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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Martin van den Berg Ensuring the safety of fragrances is a priority for both consumers and industry. The Research Institute for
Fragrance Materials (RIFM) conducts risk assessments using a transparent framework. In the past, evaluating
systemic toxicity relied on animal studies mandated by regulatory requirements; however, RIFM has not con-
ducted new animal toxicity studies for over a decade. Of note, the doses used in these studies far exceed everyday
exposure to fragrance ingredients. While toxicologists recognize the gap between test doses and real exposure, it
may not be obvious to an average fragrance user. To illustrate this, the No-Observed-Adverse-Effect Levels
(NOAEL) and Human Equivalent Doses (HED) of benzaldehyde and p-cymene were determined. As benzaldehyde
and p-cymene occur in fragrances and foods, we used intake in food and fragrance use as a comparator. For
fragrance exposure, the Creme RIFM Aggregate Exposure model was utilized. Results showed that adverse effect
levels require ingesting about 166,000 almonds (for benzaldehyde) or 307,407 raspberries (for p-cymene) daily,
or applying 276,660 sprays of benzaldehyde and 37,220 sprays of p-cymene daily. The selected exposure sce-
narios emphasize that data from animal studies must be viewed in the context of human exposure, highlighting
advances in exposure science for realistic risk assessment.

1. Introduction

Fragrance safety is very important to consumers and the industries
that produce or use fragrances in their products. Since 1966, the safety
assessment of fragrances has been conducted through a dependable
scientific infrastructure that operates with full transparency.
(Bedoukian, 2023; Maurice, 2022). For example, each fragrance ingre-
dient is systematically and periodically assessed by the Research Insti-
tute for Fragrance Materials (RIFM), and the findings are reviewed by a
panel of independent experts (Api et al., 2015). These safety assessments
are publicly available on the Fragrance Safety Resource Center website
(https://fragrancematerialsafetyresource.elsevier.com). In addition to
considering the safety of each fragrance ingredient, the final product (e.
g., a perfume) must also undergo testing to ensure its safety under the
specified conditions of use (Benson and Reczek, 2021; SCCS, 2023). This
framework ensures that fragrances can be safely enjoyed. Of note, the
exposure of people to fragrances is very low, even for the highest users
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(Lee et al., 2024). Beyond providing a pleasant smell, fragrances have
many additional benefits, including malodor mitigation, perception of
cleanliness, and much more (Herz et al., 2022).

For the safety assessment of fragrance materials, exposure and
toxicity data are necessary. For over 10 years RIFM has ensured
fragrance safety without relying on animal studies, formerly required for
safety assessment. Instead, RIFM relies on existing data from various
databases for systemic toxicity. These tests in animals followed inter-
nationally accepted guidelines set by the Organization for Economic
Cooperation and Development (OECD) and examine effects on experi-
mental animals exposed to repeated daily doses over specified time
periods (e.g., 90 days), as well as effects on development and fertility. Of
note, since 2013 there is a complete ban to utilize data from animal
experiments for safety assessment of cosmetics and their ingredients in
Europe (European Commission, 2013), which brought about systematic
and still ongoing research on development and implementation of
alternative methods (Scientific Committee on Consumer Safety, 2012).
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In contrast, for safety assessment of chemicals, the EU Chemicals Agency
(ECHA) requires animal testing data under the REACH regulation. This
also applies to various international government agencies. The use of
such data for safety assessment for marketed chemicals, including
fragrance constituents is allowed (European Chemicals Agency, 2013).
From in vivo studies, a No Observed Adverse Effect Level (NOAEL) is
determined as the highest dose that does not cause adverse effects under
specific conditions. These tests have been used for decades, though there
has been criticism about the use of high doses in such animal experi-
ments (Beekhuijzen et al., 2024). The goal of this project is to support
consumer trust and confidence in the safety of fragrances by providing
reader-friendly case studies that demonstrate the low risk of harm from
using fragrances. We will do this by comparing exposure from real-life
use of fragrance ingredients with experimental animal data from sys-
temic toxicity studies, available from published literature and various
databases.

When addressing the safety of a fragrance material, both hazard and
risk must be considered. Hazard refers to the inherent danger associated
with the chemical component(s) that make up the fragrance. Risk is the
probability of experiencing an adverse effect from a chemical. Risk
considers exposure to a fragrance that a person encounters, that is, how
much of the fragrance a person is exposed to and for how long (Api et al.,
2015). It also accounts for the nature of exposure (e.g., route of exposure
and individual and environmental factors). In summary, while hazard is
typically an inherent property of a chemical, risk depends on the
exposure (ie. the dose). Generally, the exposure of consumers to fra-
grances is low, particularly because only a small amount of a fragrance
ingredient is needed for a person to be able to smell it (Lee et al., 2024).
This is also the case for common fragrance ingredients, like benzalde-
hyde and p-cymene, present in fine fragrance products at final concen-
trations of <0.02% (Bedoukian, 2023).

The purpose of this work is to communicate potential risk, by eval-
uating potential hazard, and combining this with real life exposure to
fragrance ingredients in a clear, practical manner. By using examples
from fragrance inventories, the aim is to support effective risk commu-
nication that can be easily understood and applied by both toxicologists
and non-toxicologists. This approach promotes consistent decision-
making, enhances transparency, and helps diverse stakeholders inter-
pret safety information with confidence.

To highlight the safety of fragrances based on low exposure, expo-
sure scenarios for two fragrance materials, benzaldehyde and p-cymene,
were considered. As a first scenario, because these fragrances are also
found naturally in certain foods, exposure through consumption pro-
vides a good complementary model. Hence, the amount a person would
hypothetically be exposed to through consumption of natural foods (i.e.,
almonds and raspberries) was calculated to approach the adverse-effect
and NOAEL values observed in previous animal studies. Further, as a
second scenario, we compared doses used in animal studies to the
exposure resulting from the use of fragrances in consumer products. In
addition, the comparison of the respective exposure levels will be
assessed by calculating the margin of safety (MOS).

2. To determine adverse and no-observed-adverse-effect levels
for benzaldehyde and p-cymene

2.1. Data curation on the adverse and no-observed-adverse-effects of
benzaldehyde and p-cymene

Available data on benzaldehyde and p-cymene were considered for
this case study. Adverse-effect levels of benzaldehyde and p-cymene
were determined from various existing in vivo toxicity studies. In
particular, the compiled studies included repeated dose and develop-
mental and/or reproductive toxicity studies. To be considered, the
studies ideally needed to comply with Good Laboratory Practice (GLP)
and OECD or similar guidelines. Current dose-selection practices rely on
OECD Test Guidelines, which were designed to standardize toxicity
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testing and ensure globally acceptable, reproducible results. Applying
them today, however, calls for flexibility and thoughtful interpretation
(European Centre for Ecotoxicology and Toxicology of Chemicals, 2021;
Sewell et al., 2022). These data were then used to estimate the theo-
retical dose for a human that may still be safe or associated with a first
adverse effect. The detailed risk assessment on benzaldehyde and
p-cymene for repeated dose and reproductive toxicity has been con-
ducted and published (Api et al., 2021, 2025).

2.2. Adverse and no-observed-adverse-effect levels of benzaldehyde

For benzaldehyde, there are several published repeated dose/
reproductive toxicity studies in rodents and rabbits. In an OECD 414-
compliant study (prenatal developmental toxicity study) (OECD,
2018a), groups of 22 female Wistar rats/dose were administered benz-
aldehyde via oral gavage at doses of 0, 100, 300, or 600 mg/kg body-
weight (bw)/day from days 6-20 after mating. The NOAEL for
developmental toxicity in the study was 300 mg/kg bw/day, based on a
significant decrease in fetal weight and eye abnormalities seen at 600
mg/kg bw/day. Further, in an OECD 443-compliant extended
one-generation reproductive toxicity study (OECD, 2025b), groups of 24
Wistar Han rats/sex/dose were administered benzaldehyde via oral
gavage at doses of 0, 100, 225, or 450 mg/kg bw/day for females and at
doses of 100, 300, or 600 mg/kg bw/day for males in the FO (parental
animals) generation. The NOAEL for developmental toxicity was 225
mg/kg bw/day, based on 3 total litter losses in F1 (first generation of
offspring) litters in the high-dose group. In addition, a 2-year carcino-
genicity study and another OECD 414 study in rabbits were evaluated. In
the 2-year carcinogenicity study (OECD, 2018b), a NOAEL of 200 mg/kg
bw/day was determined for rats due to mortality seen at the highest dose
(Api et al., 2025).

From these studies, the most conservative adverse-effect level of 400
mg/kg bw/day and a NOAEL of 200 mg/kg bw/day from the 2-year
carcinogenicity study were selected for the human-equivalent dose
calculation. The 2-year carcinogenicity study models lifelong exposure.
Table 1 lists all available studies on benzaldehyde, in addition to their
respective observed adverse dose levels and NOAELs, which are in good
agreement across species and different durations of exposure.

2.3. Adverse and no-observed-adverse-effect levels of p-cymene

In an OECD 422- and GLP-compliant combined repeated dose
toxicity and reproduction/developmental toxicity study (OECD, 2025a),
groups of 10 Sprague Dawley rats/sex/dose were administered

Table 1
Observed adverse dose levels and NOAELs derived from the studies on
benzaldehyde.

Study Observed adverse dose ~ NOAEL (mg/kg
(mg/kg bw/day) bw/day)
OECD 414/prenatal developmental 600 300

toxicity study (0, 100, 300, 600
mg/kg bw/day) in Wistar Han
rats (n = 22/group)

OECD 414/prenatal developmental 450 225
toxicity study (0, 100, 225, 450
mg/kg bw/day) in New Zealand
White rabbits (n = 24/group)

OECD 451/2-year carcinogenicity 400 200
study (0, 200, 400 mg/kg bw/
day) in F344/N rats and B6C3F1
mice (n = 50/group)

OECD 443/extended one-
generation reproductive toxicity
study (0, 100, 225, 450 mg/kg
bwy/day in females or 100, 300, or
600 mg/kg bw/day in males) (n
= 24/group) in Wistar Han rats

Developmental: 450 Developmental:
Fertility: N/A, >450 225
Fertility: 450
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p-cymene via oral gavage at doses of 0, 50, 100, or 200 mg/kg bw/day in
corn oil. The NOAEL for developmental toxicity was 50 mg/kg bw/day,
based on decreases in live birth index, post-implantation survival index,
pup viability, and litter weights at 100 mg/kg bw/day (Table 2). Based
on the data, an adverse-effect level of 100 mg/kg bw/day with respect to
developmental toxicity from the OECD 422 study was considered for the
human-equivalent dose calculation (Api et al., 2021).

3. Determination of exposure through natural foods by humans
to reach the adverse dose level seen in animal studies

3.1. Methods to determine and estimate fragrance materials present in
foods

To estimate the amount of fragrance materials, present in naturally
occurring food sources for the case study, the Volatile Compounds in
Food (VCF) database and reliable publications on quantitative assess-
ments of natural products in food used as fragrance materials were
considered (VCF online, 2025). These values on the quantity of fra-
grances in foods were incorporated into the equations to determine how
much of a particular food item would need to be consumed (over a
period) to induce a fragrance-associated adverse effect, not considering
nutritional imbalances. The calculations below (see Section 3.3)
consider only oral exposure because the studies used to identify the
adverse and no-adverse-effect-levels were administered by the oral
route, as the goal is to model these doses in food.

3.2. Bengzaldehyde and p-cymene presence in common foods

HED (mg / kg) = Animal NOAEL (mg / kg / day) x Weight animal (Waina) [kg]/ Weight human (Wiuman) [kg]) %"

Benzaldehyde is naturally found in many foods like cherries, al-
monds, peaches, apricot kernels, cheeses, and black tea (Opgrande et al.,
2000). In addition, it is found in essential oils such as hyacinth, citro-
nella, cinnamon, sassafras, labdanum, and patchouli. It was determined
that benzaldehyde is present at 0.58-17.99 mg/kg in commercial al-
monds. For the case study, the upper range value of 17.99 mg/kg of
benzaldehyde in almonds was considered for the calculations (Luo et al.,
2018).

p-Cymene is also present in many natural foods. For example, ac-
cording to the VCF database and literature, p-cymene is present in fruits
such as oranges, grapefruits, tangerines, strawberries, and raspberries.
In addition, it is also present in spices like oregano and thyme (Balahbib
et al., 2021). For the case study, 0.9 mg/kg of p-cymene in raspberries

Amount of benzaldehyde in 1 almond (mg) = benzaldehyde concentration in an almond (mg / kg) X weight of an almond (kg)

Amount of p — cymene in 1 raspberry (mg) = p — cymene concentration in a raspberry (mg / kg) X weight of a raspberry (kg)
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Table 2
Observed adverse dose level and NOAEL derived from the study on p-cymene.
Study Observed adverse NOAEL (mg/
dose (mg/kg bw/ kg bw/day)
day)
OECD 422/combined repeated dose 100 50

toxicity and reproduction/
developmental toxicity study (0, 50,
100, 200 mg/kg bw/day) in Sprague
Dawley rats (n = 10/group)

was considered for the calculations (Aprea et al., 2015).

3.3. Calculations of intake of common foods to be consumed by humans
to match the doses connected to adverse and no-observed-adverse-effect-
levels seen in animal studies

3.3.1. Equations to determine the theoretical dose in humans to cause an
adverse effect or no-observed-adverse-effect using experimental data from
rodent studies

Allometric scaling, based on normalization of dose to body surface
area, provides a more physiological approach in converting an animal
dose into a human equivalent dose (Nair and Jacob, 2016). To calculate
the theoretical dose needed to achieve an adverse effect in humans, the
following equations were used:

3.3.1.1. Human equivalent dose (HED) calculation.

Equation 1

An allometric exponent was applied to convert the NOAEL to the
HED, based on body surface area correction factors (i.e., W), In
addition, a conservative reference body weight for human was consid-
ered to be 60 kg, and reference body weight for rat was considered to be
0.15 kg (U.S. Food and Drug Administration, 2005; Nair and Jacob,
2016).

3.3.2. To calculate amount of fragrance ingredients in common foods
The amount of benzaldehyde in 1 almond and the amount of p-
cymene in 1 raspberry were calculated by the equation below.

Equation 2

Equation 3
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Table 3

The HED for benzaldehyde based on the adverse-effect and no-adverse-effect

dose.
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Table 5
The amount of natural foods to be consumed by humans to achieve doses
considered adverse or not adverse based on animal toxicity studies.

Adverse Dose

NOAEL

benzaldehyde p-cymene

HED = animal adverse dose (mg/kg/

day) X [Wanimal (k8)/Whuman (kg)]1™
0.67

HED: 400 x (0.15/60)%%*

HED = 55.36 mg/kg/day. For a 60 kg
human, the dose is

HED = 3320 mg/day

HED = animal NOAEL (mg/kg/day) x
[Wanimat (K8)/Whuman (kg)1 1067

HED: 200 x (0.15/60)"%

HED = 27.68 mg/kg/day. For a 60 kg
human, the dose is

HED = 1660 mg/day

3.3.3. To calculate amount of natural food to be consumed by humans to
reach the adverse effect and no-observed-adverse-effect dose levels in

experimental animals

Amount of natural food to be consumed by humans = HED (mg / day)/ Amount of benzaldehyde or p — cymene in common foods (mg)

3.4. Benzaldehyde to be consumed from common foods

3.4.1. HED for benzaldehyde

The adverse effect and NOAEL doses for benzaldehyde from the 2-
year carcinogenicity study were 400 mg/kg/day and 200 mg/kg/day,
respectively. Using these dose levels, the HED for benzaldehyde was
calculated, as shown in Table 3.

3.4.2. Amount of benzaldehyde in common foods
To calculate the amount of benzaldehyde in almonds, it was deter-
mined that 17.995 mg/kg of benzaldehyde is present in commercial
almonds, with each almond weighing around 1.1 g (0.0011 kg).
Hence, 17.99 x 0.0011 kg = 0.02 mg of benzaldehyde is contained in
each almond.

3.4.3. Almonds to be consumed by humans to reach the adverse-effect and
no-adverse-effect dose levels in experimental animals

Combining the HED and the amount of benzaldehyde in each almond
from above, we get:

3320/0.02 = 166,000 almonds/day.

Thus, it would require consuming 166,000 almonds/day to reach the
adverse-effect level dose of benzaldehyde.

Further, to reach the NOAEL dose of benzaldehyde from almonds, we
can use the following equation: 1660/0.02 = 83,000 almonds/day,
lifelong.

Thus, to achieve the same dose of benzaldehyde that was determined
to be safe in animal studies, a person would need to eat 83,000 almonds/

Table 4
The HED for p-cymene based on adverse-effect and no-adverse-effect doses.

Adverse Dose NOAEL

HED = animal adverse dose (mg/kg/
day) X [Wanimal (k8)/Whuman (kg)1""
0.67

HED = animal NOAEL (mg/kg/day)
X [Wanimat (Kg)/Whuman (kg)1'%”

HED: 100 x (0.15/60)%%%

HED = 13.84 mg/kg/day. For a 60 kg
human, the dose is

HED = 830 mg/day

HED: 50 x (0.15/60)"-2

HED = 6.92 mg/kg/day. For a 60 kg
human, the dose is

HED = 415 mg/day

Presence of fragrance
material in foods
Food to be consumed by

0.02 mg benzaldehyde
in each almond
83,000 almonds/day

0.0027 mg p-cymene
in each raspberry
153,778 raspberries/

humans to reach the day
NOAEL doses
Food to be consumed by 166,000 almonds/day 307,407 raspberries/

humans to reach adverse day
dose levels

day, lifelong.
3.5. p-Cymene to be consumed from common foods

3.5.1. The HED for p-cymene
Levels of p-cymene connected to the adverse-effect level and NOAEL

Equation 4

from the OECD 422 study were 100 mg/kg/day and 50 mg/kg/day,
respectively. Using these dose levels, the HED for p-cymene was calcu-
lated as described in Table 4.

3.5.2. Amount of p-cymene in common foods
To calculate the amount of p-cymene in raspberries, it was deter-
mined that 0.9 mg/kg p-cymene is present in commercial raspberries,
with an average weight of each fruit of around 3 g (or 0.003 kg).
Hence, 0.9 x 0.003 kg = 0.0027 mg p-cymene in each raspberry.

3.5.3. Raspberries to be consumed by humans to reach the adverse dose
level in experimental animals

Combining the HED and the amount of p-cymene in each raspberry
from above, we get:

830/0.0027 = 307,407 raspberries/day.

It would require consuming 307,407 raspberries/day for several
weeks or months to reach the adverse-effect level dose of p-cymene.

Further, to reach the NOAEL dose of p-cymene consumption through
raspberries, we can use the following equation: 415/0.0027 = 153,778
raspberries/day.

Thus, to achieve the same dose of p-cymene that was considered safe
in animal study, a person would need to eat 153,778 raspberries/day for
several weeks or months.

In summary, Table 5 describes the levels of benzaldehyde and p-
cymene in natural foods, along with the amounts of these foods that
would need to be consumed by humans to achieve the adverse effects
and NOAEL doses identified from animal toxicity studies.

4. Determination of fragrance exposure by humans to reach the
adverse dose and no-adverse-effect dose level seen in animal
studies

4.1. Volume of use (VoU) and exposure details for fragrance ingredients

RIFM has access to two types of exposure data on fragrance in-
gredients. The first is VoU data, which is provided by the International
Fragrance Association (IFRA) approximately every 4 years through a
comprehensive survey of fragrance producers' poundage. The second
method is an aggregate exposure model (Creme RIFM Model), a prob-
abilistic model that calculates aggregated real-life consumer exposure to
a specific fragrance material (Comiskey et al., 2015, 2017; Juraimi et al.,
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2025; Safford et al., 2015, 2017, 2024). The Creme RIFM Aggregate
Exposure Model, which draws on usage data from tens of thousands of
consumers in North America, Europe, and Asia, provides realistic
exposure (oral, dermal, and inhalation) that account for all fragrance
ingredients to which the population is exposed through all consumer
products used.

The model has helped refine RIFM's assessment of fragrance mate-
rials and has provided substantial progress in the assessment of con-
sumer safety of fragrances and the reduction of animal testing
(Comiskey et al., 2015, 2017; Juraimi et al., 2025; Safford et al., 2015,
2017, 2024). To summarize, this probabilistic model provides a realistic
aggregate exposure assessment for fragrance materials and is the most
comprehensive of its kind.

4.2. Benzaldehyde and p-cymene presence in fragrances

On the default assumption of 100% absorption and no evaporation,
the total systemic exposure to benzaldehyde is 0.00053 mg/kg bw/day.
For its use specifically in perfumes, the 95th percentile value, repre-
senting a high-end consumer user—is 0.012%, indicating that even at
this high-end use level, a consumer would not be exposed to more than
0.012% benzaldehyde from perfumes (Creme RIFM Model v3.4.6 and
RIFM Survey 40, March 2023 [RIFM, 2023]). Using the same assump-
tions for p-cymene, the total systemic exposure is 0.00061 mg/kg bw/
day. Similar to benzaldehyde, for its use specifically in perfumes, the
95th percentile value for p-cymene is 0.022%, indicating that even at
this high-end use level, consumer exposure to p-cymene in perfumes
would not exceed 0.022% (Creme RIFM Model v3.4.6 and RIFM Survey
44, March 2024 [RIFM, 20241).

4.3. Determination of fragrance exposure by humans from benzaldehyde
and p-cymene to reach the adverse dose and no-adverse-effect dose level
seen in animal studies

The Creme RIFM Aggregate Exposure Model estimates, based on the
95th percentile in perfumes, a content of 0.012% benzaldehyde in
perfume, equivalent to 0.012 g of benzaldehyde per 100 mL of a perfume
bottle. Based on the above HED calculations, a volume of 27,666 mL
(3.32 g/day HED x 100 mL/0.012 g benzaldehyde) of perfume would
approach the human exposure equivalent to the adverse effect level
observed in animals, and 13,833 mL (1.66 g/day HED x 100 mL/0.012 g
benzaldehyde) would still warrant safe exposure.

In order to calculate how many sprays of perfume are needed to
reach adverse and NOAEL, one would divide total volume of perfume by
individual spray volume. Each spray of perfume is roughly 0.1 mL:

Adverse dose: 27,666 mL/0.1 mL = 276,660 sprays/day.

NOAEL dose: 13,833 m1/0.1 mL = 138,330 sprays/day.

Similarly, for p-cymene, the exposure model estimates a content of
0.022% in perfumes based on the 95th percentile values. This would be
equivalent to 0.022 g of p-cymene per 100 mL of a perfume bottle. Based
on the above HED calculations, a volume of 3772 mL (0.83 g/day HED x
100 mL/0.022 g p-cymene) of perfume would approach human exposure
equivalent to the adverse effect level observed in animals, and 1887 mL
(0.415 g/day HED x 100 mL/0.022 g p-cymene) would still warrant safe
exposure.

Table 6
The amount of perfume to be sprayed by humans to achieve doses considered
adverse or not adverse based on animal toxicity studies.

benzaldehyde  p-

cymene

95th percentile values in perfumes 0.012% 0.022%

Perfume to be sprayed by humans to reach the 138,330 18,870
NOAEL doses (sprays/day)

Perfume to be sprayed by humans to reach adverse 276,660 37,220

dose level (sprays/day)
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Table 7
Total chronic exposure from all product categories to benzaldehyde and p-
cymene.

benzaldehyde p-cymene
Chronic exposure” 0.00053 mg/kg bw/day  0.00061 mg/kg bw/
day
MOS 377,358 81,967

Total chronic exposure
(mg) in a day for 60 kg
human®

Liters of fragrance
ingredient annually”

0.032 mg/day 0.037 mg/day

0.011 mL/year 0.016 mL/year
(0.0000029 gallons/ (0.0000042 gallons/
year) year)

# The total chronic aggregate exposure is from all consumer products (oral,
dermal, and inhalation).

Again, each spray of perfume is roughly 0.1 mL, so to achieve the
adverse effect and NOAEL of p-cymene exposure, we would need:

Adverse dose: 3722 mL/0.1 mL = 37,220 sprays/day.

NOAEL dose: 1887 mL/0.1 mL = 18,870 sprays/day.

In summary, Table 6 describes the levels of benzaldehyde and p-
cymene in perfumes that would need to be sprayed by humans to ach-
ieve the adverse effect and NOAEL doses identified from animal toxicity
studies.

5. Chronic exposure to benzaldehyde and p-cymene

From the Creme RIFM Aggregate Exposure Model, the total chronic
aggregate exposure from all consumer products (oral, dermal, and
inhalation) to benzaldehyde and p-cymene was also evaluated. The total
chronic aggregate exposure for benzaldehyde is 0.00053 mg/kg bw/day
from all consumer products (Creme RIFM Model v3.4.6 and RIFM Sur-
vey 40, March 2023 [RIFM, 2023]). For a 60 kg human, the exposure
would be 0.032 mg/day. The density of benzaldehyde is 1046 mg/mL,
and the total chronic exposure could be converted to 0.000030 mL/day.
Finally, the total chronic exposure to benzaldehyde annually would be
0.011 mL/year. The MOS for benzaldehyde is equal to the benzaldehyde
NOAEL in mg/kg bw/day divided by the total systemic exposure to
benzaldehyde, 200/0.00053, or 377358.

Similarly, from the Creme RIFM Aggregate Exposure Model, the total
chronic aggregate exposure for p-cymene is 0.00061 mg/kg bw/day
(Creme RIFM Model v3.4.6 and RIFM Survey 44, March 2024 [RIFM,
2024]). For a 60 kg human, the exposure would be 0.037 mg/day. The
density of p-cymene is 857 mg/mL, and the total chronic exposure can
be converted to 0.000043 mL/day. Finally, the total chronic aggregate
exposure to p-cymene annually would be 0.016 mL/year. In addition,
the MOS for p-cymene is equal to the p-cymene NOAEL in mg/kg bw/day
divided by the total systemic exposure to p-cymene, 50/0.00061, or
81967.

In general, MOS greater than 100 is considered acceptable for non-
genotoxic and non-carcinogenic materials. This 100-fold factor con-
sists of a 10-fold factor to reflect the interspecies differences and an
additional factor of 10 to consider interindividual variability (EFSA
Panel on Food Additives and Flavourings, 2025).

In summary, the total chronic exposure values from all product
categories (e.g., cosmetic, personal care, household, and air care prod-
ucts) for benzaldehyde and p-cymene, and MOS values, are described in
Table 7.

6. Discussion and conclusion

Fragrance materials are widely used in consumer products (e.g.,
cosmetics, personal care products, air care products, household cleaning
products). They are essential to nearly all consumer products, making
them appealing and pleasantly scented. The Creme RIFM Aggregate
Exposure Model was developed to provide realistic estimates of
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aggregate exposure which demonstrates that consumer exposure to
these materials is low. The model uses a probabilistic simulation, sam-
pling from distributions of measured variables (e.g., amount of fra-
granced product applied or frequency of application) for individuals
across a population, to provide a realistic estimate of aggregate exposure
to fragrance materials used in a range of common consumer products. By
using large datasets on consumer behavior and statistical models, RIFM
was able to refine estimates of consumer exposure, resulting in exposure
levels clearly below the level of concern (Patel et al., 2020). Further, Lee
et al. (2024) compared exposure to the approximately 3000 in-use fra-
grance-producing ingredients to their respective Thresholds of Toxico-
logical Concern (TTCs) and Dermal Sensitization Thresholds (DSTs).
Even high-end users (95th percentile) of fragrance-containing products
show extremely low exposure—orders of magnitude below levels
recognized by the international scientific community still as safe.

The current methods to investigate the repeated dose and repro-
ductive toxicity effects rely on studies conducted in animals and the
identification of hazards. Although these toxicity studies are designed to
apply to laboratory animals, the main purpose of testing is to predict
their outcomes in humans (Lewis et al., 2024). Thus, real-life exposure
scenarios are important for toxicological risk assessments, and hence it is
crucial to put hazards into perspective rather than focus solely on
detecting and describing them (Sewell et al., 2022). Using the NOAELSs
from toxicity studies on benzaldehyde and p-cymene, this exercise
aimed to determine the amount of food containing these ingredients
needed to achieve the adverse and NOAEL doses tested in the animal
studies. Notably, whether the calculation is based on the adverse or
NOAEL dose, the amount of food needed to be consumed is higher than
is reasonably achievable, potential consequences of nutritional imbal-
ances have not been factored in. Another consideration is: to achieve the
human equivalent dose of benzaldehyde, still considered safe, a person
would need to eat 1.5 times their body weight in almonds every day.
Similarly, for p-cymene, a person would need to eat 7.7 times their body
weight in raspberries each day to achieve the dose considered safe in an
animal study. Similar work has been conducted on other types of
products in food and consumption of hundreds or even thousands of
typical servings are required to represent the no-effect levels (Alliance
for Food and Farming, 2019).

The perfume analogy demonstrates that a person using up to 13500
mL/day of perfume containing benzaldehyde or 1800 mL/day of
perfume containing p-cymene would still remain in the safe dose range
of those fragrance materials, taking into account the average volume of a
marketed perfume is 100 mL. Finally, the chronic aggregate exposure
from all consumer products for a loyal consumer (95th percentile
exposure) is about 0.011 mL/year of benzaldehyde. This is equivalent to
0.2 drops of neat benzaldehyde per year, if we consider that a typical
drop contains 0.05 mL. For p-cymene, the chronic aggregate exposure
from all consumer products for a loyal consumer (95th percentile
exposure) is about 0.016 mL of p-cymene. This is equivalent to 0.3 drops
of neat p-cymene per year.

The data presented indicate that the conservative estimate of chronic
aggregate exposure to these fragrance ingredients, whether added
directly or derived from natural sources across all consumer products, is
low (Lee et al., 2024). The exposure calculations in this manuscript are
intentionally conservative. Assumptions include 100% dermal absorp-
tion (despite actual dermal absorption rates being 79.9% for benzalde-
hyde based on a skin absorption study and 40% for p-cymene based on
RIFM's skin absorption model), no evaporation, and no consideration of
the human body's ability to safely metabolize these substances (which
may be different from that of experimental animals). In addition, we
assumed the highest amount of benzaldehyde and p-cymene in food and
chose the most conservative adverse and NOAEL doses from robust
toxicity studies. Finally, we used a lower human weight of 60 kg for
these calculations, which is below the average weight of many countries,
such as the United States (Fryar et al., 2021).

In general, it is important to note that toxicity studies were originally
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designed to identify potential hazards, which required doses to elicit
adverse effects. After combining hazard and exposure to derive overall
risk, we presented illustrative scenarios—such as perfume and food
analogies, as well as chronic exposure details for benzaldehyde and p-
cymene across all consumer products—and integrated these insights to
communicate risk and support informed decision making. In conclusion,
realistic risk assessment requires consideration of both, hazard and real-
life exposure. It also supports the presumption for fragrances that the
risk of harm to humans, even to high end users, is minimal.
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