). At present
there is no agreement on a single approach to define the chemical space.
The Munro and COSMOS Federated datasets evaluated chemical space
using various approaches as outlined above and concluded that the
chemical space covered by either datasets is representative of the ‘world
of chemicals’. Thus, the datasets can be used to identify systemic toxicity
threshold limits for any chemical with unknown toxicity, considering
the typical TTC excluded certain chemical groups (e.g. inorganics,
metals, etc.) (EFSA, 2016). Here, inclusion of fragrance related chem-
icals to the TTC datasets aims to bolster the combined dataset and its
chemical space to further represent fragrance chemicals and the appli-
cability of TTC for their safety assessments. The WHO/EFSA review of
the TTC approach recommends that any new combined dataset should
be tested using chemical domain analysis methods to ensure coverage of
a wide range of chemical structures. The chemical space for the com-
bined RIFM-COSMOS-Federated dataset was assessed using principle
component analysis performed on molecular descriptors (physico--
chemical properties) as outlined in Yang et al., 2017 (Yang et al., 2017)
along with assessment of organic functional groups (OECD QSAR
Toolbox v3.4) as outlined in Richard et al. (2016) for all chemicals
within the dataset. Overall, our analysis confirms that fragrance mate-
rials are well represented in the chemical space of the
RIFM-COSMOS-Federated dataset chemicals when queried for organic
functional groups and molecular descriptors used to define the chemical
space.

In Europe, the Scientific Committees (SC) on Consumer Safety,
Health and Environmental Risks and Emerging and Newly Identified
Health Risks published a joint opinion on use of TTC for the evaluation
of chemicals contained in cosmetics and other consumer products for
human health risk assessment (SCCP/1171/08 2012). The SC concluded
there were an insufficient number of chemicals in Cramer class II in the
databases available at the time of the review and therefore could not
support the threshold value for this class. The SC instead recommended
that these chemicals should be conservatively considered as Cramer
class III. More recently, Yang et al. (2017) re-examined the Munro and
COSMOS-Federated datasets and concluded that (a) using the pair-wise
Kolmogorov-Smirnov (K-S) test, there were no differences between Class
II and III distributions for both datasets and (b) because of the low
number of chemicals in Cramer class II, the 5th percentile thresholds are
driven by 1-2 chemicals. Others have noted challenges in the number of
chemicals in the Cramer class II dataset which prevents a meaningful
analysis of the threshold (Munro et al., 1996; Escher et al., 2010; Batke
et al., 2011; Pinalli et al., 2011; Tluczkiewicz et al., 2011; Committee,
2012; Feigenbaum et al., 2015). Nonetheless, there continues to be
support for Cramer class II, with recognition that if additional chemicals
are added then a reanalysis of the 5th percentile threshold should be
performed (EFSA, 2016). Here we demonstrated that addition of 53 new
fragrance chemicals to the COSMOS Cramer class II dataset results in a
clear separation of the Cramer class II and III distribution curves. Spe-
cifically, in the RIFM-COSMOS-Federated dataset, the Class II and III
POD distributions were statistically significantly different (p-value =
0.02 N = 906) when the non-parametric pair-wise K-S test was per-
formed (Conover, 1998). In addition, reanalysis of Cramer class II
chemicals, canthaxanthin and allyl heptanoate (chemicals that drove the
5th percentile thresholds for Cramer class II) using human-relevant in-
formation and more robust data, respectively, resulted in clear separa-
tion of the Cramer class II and III POD distribution curves and clear
distinction between 5th percentile thresholds for Cramer class II and III.
The work presented here helps to address the concerns from the EU SC
on Cosmetic and Consumer Product Safety as well as others who have
pointed to lack of confidence in the Cramer class II TTC threshold.
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4.2. Cramer Class III

The Munro et al., 1996 Cramer class III threshold is 90 pg/day (1.5
ng/kg bw/day) based on the original TTC decision tree (Munro et al.,
1996; Kroes et al., 2004). Because several publications have suggested
that the level for Cramer class III should be increased, it is worth a short
discussion here. The TTC level derived by Munro et al. (1996) was
derived from the entire dataset of Cramer class III chemicals which
included a series of neurotoxic organophosphate and carbamate pesti-
cides of which the organophosphates were found to be more potent.
These chemicals were found to consistently have PODs below the 5th
percentile, so when Kroes et al. (2004) published their tiered TTC de-
cision tree in 2004, a separate TTC for neurotoxicity of 18 pg/day (0.3
ng/kg bw/day) was derived for these chemicals. Following this, Munro
reanalyzed the Cramer class III distribution without the organophos-
phates and this analysis increased the Cramer class ITII TTC to 180 pg/day
(3 pg/kg bw/day) (Munro et al., 2008). Since then, additional analyses
have been published that support using a Cramer class III TTC lower
than 180 pg/day (e.g., (Feigenbaum et al., 2015)), but these are based on
datasets of pesticide actives that are generally not relevant to fragrance
materials and/or they would be assigned to the organo-
phosphate/carbamate tier of 18 pg/day (0.3 pg/kg bw/day). It is also
noteworthy that there are other published analyses of databases of
Cramer class III chemicals (Kalkhof et al., 2012; Leeman et al., 2014;
Mark et al., 2019) which support the use of a higher Cramer class III
threshold. Specifically, for cosmetics-related chemicals, the 5th
percentile for Cramer class III published by Yang et al. (2017) was
equivalent to a TTC of 470 pg/day (7.9 pg/kg bw/day). While the basis
for Cramer class III has been considered in regulatory opinions on TTC,
the publications recommending a higher level TTC for Cramer class III
have not been widely accepted. This remains an opportunity for po-
tential refinement of TTC, and in the meantime should be recognized as
offering significant conservatism for chemicals assigned to this tier.

4.3. Use of TTC for safety assessment of fragrance materials

The use of TTC is a strategic component of the RIFM safety assess-
ment program. Following the criteria outlined in Api et al. (2015),
application of TTC is the third step in the safety evaluation of a fragrance
material (Api et al., 2015). If no data are available on the material itself
or suitable read-across material, then TTC is explored as a potential
safety assessment tool. This third step involves comparing exposure of a
fragrance material to the appropriate TTC threshold. Many fragrance
ingredients have a low total aggregated systemic exposure. As such,
since these criteria have been implemented in 2013, it has been
demonstrated that not only is TTC an important safety assessment
approach, but it is also a significant animal alternatives methodology.
TTC was employed 537 times for the repeated dose toxicity, 688 times
for developmental toxicity and 732 times for reproductive toxicity
endpoints in safety assessments on fragrance materials. To date, this has
resulted in more than 146,000 animals saved.

5. Conclusion

In this study we integrated a dataset of RIFM fragrance chemicals
into the COSMOS-Federated dataset with the aim of enhancing the
Cramer class II dataset and increasing confidence in the resulting TTC
threshold. Available data on Cramer class I and III chemicals from the
RIFM database were also added to bolster the overall TTC datasets with
fragrance materials. The RIFM database added 53 new Cramer class II
chemicals, for a total of 111 chemicals in the combined dataset,
increasing the number of chemicals in this class. In addition, Cramer
class I and III chemicals were increased in the combined RIFM-COSMOS-
Federated dataset to 421 and 795, respectively. The TTC thresholds
derived from the combined datasets for each Cramer class support the
original thresholds proposed by Munro and further verifies the
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robustness of the TTC approach.
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Appendix A

Table A.1
Data-matrix used for entry into the RIFM-TTC dataset.

RIFM-database

Identifies if a test-chemical was listed in the RIFM-DB

RIFM-database-Fragrance

Dataset

Single dose

CAS#

SMILES

Name

Overall Cramer class assignment
Cramer class decision path

Evidence based Expert Judgement Comments
Study Type

OECD Protocol

Route

Exposure Period (as reported)
Exposure Period (converted to weeks)
Male(M)/Female(F)

Species

Doses (mg/kg bw/day)

NOAEL (mg/kg bw/day)

LOAEL (mg/kg bw/day)

Value for TTC calculation (mg/kg bw/day)
Effect at LOAEL

Inter-individual UF

Inter-species UF

Duration AF

Other AF (e.g., LOAEL)

Composite AF

POD

TTC value (mg/kg bw/day w/AF applied)
Reference

Comments

QA stamp/comment

Identifies if a test-chemical is currently being used as a fragrance material
Identifies test-chemical and study source (RIFM, RIFM + COSMOS or COSMOS)
Identifies if the included test-substance has single dose study.

CAS# associated with the test-substance

SMILES identifier for structural definition

Common or chemical name associated with the test-substance

Assigned Cramer class by evidence based expert judgement, COSMOS or ToxTree.
Expert judgement path for Cramer classification determination

Additional comments to supplement Expert Judgement

Identifies the study type according to criteria listed in Table 1

OECD guideline followed for toxicity study performed

Route of administration of test-substance

Exposure duration reported in source reference

Exposure duration converted into weeks for database uniformity
Identifies Sex of animal tested

Identifies species of animal tested

Doses administered

No-observed adverse effect level

Lowest-observed adverse effect level

POD used for TTC calculation

Test-substance related toxic effects reported at the LOAEL

Adjustment factors for inter-individual differences (1-10)

Adjustment factors for inter-species differences (1-10)

Adjustment factors for duration extrapolation (2-6)

Adjustment factors for LOAEL to NOAEL conversion (3-10)

Combined adjustment factors used for TTC derivation

Point of departure used for TTC derivation

Human Reference dose or accepted daily intake equivalent

Study reference

Additional study details or toxicity information for selection of NOAEL/LOAEL
Quality control checks

(continued on next page)
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Table A.1 (continued)

RIFM-database Identifies if a test-chemical was listed in the RIFM-DB
ToxTree Extension (v2.6.13) Cramer classification according to ToxTree extension (v2.6.13)
ToxTree Extension (v2.6.13) Description Path description for Cramer classification according to ToxTree extension (v2.6.13)
ToxTree Cramer (v2.6.13) Cramer classification according to ToxTree Cramer (v2.6.13)
ToxTree Cramer (v2.6.13-Description) Path description for Cramer classification according to ToxTree Cramer (v2.6.13)
OECD Toolbox (Toxic hazard classification by Cramer (extension))-v3.4 OECD toolbox Cramer classification according to extended version (v3.4)
OECD Toolbox (Toxic hazard classification by Cramer (original))-v3.4 OECD toolbox Cramer classification according to Cramer (v3.4)
Appendix B

2-ethylbutyric acid (CAS RN 88-09-5)

The COSMOS POD for 2-ethylbutyric acid (CAS RN 88-09-5; Cramer class I) is 50 mg/kg bw/d calculated by dividing the LOAEL of 150 mg/kg bw/
d by a default adjustment factor of 3. The LOAEL is based on a 10-day oral gavage developmental toxicity study in pregnant female rat with doses of 0,
150 or 200 mg/kg bw/d with maternal toxicity including body weight changes and clinical toxicity and decrease in fetal survival at the low dose, 150
mg/kg bw/d (Narotsky et al., 1994).

A more recent study on 2-ethylbutyric acid, from a repeat dose and developmental and reproductive screening study in rats by gavage at 0, 10, 50
or 250 mg/kg bw/d is available (SIDS, 2006). Males were dosed for 42 days beginning 14 days pre-mating and females were dosed 14 days pre-mating
to day 4 of lactation throughout mating and pregnancy period. There was no mortality in the study and no effects on body weight gain and food
consumption in both sexes. White blood cell counts were decreased at 50 mg/kg bw/d and higher and platelet count decreases at 250 mg/kg bw/d in
males only, with no effects in female rats. Kidney weight increases were observed in males and females at 250 mg/kg bw/d but no histological changes
were noted. Regarding the developmental and reproductive evaluations, there were no adverse findings reported for any reproductive parameters. The
number of live pups on lactation days 0 and 4, birth index and live birth index were all decreased at 250 mg/kg bw/d. Therefore, based on these effects
the repeat dose NOAEL for males is considered 10 mg/kg bw/d and for females 50 mg/kg bw/d. The developmental NOAEL is considered 50 mg/kg
bw/d and the reproductive NOAEL is considered to be 250 mg/kg bw/d.

Taken together, it was considered appropriate to use the more recently conducted repeat dose and developmental and reproductive study that
included both sexes, evaluation of multiple endpoints and a defined NOAEL to be included in the TTC dataset, and therefore a POD of 10 mg/kg bw/
d is proposed. This is considered protective for repeat dose and reproductive toxicity in males and females and developmental toxicity in the pups.

Canthaxanthin (514-78-3)

Canthaxantin is a naturally-occurring keto-carotenoid pigment that is approved for use as a coloring agent at low levels in many countries,
including the EU and the United States (FDA, 2018). Canthaxantin also has been historically used in ingested self-tanning products (banned by the US
FDA) as its deposition in the epidermis and subcutaneous fat leads to the formation of an orange-brown appearance of the skin. A number of adverse
effects have been noted following ingestion of large amounts of canthaxanthin (Garone et al., 2015). The EFSA Panel on Food Additives and Nutrient
sources added to Food (EFSA, 2010) re-confirmed an earlier-established ADI of 0.03 mg/kg bw/day (JECFA, 1995; EC, 1997). The ADI is based on a
NOAEL of 0.25 mg/kg bw/day in humans for canthaxanthin-induced retinopathy, manifested as scotopic b-wave changes in a electroretinogram
(without impairment of vision), and benchmark doses ranging from 0.2 to 0.33 mg/kg bw/day based on findings of crystals in the retina of exposed
humans. Because the NOAEL and BMDs were established in humans, a total UF of 10-fold was applied to establish the ADI of 0.03 mg/kg bw/day.

The COSMOS derived NOAEL for canthaxanthin is 0.2 mg/kg bw/day based on a 3-year study conducted in monkeys that identified the formation
of crystalline deposits in the retina as the critical effect seen at levels of 0.6 mg/kg bw/day and higher. It was noted by COSMOS that the monkey study
was used by EFSA and JECFA along with a human study (which similarly derived a NOAEL of 0.25 mg/kg bw/day for scotopic b-wave changes without
impairment of vision) to establish the Acceptable Daily Intake (ADI) for canthaxanthin. The inclusion of the NOAEL for canthaxanthin in the TTC
database introduces a unique challenge because the other NOAELs are all from laboratory animal studies and the 100-fold UF applied to the 5th
percentile NOAEL includes a 10X factor to extrapolate from laboratory animals to humans and a 10X factor to account for intra-human variability. In
the case of canthaxanthin, human data with a reliable NOAEL are available, and are preferable to use. To include the human data in the TTC database
of NOAELs requires an artificial raising of the human NOAEL for canthaxanthin by 10X (from 0.25 to 2.5 mg/kg bw/day), since a default 100-fold UF is
subsequently applied to the 5th percentile NOAEL in the derivation of the TTC.

Allyl heptanoate (142-19-8)

The COSMOS NOAEL for allyl heptanoate is 0.125 mg/kg bw/day, which is one of the lowest in Cramer class II, and hence a driver for the 5th
percentile NOAEL. The NOAEL is based on a chronic dog study (Hagan et al., 1965), with exposure levels of 0, 5, 25 and 75 and mg/kg. COSMOS
incorrectly described these as levels in the diet, so that the lowest dose (5 mg/kg bw/day), which was identified as the NOAEL, was converted to 0.125
mg/kg bw/day by applying a 2.5% food conversion factor. In fact, the doses of allyl heptanoate were delivered by capsule, so the NOAEL from this
study was actually 5 mg/kg bw/day.

Subsequent to the COSMOS evaluation of allyl heptanoate, results of a 90-day OECD guideline feeding study in Wistar rats conducted in 2016 were
reported in the ECHA database (ECHA, 2018). Male and female rats (10/sex/group for the main study and an additional 5/sex in the control and
high-dose groups for evaluating recovery) were administered allyl heptanoate in feed at levels of 0, 100, 400 or 1500 ppm. These doses were
equivalent in males and females to 6.37 and 6.85 mg/kg bw/day (100 ppm); 24.43 and 27.05 mg/kg bw/day (400 ppm) and 84.25 and 93.08 mg/kg
bw/day (1500 ppm). Decreases in body weight and body weight gain corresponding with reduced food consumption were seen in male and females in
the mid- and high dose groups, with corresponding effects on several organ weights. There were no gross or histopathological lesions and no he-
matological, clinical biochemistry or urinalysis findings. There were also no behavioral changes as assessed by functional tests. It was concluded that
the highest dose (1500 ppm; 84.25-93.08 mg/kg bw/day) was a free-standing NOAEL. Although not stated as such in the ECHA summary, this implies
that the reduced food consumption, decreased body weight and organ weight changes were associated with taste aversion as opposed to an effect of
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generalized toxicity. This is consistent with the changes in food consumption and body weight gain being noted from the first week of the study.
For the purpose of including allyl heptanoate in the TTC database, a conservative approach is taken here to treat the body and organ weight effects
in the subchronic rat study as potentially adverse, such that the lowest dose (100 ppm; 6.37-6.85 mg/kg bw/day) is assigned as the NOAEL (this is in
contrast to the ECHA summary which assigns the highest dose as the NOAEL). After applying a 3-fold UF for extrapolation from subchronic to chronic,
itis recommended that a NOAEL of 2.1 mg/kg bw/day be used in the TTC database. It is recognized that a higher NOAEL can likely be supported for a

chemical-specific assessment.
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