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a b s t r a c t

A quantitative risk assessment was performed to establish if consumers are at risk for being dermally
sensitized by the fragrance geraniol. Aggregate dermal exposure to geraniol was estimated using the
Probabilistic Aggregate Consumer Exposure Model, containing data on the use of personal care products
and household cleaning agents. Consumer exposure to geraniol via personal care products appeared to
be higher than via household cleaning agents. The hands were the body parts receiving the highest
exposure to geraniol. Dermal sensitization studies were assessed to derive the point of departure needed
for the estimation of the Acceptable Exposure Level (AEL). Two concentrations were derived, one based
on human studies and the other from dose-response analysis of the available murine local lymph node
assay data. The aggregate dermal exposure assessment resulted in body part specific median exposures
up to 0.041 mg/cm2 (highest exposure 102 mg/cm2) for hands. Comparing the exposure to the lowest AEL
(55 mg/cm2), shows that a range of 0.02e0.86% of the population may have an aggregated exposure
which exceeds the AEL. Furthermore, it is demonstrated that personal care products contribute more to
the consumer's geraniol exposure compared to household cleaning agents.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

The general public is exposed to fragrances through a variety of
consumer products, among which personal care products (PCPs)
and household cleaning agents. Fragrances are one of the most
common causes of allergic contact dermatitis (ACD). Reports of ACD
caused by fragrances in consumer products predominantly focus on
exposure from PCPs (e.g. De Groot et al., 1988; Rastogi et al., 1999),
but substantial exposure may occur via household cleaning agents
as well. For example Magnano et al. (2009) reports that dermal
exposure from surface cleaning agents or dish-washing products
may be considerable. In addition, cases of contact allergy have been
reported after the use of cleaning agents (SCCS, 2012). For these

reasons, it is important to consider both PCPs and household
cleaning agents when deriving the exposure to a fragrance.

The aim of the present paper is to assess the risk of aggregate
dermal exposure to a fragrance present in consumer products, for
the Dutch population. In particular, the contribution of the two
product categories PCPs and household cleaning agents to the total
dermal exposure is compared. The fragrance geraniol is selected,
since this substance is one of 26 fragrance materials identified as a
potential cause of ACD by the EU Scientific Committee for Con-
sumer Safety (SCCS). Positive patch test reactions to geraniol were
found in 107 out of ~40,000 allergic patients (0.25%). This preva-
lence is probably an underestimation as the positives on fragrance
mix I - containing geraniol - are not included (SCCS, 2012). Preva-
lence of 0.5e0.6% was found in studies performed in Dutch and
German ACD patients. In these studies, geraniol is among the top
ten sensitizers of the 26 fragrance allergens tested. Geraniol is
classified as a weak sensitizer (Api et al., 2008a; ECETOC, 2003;
Lapczynski et al., 2008; The RIFM Expert Panel, 2008; Basketter
et al., 2014) based on Human Repeat Insult Patch Test (HRIPT)
data. To better protect consumers for the risk of sensitization to
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geraniol, the SCCS recommends to limit the concentration of spe-
cific fragrance allergens in cosmetics products by introducing a
general safe exposure level. This general threshold is based on
elicitation concentration of several fragrance allergens established
with patch testing in ACD patients (DG-SANCO, 2013). Hence, this
limit is not specific for geraniol.

Geraniol has a roselike odor and is regularly used in most PCPs,
especially in decorative cosmetics, shampoos, toilet soaps and in
non-PCPs such as household cleaners, detergents and fragrance
sticks (NVWA, 2006; Danish EPA 2002, 2006, 2007, 2011). For
example, geraniol is detected in 76% of the investigated deodorants
on the European market (Rastogi et al., 1998) and according to the
American Skin Deep Cosmetics Database (2014) geraniol is detected
in all types of PCPs, although not every product contains geraniol
(2482 different products June 2014). Geraniol is found to have one
of the highest maximum daily exposures among the studied
chemicals owing to exposure frommany different sources in every-
day life (The RIFM Expert Panel, 2008).

The quantitative risk assessment (QRA) of sensitizing com-
pounds is only recently attracting attention of risk assessors (Api
et al., 2008a, b; WHO/IPCS, 2012) and is still under development.
Like other allergic diseases, ACD develops in two phases. The first
phase is the induction (sensitization) phase in which the immune
system is primed. This is an asymptomatic event (i.e. the patient
experiences no symptoms) which may occur instantaneously or
take place over months or years. After sensitization, re-exposure to
the allergen leads to the second phase (elicitation phase) in which
an inflammatory response is elicited in the skinwithin 24e48 h and
clinical symptoms such as eczema, edema, rash and itching occur
(Karlberg et al., 2008). The QRA for skin sensitizing properties of
fragrances is primarily developed to assess the risk of induction in
the general population. It is the first structured approach that
quantitatively assessed the exposure to sensitizing agents. QRA, as
it is currently proposed (Api et al., 2008a) and (IPCS 2012), consists
of 1) the determination of a No Expected Sensitization Induction
Level (NESIL), which is equivalent to a point of departure (PoD) in
the hazard characterization of general toxicity effects, and 2) the
application of Sensitization Assessment Factors (SAFs). SAFs ac-
count for differences between the experimental and the real-life
population and between the experimental and real-life exposure
scenarios. With these parameters, an Acceptable Exposure Level
(AEL) is determined. Subsequently the AEL is compared with the
consumer exposure level (CEL). In case the CEL is lower than the
AEL it is assumed that there is no appreciable risk of induction of
sensitization for consumers (Api et al., 2008a).

As a variety of consumer products contain geraniol, the CEL in
the QRA needs to be based on the aggregate exposure, i.e. the
exposure arising from different products combined rather than the
exposure from a single product. In the present case study, a prob-
abilistic model for consumer exposure (Probabilistic Aggregated
Consumer Exposure Model; PACEM) (Dudzina et al., 2015; Gosens
et al., 2014; Delmaar et al., 2014) is combined with data on the
concentration of geraniol in PCPs as well as household cleaning
agents, to estimate the distribution of aggregated exposure in the
Dutch population. The risk of induction of sensitization by geraniol
for consumers is assessed by comparing the aggregate exposure
distribution with the derived sensitization AEL.

2. Methods

2.1. Exposure assessment

Data on geraniol concentration in consumer products were
obtained from public literature (NVWA, 2006; Danish EPA 2002,
2006, and 2011). For various PCPs and household cleaning agents

detailed monitoring surveys were performed by the NVWA and
Danish EPA to obtain geraniol concentrations (Tables 1 and 2). For
some of these products (hand soap, deodorant) the data are
deemed sufficient to obtain the fraction of products not containing
geraniol (fraction of zeros) and a lognormal concentration distri-
bution of the products containing geraniol. Products for which
insufficient data were available, were grouped according to the
similarity in use: Hand lotion, body lotion, day cream and facial
spray were grouped into the lotions & creams group (Table 1),
while all-purpose cleaner, special surfaces cleaner, bathroom
cleaner, scrub cleaner, surface cleaner, cleaning wipes and stain
removers were grouped into an all-purpose cleaner group (Table 2).

In this manner, a more reliable concentration distribution and
fraction of zeros could be obtained for these products. The positive
geraniol concentrations were assumed to be lognormally distrib-
uted within a product (group). Based on the available data for each
product (group) the geometric mean (GM) and geometric standard
deviation (GSD) were derived (Tables 1 and 2). Using the fraction of
zeros and the concentration distributions mentioned above, 100
concentrations were simulated for each product (group), which
were used as input to the PACEMmodel (see below). This was done
by first setting the product concentrations to zero for the fraction of
these 100 products that corresponds to the fraction of zeros (e.g. in
the case of a fraction of zeros of 0.3, the concentration of 30
products was set to zero). For the remaining products the con-
centration was set by drawing a random number from the con-
centration distribution. To avoid unrealistically high geraniol
concentrations, the concentrations were not allowed to exceed two
times the maximum concentrations as measured in the references
reported in Tables 1 and 2

For a number of PCPs and household cleaning agents concen-
tration data were not available. Nevertheless, it is known from the
Skin Deep Cosmetics Database and literature that virtually all
groups of PCPs and cleaning agents may contain geraniol
(Lapczynski et al., 2008; Buckley et al., 2007). The simulated con-
centrations for the groups presented in Table 1 were assigned to
products for which information is lacking (Table 3), based on an
assumed similar function and composition of the products. For
example, the lotions & creams product group was used as a proxy
product group for after sun cream, whereas the simulated con-
centrations of deodorant were used for aftershave and perfume/eau
de toilette.

Consumer products such as household cleaning agents may
contain irritants, which are known to serve as a promoter of the
dermal sensitization (Smith et al., 2000), i.e. irritants may increase
the potency of a sensitizer. On the other hand, in experimental
studies typically a simple vehicle is used for the application of the
fragrance. This difference between the two matrices should be
taken into account in the risk assessment. In the QRA this is done by
using an additional SAF of 3 in the hazard assessment (Api et al.,
2008a, b). To our opinion, the matrix SAF should be applied in
the exposure assessment because of its product dependency. For
this reason, in the presented QRA, the concentration of geraniol in
all household cleaning agents was multiplied with a factor of 3.

A distribution of aggregate exposures in the population was
calculated using PACEM. PACEM utilizes a person-oriented
modeling approach in which the exposed person is taken as the
central entity in the exposure calculation (Delmaar et al., 2014;
Dudzina et al., 2015; Gosens et al., 2014; Hall et al., 2007, 2011).
Aggregation is performed by adding-up the product exposures
based on the exposed person's product use pattern. By taking the
exposed person rather than the product as the central unit of
exposure evaluation, unrealistic combinations of product expo-
sures that will not co-occur are prevented.

The product use data in PACEM consist of frequency of use and

M.M. Nijkamp et al. / Regulatory Toxicology and Pharmacology 73 (2015) 9e1810



amount used per single use event of the different products. The
PACEM exposuremodel estimates exposure by repeatedly sampling
individual product use and person data from the survey database
and combining these with information on the concentration of the
substance in products. Similar calculations were previously applied

(Dudzina et al., 2015; Gosens et al., 2014; Delmaar et al., 2014; Hall
et al., 2007, 2011). The central data in the model is obtained from
two different population surveys on product use (Biesterbos et al.,
2013; EPHECT Johnson and Lucica, 2012). Biesterbos et al.
collected use data in the Dutch population on PCPs (516 Dutch

Table 1
Measured concentrations in PCPs and derived distribution characteristics.

PCP Number of samples
analyzed

% without
geraniol

Reported concentrations (mg/kg) rounded References GMb (mg/kg); GSDb derived from the reported
concentrations

Hand soap 15 27 1; 2; 7; 7; 8; 15; 16; 24; 64; 159; 1068 Danish EPA
2006

17.9; 7.0

Hand
lotiona

3 19 10; 105; 614 Danish EPA
2011

11.6; 7.5

Body
lotiona

4 4; 4 Danish EPA
2011

Day
creama

5 3; 3; 8; 434 Danish EPA
2011

Facial
spraya

4 1; 2; 5; 14 Danish EPA
2011

Deodorant 25 24 15; 595 Danish EPA
2011

86.6; 2.7

24; 24; 30; 40; 45; 49; 62; 80; 101; 103; 125; 141; 141;
185; 207; 242; 399

Danish EPA
2007

a Data of these products are pooled to obtain an overall lotions& creams concentration distribution.
b GM: geometric mean, GSD: geometric standard deviation.

Table 2
Measured concentrations in cleaning agents and derived distributions characteristics.

Cleaning agent Number of
samples analyzed

% without
geraniol

Reported concentrations
(mg/kg) rounded

References GMa (mg/kg); GSDa derived from the
reported concentrations

All purpose cleanerb 28 89 60, 100, 930 NVWA
2006

129; 3.8 Fzeroc ¼ 85%

Special surface (plastic, aluminum, natural stone,
wooden floor, furnitureb cleaner

11 91 100 NVWA
2006

Bathroom cleanerb 9 89 1200 NVWA
2006

Scrub cleanerb,d Na Na 843 Danish EPA
2002

Surface cleanerb,d Na Na 86, 103 Danish EPA
2002

Cleaning wipesb,d Na Na 69 Danish EPA
2002

Stain removerb 6 50 18, 29, 120 Danish EPA
2003

Dish wash 26 85 40, 40, 40, 80 NVWA
2006

88.1; 3.6

70, 79, 1454 Danish EPA
2003

Na information not available.
a GM: geometric mean, GSD: geometric standard deviation.
b Data of these products are pooled to obtain an overall all-purpose cleaner concentration distribution.
c Fzero ¼ fraction of zeros.
d Targeted samples (only products with geraniol on the label): not suited to determine fraction of zeros.

Table 3
Grouping of cosmetic products for the estimation of product concentrations (i.e. fraction of zeros and concentration distribution). Concentration data are derived from
experimental data for the proxy product group and subsequently applied to the other product groups on basis of assumed similarity.

Product type Proxy product category ….. applied to product (group)

PCP Deodorant Deodorant (cream, roller stick, spray and tissue), aftershave balsam and spray, perfume and eau de
toilette spray

Lotion and cream Hand cream, day dream (face), facial spray
After sun cream, body lotion, body milk, bronzing cream, cleansing lotion, night cream (face), hair
foam, hair gel, hair lotion, hair wax, hand cream, sunscreen cream

Hand soap Hair conditioner, Bathing foam, bathing oil, shower gel (or foam/scrub), shampoo, shaving foam,
shaving gel, shaving oil

Household
cleaning
agent

All purpose cleaner (liquid, spray, wipes, gel,
powder, cream, foam and tablets)

All purpose cleaner, kitchen cleaner, floor cleaner, bathroom cleaner, surface cleaner, stain remover
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adults between 18 and 74 years old). The EPHECT study collected
product use data on a variety of products including household
products in 10 different European countries. The data of four
countries were selected for our study: UK, Germany, Denmark and
Sweden (n ¼ 1629).

In this case study, 20,000 simulated persons were sampled from
the database. Each simulated individual was assigned a PCP use
amount and frequency (by drawing a respondent from the Bies-
terbos survey) combined with a use amount and frequency
household cleaning agents (drawing a respondent from the EPHECT
study).

The stochastic sampling, the calculation of the event exposures
and the combination of data in PACEM is implemented in the R
modeling language. The relational database that includes the PCP
use data, the data on the surveyed individuals, and the product
composition data was built as an MS Access database.

For hand soap, laundry detergent and dish wash products no use
data were available. However, hand soap and dish-washing prod-
ucts are expected to have a significant contribution to the total
geraniol exposure (Magnano et al., 2009). For these two products a
deterministic estimate of the exposure was made (see Supporting
Information for details) and this value was added to the probabi-
listic exposure estimate. Laundry agents were not included in the
aggregate exposure estimation, as exposure from these agents is
estimated as extremely low (Corea et al., 2006).

For a dermal sensitizing substance, the critical measure of
exposure is assumed to be the dermal load of the substance on the
skin (Api et al., 2008a, b). This is defined as the amount of substance
per unit surface area (e.g. mg/cm2). This dermal load will vary across
the body of the exposed person depending on the products that the
person uses. Moreover, as skin sensitization is a local effect
(induced by the Langerhans cells in the skinwhich, activated by the
allergen, migrate to the local lymph nodes where they initiate the
cascade of events leading to sensitization (Api et al., 2008a)),
exposure on separate parts of the body should not be aggregated.
For these reasons, we separately aggregated the exposure for
different parts of the body (head, trunk, arms, hands, legs and feet).
The products were assigned to the body parts according to the
expected location of application (e.g. hair products to head and
hands, all-surface cleaners to hands). For each product, the fraction
of the product that ends up on the skin during use (called exposure
fraction) is estimated, thereby also capturing wash-off events. For
each body part, the dermal load of geraniol during the use of a
product is then calculated as:

Amount geraniol on skin ¼ Aprod � EF �w (1)

Aprod: Amount of product used
EF: exposure fraction
w: weight fraction of geraniol in the product

For cosmetics the exposure fractions are equal to the retention
factors defined in SCCS (2012) (Table 4). As for household cleaning
agents no retention factors are available, the exposure fractions
were calculated based on information from the Cleaning Products
Fact Sheet, where a layer of diluted product on the skin is consid-
ered (Prud'homme de Lodder et al., 2006). For example, to calculate
the exposure fraction of all-purpose liquid cleaners on the hands,
we made the following assumptions:

The all-purpose liquid cleaner is used in a solution. Following
the Cleaning Products Fact sheet, it is assumed that the all-purpose
liquid cleaner is used in 5 L water. Potential exposure to the undi-
luted cleaner during mixing with water was not taken into account.

Of this solution a thin layer will remain on the hands after im-
mersion. The thickness of this layer is assumed to be 0.01 cm. Using
the average surface area of hands of 900 cm2, it follows that in total
900 � 0.01 cm3 ¼ 9 mL of the solution will end up on the hands.
This is a fraction of 0.009/5 ¼ 0.0018 of amount of undiluted liquid
cleaner. Hence the exposure fraction for the hands is 0.0018
(Table 4).

In addition to the assumptions indicated above to estimate the
exposure to geraniol from PCPs and household cleaning agents the
following assumptions were made:

� The geraniol concentration in the product is stable. It is assumed
that oxidation into other sensitizing compounds (e.g. geranial)
does not occur.

� The relevant time period for sensitization is one day (24 h), (Api
et al., 2008a); therefore we calculated the aggregated external
exposure to geraniol over 24 h.

� Liquid cleaners have the same exposure fraction as cleaning
agents as gel, powder, tablet or cream. In addition, spray and
foam cleaners have an equal exposure fraction.

2.2. Hazard characterization and risk assessment

The sensitizing potency of geraniol was reviewed to obtain a
health based guidance value below which no appreciable risk of
sensitization is thought to occur (in humans). WHO/IPCS (2012)
recommends risk assessors to derive a PoD based on all available
information, both from laboratory animal studies and from human
studies. Therefore, the PoD for geraniol is derived both frommurine
local lymph node assay (LLNA) tests and HRIPT studies.

When derived from a LLNA study, the EC3 value is used to obtain
a PoD. The EC3 is defined as the concentration resulting in a 3-fold
induction of the proliferative response (Basketter et al., 1999). This
concentration is generally expressed as % w/v, where 1% should be
equivalent to 0.01 mg geraniol/mL vehicle. The latter concentration
unit applied in an LLNA is converted to a surface dose (in mg/cm2) by
multiplying by 25 since standard protocols require that 1 cm2

mouse ear is treated with 25 mL test solution, resulting in a dose of
250 mg/cm2 (Griem et al., 2003). To determine the EC3 and its 90%
confidence interval, all published dose response data were
analyzed simultaneously using the dose response modeling soft-
ware PROAST (version 38.9, www.proast.nl). The PROAST software
selects the optimal data fitting model from an exponential family of
models using the likelihood-ratio criterion (Slob, 2002). The model
fitting process also takes into account potential differences be-
tween vehicles, studies or both by analyzing whether including
vehicle, study, or a combination thereof as a potential covariate for
the model parameters significantly improves the fit of the model to
the data. SAFs were determined for inter- and intraspecies differ-
ences and differences between experimental and real-life exposure
situation (‘use and time factors’). SAFs were applied (for details see
Results section) to calculate an AEL. Finally, the risk of sensitization
by geraniol in PCPs and household cleaning agents was determined
by comparing the aggregate exposure to the AEL.

3. Results

3.1. Aggregate exposure assessment

The aggregate exposure distribution of geraniol for the different
body parts estimated using PACEM is shown in Table 5. The dermal
load is expressed as mg geraniol per cm2 (highest exposures printed
in bold). It has to be noted that zero values have been included in
the calculations, showing that at least 10% of the population is not
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exposed on that particular day on any of the body parts for the
products included in PACEM calculations. Further, at least 25% of
the population does not have exposure to their legs or feet on that
particular day. This does not mean that this percentage of the
population never uses geraniol containing products, but rather that
on one particular day this percentage of the population does not
use geraniol containing products. A part of this fraction of the
population may use geraniol containing products on other days,
while some subjects may actually not use geraniol containing
products at all. The highest exposure (bold concentrations) was
found on the hands and arms, the lowest exposure on legs and feet
(Table 5).

When zooming in on the 24-h population exposure to geraniol
on the hands (20,000 simulated persons) it shows that the majority
of individuals are only exposed to geraniol via PCPs (74%), others
are exposed via both PCPs and household cleaning agents (6%) and
only a minority from household cleaning agents only (1%) (see
Table 6). For 18% of the individuals the total exposure estimated
with PACEM equaled zero on this day. A shift in contribution of the
different product types is observed at the highest percentile of
hand exposure (P99). The contribution of PCPs has declined to 58%,

while the exposure to both product groups has increased to 35%
and from household cleaning agents to 7% (Table 6) compared to
the overall exposed population. So, overall, the contribution of
household cleaning agents to the dermal exposure to the hands of
the population to geraniol is low. Nevertheless, a part of the 7% of
the individuals with exposure exclusively from household cleaning
agents has a relatively high exposure to the hands. More specif-
ically, the 20 highest exposed individuals in the simulation were
almost exclusively exposed from household cleaning agents (data
not shown). Cleaning wipes were the drivers of the exposure of
these 20 individuals.

The exposure from hand soap plus dish-washing products,
estimated with a deterministic calculation, amounts to
2.4 � 10�3 mg/cm2 (using P50 of the concentration distribution of
these products) and 3.8 � 10�2 mg/cm2 (using P95). The exposure
from hand soap is similar to that of dish-washing products. While
the additional exposure from those two products is almost negli-
gible compared to the P99 of the exposure distribution of the hands
estimated with PACEM, this is not the case for the lower percentiles
of this distribution (Table 7).

Table 4
Exposure fractions for products used to estimate exposure and associated body parts.

Product type Exposure fractiona Body part

Perfume 1 Head
Hair products 1 Hands, head
Shampoo 0.01 Head, hands
Deodorant 1 Arms, trunk
Douche/bathing 0.01 Whole body
Face cream 1 Hands, head
Hand soap 0.01 Hands
Body lotion/sun screen/after sun/bronzing lotion 1 Whole body
Conditioner 0.01 Hands, head
Aftershave 1 Head
Shaving cream 0.1 Head
Cleaning liquid/gel/powder/tablet 0.0018 Hands
Cleaning liquid/gel/powder/tablet 0.052 Arms
Cleaning wipes 1 Hand palm
Cleaning spray/foam/cream 0.05 Hand palm

a For PCPs derived from retention factors SCCS (2012).

Table 5
Percentiles of the aggregate exposure distribution (including zeros) for specified body parts for the total population on one particular day (estimated using PACEM, excluding
the deterministic estimation of exposure by hand soap and dish-washing detergent).

Percentile Exposure (mg/cm2)

Hands Arms Head Trunk Legs Feet

10% 0 0 0 0 0 0
25% 4.1 � 10�5 4.0 £ 10�4 3.1 � 10�5 1.3 � 10�4 0 0
50% 2.9 � 10�3 4.6 £ 10�3 2.0 � 10�3 3.2 � 10�3 8.9 � 10�6 8.9 � 10�6

75% 0.029 0.019 0.021 0.012 3.4 � 10�4 3.4 � 10�4

90% 0.12 0.064 0.088 0.036 6.8 � 10�3 6.8 � 10�3

95% 0.24 0.15 0.18 0.066 0.029 0.029
99% 0.89 0.72 0.59 0.23 0.21 0.21

Bold concentrations are highest concentrations on a particular body part within the considered percentile.

Table 6
Percentage of 20,000 simulated individuals having exposure to geraniol to hands via PCPs and/or household cleaning agents (hand soap and dish wash detergent excluded).

Exposure (mg/cm2) Exposure only via PCPs (%) Exposure only via household cleaning agents (%) Exposure from both product groups (%)

<0.24 (95th % percentile)a 74 1 5
0.24e0.89 78 2 20
>0.89 (99th % percentile) 58 7 35
Total populationa 75 1 6

a Percentage of individuals with exposure to geraniol of 0 mg/cm2: for < P95: 20%; for total population: 18%.
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3.2. Hazard assessment

3.2.1. LLNA studies
In Table 8 an overview is given of EC3 values derived from the

LLNA. The lowest EC3 is 1400 mg/cm2 obtained by Lalko et al. (2004)
using ethanol as vehicle, but values up to ten times this number has
been reported as well.

Of six LLNA experiments listed in Table 8 the underlying data are
available (Lalko and Api, 2006, Lalko et al., 2004; Hagvall et al.,
2007). Cellular proliferation was determined using incorporation
of [3H]thymidine in the lymph nodes, which was measured by
counting disintegrations per minute (DPM) per node for each
experimental group. These data are used to derive the EC3 value for
geraniol. In these experiments, various vehicles were applied. For
this case study, it was decided to deviate from the analysis method
for LLNA data as described by the WHO/IPCS (2012), which is
averaging the EC3 values. The reason for this is that LLNA data from
different experiments may be quite variable and this variation is
not correctly reflected when using the average EC3 values. Hence,
all published dose response data were analyzed simultaneously
using the dose response modeling software PROAST. Variation be-
tween animals within experimental groups could not be analyzed
since in all studies the lymph nodes were pooled for each experi-
mental group. The best fit to the data was achieved with the
exponential model y ¼ aðc� ðc� 1Þe�bxd Þ, with study and vehicle
as a covariate for the intercept (a) and the residual variance, and
with vehicle as a covariate for potency (b) (Fig. 1). Parameters c and
d describe the maximum response and shape of the curve respec-
tively, and are assumed not to deviate between vehicles and studies
(Slob and Setzer, 2014). This yields the EC3 and 90% confidence
interval thereof related to every vehicle (Table 9). Slight deviations
of the EC3s from the values in Table 8 are observed, because the
individual experiments influence each other's dose-responses due
to the simultaneous analysis. In accordance with the benchmark
dose (BMD) approach (EFSA 2009), the lowest obtained lower

confidence bound of the EC3 related to the vehicle ethanol equals
1100 mg/cm2 (¼103.04 mg/cm2), is considered as an appropriate PoD

Table 7
Total exposure to hands from all products (probabilistic calculation with PACEM and deterministic calculation for hand soap and dish wash detergent).

Percentile Exposure (mg/cm2)

Outcome
PACEM

Plus hand soap and dish wash detergent (P50 of concentration
distribution)

Plus hand soap and dish wash detergent (P95 of concentration
distribution)

10% 0 2.4 � 10�3 0.038
25% 4.1 � 10�5 2.4 � 10�3 0.038
50% 2.9 � 10�3 5.3 � 10�3 0.041
75% 0.029 0.031 0.067
90% 0.12 0.12 0.16
95% 0.24 0.24 0.28
99% 0.89 0.89 0.93

Table 8
Overview of EC3 values derived from LLNA sensibilization studies with geraniol.

EC3 Vehiclea Reference

% w/v mg/cm2

14.1 3525 Not reported Api et al., 2008a, b. Based on 5 unspecified studies
5.6 1400 EtOH Lalko et al., 2004
25.8 6450 3:1 EtOH/DEP Lalko et al., 2004, Basketter et al., 2011 b; Basketter et al., 2005 b; Gerberick et al., 2005 b

20.4 5100 1:3 EtOH/DEP Lalko et al., 2004
11.8 2950 DEP Lalko et al., 2004
11.4 2850 1:3 EtOH/DEP Lalko and Api 2006
57 14,250 Acetone/olive oil Griem et al., 2003
38.5 9625 Acetone/olive oil Basketter et al., 2011
22.4 5600 8:1:1 acetone/glycerol/water Hagvall et al., 2007

a DEP ¼ diethyl phthalate, EtOH ¼ ethanol.
b Derived very similar EC3s based on the experiment from Lalko et al., 2004.

Fig. 1. Cellular proliferation as a function of geraniol exposure in the LLNA based on
data from six experiments. The dotted horizontal lines represents a threefold induction
compared to background for each vehicle, and the corresponding vertical dotted lines
indicate the EC3 value (in mg/cm2). Blue diamonds: Hagvall et al., 2007, 8:1:1 acetone/
glycerol/water, Red triangles: Lalko and Api, 2006, 1:3 EtOH/DEP, Pink squares: Lalko
et al., 2004, EtOH, Black circles: Lalko et al., 2004, 1:3 EtOH/DEP, Green crosses:
Lalko et al., 2004, 3:1 EtOH/DEP, Cyan triangles: Lalko et al., 2004, DEP. (For inter-
pretation of the references to color in this figure caption, the reader is referred to the
web version of this article.)
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to derive the AEL. Note that this value is lower than the EC3s re-
ported in the individual studies mentioned in Fig. 1, as the PoD is
based on the lower confidence bound (BMDL) rather than the best
estimate of the BMD.

3.2.2. HRIPT studies
For geraniol, several HRIPT studies are suitable for the derivation

of a PoD. It is important to consider that it is not possible to
designate a dose at which zero individuals are sensitized, due to the
uncertainty as a result of the limited sample size. For example, in an
HRIPT study in which 0% of the 100 subjects are sensitized, this
percentage has a 90%-confidence interval of 0e2.95%. So, with the
present set-up of HRIPTs, it is not possible to measure an incidence
of <3%. Increasing the sample size will result in a smaller upper
confidence limit, but this limit will never reach zero, unless the
uncertainty due to a limited sample size becomes obsolete by
testing the entire population.

Another issue is the question of which incidence of ACD is
acceptable. Schneider and Akkan (2004) proposed the DSA05, the
dose per skin area leading to a sensitization incidence of 5%, as an
appreciable increase in terms of risk. The same dose (BMD5) is also
mentioned by IPCS (2012) as a value that could be used as a PoD
from an HRIPT study. Hence, this value was considered in the
present study.

The incidences of ACD by geraniol (%) and their 90% confidence
intervals were derived from the individual human studies as re-
ported in the review by Lapczynski et al. (2008) (Table 10). The
table shows appreciable incidences (i.e. �5%), especially when
taking the above-mentioned uncertainty caused by limited sample
sizes into account. Nevertheless, when increasing the sample size
by combining the results of RIFM (1964b, 2004) and Mazulli and
Maibach (1980) (as doses are all at ~10,000 mg/cm2) this results in
a lower incidence of 2/330 (0.61%). The corresponding upper con-
fidence bound of 1.9% can be considered as an acceptable incidence
since it is below 5%

Note that the RIFM 2004 study showed three subjects whowere
possibly sensitized. These three reactions are considered to be
questionable; one subject appeared to be pre-sensitized since the
subject began to react after the first induction applications. Two

other subjects exhibited slight to mild erythema during challenge;
however, this mild reaction is not indicative of sensitization. Even
when assuming that the three cases in the RIFM 2004 study are
truly sensitized individuals the confidence interval stays below 5%,
namely 0.60e3.2%.

In conclusion, the doses used in the studies as listed in Table 7
did not lead to an appreciable increase in incidence, and could be
regarded as a HRIPT NOEL when considering a �5% increase in
incidence as adverse. The dose of 10,000 mg/cm2 is considered as
the PoD from the HRIPT studies.

In the above overview of toxicity data two candidate PoDs are
presented: the EC3 of 1100 mg/cm2 from a LLNA and the HRIPT NOEL
of 10,000 mg/cm2. Guidance is available to determine the appro-
priate PoD for further risk assessment (Api et al., 2008a;WHO/IPCS,
2012). On the choice between the LLNA EC3 and HRIPT NOEL as a
PoD the guidelines (Api et al., 2008a) state that when there is a
significant discrepancy between an HRIPT NOAEL and a LLNA EC3
value (e.g. around an order of magnitude or more), further
consideration in setting the PoD is required. The difference be-
tween the LLNA EC3 and HRIPT NOEL found in this case study is
considered as a significant discrepancy requiring further consid-
eration. However, as no arguments could be found to dismiss either
the LLNA EC3 or the HRIPT NOEL both PoDs are taken forward to
derive an AEL.

The possible differences between the experimental population
and the target population should be taken into account when
deriving an AEL. In general, inter- and intraspecies assessment
factors account for differences between animals and the typical
(average) human and between the typical and sensitive human,
respectively. To derive the AEL from the PoD from the LLNA and
HRIPT study the default intraspecies assessment factor of 10 is
applied. An interspecies factor for the LLNA derived PoD is
considered not appropriate because the results of the LLNA and
HRIPT studies for geraniol do not indicate that humans are more
sensitive than mice.

In addition to inter- and intraspecies differences, differences
between the experimental and real-life exposure situation should
be accounted for. It is suggested (WHO/IPCS, 2012; Api et al., 2008a,
b) that a matrix factor can be applied when consumer products

Table 9
EC3s and confidence intervals related to each vehicle obtained from dose-response analysis of all available data from LLNA studies with geraniol.

Study Vehicle EC3 (90%-confidence interval) (mg/cm2)

Hagvall et al., 2007 8:1:1 acetone/glycerol/water 4700 (1500e21,000)
Lalko et al., 2004 & Lalko and Api, 2006 1:3 EtOH/DEP 3900 (2900e5600)
Lalko et al., 2004 EtOH 1400 (1100e1700)
Lalko et al., 2004 3:1 EtOH/DEP 5900 (3300e11,000)
Lalko et al., 2004 DEP 3100 (2200e4400)

Table 10
Sensitization incidences of allergic contact dermatitis by geraniol in human tests as reported in Lapczynski et al. (2008).

Dose (mg/cm2) Incidence Number individuals tested Incidence (%) (90%CI) Reference according to Lapczynski et al., 2008

2362 0 110 0 (0e2.7) RIFM 2000
3876 0 40 0 (0e7.2) RIFM 1964
4140 0 24 0 (0e12) RIFM 1979,b

4140 0 25 0 (0e11) Greif et al., 1967 b

4140 1 26 3.8 (0.20e17) RIFM 1979,b

5905 1a 109 0 (0e2.7) RIFM 2002
9690 0 41 0 (0e7.0) 0.61 (0.11e1.9) RIFM 1964
10,000 0 104 0 (0e2.8) Marzulli and Meibach 1980
10,000 2 73 2.7 (0.49e8.4) Marzulli and Meibach 1980
11,810 3a 112 0 (0e2.6) RIFM 2004

a Questionable reactions, a zero incidence is assumed by the authors.
b Maximization tests.

M.M. Nijkamp et al. / Regulatory Toxicology and Pharmacology 73 (2015) 9e18 15



contain dermal irritants or penetration enhancers and the experi-
mental vehicle does not contain this kind of substances. In the
present hazard assessment, the presence of irritants or penetration
enhancers is considered depending on the product used, and were
therefore accounted for in the exposure assessment by multiplying
the concentration of household cleaning agents by 3. Furthermore,
a ‘use and time factor’ is sometimes applied, which accounts for
differences between the experimental and real-life exposure. In
this factor different elements are collected: site of contact, barrier
integrity, occlusion, frequency of exposure and possible (time)
delay of sensitization (i.e. that for some individuals the two weeks
between induction and challenge in a HRIPT study is too short and
hence the incidence found is underestimated), (IPCS, 2012). In the
present study it is assumed that the absorption in the HRIPT and
LLNA studies is 100%, which is worst-case. This assumption is
warranted because the exposure in the HRIPT study is under oc-
clusion and in the LLNA study thin mouse skin and efficient vehicle
are used. As the absorption in real-life exposure cannot exceed
100%, factors accounting for site of contact, barrier integrity or
occlusion are obsolete. To account for the frequency of exposure
and possible delay of sensitization an arbitrary factor of 10 is
applied as a use and time factor in the HRIPT (WHO/IPCS, 2012;
paragraph 6.5.4). For the LLNA studies only the factor for frequency
of exposure (2) is used, as it is not considered necessary to include a
factor for delay of sensitization.

When taking the HRIPT NOEL as a PoD and applying a factor of
10 for intraspecies differences and 10 as the time and use factor an
AEL of 100 mg/cm2 is derived. When applying the intraspecies
assessment factor of 10 and a time and use factor of 2 to the LLNA
EC3 an AEL of 55 mg/cm2 is obtained.

3.3. Risk assessment

The P99 exposure is calculated for the hands, showing an
aggregated exposure of 0.93 mg/cm2. The maximum calculated
value (also to the hands) is a 100-fold higher, namely 102 mg/cm2

(data point not shown).
From a precautionary point of view the lowest AEL for sensiti-

zation, i.e. the AEL from the LLNA-study of 55 mg/cm2, is chosen to
be compared with the aggregated exposure distribution. The P99
exposure is below this level, indicating that the estimated risk on
sensitization is low. The exposure of 0.02% of the simulated popu-
lation exceeds the AEL on one particular day.

For the assessment of the risk to sensitization to geraniol, a more
important figure is the proportion of the population that will in the
entire course of his/her life have an exposure higher than the AEL.
To assess this, it is assumed that (with a realistic product use) there
may be a day in an individual's life onwhich he/she uses all his/her
geraniol containing products. To achieve this, the use frequency of
each product was set to daily. The fraction of the population
exceeding the AEL in this life-time scenario is 0.86%.

4. Discussion

In the present study, the aggregate exposure of various parts of
the body to the fragrance geraniol was estimated using the PACEM
model. This model combines data on the use of personal care
products and household cleaning agents with concentration data of
geraniol in these products obtained from public literature.

The hands, with an aggregated exposure of 0.041 mg/cm2 (P50),
0.28 mg/cm2 (P95) and 0.93 mg/cm2 (P99) are the body parts
showing the highest exposure to geraniol. While the arms and head
are also relatively highly exposed (P99 of 0.72 and 0.59 mg/cm2,
respectively), the exposure to the trunk and legs and feet is lower
(P99 ~0.2 mg/cm2). Since exposure to household cleaning agents on

body parts other than hands and arms is unlikely and hands are
used to apply personal care products these results were expected.

The exposure estimates presented here are believed to reflect to
a high extent the realistic exposure of the population to geraniol
from the use of multiple PCPs and household cleaning agents. Still,
there are considerable uncertainties in the risk assessment due to
limitations in knowledge (including lack of data). An important
knowledge gap is the relevant aggregation period (presently
assumed to be 24 h). The timeframe for aggregation of exposures
relevant for sensitization is not known, but might be longer than
one day. The induction phase may take place on acute exposures,
but also during longer time periods. It is recommended that in-
vestigations into the relevant time period for aggregation are
undertaken.

In relation with this, it can be noted that ideally, the risk to
sensitizing agents should be assessed by modeling or measuring
the internal exposure (e.g. the amount of substance that enters the
epidermis and becomes available for recognition by Langerhans
cells) rather than the dermal dose. Presently, quantitative infor-
mation on e.g. the absorption and haptenization of sensitizing
agents is lacking. An appropriate internal dose metric would ac-
count for such processes, but this can only be derived when
experimental data (e.g. on activated Langerhans cells after exposure
to an allergen) are available. The use of internal exposurewould not
only result in an improved exposure assessment, but would also
render several proposed SAFs related to absorption (e.g. reduced
barrier function, location) obsolete. Note that in case the internal
exposure is applied in risk assessment, the PoD will also need to be
estimated based on internal rather than external dose.

Another uncertainty in the current assessment is in the
assumption that all geraniol in the products is present in an un-
oxidized form. Oxidation products of geraniol have been shown
to be stronger sensitizers than the mother compound (Hagvall
et al., 2007, 2013). In every-day life consumers are likely exposed
to (partly) oxidized geraniol, as containers are opened by the
consumer and used for a longer time period. Hence, due to the
presence of oxidation products of geraniol, the actual risk of
sensitization from using products containing geraniol is likely
higher than calculated in the present case study. Nevertheless,
since information on the oxidation process of geraniol is lacking it is
not possible to take the oxidation process into account.

The method for hazard characterization, as applied in a QRA, of
sensitizing agents is still under development. Although several
documents are giving guidance to QRA (Api et al., 2008a, b; IPCS
2012), the method is not set in stone. In the present paper the
guidance documents were generally followed, though we applied
the following deviations. Firstly, we added the analysis on all the
EC3 data, deriving an EC3 value including its confidence interval,
yielding a reliable PoD. Second, confidence intervals were calcu-
lated for the incidences found in the HRIPT studies, based on their
sample sizes. Regarding the SAFs, it was decided not to use an
interspecies factor, as there was experimental evidence that
humans are not more sensitive to geraniol than mice. Finally, the
matrix SAF was not applied in the hazard characterization but in
the exposure assessment because of its product dependency.

The current study suggests that for the majority of the popula-
tion, exposure to geraniol via personal care products is higher than
via household cleaning agents. This finding is in accordance with
Basketter et al. (2014), who concluded, from exposure estimates of
single exposure events of citral (hand laundry, trigger sprays and
wipes) that the risk of induction of fragrance contact allergy from
household cleaning agents is low. Most household cleaning agents
are diluted before use. For PCPs only a part of the products is diluted
(rinse-off products, such as shampoo and shower gel) while other
products are directly applied to the skin, e.g. body lotion,
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deodorant. Within the exposure fraction, the dilution of the prod-
ucts is taken into account. For individuals at the high end of the
exposure distribution, household cleaning agents, especially
cleaning wipes, have a high contribution to the daily exposure.
Since there is no information on the fraction of geraniol from
cleaning wipes to which a person is exposed, the exposure fraction
was set to 1, which may be overly conservative. When the exposure
fraction is lowered to 0.1 (e.g. 10% of the amount of geraniol has
contact with the skin) the exposures of these individuals decrease a
factor of 10, resulting in about 6e10 mg/cm2.

Not all PCPs and household cleaning agents are included in our
assessment. For scented candles, incense sticks/cones, heated oil
and air fresheners, dermal exposure was considered negligible and
accordingly, these products were not considered. On the other
hand, products such as lip balm, eyebrow pencil, eye shadow, liquid
foundation, make up remover, rouge powder, mascara and nail
polish products, insect repellents and baby wipesmay contribute to
the dermal exposure to geraniol and for this reason our aggregated
exposure can be an underestimation. Refinement of the exposure
estimate is possible when concentration and use data on these
products will be available.

The conclusion that exposure to geraniol is higher via PCPs
compared to household cleaning agents is reasonably firm, even
with the relatively large uncertainties mentioned above. This is the
case because most of the uncertainties consider the two different
product types in a similar way (e.g. relevant time of exposure,
oxidation of geraniol in opened products).

In our calculation, the percentage of the population exceeding
the AEL is 0.02% per day (4 out of 20,000 individuals per day). The
fraction of the population exceeding the AEL in the life-time sce-
nario is 0.86%. These fractions indicate the minimum and
maximum range of the incidence of sensitization to geraniol. In
both scenarios these individuals obtain their exposure mostly by
the use of cleaning wipes, which could be an overestimation.

A crude estimation of the incidence observed in the general
population is 0.17%, calculated by multiplying the prevalence of
allergy for FM1 in the European adult population of 3.7% (Thyssen
et al., 2009) with the percentage FM1-positive patient population
from Germany who tested positive on geraniol (4.7%) (Uter et al.,
2010). The incidence in the general population is in agreement
with the incidence-range estimated. It may be noted that there is an
inconsistency between the present concern on the fragrance ge-
raniol having an incidence of 0.17%, and the acceptable incidence of
5% proposed for HRIPT studies (Schneider and Akkan (2004) and
IPCS (2012)). Indeed, 5% seems a high value to be acceptable for an
irreversible effect. However, the present set-up of HRIPT-studies
with a sample size of 100 individuals does not allow for lower in-
cidences than 3% to be picked up (see Results). An elaborate dis-
cussion on an acceptable incidence of sensitization is considered to
be beyond the scope of this paper. However, the authors encourage
any attempt of setting and justifying an acceptable (and measur-
able) incidence.

The focus of this studywas on determining the risk for induction
of ACD. The likelihood that a chemical will elicit an allergic reaction
in those who are already sensitized was not considered. Elicitation
may occur at concentrations several orders of magnitude lower
than sensitization. While elicitation is beyond the scope of the QRA
for skin sensitization by Api et al. (2008a, b), this subject is
addressed by IPCS (2012) and SCCS 2013 (DG-SANCO, 2013). The
SCCS considers a general level of exposure up to 0.8 mg/cm2 as
tolerable for most consumers with contact allergy to fragrance al-
lergens and hence, likely efficient in limiting elication (DG-SANCO,
2013). Based on our results on daily exposure of 20,000 individuals,
13% of the simulated population exceeds this general limit value for
elicitation on a particular day. It is unknown if this general exposure

limit value is also the limit value for elicitation by geraniol, but it
may be expected that patients that are allergic to geraniol can
respond to geraniol based on our exposure assessment.

5. Conclusion

The present case study demonstrated that the hands are the
body parts having the highest aggregated exposure to geraniol. The
quantitative risk assessment established that aggregated exposure
to geraniol is below the acceptable exposure level (AEL) for the
largest fraction (>99%) of the population. In general, the consumer
exposure to geraniol via personal care products is higher than via
household cleaning agents. However, exposures exceeding the AEL
are mainly due to the high contribution from the use of wet
cleaning wipes.
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Supporting information

Deterministic estimation of exposure from hand soap and dish wash detergent

The exposure was calculated according to equation [1]

= × × [1]

Aprod : Amount of product used

w : weight fraction of geraniol in the product

Applied values were: used amounts of 1 g x 5 times per day for hand soap and 8.6 x 1.17 times for the

dish wash, EFs from Table 4 for hand soap and liquid cleaner, and the P50 and P95 of the measured

concentrations (hand soap: 17.9 and 440 mg/kg, dish wash detergent 88.1 and 720 mg/kg,

respectively).

Results:

Hand soap: 1.0 x 10-3 µg/cm2 (P50) and 2.6 x 10-2 µg/cm2 (P95)

Dish wash detergent: 1.4 x 10-3 µg/cm2 (P50) and 1.2 x 10-2 µg/cm2 (P95)

Total additional exposure from the two products: 2.4 x 10-3 µg/cm2 (P50) and 3.8 x 10-2 µg/cm2 (P95)
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