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There is no doubt synthetic chemicals bring in benefits, upon which modern society is entirely
dependent. The development of drugs, production of energy, food and consumer products, and
enhancing performance properties of these products are among the most important sectors that
depend on the plethora of properties of synthetic chemicals. The use of synthetic chemicals, however,
is not without consequences and ubiquitous chemical exposure, be it for humans or the environment,
is one of the most concerning risks. In response to this risk new legislations were globally enforced
and the scientific discipline of exposure science evolved in the last couple of decades. Currently a
major challenge in the field of exposure science is to accurately assess the intake and subsequent
uptake of chemicals into the human body in various exposure scenarios/settings and to weight the
impact of different exposure sources/pathways on aggregate exposure. The present thesis addresses
contemporary issues in aggregate consumer (non-dietary) exposure assessment with specification to
cosmetics and personal care products use. The main goal of this thesis was to develop a validated
probabilistic model for realistic aggregate, i.e. multi-source, exposure estimation at the population
level and demonstrate its applicability for a tiered risk assessment using a case-study compound with
low toxicity profile.
In the first part of the thesis, the concentrations of the model compound, decamethylcyclopentasiloxane (D5), and two other cyclic volatile methylsiloxanes (cVMSs) were analytically measured
in fifty one cosmetics and personal care products (C&PCPs) sold in Western Europe. The project was
initiated in view of paucity of corresponding reliable data crucial for the estimation of realistic
consumer exposure within the European general adult population. Applications of cVMSs as
emollients and carrier solvents in C&PCPs stem from their distinct physicochemical properties such
as high vapour pressure, low surface tension, and a high degree of compatibility with many
formulation ingredients. Among all target analytes D5 was the most abundant one with the highest
mean

and

median

concentrations

in

all

analyzed

product

categories

(particularly

in

deodorants/antiperspirants and liquid foundations). Based on the results of the screening assessment
deodorants were also shown to contribute the most to aggregate daily dermal exposure to D5 from
C&PCPs. The results of this study supported the initial hypothesis that consumer use of C&PCPs is
the primary source of cVMSs exposure to humans and the environment. The determined product
concentrations were further processed in a meta-analysis of data from similar studies and used as an
input for subsequent work on aggregate consumer exposure modelling.
The next chapter of the thesis presents and evaluates a novel methodology proposed for a more
realistic, yet conservative assessment of aggregate consumer exposure from multiple C&PCPs.
Different tiers (i.e. levels of complexity) of source-to-dose exposure modelling, ranging from a
deterministic worst-case scenario approach to a more realistic evaluation of the population aggregate
exposure distribution, obtained with the newly developed person-oriented Probabilistic Aggregate
Consumer Exposure Model (PACEM), were considered in the case study for D5. The novelty of the
developed model consists of performing the aggregation of exposure at the very individual level,
making use of the detailed consumer exposure factor database that holds the C&PCPs use and co-

x

use data and biometric details for 516 Dutch adults. Hitherto, aggregate exposure estimates
(particularly in their higher percentiles) were unrealistically high, if calculated based on the use
parameters distributed at the population level without any knowledge about product co-use. Another
innovative aspect of this chapter relates to PACEM validation, as the comparison of model
simulations with real exposure levels is rarely performed. To quantify the level of conservatism of
different modelling tiers we compared the calculated aggregate consumer exposure to human
biomonitoring (HBM) and indoor air concentrations data for D5. For the first validation exercise
PACEM was coupled to a compound-specific physiologically based pharmacokinetic (PBPK) model.
The second validation approach involved the comparison with calculated residential air concentrations
based on the default modelling inputs and assumptions.
th

It was found that the 95

percentile of the aggregate exposure distribution to D5 from C&PCPs

modelled with PACEM for the general Dutch adult population was 20-fold lower than the worst-case
scenario point estimate, attained by simple summation of single product exposures. The reduction of
exposure resulted in a substantially smaller potential risk of chronic health effects, as indicated by a
sufficiently high Margin of Exposure (MoE). Validation revealed moderate (up to one order of
magnitude) overestimation of the actual population exposure levels, which were derived from the
HBM data. Given that both natural variability and epistemic uncertainty are appropriately reflected in
the model, PACEM proved to be reasonably conservative. The inter-individual variability of the
individual model inputs outweighs the uncertainty in their estimates. Notwithstanding the great effort in
preliminary data collection, still the key contributor to the output uncertainty identified in the sensitivity
analysis was the chemical‘s product concentration. This finding highlights an urgent need for a
uniform database that would allow open access to the quantitative up-to-date data on C&PCPs
ingredients.
In the fourth section of this thesis we describe a novel empirical approach for measuring the
evaporation rates of neat and formulated D5 from porcine skin in vitro. The collected experimental
data are a prerequisite for estimating the relevance of inhalation and dermal exposure routes to assist
aggregate consumer exposure modelling. It was shown that the evaporation of D5 occurred very fast,
resulting in about half of the administered dose having evaporated within one hour post-exposure.
The investigated face cream formulation yielded significantly lower D5 evaporation rates than those
determined for the neat substance. The new method explicitly considers the initial penetration and
(re)evaporation of C&PCP ingredients from skin. Besides the already described accurate prediction of
multi-route aggregate consumer exposure, it has a great potential for being used in a quantitative
description of fragrances evolution and mechanistic understanding of contact allergy.
In summary we conclude that aggregate exposure estimation is an important instrument for a risk
assessment and management and that, although probabilistic exposure modelling is more laborious
than the deterministic approach, it can significantly improve the content and quality of these
assessments.
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Zweifellos nützen synthetische Chemikalien unserer modernen Gesellschaft. Am meisten werden sie
in der Entwicklung und Verbesserung von Medikamenten und Konsumentenprodukten, sowie in der
Produktion von Energie und Nahrungsmitteln eingesetzt; dies in einer grossen Vielfalt. Der Gebrauch
dieser Chemikalien hat jedoch Konsequenzen und die ubiquitäre Exposition von Mensch und Umwelt
gegenüber Chemikalien stellt ein bedeutendes Risiko dar. Um diesem zu begegnen wurden weltweit
neue Gesetzgebungen in Kraft gesetzt. Parallel dazu entwickelte sich die wissenschaftliche Disziplin
der Expositionswissenschaft (―exposure science‖) innerhalb der letzten Dekaden. Zur Zeit ist eine der
grössten Herausforderungen in der Expositionswissenschaft, die Ein- und Aufnahme von Chemikalien
in den menschlichen Körper unter definierten Expositions-szenarien genau zu bestimmen und den
Anteil verschiedener Expositionsquellen und –pfade an der aggregierten Exposition zu gewichten. Die
vorliegende

Doktorarbeit

befasst

sich

mit

Fragen

zur

Bestimmung

der

aggregierten

Konsumentenexposition für Kosmetik und Hygieneartikel (KHA). Das Hauptziel dieser Arbeit war es,
ein validiertes probabilistisches Modell für die realistische Schätzung der aggregierten Exposition
einer Bevölkerung zu entwickeln, und anhand einer Fallstudie mit einer wenig toxischen Substanz die
Anwendbarkeit des Modells im Rahmen einer stufenweisen Risikoanalyse zu zeigen.
Im ersten Teil der Arbeit wurden die Konzentrationen der Modellsubstanz Decamethylcyclopentasiloxan (D5) und zweier anderer zyklischer volatiler Methylsiloxane (cVMS), die in
Westeuropa verkauft werden, analytisch in 51 KHA gemessen. Das Projekt wurde initiiert, da es
bezüglich dieser Konzentrationen nur wenige Daten gibt, mit denen die realistische Exposition der
erwachsenen europäischen Bevölkerung geschätzt werden kann. Anwendungen von cVMS als
Weichmacher und Trägermittel in KHA basieren auf ihren physikochemischen Eigenschaften, wie z.B.
hohem

Dampfdruck,

niedriger

Oberflächenspannung

und

guter

Kompatibilität

mit

vielen

Formulierungshilfsstoffen. Unter den analysierten Substanzen war D5 das Häufigste mit den höchsten
mittleren Konzentrationen in allen analysierten Produktkategorien (besonders häufig in Deodorants
und Flüssig-Makeup). Auf Screening-Stufe wurde auch gezeigt, dass Deodorants am stärksten zur
aggregierten täglichen Exposition gegenüber D5 aus KHA beitragen. Die Resultate dieser Studie
bestätigten auch die Eingangshypothese, dass der Gebrauch von KHA die Hauptquelle für die
menschliche Exposition wie auch für die Umweltexposition ist. Die in den Produkten bestimmten
Substanzkonzentrationen wurden in einer Meta-Analyse gemeinsam mit weiteren Daten von
ähnlichen Studien weiterverarbeitet und als Eingangsdaten für die anschliessende Arbeit zur
Expositionsmodellierung verwendet.
Das nächste Kapitel der Doktorarbeit stellt eine neue Methodik für realistischere, aber trotzdem
konservative Expositionsschätzungen für den Fall multipler Quellen vor. Verschiedene Stufen (oder
Komplexitätsebenen) von „Source-to-dose―- Expositions-modellierung wurden in einer Fallstudie für
D5 betrachtet, angefangen mit deterministischen Berechnungen für den schlimmsten Fall (worst
case), bis zu einer realistischeren Bestimmung der Expositionsverteilung in der Bevölkerung. Letztere
wurde mit dem neuentwickelten Modell PACEM (Probabilistic Aggregate Consumer Exposure Model)
durchgeführt. Die Besonderheit des selbstentwickelten Modells besteht darin, die Aggregierung der
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Exposition auf der Ebene der exponierten Person durchzuführen. Dazu wurde eine Datenbank mit
detaillierten Expositionsfaktoren verwendet, die Daten zur KHA-Verwendung (einzelne Artikel und
mehrere gleichzeitig) und biometrische Informationen von 516 niederländischen Erwachsenen
enthält. Bis dato waren aggregierte Expositionsschätzer (besonders in den hohen Perzentilen)
unrealistisch hoch, wenn sie auf der Basis von Verteilungen der Eingangsparameter zur
Artikelverwendung berechnet wurden, ohne Daten zur gleichzeitigen Verwendung von Artikeln zu
benutzen. Ein weiterer innovativer Aspekt dieses Kapitels ist die Validierung von PACEM, da der
Vergleich von Modellsimulationen mit tatsächlichen Expositionshöhen in der Bevölkerung selten
durchgeführt wird. Um zu quantifizieren, wie konservativ die verschiedenen Stufen der Modellierung
sind, haben wir die berechnete aggregierte Konsumentenexposition mit Daten aus dem
Humanbiomonitoring (HBM) und Luftkonzentrationen von D5 in Innenräumen verglichen. Ein Teil der
Validierung beruht auf der Kopplung von PACEM mit einem substanzspezifischen PBPK
(physiologically-based pharmacokinetic) Modell. Der andere Teil der Validierung beinhaltet den
Vergleich mit Luftkonzentrationen in Wohnungen, die auf der Basis von Default-Annahmen und
−Werten berechnet wurden.
Das mit PACEM modellierte 95igste Perzentil der Expositionsverteilung für die niederländische,
erwachsene Bevölkerung war um das 20fache niedriger als der Punktschätzer für den schlimmsten
Fall, der durch einfache Addition der Expositionen gegenüber den D5 in den Einzelprodukten erhalten
wurde. Die Reduzierung der Exposition resultierte in einem erheblich kleineren potentiellen Risiko für
chronische Gesundheits-beeinträchtigungen, wie sich aus dem genügend hohen Abstand der
Exposition zu Effekten („margin of exposure―) ergibt. Die Validierung ergab, dass die tatsächlichen
Expositionswerte in der Bevölkerung, die aus HBM-Daten abgeleitet worden waren, leicht (innerhalb
einer Grössenordnung) überschätzt wurden. Unter der Voraussetzung, dass natürliche Variabilität
und epistemische Unsicherheit durch das Modell richtig abgebildet werden, ist PACEM angemessen
konservativ. Die interindividuelle Variabilität der einzelnen Modelleingaben ist grösser als die
Unsicherheit ihrer Schätzer. Trotz des grossen Aufwandes für die Datensammlung geht aus der
Sensitivitätsanalyse hervor, dass immer noch die Substanzkonzentration in den Artikeln den grössten
Beitrag zur Unsicherheit der Expositionsschätzer leistet. Dieser Befund unterstreicht, dass es
notwendig ist, eine einheitliche Datenbank zu schaffen, die offenen Zugang zu quantitativen, aktuellen
Daten zu KHA Inhaltsstoffen bietet.
Im vierten Kapitel dieser Arbeit beschreiben wir einen neuen empirischen Ansatz zur Messung von
Verdampfungsraten reinen und formulierten D5‘s von Schweinehaut in vitro. Diese experimentellen
Daten sind eine Voraussetzung für die Abschätzung der Relevanz des inhalativen und des dermalen
Expositionsweges, welche wiederum die Modellierung aggregierter Exposition unterstützen soll. Es
konnte gezeigt werden, dass die Verdampfung von D5 sehr schnell vor sich geht, so dass bereits eine
Stunde nach Exposition die Hälfte der verabreichten Dosis verdampft war. Die untersuchte
Gesichtscreme lieferte wesentlich geringere Verdampfungsraten für D5 als die Reinsubstanz. Die
neue Methode berücksichtigt ausdrücklich das anfängliche Eindringen und die (Wieder-)

Zusammenfassung

xv

Verdampfung von KHA Inhaltsstoffen von der Haut. Ausser der bereits beschriebenen Anwendung für
die Berechnung der Konsumentenexposition hat die Methode ein grosses Potential dafür, in der
Parfümindustrie zur Beurteilung der Duftentwicklung bei Duftstoffmischungen benutzt zu werden,
sowie für das mechanistische Verständnis von Kontaktallergie.
Zusammenfassend stellen wir fest, dass die Schätzung von aggregierter Exposition ein wichtiges
Instrument

für

Risikoanalyse

und

–management

darstellt,

und

dass

die

probabilistische

Expositionsmodellierung, obwohl aufwändiger als der deterministische Ansatz, den Inhalt und die
Qualität dieser Abschätzungen entscheidend verbessern kann.
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Abbreviations

ADI

acceptable daily intake

ADME

absorption, distribution, metabolism, and excretion

ARfD

acute reference dose

BP

biphenyl

C&PCPs

cosmetics and personal care products

CEFIC

the European Chemical Industry Council

COLIPA

the European Cosmetics Association (now the Cosmetics Europe)

CPNP

Cosmetic Products Notification Portal

CSA

chemical safety assessment

cVMSs

cyclic volatile methylsiloxanes

D4

octamethylcyclotetrasiloxane

D5

decamethylcyclopentasiloxane

D6

dodecamethylcyclohexasiloxane

DCM

dichloromethane

EU

European Union

GC/FID

gas chromatography coupled with flame ionization detector

GC/MS

gas chromatography mass spectrometry

HBSS

Hank‘s Balanced Salt Solution

HEPES

4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid

IPCS

International Programme on Chemical Safety

LOAEL

lowest-observed-adverse-effect level

M4Q

tetrakis (trimethylsiloxy)-silane

MoE

margin of exposure

NOAEL

no-observed-adverse-effect level

OECD

Organisation for Economic Co-operation and Development

P95

the 95 percentile of a variable distribution

th

xviii

PBPK

physiologically based pharmacokinetic (modelling)

PBT

persistent, bioaccumulative and toxic

SC

Stratum Corneum

SCCS

(European) Scientific Committee on Consumer Safety

SPE

solid phase extraction

TDI

tolerable daily intake

VOCs

volatile organic compounds

WHO

World Health Organization
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Glossary
Aggregate exposure

Exposure to a single substance from all known sources (e.g. hair care
products, cosmetics, detergents) via all pathways (e.g. during product use,
after ingestion of house dust, due to contact with contaminated indoor
surfaces) and routes (e.g. oral, dermal).

Biomarker or

An indicator (cellular, biochemical, analytical, or molecular) of a recent or

biological marker

previous exposure in a biological system, that should be a measure of body
burden related to this exposure. The biomarker may be the chemical itself or
a metabolite (adapted from Zartarian et al., 2007).

Biomonitoring

Analytical determination of natural and synthetic chemicals (i.e. biomarkers)
in individuals‘ biological fluids or matrices (e.g. blood, hair, urine, breath) to
assess internal exposure to chemicals (adapted from IUPAC, 2007).

Contact profile

A list of contacts (oral, dermal or inhalation) with consumer products for a
person in a defined duration.

Consumer exposure

Exposure to a chemical from a non-food source that is caused by pathways
not related to professional work and/or the manufacturing process of the
respective chemical.

Cumulative exposure

The exposure to multiple chemicals that have a common mechanism of action
with regard to the effect for human health.

Deterministic model

A mathematical representation of a system in which the input data needed to
evaluate a particular state of the system, are represented by single (point)
values.

Exposure

Concentration or amount of a particular chemical that reaches a target
organism, system, or (sub)population in a specific frequency for a defined
duration (WHO-IPCS, 2004).

Exposure

The process of estimating or measuring the magnitude, frequency and

assessment

duration of exposure to a chemical, along with the number and characteristics
of the population exposed (WHO-IPCS, 2004).

Exposure event

A single use of the product (or a specific activity) resulting in exposure.

xx

Exposure factor

Parameter that is specific to an individual human being and determines the
level of exposure, such as behavioural data (e.g. consumer product use
characteristics) and anthropometric data (e.g. bodyweight, age).

Exposure fraction

The fraction of the total amount of substance released during the use of a
product that an exposed person is actually exposed to. This may, for example
be the fraction of an evaporated substance that is being inhaled, or the
fraction of a substance applied on the skin that is dermally absorbed.

Exposure medium

Material (e.g. air, water, soil, food, consumer products) surrounding or
containing a chemical (Zartarian et al., 2007).

Exposure pathway

The physical course a chemical takes from the source to the organism
exposed (adapted from WHO-IPCS, 2004). An exposure pathway describes a
unique mechanism by which an individual or population is exposed to a
chemical at, or originating from, a site. Each exposure pathway includes a
certain source or release from a source, an exposure point, and an exposure
route. If the exposure point differs from the source, a transport/exposure
medium (e.g., air) or media (in cases of intermedia transfer) is also included.
In other words, it is a time- and space-wise description of the stages a
chemical takes from a source to a target. The exposure pathway starts with
the release of the respective chemical from the source, and finishes at the
point where the chemical reaches the target (e.g. a specific human organ) via
any of the three boundaries: skin, gastrointestinal tract or lung.

Exposure profile

A list of all exposures (quantitative) for a person in the assessment.
Depending on the level of detail of the assessment, an exposure profile may
be a specification of acute exposures, or merely a list of long-term average
exposures.

Exposure point

A location of potential contact between a target and a chemical.

Exposure route

The way, in which a chemical enters a human being/animal after contact (i.e.
by ingestion, inhalation, or dermal absorption) (Zartarian et al., 2007).

Exposure scenario

A combination of facts, assumptions, and inferences that define a discrete
situation where potential exposure may occur. These may include the source,
the exposed population, the time frame of exposure, microenvironment(s),
and activities (WHO-IPCS, 2004).

Glossary

Exposure source

xxi

The origin of a chemical for the purposes of an exposure assessment
(adapted from Zartarian et al., 2007).

External exposure

The amount of a chemical that is available for inhalation, dermal contact or
oral intake.

Internal exposure

The amount of a chemical that has been systemically absorbed e.g. into the
blood circulation after inhalation, dermal contact or oral intake.

Probabilistic model

A mathematical representation of a system, in which the input data needed to
evaluate a particular state of the system, are represented by distributions of
values.

Worst-case

A semi-quantitative term referring to the maximum possible exposure, dose,
or risk that can conceivably occur, regardless of whether this exposure, dose,
or risk actually occurs in a specific population.
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Motivation

Chemicals are the building blocks of life. They are present inside ourselves, surround us, and are
contained in every product we buy. Thousands of synthetic chemicals are incorporated in consumer
products, be it food, textiles or cosmetics, to improve the quality of our life. On the other hand, a
growing body of scientific evidence shows that the widespread use of synthetic chemicals harms
human health. The incidence of many serious health problems – including premature birth, learning
disabilities, behavioral disorders, asthma and allergies, early puberty, obesity, diabetes, reduced
fertility, and some types of cancer – shows links with exposure to some chemicals that can interfere
with the process of growth and development (Hester and Harrison, 2006). Moreover, chemicals
present in the environment may significantly impact the quality of air, water, land, finally affecting
living organisms. Efficient chemical management throughout their entire life cycle – from
extraction/production to disposal – is therefore essential to minimize chemical exposure and avoid
risks for human health and the environment.
To date there are more than 89 million known unique organic and inorganic compounds on Earth
(CAS registry, 2014), with the vast majority having been identified over the last few decades. Out of
these >311,000 chemicals are regulated across the globe (CHEMILIST, 2014). However, it is not only
the number but the global production of chemicals that has dramatically increased since early XX

th

century (ECHA, 2014), resulting in the chemical industry being now the third largest business sector
in the world with the global turnover of € 3,127 billion in 2012 (CEFIC, 2013). Notwithstanding these
impressive figures, about 99% of the chemicals are to date lacking appropriate safety/risk
assessments (EC, 2006; ILO, 2014,). An increased public and regulatory attention to this problem
resulted in various global initiatives (IPCS INCHEM, 2013; WHO, 2013), among which a new
European regulation called REACH (short for Registration, Evaluation, Authorization of Chemicals)
(EC, 2007) is of particular interest. Enacted on 1 June 2007, it was designed to streamline and
improve the former legislative framework for chemicals in the EU and has the aim ―to improve the
protection of human health and the environment from the risks that can be posed by chemicals, while
enhancing the competitiveness of the EU chemicals industry‖ (EC, 2007). The REACH regulation
requires chemicals manufactured or imported in the EU at mass of >1 tons a year to be registered.
When talking about annual tonnage of 10 tons or more the registration application must include a
detailed description of the risks associated with that substance and the different possible exposure
scenarios and risk management measures. Given the tremendous amount of work required within the
REACH framework for the development and evaluation of chemicals dossiers, advanced methods for
rigorous exposure and hazard assessment need to be developed.
Attempts have been made by the scientific community to prioritize chemicals based on in vitro highthroughput screening assays and focus research on those substances that need to be further tested
for potential toxicity (http://www.epa.gov/ncct/toxcast/). Alongside chemical hazard characterization,
the high-throughput exposure assessment receives today closer attention in a conventional risk
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assessment

paradigm

(http://www.epa.gov/ncct/expocast/).

Combining

large-scale

exposure

estimations with high-throughput hazard predictions provides the capability to develop rapid riskbased prioritization for chemicals. This prioritization will identify those chemicals most in need of
additional testing to adequately assess their potential risks. However, the development of adequate
methodologies for accurate exposure modelling is still an ongoing process. Currently, only the
contribution from environmental release to overall exposure is predicted rapidly and efficiently. More
research is needed to improve predictions of exposures resulting from indoor and consumer use since
both can be principal determinants of human exposure.
Numerous research efforts today are mainly directed towards accumulating raw input data for
comprehensive exposure assessment in residential and consumer settings as well as towards the
development of validated modelling approaches. The first aspect encompasses e.g. the collection of
information regarding concentrations of chemicals in contact media, population biometric
characteristics, activity records and product use patterns. For a refined/sophisticated exposure
modelling detailed knowledge about the actual sources of chemical exposure, related pathways and
uptake mechanisms is essential. The exposure analysis as part of the risk assessment strongly
supports the decision making process in helping authorities and regulatory bodies to elaborate
strategic control measures. For example, the identification of key contributor(s) to human exposure,
and/or determination of prevailing exposure routes, mandates the risk management actions to be
directed at relevant emission sources and contaminated exposure media. Aggregate exposure, i.e.
exposure occurring via multiple equally important sources/routes, requires a systematic approach to
exposure regulation. Understanding the driving factors and underlying mechanisms of exposure will
substantially facilitate efficient management of the risk associated with human exposure to hazardous
chemicals.
Thus, research in the field of exposure science is of very high priority and the present thesis aims at
filling some data and methodological gaps faced by scientists while conducting exposure and risk
assessments.
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Scientific Background

1.2.1 Aggregate consumer exposure
Human exposure to chemicals originates either from contaminated environmental media (e.g. air,
water) or from consumer products use (e.g. food contact materials, electronics, construction materials,
cosmetics, textiles). Assessments of human exposure to chemicals may be conducted for different
reasons and with different objectives, e.g. to get a rough estimate of the maximal level of a chemical
to which the general population can be exposed, or to obtain a detailed insight into the distribution of
exposure within different subpopulations, or to evaluate the potential health effects related to the
exposure. Particularly, the assessment of aggregate exposure, i.e. the exposure to a single agent
from all potential sources via the related exposure routes (dermal, oral and inhalation), requires
addressing specific issues, for example the analysis of relative contributions of different sources,
pathways and routes to the total systemic dose in the population. Examples of aggregate exposure
include the exposure to limonene (a fragrance) via consumption of food and the use of cosmetics and
household cleaning products, the exposure to phthalates (a group of plasticizers) via food, building
materials and toys, etc. Related and sometimes mistakenly used as synonyms for aggregate
exposure are the total, cumulative and combined exposures. Total exposure is the aggregate
exposure to a chemical from all possible media, sources, and pathways, including unknown
pathways. It is, therefore, the exposure that is mirrored in population biomonitoring and
epidemiological studies. Cumulative exposure is defined as exposure to different substances with a
common toxicological mode of action. Combined exposure was recently defined as ―the exposure to
multiple chemicals, i.e. mixtures, by a single or multiple routes‖ (WHO-IPCS, 2009).
In consumer exposure assessment the consumer is in the centre of attention. A consumer is a
member of the general public of any age, either sex, and in any state of health, who may be exposed
to a chemical by using consumer products containing this chemical as an ingredient or residue. The
assessment of exposure levels via consumer products is, however, not an easy task. Due to the wide
variety of consumer products and variation in the behaviour of consumers, representative exposure
data, obtained e.g. by means of biomonitoring, are generally not available. In these circumstances,
exposure assessors are often confined to exposure modelling. Several consumer exposure models
have been developed in the past and are currently available to assist in exposure modelling.
However, only a limited number of them offer an algorithm for calculating aggregate exposure to
chemicals present in cosmetics and personal care products (C&PCPs), e.g. Cons Expo v.5.0
(Delmaar et al., 2005), GExFRAME (JCR, 2011) and Crème Cosmetics™ (Crème Global, 2011),
although in a very simplistic and inadequate manner. Moreover, aggregation of consumer exposure to
a particular ingredient is not explicitly required under current legislation and bears only a
recommendation character (REACH regulation, (EC) No. 1907/2006). Besides, to date there exists no
comprehensive guidance document for the assessment of aggregate consumer exposure.
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1.2.2 Legal framework
1.2.2.1

Regulation of cosmetics and personal care products

Consumer products are subject to ‗vertical‘ (i.e. sector-specific) and ‗horizontal‘ legislation (i.e.
workers legislation, chemical legislation and general environmental legislation). Some specific
products are directly regulated by vertical legislation e.g. biocidal products, plant protection products,
cosmetics, food contact materials, detergents and toys. Consumer products that are not governed by
specific

legislation

have

to

meet

the

requirements

of

the

General

Product

Safety

Directive 2001/95/EC.
C&PCPs, in particular, are regulated in Europe by the Regulation (EC) 1223/2009 that was enforced
in 2010. The new legal framework was a recast of the Cosmetics Directive 76/768/EEC and its 67
amendments, in the interest of clarity. The key goal for the recast was to ensure a higher level of
consumer protection. In relation to this requirement, major measures included the enhanced
coordination of market surveillance activities, reinforcement of responsibilities along the supply chain,
and clearer provisions for the content and format of product safety assessments and product
information files. One of the main advantages brought in by this new legislation was the
harmonization of product notifications on a central database replacing national notification
procedures. This central database, the Cosmetic Products Notification Portal (CPNP), contains and is
regularly updated with new products and/or amended formulation information. Needless to say, this
resource has an enormous potential for being used in consumer exposure modelling. However, the
access to this portal is limited to the commercial institutions (e.g. marketing surveillance companies),
European Poison Centres and cosmetic products responsible persons (i.e. C&PCPs manufacturers
and distributors), making the risk assessment activities more challenging.
Consumer protection in Europe is ensured by the Scientific Committee on Consumer Safety (SCCS).
The Committee provides opinions in the form of health and safety risk assessment reports for the
ingredients of non-food consumer products (e.g. cosmetic products and their ingredients, toys,
textiles) and user services (e.g. tattooing, artificial sun tanning). At the final stage of the risk
assessment, the Committee adopts an official opinion and draws a conclusion regarding the
ingredient‘s safety based on the review of available toxicity information and a simple screening
exposure assessment.
1.2.2.2

Regulation in the field of (aggregate) exposure and risk assessment

In the past, the exposure assessments mainly focused on individual substances and single routes. In
the early nineties of the XXth century, the concept of aggregate exposure assessment began to
receive more attention and the dedicated methods and instruments started evolving. The
development of regulatory frameworks requiring aggregation of exposure supported these initiatives.
One of the policy documents that initiated guidance development on aggregate exposure assessment
was the US Food Quality Protection Act (1996). This act introduced the concept of pesticides safety
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as ―reasonable certainty that no harm will result from aggregate exposure to the pesticide chemical
residue, including all anticipated dietary exposures and all other exposures for which there is reliable
information‖. The publication of this act raised a number of science policy issues, which resulted in the
development of the General Principles for Aggregate Exposure and Risk Assessment (US-EPA,
2001). The legislation was also one of the triggers for the Health and Environmental Science Institute
to organize a workshop on aggregate exposure (ILSI HESI, 2000), having an objective to evaluate the
methodologies currently available for aggregate exposure assessment, with an emphasis on the
practical scientific issues and data requirements for pesticides.
Under current vertical European legislation and the accompanying guidance documents the need for
aggregate exposure assessment is vaguely acknowledged. Exposure and risk assessments of
biocides

are

often

performed

per

product

(Biocide

Directive 98/8/EC,

Biocide

Products

Regulation (EU) 528/2012), and not per substance, even though the same substance may be present
in many products. The dietary and occupational exposure to pesticides (mainly dermal and inhalation
exposure to the product) are also assessed and evaluated separately, although both can occur at the
same time (Pesticides Regulation (EC) 1107/2009). In the Cosmetics Regulation (EC) 1223/2009
aggregate exposure is also not explicitly mentioned. Only the ingredients listed in a special Annex
(e.g. preservatives) need to be assessed for safety, assuming they are present in all C&PCPs at a
maximum concentration. On the product level the C&PCPs producers are required to demonstrate safe
use of every product individually, hence neglecting aggregate exposure.
Following the EU REACH legislation some details on aggregating human exposure are provided in the
European Chemical Agency‘s guidance document on risk characterisation (ECHA, 2012a). The guidance
document provides a separate chapter covering both aggregate and cumulative exposure. The need to
consider aggregate exposure in exposure assessment is indicated in ―situations where the same person
is potentially exposed to the same substance in the same setting via different routes of entry into the
body or from different products containing the same substance‖. The guidance states that concurrent
exposure via various routes needs to be accounted for when characterizing overall systemic health risks in
a two-step procedure. In the first step, the route-specific risks are considered separately and the focus is
given to the route with the highest risk characterisation ratio (RCR). Once all the route-specific health
risks are controlled (i.e. RCRs are below 1) the remaining health consequences due to concurrent
exposure via multiple routes are addressed by summing up the RCR values for various routes,
assuming that toxicological health endpoints are identical for different exposure routes.
Thus, the need for aggregate exposure is currently widely recognized, however, the development of the
respective guidance documents and adequate methodologies is still an ongoing progress, which attempts
to identify and address the related challenges. Some of these issues are outlined in the following chapter.
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1.2.3 Challenges for aggregate exposure assessment
When setting up an aggregate exposure assessment one needs to determine its concrete scope and
purpose, to assess the availability and representativeness of the input data, as well as to define the
exposure refinement/mitigation strategy if health risks are foreseen. Regarding the input data, the
predictive aggregate exposure assessment poses significant requirements for their quality and robustness.
Average model parameter values and exposure factors could provide adequate central tendency
estimates but they cannot reflect the potential variations that exist across and within (sub)populations. The
combination of the worst-case choices for the input parameters results in unrealistic predictions of
exposure. It is, therefore, recommended to perform calculations based on the robust and representative
data or to generate a new input dataset that would suit the purpose of the assessment.
The assessments of different levels of detail and complexity are usually executed stepwise in a socalled tiered approach (TAGS, 2011). The very first step in such a tiered assessment involves a very
crude, qualitative tier 0 to assess whether aggregation of exposure is necessary and to what extent
the multi-source and multi-route exposure to a single substance should be aggregated. The follow-up
deterministic conservative tier 1 for the screening level assessment considers a number of worst-case
assumptions and aims at the derivation of an upper bounding exposure estimate for a hypothetical
(standard) individual. If a level of concern (e.g. DNEL – derived no effect level or any other threshold)
is exceeded, more sophisticated modelling techniques are then applied (tier 2), involving e.g.
probabilistic methods that can deal with temporal and spatial variation in exposure patterns and within
populations to allow determining the proportion of the population at risk.
The purpose of the assessment and the required level of detail define the framework and algorithm of
exposure modelling and, in particular, the strategy of aggregation of exposure (e.g. sum of worstcases, or consideration of the products co-use). Irrespective of the required level of detail of the
assessment, however, the aggregation should adhere to a person-oriented approach (Delmaar et al.,
2006) to maintain consistency and to avoid unreasonable overestimation of exposure. If exposure
potentially occurs via different sources/pathways, the combination of the pathways considered in the
assessment should represent a realistic situation for the considered individual. Sources/pathways that
in reality would never co-occur should not be combined (for example, the occupational exposure of an
industrial worker should not be combined with the hand-mouth contact exposure of an infant).
Another important aspect for consideration when aggregating exposure is the toxicity of the chemical
under study. The timescale on which the exposure is assessed should be consistent with the
exposure durations for which health effects are observed. If acute toxicity is a critical endpoint, the
assessment should estimate exposures on acute timescales (e.g. one day). Here, details on the
temporal and spatial correlations of single exposure events become important, since e.g. two or more
exposures occurring simultaneously along different pathways may in combination lead to a peak
exposure exceeding some tolerable level, although each exposure event individually may remain
below this level. If longer (e.g. one year) timescales are considered, adding the average exposures
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from different pathways without explicit reference to the temporal correlations between the exposure
events can be acceptable. However, in the case of a highly variable profile, the time-averaged value
may not only depend on the length of the averaging interval but also on the commencement and
termination of this interval (e.g. a weekly average from Monday to Monday or from Sunday to
Sunday).
Beside the timescale, the aggregation strategy is very much determined by exposure route(s), which
in turn is also governed by the chemical toxicity profile. Generally, when the health effects differ
among exposure routes, aggregation should be performed for each individual route separately
(ECHA, 2012a), followed by the integration of the commonly expressed route-specific aggregate
exposures into a ‗collective aggregate exposure‘. To accurately aggregate the route-specific doses
e.g. to derive the total systemic dose, one needs to calculate the uptake, i.e. the amount of substance
that can penetrate the outer barrier of the body (such as skin, lung or gut). Therefore, it is essential to
distinguish between the exposure that describes the situation when the human body gets in contact
with a chemical and the (internal) dose that actually describes the chemical‘s amount taken up into
the human body as a result of exposure event. The route-specific uptake rates, which are usually
measured by means of in vitro or in vivo animal studies, may not necessarily reflect the true
absorption or penetration, since realistic exposure scenarios typically differ from the experimental
conditions of these studies. The differences may arise due to studying of the pure substance instead
of product mixtures, application of high/infinite doses, translating in vitro results to in vivo situations
(Blaauboer, 2010; Yoon et al., 2012).
The reviewed problematic, yet crucial aspects, reflecting the latest innovations in exposure science
were considered in this thesis for the development of a comprehensive model for aggregate
consumer exposure assessment.

1.2.4 Validation of aggregate exposure modelling
In order to effectively select indicative exposure values for risk assessment, one should be aware of
the validity and the related level of uncertainty of the exposure estimates obtained in aggregate
exposure modelling. The purpose of the validation of the lower tier screening assessment is mainly
(1) to ensure that all relevant exposure sources and pathways were covered, and (2) to answer the
question whether the modelling is sufficiently conservative, i.e. its outcome does not lead to a wrong
conclusion of the RCR being below 1 (―false negatives‖). Verification of a higher tier assessment is of
another scale and involves the evaluation of how close the model predictions, especially in their
higher percentiles (e.g. P90, P95), are to the reality and whether the relative importance of exposure
sources/routes/pathways was properly addressed. The latter is of particular importance when there is
a need to implement risk reduction measures.
Although the validation and the uncertainty/sensitivity analysis are very interrelated and, thus are
often wrongly permutable, they serve different purposes and have a specific focus. The uncertainty
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analysis aims at estimating bands around predicted exposure values due to the uncertainty (i.e.
‗known unknowns‘) and natural variability of the model parameters. On the contrary, the verification
assessment attempts to identify how accurately the model describes and predicts the reality. This
encompasses both the verification of the assumptions and the input parameters for the model (‗model
verification‘), and the evaluation of the magnitude and ranges of the estimated exposure against real
world values (‗assessment verification‘). The outcomes of both the uncertainty analysis and the
validation allow judgments on the quality of conducted exposure assessment. However, an
uncertainty analysis alone would not be sufficient as narrow uncertainty bands around the central
estimate do not guarantee that the prediction was accurate. For the latter question, the model
verification step is essential.
Various strategies may be followed in the validation of aggregate exposure modelling, the main of
which is the quantitative relation and comparison of the model predictions (i.e. ‗target dataset‘) to
independent measurements (i.e. ‗verification dataset‘) with a specific care given to the verification
dataset coming from a representative and comparable population. The exposure estimates could be
compared e.g. to human biomonitoring (HBM) data or chemical concentrations measured in different
microenvironments (e.g. residential indoor air, house dust), provided that these measurements were
collected under similar conditions, i.e. the conditions reflected in the exposure model. A
physiologically based pharmacokinetic (PBPK) or mechanistic multi-media fate models are then used
to convert/bridge the exposure predictions to either body tissues and fluids or environmental media
concentrations, respectively. The validity of the individual models with regard to their applicability for
the modelling exposure scenarios should be checked along with the verification of the resulting
integrated system of separate models. Overall, addressing verification issues throughout the whole
modelling chain from source to dose (e.g. the use of realistic input parameter values) and for the
various building blocks of the model guarantees that coincidental correspondence between
predictions and measurements at the end of the chain is avoided.

1.2.5 Model compound
1.2.5.1

Properties

Decamethylcyclopentasiloxane (D5; CAS 541-02-6) is a low molecular weight cyclic volatile
methylsiloxane (cVMS). In pure form D5 is a colourless and odourless viscous liquid. By definition
pure D5 allows for <1% impurities of D4 and/or D6. These impurities are likely to be the by-products
that originate from the industrial production of cVMSs (O'Lenick, 2008; CES, 2010). Owing to its
distinct physicochemical properties (Table 1.1) D5 has been widely used in cosmetics and personal
care industry sector.
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Table 1.1. Physicochemical properties of decamethylcycplopentasiloxane (D5) (source:
modified from Health Canada, 2008)
Si5O5C10H30

1.2.5.2

Molar mass [g/mol]

370.8

Melting point [°C]

-38

PhysProp, 2006

Boiling point [°C]

210

PhysProp, 2006

Vapour pressure (at 25°C) [Pa]

33.2

SEHSC, 2005a

Water solubility (at 23°C) [mg/L]

0.017

Varaprath et al., 1996

LogKow

8.0

Kozerski, 2007

LogKaw

3.13

Xu and Kropscott, 2007

LogKoc

5.17

SEHSC, 2005a

Uses

In consumer products D5 is often used alone or in a mixture with other two cyclic siloxanes (e.g. D4
and D6). Apart from the cosmetic and personal care products (C&PCPs) other areas of application
include construction, healthcare, electronics, transportation, etc. Another major application of D5 is
dry cleaning. While being used as a safer and eco-friendlier replacement for tetrachloroethylene, D5
does not interact with textiles and therefore helps maintain the quality and colour of clothes that are
cleaned. This dry cleaning technology is claimed to be a closed-cycle process, which allows
recovering and re-using of D5. Therefore, indirect consumer exposure from wearing dry-cleaned
textiles is deemed to be negligible.
On the product ingredients label D5 can appear under different names depending on whether it is
present alone or in a mixture with other cyclic siloxanes, such as:


Cyclomethicone (the International Nomenclature for Cosmetic Ingredients (INCI) name) –
a mixture of two or more individual cyclic siloxanes;



Cyclopentamethicone;



Cyclopentasiloxane;



Cyclic dimethylsiloxane pentamer.

D5 has been recognized as a high production volume (HPV) chemical by the Organization for
Economic Cooperation and Development (OECD, 2007). According to the U.S. EPA (2002) its annual
import and production in the United States of America increased by ten times in the last 25 years to
more than 225,000 tons. In Europe the amount of D5 used annually for personal care applications
was estimated by the Environmental Agency of the United Kingdom in its environmental risk
assessment reports (UK EA, 2009a, 2009b, 2009c) at 17,300 tons for 2004.
Industrial manufacturing of D5 as well as consumer use of D5-containing products can lead to
significant emissions into ambient air or wastewater (Maddalena et al., 2011; Gouin et al., 2012),
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which results in D5 being found globally in various environmental matrices including outdoor and
indoor air (Warner et al., 2010; McLachlan et al., 2010; Genualdi et al., 2011; Buser et al., 2013;
Yucuis et al., 2013), dust (Lu et al., 2010), surface and sewage water (Sparham et al., 2008; Zhang et
al., 2011), biota (Kaj et al., 2005a; Norden, 2005), as well as human tissue (Flassbeck et al., 2001;
Kaj et al., 2005b; Hanssen et al., 2013, Biesterbos et al., 2014). At present, the observed
3

environmental concentrations are in the ng/m range, suggesting that human exposure via ambient
air, as well as via inadvertent dust ingestion, will be negligible in comparison to the doses received
from direct application of C&PCPs. The exposure is, therefore, expected to occur primarily via direct
dermal application of D5-containing products. However, because of the high vapour pressure indirect
inhalation exposure to D5 volatilized from skin will also contribute substantially to the total systemic
dose. Direct inhalation of D5 occurs e.g. from application of spray products. Finally, ingestion of D5 in
lip care products, such as lipsticks, lip balms, etc. must be taken into account when assessing
aggregate consumer exposure.
1.2.5.3

Toxicokinetics

In the past the toxicity profile of D5 was thoroughly scrutinized (SCCS, 2010; Johnson et al., 2012).
The NOAEL for reproductive toxicity of D5 in the 2-generation whole-body vapour inhalation rat study
was 160 ppm, i.e. the highest concentration that could be achieved without aerosol formation
(Siddiqui et al., 2007). Reproductive parameters in the F0 and F1 generations were not affected by
exposure to the test article. In a combined chronic toxicity and carcinogenicity whole-body vapour
inhalation toxicity study D5 induced uterine endometrial adenocarcinomas in female rats at 160 ppm
(Dow Corning, 2005) in addition to other non-neoplastic effects (e.g. liver weight increases) observed
at 150 ppm. However, the relevance of this mode of action in humans is unclear at present.
Therefore, the lack of genotoxic effects for D5 (based on limited genotoxicity data) suggests that the
uterine tumours observed in the chronic carcinogenicity study could be due to threshold effects. The
effects on liver were also observed in subchronic toxicity studies in rats with either whole body vapour
inhalation (Burns-Naas et al., 1998a) or oral administration of D5 (Jäger and Hartmann, 1991). The
determined oral LOAEL for liver weight increase in rats with oral dosing was 100 mg/kg bw/day. In
other subchronic inhalation nose-only studies in rats, liver weight increases were reversible upon
cessation of exposure (Burns-Naas et al., 1998b). Dermal application of neat D5 up to 1600 mg
D5/kg bw to rats‘ skin for 28 days did not produce any test material related effects (Dow Corning,
1986). Overall, in the absence of reprotoxicity and carcinogenicity studies with oral dosing, it is not
possible to infer whether toxicological endpoints for D5 are independent of the route of exposure.
Therefore, aggregation of exposure in this assessment was done by route.
To date no health based guidance values (e.g. TDI, ARfD) have been derived for D5 (SCCS, 2010).
However, if needed the following critical effect levels can be used in ad hoc safety assessments: (1) a
NOAEL of 150 ppm from chronic inhalation exposure studies in rats (lower dose is chosen with regard
to the most critical effects of cyclomethicone in rats, namely reproductive toxicity and potential
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carcinogenicity of D4); and/or (2) a LOAEL of 100 mg/kg/day from subchronic toxicity rat studies with
oral dosing to cover organ weight changes in liver, kidney and thymus.
The kinetics of D5 in the human body after either inhalation or dermal absorption is largely influenced
by two specific processes: 1) high lipid partitioning leading to formation of sequestered or unavailable
pool of D5 in the blood and 2) fast elimination from blood due to exhalation (t 1/2 in blood is 4-6 hours).
The results of PBPK modelling show that about 90% of the systemically absorbed D5 are exhaled
unchanged within 24 hours (Reddy et al., 2008). It is noteworthy that the inhalation kinetics is much
faster, suggesting that the inhalation exposure route will be of major importance. In addition, D5 is
metabolized by hepatic clearance. Hydroxylated D5 (HO-D5) metabolite comprises about 1% of the
systemic dose and is excreted with urine and faeces. No metabolization of D5 was discovered in skin
or in lung tissue. A brief summary of the route-specific uptake rates needed for the internal dose
calculations is given in Table 1.2.

Table 1.2. Route-specific uptake rates for neat D5
Route

Type of study

Subjects

Parameter

Value

Reference

Dermal

In vitro

rat skin

dermal absorption

1.54%

Dow Corning, 1996a

human skin

dermal absorption

0.04%

Jovanovich et al., 2008

human skin

steady-state flux into
receptor fluid

0.004 g/cm2/h

Jovanovich et al., 2008

rats

dermal absorption

0.80±0.62%

Dow Corning, 1996b

rats

dermal absorption

0.17%

Jovanovich et al., 2008

humans

dermal absorption

0.05%

Plotzke et al., 2002;
Reddy et al., 2007

rats

retention factor

1-2%

Tobin et al., 2008

In vivo

Inhalation

6-hour repeated
inhalation rat study
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1.3

Objectives of the thesis

The main aim of the thesis was to design, evaluate and validate a new comprehensive computational
framework for realistic aggregate consumer exposure assessment. The questionnaire-based
database on C&PCP use and co-use profiles within the Dutch adult population (Biesterbos et al.,
2013) constitutes the backbone of the probabilistic aggregate exposure model (PACEM) developed
as part of this framework. The main aim was achieved by meeting the following objectives:
−

Concentrations of the model compound, i.e. decamethylcyclopentasiloxane (D5), in the widely
used C&PCP categories were analytically determined to generate representative input data
for accurate aggregate consumer exposure modelling.

−

A novel probabilistic aggregate consumer exposure model (PACEM) was developed for the
estimation of realistic population exposure distribution to the model compound, resulting from
concurrent use of multiple C&PCPs. Additionally, we investigated the applicability and
robustness of human biomonitoring and environmental sampling data for validation and
interpretation of exposure modelling in general, and for PACEM in particular.

−

Series of in vitro experiments were conducted to investigate the effect of cosmetic product
formulations and epidermal structures on evaporation kinetics of the model compound after its
dermal application. The results of this study envisage the possibility of further refinement of
aggregate consumer exposure modelling and provide a screening tool for estimation of the
contributions of dermal and inhalation exposure routes in real time.

1.4

Structure of the thesis

The results of the thesis are confined in three main chapters (Chapters 2, 3 and 4), representing the
studies that have been published or submitted for publication in peer-reviewed journals (Figure 1.1).
The supplementary material of the publications presented in chapters two to four can be found in the
corresponding Appendices at the very end of this thesis.
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Figure 1.1. Structure of the thesis with core chapters 2 to 4.
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Chapter 1:

provides background information on conventional methodologies for estimating human
exposure to chemicals contained in consumer products. Detailed overview of different
approaches to the validation of exposure models is also given.

Chapter 2:

presents the experimental data on cVMSs concentrations in widely used cosmetics and
personal care products sold in the Netherlands. The results of the study allow the
identification of the key product contributors to aggregate consumer exposure
assessment.

Chapter 3:

introduces the person-oriented probabilistic aggregate consumer exposure model
(PACEM) for multi-route scenario assessment developed within this project. The model
performance in the context of a tiered approach to chemical risk assessment is
demonstrated on the example of D5 as a suitable model compound. Reasonable
conservatism of the model is proven by means of validation with human biomonitoring
and environmental sampling data.

Chapter 4:

is conceptually independent of the overall aim of this thesis. However, it presents the
experimental data on the influential input parameters required for the compoundspecific physiologically based pharmacokinetic (PBPK) model, which was used in
Chapter 3. The implications of the study findings for multi-route aggregate consumer
exposure assessment are discussed.

Chapter 5:

draws overall conclusions based on the finding from chapters 2, 3 and 4 and provides
recommendations for future biomoinitoring study designs in the context of further
population exposure validation/reconstruction. Finally, this chapter presents an outlook
of potential directions for further research in the field of aggregate consumer exposure
assessment.
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2.1 Abstract
Low molecular weight cyclic volatile methylsiloxanes (cVMSs) are widely employed as emollients and
carrier solvents in personal care formulations in order to acquire desired performance benefits owing
to their distinctive physicochemical properties. Under current European legislation cosmetic
ingredients such as cVMSs are required to be labeled on the product package only qualitatively, while
for the assessment of consumer exposure quantitative information is needed. The aim of this study
was therefore to measure concentrations of three cVMSs, namely octamethylcyclotetrasiloxane (D4),
decamethylcyclopentasiloxane (D5) and dodecamethylcyclohexasiloxane (D6) in 51 cosmetics and
personal care products (C&PCPs) that are currently available on the European market. The list of
selected articles comprised a variety of hair and sun care products, skin creams and lotions,
deodorants including antiperspirants, liquid foundations and a toothpaste. The target compounds
were extracted from the products with different organic solvents dependent on the product matrix,
followed by gas chromatography analysis with flame ionization detection (GC–FID). D5 was the
predominant cVMS with the highest mean and median concentrations in all the C&PCPs categories.
The

median

concentrations

of

D5,

D6

and

D4

were

142,

2.3 and

0.053 mg/g

in

deodorants/antiperspirants (n=11); 44.6, 30.0 mg/g and below the limit of quantification (<LOQ; LOQ
for D4 = 0.00071 mg/g) in cosmetics (n=5); 8.4, 0.32 mg/g and <LOQ in skin care (n=16); 9.6, 0.18
and 0.0055 mg/g in hair care (n=10); and, 34.8, 0.53 and 0.0085 mg/g in sun care (n=8) products,
respectively. The calculated median aggregate daily dermal exposure to D4 and D5 from multiple
C&PCPs was approximately 100 times lower than the current NOAEL derived from chronic inhalation
rat studies.
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2.2 Introduction
Octamethylcyclotetrasiloxane

(D4),

decamethylcyclopentasiloxane

(D5)

and

dodecamethylcyclohexasiloxane (D6) are low molecular weight cyclic volatile methylsiloxanes
(cVMSs) (short name: cyclosiloxanes) consisting of four, five and six–Si–O– structural units,
respectively, arranged in a ring with two methyl groups attached to each silicon atom. In pure form
cVMSs are colorless and odorless fluids. Either as single substances or as mixtures (e.g., referred to
as cyclomethicone) they are extensively being used as carrier solvents and emollients in cosmetics
and personal care product (C&PCP) formulations. Applications of cVMSs stem from their distinct
physicochemical properties such as high vapor pressure, low surface tension, and a high degree of
compatibility with many formulation ingredients. Manufacturers began incorporating silicone materials
into cosmetics and grooming products in the late 1940s. However, it was not until the 1970s, when
the U.S. consumer market of cVMSs containing products grew rapidly (Goddard and Gruber, 1999).
Since then cVMSs have become the basic ingredients in most personal care formulations, such as
deodorants, hair care and skin care products.
In the last few decades the global use of cVMSs in personal care products has considerably
increased. According to the data provided by the Skin Deep Database, which encompasses more
than 75,000 C&PCPs, over 16% of cosmetics and personal care products nowadays contain cVMSs
in one form or another, with D5 appearing to be by far the most widely used compound (EWG, 2012).
Both D5 and D6 have been recognized as high production volume (HPV) chemicals by the
Organization for Economic Cooperation and Development (OECD, 2007). According to the U.S. EPA
(2002) their annual import and production in the United States of America increased by ten times in
the last 25 years to more than 225,000 and 22,500 tons, respectively. In Europe the amounts of D4,
D5 and D6 used annually for personal care applications were estimated by the Environmental Agency
of the United Kingdom in its recent environmental risk assessment reports (UK EA, 2009a, 2009b,
2009c) at 579, 17,300 and 1,989 tons for year 2004, respectively. The total trade volume of silicones
in Europe reaches 2.5 billion Euros a year (CES, 2011).
Industrial manufacturing of cVMSs as well as direct usage of cVMSs-containing C&PCPs by
consumers can lead to significant emissions of cVMSs into air or wastewater (Maddalena et al., 2011;
Gouin et al., 2012), which in combination with their large production amounts and high mobility results
in these compounds being found globally in various environmental matrices including ambient air
(Norden, 2005; Warner et al., 2010; McLachlan et al., 2010; Genualdi et al., 2011; Buser et al., 2013;
Yucuis et al., 2013), indoor air and dust (Tuomainen et al., 2002; Lu et al., 2010), surface and sewage
water (NILU, 2007; Sparham et al., 2008; Zhang et al., 2011), biota (Kaj et al., 2005a; Norden, 2005;
NILU, 2007), as well as human tissue (US EPA, 1987; Kala et al., 1997; Flassbeck et al., 2001; Kaj et
al., 2005b; Hanssen et al., 2013). Consumer exposure to cVMSs primarily occurs via direct use of
personal care products (Health Canada, 2008) where dermal and inhalation exposure routes play the
key role in building up the systemic dose with route specific uptake rates of 0.017-0.5% and 2%,
respectively (Reddy et al., 2003, 2007, 2008; Jovanovic et al., 2008). Having collected and evaluated
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a large number of studies relevant to persistence, bioaccumulation and toxicity (PBT) properties of D4
and D5, the ECHA PBT Expert Group (ECHA, 2012) came to the conclusion that based on the
available information, D4 meets the criteria for both a ‗persistent, bioaccumulative and toxic‘ (PBT)
and a ‗very persistent and very bioaccumulative‘ (vPvB) substance in the environment. The inference
for D5 was that it fulfills the criteria for a ‗very persistent and very bioaccumulative‘ (vPvB) substance
due to its persistence in sediment and a high bioconcentration factor in fish.
Animal studies suggest that D4 and D5 exhibit rather similar toxicity profiles and may have direct and
indirect effects on human health. In vivo experiment effects observed include the induction of uterine
endometrial adenocarcinomas in rats following lifetime inhalation exposure with concentrations of D4
in air of several hundred parts-per-million (ppm) that correspond to a hardly achievable (or
unreasonable) exposure of more than 1,500 mg/kg/day (Dow Corning, 2004 and 2005), the increase
in liver weight after subchronic oral and inhalation exposure of 100 mg/kg/day (Dow Corning, 1986;
Jäger & Hartmann, 1991; Burns-Naas et al., 1998; Burns-Naas et al., 2002), and the decrease in fetal
weight in pregnant rats treated over one week with gavage administration of 100 mg/kg/day dose of
D4 (Falany & Li, 2005). The opinion of the European Scientific Committee on Consumer Safety
(SCCS) on D4 and D5 present in cosmetics and personal care products (SCCS, 2010) summarizes
the information on the toxicity profiles of these compounds and establishes the following critical effect
levels for the safety evaluation: for both substances a no-observed-adverse-effect level (NOAEL) of
150 ppm from chronic inhalation exposure studies in rats and a lowest-observed-adverse-effect level
(LOAEL) of 100 mg/kg/day from subchronic toxicity rat studies with oral dosing. On this basis the
SCCS currently considers D4 and D5 safe for humans.
Although it is known that cVMSs are used in large amounts in consumer products, which therefore
represent a large source of exposure for both humans and the environment, data on product
concentrations are scarce. Concentrations of cVMS in C&PCPs were reported by Horii and Kannan,
2008, Wang et al., 2009, and Lu et al., 2011. Their results were obtained for the North American (USA
and Canada) and Asian (China and Japan) markets, but to the best of our knowledge no such data
exist for Europe. In the above-mentioned studies, measured cVMSs concentrations varied
significantly across and within the product categories investigated and ranged between 0.01% in body
washes and toilet soaps to 70% in deodorants. Voluntary reported data from the cosmetic industry on
the approximate ranges of cVMSs concentrations in C&PCPs (recently published by the Cosmetic
Ingredient Review (CIR) Expert Panel (Johnson et al., 2012)) support the findings of the American
and Canadian analytical studies.
The objective of the present study was to measure the concentrations of cVMSs in selected
cosmetics and personal care products that are currently available on the European market and are
intensively used by consumers on a daily basis. Thus, we want to provide source data as a necessary
input parameter for assessing environmental and human exposure. The products were selected
based on the frequency of their use by Dutch consumers, as recently assessed by a questionnaire
survey (Biesterbos et al., 2012). We determined concentrations of D4, D5, and D6 in 51 selected
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cosmetics and personal care products sold in Europe, including deodorants/antiperspirants, hair-care,
skin care, and sun care products. The presence of at least one of the cVMSs of interest in an
ingredient list of a product was the main inclusion criteria of this product into the analysis. The
collected data was subsequently used in a preliminary worst-case scenario assessment of aggregate
consumer exposure for D4 and D5 followed by comparison with biomonitoring data. Furthermore, the
product concentrations of cVMSs determined in this study can serve as the essential input data for
environmental fate modeling, environmental exposure assessment, and validation of backcalculations of cVMSs emissions based on the monitoring of the environmental media (Buser et al.,
2013) as well as for the life-cycle assessment of these compounds.

2.3 Materials and methods
2.3.1 Product selection
The cosmetics and personal care products (C&PCPs) for this study were selected on the basis of
preliminary results of the questionnaire-based survey that investigated the use patterns of different
C&PCP categories in the Netherlands (Biesterbos et al., 2012). We included consumer products of
three to five most popular brands in each product category that (1) are the most intensively used by
consumers considering both its frequency and amount of application, and (2) would contribute the
most to consumer exposure to cVMSs because of potentially high concentrations of these
compounds. The ingredient lists of selected products were examined for cVMSs presence. Since the
questionnaire data did not include full names of the products but only brand names we inspected the
whole range of product names for each brand for every C&PCP category of interest. If none of the
products in a brand included any of the cVMSs on its ingredients list, the brand was not further
investigated. If none of the selected brands in a product category claimed to contain cVMSs, one
random sample was chosen for verification.
In total 51 C&PCPs were analyzed. Among those, 46 products were purchased in retail stores in
Utrecht, the Netherlands, in March 2011; all of these products were manufactured in Western Europe
with the exception of one cream-deodorant produced in Canada and two stick-deodorants made in
Russia. Another five products that matched the selected Dutch products by type and brand name
were bought in Zurich, Switzerland, to compare cVMSs concentrations by country of sale. The Swiss
products were: hair repair spray, rinse-off hair conditioner, deodorant-stick, hand cream, and body
lotion. All of these five product-pairs were made in the European Union. The stick-deodorants were
both produced in Germany; the other four product-pairs were produced in different European
countries.
The collected products can be grouped into five product categories comprised of 16 smaller
subcategories (listed in brackets with n=number of products) including hair care products (hair repair
spray, n=4; rinse-off hair conditioner, n=5; hair fixative spray, n=1), deodorants including
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antiperspirants (stick, n=4; spray, n=5; cream, n=1; roller, n=1), skin lotions (body lotion, n=4; face
cream, n=7; hand cream, n=5), sun care products (sunscreen cream, n=4; sunscreen spray, n=3;
aftersun cream, n=1) and cosmetics (liquid foundations, n=4; lipbalm, n=1). The last product category
contained only one item (toothpaste (n=1). Despite of no declared cVMS content, toothpaste was
included in the analysis because of its high potential for consumer exposure (high frequency of use
Biesterbos et al., 2012 and oral exposure with higher uptake rate). Full names as well as the cVMSs
presence in the ingredients list of the analyzed products are given in Table SI-1 (Supporting
Information).

2.3.2 Reagents and standards
All solvents and reagents were of analytical grade. Analytical standards included D4 and D5 (purity
>97%; Sigma Aldrich Germany Ltd), D6 (purity 98%; TCI Europe Ltd), tetrakis (trimethylsiloxy)-silane
(M4Q; purity 97%; Sigma Aldrich Germany Ltd) and biphenyl (BP; purity 99%; Sigma Aldrich
Germany Ltd). Individual standard solutions of these compounds in n-hexane were prepared monthly
and stored in air-tight glassware at 4C.

2.3.3 Chemical analysis
2.3.3.1

Sample preparation

Triplicate samples of each product (0.1–0.5 g) were weighed in a glass tube and spiked with 50 L of
M4Q solution (8.68 g/L) as an internal standard (IS). Depending on the product type the sample
extraction was slightly adapted. For skin lotions and creams the samples were first topped with 3 mL
of methanol (purity 99%; Sigma Aldrich Germany Ltd), followed by addition of 3 mL of n-hexane
(purity >96%; Scharlau S.L., Spain), capped and then immersed into the ultrasonic bath for 15 min to
allow proper mixing. Final separation of the two solvent layers was achieved by centrifugation for
15 min at 3000 rpm. The supernatant was then transferred into a glass vial with a flat bottom. For
other product categories the extraction procedure was identical, but without methanol (extraction only
with 3 mL n-hexane).
The samples were re-extracted with n-hexane twice following the same steps as described above. In
total 9 mL of solvent were collected and will be referred to as the ‗first extract‘. To confirm complete
extraction of target chemicals after three extractions, selected samples (n=30) were soaked with 5 mL
of n-hexane over night, followed by the same extraction procedure. This extract will be referred to as
the ‗second extract‘.
Extraction was followed by reduction of the individual extract volumes to 1–2 mL under a gentle
stream of nitrogen and purification by liquid chromatography on a column filled with 0.7 g of silica gel
(high purity grade, pore size, 60 Å; mesh, 230–400 μm; Sigma Aldrich Switzerland Ltd; preconditioned
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with n-hexane) and topped with 0.1-0.2 g of sodium sulfate (purity 99%; anhydrous; Acros Organics,
Belgium). Target analytes were eluted from the silica gel column with 5 mL of dichloromethane:nhexane solution (1:9 v/v). Dichloromethane (purity >98%, stabilized) was also purchased from Sigma
Aldrich Germany Ltd. The eluates were concentrated again to about 0.2–0.3 mL and transferred into
gas chromatography (GC) vials, followed by spiking with 45 L of biphenyl solution (10 g/L) as a
recovery standard (RS).
2.3.3.2

Analysis by gas chromatography (GC)

Cyclic siloxanes were identified and quantified using a gas chromatograph (GC; HP–6890 Series GCSystem, Agilent Technologies Inc., Germany) equipped with an autosampler and a flame ionization
detector (FID). The cVMSs were separated on a HP–5MS column (Agilent 19091J–133; length, 30 m;
diameter, 250 m; film thickness, 0.50 m). GC/FID was chosen for routine analyses because of its
advantages over the more commonly used method of GC/MS, like cost effectiveness and less
resource consumption. By including standard mixtures in the sampling sequence and random checks
with GC/MS we accounted for limitations of FID compared to GC/MS (see below).
An aliquot of 1 µL was injected in splitless mode at the following GC conditions: injection port
temperature: 250°C; inlet septum type Restek BTO; initial oven temperature 80°C kept for 3 min;
initial ramp rate 20°C/min up to 250°C; final ramp 5°C/min to 295°C, and kept at 295°C for 10 min.
The FID operated at 300°C with constant flows of hydrogen as fuel gas (40.0 mL/min) and air as
oxidant (400 mL/min). Nitrogen was used as a make-up gas (43.2 mL/min) and helium as a carrier
gas (constant flow: 1.0 mL/min).
The identification of the target compounds in the product samples was routinely done by injection of a
standard mixture at the beginning of each sample sequence and after every nine samples under the
same chromatographic conditions and subsequent intercomparison of the retention times that had to
be within ±0.3 min of the retention times obtained with the standard mixtures. The possibility of
interferences of other formulation ingredients by coeluting with peaks produced by target analytes in
chromatograms was checked with tests using spiked samples (see SI) and double check of nine
selected product samples with GC coupled to an electron ionization mass spectrometer (EI/MS) (HP6890 Series GC-System; HP-5973, column HP-5MS; equivalent temperature program) to confirm the
results. The EI/MS operated in a full scan mode. The ions used for qualifying cVMSs were m/z 281 for
D4; m/z 355 and 267 for D5; and m/z 341 and 429 for D6. The qualification of the cVMSs was based
on the related mass spectrum of each compound extracted and detected in the chromatograms.
The quantification of D4, D5 and D6 was done based on an internal standard quantification
procedure, using M4Q as an internal standard and biphenyl as a recovery standard to check the
recovery of M4Q (see Supplementary Information for more details). With the use of M4Q as an
internal standard added to the samples at the beginning of the analytical procedure, all presented
data are directly corrected for recovery. The relative response factors for D4, D5, and D6 against
M4Q were determined with an external standard solution.
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2.3.4 Quality assurance
To account for high volatility of the target compounds care was taken to avoid contamination of the
laboratory environment and the samples. Detergents used for washing the glassware were
analytically confirmed to be free of the target compounds and the laboratory staff was advised not to
apply cosmetics, deodorants or a hand cream on days of analysis. In addition, to reduce the
background levels of cVMSs siloxane-containing septa in the GC vials caps as well as a siloxanecontaining GC-inlet septum were avoided.
Procedural blanks (n = 11) were analyzed in parallel with the samples to check for contamination
occurring during sample treatment, from the glassware and reagents. The target chemicals were
detected only in two procedural blanks, namely in those that were analyzed together with deodorantspray samples. Thus, in this case cross-contamination may have occurred. These two blanks were
therefore not considered in the determination of the limit of detection (LOD) and limit of quantification
(LOQ). A series of eight blank (negative) samples (i.e. samples containing no analytes but with a
matrix identical to that of the average sample) were tested and the noise in the ion chromatograms
was determined. The LOD was then set to the mean blank noise value plus three standard deviations
(SDs) of the blank noise and was normalized to the mean sample weight of 0.4 g. This resulted in
LODs for D4, D5 and D6 of 350, 328 and 353 ng/g, respectively. The LOQ was set to the value of 10
SDs above the mean blank noise level and was 715, 670, and 721 ng/g for D4, D5 and D6,
respectively. Blank subtraction to correct cVMSs concentrations was not performed since the blank
levels were all below the limit of quantification.
After every nine samples an instrumental blank, i.e. pure n-hexane, as well as a standard mixture of
target analytes were injected and analyzed to check for instrumental background, carryover, signal
linearity and stability. In addition, to remove any residual material from a preceding injection the GCcolumn was heated and kept at 295C for 10 min after each sample injection. None of the solvent
batches contained target compounds. Concentrations of cVMSs reported in this study are not blank
corrected.
All product samples were analyzed in triplicates. Half of those samples that contained detectable
amounts of cVMSs had a Relative Standard Deviation (RSD) of less than 15%. Another quarter of the
samples had RSDs between 15% and 25%. The RSD values larger than 25% for the remaining
triplicate samples were mainly due to the low concentrations of cVMSs present in these samples. In
addition, the performance of the analytical method (reproducibility) was tested by repeated analysis of
five selected samples (rinse-off hair conditioner, hair repair spray, stick-deodorant, hand cream and
face cream). In each case the difference between the means in the first and the second run was less
than 20%.
At the method development stage recovery efficiency tests were performed with different extraction
solvents (see Sections A1-2 and A1.3 of Appendix 1 for details). Mean recovery of the internal
standard (M4Q) from all samples that underwent n-hexane extraction was 67.7 ± 13.9%. From those
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samples that were first pre-soaked with methanol the mean recovery of M4Q was 65.0 ± 9.7%. All
second extracts did not contain significant amounts neither of internal standard nor of target analytes:
the amounts were always less than 10% of those found in the corresponding first extracts.

2.4 Results
2.4.1 Concentrations of cVMSs in cosmetics and personal care products
All samples, except for the hair fixative spray, the toothpaste and the lipbalm, contained detectable
amounts of at least one of the three cVMSs studied, although D5 was the most predominant one and
was contained in 47 out of 51 products. Concentrations below LOQ were set to zero for the statistical
analysis (lower bound scenario of a conventional substitution method for the treatment of the leftcensored data (EFSA, 2010)), because cross contamination may have occurred at low
concentrations. Median cVMSs concentrations for every product category were insensitive to the
method of treating the non-detects (see Section A1.4 of Appendix 1). The summary statistics of D4,
D5 and D6 concentrations for each product subcategory are shown in Table 2.1 (statistical software:
R v.2.15.0). The results for more general product categories are illustrated in Figure 2.1.

Table 2.1. cVMSs concentrations (mg/g wet weight; median, mean, and range) in cosmetics
and personal care products sold in Europe per subcategory.
Product Subgroup
(n = number of products in the subgroup)

Statistics

Concentration, mg/g wet weight
D4
D5
D6

Aftersun Cream (n=1)

Median
Mean
Range

0.017
0.017
a
NA

7.2
7.2
NA

0.022
0.022
NA

Body Lotion (n=4)

Median
Mean
Range

<LOQ
0.0036
<LOQ-0.015

15.0
15.1
2.3-28.3

0.34
0.90
<LOQ-2.9

Face Cream (n=7)

Median
Mean
Range

<LOQ
0.31
<LOQ-1.9

24.7
54.2
<LOQ-214

0.58
5.6
0.056-70.8

Deo Antiperspirant Cream (n=1)

Median
Mean
Range

5.0
5.0
NA

356
356
NA

5.5
5.5
NA

Deo Antiperspirant Roll-on (n=1)

Median
Mean
Range

0.016
0.016
NA

9.0
9.0
NA

0.15
0.15
NA

Deo Antiperspirant Spray (n=5)

Median
Mean
Range

0.021
0.086
0.019-0.20

58.3
110
35.7-285

0.96
2.2
0.51-5.3

Deo Antiperspirant Stick (n=4)

Median
Mean
Range

0.066
0.065
0.014-0.12

187
195
142-266

3.1
2.6
<LOQ -4.1
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Product Subgroup
(n = number of products in the subgroup)
Fixative Hair Spray (n=1)

Statistics
Median
Mean
Range

Concentration, mg/g wet weight
D4
D5
D6
<LOQ
<LOQ
<LOQ
<LOQ
<LOQ
<LOQ
NA
NA
NA

Hair Conditioner (rinse-off) (n=5)

Median
Mean
Range

<LOQ
0.0054
<LOQ-0.013

6.4
5.3
0.013-10.3

0.12
0.11
0.020-0.21

Hair Repair Spray (n=4)

Median
Mean
Range

0.056
0.054
<LOQ-0.11

44.8
52.4
18.1-102

1.2
2.3
0.65-6.3

Hand Cream (n=5)

Median
Mean
Range

<LOQ
<LOQ
<LOQ

1.4
3.8
0.54-12.5

<LOQ
1.6
<LOQ -7.4

Lipbalm (n=1)

Median
Mean
Range

<LOQ
<LOQ
NA

<LOQ
<LOQ
NA

<LOQ
<LOQ
NA

Liquid Foundation (n=4)

Median
Mean
Range

0.13
0.16
<LOQ-0.39

96.5
107
21.0-213

34.0
55.2
2.4-151

Sunscreen Cream (n=4)

Median
Mean
Range

<LOQ
<LOQ
<LOQ

25.3
30.6
5.4-62.8

0.51
4.5
<LOQ-14.3

Sunscreen Spray (n=3)

Median
Mean
Range

0.033
0.15
0.027-0.39

37.4
61.1
36.4-110

1.8
6.8
0.041-18.6

Toothpaste (n=1)

Median
Mean
Range

<LOQ
<LOQ
NA

<LOQ
<LOQ
NA

<LOQ
<LOQ
NA

All products (n=51)

Median
Mean
Range

0.011
0.18
<LOQ-5.0

25.7
60.5
<LOQ-356

0.64
7.0
<LOQ-151

a

NA – not available, because the subcategory consists of a single product sample.

Limits of quantification (LOQ): 0.00071 mg/g for D4; 0.00067 mg/g for D5; 0.00072 mg/g for D6. The values below LOQ were
set to zero to calculate median and mean concentrations in each product subcategory.

Both D5 and D6 were detected in higher concentrations compared to D4 in each product subcategory
(Figure 2.1) with D5 prevailing in almost all the products. The mean and median concentrations of D5
for all the products that contained detectable amounts are 60.5 mg/g and 25.7 mg/g, respectively. The
concentrations of D6, however, are in a lower range with a mean of 7.0 mg/g and a median of
0.6 mg/g. D4 was also detected at least once in almost every subcategory except for the hand and
sunscreen

cream

product

samples.

However,

its

concentrations

(mean=0.18 mg/g,

median=0.011 mg/g) were always two to three orders of magnitude lower than those for D5 and D6,
which suggests that in most cases it was an impurity of D5 or D6. The observed trend towards using
higher order cVMSs in cosmetics and personal care products was also noted in a recent CIR report
(Johnson et al., 2012).
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No cVMSs were detected in
those products that did not list
them among the ingredients, i.e.
lipbalm, hair fixative spray and
toothpaste.

The

product

category ―deodorants‖ contained
the largest amounts of cVMSs
(median

concentrations

0.53 mg/g,

142 mg/g

were
and

2.3 mg/g for D4, D5 and D6,
respectively).
categories

Other

product

with high cVMSs

concentrations were cosmetics
(median=44.6 and 30.0 mg/g for
D5

and

D6,

respectively),

sunscreen

products

(median=0.0085,

34.8

and

0.53 mg/g for D4, D5 and D6,
respectively) followed by skin
creams and lotions (median=8.4
and 0.32 mg/g for D5 and D6,
respectively).

The

hair

Figure 2.1. Summary statistics of measured cVMSs
concentrations in C&PCPs sold in Europe by product
category. The right and left edges of the boxes indicate
the 75th and 25th percentiles, respectively. The ends of
the horizontal lines indicate the maximum and minimum
values observed. Solid and dashed coloured lines link the
medians and means of cVMSs concentrations,
respectively.

care

product category had the lowest
concentrations of cVMSs, i.e. medians of 0.0055, 9.6 and 0.18 mg/g for D4, D5 and D6, respectively.
Interestingly, among products considered in our study the rinse-off type hair care products contained
approximately an order of magnitude less cVMSs than the leave-on hair care products. It should be
noted that the cosmetics category in Figure 1 apart from liquid foundations also contains the lipbalm
sample, and therefore the median concentrations for this category appear lower than if it contained
only the liquid foundations (Table 2.1). In addition, our results showed that one of the liquid make-up
samples apart from the listed D5 contained a substantial amount of D6 (approximately 40 mg/g or
4.0% w/w), which was not listed on its label.
The cVMSs concentrations in Swiss marketed products were similar to those in their Dutch
counterparts in three out of five selected product-pairs (the variation of D4, D5 and D6 concentrations
was less than 20%). The two mismatching articles were the body lotion and the hand cream, all
labeled with D5 only. The amount of D5 in the Swiss body lotion sample was tenfold higher than in its
Dutch analogue, whereas the hand cream purchased in the Netherlands contained twice as much D5
as its Swiss equivalent.
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cVMSs can be labeled on the ingredients list either as pure substances or nonspecifically as
cyclomethicone. In order to investigate, if preferred mixtures of cVMSs exist which are e.g. labeled as
cyclomethicone, we examined how the concentrations of different cVMSs are related to each other
and to the labeling. Therefore, the products with detectable amounts of cVMSs were subdivided into
three different groups (Table 2.2). A moderately positive correlation was found between the mean
concentrations of D4 and D5 for the whole dataset (n=48; Pearson‘s correlation coefficient r=0.61,
p<0.01). A slightly higher Pearson‘s correlation coefficient was observed between mean D4 and D5 if
only the cyclomethicone-labeled products are considered (n=13; r=0.70, p<0.01). In addition, it was
found that D6 associates with cyclomethicone slightly stronger than D4, although the difference was
not significant (100% cases vs. 76% for D6 and D4, respectively).

Table 2.2. Pearson correlation coefficients among concentrations of cVMSs measured in
cosmetics and personal care products.
Product group
1

all products that contained detectable amounts of
cVMSs (n=48)

2

products labeled with cyclomethicone only (n=13)

3

products labeled with D5 only (n=27)

Compound

D4

D5
D6
D5
D6
D5

0.61*
-0.02
0.70*
0.03
0.54*

D6

0.45*

D5
-0.03
0.05
0.89*

* significant correlation (p<0.01)

Furthermore, the variation in cVMSs concentration ratios was different for the following two data
subsets: 1) the subset that included the cyclomethicone labeled products only (n=13), and 2) the
subset that comprised the products labeled solely with D5, excluding the aforementioned liquid makeup outlier sample (n=27). In the first data subset the spread in D5/D6 concentration ratios over
different product subcategories was large and reached two orders of magnitude with the largest
variation in the face creams subcategory (coefficient of variation CV = 1.22). In the second subset
both concentration ratios fluctuated around 100 or 1000, which is in accordance with the definition of
D5 that allows for <1% impurities of D6 and D4. These impurities are likely to be the by-products that
originate from the industrial production of cVMSs (O'Lenick, 2008; CES, 2010).

2.4.2 Worst-case assessment of aggregate dermal consumer exposure to D4,
D5
Different approaches exist to calculate consumer dermal exposure. The methods range from
employing very simple deterministic exposure models to utilizing more sophisticated probabilistic
frameworks. In the present work, daily exposure to D4 and D5 through application of eight most
commonly used C&PCPs subcategories (i.e. body lotion, face cream, hand cream, non-spray
deodorant/antiperspirant, liquid foundation, rinse-off hair conditioner, sunscreen cream and sunscreen
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spray) were estimated (Table 2.3) using the Ford dermal exposure model (Ford et al., 1998). The
exposure was calculated using both median and max D4/D5 concentrations in the product
th

th

subcategories analyzed in this study multiplied by the 50 or 90 percentiles, respectively, of the daily
applied amounts of the products (Hall et al., 2007; Hall et al., 2011; SCCNFP, 2000; SCCS, 2012)
and corrected by the retention factor to account for product dilution in water and/or wash-off where
applicable. The daily applied amounts of C&PCPs used in this study were previously determined for
the European population (Hall et al., 2007; Hall et al., 2011) and therefore are applicable in this study.
The worst-case daily dermal (chronic) exposure for D4 and D5 from the use of personal care products
investigated in this study (excluding sunscreen products) was 10.8 and 1224 mg/capita/day,
respectively. The sunscreens were not considered in aggregate daily average dermal exposure
assessment because they are usually applied on a short time scale (e.g. summer holidays), thus are
most relevant for acute exposure. Assuming 0.5% and 0.04% dermal absorption rates for D4 and D5
(Jovanovic et al., 2008), the maximum dermal doses available for systemic absorption would be 0.054
and 0.49 mg/capita/day, respectively. Among considered product subcategories the main contributor
to total maximum dermal exposure of cVMSs was a non-spray deodorant/antiperspirant (7.6 and
538 mg/day accounting for 70% and 44% of the aggregate daily dermal exposure to D4 and D5,
respectively). Relatively high dermal exposure to both cVMSs occurs from the use of face creams,
body lotions and liquid foundations with 27% (both D4 and D5), 1.0% (D4) and 18% (D5), 2.0% (D4)
and 9.0% (D5) of the total dermal dose, respectively. Hand creams and rinse-off conditioners add less
than 2.2% to the total daily dermal exposure to D5. Exposure to D4 from these product subcategories
is also negligible and does not exceed a few hundred micrograms per day. Overall, the results of the
preliminary aggregate consumer exposure assessment indicate that the median dermal exposure to
cVMSs is approximately 100 times lower than the NOAEL derived from chronic inhalation rat studies
(i.e. 343 and 430 mg/kg/day for D4 and D5, respectively (Siddiqui et al., 2007a, 2007b)).

Product

a

Daily usage, g/capita/day
(Ref.)

Freq. of
use,
1/day

b

Deo/antiperspirant non-spray

0.82

(Hall et al., 2007)

2

Skin surface area exposed

e

Ret.
f
Factor

d

cm2

description

200

both axillae

565

1/2 area head (female)

D4
1

c

1.51
Face cream

0.85

(Hall et al., 2007)

2.14

1

1.54
Body lotion

4.56

(Hall et al., 2007)

2.28

15670

area whole body without
area head (female)

(Hall et al., 2011)

1

565

1/2 area head (female)

1

(Hall et al., 2011)

2

860

area hands

1

1

7.82
Liquid foundation

0.17
0.51

Hand cream

0.87
2.16

Hair conditioner rinse-off
Sunscreen cream

1.56

(SCCS, 2012)

0.28

1440

0.01

(SCCNFP, 2000)

2

17500

area whole body

1

18.0
Sunscreen spray

18.0

median

0.066

max

5.0

(SCCNFP, 2000)

2

17500

area whole body

18.0
Aggregate exposure:
(excluding sunscreen products)

1

g

Daily external
exposure,
mg/capita/day

D5

D4

D5

187

0.05

153

356

7.6

538

median

0.00071

24.7

0.001

21.0

max

1.9

214

2.9

330

g

median

0.00071

15.0

0.003

68.4

max

0.015

28.3

0.12

221

median

0.13

96.5

0.02

16.4

max

0.39

213

0.20

109

median

0.00071g

1.4

0.0006

1.22

g

12.5

0.002

27.0

g

max
area hands plus 1/2 area
head

3.92
18.0

cVMSs concentration, mg/g

0.00071

median

0.00071

6.4

0.00001

0.10

max

0.013

10.3

0.0005

0.40

median

g

0.00071

25.3

0.013

455

max

0.00071g

62.8

0.013

1130

median

0.033

37.4

0.59

673

max

0.39

110

7.0

1980

median

0.08

260

max

10.8

1224
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Table 2.3. Calculations of external daily dermal exposure (mg/capita/day) to cVMSs contained in selected cosmetics and personal care products.

P

a

– assuming 100% of the products in a category contain D4/D5

b

– the 50th percentile of the daily product amount

c

– the 90th percentile of the daily product amount (conservative approach)

d

– SCCS, 2012
– from Bremmer et al., 2005

f

– retention factor is introduced to account for dilution and wash-off of the product with water (SCCS, 2010)

g

– concentration is <LOQ; corresponding LOQ value is taken
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2.5 Discussion
2.5.1 Comparison of the European data on cVMSs in C&PCPs with those from
other studies
The emphasis of our study was given to the analysis of only selected product categories of specific
brands that at present are most frequently used by consumers. In Figure 2.2 we compare the results
of the present study with those from previous publications, in which cVMSs concentrations in
C&PCPs, purchased in different countries, were investigated. Overall, our findings are in agreement
with the results of Horii and Kannan (2008) and Wang et al. (2009), who report that D5 and D6 are the
two predominantly used cyclic siloxanes in cosmetics and personal care products; D4 was found in
smaller amounts and presumably in most cases as an impurity of D5 or D6. On the other hand, the
maximum cVMSs concentrations that we determined for skin care, hair care, deodorants and
cosmetics were generally higher compared to those found in previous experimental studies (Horii and
Kannan, 2008; Wang et al., 2009; Lu et al., 2011). For example, our maximum D5 concentrations in
all product categories are approximately five times higher than those reported by Horii and Kannan
(2008). The same tendency is observed when we compare our values with the results published by
Wang et al. (2009), who analyzed 252 C&PCPs bought in Canada. Only for hair care products the
concentrations differ by one and two orders of magnitude for D5 and D6, respectively. This is likely
due to the fact that in their study Wang et al. (2009) did not consider leave-on products (e.g., hair
repair

sprays)

that

usually

employ

cVMSs

as

their

main

constituents/carrier

fluids

(http://www.cosmetic-ingredients.net). Figure 2.2 suggests that the U.S. and Canadian markets of
C&PCPs are remarkably similar in terms of cVMSs levels. Besides, it shows that the personal care
products sold in Europe contain comparable amounts of cVMSs; however, it is acknowledged that
within the last five years cVMSs concentrations in C&PCPs may have slightly increased, and
therefore the concentrations found in the present study were higher. Interestingly, similar to the
findings of Horii and Kannan (2008) we observe strong correlations among the concentrations of all
three cVMSs for those products that were labeled with D5.
The study by Lu et al. (2011) surveying the Chinese market of C&PCPs (n=158) showed considerably
lower maximum measured concentrations of all three cVMSs in C&PCPs, for which two possible
explanations may exist. The first one is that the products in China do not contain high amounts of
cVMSs because they are substituted with long-chain linear siloxanes, e.g., dimethicone. This
hypothesis is further supported by the findings of Lu et al. (2010), who discovered that linear
siloxanes dominate in the indoor dust in China. The second reason could be that the method of
cVMSs extraction from C&PCPs was slightly different, i.e. in their study Lu et al. used n-hexane only,
which might have led to lower extraction efficiencies of the cVMSs from skin care products and
cosmetics. However, given the limited sample size in our study, any apparent differences in maximum
cVMSs concentrations have to be interpreted with caution.
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Our maximum measured D5 and D6 concentrations agree well with the concentration ranges
declared by C&PCPs manufacturers in the CIR report (Johnson et al., 2012), though it should be
noted that our measured maximum D5 concentrations are close to the upper limits of the values
reported by the C&PCPs producers. Conversely, D4 appears to be used in much higher amounts than
our findings suggest (Figure 2.2), especially in deodorants (10-fold difference in D4 concentrations),
cosmetics and sun care products (two orders of magnitude difference in D4 concentrations for both
product categories). D4 is the most volatile congener (vapor pressure of 132 Pa at 25C) among the
cVMSs analyzed, so that the discrepancy may partially be invoked by D4 volatilization losses during
sample treatment (the volatility of the internal standard M4Q with vapor pressure of 9.0 Pa at 25C
rather matches the vapor pressures of D5 and D6 with 33.2 and 4.6 Pa at 25C, respectively).
However, the observed 10 and 100-fold difference in D4 concentrations cannot be solely explained by
evaporation, since the recovery rates of D4 from the reference products were higher than 80%
(Figure A1.1 in Appendix 1).

D4

D5

D6

Toilet Soaps

Product subcategory

Sun Care
Skin Care

Author
Horii and Kannan, 2008 (US and JP)
Wang et al., 2009 (CA)
Lu et al., 2011 (CN)
present study (NL and CH)
Johnson et al., 2012 (US)

Nail Care
Hair Care
Deodorants

Statistics
Max
Min

Cosmetics
Body Washes

100

1
10

0.1

0.01

0.001

100

1
10

0.1

0.01

0.001

100

1
10

0.1

0.01

0.001

Baby Care

cVMSs concentration, % w/w

Figure 2.2. The concentrations of cVMSs (minimum – blue and maximum - red) measured in
different studies (Horii and Kannan, 2008 (USA and Japan); Wang et al., 2009 (Canada); Lu et
al., 2011 (China) and present study (the Netherlands and Switzerland)) by product categories.
For the studies in which the lowest values were below LOQ the minimum statistics are not
shown. Semi-transparent bars represent the cVMSs concentration ranges specified in the
Cosmetic Ingredient Review report (Johnson et al., 2012).

The deviations in D5/D4 and D5/D6 concentration ratios in different C&PCPs suggest that cosmetics
formulators do not abide particular proportions of individual cVMSs in the cyclomethicone ingredient,
but rather that it stands for variable mixtures of low molecular weight volatile cyclic siloxanes
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(Verbiese, 2012). Finally, the comparison of five selected products purchased in two different
European countries suggests that cVMSs levels may not always be the same even in the
identical/equivalent products of the same brand name. Hence, the concentrations of cVMSs
determined in our study should be generalized with caution due to both spatial and temporal variation
in the availability of marketed products and brands within the European Union.
Overall, the calculated external dermal exposure to cVMSs is in line with the findings of Buser et al.
(2013), who measured cVMSs concentrations in ambient air in Zurich, Switzerland and backcalculated the average emission rates of D5 and D6 (which originate exclusively from use of
C&PCPs). Their results were 310 and 36 mg/capita/day for D5 and D6, respectively when adjusted for
the population of Zurich (i.e. 400,000 citizens). Furthermore, our dermal exposure estimates are
comparable to those reported for the U.S., Japan, and Canada: absolute values of aggregate external
dermal exposure to D4 and D5 for women in the U.S. (Horii and Kannan, 2008) were 1.1 and
233 mg/day, respectively, 98.6 and 900 mg/day in Canada (Wang et al., 2009), whereas in China
women are exposed to only 4.5 mg/day of total (i.e. four cyclic and 11 linear) siloxanes from the use
of personal care products (Lu et al., 2011).

2.5.2 Comparison with human biomonitoring data
Unfortunately, none of the aforementioned researchers, who investigated cVMSs presence in
C&PCPs, had the possibility to evaluate their exposure estimates against relevant human
biomonitoring data. Until present, only few studies on cVMSs concentrations in human biological
matrices have been published (Flassbeck et al., 2001; Kaj et al., 2005b), which, however, did not
explicitly anticipate consumer application of C&PCPs as the principal source of human exposure to
cVMSs (Health Canada, 2008), but considered other exposure pathways, such as silicone implants
and environment, more important. In addition, the results of these studies could not be directly linked
to consumer exposure, since it was not until 2002-2008 when the dermal penetration studies for cyclic
siloxanes and a validated usable human PBPK model for D4 and D5 became available (Plotzke et al.,
2002; Reddy et al., 2003, 2007, 2008; Jovanovic et al., 2008). Overall, low toxicity of cVMSs and
challenges in their analytics limit research for D4 and D5. Nonetheless, recently Hanssen et al. (2013)
investigated D4, D5 and D6 concentrations in blood plasma of postmenopausal (n=94) and pregnant
(n=17) women in Norway. The authors found that D4 was the most abundant and frequently detected
cyclic siloxane in both cohorts: the percent of samples with detectable amounts of D4 was 85%;
median concentrations were 4.8 and 2.1 ng/mL; maximum concentrations reached 12.7 and
2.7 ng/mL, respectively for two cohorts of women. D5 presence was less pronounced: it was detected
in only 18% samples of the middle-aged women cohort at median and maximum levels of 1.9 and
3.9 ng/mL, respectively. The concentrations of D5 in all the blood samples of the pregnant women
cohort were below the LOQ (1.67 ng/mL). D6 was the least ubiquitous compound detected in only 5%
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of samples of the postmenopausal women cohort with the median concentrations of 2.9 ng/mL. No
detects were reported in blood assays of pregnant women.
In the context of the present study, higher blood levels of D4 could be evoked by a higher dermal
uptake of D4 relative to D5 (0.5% vs. 0.04% of the applied dose; Jovanovic et al., 2008) and/or the
higher fat:blood partition coefficient of D5 (~2000, whereas for D4 it is ~500, Andersen et al., 2001,
2008). Considering the cVMSs concentrations in cosmetics and personal care products, the dermal
absorption rate might well be more influential for the internal dose than the compound content in
C&PCPs. On the other hand, faster volatilization of D4 compared to D5 (150 g/cm /min vs.
2

71 g/cm /min; Reddy et al., 2008) competes skin penetration. Other factors that could potentially
2

have influenced the distribution of cVMSs in spot blood assays are the differences in time periods of
blood sampling (2005 vs. 2009 for postmenopausal women and pregnant women cohorts,
respectively), differences in C&PCPs usage patterns (no data provided), and physiological differences
that affect chemical kinetics in the body. Altogether these factors considered together propagate
significant uncertainty in the biomonitoring results.

2.5.3 Additional implications for consumer exposure assessment
This product survey of 51 consumer products was designed to generate data that can be used in a
consumer exposure assessment. In contrast to the common practice of choosing the products for a
product survey at random (FAO/WHO, 2004) we based our choice on a screening assessment of
consumer exposure (Table A1-2 in Appendix 1). By this procedure we were able to focus our
experimental efforts on the products that contribute most to adult consumer exposure. In particular,
we included sun care products, which had never been analyzed for cVMSs in the past, but were
shown to contribute substantially to acute consumer exposure (Table A1-3 in Appendix 1). Similarly,
we did not analyze bath/shower and nail care products, because their contribution to cVMSs
consumer exposure is negligible. Also, we did not include childcare products, since our focus is on
adult exposure. However, it should be kept in mind that apart from the targeted product categories
other C&PCPs that had not been investigated in this study (e.g., perfumes, shampoos, hairstyling
products, etc.) may contain trace amounts of cVMSs as impurities of linear siloxanes, although their
contribution to aggregate daily consumer exposure is expected to be insignificant.
Our study aimed at deriving the most typical values for the cVMSs content in different product
subcategories, thus further specifying the concentration ranges that are given as frame formulations
(CPNP, 2013). Therefore, we intentionally selected the products with cVMSs labeled on their
ingredient list, so that the exposure estimates are not biased by zero values determined for the
compound-free products. On the other hand, the assumption of 100% occurrence of cVMSs in all
C&PCPs may result in the overestimation of aggregate consumer exposure. However, the aim of this
study was to obtain ―typical‖ cVMSs concentrations that are independent of the alternating fraction of
cVMS-containing products on consumer market. When a more realistic aggregate exposure
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assessment is needed these ―typical‖ concentrations determined for each product (sub)category can
be corrected for their respective market fraction. The market fractions can be sourced from numerous
marketing studies and databases, e.g. Global New Products Database (Mintel Group Ltd). Horii and
Kannan (2008) and Lu et al (2011) also investigated the frequency of occurrence of cosmetics and
personal care products that contain cVMSs. They discovered that 50-87% of the randomly selected
C&PCPs contain D4, 57-91% contain D5 and 50-90% contain D6. The detection frequencies of
cVMSs were also dependent on the category and reached 90%, 35% and 25% for antiperspirants,
skin lotions and hair care products, respectively (Wang et al., 2009).
In our exposure calculation we assumed that all the products used by a standard person contain
median concentrations of cVMSs. This is a standard procedure for calculating a worst case exposure
in Tier 1 risk assessment. Since the comparison with current NOAEL shows a safety factor of 100 for
both D4 and D5, no further refinements, e.g. including the market fractions of cVMSs-containing
products, are necessary.
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3.1 Abstract
Current practice of chemical risk assessment for consumer product ingredients still rarely exercises
the aggregation of multi-source exposure. However, focusing on a single dominant source/pathway
combination may lead to a significant underestimation of the risk for substances present in numerous
consumer products, which often are used simultaneously. Moreover, in most cases complex multiroute exposure scenarios also need to be accounted for. This paper introduces and evaluates the
performance of the Probabilistic Aggregate Consumer Exposure Model (PACEM) applied in the
context of a tiered approach to exposure assessment for ingredients in cosmetics and personal care
products (C&PCPs) using decamethylcyclopentasiloxane (D5) as a worked example. It is
demonstrated that PACEM predicts a more realistic, but still conservative aggregate exposure within
the Dutch adult population when compared to a deterministic point estimate obtained in a lower tier
screening assessment. An overall validation of PACEM is performed by quantitatively relating and
comparing its estimates to currently available human biomonitoring and environmental sampling data.
Moderate (by maximum one order of magnitude) overestimation of exposure is observed due to a
justified conservatism built into the model structure, resulting in the tool being suitable for risk
assessment.
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3.2 Introduction
People in modern societies are continuously exposed to chemicals by the regular use of various
consumer products, including cosmetics and personal care products (C&PCPs), household cleaning
agents, textiles, plastics, etc. Some of these chemicals are present only in a few products, whereas
others are contained in many. In the latter case it is, therefore, essential for realistic exposure
assessment to accurately estimate and appropriately combine single product exposures, since the
concurrent use of several products with low individual contributions may result in substantial
aggregate consumer exposure. Aggregate exposure is defined as the exposure to a single substance
that can occur from multiple sources via different routes (e.g. inhalation, dermal, oral). In dietary
exposure assessment aggregation of pesticide exposure from food is already a common practice, as
e.g. required by the Food Quality Protection Act in the US (1996) and the Regulation on maximum
residue levels of pesticides in food in Europe (European Commission (EC), 2005). For consumer
products aggregation is still less common, nonetheless was considered e.g. by Trudel et al. (Trudel et
al., 2011) and Gosens et al. (Gosens et al., 2013) and is recommended by the REACh Directive in
the EU, e.g. in the supporting guidance document on the chemical safety assessment (The European
Chemical Industry Council (CEFIC), 2010). Important reference documents for consumer exposure
assessment (European Chemicals Agency (ECHA), 2012; Scientific committee on consumer safety
(SCCS), 2012) also explicitly indicate that if exposure to a chemical occurs via multiple routes/
multiple consumer products, exposures should be combined for risk assessment.
However, to date tools for aggregate consumer exposure assessments are only available at
screening level (lower tier) and aggregation of exposure and risks is, therefore, often done in a very
simplified way by modelling deterministically the worst-case aggregate exposure (e.g. ECETOC TRA
(European Centre for Ecotoxicology and Toxicology of Chemicals (ECETOC)), A.I.S.E REACT
(International Association for Soaps Detergents and Maintenance Products (A.I.S.E))). Publicly
available higher tier models like ConsExpo v.5.0 (Delmaar et al., 2005), MCCEM (Versar Inc.) and
PROMISE© (Silken Inc., 2003) currently do not facilitate aggregation of exposure in a consistent and
representative manner and some extra effort is required for the appropriate aggregation of individual
exposure scenarios (Delmaar, 2006). Recently, Sarigiannis et al. developed a general guidance on
when, how and to what extent the multi-source and multi-pathway exposure to a single substance
should be aggregated (Sarigiannis et al., 2013). The authors recommended a conventional tiered
approach to aggregate exposure modeling, which includes a qualitative tier 0 to assess whether
aggregation is necessary, a conservative tier 1 for the screening level assessment (i.e. sum of worstcases), and tier 2 for more realistic aggregate exposure modeling, involving e.g. probabilistic methods
that allow determination of the proportion of a population at risk.
The main aim of this study was to evaluate the higher tier Probabilistic Aggregate Consumer
Exposure Model (PACEM) in the context of a tiered approach and validate its output for
decamethylcyclopentasiloxane (D5). The siloxane was chosen as an illustrative case-study compound
due to its ubiquitous presence in C&PCPs (Dudzina et al., 2014; Horii and Kannan, 2008; Wang et al.,
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2009) and to its low human toxicity, which permitted a controlled biomonitoring study with human
volunteers. The modelling tool employs a personalized approach to prediction of population aggregate
exposure and utilizes the concept of exposure fractions for multi-route exposure scenario
assessment. Quantitative validation of the model is performed by comparing its exposure predictions
with both the individual measurements of biomarker concentration (Biesterbos et al., 2015), and
population aggregated biomonitoring data (Hanssen et al., 2013). For doing this a compound-specific
physiologically based pharmacokinetic (PBPK) model (Reddy et al., 2008; Reddy et al., 2007) is
coupled to PACEM to convert external exposure into tissue concentrations. Additional verification of
PACEM is accomplished by predicting D5 indoor air concentrations resulting from consumer use of
C&PCPs and comparing them to relevant measurement data (Pieri et al., 2013).

3.3 Methods
3.3.1 Substance description
Decamethylcyclopentasiloxane (D5; CAS # 541-02-6) is an extremely lipophilic volatile organic
compound. Very often it occurs in a mixture with other cyclic siloxanes (i.e. D4 and/or D6), collectively
named cyclomethicone. D5 is recognized as a high production volume (HPV) chemical (Organisation
for Economic Co-Operation and Development (OECD), 2009) with the personal care industry being
the major sector of application (Brooke et al., 2009). Other applications of D5 include polymeric
silicones production, electronics, construction, and dry cleaning (Centre Européen des Silicones
(CES), 2014). In fact, several studies have shown that the use of cosmetics and personal care
products (C&PCPs) is the main source of population exposure to D5 as a result of its high content in
these products ( Horii and Kannan, 2008; Dudzina et al., 2014). Human biomonitoring (HBM) data
should, therefore, to a large extent reflect aggregate consumer exposure to C&PCPs. Indeed,
elevated levels of D5 were found in human breast milk (Kaj et al., 2005) and women‘s blood plasma
(Flassbeck, 2001; Hanssen et al., 2013). Currently observable environmental background
concentrations are in the ng/m3 range ( McLachlan, 2010; Yucuis et al., 2013; Buser et al., 2013) ,
suggesting that the contribution of ambient air inhalation, as well as inadvertent dust ingestion to
aggregate human exposure (Lu et al., 2011), will be negligible in comparison to the doses received
via dermal absorption and inhalation of D5-rich indoor air (Hodgson et al., 2003; Maddalena et al.,
2011; Wu et al., 2011; Pieri et al., 2013) resulting from consumer use of D5-containing C&PCPs.
Both in vitro and in vivo tests suggest that percutaneous absorption of D5 is too slow to conquer
volatilization (Jovanovic et al., 2008; Plotzke et al., 2002; Reddy et al., 2007). After 24 h only 0.04 –
0.17% of the applied dose was absorbed with the largest amount remaining in the skin, whereas over
91% of the substance evaporated before being absorbed. The uptake of D5 via breathing is larger:
after single or multiple inhalation exposure the retention of D5 in rats ranged from 4-5% to 8-10% of
the inhaled dose, respectively, with approximately 50-80% of the retained dose having deposited on
animals‘ fur (Tobin et al., 2008). The kinetics of D5 upon entry into the human body via both routes is
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rather similar and largely influenced by 1) the lipid partitioning leading to formation of a sequestered
pool of D5 in the blood, and 2) fast elimination of free D5 from blood due to exhalation. In fact, about
90% of the systemically absorbed D5 is exhaled unchanged within 24 hours (Plotzke et al., 2002).
Another elimination pathway for D5 is hepatic clearance (Dow Corning Corp., 2001, 2006; Varaprath
et al., 2003). The hydroxylated D5 (HO-D5) metabolite comprises about 1% of the systemic dose and
is excreted with urine and faeces. No metabolism of D5 was discovered in skin or in lung tissue.
Considering the reviewed compound-specific information we infer that the total systemic dose of D5
will result primarily from ‗indirect‘ inhalation of vapour volatilized from skin after dermal application of
D5-containing C&PCPs, as well as from ‗direct‘ inhalation of aerosols released from spray products.
However, dermal absorption and inadvertent ingestion (e.g. from lip care products) must also be
considered in aggregate consumer exposure assessment.

3.3.2 PACEM description
Within this project we developed a person-oriented consumer exposure model, which was also used
by Gosens et al. (2013) and Delmaar et al. (2014) to model aggregate exposure to parabens and
diethyl phthalate, respectively. The performance of this higher tier tool was evaluated by comparison
to the results obtained in a conventional lower tier assessment (see Appendix A2.1).
The core of the developed model consists of a questionnaire database on biometric details and the
C&PCP use data for 516 Dutch adults between 18-74 years old (Biesterbos et al., 2013). The
product-use database contains a list of C&PCPs applied by each questionnaire respondent on a
regular basis, the use amounts and frequencies for specified products, as well as the approximate
time of day and body part of product application. The product use amounts and use frequencies had
to be specified by the questionnaire respondents as value ranges. Accordingly, for these quantities
we defined uniform uncertainty distributions in the respective ranges (e.g. the product use frequency
of ―2-3 times per week‖ was translated into a uniform distribution with minimum = 2/7 and maximum =
3/7 times per day). The model is deemed to be rather conservative because all of the products
available on the market and used by our survey population can contain D5, but the possibility to
include the substance prevalence in a particular C&PCP category was also implemented. D5 weight
fractions in C&PCP categories were determined based on the empirical data available from (Horii and
Kannan, 2008; Wang et al., 2009; Johnson et al., 2011; Dudzina et al., 2014;). Depending on data
availability, the weight fractions of D5 in different C&PCP categories were represented either by point
values (i.e. minimal LOQ in the case of non-detects) or parametric probability distributions (uniform or
triangular, when sufficient data above the LOQ were available).
Preliminary statistical analysis of the questionnaire population revealed negligible or weak correlations
between the product use descriptors and personal characteristics of the respondents (with the
exception of gender). Therefore, we conclude that the exposure modelling results will be
representative for the general Dutch adult population. The simulated PACEM population (M = 5,000
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individuals) was constructed from the questionnaire population by repeated random sampling. A
schematic diagram and detailed description of PACEM dataflow is provided in Appendix A2.2. The
model allows route-wise calculation of personalized product-specific exposures. The aggregation of
exposure is then performed for each simulated individual on a daily basis over N = 30 days
considering the entire range of products he/she used on a particular day, thus taking into account real
data on product use and co-use at the very individual level. Route-specific external exposures are
multiplied by the corresponding absorption fractions and summed up to yield the total internal
exposure. The derived acute population aggregate exposure takes into account the entire M x N
exposure matrix, thus expressing the exposure in person-days and providing a more realistic estimate
compared to e.g. the worst day selection approach. The chronic population exposure is constructed
based on M personalized aggregate exposures that were averaged over N days.
Exposure fractions
To facilitate the probabilistic calculations of the daily individual exposures we incorporated into the
model the ‗exposure fraction‘ (eF) metric. The original concept was first introduced in the field of
radiation protection (International Commission on Radiological Protection (ICRP), 1979) and
subsequently applied in various fields (Bennett et al., 2002; Evans et al., 2002; Loh et al., 2009). In
PACEM the concept is implemented by assigning a distinct application scenario (Bremmer et al.,
2006; Scientific committee on consumer safety (SCCS), 2012) to each of the 47 C&PCP categories
considered and describing the application scenario by a selection of route-specific exposure fractions
(Table A2-6). Thus, the product-specific application scenario reflects the manner in which exposure to
a product takes place. The exposure fraction is characterized by the corresponding transfer/exposure
equations and specifies the exposure per unit mass of product used. Therefore, the exposure fraction
is unitless and depends solely on the substance and the product, as well as the circumstances of
release. The aspect of absorption lies outside the scope of this metric. An essential constraint
required in the multi-route exposure assessment is to limit to unity the sum of the route-specific
exposure fractions for every C&PCP category to avoid unreasonable overestimation of consumer
exposure (see model equations in Table A2-7).
The exposure fractions for D5 were determined outside the

PACEM framework using

ConsExpo v.5.0. To capture the variability in parameters governing the route-specific exposure within
a given application scenario (e.g. room dimensions, ventilation, time spent indoors, transfer of residue
from touched surfaces), some exposure fractions were expressed as frequency distributions. The
uncertainty associated with the estimation of the input parameters (i.e. measurement error) is
considered to be small or negligible in comparison to the variability (with the exception of spray
products, for which the margin of error is at most one order of magnitude (Delmaar and Bremmer,
2009)). The personalized exposure fractions are randomly sampled from their respective distributions
and fed into the exposure equations. Table A2-8 lists the exposure fraction distributions used in
PACEM and provides additional information on their parameterization.
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3.3.3 Validation
The validation concept for PACEM is illustrated in Figure 3.1. Two different parts of the modelling
framework are inspected using measured data. At first, the C&PCPs use data and the route-specific
exposure fractions (eFs) are validated by comparing the calculated D5 indoor air concentrations
(Appendix A2.5) against their experimental equivalents detected in the UK, Italian and U.S. residential
premises (Pieri et al., 2013; NYIEQ, 2005). To our best knowledge no such data are currently
available for the Netherlands. The predictions of D5 in indoor air were carried out assuming two
inhabitants (a man and a woman) in a house. Secondly, we calculated the internal exposure by
coupling PACEM output for selected volunteers with the PBPK model for D5 and evaluated the
exposure estimates against tissue concentration measurements. The original dermal PBPK model for
pure D5 was developed based on the in vivo study of dermal absorption with six middle-aged human
volunteers (Plotzke et al., 2002; Reddy et al., 2007). In these experiments, however, the inhalation
exposure was prevented only during the actual application of D5 (i.e. the first 5-10 minutes of
exposure) until the substance had visually cleared from the exposed skin surface. Considering the
relatively high vapour pressure of D5 at room temperatures (33.2 Pa), we suspected that the
volunteers were not exclusively exposed dermally but also via inhalation of D5, volatilizing from skin
and increasing the background air concentration. Thus, this ―dermal‖ PBPK model most likely
describes a realistic exposure situation, where both dermal and inhalation exposure occur
simultaneously.
The human biomonitoring data (HBM)
used for validation were (1) individual
concentrations of D5 in end-exhaled
air (alveolar air only; as opposed to
exhaled air, which also contains the
ambient air from the respiratory dead
space of the lungs) obtained from a
controlled exposure study with fifteen
volunteers (Biesterbos et al., 2015)
and (2)

population-aggregated D5

levels measured in blood plasma of 94
postmenopausal women (Hanssen et
al., 2013). In the first study, duplicate
spot

samples

of

end-exhaled

air

collected for every study participant

Figure 3.1. Scheme of the validation approach:
PACEM core is tested with indoor air concentration
data; the PACEM/PBPK modelling framework is
evaluated against human biomonitoring data.

prior to actual exposure experiments
reflect the baseline excretion of D5 after application of D5-containing C&PCPs (Table A2-9). When
adjusted for sample volume and the blood:air partition coefficient (0.41 (Reddy et al., 2007)), the endexhaled air concentration is a proxy for blood concentration of free D5. Using the information on
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C&PCPs use from 24-hour consumer exposure diaries completed by the volunteers we identified 13
individuals, who used D5-containing products (according to the product ingredient list) and for whom
D5 blood concentrations were predicted. In the validation with the second data set we considered only
the PACEM female subpopulation that falls into the specific age group of the postmenopausal women
cohort (i.e. 1,054 of 2,613 women in the original 5,000 PACEM population).
Both combined dermal (i.e. dermal external exposure and the exposure received from indirect
inhalation of D5 vapour) and direct inhalation exposure (from aerosols) were fed into the PBPK model
for each individual to predict the time-dependent D5 blood concentration profiles. Direct inhalation
exposure from spray products was accounted for in the original PBPK model as an additional source
term in the inner lung compartment.

3.4 Results
3.4.1 Probabilistic aggregate consumer exposure assessment
3.4.1.1

Exposure estimates

The summary statistics of the probabilistic aggregate consumer exposure to D5 for Dutch adult men
and women are shown in Table 3.1. Since preliminary statistical analysis did not reveal any significant
differences in product usage among population groups of different age, education and socioeconomic status (Biesterbos et al., 2013), the population was only stratified for gender. The calculated
confidence intervals for percentiles of approximately log-normally distributed exposure data indicate
the degree of uncertainty in the percentile point estimates. The route-specific absorption factors for
calculating internal exposure were similar to those used in the lower tier screening assessment, and
are provided in Table A2-1.
On average, men have an order of magnitude lower exposure than women. The difference in men
and women body weights alone cannot explain such a large discrepancy. Rather, the use and co-use
of C&PCPs are different for different genders. The cumulative distribution functions of the
personalized day-to-day aggregate exposures shown in Figure A2.2 provide insight into genderspecific differences in C&PCP usage patterns. Many individuals (mostly men) do not apply any
C&PCPs or apply just a few products over many days during the 30-days simulation period, thus
yielding around-zero exposures. The percentage of zero-exposure person-days is 0.44% (0.83% and
0.17% for men and women, respectively). Overall, the estimated chronic internal exposure shows a
large inter-individual variability in the population, spanning roughly four orders of magnitude. The
acute exposure distribution is comparable to the chronic one at its central tendencies, but covers
higher exposure levels at the tails.
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Table 3.1. Summary statistics of the chronic population internal exposure to D5
(mg/kg_bw/day; medians and 95% confidence intervals)
Population
subgroup

Geometric
mean

men

0.01
(0.004 – 0.03)

women

all

Geometric
standard
deviation

P50

P90

P95

P99

5.2

0.01
(0.0001 – 0.03)

0.03
(0.0005 – 0.13)

0.05
(0.0008 – 0.18)

0.09
(0.002 – 0.45)

0.04
(0.007 – 0.19)

3.8

0.05
(0.001 – 0.23)

0.20
(0.01 – 0.72)

0.28
(0.02 – 1.01)

0.49
(0.03 – 1.48)

0.02
(0.01 – 0.10)

6.0

0.02
(0.0004 – 0.09)

0.15
(0.01 – 0.59)

0.22
(0.01 – 0.80)

0.40
(0.03 – 1.46)

Figure 3.2 depicts the empirical
cumulative

distribution

functions

(CDFs) of D5 intake via different
routes by gender. Most notably, the
distributions are heavily tailed and
not always strictly log-normal, e.g.
the distributions for ingestion, for
which distinct usage patterns of
toothpaste

and

lipstick

are

visualized. The key exposure routes
for D5 are dermal absorption (due to
a large number of continuously used
skin care products) and inhalation
(due

to

high

Inadvertent

volatility

ingestion

of

D5).

of

D5

Figure 3.2. Cumulative distribution functions (CDFs)
of modelled internal D5 exposure in the Dutch adult
population.

contained in C&PCPs seems to be
unimportant for the majority of male consumers, who did not report the use of lipstick/lipbalm,
whereas for about 40% of female users ingestion (presumably due to ingestion of lipstick) surpasses
inhalation.
Further analysis of population aggregate exposure revealed no distinct outliers in the simulated
population (right panel of Figure 3.3). The highest percentiles of the population exposure are driven
by female individuals aged between 40 and 65 with a body weight of 50-75 kg. Lower exposures
modelled for individuals with higher bodyweight are solely due to their large body mass, since it was
shown that the applied product amounts are not correlated with this parameter (Biesterbos et al.,
2013).
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Sensitivity analysis

To identify the main drivers of consumer exposure, mean relative contributions of C&PCP categories
to the population aggregate internal exposure were calculated for men and women separately. The
C&PCP categories with the individual contributions higher than 1%, altogether accounting for about
95% of the aggregate chronic internal exposure are shown in Figure 3.3 (left panel). The high
contributions of these C&PCP groups stem partially from their frequent and lavish application. In
addition, they are leave-on products, i.e. the amount applied stays longer in contact with the skin. The
other product groups were either hardly ever used or used in very small amounts, or the product
category may have contained only traces of D5. Remarkably, the key contributor for both population
subgroups was a deodorant-spray. In addition to deodorant, women are mostly exposed via
cosmetics (e.g. lipstick, makeup-remover) and skin care products (e.g. body lotion). The exposure for
men arises mainly due to the use of general hygiene (e.g. deodorant, toothpaste) and aftershave
products.

Figure 3.3. Left panel: Means (bars) and standard deviations (errorbars) of the relative
contributions of different C&PCP categories to aggregate internal D5 exposure for the Dutch
adult population. Right panel: Low, medium and high aggregate exposure bands in relation to
consumer anthropometric data.

A qualitative characterization of uncertainty and variability for the exposure parameters in PACEM is
given in Table A2-11. The potential individual and combined effects of the input uncertainties were
quantified using a conventional Monte Carlo approach. The individual (main) effects of the input
parameters were sequentially assessed by evaluating the lower and upper boundaries of the resulting
population aggregate exposure. In the case of product use amounts, use frequencies and D5 weight
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fractions, the lowest and highest values were selected from the corresponding probability distributions
(where applicable). The P2.5 and P97.5 were drawn from the exposure fraction distributions (where
applicable). To examine the joint effect of parametric uncertainty (and variability) on the population
aggregate consumer exposure the corresponding extreme cases for all the parameters were
considered simultaneously. The ―crude uncertainty ratio‖ was then quantified as the ratio of the central
tendency, calculated based on the highest extreme parameter values, to the central tendency
modelled in the base scenario (Figure A2.4). This ratio denotes the effect of epistemic uncertainty
alone. In addition, the ―overall uncertainty ratio‖, i.e. the ratio of P95, calculated for the highest
extreme case, to the modelled base central tendency (Figure A2.4), was determined. This ratio
includes the effects of both the parameter uncertainty and the natural variability within the studied
population. The resulting overall uncertainties are higher (typically by a factor of 10) than the crude
parameter-specific uncertainty ratios (Table 3.2), suggesting that the inter-individual variability of the
individual inputs dominates over the uncertainty in their estimations.
In the variance-based global sensitivity
analysis (GSA) utilizing Sobol‘s variance
decomposition method (Saltelli et al., 2010)
the

importance

of

an

individual

input

Table 3.2. Crude and overall uncertainty ratios
for PACEM input parameters.
Model input parameter

parameter for the route-aggregated internal

Crude
Uncertainty
Ratio

Overall
Uncertainty
Ratio

exposure was evaluated by computing their

product use amounts

1.2

14.4

individual and overall contributions (in the

product use frequencies

1.1

10.0

product D5 concentrations

2.5

24.9

exposure fractions

1.1

12.1

all

4.5

38.9

form of sensitivity indices) to the total output
variance.

The

results

and

detailed

discussion of the findings are provided in
Appendix A2.7. In summary, the analysis revealed interactions between PACEM inputs, enabling to
identify the most influential parameters (i.e. product concentrations and occasionally product use
amounts) regardless of the model‘s linearity assumption, in contrast to the first-order methods, such
as the correlation coefficient analysis, which fail in this respect. It was also confirmed that the
variances of the body weight and the route-specific exposure fractions exhibit almost no direct
influence on the output metric for any C&PCP category. Additionally, we identified a few C&PCPs
categories (e.g. deo-stick, lipstick), for which the empirical distributions of the input variables were
discrete, thus requiring better characterization for a more robust exposure modeling.

3.4.2 PACEM Validation
The consumer exposure model itself was validated with the indoor air concentration measurements
(Pieri et al., 2013). The researchers analyzed 91 air samples, collected from eight types of indoor
environments, including bathrooms (n = 18), living rooms (n = 13), adult- (n = 10) and children(n = 23) rooms. The adopted sampling protocol required doors and windows to be closed at least 8 h
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prior to the air sampling event. As can be seen from Figure 3.4, D5 air concentrations detected in
3

European houses are of the same order of magnitude as the model predictions (mean = 49.1 µg/m ;
3

P2.5–P97.5 inter-quantile range = 9.3–154 µg/m ) at time t = 480 min following aggregated C&PCPs
application. The mean predicted value is, however, on average two-fold lower than the observations
considered, possibly due to a larger number of occupants (three or more) living in the studied
residential buildings. Similarly, the concentrations observed in the North American households (New
3

York Indoor Environmental Quality Center (NYIEQ), 2005) are slightly higher (mean = 136 µg/m ,
3

3

P90 = 393 µg/m and maximum = 1560 µg/m ) than the European values. The predicted average
emission rate is 76.5 mg/hour per occupant (95% IQ range = 68.2-86.9 mg/hour/occupant).
As regards the validation with HBM data
at the individual level, the agreement
between predicted and observed blood
concentrations of free D5, estimated from
end-exhaled

air

measurements

(Biesterbos et al., 2015), is graphically
displayed in a scatter plot (Figure 3.5).
The horizontal whiskers of the data points
show

the

measurement

uncertainty

(mean ± standard deviation) calculated
from duplicate samples for every baseline
Figure 3.4. The modelled (black), i.e. based on
PACEM’s output, and measured (coloured)
residential indoor air concentrations of D5. Dots
represent average values. Error bars illustrate the
min-max range in observations; in the case of
th
modelling results the error bar spans the 95
interquantile range for the mean.

study participant; the vertical bands
represent the uncertainty in the model
predictions, showing the minimal and
maximal blood levels calculated using D5
concentration ranges observed in the
products

(Table

A2-10).

The

linear

2

regression line (solid thick line; adjusted R = 0.17; df = 11) reflects the systematic trend in
overprediction of the observed D5 concentrations among the studied individuals by a maximum factor
of 10 (dotted line) as represented by its departure from the 1:1 line. Prominent outliers (volunteers F
and I) were most likely invoked by accidental secondary inhalation exposure occurring shortly before
the exhaled air sampling. A few participants (volunteers I, K, M) had an over 5-fold difference between
the observation duplicates indicating large measurement error that prevents rigorous statistical
analysis of the data. The percentage of the model confirming points is 47%; false positives (i.e. data
points above the 1:1 line) and false negatives constitute about 15% and 38%, respectively. The
difference in medians of modeled and measured blood concentrations was statistically significant (p <
0.05). The data analysis also suggests that on average women have significantly higher mean blood
concentrations of D5 than men. In addition, the inter-individual variation observed was two-fold
greater in females compared to male participants. However the limited number of individuals in the
study does not allow extrapolation of these findings to the general Dutch adult population.
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Figure 3.6 illustrates the exposure
modelling
population

validation
level

population-based

at

the

using

the

biomonitoring

data from (Hanssen et al., 2013).
The modelled distributions of D5
concentrations in blood plasma for
1,054 female individuals selected
from PACEM population (to match
the

biomonitored

panel)

are

presented in the form of probability
density functions (AUC equals one)
at two characteristic time points, i.e.
Figure
3.5.
Modelled
vs.
measured
blood
concentrations of free D5 for 13 volunteers (D5-users)
in the study by Biesterbos et al., 2015. The 1:1 line
(thin black), deviation from it by 0.5 and 1.0 log10 units
(dashed and dotted lines, respectively), as well as the
linear trend derived from the data (solid black line) are
also shown.

2 hours (peak concentrations) and
24

hours

post-exposure.

concentrations

of

D5

in

The
blood

plasma were calculated based on
the

assumption

that

plasma

constitutes approximately 55% of
the total blood volume. The LOQ and median D5 concentrations detected in blood plasma samples of
the biomonitored postmenopausal women cohort are also shown (vertical lines). At 2 and 24 hours
post-exposure roughly 41% and 94% of the simulated female individuals, respectively will have D5
concentrations below the LOQ level (1.29 ng/mL). The percentage of non-detects observed in the
biomonitoring study (72%) lies in between this range. Regarding the median biomarker concentration
(1.94 ng/mL), which was derived from the samples above the LOQ, the modelling results are very
close to this value (1.31 – 1.78 ng/mL) when considering 2-6 hours post-exposure as the most
plausible spot sample collection times.

3.5 Discussion
3.5.1 Evaluation of PACEM against lower tier assessment results
Although the application of a higher tier exposure assessment tool like PACEM requires more refined
input data and sound reasoning for modelling assumptions in comparison with lower tier models, this
resource intensity is outweighed by allowing an in-depth analysis of exposure patterns within the
studied population, including quantitative characterization of uncertainty. By following a conservative
deterministic worst-case scenario approach for aggregate consumer exposure assessment (adding
up single product worst cases), we arrived at 5.0 mg/kg bw/day as an upper bound estimate of
aggregate D5 internal dose (Appendix A2.1). This estimate is approximately 30-fold higher than the
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values reported by the Canadian and European authorities (Environment and Health Canada, 2008;
Scientific committee on consumer safety (SCCS), 2010), because of much narrower product lists
considered in their assessments. In our study C&PCP categories were included based on the
information provided in cosmetic frame formulations that specify the function and typical (maximum)
concentration of ingredients in ‗generic‘ C&PCPs (European Commission (EC), 2013). Although we
recognize that not all products in a product category may contain D5 (as formulations differ by
manufacturer), for the worst-case scenario assessment we included all known exposure sources.
Additionally, overestimation in the lower tier assessment originates from the fact that the C&PCPspecific exposures are the products of three or more conservative exposure parameters.

0.75

Median

LOQ

1.00

P50

Density

P50

0.50

24 hours
post-exposure
density curve

2 hours
post-exposure
density curve

94% < LOQ

0.25

41% < LOQ

0.00
0.01

0.1

1

10

100

D5 conc. in blood plasma, ng/L
Figure 3.6. Histograms and density curves of modelled D5 concentrations in blood plasma at
t=2h and t=24h post-exposure compared to the LOQ and median levels (vertical lines)
determined in biomonitoring study with postmenopausal women (Hanssen et al., 2013).
Shaded areas under the curves show the percentage of modelled females with D5
concentrations in blood plasma below the LOQ.

The Tier 1 findings can best be interpreted with an illustrative risk assessment: the specific LOEL of
100 mg/kg bw/day obtained from a subchronic rat study with oral dosing (Jäger and Hartmann, 1991),
is divided by the chronic internal dose to obtain the margin of exposure (MoE). Table 1 shows that the
MoE for D5 is substantially lower (MoE≈20) than a MoE of 300-500 which could be assumed to be
safe for this LOEL. In contrast, the more refined higher tier exposure assessment with PACEM
resulted in the considerably higher Margin of Exposure (MoE) of 450 if based on the 95th percentile
(Table 3.1). The refinement of aggregate consumer exposure was achieved by taking into account
individualized exposure factors such as real C&PCPs use and co-use profiles, as well as
experimentally determined product weight concentrations of the model substance. The PACEM output
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therefore reflects the natural variability of exposure within the studied population and allows
identifying highly exposed individuals, such as lower bodyweight women. The 5-fold span of the logtransformed aggregate internal exposure (Table 3.1) arises due to both huge inter-individual variation
(among men, in particular) and differences in the route-specific exposures. The multi-day simulation
of aggregate exposure in contrast to a single-day screening method enables studying variability in
day-to-day exposure, and provides different averaging options such as running averages (e.g. for
contrasting weekend to working days exposure). It should be reminded, however, that the aim of this
study was not to conduct a risk assessment, but to demonstrate how the refinement of exposure
assessment can support risk assessment. We do not claim that the cited LOEL is the critical endpoint,
nor did we do an extensive literature research on endpoints for D5: we only give the MoE‘s for
illustrative purposes.

3.5.2 Uncertainty analysis
Detailed analysis of all the uncertainty sources involved in the probabilistic aggregate consumer
exposure modeling is presented in this section, which includes the uncertainty due to gaps in scientific
knowledge (model uncertainty) and uncertainties associated with model inputs (parameter
uncertainty), as well as the aspects of validity and precision of the validation data sets.
3.5.2.1

Model uncertainty: PACEM and the PBPK model

The exposure fractions for PACEM, which were calculated with ConsExpo v.5.0, may not adequately
capture the real exposure mechanisms. For example, when developing inhalation exposure fractions
the potential adsorption of D5 to surfaces was not considered, because of the limited information
available on air:surface partitioning (Hodgson et al., 2003; Shin et al., 2013), which may have led to
some overestimation of population inhalation exposure.
The original dermal PBPK model was developed based on the experimental data from a study with a
limited number of volunteers characterized by specific anthropometric parameters (e.g. age, body
weight). The fact that the model was developed for pure D5, whereas the volunteers in the
biomonitoring studies were exposed to formulated products, results in overestimation of inhalation
exposure by the model, since experimental results suggest that evaporation of D5 e.g. from cream is
considerably slower compared to evaporation of the pure substance (Dudzina et al., in preparation).
Furthermore, the original PBPK model was developed based on the experiments with single dosing,
whereas in realistic consumer scenarios multiple repeated exposures occur. In addition, D5 was
applied on axillary skin, which is generally more hydrated and thus prone to higher absorption
(Bronaugh and Maibach, 2005) when compared to other body parts (e.g. face, hands). Finally, the
effect of modifying the original PBPK model by inclusion of direct inhalation exposure as a timedependent source-term in the inner lung compartment is not clear and needs to be investigated, once
a new PBPK model calibrated with new experimental data is available.
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Parameter uncertainty

The parameter uncertainty stems most notably from an approximation of the substance-specific
weight fractions in C&PCPs, derived from the meta-analysis of measured data. Despite of discovered
similarities between D5 concentrations the U.S., Canadian and European C&PCPs (Dudzina et al.,
2014), the variability across different product brands may still be substantial. As a result, the overall
uncertainty spans on average two orders of magnitude (Figure SI-3), with a broader exposure range
covered by the parametric uncertainty in the case of the lowest extreme modelling scenario.
Consequently, the largest refinement of the exposure assessment would be possible by using a
comprehensive, up-to-date database of products and their ingredient concentrations (which is
currently not available).
3.5.2.3

Uncertainties in empirical data used for validation

As regards the recently obtained baseline excretion data for D5 (Biesterbos et al., 2015), the study
population is quite small (n = 15). Therefore, the uncertainty in the estimated high percentiles will be
large. Additional uncertainty was introduced by relating D5 end-exhaled air values to the free blood
concentrations using a fixed value for the air:blood partitioning coefficient, which in fact can vary
among individuals depending on their blood lipid content. Finally, for a few participants the large
differences observed between duplicate samples (Table A2.9) indicate a considerable measurement
error that prevents rigorous statistical analysis of the data. Possible inadvertent inhalation of
contaminated background air could also not completely be ruled out.
The 94 postmenopausal women considered in (Hanssen et al., 2013) are believed to represent the
relevant population subgroup within the general Norwegian population, because bias in terms of the
product use and pre-selection of women was avoided (Sandanger et al., 2011). However, a drawback
of the study is that like in many other biomonitoring studies the reported median D5 concentrations
are based on single spot measurements, which are expected to be influenced by both variations in
the magnitude of exposure and the timing of exposure events.

3.5.3 Validation of the probabilistic aggregate consumer exposure modelling
Higher tier models used in risk assessment need to be conservative, but still should achieve a more
realistic representation of the population compared to lower tier assessments. The PACEM validation
strategy includes the verification of model equations (integrated into eFs) and input data by evaluating
the modelling results against independent measurements (external validation). Considering the
validation with indoor air concentrations, the variance of model predictions corresponds to that of
observed values, although the mean predicted value is somewhat lower. The almost 2-fold
underestimation of the mean observed concentrations most probably stems from the fact that the
monitoring study was conducted in multi-inhabitants households, including those with children.
Although the modelling was performed for an adult couple, the average number of occupants in
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private Dutch houses is 2.2 (Statistics Netherlands (CBS), 2013). Only 30% of the multi-person
households in the Netherlands are occupied by two adults, whereas others belong to either single
parents or couples with one or more children. Additionally, in the indoor air study windows and doors
were kept closed for 8 hours prior to sampling. This may have resulted in lower removal rates of D5
compared to those used in the modelling, however the information regarding the ventilation in the
households is not available. Therefore, considering this disconformity between modelling and
monitoring assumptions, the overall validation outcome is deemed satisfactory. Full information about
households‘ residents and their C&PCPs usage patterns would obviously enhance validation
performance and result in a better agreement of modelled and monitored values. The effect of
neglecting possible adsorption/desorption of D5 onto/from the interior surfaces (e.g. furniture, plastics,
painted walls) is expected to result in only little error.
When evaluating the performance of PACEM at an individual level (i.e. by comparing the individual
baseline measurements against predicted blood concentrations (Figure 3.5)), minor overestimation by
the modelling framework (i.e. PACEM and PBPK model) is observed. Considering the modeling
uncertainty the majority of data points lies within a 3-fold deviation corridor along the 1:1 line.
However, due to the relatively small number of the baseline study participants (13 volunteers) a
comparison to summary statistics derived from PACEM population is hampered. Therefore, the model
output was compared to HBM data from a larger and more representative population (Hanssen et al.,
2013). The evaluation of the model performance at the population level shows consistency in ranges
between modeled estimates and measured data (Figure 3.6). For these HBM data a limitation is that
the time intervals between the last direct exposure and the moment of blood sample collection are not
known. From a comparison with simulated data it is most likely that the individuals were sampled 2-6
hours post exposure. From this perspective, we recommend to consider incorporating exposure
diaries as common practice in future biomonitoring study designs to complement the measurements
with necessary exposure-relevant information. Furthermore, since the simulated population includes
D5-users only, while the measurements comprise also the samples from non-exposed individuals, the
percentage of the population with exposure levels above the LOQ will most likely be overestimated.
However, since D5 is present in almost every consumer product, this overestimation is expected to be
only marginal. Other factors, including spatiotemporal variability of D5-containing C&PCPs available
in Norwegian and Dutch markets, potential differences in usage patterns, physiological differences in
the pharmacokinetics, propagate additional (unquantified) uncertainty into the results of the validation
assessment.
Finally, we acknowledge that the full probabilistic approach adopted in our study should have
addressed the influence of not only variability in exposure but also the variation of inter-individual
pharmacokinetics. For lack of specific data the default deterministic PBPK parameters were used with
the exception of information on individual body weights, genders and ages, which in fact influence
cardiac output, fat content (Brown et al., 1997) and metabolic clearance (Reddy et al., 2008). As a
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result, the variability of the PBPK output is expected to be smaller than the true variability of D5
concentrations in a population.
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4.1 Abstract
Consumer exposure to leave-on cosmetics and personal care products (C&PCPs) ingredients of low
or moderate volatility is often assumed to occur primarily via dermal absorption. In reality they may
volatilize from skin and represent a significant source for inhalation exposure. Often, evaporation
rates of pure substances from inert surfaces are used as a surrogate for evaporation from more
complex product matrices. Also the influence of partitioning to skin is neglected and the resulting
inaccuracies are not known. In this paper we describe a novel approach for measuring chemical
evaporation rates from C&PCPs under realistic consumer exposure conditions. Series of experiments
were carried out in a custom-made ventilated chamber fitted with a vapor trap to study the disposition
of a volatile cosmetic ingredient, decamethylcyclopentasiloxane (D5), after its topical application on
either aluminum foil or porcine skin in vitro. Single doses were applied neat and in commercial
deodorant/antiperspirant and face cream formulations at normal room (23°C) and skin temperature
(32°C). The condition-specific evaporation rates were determined as the chemical mass loss per unit
surface area at different time intervals over 1–1.25 hours post-dose. Product weight loss was
monitored gravimetrically and the residual D5 concentrations were analyzed with GC/FID. The
-2

-1

release of D5 from exposed surfaces occurred very fast with mean rates of 0.029 mg cm min and
-2

-1

0.060 mg cm min (aluminum) at 23°C and 32°C, respectively. Statistical analysis of experimental
data confirmed a significant effect of cosmetic formulations on the evaporation of D5 with the largest
effect (2-fold decrease of the evaporation rate) observed for the neat face cream pair at 32°C. The
developed approach explicitly considers the initial penetration and evaporation of a substance from
the Stratum Corneum and has the potential for application in dermal exposure modelling, product
emission tests and the formulation of C&PCPs.
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4.2 Introduction
Evaluation of the risk induced by chemical exposure due to the use of consumer products requires the
assessment of chemical intake via multiple routes. In the case of leave-on cosmetics and personal
care products (C&PCPs) intended for daily contact with the skin, dermal absorption of their
ingredients is intuitively assumed to be the dominant exposure route. However, after topical
application a volatile C&PCPs ingredient may evaporate into the surrounding air, so that a smaller
amount enters the body via the dermal route (Boman and Maibach, 2000), but more is available for
inhalation (Girman et al., 1987; Kemmlein et al., 2003; Wang et al., 2009; Xu and Little, 2006).
Meanwhile, the released vapour may deposit on the skin and become available for secondary dermal
uptake (Weschler and Nazaroff, 2013). Understanding the emission of volatile substances from
consumer products is therefore essential for predicting and mitigating residential air concentrations,
as well as for accurate quantification of exposure via different routes. Furthermore, knowledge about
the evaporation kinetics of a chemical is needed for environmental fate modelling(Hodgson et al.,
2003; Maddalena et al., 2011; Montemayor et al., 2013).
The transport of substances after application or deposition on the skin is governed by two processes:
first, by the evaporation from the skin and, second, by the diffusion into the upper layer of the
epidermis, the Stratum Corneum (SC). During the initial phase the evaporation of a pure compound
occurs from a liquid film formed on the skin surface. In this phase, the key factors impacting the
evaporation rate are the ambient air temperature and the velocity of the air over the skin surface
(Gmehling et al., 1989; Wang et al., 2011). However, after complete evaporation of the substance in
the liquid film, the remainder in the SC may diffuse back and evaporate as well. In this phase, the
balance between the evaporation and diffusion through the skin into the systemic circulation is largely
influenced by its partitioning into the SC intercellular lipids and by protein binding, thus determining
the residence time of a substance in the skin (Miselinicky et al., 1988; Yagi et al., 1998).
For a worst-case assessment of inhalation exposure only (e.g. for comparison to lung-related
toxicological endpoints) it can be assumed that the rate of evaporation in the initial phase represents
the upper bound compared to the evaporation from skin itself. However, if the goal is to achieve a
more realistic exposure estimate, it is important to account for the temporal sink effect of the SC.
Such a system can be described more accurately by using two distinct rate constants describing the
substance‘s evaporation from the liquid film and from the SC. While for many substances both
evaporation rates can confidently be predicted with e.g. QSARs incorporated in the IH SkinPerm
model (Tibaldi et al., 2013), highly lipophilic compounds with log Kow > 6.0 lie outside the model‘s
applicability domain and the development of other reliable (experimental) methods would be
beneficial.
The disposition of volatile organic compounds (VOCs) after dermal application has been studied in
the past (Gilpin et al., 2009; Kasting et al., 2007; Pendlington et al., 2008). Acknowledging the fact
that consumer products designed for topical applications are usually complex and often non-aqueous
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systems containing multiple ingredients, researchers attempted to investigate the influence of the
formulation on dermal absorption (Reifenrath and Robinson, 1982; Saiyasombati and Kasting, 2003)
and evaporation (Nihi et al., 2009; Vuilleumier et al., 1995) for a range of VOCs. Several studies were
also conducted for decamethylcyclopentasiloxane (D5) (Jovanovic et al., 2008; Koini et al., 1999;
Reddy et al., 2007; Wang et al., 2011), a highly lipophilic (logKow = 8.0) and volatile (P = 33 Pa at
25°C) compound that is incorporated into a variety of C&PCPs as a carrier solvent and emollient
(Dudzina et al., 2014; Horii and Kannan, 2008; Wang et al., 2009). However, despite the fact that the
respective experiments were all designed to mimic realistic application of C&PCPs, their results vary
largely, indicating the need of more consistent research.
This paper presents a novel approach for measuring evaporation rate constants of C&PCP
ingredients in a controlled environment, using D5 as a worked example. Both the neat substance and
two commercial C&PCP formulations (i.e. deodorant/antiperspirant and moisturizing face cream) were
applied to aluminum foil in order to investigate the effect of the product matrix on substance
evaporation. To accurately estimate the rate constants from liquid film and SC, finite doses of neat D5
were applied on the aluminum and full-thickness porcine skin in vitro, respectively. Special care was
taken to ensure a good recovery by minimizing the sink effect in the test chamber (Salthammer,
2004). The experimental results were evaluated in the context of a multi-route consumer exposure
assessment by estimating the worst-case and realistic inhalation exposures to D5 after normal use of
C&PCPs.

4.3 Material and Methods
4.3.1 Experiments
4.3.1.1

Chemicals

Decamethylcyclopentasiloxane (D5; purity >97%), tetrakis (trimethylsiloxy)-silane (M4Q; purity 97%)
and biphenyl (BP; purity 99%) were purchased from Sigma Aldrich Germany Ltd. Organic solvents nhexadecane (purity >99,8%; Sigma Aldrich Germany Ltd), n-hexane (purity 96%; Scharlab S.L.
Spain), methanol (purity >99%; Sigma Aldrich Germany Ltd), anhydrous tetrahydrofuran (THF; purity
99%; Acros Belgium), and dichloromethane (DCM; purity >98%; stabilized; Sigma Aldrich Germany
Ltd.) were all of reagent grade. Individual stock solutions of analytes (D5, M4Q and BP) in n-hexane
as well as their standard mixtures were freshly prepared weekly and stored in air-tight glassware at
4C. Deodorant and face cream formulations (Section A3.1 in Appendix 3) were purchased from a
retail store in Utrecht, the Netherlands in 2012 and analyzed for D5 content using the method
described in Dudzina et al. (2014). The measured mean concentrations were 426 ± 23 mg/g and
249 ± 11 mg/g for deodorant/antiperspirant and face cream, respectively.
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4.3.1.2

Evaporation rates measured gravimetrically

For a comparison with earlier evaporation studies (Koini et al., 1999; Reddy et al., 2007) evaporation
rates of pure D5 were measured gravimetrically under similar experimental conditions (Table 4.1).
Hence, 80 µL and 350 µL of neat substance were applied with a micropipette on Petri dishes
(diameter = 7.5 cm) covered with filter paper (Schleicher & Schuell AG, Switzerland) of the same
diameter and placed on analytical scales (Mettler Toledo, Germany; model AT460 Delta Range,
δ=0.1 mg/1 mg) in a draft free environment. The ambient air temperature fluctuated between 22.8°C
and 23.5°C. Every five minutes within half an hour the sample weight was recorded. Additional
experiments with aluminum foil were conducted to investigate the retention properties of the filter
paper.
4.3.1.3

Evaporation rates determined from the experiments in the ventilated chamber

Evaporation of D5 was studied in a custom-designed chamber (Figure 4.1) under atmospheric
pressure. The evaporation vessel was a standard, three-neck glass flask of 250 mL volume. A pure
nitrogen flow of 1 L/hour continuously flushed the system through perforated polypropylene tube to
maintain typical indoor air exchange rate of 4 times/hour (Bremmer et al., 2006a; United States
Environmental Protection Agency (US EPA), 2011). The gas outlet orifice was positioned 4 cm above
the sample surface. A solid phase extraction (SPE) cartridge containing 80 mg of Isolute ENV+
sorbent (hydroxylated polystyrene-divinylbenzene copolymer, purchased from Biotage AB, Uppsala,
Sweden) was installed to capture emitted D5 vapor outflow. Prior to the actual experiments SPE
cartridges underwent efficacy testing, showing on average 98% trapping efficiency. More details on
the experimental setup are provided in Section A3.2 of Appendix 3.
The evaporation rate of neat D5 from a liquid film on the exposed surface was determined using
round aluminum cups of diameter d = 1.7 cm that were placed in the centre of the evaporation vessel
on a glass vial (see Figure 4.1). The borders of the cups were ~3 mm in height. Before each
experiment the mass of the empty aluminum cup was recorded to allow for the gravimetrical
determination of the D5 mass loss. Formulated D5 was applied with a spatula to the outer side of the
bottom-up cups and spread to cover the entire surface using a flat bottom of a clean glass vial. The
substance's volatilization from SC was examined using full-thickness porcine skin. Tissue preparation
and handling was carried out whenever possible in accordance with the technical guidance on testing
of chemicals' skin absorption in vitro (Organisation for Economic Co-operation and Development
(OECD), 2004). Skin sections of the outer region of the pig's ears obtained from two female and one
male 6-7 months-old pigs were depilated and cut post mortem using an ethanol-sterilized scalpel.
Subcutaneous fat was removed. The skin was rinsed with distilled water, dried with a paper towel,
cropped into circles (d≈1.7 cm) and folded up in aluminum foil to be stored at −35ºC until use. Prior to
the experiments the skin membranes were thawed for one hour in saline solution. Skin integrity was
assessed only visually, since studying the percutaneous absorption of D5 was not the main objective.
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During the experiments skin membranes were mounted, with the Stratum Corneum facing the air, on
a rigid mesh resting on top of the static diffusion cell containing the receptor fluid (9 mL). Care was
taken to ensure that no air bubbles were present at the side of the skin that was in contact with the
receptor solution. The skin surface was allowed to acclimatize in the chamber for 30 min prior to
exposure. The receptor fluid (HBSS modified with 10 mM HEPES, Stemcell, Grenoble, France with
4% bovine serum albumin added to increase the solubility of D5) was prepared freshly each time
before the experimental series. The fluid was mechanically stirred in the cell at 30 rpm to ensure sink
conditions. The whole system was maintained at 32°C by keeping the water bath at 38°C (Figure 4.1).
Single finite doses of D5 were applied neat (control) and in formulations at 23C and 32C. The
amounts of neat D5 applied on Al ranged from 30 to 50 mg (depending on the temperature); 9.5 mg of
pure substance was applied on skin in vitro. The dermal loadings of cosmetic products had the aim to
represent general consumer use (Bremmer et al., 2006b; Hall et al., 2007) so that the mass loss
profile would be relevant for real application scenarios. The average formulated doses administered
2

2

on skin membranes were 15.4 mg/cm for the deodorant and 8.6 mg/cm for the face cream. The
amounts of D5 that remained on/in the surface, penetrated into the receptor fluid, retained in the
chamber and captured in the trap, respectively, were analytically measured after 15, 30, 45, 60 and/or
75 minutes of exposure.

N2 outflow

regulated
N2 inflow

SPE cartridge

D5
thermometer
exposed skin
receptor fluid
magnetic stirrer

N2 outflow

water bath

38ºC

heating plate
Figure 4.1. Experimental chamber for determining the evaporation rate. A thermometer was
inserted through the third neck of the flask before starting the experiment to monitor the
temperature at the indicated point.
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4.3.1.4

Chemical analysis

For chemical analysis a gas chromatograph (GC) coupled to a flame ionization detector (FID) was
used. All the experiments were conducted in duplicate. Depending on the exposed surface type
(aluminum or porcine skin) and the form of D5 (neat or formulated) the analytical protocol was slightly
modified. The aluminum cups with neat D5 were weighed at the end of the exposure experiment and
immersed in a glass vial containing 10 mL of n-hexane. Then, 50 µL of M4Q stock solution
(C = 84.2 µg/µL; the internal standard) were spiked into the vial and the whole content was thoroughly
mixed. A 1 mL aliquot was transferred into a GC vial spiked with 20 µL of BP stock solution
(C = 50 µg/µL) as a recovery standard. Aluminum cups with leftover formulations were immersed in a
3 mL n-hexadecane:n-hexane mixture (1:100 v/v) spiked with 20 µL of M4Q stock solution.
Skin membranes were extracted with 5 mL of either THF (for neat D5) or n-hexadecane:n-hexane
solution (for formulated D5). The extract was then sonicated for 15 minutes and centrifuged for 5
minutes at 3000 rpm. The centrifugate was further purified by liquid chromatography on a
preconditioned silica gel column (0. g; high purity grade, pore size, 60 Å; mesh, 230–400 μm; Sigma
Aldrich Switzerland Ltd) topped with 0.1-0.2 g of sodium sulfate (purity 99%; anhydrous; Acros
Organics, Belgium) to remove traces of water. Target analytes were eluted from the column with 2 mL
of DCM:n-hexane solution (1:9 v/v). The eluates from cosmetic formulations were concentrated to
about 0.2–0.3 mL under a gentle stream of nitrogen and transferred into a GC vial, followed by spiking
with 20 µL of the recovery standard. In experiments with neat D5 a 1 mL aliquot was taken.
Also the receptor fluid was analyzed post-exposure. The 9 mL volume was split into two vials
(~4.5 mL in each) with an addition of 0.5 g of sodium chloride (NaCl; purity 99,5%; VWR International
AG, Dietikon-Switzerland), 4 mL of THF and 20 µL of M4Q stock solution to each vial. Both vials were
then sonicated for 15 minutes and cooled in a freezer (at −18ºC) for 1 hour to facilitate layers
separation. After 25 min centrifugation at 4,500 rpm the supernatants were pooled and passed
through a sodium sulfate column (0.7−0.8 g). A 1 mL aliquot was then analyzed. In recognition of a
possible sink effect the amount of D5 remaining in the test chamber was determined by rinsing the
three-neck round-bottom flask with 10 mL of n-hexane, spiked with 20 µL of the internal standard, and
then analyzing an aliquot. The trapped D5 was eluted from the SPE ENV+ cartridge with 2 mL of
DCM:n-hexane mixture (1:9 v/v) directly into a GC vial, following spiking with 20 µL of the internal
standard on the upper frit. The recovery of the internal standard (M4Q) in the analyzed media was
corrected against the recovery standard that was added to samples at the very end of the analysis.
The mean recovery of M4Q from all analyzed samples was 97%. The reported D5 concentrations
were corrected for M4Q recovery. The relative response factors for D5 and M4Q against biphenyl
were determined from standard mixtures of increasing concentrations. The total recovery of the
applied doses ranged from 70% to 100% with an average of 91%.
GC/FID was chosen for the routine analyses because of some advantages it has over the more
commonly used method of GC/MS, including cost effectiveness and optimal resource consumption.
By including standard mixtures of target compounds in the sampling sequence and random checks
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with GC/MS we accounted for limitations of GC/FID. The target compounds in the samples were
identified by injection of a standard mixture at the beginning of each sample sequence and after every
nine samples under the same chromatographic conditions and subsequent intercomparison of the
retention times from the standard mixtures (±0.3 min was considered the same substance). In
addition, an instrumental blank (pure n-hexane or THF) was injected along with the standard to check
for instrumental background and carryover.
4.3.1.5

Quality assurance

Considering the high volatility of D5 care was taken to avoid contamination of the laboratory
environment and the samples. Detergents used for washing the glassware were analytically
confirmed to be D5-free and the laboratory staff was advised not to apply any cosmetics, deodorants
or a hand cream on days of analysis. Furthermore, to reduce the background signal of cVMSs
siloxane-containing septa in GC vial caps and in the GC-inlet were avoided. The extraction
efficiencies of D5 from SPE ENV+ cartridges, porcine skin and receptor fluid were investigated. Mean
D5 recoveries from the spiked SPE trap, skin and receptor fluid media were 98%, 92% and 103%,
respectively.
All the experiments were conducted in duplicate. Occasionally, some experiments were repeated if
the discrepancy between measured evaporation rates in duplicate samples was greater than 30%.
Almost two thirds of the analyzed unique experimental combinations (i.e. defined by the D5 form,
exposed surface, certain temperature and exposure time) had a Relative Standard Deviation (RSD)
below 15%. Only about 15% of the samples had RSD values above 25%.
Procedural blank tests (n = 10) were conducted along with the in vitro experiments to check for
potential sample contamination occurring from glassware and reagents. D5 was not detected in any
blank sample with the exception of blanks for the vapor trap. Therefore, only the trap measurements
were blank-corrected for 19±2 µg of D5 detected in the blank SPE cartridges. We suspect that the
contamination of the gas outflow occurred while opening the system and taking out the exposed
surface, since the amounts of D5 detected in blank traps did not correlate with exposure time. The
used SPE ENV+ cartridges were recyled by sequential rinsing with 5 mL n-hexane and DCM, followed
by purging ultra pure nitrogen gas in the direction opposite to that of sample collection. The recyled
cartridges were capped at both ends, wrapped in aluminum foil, packed in aluminum-laminated
polyethylene bags and stored frozen (−18°C) until use. The limits of detection (LOD) and
quantification (LOQ) for D5 were derived from ion chromatograms of procedural blanks (excluding
those from SPE traps). The mean value and standard deviation (SD) for the blank noise were
determined. The LOD and LOQ (defined as the mean blank value plus three or ten SDs) were 131 ng
and 268 ng of injected solution, respectively.
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4.3.2 Estimation of D5 evaporation rates
4.3.2.1

Evaporation from the liquid film (experiments with Al-foil: both gravimetric and chamber)

The rate at which D5 evaporates from the product layer (i.e. initial phase) can be calculated from the
difference in substance weights at different times after application to aluminum foil. Hence, the
evaporation rate kevap was defined as the substance weight loss (wt1 – wt2) over time (t2 – t1) adjusted
for the surface area A exposed:
[

]

The substance weight loss was determined by weighing the product remainder at different times and
analyzing each product sample for the residual D5 concentration in the product (each time point is a
separate sample).
4.3.2.2

Evaporation from Stratum Corneum (experiments with porcine skin)

After dermal application neat substance evaporates from a thin film formed on the skin surface (initial
phase) until it visibly clears to dryness. This process can be described with a zero-order kinetic
parameter (kevap). After this initial phase, the partially absorbed material may diffuse back and reevaporate from the Stratum Corneum (SC) (Frasch, 2012; Gajjar et al., 2013; Kasting and Miller,
2006). In this second phase the evaporation is a first-order kinetic process, i.e. is driven by the
substance concentration in the SC and, thus, cannot be characterized with the evaporation rate
determined in the experiments with aluminum.
The first-order rate constant k-1 describing evaporation from SC was estimated by using a
compartment model (Figure 4.2) and the experimental data for neat D5. As described above, the
model considers two kinetic phases, i.e. before and after the liquid film of the substance has
disappeared from the skin (tclear). In the initial phase (t < tclear; Figure 4.2a) evaporation and dermal
absorption of neat D5 are both described as zero-order processes with rates kevap and k1 [mg cm

-2

-1

min ], respectively, where kevap was fixed to the value determined in the chamber experiments with
aluminum foil. Absorption into the skin is described as a zero-order process (Reddy et al., 2007)
because the driving force for mass transfer (i.e. the concentration gradient) from a film of pure
substance on the skin is maximal when the concentration of the substance in the skin is far from
saturation. Once the substance has visually cleared from the skin surface (t > tclear; Figure 4.2b), its
-1

evaporation is controlled by the first-order rate constant, k-1 [min ]. An additional input parameter,
-2

-1

describing the steady state flux of neat D5 from the skin into the receptor fluid (k-2 [mg cm min ]),
was acquired from an absorption study with dermatomed human skin in vitro (Jovanovic et al., 2008).
Here, we assume that the concentration of D5 in the receptor fluid remains low relative to the amount
of substance in the skin at the exposed site so that transport from the receptor fluid back into the skin
can be neglected.
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The optimization for the evaporation rate
constant

(k-1)

involved

a

non-linear

minimization of the sum of squared residuals
for

the

D5

amount

evaporated.

Two

scenarios were considered: In the first
scenario the dermal absorption parameter
(k1) in accordance with the experimental
observations was fixed to 15 minutes, as
required for the skin to become dry. Thus, in
this case only the evaporation rate constant
(k-1) had to be optimized. The second
scenario

involved

evaporation
rates

fitting

of

both

the

(k-1) and the absorption (k1)

simultaneously.

parameterization

and

The
mass

model

Figure 4.2. Schematic diagram of the
compartment model for (re)evaporation of
neat D5 (a) before and (b) after all the
chemical has evaporated or penetrated into
the skin (tclear). Aevap, Asur, Askin and Afluid are
the amount of D5 evaporated, remained on the
surface, and penetrated the skin and receptor
fluid, respectively. kevap, k1 and k-2 are
-2
-1
-1
expressed in [mg cm min ]; k−1 – in [min ].

balance

equations are provided in Section A3.3 of Appendix 3.

4.4 Results
4.4.1 Gravimetric determination of evaporation rates
The evaporation rates of pure D5 determined by means of gravimetric tests are presented in
Table 4.1. The evaporation rates confirmed those reported by Koini et al. (1999), but are substantially
lower than the rates determined by Reddy et al. (2007), although we ensured that the experimental
conditions (i.e. dosing, ambient temperature, and surface air flow) corresponded to those in the
preceding studies. As expected, there was no significant difference between the evaporation rates of
neat substance applied to either aluminum or filter paper. Similarly, the amount-to-surface ratio did
not significantly impact the evaporation rate of D5 within the investigated dose range as long as
product film completely covered the substrate.

4.4.2 Measurements of evaporation rates in the test chamber: Experiments
with aluminium foil
The performance of the experimental setup in the case of experiments with aluminum foil was
generally good. The experimental design allows controlling the ventilation rate and the ambient
temperature inside the test chamber. Special care has to be taken, however that these parameters
are kept constant.
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Table 4.1. Evaporation rates of pure D5 determined in various gravimetric experiments.
Amount to
surface ratio,
mg/cm2

Air flow

Ambient
temperature

Evaporation
rate,
mg/cm2/min

(1) (Reddy et al., 2007)

filter paper on Petri dish

7.59

draft-free

22°C

0.071 ± 0.027

(2) (Koini et al., 1999)

filter paper on Petri dish

1.62

draft-free

25°C

0.016

Our study, reproduction
of (1)

filter paper on Petri dish

7.56

draft-free

23°C

0.010 ± 0.002

Our study, reproduction
of (2)

filter paper on Petri dish

1.73

draft-free

23°C

0.012 ± 0.004

Additional study

aluminum circle on Petri dish

7.56

draft-free

23°C

0.013 ± 0.002
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Figure 4.3. Evaporation from Al foil a) Linear increase of D5 mass evaporated with time for ●
neat substance, ■ deodorant and ▲ face cream; b) Temporal trends in final-to-initial (C/C0) D5
concentration for selected cosmetic formulations. Error bars span one standard deviation
from the mean values denoted by symbols.

2

For neat D5, the mass evaporated increased linearly with time (see Figure 4.3a, R = 0.97-0.99)
supporting the assumption of a zero-order kinetics. The mean evaporation rates determined at 23°C
-2

-1

-2

-1

and 32°C with enhanced ventilation were 0.029 mg cm min and 0.060 mg cm min , respectively
(see section 4.3.2.1 for the calculation method). The effect of surface temperature on the evaporation
rate was significant (Table A3.2). Using a mechanistic model developed by Gmehling et al. (1989)
and Weidlich et al. (1986) and recommended in the REACh guidance document on worker exposure
assessment (European Chemicals Agency (ECHA), 2012)) for the calculation of substance‘s
evaporation rate we could confirm our experimental results. The calculated values were
-2

-1

-2

-1

0.031 mg cm min and 0.062 mg cm min at 23°C and 32°C, respectively, if assuming 0.2 m/s air
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velocity near the sample surface as the most typical air velocity indoors (Olesen, 2004). A formulation
effect was observed for the face cream, but not for deodorant. At normal skin temperature (i.e. 32°C),
-2

-1

-2

-1

the evaporation rates from aluminum foil were 0.032 mg cm min and 0.053 mg cm min for the
face cream and the deodorant, respectively. The significance of the product matrix effect was
confirmed in the analysis of variance (ANOVA; F-statistics >1, p-value <0.001; Table A3.2). The
greatest mean group difference was observed for the neat-face cream combination at 32°C
-2

-1

(0.03 mg cm min or 50% decrease; Figure A3.5).
Figure 4.3b illustrates the temporal change of the final-to-initial D5 product concentration ratios for
both formulated products on aluminum. The ratios above or below one indicate that the evaporation
rate of D5 is slower or faster, respectively, than the average evaporation rate of all other product
constituents. The graph shows that in the deodorant formulation the concentration of D5 as the
principle component remains fairly constant, whereas for the face cream, after the first half hour the
evaporation of more volatile compounds (e.g. water) dominates and the relative D5 concentration
temporally increases.

4.4.3 Measurements of evaporation rates in the test chamber: Experiments
with porcine skin in vitro
Unlike observed for evaporation from
aluminum foil, in the experiments with
porcine

skin

in

vitro

the

mean

evaporation rates were similar for all
forms of D5 (mean group difference is
not statistically significant) and ranged
between 0.056 – 0.058 mg cm

-2

-1

min

(Figure 4.4, Table A3.3). Remarkably,
the results for the face cream deviate
from the overall trend showing a
substantially faster evaporation from
skin surface compared to aluminum.
From the mass balance of D5 in the
skin in vitro experiments (Figure A3.6)
it can be seen that for all forms of D5
the amount of substance reaching the
receptor

fluid

is

negligible.

The

proportion of D5 mass evaporated from
pure substance and captured in the
SPE trap increases linearly with time.

Figure 4.4. Summary statistics of the conditionspecific evaporation rates of neat and formulated
D5 (box ranges denote the interquartile range;
horizontal middle bars denote the median values;
whiskers extend to the data extremes).
Significance of the product matrix effect on D5
evaporation rate is also shown
(*** – p-value < 0.001; n.s. – p-value > 0.05).
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By 1 hour post-dose, over 50% of the administered D5 dose has already evaporated, while another
40% remain in the skin compartment. A rather similar volatilization pattern can be observed for D5
released from the face cream formulation. The overall D5 recovery in our skin in vitro studies ranged
from 77-100% of the applied dose, with a mean recovery of 90%. Due to several precautions, the socalled sink effect, which refers to a phenomenon of emitted substance being absorbed on the inner
surface of the test chamber, was minor in our studies. The loss of D5 mass to the interior surfaces of
the reactor was 2% on average and never exceeded 8% of the initially applied D5 amount.

4.5 Discussion
4.5.1 Gravimetric measurements
The evaporation rates reported in previous literature vary by a factor of seven (Table 4.1). Since we
could replicate well the results reported by Koini et al. (1999), and since with different amount-tosurface ratios and different surfaces (aluminum and filter paper) we found approximately the same
evaporation rates of around 0.012 mg cm

-2

-1

min

at 23°C we conclude that this value is the most

plausible one and can potentially be used for the worst-case inhalation exposure assessment.

4.5.2 Chamber experiments with aluminum foil
We could observe a formulation effect for face cream, but not for the deodorant. This is plausible,
since in the deodorant containing other inorganic ingredients (e.g. aluminum, silica) D5 is the major
constituent (45% w/w), so that it can be expected that the evaporation kinetics of the principal
component resemble that of the pure compound. Similarly, the study of Jovanovic et al. (2008) with
deodorant on dermatomed human skin in vitro did not reveal any significant differences in neither the
absorption nor the evaporation of neat and formulated D5. In contrast, for the investigated face cream
the initial evaporation rate is 2-fold lower compared to that of the pure substance. Because the face
cream is a thick complex oil-in-water emulsion containing emulsifiers and humectants (e.g. glycerin,
panthenol), the evaporation of its components is a more complicated process. D5 volatilization from
this matrix is governed not only by the external environment, but also by the internal diffusion within
the product layer and the interactions with other ingredients.
The significance of the product matrix effect observed for face cream is further supported by Wang et
al. (2011), who investigated D5 emissions from liquid fragrance and diaper cream on aluminum
dishes placed in the fume hood under forced ventilation. Although their working temperatures were
similar to those in our study (i.e. ~23°C and 32°C), the air exchange rate was not controlled. Rather,
the surface air velocity over samples was monitored. Therefore, it is possible that air turbulence
and/or advection resulted in the evaporation rates from diaper cream being on average 4 times higher
than our results for the face cream, which were measured in a chamber with a constant gas exchange
rate. The character of the airflow across the exposed surface in our study was not assessed but most
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probably was laminar, as the inflow inlets in the vessel were located right beneath the sample. Thus,
our setup represents a likely exposure scenario, in which evaporation of C&PCP ingredients is
assumed to occur in a stagnant air layer (e.g. when wearing clothes). This scenario can be
considered as a worst case for dermal exposure. If also inhalation exposure needs to be considered
in the context of such a scenario (e.g. in an aggregate exposure assessment, where all routes have to
be combined and intake fractions should add up to 1), it is important to start from the same scenario
considerations. However, it can be argued that also the worst case scenario for inhalation exposure
needs to be considered, which would involve the development of a further experimental setup based
on defined turbulent flow conditions.
2

Finally, there was a weak correlation (R = 0.23; p-value<0.01) between the evaporated D5 mass and
the initially applied dose (Figure A3.7), confirming another finding of Wang et al. (2011) that the initial
evaporation rate of D5 is controlled by the surface area and not by the applied amount. Hence, a
tangible surplus of product amounts applied in our experiments in comparison to typical consumer
usage, does not necessarily limit the relevance of our study. However, the evaporation data used to
determine k-1 was measured at the vapor trap rather than at the skin surface. The potential time lag
associated with the headspace between the skin surface and the absorbent cartridge was considered
of minor significance for relatively volatile compounds, such as D5 (P = 33 Pa at 25C). Besides, the
first sampling event occurred at 15 min post-dose, i.e. at much longer time than the headspace time
constant calculated with the method described in Kasting et al. (2008). Therefore, the time delay was
not accounted for in further quantitative analysis.
The measured evaporation rates of neat D5 agreed well with the values predicted by the mechanistic
model for calculating airborne concentrations of substances emitted from liquid mixtures at
workplaces. However, it should be noted that the model does not account for any possible ingredientskin interactions that might affect the evaporation time. The impact of these interactions is regarded to
be higher than that caused by the uncertainty in the calculation of the mass transfer coefficient.
Considering good agreement of the measured and estimated values we therefore conclude that
binding of D5 to skin lipids is negligible. Furthermore, these results indirectly support our assumption
that the edges of the aluminum cups did not disturb noticeably the free airflow above the sample
surface in our experiments. Further experiments including monitoring of the air velocity would be
needed to confirm this finding.

4.5.3 Chamber experiments with porcine skin in vitro
The skin in vitro experiments with formulations as described here represent a starting point for
determining more realistic evaporation rates of a cosmetic ingredient. The evaporation rates of D5
from porcine skin were generally comparable to those from aluminum, with the exception of the face
cream, where the formulation effect found in the experiments with aluminum could not be observed.
Due to shortage of the biological material we could not repeat the experiment with face cream on
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porcine skin in order to either reaffirm or refute the finding. The experiments with Al were repeated
and provided similar results.
We recognize that the use of dry nitrogen as inlet may have compromised the results for face cream
on porcine skin. The low relative humidity (RH) in the chamber likely led to more rapid water
evaporation from the aqueous face cream. In turn, enhanced evaporation of water could have
promoted volatilization of D5, leading to evaporation rates higher than would be expected under moist
air conditions, and hence masking the formulation effect. For future experiments it is therefore
recommended to adjust the humidity of the inlet gas to realistic conditions. Also, since the focus of the
study was on evaporation and not on uptake we did not perform stripping analysis, so that the amount
of D5 retained in the SC could not be estimated. Therefore, the amount of D5 recovered from the skin
encompasses D5 absorbed into the epidermis, D5 penetrated into the SC and D5 potentially ‗soaked‘
into skin appendages. Thus, at the longest observational time of 1 hour about 32% of initially applied
pure D5 was recovered from the skin, 50% was found in the vapor trap and around 15% was lost
while opening the test vessel (see Figure A3.6).
A large part of the uncertainty in our experimental design and subsequent analysis is introduced by
monitoring the time elapsed from dermal application of D5 until the skin surface appears dry (tclear).
This parameter determined the end of the initial phase and was assessed visually. For the pure liquid
D5 it could clearly be seen that the substance cleared from the skin surface within the first
15 minutes, whereas the moment of complete surface clearance was more difficult to define for
cosmetic formulations. In addition, due to the viscous character of the products it was more difficult to
achieve an even spread on the skin membranes. Thus, the evaporation of D5 from formulations might
have occurred not only from the SC, but also from the product itself, i.e. resembling the situation with
aluminum foil, which may explain the strong resemblance to the evaporation from aluminum.
The in vitro experiments were conducted with full-thickness porcine skin. For dermal absorption
studies it is generally recommended to use split-thickness skin for lipophilic compounds (Williams,
2003). However, the focus of our experiments was on the evaporation behaviour whereas the use of
split-thickness skin mainly affects the ratio between concentrations in the receptor fluid and the skin.
This latter was not relevant for our study, since both media were only considered as sinks and the
sum of both sinks most probably was not affected by the use of the full-thickness skin. In addition, the
disposition of D5 after dermal application may vary depending on skin barrier properties that differ
between individual donors: this may be the reason for the significant (within a factor of two) interindividual variability in the evaporation observed among the three skin donors used in our
experiments.
One important area of application for realistic evaporation rates is consumer multi-route exposure
modeling. There, it is essential to split the external exposure route-wise in a sensible, standardized
way when deriving the internal exposure, so that the shares for each entry route (commonly described
as ―intake fractions‖) add up to the applied full dose. If substance metabolism depends on the entry
route, ill-defined intake fractions may result in significant underestimations of risk. A dermal exposure
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model that is based on realistic evaporation data can help defining intake fractions, even with regard
to their change over time. Recognizing the limitations of our studies with formulated products (see
Figure 4.4); we focused on the experimental skin in vitro data for pure D5 to illustrate how reevaporation from the SC can be captured in such a model.
We would like to emphasize that the compartment model for evaporation of D5 was designed to
support the estimation of realistic evaporation rates from human skin at various kinetic phases. It
should not be regarded as a PBPK model, for which a more accurate description of all the
compartments, processes and fluxes involved and a more extensive measurement dataset would be
required, including the assessment of dermal penetration e.g. by tape-stripping analysis. Still, it allows
comparison of evaporation under more realistic conditions to standard conditions that are often used
for deriving evaporation rates.
-1

The optimized first-order evaporation rate constant (k-1) for neat D5 was 0.018 min for both modeling
-1

approaches described in Section 4.3.2.1 (95% confidence interval = 0.013 – 0.024 min ). This value
is slightly larger than the corresponding default parameter in Reddy‘s dermal PBPK model for D5,
which is 0.0055 min

-1

and 0.011 min

-1

for men and women, respectively (Reddy et al., 2008). The

discrepancy may result from the fact that the PBPK model was developed based on human in vivo
data (Plotzke et al., 2002), whereas our estimations were derived from in vitro experiments with
porcine skin. In particular, the initial D5 absorption in the study with human volunteers was much
faster than in our experiments (i.e. 5 min vs. 15 min observed in our experiments with porcine skin
and 20 min attained in the second modeling approaches), possibly due to a significantly higher air
turbulence augmenting advection in the examination room compared to the test chamber. Jovanovic
et al. (2008) also report that after 24 h more than 90% of D5 applied on human skin in vitro had
volatilized, which we consider similar to our results if measurement uncertainties and differences in
the experimental setup are taken into account. The use of porcine ear skin is not expected to
significantly affect the modelling results, since its histological, physiological and biochemical
properties were repeatedly shown to be similar to those of human skin (Dick and Scott, 1992; Jacobi
et al., 2007; Wester et al., 1998).
Having defined the evaporation rate constants for neat D5, we evaluated the effect of considering
evaporation as a zero-order (representing a worst-case model for inhalation exposure) or a first-order
process (more realistic assessment). The percent of the applied D5 that evaporates with time was
2

estimated after hypothetical application of 0.8 g (water-based) face cream on 565 cm (Bremmer et
al., 2006b). Three scenarios were constructed differing only by the employed evaporation rates: (1)
kevap=0.060 mg cm

-2
-2

-1

min

representing worst-case zero-order evaporation rate of pure D5; (2)

-1

kevap =0.032 mg cm min representing a more refined zero-order evaporation rate obtained from the
-2

-1

experiments with face cream; and (3) kevap =0.060 mg cm min (zero-order rate only for initial phase)
-1

and k-1=0.018 min for realistic first-order evaporation kinetics of neat D5 after visual clearing of the
skin (see Figure 2). Based on the study of Jovanovic et al. (2008) we also assumed dermal
absorption of D5 to be negligible. Figure 4.5 illustrates the modelling results along with the
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experimental observations adjusted for
the applied amount and surface area of
application. During the first ten minutes
the evaporation exhibits a linear profile.
At later times evaporation diminishes as
the amount in the SC depletes, which
results in a four hours delay until the
total

amount

is

evaporated

when

compared to the first scenario.
Overall, the performed analysis reveals
the importance of accounting for the
Figure 4.5. Time course of D5 evaporation
predicted with different models and observed data
for the neat substance applied on aluminum foil.

time course of substance evaporation
when

more

realistic

predictions

of

exposure are required. For example, in
evaluating

the

skin

sensitization

potential the ability of a substance to cause skin allergy is associated with a number of complex
interactions at molecular, cellular and tissue levels (OECD, 2012), so that the duration of skin contact
is an essential parameter to consider for allergen exposure. A simpler model will assume
fast/immediate evaporation, which may then result in a significant underestimation of the
bioavailability of a substance. Depending on the purpose of the exposure assessment either a zeroorder rate constant determined under realistic conditions or the first-order rate constant that accounts
for retention of the substance in the skin should be used. Furthermore, the developed experimental
setup serves as a valuable alternative to existing modeling tools, which have a defined application
domain and therefore are limited to compounds with specific physicochemical properties.
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5.1 Conclusions
The scientific work presented in this thesis manifests the aggregate consumer exposure assessment
as a valuable instrument for effective risk management. Focused measures are only possible if the
results of exposure assessment reflect all possible sources and pathways and are predicted with
validated tools. The modelling approach for a higher tier aggregate consumer exposure assessment
developed in this thesis is, therefore called to facilitate consumer safety assessment. The application
of an advanced probabilistic exposure model allowed a substantial refinement of the screening
conservative exposure estimate. The reduction of exposure towards more realistic, yet conservative
values demonstrated the importance of a person-oriented concept which means to model an
individual consumer as the central object of aggregate exposure assessment. However, we
acknowledge that the development of a suitable methodology for aggregate exposure assessment is
just a preliminary step in a long-chain process. Another major challenge for a chemical safety
assessor remains the problem of continuously fluctuating trends of products use habits and practices
as well as spatiotemporal variations of chemical concentrations in consumer products. Therefore,
further efforts in sharing expertise, disseminating emerging data and tools, assessing and managing
the risks associated with human and environmental exposure to hazardous chemicals are required
from the side of all interested stakeholders. More particular conclusions drawn from the results of the
preceding Chapters 2 – 4 are outlined below.
Chapter 2 provides timely quantitative information on concentrations of three cVMSs (D4, D5 and D6)
in various cosmetics and personal care products (C&PCPs) available for Dutch consumers. The study
was the first to collect such data for Europe. Similar studies conducted in the US, Canada, Japan and
China focused on a limited number of randomly selected products, which were shown in this work to
contribute only marginally to aggregate consumer exposure due to their rare use. Contrariwise, in our
study the product selection was based on the questionnaire results on C&PCPs use (Biesterbos et al.,
2013). Among all three individual cVMSs analyzed D5 was the most abundant with the highest
concentrations in all analyzed product categories ranging between 0.01% w/w in hand creams to
more than 35% w/w in deodorants. Concentrations of D4 were much lower, suggesting that it is
mostly present as an impurity of higher order cVMSs. Sparse occurrence of D4 in C&PCPs
discovered in this study supports the industry claims of voluntary phasing out D4 and replacing it with
the less toxic D5 and D6. The comparison of our results with those from previous studies showed that
the application of cVMSs (D5 in particular) in personal care products is continuously rising. In
addition, some similarities in terms of D5 content in C&PCPs were observed for current European and
North American consumer markets. Overall, deodorants/antiperspirants and liquid foundations had
the highest mean and median concentrations of all three cVMSs. The preliminary worst-case
exposure assessment identified deodorants/antiperspirants as the key contributors to aggregate daily
dermal cVMSs exposure due to their frequent consumer application. The high concentrations of
cVMSs in C&PCPs found in this study also identified the use of cosmetics and personal care products
as the primary source of cVMSs exposure to humans and the environment.
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In Chapter 3 we conducted an aggregate consumer exposure assessment to D5 present in cosmetics
and personal care products in a tiered manner. The preliminary qualitative Tier 0 revealed that the
general population will be exposed to D5 mainly via inhalation and dermal absorption. It also provided
evidence that the D5 concentrations from human biomonitoring (Hanssen et al., 2013) primarily reflect
the aggregate D5 exposure originating from consumer use of C&PCPs. In the follow-up deterministic
conservative lower tier assessment we arrived at the upper bounding estimate employing a number of
worst-case modelling assumptions. The newly developed probabilistic model for aggregate consumer
exposure (PACEM) was used in a higher tier assessment employing the recently obtained data on
C&PCP use and co-use for 516 Dutch adult consumers (Biesterbos et al., 2013). By comparing the
doses derived in different modelling tiers with the human biomonitoring data we could show that the
probabilistic model performs well and produce more realistic estimates of the doses than the
deterministic approach. The P95 of the population exposure derived in the higher tier assessment
was 20-fold lower than the deterministically derived lower tier value, having resulted in an increase of
the margin of exposure (MoE) to an acceptable level.
This case-study demonstrated that for a more realistic estimation of population aggregate consumer
exposure the information on real product use and co-use profiles (preferably at the individual level) is
essential. In addition, when modelling the exposure for women and men population subgroups
separately we observed that female consumers take up higher doses than male consumers. Hence, it
is important to appropriately consider age and gender groups in exposure assessments not only
because doses are different but also because the vulnerability to chemicals can be age and sex
dependent. We also showed that the exposure of the general population to D5 was not only caused
by dermal absorption from leave-on C&PCPs, but primarily via inhalation of vapour that arise due to
volatilization of D5 from dermally applied cosmetics. Thus, it is important to not only model a single
exposure route as often performed in screening exposure assessments (SCCS, 2010), but to
consider all relevant sources and pathways contributing to the aggregate exposure. Detailed
uncertainty analysis carried out for PACEM revealed that the interindividual variability of the model
input parameters dominated the uncertainty in their estimates. The key factor for the uncertainty of
exposure estimates (identified in the sensitivity analysis) was the ingredient concentrations in
consumer products. We therefore suggested further refinement of these data to improve the quality of
exposure predictions. As a result of the validation both lower and higher models proved to be
conservative: the modelled exposure was higher compared to the baseline biomarker levels, with the
probabilistic results nearly approaching the realistic exposure values observed for higher percentiles.
Based on the findings of exposure validation and considering the input uncertainties involved in
exposure modelling we conclude that the developed probabilistic aggregate consumer exposure
model is reasonably conservative and can be used for a risk assessment of cosmetic ingredients.
Chapter 4 described an innovative experimental approach for investigating the effect of cosmetic
product formulations and epidermal structures on the evaporation kinetics of C&PCP ingredients after
their dermal application. The performance of the new method was demonstrated in application to D5.
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Overall, the evaporation of D5 under realistic conditions from selected cosmetic products occurred
very fast, resulting in about half of the administered dose having evaporated within one hour postexposure. This finding suggested that indirect inhalation of volatilized material would be the major
route of aggregate consumer exposure. The investigated face cream formulation had a significant
effect on D5 evaporation. Due to the ingredients interactions the initial evaporation rate decreased by
half compared to that of the pure substance. No significant difference in D5 volatilization fluxes was
observed in the experiments with aluminum and porcine skin in vitro, possibly indicating a slow lipid
binding process that would require longer observational timeframe. The developed approach to
experimental determination of evaporation rate constants for C&PCP ingredients explicitly considers
the initial penetration and (re)evaporation of the chemical from the Stratum Corneum and has a great
potential for being used in a quantitative description of fragrances evolution, mechanistic
understanding of contact allergy, or as an alternative screening method for evaporation/emission tests
of C&PCP ingredients. In addition, the results of this study identified directions for further refinement
of multi-route aggregate consumer exposure modelling by providing a simple approach to estimation
of the contributions of dermal and inhalation exposure routes to the total systemic dose.
Overall, the outlined three chapters give a consolidated insight into how aggregate consumer
exposure to a cosmetic ingredient (on the example of D5) can be modelled and how an
interdisciplinary approach can help to answer raised questions. In particular, comprehensive
knowledge is required in (1) analytical chemistry to assess the quality of measured data or perform
own experiments, (2) statistics to develop probabilistic models, (3) pharmacokinetics to evaluate the
exposure dose estimates and (4) toxicology to assess the risks related to the derived doses. This
thesis starts with an analytical study to provide necessary input data for the follow-up aggregate
consumer exposure assessment. In the subsequent chapter a newly developed probabilistic model is
validated and evaluated in the context of a tiered approach to risk assessment. It was shown that
although deterministic models are sufficient for a lower tier screening exposure assessment, they are
not able to deal quantitatively with the uncertainties and inherent variability in the model inputs. The
probabilistic aggregate exposure modelling can notably improve the reliability of dose estimates;
however it also requires ample input data and sophisticated modelling software. In the last chapter we
presented an original experimental approach to determination of evaporation rate constants for
cosmetic ingredients. The findings of this study demonstrated the limitations of current in vivo study
protocols leading to unrealistic exposure scenarios integrated into the PBPK model development.
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5.2 Outlook
5.2.1 Directions for further refinement of aggregate exposure modelling
As discussed, the probabilistic approach to aggregate consumer exposure modelling can improve
chemical risk assessments. It is, however, challenging to implement probabilistic models when input
data are scarce or not available, and the generation of required inputs is both laborious and
expensive. It might therefore be worth exploring modern statistical tools that can help in the situations
of data paucity, for instance the Bayesian approach (Herring and Savitz, 2005; Crepet and Tressou,
2011). The concept is based on Bayes‘ theorem and provides a sound mathematical framework for
incorporating prior statistical knowledge (in the form of a probability distribution) about model
parameters and updating this knowledge with new data (likelihood). Bayesian analysis could be useful
if e.g. one would want to estimate the blood concentration distribution of a specific biomarker in a
given population having only few data points (likelihoods). Consideration of a large monitoring dataset
available for a similar population (prior distribution) makes it possible to derive a posterior distribution
for the former population assuming that the exposure circumstances in both populations are
comparable. The derived posterior distribution can then be used as an approximation of the ―true‖
concentration distribution of the investigated substance in the population of interest, enabling rigorous
validation of exposure modelling.
Moreover, predicting realistic aggregate consumer exposure requires integrated knowledge of
multiple exposure sources combined with the likelihood of consumer contact with these sources.
Besides personalized product use and co-use data it is important to account for the ingredient‘s
prevalence or frequency of occurrence in a specific product category. Should reliable data on the
market fraction of a specific product category (e.g. shampoos) containing the substance of interest be
available (e.g. from consumer product databases) the exposure predictions could be much more
accurate compared to the estimates obtained assuming 100% prevalence.
Further directions for improvement of aggregate exposure modelling are foreseen from the
perspective of model validation with spot sample biomonitoring data. It is deemed appropriate to
increase temporal resolution of the consumer exposure model and calculate aggregate individual
exposures not on a daily basis but within shorter time intervals (e.g. 6 hours). This approach would be
primarily advantageous for validation of aggregate exposure predictions for those compounds that
have very short elimination half-lives relative to intervals between exposures (e.g. parabens,
phthalates), as many of these compounds demonstrated substantial intra-individual, within-day
variation in biomarker concentration (Preau et al., 2010; Romanoff et al., 2010). For such analytes
direct use of the spot samples from an individual over a single day in reverse dosimetry approaches
may result in up to three orders of magnitude variation of the external dose estimates for the same
day and individual (Aylward et al., 2012). A highly-resolved consumer exposure model could
significantly facilitate interpretation of observed variability in cross-sectional epidemiological studies
and assist in design of studies utilizing biomonitoring data as markers for exposure.
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Additionally, there is a potential to enhance predictive power of aggregate exposure models by
reducing the model uncertainty due to inappropriate or incomplete reflection of true exposure
mechanisms. For example, when developing inhalation exposure fractions (eFs) with ConsExpo v.5.0
for PACEM the potential adsorption of D5 to interior surfaces was not considered because of the
limited information available on chemical‗s air:surface partitioning (Hodgson et al., 2003). Failure to
include these additional sinks and potential secondary emission sources may have resulted in
inaccurate estimation of the population inhalation exposure. Likewise, the estimates of the inhalation
eFs could be further refined by e.g. implementing more advanced methods for the calculation of
mass transfer coefficient of evaporating chemical (McCready and Fontaine, 2010).
Finally, when conducting a probabilistic risk assessment, the uncertainty in the assumed reference
dose (RfD) estimate should be appropriately acknowledged. To address the concern that RfD may not
necessarily be a fixed value, but also a (parametric) distribution (Slob and Pieters, 1998; Slob, 1999),
a new concept called integrated probabilistic risk assessment (IPRA) was developed for a better
estimation of the fraction of the population at risk (van der Voet and Slob, 2007). This approach has
already been applied in a study by Muri et al. (2009) and is also supported by Sheldon and Huba
(2009) in a publication where they ―….establish a strategic framework for the exposure research
needed to achieve a new approach for risk assessment.‖ Application of IPRA that fully integrates
exposure and toxicity information in a holistic framework will provide the basis for improved public
health decision making.

5.2.2 Extension of PACEM
The probabilistic aggregate exposure model PACEM to date is only available as R code (R Project for
Statistical Computing, http://www.r-project.org/), which prevents its use by a larger community not
necessarily knowledgeable in R. The development of a graphical user interface (GUI) for PACEM
would enable its dissemination to a much larger community.
The PACEM model itself could further be extended to a wider range of consumer products including
e.g. paints, disinfectants, pet hygiene and household cleaning products, textiles, to be able to perform
aggregate exposure modelling for a broader spectrum of chemicals. In addition, given that the most
susceptible consumer group of children was not covered in our project, it is strongly advised to
conduct supplementary questionnaires/surveys and expand the embedded exposure factor database
for children and adolescents. In this respect, we also recommend to accommodate and integrate
other

available

exposure

factor

databases

(ExpoFacts

(JRC EU),

VerbraucherAnalyzer

(www.verbraucheranalyse.de), Skin Deep (EWG, 2012)) provided that the methods used for collecting
input information are consistent.
Further efforts for the advancement of PACEM can be directed at developing and implementing
computational algorithms for aggregate dermal exposure and risk assessments of the product
ingredients identified as potential contact allergens/sensitizers. Here, potency is defined as the
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relative ability of a chemical to induce sensitization, which is determined by the quantity of a chemical
per unit surface area required for the acquisition of skin sensitization in a previously immunologically
naive individual (induction phase) (WHO-IPCS, 2006). Nevertheless, the question remains whether
and under which circumstances using external dermal load is the correct way to proceed in a
quantitative risk assessment (QRA) of sensitizers, as dermal absorption may be a crucial step in skin
sensitization. There are some, not yet quantifiable, exposure factors that may influence the internal
exposure, among others being e.g. the concentration of Langerhans cells (at specific skin sites) that
transport the allergen (as hapten) to regional lymph nodes, where it is presented to responsive Tlymphocytes inducing an immune response (sensitization) (Api et al., 2008). A subsequent exposure
will provoke a dermal inflammatory (allergic) reaction. The challenge is therefore to mechanistically
model the internal process of sensitization, including dermal absorption, hapten formation,
Langerhans cell transport to the lymph nodes, repeated aggregate exposures from application of
multiple consumer products under different scenarios and apply this in QRA.
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Table A1-1. List of the products selected for the analysis of cVMSs content.
#

Product
Subcategory

Short Product
Name

Full Product Name

Manufacturer

Country
of
Purchase

Countr
y of
Manufa
cture

cVMSs presence
(as written in the
ingredients list)

1

Hair spray

Wella

Wella Ultra Sterk (250ml)

P&G

NL

DE

none

2

Toothpaste

Sensodyne

Sensodyne Gentle Whitening (75+15ml)

GSK

NL

NL

none

3

Lipbalm

Labello

Labello Classic Care (4.8g/5.5ml)

Beiersdorf

NL

DE

none

4

Hair Conditioner

Schwarzkopf

Schwarzkopf Gliss Kur Hair Repair with Liquid Keratine Ultimate Repair (200ml) rinse-off

Schwarzkopf

NL

DE

cyclomethicone

5

Hair Conditioner

Kruidvat

Kruidvat Fruity Botanicals anti Frizz Pomegranate Extract (300ml) rinse-off

Kruidvat

NL

NL

D5

6

Hair Conditioner

L’Oreal Elvive

L‘Oreal Elvive Re-Nutrition Royal Jelly + Omega6 Droog Haar (200ml) rinse-off

L‘Oreal

NL

NL

D5

7

Hair Conditioner

Guhl

Guhl Locken Kraft Balsam-Spulung Gingkao+Jojoba (200ml) rinse-off

Kao

NL

DE

D5

8

Hair Repair Lotion

Kruidvat

Kruidvat Hair Repair Anti Clit Halflang tot Lang Haar (150ml) spray

Kruidvat

NL

NL

D5, D6

9

Hair Repair Lotion

Andrelon

Andrelon Verrassend Volume Duo Mist (strong hold) (150ml) spray

Unilever

NL

NL

D4, D5, D6

10

Hair Repair Lotion

Schwarzkopf

Schwarzkopf Gliss Kur Hair Repair With Liquid Keratine (Droog Bechadigd Haar) (200ml) spray

Schwarzkopf

NL

BE

cyclomethicone

11

Deo Stick

Nivea

Nivea Women Dry Comfort 48h (40ml)

Beiersdorf

NL

DE

cyclomethicone

12

Deo Stick

Dove

Dove Women Original 48h + Vitamin E (40ml)

Unilever

NL

RU

D5

13

Deo Stick

Rexona

Rexona Women Aloe Vera Fresh 48h (40ml)

Unilever

NL

RU

D5

14

Deo Cream

Rexona

Rexona Women Maximum Protection Transpiration Excessive 48h (45ml)

Unilever

NL

CA

cyclomethicone

15

Deo Roll

Sanex

Sanex Dermo Protector 24h Minerals (55ml)

Sara Lee H&BC

NL

EU

D5

16

Deo Spray

Rexona

Rexona Women Cotton Dry Motionsense System 48h (150ml)

Unilever

NL

NL

D5

17

Deo Spray

Sanex

Sanex Women Zero % With Natural Mineral Alum 24h (150ml)

Sara Lee H&BC

NL

EU

D5

18

Deo Spray

Nivea

Nivea Women Pearl Beauty 48h (150ml)

Beiersdorf

NL

DE

cyclomethicone

19

Deo Spray

Dove

Dove Women Silk Dry 24h (150ml)

Unilever

NL

NL

cyclomethicone

20

Deo Spray

Dove

Dove Women Sensitive 48h (150ml)

Unilever

NL

NL

D5

21

Hand Cream

Dove

Dove Essential Nourishment Deep Care Complex (75ml)

Unilever

NL

BE

D5

22

Hand Cream

Etos

Etos Handcream Intensive Extra Droge Huid Voedt Intensief (75ml)

Etos

NL

NL

D5

23

Hand Cream

Vaseline

Vaseline Hand & Nail Verzorgend met Keratine en vitamin E (75ml)

Unilever

NL

NL

D5

24

Hand Cream

Neutrogena

Neutrogena Hand and Nagel Cream

Neutrogena

NL

FR

D5, D6

25

Body Lotion

Nivea

Nivea Lait Nourissant Douceur Zijdezachte Body Milk Droge Huid (250ml)

Beiersdorf

NL

DE

cyclomethicone

26

Body Lotion

Dove

Dove Body Lotion Hydro Nourishment Deep Care Complex (250ml)

Unilever

NL

NL

D5

27

Body Lotion

Garnier

Garnier Body Repair mit Ahornsaft (400ml)

Garnier

NL

BE

D5

28

Aftersun Cream

Etos

Etos Apres Ski Aftersun (40ml)

Etos

NL

NL

D5

29

Face Cream (Day)

Nivea

Nivea Visage Q10 Plus Anti-Rimpel Lichte Textuur SPF 15 (50ml)

Beiersdorf

NL

DE

cyclomethicone

30

Face Cream (Day)

Dove

Dove Beauty Moisture Vochtinbrengende Normal tot Droge Huid (50ml)

Unilever

NL

NL

D5, D6

31

Face Cream (Day)

L’Oreal

L‘Oreal Paris Dermo Expertise Triple Active Hydraterende Crème (50ml)

L‘Oreal

NL

FR

D6

32

Face Cream (Day)

L’Oreal

L‘Oreal Paris Dermo Expertise Age Perfect Pro-Calcium (50ml)

L‘Oreal

NL

FR

D5

33

Face Cream (Day)

Diadermine

Diadermine Lifte + Wrinkle Filler Anti-Age Amino-M and Hyaluronic Acid (50ml)

Schwarzkopf

NL

BE

cyclomethicone

34

Sunscreen Cream

Nivea

Nivea Sun Light Sensation SPF20 Water Resistnant (50ml)

Beiersdorf

NL

DE

cyclomethicone

35

Sunscreen Cream

Garnier

Garnier Ambre Solaire SPF30 Hoog Haute Ultra-hydraterende zonnemelk (200ml)

Garnier

NL

BE

D5

Product
Subcategory

Short Product
Name

Full Product Name

Manufacturer

Country
of
Purchase

Countr
y of
Manufa
cture

cVMSs presence
(as written in the
ingredients list)

36

Sunscreen Cream

Etos

Etos Zonnemelk Verzorgend Midden SPF15 (200ml)

Etos

NL

NL

D5

37

Face Cream (Day)

Olaz

Olaz Regenerist Rijke Vochtinbrengende Crème Hydratante (50ml)

P&G

NL

EU

D5

38

Sunscreen Spray

Nivea

Nivea Sun Invisible Protection Transparent SPF30 Haute Hoog (200ml)

Beiersdorf

NL

DE

cyclomethicone

39

Sunscreen Spray

Garnier

Garnier Ambre Solaire Clear Protect SPF10 Laad Faible Transparante spray lichaam (200ml)

Garnier

NL

BE

D5

40

Sunscreen Spray

Etos

Etos Zonnespray Invisible Midden SPF20 (200ml)

Etos

NL

NL

D5

41

Liquid Foundation

L’Oreal

L‘Oreal Paris True Match Super Blendable SPF17 C3 Rose Beige (30ml)

L‘Oreal

NL

FR

D5, D6

42

Liquid Foundation

Clinique

Clinique Superbalanced Make-up Teinte Equilibre Parfait 09 Sand (30ml)

Clinique

NL

BE

D5

43

Liquid Foundation

Estee Lauder

Estee Lauder Double Wear Stay in Place Makeup SPF10 3C1 PEBBLE 04 (30ml)

Estee Lauder

NL

BE

D5

44

Liquid Foundation

Lancome

Lancome Teint Idole Tone 10 SPF15

Lancome

NL

BE

D5

45

Hair Repair Lotion

Schwarzkopf

Schwarzkopf Gliss Kur Hair Repair Mit Flussigen Haarbausteinen (Express Repair Spulung) (200ml)

Schwarzkopf

CH

DE

cyclomethicone

46

Hair Conditioner

L’Oreal Elvive

L‘Oreal Elvive Re-Nutrition Nahrend Gelee Royale + Omega6 Trockenes Haar (200ml) rinse-off

L‘Oreal

CH

FR

D5

47

Deo Stick

Nivea

Nivea Women Dry Comfort 48h Mineralien (40ml)

Beiersdorf

CH

DE

cyclomethicone

48

Hand Cream

Dove

Dove Reichhaltige Feuchtigkeitspflege Deep Care Complex (75ml)

Unilever

CH

DE

D5

49

Sunscreen Cream

Garnier

Garnier Ambre Solaire UV Ski SPF 30 Haute (30ml)

Garnier

NL

FR

D5

50

Face Cream (Night)

Dove

Dove Beauty Moisture Vochtinbrengende Normal tot Droge Huid (50ml)

Unilever

NL

NL

D5

51

Body Lotion

Dove

Dove Body Milk Reichhaltige Feuchtigkeitspflege Deep Care Complex Trockene Haut (250ml)

Unilever

CH

EU

D5
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A1.1. Quantification
First, a response factor was calculated for each target chemical based on a reference standard
solution containing known amounts of the analytes, as well as the internal and recovery standards.
This RF was calculated using the ratio of peak areas and known amounts of the analyte and the
internal standard (IS).

Eq. A1.1.

RF

response factor, calculated from reference standard solution for each target compound

amount analyte,RF

amount of native analyte in the reference standard solution (D4, D5 and D6) in [pg]

amount IS,RF

amount of internal standard in the reference standard solution (M4Q) in [pg]

area analyte,RF

signal area for the native analyte in the chromatogram

area IS,RF

signal area for internal standard in the chromatogram

Second, the quantification of the analytes in the original sample was based on the peak areas
corresponding to the target analytes and the internal standard, the known amount of the internal
standard added and the corresponding response factor.

Eq. A1.2

amount analyte

amount of target analyte in the sample (D4, D5 and D6) in [pg]

amount IS

amount of internal standard in the sample (M4Q) in [pg]

area analyte

signal area for the native target analyte in the chromatogram

area IS

signal area for internal standard in the chromatogram

Finally, the concentration of the analyte present in the sample was expressed as the amount of
analyte in the sample (wet) weight.

Eq. A1.3

concentration analyte

concentration of the target analyte referred to wet weight of sample in [mg/g ww]

amount analyte

amount of the target analyte in the sample (D4, D5 and D6) in [pg]

Ws

wet sample weight in [g]

The recovery rates of the internal standard were calculated based on the recovery standard (RS)
added to the samples before GC-FID analysis. The recovery response factor was calculated using the
areas and the amounts of the internal and recovery standards present in the reference standard
solution.
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Eq. A1.4

RF RS

recovery response factor, calculated from the reference standard solution for the
internal standard (M4Q)

amount RS,RF

amount of the recovery standard in the reference standard solution in [pg]

amount IS,RF

amount of the internal standard in the reference standard solution in [pg]

area RS,RF

signal area for the recovery standard in the chromatogram

area IS,RF

signal area for the internal standard in the chromatogram

Afterwards, the area of recovery standard was compared to the area of the internal standard
considering the recovery response factor for each sample. The recovery rate of the internal standard
was obtained by comparison of actual (measured) and expected (added) amount of the internal
standard present in the sample.

Eq. A1.5

Eq. A1.6

amount IS,m

measured amount of the internal standard in the sample in [pg]

amount IS

expected (i.e. theoretical) amount of the internal standard in the sample in [pg]

amount RS

amount of the recovery standard in the sample in [pg]

area RS

signal area for the recovery standard in the chromatogram

W

recovery rate of the internal standard [%]

A1.2. Recovery Tests
Various analytical methods for investigating the content of cVMSs in C&PCPs have been previously
developed (Wang et al., 2009; Lu et al., 2011). In our study we further elaborated the method formerly
established by Wang et al. (2009). The performance of the method was evaluated with:
1) testing the applicability of three different extraction solvents for different product types and
checking the recoveries of both the internal standard and cVMSs. In this experiment we used
three different reference products with known D4, D5 and D6 concentrations. The selected
products were 1) a standard siloxane-free skin cream that was deliberately spiked with
cVMSs to achieve three typical product concentrations of cVMSs (10, 50, and 100 mg/g); 2)
a reference face cream with known concentrations of cVMSs reported by the manufacturer
(2.5 mg/g for D4 and D6, 250 mg/g for D5), and; 3) a deodorant-stick, from the same
manufacturer with 3.0 mg/g for D4 and D6, 300 mg/g for D5;
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2) inspecting the presence of the internal standard and target analytes in the second extracts.
Testing the efficacy of different solvents to extract cVMSs from various product matrices was essential
in the development of the analytical method. The rationale was that skin creams and lotions typically
contain a mixture of long-chained hydrocarbons such as mineral oils, waxes and paraffins, to which
hydrophobic cVMSs have high binding affinity.
Initially three different extraction solvents were considered, namely, extra-pure anhydrous stabilized
tetrahydrofurane (THF, Acros Organics), pure n-hexane and a dual-phase solvent consisted of
methanol and n-hexane in equal volumetric proportions. Interestingly, the chosen extra-pure
anhydrous THF did not produce any instrumental background signal of cyclic siloxanes bleeding from
the stationary phase, whereas THF purchased from Sigma Aldrich produced background D4 peaks.
This behavior was also observed by Flassbeck et al. (2003). Possibly, traces of water in the latter
THF batch initiated formation of D4 by the reaction with PDMS stationary phase (Varaprath et al.
2006).
In the case of the spiked cream the recoveries of cVMSs and internal standard were always highest
with THF extraction (see Figure A1.1). However, this solvent was not sufficiently selective for the
target compounds. The second highest recoveries for this product were obtained with n-hexane. The
recoveries obtained with the two-phase solvent were the lowest in this case. Conversely, for the
reference cream the highest recovery rates were achieved with the methanol/n-hexane mixture (mean
recoveries of 75.7 ± 17.6, 88.5 ± 17.8, and 114.5 ± 20.2% for D4, D5, and D6, respectively). The most
evident explanation could be that the artificially added compounds did not fully integrate into the
product matrix and stayed on the cream surface, thus yielding better extraction efficiency. The loss of
cVMSs in this case increased as the number of steps and thus the time of the extraction procedure
increased (i.e. with methanol/n-hexane solvent). Contrariwise, the well-mixed matrix of the reference
cream sample was dissolved in methanol first, so that cVMSs could easily escape from the entire
sample volume and move to the n-hexane layer where they were finally trapped. For the reference
deodorant-stick n-hexane performed best: the measured and reported cVMSs concentrations agreed
well – the discrepancies were always less than 5% when n-hexane was used for the extraction.
Hence, we abandoned the use of THF I our analyses because this particular solvent extracted many
bulk compounds, which often could not be discriminated from the target analytes on the
chromatograms routinely obtained with GC/FID. As a result, for the subsequent systematic analyses
of skin creams and lotions we chose a methanol+ n-hexane solvent mixture, and pure n-hexane for all
other products. This allowed us to achieve good extraction efficiencies of the target compounds and
recovery rates of the internal standard in all product samples.
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~10mg/g

160

Solvent
120
115

THF
Hex

Recovery, %

100

MethHex

85
80

Sample
Spiked Cream

60

Reference Cream
Reference Deo

40

20

D4 D5 D6 M4Q

D4 D5 D6 M4Q

D4 D5 D6 M4Q

cVMSs

Figure A1.1. Recovery rates of cVMSs achieved with different solvents for three reference
products: 1) the spiked skin cream; 2) the reference face cream, and; 3) the reference
deodorant-stick. Typical concentrations of cVMSs in C&PCPs were ~100mg/g, ~50mg/g and
~10mg/g. For the reference cream extraction with meth+n-hexane mixture (green dots) is more
efficient than with n-hexane (blue dots), whereas for the spiked cream THF and n-hexane
perform the best (red and blue triangles, respectively).

A1.3. Analytical method performance
One of the great challenges in the cVMSs measurements is its high residue levels in blank samples
as cVMSs can be found in a wide variety of tools and products that are used in the laboratory as well
as in cosmetics and personal care products that may be carried into the laboratory through their
consumer use by the laboratory personnel. Silicone based GC injection septum can also be a cause
of cVMSs background signal (Horrii et al., 2008; Varaprath et al., 2006). In fact, the inlet septum is the
main source of unwanted cVMSs contamination in the GC analysis (Chainet et al., 2011), whereas
the stationary phase does not contribute much and even siloxane-based GC columns may be used
with insignificant background levels of cVMSs (Wang et al., 2009). We employed daily laboratory
blanks so that the potential cVMSs contamination could be monitored. The blank levels throughout
the study were quite stable with the majority of them (>80%) being below the limit of detection, so that
the subtraction of the blank levels from the sample values was considered unjustified.
It was found that, because of the wide variety of sample matrices among cosmetics and personal care
products, different solvents had to be used for the extraction of cVMSs from different types of
samples. Samples such as skin lotions and creams contain lots of long-chained fatty compounds and
are not soluble in n-hexane or other moderately polar organic solvents. For these samples, soaking
samples first with methanol was necessary to aid the mixing of the sample and facilitate the transition
of cVMSs into n-hexane during the extraction. The recovery tests with both the spiked and the
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reference cream reveals that if a sample was not dissolved completely, the spiked standard may have
stayed out of the sample matrix before being extracted, leading to an artificially high recovery. By
selecting proper extraction solvents we have achieved good recoveries of the internal standard from
all types of products.

A1.4. Treatment of non-detects
Table A1-2. Median cVMSs concentrations in C&PCP categories determined with different
methods for treating left-censored data.
Product Category
(number of
products)

Method 1
(non-detects were assigned to zero)

Method 2
(non-detects were assigned to corr.
LOQs)

D4

D5

D6

D4

D5

D6

0

8.4

0.32

0.00071

8.4

0.32

Sun care (n=8)

0.0085

34.8

0.53

0.0088

34.8

0.53

Hair care (n=10)

0.0055

9.55

0.18

0.0059

9.55

0.18

Deodorants (n=11)

0.053

141.5

2.33

0.053

141.5

2.33

0

44.6

30.0

0.00071

44.6

30.0

Skin care (n=16)

Cosmetics (n=5)

Product Category

Hair Care

Product Subcategory

Chemical
weight
fraction a

Amount
of
product
applied
on skin,
g/event

Shampoo
Conditioner (rinse-off)
d
Conditioner (leave-on)
Hair mask
Hair styling (wax, mouss, gel)
Fixative spray
Detangle spray
Semi-permanent dye
Permanent dye (oxidative)
Hair bleach d
Permanent wave

0.15
0.2
0.99
0.5
0.99
0.5
0.5
0.15
0.15
0.1
0.07

5.23
3.92
3.92
3.92
4
0.6
0.6
30
100
200
160

Bath and Shower

Body wash (gel, cream, scrub)
Hand soap (liquid and solid)
Bath foam, oil, salt

0.01
0.01
0.05

Body Care

Body lotion (cream, oil, milk)
Body pack (mud mask)

Sun Care

Amount
of
product
sprayed,
g/event

Frequency
of use,
events per
day

Frequency
of use,
events per
year

Retention
factor

Acute exposure

Chronic exposure

(i.e. on the day of use),

(i.e. yearly average),

mg/kg_bw/day b

mg/kg_bw/day

Inhalation c

Dermal

Oral

Dermal

260
104
104
104
358
438
104
13
10
10
4

0.01
0.01
0.1
0.01
0.1
0.1
0.1
0.01
0.01
0.01
0.01

9.3
4.0
25.0

2
5
1

329
1825
104

0.01
0.01
0.01

0.031
0.033
0.21

0.014
0.033
0.059

0.9
0.01

3.91
416

2
1

730
4

1
0.01

117
0.69

117
0.008

Bronzer, sun-tan
Sun screen (cream, lotion)
Sun screen (spray) d

0.2
0.4
0.4

3.91
18
18

1
2
2

39
75
75

1
1
1

13.0
240
240

1.4
24.7
24.7

Skin Care

Face cream (day, night)
Face whitening cream
Hand cream
Eye cream
Facial cleanser (peeling, scrub)
Facial cleanser (tissues)
Face pack (peel-off mask)

0.9
0.9
0.9
0.9
0.01
0.01
0.2

0.77
0.77
1.08
0.068
0.8
1.0
20.0

2
1
2
2
1
1
1

730
91
730
730
104
104
104

1
1
1
1
0.01
1
1

Oral Care

Toothpaste
Mouthwash

0.01
0.01

0.08
5.41

2
4

730
1460

Foot Care

Antiperspirant (gel, cream)
Antifungal gel, cream

0.3
0.2

1.20
0.10

2
1

730
90

1
1

Deodorant

Spray d
Stick and roll-on

0.2
0.5

2.59
0.76

2
2

730
365

1
1

Shaving

Gel, foam
Balm, balsam

0.1
0.2

2.0
1.2

1
1

365
365

0.01
1

1.02
1.02

3.2

0.46

9.2
4.6

22.9

0.26
0.13
6.5
0.33
13.2
1.0
0.50
0.75
2.5
3.3
1.9

Inhalation

2
1
1
1
2
2
1
1
1
1
1

5.5
1.3

2.4

23.1
11.6
32.4
2.0
0.0013
0.17
66.7

23.1
2.9
32.4
2.0
0.0004
0.047
19.0
0.03
3.60

0.03
3.60

12.0
0.33
1.7

17.3
12.6

12.0
0.082
1.7

17.3
6.3
0.033
4.0
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0.033
4.0

Oral

0.093
0.037
1.8
0.093
6.5
0.60
0.14
0.027
0.068
0.09
0.020
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Table A1-3. Screening worst-case scenario assessment of aggregate consumer exposure to D5. The groups of product subcategories that are
intended for similar application purposes are shaded in grey.

Product Subcategory

Chemical
weight
fraction a

Amount
of
product
applied
on skin,
g/event

Amount
of
product
sprayed,
g/event

Frequency
of use,
events per
day

Frequency
of use,
events per
year

Retention
factor

Acute exposure

Chronic exposure

(i.e. on the day of use),

(i.e. yearly average),

mg/kg_bw/day b

mg/kg_bw/day

Inhalation c

Dermal

Oral

Inhalation

Dermal

Oral

0.33
0.23
0.042
3.4
7.1
0.42
0.43

0.43

Make-up

Mascara
Eye shadow (liquid and powder)
Eye liner
Liquid foundation
Compact powder
Remover
Lipstick, lip balm

0.8
0.7
0.5
0.4
0.45
0.5
0.65

0.025
0.010
0.005
0.51
0.24
2.5
0.01

1
2
1
1
4
2
4

365
730
365
365
1460
730
1460

1
1
1
1
1
0.01
1

0.33
0.23
0.042
3.4
7.1
0.42
0.43

Nail Care

Polish enamel, top and base coat
Polish remover

0.01
0.01

0.053
0.21

1
1

156
156

1
1

0.009
0.035

0.004
0.015

Baby Care

Diaper cream
Talc
Tissues

0.2
0.01
0.01

1.3
0.8
1

2
2
4

730
730
1460

1
1
1

8.7
0.27
0.67

8.7
0.27
0.67

Fragrance

Eau de toilette (spray)
Eau de perfume (spray)

0.01
0.01

0.61
0.20

3
2

1095
237

1
1

Miscellaneous

Depilatory Cream
Massage Essential Oil
Bath Essential Oil

0.03
0.3
0.3

5.5
3.9
0.8

1
1
1

17
24
52

0.01
1
0.01

0.01

0.01

1

365

1

0.01

0.01

1

365

1

d

Antifoam
agent
(in
food
packaging)
Pharmacy: OTC drugs
Aggregate Exposure:
Aggregate Exposure excluding sun care products:

0.11
0.03

a

- COLIPA frame formulations (CPNP, 2013)

b

- default body weight of 60 kg was assumed

c

- inhalation exposure was calculated only for spray products

d

- this product subcategory was selected amongst similarly shaded ones to calculate aggregate daily exposure

0.03
0.006

0.43

0.31
0.065

0.03
0.002

0.028
19.6
0.040

0.31
0.021
0.001
1.3
0.006

0.0017

38.4
15.4
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Product Category

594
354

0.0017
4.07
4.07

0.0017

10.8
8.5

287
263

0.0017
4.07
4.07

Inhalation
exposure

Dermal
exposure

Oral exposure

Inhalation
a
exposure

Dermal
a
exposure

Oral
a
exposure

% of
aggregate
exposure by
route

% of
aggregate
exposure by
route

% of
aggregate
exposure by
route

Product category
mg/kg_bw/day

mg/kg_bw/day

mg/kg_bw/day

Sun Care

22.9

240

0

Skin Care

0

136

0

0

38.4

0

Body Care

0

118

0

0

33.3

0

Hair Care

13.8

25.1

0

89.1

7.1

0

Miscellaneous

59.8

b

40.4

b

0

b

0

19.6

0

0

5.5

0

Deodorant

1.7

17.3

0

10.7

4.9

0

Foot Care

0

12.3

0

0

3.5

0

Make-up

0

11.9

0.43

0

3.4

10.6

Baby Care

0

9.6

0

0

2.7

0

Shaving

0

4.03

0

0

1.1

0

0.03

0.31

0

0.19

0.1

0

Bath and Shower

0

0.27

0

0

0.1

0

Nail Care

0

0.05

0

0

0.01

0

0

0

89.4

Fragrance

Oral Care

0

0

3.63

Aggregate acute exposure:

38.4

594

4.06

Aggregate acute exposure excluding sun care products:

15.4

354

4.06

a

- the contribution to aggregate acute exposure excluding sun care products is calculated unless otherwise noted

b

- the contribution to aggregate acute exposure is calculated
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Table A1-4. Contribution of C&PCPs categories to aggregate acute consumer exposure to D5.

135

136

Appendix 2: Supplementary material to Chapter 3
A2.1. Lower tier screening exposure assessment
The lower tier implements general principles for conservative consumer exposure assessment
(European Chemicals Agency (ECHA), 2012; Scientific committee on consumer safety (SCCS), 2012)
including frequent and extensive product use on a regular basis under unfavorable circumstances
(e.g. application and subsequent long stay in a small unventilated room). The release and subsequent
fate of D5 are governed by the following worst-case assumptions: 1) the release is instantaneous; and
2) there is no removal of the substance. Exposure calculations were executed for a standard (adult)
2

person with the body weight of 60 kg, whole body surface area of 17,500 cm and inhalation rate of
3

26 m /day (Bremmer, 2006a). The equations used for the calculations of reasonable worst-case
consumer exposure via different routes are provided below.

Inhalation:

Cinh 

Dinh 

Q prod  Fc prod
Vroom

Fresp  Cinh  IH  Tcontact  FQ
BW

Input
Description
Unit
Parameter
Qprod
Amount of product used
[mg]
Weight fraction of D5 in a
Fcprod
[g/gprod]
product
3
Vroom
Room volume (near field)
[m ]
Respirable fraction of
Fresp
[-]
inhaled D5
3
IH
Inhalation rate of a person [m /day]
Duration of contact per
Tcontact
[day]
event
FQ
Frequency of use
[1/day]
BW
Body weight of a person
[kg]
Output
Description
Unit
Parameter
Concentration of D5 in room
3
Cinh
[mg/m ]
air
Dinh
Inhalatory dose
[mg/kg bw/day]

Default

2
1
26

60

Dermal:

Dder 

Q prod  Fc prod  Aabs  FQ  Rf
BW

Input
Description
Parameter

Unit

Qprod

Amount of product used

[mg]

Fcprod

Weight fraction of D5 in a
product

[g/gprod]

Aabs

Dermal absorption fraction [-]

FQ

Frequency of use

[1/day]

Rf

Retention factor

[-]

BW

Body weight of a person

[kg]

Output
Description
Parameter

Unit

Dder

[mg/kg bw/day]

Dermal dose

Default

1

60
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Oral:

Doral 

V  D  Fc prod  FQ
BW

Input
Description
Parameter

Unit

V

Volume
swallowed

of

product

D

Density of product

Fcprod

Weight fraction of D5 in a
[-]
product

FQ

Frequency of use

[1/day]

BW

Body weight of a person

[kg]

Default

3

[cm ]
3

[mg/cm ]

Output
Description
Parameter

Unit

Doral

[mg/kg bw/day]

Oral dose

1000

60

Only cosmetics and personal care products (C&PCPs) were considered in the lower tier assessment;
other products (e.g. sealants, dry-cleaned textiles) are expected to contribute only marginally to
aggregate consumer exposure. C&PCPs were allocated into 51 categories characterized with unique
application scenarios. Both acute (on the day of use) and chronic (yearly average) aggregate external
exposures were calculated route-wise. Complementary to dermal, oral and direct inhalation exposure,
indirect inhalation of D5 vapour, occurring when the substance evaporates from consumers‘ skin after
product application (referred hereafter as ‗evaporation scenario‘) was modelled. Following the
Canadian risk assessment for D5 (Environment and Health Canada, 2008) it was assumed that 20%
of the dermally applied amount evaporates instantaneously and becomes available for inhalation. The
external exposures via different routes were multiplied by the route-specific absorption fractions
(Table A2-1). Aggregation of exposure was performed over all considered C&PCP categories.
However, to avoid unreasonable overestimation of exposure, amongst product categories with similar
application purpose (e.g. deodorant spray and deodorant stick) the one with the highest exposure
value was selected. This yielded 43 maximum possible C&PCPs categories that can potentially be
used by a consumer on a daily basis. The higher tier model is based on data that include the co-use
of products. Therefore, in PACEM we did not need to reduce the number of categories by the ones
used interchangeably. Still, we reduced the number of 51 categories to 47 on the basis of an
analytical study that revealed that in some product categories D5 is not used.
The main sources for the input data were Cosmetics Europe studies (Hall et al., 2011; Hall et al.,
2007; McNamara et al., 2007), SCCS's notes of guidance for testing of cosmetic ingredients and their
safety evaluation, and RIVM Cosmetics Fact Sheet (Bremmer, 2006b) listed in the order of their
priority. Reasonably conservative values (P75s) were chosen for the product use amounts and use
frequencies. D5 concentrations in each C&PCP category were obtained from cosmetic frame
formulations (European Commission (EC), 2013), which list the ingredients‘ group and typical
(maximum) concentration in ‗generic‘ cosmetic products. We assumed that all C&PCPs used by a
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standard consumer would contain D5. The default input values for each C&PCP category considered
are listed in Table A2-2.
Both acute (on the day of use) and chronic (yearly average) aggregate consumer exposure were
calculated in the worst-case assessment for each route separately (Table A2-1). The internal
exposure was determined using the highest reported route-specific uptake fractions identified from the
literature. As Table A2-1 suggests, in spite of a 10-fold higher uptake fraction, inhalation contributes to
the total chronic internal exposure only half of the dermal dose. Inclusion of the evaporation scenario
(i.e. enhancement of the proportion of inhalation exposure) only slightly alters the final results: the
total chronic systemic dose is reduced by less than 3%. The key contributors to aggregate chronic
exposure to D5 are hair care, sun care products and deodorants via inhalation; body care, skin care,
sun care products and deodorants via dermal application; and toothpaste and lip balm via inadvertent
ingestion. Detailed results of the lower tier exposure modelling can be found in Tables A2-3,4.

Table A2-1. Lower tier estimates of aggregate consumer exposure to D5.
Acute exposure,

Chronic exposure,

mg/kg_bw/day

mg/kg_bw/day

Inh

Derm

Oral

Total

Inh

Derm

Oral

Total

External exposure when evaporation of D5 not
included

38.4

614

4.1

656.5

10.8

307

4.1

321.9

External
included

42.6

491

4.1

537.7

12.5

246

4.1

262.6

2.0

0.17

100

2.0

0.17

100

0.77

1.04

4.10

5.91

0.22

0.52

4.10

4.84

0.85

0.84

4.10

5.79

0.25

0.42

4.10

4.77

exposure

when

evaporation

of

D5

Absorption/uptake fraction (%)
Internal exposure when evaporation of D5 not
included
Internal exposure when evaporation of D5 included
LOEL
Minimal margin of exposure (MoE)

100.0*

100.0*

16.9

20.7

* - Given the absence of established derived no effect levels (DNELs), same reference dose determined based on subchronic
study in rats with oral dosing (Jäger and Hartmann, 1991) was used for acute and chronic risk assessment.

Product
category

Hair Care

Bath and Shower

Body Care
Sun Care

Skin Care

Product subcategory

Shampoo
Conditioner (rinse-off)
b
Conditioner (leave-on)
Hair mask
Hair styling (wax, mousse, gel)
Fixative spray
Detangle spray
Semi-permanent dye
Permanent dye (oxidative)
b
Hair bleach
Permanent wave
Body wash (gel, cream, scrub)
Hand soap (liquid and solid)
Bath foam, oil, salt
Body lotion (cream, oil, milk)
Body pack (mud mask)
Bronzer, sun-tan
Sun screen (cream, lotion)
b
Sun screen (spray)
Face cream (day, night)
Face whitening cream
Hand cream
Eye cream
Facial cleanser (peeling, scrub)
Facial cleanser (tissues)
Face pack (peel-off mask)

Substance
weight
a
fraction

0.15
0.2
0.99
0.5
0.99
0.5
0.5
0.15
0.15
0.10
0.07
0.01
0.01
0.1
0.9
0.01
0.2
0.4
0.4
0.9
0.9
0.9
0.9
0.01
0.01
0.2

Amount of product sprayed,
g per event c
(used only for direct
inhalation exposure)

1.0
1.0

3.2

Amount of
product applied
on skin c

Frequency of
use d

Retention
factor

events/day

Frequency
of use d
events/year

2
1
1
1
2
2
1
1
1
1
1
2
5
1
2
1
1
2
2
2
1
2
2
1
1
1

260
104
104
104
358
438
104
13
10
10
4
329
1825
104
730
4
39
75
75
730
91
730
730
104
104
104

0.01
0.01
0.1
0.01
0.1
0.1
0.1
0.01
0.01
0.01
0.01
0.01
0.01
0.01
1
0.01
1
1
1
1
1
1
1
0.01
1
1

g per event
4.2
3.1
3.1
3.1
3.2
0.48
0.48
24
80
160
128
7.5
3.2
20.0
3.1
333
3.1
14.4
14.4
0.62
0.62
0.86
0.06
0.64
0.8
16.0
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Table A2-2. Input parameters used in the lower tier aggregate consumer exposure assessment to D5 from application of C&PCPs.
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Oral Care
Foot Care
Deodorant
Shaving
Make-up

Nail Care
Baby Care

Fragrance
Miscellaneous

Product subcategory

Substance
weight
a
fraction

Toothpaste
Mouthwash
Antiperspirant (gel, cream)
Antifungal gel, cream
b

Spray
Stick and roll-on
Gel, foam
Balm, balsam
Mascara
Eye shadow (liquid and powder)
Eye liner
Liquid foundation
Compact powder
Remover
Lipstick, lip balm
Polish enamel, top and base coat
Polish remover
Diaper cream
Talc
Tissues
b

Eau de toilette (spray)
Eau de perfume (spray)
Depilatory Cream
Massage Essential Oil
Bath Essential Oil

0.01
0.01
0.3
0.2
0.2
0.5
0.1
0.2
0.8
0.7
0.5
0.4
0.45
0.5
0.65
0.01
0.01
0.2
0.01
0.01
0.01
0.01
0.03
0.3
0.3

Amount of product sprayed,
g per event c
(used only for direct
inhalation exposure)

0.46

0.11
0.03

a

Amount of
product applied
on skin c

Frequency of
use d
events/day

Frequency
of use d
events/year

2
4
2
1
2
2
1
1
1
2
1
1
4
2
4
1
1
6
6
5
3
2
1
1
1

730
1460
730
90
730
365
365
365
365
730
365
365
1460
730
1460
156
156
2190
2190
1825
1095
237
17
24
52

Retention
factor

g per event
0.08
5.4
1.0
0.08
2.1
0.64
1.6
1.0
0.02
0.008
0.004
0.41
0.19
2.0
0.008
0.04
0.17
1.0
0.64
2.4
0.50
0.16
4.4
3.1
0.64

1
1
1
1
0.01
1
1
1
1
1
1
0.01
1
1
1
1
1
1
1
1
0.01
1
0.01

– The substance‘s weight fractions in a particular C&PCP category were taken from COLIPA frame formulations (EC, 2013) and assigned to the category as a whole regardless of the product
brands prevalent in the category. If explicitly specified the respective maximum level (% w/w) of silicone ingredients or emollients was chosen. If according to the frame formulations a product
category does not contain silicone material or emollients, a conservative value of 1% w/w was assigned to this product category.
b

- this product subcategory was selected amongst similarly shaded ones to calculate aggregate daily exposure

c

– data sources for this parameter include Hall et al. (2007, 2011), SCCS (2012) and Bremmer et al. (2006)

d

- data sources for this parameter include SCCS (2012) and Bremmer et al. (2006)
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Product
category

Product category

Acute exposure
(i.e. on the day of use),
mg/kg_bw/day

Product subcategory

Inhalation

Dermal

Chronic exposure,
(i.e. yearly average),
mg/kg_bw/day
Oral

Inhalation

Dermal

Oral

external internal external internal external internal external internal external internal external internal
Hair Care

Shampoo

2.6E-01 4.4E-04

9.3E-02 1.6E-04

Conditioner (rinse-off)

1.3E-01 2.2E-04

3.7E-02 6.3E-05

6.5E+00 1.1E-02

1.8E+00 3.1E-03

Conditioner (leave-on)
Hair mask

3.3E-01 5.6E-04

9.3E-02 1.6E-04

Hair styling (wax, mousse, gel)

1.3E+01 2.2E-02

6.5E+00 1.1E-02

Fixative spray

9.2E+00 1.8E-01 1.0E+00 1.7E-03

5.5E+00 1.1E-01 6.0E-01 1.0E-03

Detangle spray

4.6E+00 9.2E-02 5.0E-01 8.5E-04

1.3E+00 2.6E-02 1.4E-01 2.4E-04

Semi-permanent dye

7.5E-01 1.3E-03

2.7E-02 4.5E-05

Permanent dye (oxidative)

2.5E+00 4.3E-03

6.8E-02 1.2E-04

Hair bleach

Bath and Shower

Body Care

Sun Care

a

a

3.3E+00 5.7E-03

9.1E-02 1.6E-04

Permanent wave

1.9E+00 3.2E-03

2.0E-02 3.5E-05

Body wash (gel, cream, scrub)

3.1E-02 5.3E-05

1.4E-02 2.4E-05

Hand soap (liquid and solid)

3.3E-02 5.7E-05

3.3E-02 5.7E-05

Bath foam, oil, salt

2.1E-01 3.6E-04

6.0E-02 1.0E-04

Body lotion (cream, oil, milk)

1.2E+02 2.0E-01

1.2E+02 2.0E-01

Body pack (mud mask)

6.9E-01 1.2E-03

7.6E-03 1.3E-05

Bronzer, sun-tan

1.3E+01 2.2E-02

1.4E+00 2.4E-03

Sun screen (cream, lotion)

2.4E+02 4.1E-01

2.5E+01 4.2E-02

2.3E+01 4.6E-01 2.4E+02 4.1E-01

2.4E+00 4.7E-02 2.5E+01 4.2E-02

Face cream (day, night)

2.3E+01 3.9E-02

2.3E+01 3.9E-02

Face whitening cream

1.2E+01 2.0E-02

2.9E+00 4.9E-03

Hand cream

3.2E+01 5.5E-02

3.2E+01 5.5E-02

Eye cream

2.0E+00 3.5E-03

2.0E+00 3.5E-03

Facial cleanser (peeling, scrub)

1.3E-03 2.3E-06

3.8E-04 6.5E-07

Sun screen (spray)
Skin Care

a

1.7E-01 2.9E-04

4.8E-02 8.2E-05

Face pack (peel-off mask)

6.7E+01 1.1E-01

1.9E+01 3.2E-02
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Facial cleanser (tissues)
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Table A2-3. Results of the lower tier aggregate consumer exposure assessment to D5 from application of C&PCPs (evaporation scenario not
included).

Acute exposure
(i.e. on the day of use),
mg/kg_bw/day

Product subcategory

Inhalation

142

Product category

Chronic exposure,
(i.e. yearly average),
mg/kg_bw/day

Dermal

Oral

Inhalation

Dermal

Oral

external internal external internal external internal external internal external internal external internal
Oral Care

Foot Care

Deodorant

Shaving

Make-up

Nail Care

Baby Care

Toothpaste

3.0E-02

Mouthwash

3.6E+00 3.6E+00

Miscellaneous

3.0E-02

1.2E+01 2.0E-02

1.2E+01 2.0E-02

Antifungal gel, cream

3.3E-01 5.6E-04

8.1E-02 1.4E-04

1.7E+00 3.3E-02 1.7E+01 2.9E-02

1.7E+00 3.3E-02 1.7E+01 2.9E-02

Stick and roll-on

1.3E+01 2.1E-02

6.3E+00 1.1E-02

Gel, foam

3.0E-02 5.1E-05

3.0E-02 5.1E-05

Balm, balsam

4.0E+00 6.8E-03

4.0E+00 6.8E-03

Mascara

3.3E-01 5.6E-04

3.3E-01 5.6E-04

Eye shadow (liquid and powder)

2.3E-01 3.9E-04

2.3E-01 3.9E-04

Eye liner

4.2E-02 7.1E-05

4.2E-02 7.1E-05

Liquid foundation

3.4E+00 5.8E-03

3.4E+00 5.8E-03

Compact powder

7.1E+00 1.2E-02

7.1E+00 1.2E-02

Remover

4.2E-01 7.1E-04

Lipstick, lip balm

4.3E-01 7.3E-04 4.3E-01

Polish enamel, top and base coat

8.8E-03 1.5E-05

3.7E-03 6.4E-06

Polish remover

4.0E-02 6.8E-05

1.7E-02 2.9E-05

Diaper cream

2.6E+01 4.4E-02

2.6E+01 4.4E-02

Talc

8.0E-01 1.4E-03

8.0E-01 1.4E-03

Spray

a

4.2E-01 7.1E-04
4.3E-01

4.3E-01 7.3E-04 4.3E-01

2.5E+00 4.3E-03

2.5E+00 4.3E-03

a

2.9E-02 5.9E-04 3.1E-01 5.3E-04

2.9E-02 5.9E-04 3.1E-01 5.3E-04

Eau de perfume (spray)

6.2E-03 1.2E-04 7.0E-02 1.2E-04

2.0E-03 4.0E-05 2.3E-02 3.9E-05

Eau de toilette (spray)

3.0E-02

3.6E+00 3.6E+00

Antiperspirant (gel, cream)

Tissues
Fragrance

3.0E-02

Depilatory Cream

3.0E-02 5.1E-05

1.4E-03 2.4E-06

Massage Essential Oil

2.0E+01 3.3E-02

1.3E+00 2.2E-03

Bath Essential Oil

4.0E-02 6.8E-05

5.7E-03 9.7E-06

4.3E-01

Aggregate Exposure:

38.4

0.8

614

1.0

4.1

4.1

10.8

0.2

307

0.5

4.1

4.1

Aggregate Exposure excl. sun care products:

15.4

0.3

374

0.6

4.1

4.1

8.5

0.2

282

0.5

4.1

4.1

a

- this product subcategory was selected amongst similarly shaded ones to calculate aggregate daily exposure.

Product category

Acute exposure
(i.e. on the day of use),
mg/kg_bw/day

Product subcategory

Inhalation

Dermal

Chronic exposure,
(i.e. yearly average),
mg/kg_bw/day
Oral

Inhalation

Dermal

Oral

external internal external internal external internal external internal external internal external internal
Hair Care

Shampoo

1.8E-05 3.6E-07 2.1E-01 3.6E-04

6.5E-06 1.3E-07 7.5E-02 1.3E-04

Conditioner (rinse-off)

9.1E-06 1.8E-07 1.0E-01 1.8E-04

2.6E-06 5.2E-08 3.0E-02 5.1E-05

2.2E-02 4.5E-04 5.2E+00 8.8E-03

6.4E-03 1.3E-04 1.5E+00 2.5E-03

Hair mask

5.7E-05 1.1E-06 2.6E-01 4.4E-04

1.6E-05 3.2E-07 7.4E-02 1.3E-04

Hair styling (wax, mousse, gel)

4.6E-02 9.3E-04 1.1E+01 1.8E-02

2.3E-02 4.6E-04 5.2E+00 8.8E-03

Fixative spray

9.2E+00 1.8E-01 8.0E-01 1.4E-03

5.5E+00 1.1E-01 4.8E-01 8.2E-04

Detangle spray

4.6E+00 9.2E-02 4.0E-01 6.8E-04

1.3E+00 2.6E-02 1.1E-01 1.9E-04

Semi-permanent dye

3.0E-04 6.0E-06 6.0E-01 1.0E-03

1.1E-05 2.1E-07 2.1E-02 3.6E-05

Permanent dye (oxidative)

3.3E-03 6.7E-05 2.0E+00 3.4E-03

9.1E-05 1.8E-06 5.5E-02 9.3E-05

Conditioner (leave-on)

Body Care

Sun Care

a

5.9E-03 1.2E-04 2.7E+00 4.5E-03

1.6E-04 3.2E-06 7.3E-02 1.2E-04

Permanent wave

1.9E-03 3.8E-05 1.5E+00 2.5E-03

2.1E-05 4.2E-07 1.6E-02 2.8E-05

Body wash (gel, cream, scrub)

8.6E-09 1.7E-10 2.5E-02 4.2E-05

3.9E-09 7.7E-11 1.1E-02 1.9E-05

Hand soap (liquid and solid)

8.0E-08 1.6E-09 2.7E-02 4.5E-05

8.0E-08 1.6E-09 2.7E-02 4.5E-05

Bath foam, oil, salt

8.2E-07 1.6E-08 1.7E-01 2.9E-04

2.3E-07 4.7E-09 4.8E-02 8.2E-05

Body lotion (cream, oil, milk)

1.3E-01 2.6E-03 9.4E+01 1.6E-01

1.3E-01 2.6E-03 9.4E+01 1.6E-01

Body pack (mud mask)

9.1E-06 1.8E-07 5.5E-01 9.4E-04

1.0E-07 2.0E-09 6.0E-03 1.0E-05

Bronzer, sun-tan

3.2E-03 6.4E-05 1.0E+01 1.8E-02

3.4E-04 6.9E-06 1.1E+00 1.9E-03

Hair bleach

Bath and Shower

d

Sun screen (cream, lotion)

5.2E-02 1.0E-03 2.0E+01 3.4E-02
2.4E+00 4.7E-02 2.0E+01 3.4E-02

Skin Care

Face cream (day, night)

1.5E-01 2.9E-03 1.8E+01 3.1E-02

1.5E-01 2.9E-03 1.8E+01 3.1E-02

Face whitening cream

7.3E-02 1.5E-03 9.2E+00 1.6E-02

1.8E-02 3.6E-04 2.3E+00 3.9E-03

Hand cream

1.9E-01 3.8E-03 2.6E+01 4.4E-02

1.9E-01 3.8E-03 2.6E+01 4.4E-02

Eye cream

1.3E-02 2.6E-04 1.6E+00 2.8E-03

1.3E-02 2.6E-04 1.6E+00 2.8E-03

Facial cleanser (peeling, scrub)

9.7E-10 1.9E-11 1.1E-03 1.8E-06

2.8E-10 5.6E-12 3.0E-04 5.2E-07

Facial cleanser (tissues)

1.5E-05 3.0E-07 1.3E-01 2.2E-04

4.3E-06 8.7E-08 3.7E-02 6.3E-05

Face pack (peel-off mask)

2.4E+00 4.9E-02 5.3E+01 9.1E-02

6.9E-01 1.4E-02 1.5E+01 2.6E-02

a
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5.1E-01 1.0E-02 1.9E+02 3.3E-01
2.3E+01 4.6E-01 1.9E+02 3.3E-01

Sun screen (spray)
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Table A2-4. Results of the lower tier aggregate consumer exposure assessment to D5 from application of C&PCPs (evaporation scenario
included).

Acute exposure
(i.e. on the day of use),
mg/kg_bw/day

Product subcategory

Inhalation

144

Product category

Chronic exposure,
(i.e. yearly average),
mg/kg_bw/day

Dermal

Oral

Inhalation

Dermal

Oral

external internal external internal external internal external internal external internal external internal
Oral Care

Foot Care

Deodorant

Shaving

Make-up

Nail Care

Baby Care

Toothpaste

3.0E-02

Mouthwash

3.6E+00 3.6E+00

Miscellaneous

3.0E-02

1.9E-02 3.8E-04 9.6E+00 1.6E-02

1.9E-02 3.8E-04 9.6E+00 1.6E-02

Antifungal gel, cream

3.4E-04 6.9E-06 2.7E-01 4.6E-04

8.5E-05 1.7E-06 6.7E-02 1.1E-04

1.8E+00 3.5E-02 1.4E+01 2.4E-02

1.8E+00 3.5E-02 1.4E+01 2.4E-02

Stick and roll-on

2.5E-01 4.9E-03 1.0E+01 1.7E-02

1.2E-01 2.5E-03 5.0E+00 8.6E-03

Gel, foam

1.2E-06 2.4E-08 3.0E-02 5.1E-05

1.2E-06 2.4E-08 3.0E-02 5.1E-05

Balm, balsam

1.7E-02 3.4E-04 3.2E+00 5.4E-03

1.7E-02 3.4E-04 3.2E+00 5.4E-03

Mascara

2.1E-02 4.3E-04 2.7E-01 4.6E-04

2.1E-02 4.3E-04 2.7E-01 4.6E-04

Eye shadow (liquid and powder)

3.5E-04 7.0E-06 1.9E-01 3.2E-04

3.5E-04 7.0E-06 1.9E-01 3.2E-04

Eye liner

1.7E-04 3.4E-06 3.3E-02 5.7E-05

1.7E-04 3.4E-06 3.3E-02 5.7E-05

Liquid foundation

6.3E-03 1.3E-04 2.7E+00 4.6E-03

6.3E-03 1.3E-04 2.7E+00 4.6E-03

Compact powder

6.8E-03 1.4E-04 5.7E+00 9.6E-03

6.8E-03 1.4E-04 5.7E+00 9.6E-03

Remover

4.8E-05 9.5E-07 3.3E-01 5.6E-04

Lipstick, lip balm

1.5E-03 2.9E-05 3.5E-01 6.0E-04 4.3E-01

Polish enamel, top and base coat

6.0E-06 1.2E-07 7.0E-03 1.2E-05

2.5E-06 5.1E-08 3.0E-03 5.1E-06

Polish remover

3.5E-05 7.0E-07 3.0E-02 5.1E-05

1.5E-05 3.0E-07 1.3E-02 2.2E-05

Diaper cream

4.1E-02 8.1E-04 2.1E+01 3.5E-02

4.1E-02 8.1E-04 2.1E+01 3.5E-02

Talc

3.9E-05 7.7E-07 6.4E-01 1.1E-03

3.9E-05 7.7E-07 6.4E-01 1.1E-03

Spray

a

4.8E-05 9.5E-07 3.3E-01 5.6E-04
4.3E-01

1.5E-03 2.9E-05 3.5E-01 6.0E-04 4.3E-01

4.5E-04 9.0E-06 2.0E+00 3.4E-03

4.5E-04 9.0E-06 2.0E+00 3.4E-03

a

2.9E-02 5.9E-04 2.4E-01 4.1E-04

2.9E-02 5.9E-04 2.4E-01 4.1E-04

Eau de perfume (spray)

6.2E-03 1.2E-04 5.0E-02 8.5E-05

2.0E-03 4.0E-05 1.6E-02 2.8E-05

Depilatory Cream

4.2E-08 8.5E-10 2.0E-02 3.4E-05

2.0E-09 3.9E-11 9.3E-04 1.6E-06

Massage Essential Oil

7.2E-03 1.4E-04 1.6E+01 2.7E-02

4.8E-04 9.5E-06 1.0E+00 1.7E-03

Bath Essential Oil

3.0E-08 6.1E-10 3.0E-02 5.1E-05

4.3E-09 8.6E-11 4.3E-03 7.3E-06

Eau de toilette (spray)

3.0E-02

3.6E+00 3.6E+00

Antiperspirant (gel, cream)

Tissues
Fragrance

3.0E-02

4.3E-01

Aggregate Exposure:

42.6

0.9

491

0.8

4.1

4.1

12.5

0.3

246

0.4

4.1

4.1

Aggregate Exposure excl. sun care products:

19.0

0.4

299

0.5

4.1

4.1

10.1

0.2

226

0.4

4.1

4.1

a

- this product subcategory was selected amongst similarly shaded ones to calculate aggregate daily exposure
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A2.2. Higher tier exposure assessment

Substance PROFILE
C&PCP
Category

Application
Scenario

Substance’s
Conc.

Consumer Use PROFILE
Biometrics

ConsExpo

C&PCP
Category

Product
Use

For ind = 1 to
5,000

Daily Contact PROFILE
Day

C&PCP
Use
Category (yes/no)

Amount

Route-specific
Exposure Fractions
(eFs)

Day 1
Day 2

Day 30

Eext Daily Aggregate Exposures

Absorption fractions or
PBPK model

Population Aggregate
Exposure Distribution
1

CDF

Phys. Chem.

Product PROFILE

0

Figure A2.1. PACEM dataflow.

Eint

(sampling with
replacement)

Questionnaire
database
(516 individuals)
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The PACEM dataflow illustrated in Figure A2.1 can briefly be described with the following steps:
1. Generation of a simulated population of the required size (N=5,000 in this case-study) by
repeated sampling from the questionnaire database (Biesterbos et al., 2013) containing
consumer products use profiles for each individual in the survey population (n=516). The
construction of a larger, simulated population allows for robust statistical and uncertainty
analysis of the results;
2. Construction of the day-to-day contact profiles over the entire simulation period (30 days in
this case study) for each individual in the simulated population. This is necessary, since the
use frequencies in the questionnaire were acquired in the form of e.g. ―once‖ or ―twice‖ per
week/month, therefore, the usage event has to be assigned to a specific day in the
week/month. The first day of use was determined at random. Subsequent use of a product
was determined by taking into account the preceding usage events and the specified use
frequency of the respective individual. The use of different products is considered to be
independent. The frequency of the product use per day is determined by drawing a random
number from the corresponding individual distribution (where applicable). The product amount
(per application) on the day of use is also determined by random sampling from individual
amount distributions (where applicable). The time interval of 30 days was considered
sufficient for modelling the individual day-by-day exposure profiles, because the C&PCPs
appeared in the questionnaire can be used either daily (e.g. deodorant), weekly (e.g. nail
polish, eye shadow) or monthly (e.g. sunscreen);
3. Calculation of single product exposures per 1 kg of body weight for every individual in the
simulated population on each simulated day by multiplying the product use amounts and
frequencies in the daily contact profile with chemical‘s product concentrations and routespecific exposure fractions. The latter two factors, which are product specific, are determined
by random sampling from corresponding parametric distributions (where applicable). Their
descriptive summary is given in Table A2-5 and Table A2-8, respectively. Individual single
product exposures are then aggregated route-wise into external daily exposures. Population
aggregate exposure is built upon individual aggregate exposures.
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Table A2-5. Default application scenarios and weight fractions of D5 used in PACEM for
different product categories.
Product category

D5 weight fractions

Application scenario

distribution type parameter 1 parameter 2 parameter 3
Aftershave_balsam

uniform

0.02

0.21

-

stay on skin

Aftershave_spray

uniform

0.02

0.21

-

spray on skin (perfume)

Aftersun_cream

triangular

0.003

0.88

0.0072

stay on skin

Bathing_foam

uniform

0.009

0.48

-

diluted in bath

Bathing_oil

uniform

0.009

0.48

-

diluted in bath

Bathing_both

uniform

0.009

0.48

-

diluted in bath

Bodylotion_milk

triangular

0.00192

0.88

0.0043

stay on skin

Bronzing_cream

uniform

0.01

0.24

-

stay on skin

Cleansing_lotion

uniform

0.03

0.59

-

rinse off skin

Conditioner_rinse

triangular

0.000013

0.89

0.0064

rinse off skin

Conditioner_leave

uniform

0.13

0.93

-

stay on hair

Conditioner_both

uniform

0.13

0.93

-

stay on hair
stay on skin

Deo_cream

triangular

0.18

0.63

0.356

Deo_roller_stick

triangular

0.00902

0.27

0.145

stay on skin

Deo_spray

triangular

0.00002

0.68

0.186

spray on skin (deodorant)

Deo_tissue

uniform

0.18

0.63

-

dermal wipe

point

3.9e-07

-

-

rinse off skin

Douchegel_foam_scrub
Eyepencil

point

0.22

-

-

stay on skin

Eyebrowpencil

uniform

0.13

0.51

-

stay on skin

Eyeshadow

uniform

0.03

0.72

-

stay on skin

Face_daycream

triangular

0.0029

0.61

0.3415

stay on skin

Face_nightcream

uniform

0.004

0.22

-

stay on skin

point

0.00004

-

-

stay on hair

Hairgel

uniform

0.00004

0.0001

-

stay on hair

Hairlotion

uniform

0.13

0.93

-

stay on hair

Hairwax

uniform

0.13

0.93

-

stay on hair

Hairspray

uniform

0.0000067

0.36

-

spray on hair (hairspray)

Hairfoam

Handcream

triangular

0.00054

0.88

0.0014

stay on skin

Lip balm

point

0.0000067

-

-

lip care

Lippencil

uniform

0.07

0.25

-

lip care

Lipstick

uniform

0.09

0.48

-

lip care

Liquid_foundation

triangular

0.021

0.83

0.0965

stay on skin

Makeup_remover

uniform

0.007

0.81

-

stay on skin

Mascara

uniform

0.0006

0.33

-

stay on skin

Nailpolish_feet

uniform

0.00009

0.00251

-

nail polish/remover

Nailpolish_hands

uniform

0.00009

0.00251

-

nail polish/remover

Nailpolish_both

uniform

0.00009

0.00251

-

nail polish/remover

Nailpolish_remover

uniform

0.03

0.04

-

nail polish/remover

Perfume_eaudetoilette_spray

uniform

0.27

0.41

-

spray on skin (perfume)

Rouge_powder

uniform

0.000001

0.3

-

stay on skin

Shampoo

point

0.00002

-

-

rinse off skin

Shavingfoam

point

0.04

-

-

rinse off skin

Shavinggel

point

0.04

-

-

rinse off skin

Shavingoil

point

0.04

-

-

rinse off skin

Shavingsoap

point

0.04

-

-

rinse off skin

triangular

0.001

0.49

0.364

stay on skin

point

0.0000067

-

-

brush teeth

Sunscreen_cream
Toothpaste
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Table A2-6. Product application scenarios linked to route-specific exposure fractions (eFs) in
PACEM.
Application scenario

eF_inhDIR

eF_inhINDIR

eF_dermDIR

eF_dermINDIR

eF_oral

stay on skin

-

eF1

eF2

eF2

-

rinse off skin

-

eF1

eF3

eF2

-

spray on skin (deodorant)

eF4

eF1

eF2

eF5

-

spray on skin (perfume)

eF16

eF1

eF2

eF5

-

spray on hair (hairspray)

eF15

eF1

eF10

eF5

-

stay on hair

-

eF1

eF10

eF2

-

diluted in bath

-

eF8

eF7

eF2

-

brush teeth

-

-

-

-

eF6

dermal wipe

-

eF1

eF9

eF2

-

nail polish/remover

-

eF12

eF11

eF2

-

lip care

-

-

eF10

eF2

eF13

eF=exposure fraction, inh=inhalation, derm=dermal exposure, oral= oral exposure, DIR= direct exposure, INDIR= indirect
exposure

Table A2-7. PACEM’s equations for the calculation of route-specific exposures.
Route exposure

Equation *

direct inhalation exposure
to sprays
indirect inhalation exposure
to the material volatilized from skin
direct dermal exposure
indirect dermal exposure
(e.g. from hair spray)

0
(i.e. not calculated; needed as an intermediate value)

oral exposure
eF = exposure fraction
inh=inhalation, derm=dermal exposure, oral= oral exposure
DIR= direct exposure, INDIR= indirect exposure
A – amount of product used, g/event

* - the main terms of the route-specific exposure equations are the applied product amount, A and the route-specific exposure
fraction, eF_route (direct or indirect). Other exposure fractions are included to compensate for overprediction of exposure by
ensuring their overall sum is equal to one.
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Table A2-8. Parameterization of route-specific exposure fractions (eFs) used in PACEM.
Distribution Parameter 1a Parameter 2b Assumptions/Model
Type

eF

Application
scenario

eF1

inh: evap from skin

beta

4.21

245.4

eF2

derm: stay on skin

point

1

-

worst-case

eF3

derm: rinse off skin

point

0.01

-

1% of the product stays on
skin after rinsing

eF4

inh: deodorant
sprayed to person

beta

4.85

529.3

ConsExpo 5.0 spray model

eF5

derm: stay on hair

point

0.85

-

eF6

oral: brush teeth

uniform

0.1

0.3

reasonable worst-case

eF7

derm: immerse in
solution

uniform

0.001

0.01

accounting for dilution of the
product

eF8

inh: evap from
solution

beta

3.17

149,221

eF9

derm: transfer wipe

uniform

0.01

0.2

eF10 derm: spray
products or lip care

point

0.1

eF11 derm: nail
polish/remover

point

eF12 inh: nail
polish/remover

Notes

ConsExpo 5.0 evaporation
model

85%

ConsExpo 5.0 evaporation
model
from 1% to 20%

Gosens et al., 2013

-

10%

see p.49-51 of RIVM
Cosmetics Fact Sheet
for details

0.2

-

20% of product comes to
direct contact with skin

beta

6.09

445.4

eF13 oral: lip care

point

0.9

-

eF15 inh: hairspray
sprayed to person

beta

4.52

5,520

ConsExpo 5.0 spray model

eF16 inh: perfumespray
sprayed to person

beta

4.14

9,245

ConsExpo 5.0 spray model

ConsExpo 5.0 evaporation
model
worst-case

a

– the parameter denotes either a point value, or the minimum in uniform distribution, or shape parameter α in beta distribution

b

– the parameter denotes either a point value, or the maximum in uniform distribution, or shape parameter β in beta distribution
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Figure A2.2. Cumulative probability plots illustrating on the y-axis the probability for an adult
in a simulated population to be exposed and the corresponding internal exposure level on the
x-axis. Thin coloured lines are the individual day-to-day aggregate exposure distributions
(blue lines represent men; pink - women). Red and black solid curves are the cumulative
distributions of the day-to-day acute and chronic aggregate internal exposure to D5 in the
Dutch adult population, respectively.

A2.3. Deriving MoE’s for D5
In this paper we are not conducting a risk assessment. The derived MoE therefore should be
considered only as a means to illustrate the risk assessment process and to highlight the achieved
refinement when proceeding from a lower Tier to a higher Tier. For the MoE we are selecting the
endpoint used by Canadian authorities in a risk assessment (Environment and Health Canada, 2008),
but we are not evaluating it further.
The toxicity of D5 is relatively well studied ((SCCS) 2010, Johnson et al. 2011). The NOAEL for
reproductive toxicity of D5 in a 2-generation whole-body vapour inhalation study in rats was 160 ppm,
i.e. the highest concentration that could be achieved without aerosol formation (Siddiqui, Stump et al.
2007). Reproductive parameters in the F0 and F1 generations were not affected by exposure to the
test article. In a combined chronic toxicity and carcinogenicity whole-body vapour inhalation toxicity
study, D5 induced uterine endometrial adenocarcinomas in female rats at 160 ppm (Dow Corning
2005) in addition to other non-neoplastic effects (e.g. liver weight increases) observed at 150 ppm.
However, the relevance of this mode of action in humans is currently unclear. Therefore, the lack of
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genotoxic effects for D5 (based on limited genotoxicity data) suggests that the uterine tumours
observed in the chronic carcinogenicity study could be due to threshold effects. The effects on the
liver were also observed in subchronic toxicity studies in rats with either whole body vapour inhalation
(Burns-Naas, Mast et al. 1998) or oral administration of D5 (Jäger 1991). The resulting oral LOEL
(lowest observed adverse effect level) for liver weight increase in rats with oral dosing was 100 mg/kg
bw/day when assuming 100% oral absorption. In other subchronic inhalation nose-only studies in rats,
liver weight increases were reversible upon cessation of exposure (Burns-Naas, Mast et al. 1998).
Dermal application of neat D5 up to 1600 mg D5/kg bw to rat skin for 28 days did not produce any test
material related effects (Dow Corning, 1990). Overall, in the absence of reprotoxicity and
carcinogenicity studies with oral dosing, it is not possible to infer whether the respective toxicological
endpoints for D5 are independent of the route of exposure.
The results of the in-vitro tests with human skin (Jovanovic, McMahon et al. 2008) suggest that
percutaneous absorption of D5 is very low or too slow to occur before volatilisation: following single
dosage of applied neat or formulated D5 more than 91% of the substance volatilized before being
absorbed. After 24 h only 0.04% of the applied dose was absorbed with the largest percentage
remained in the skin. There were no significant differences found in the absorption between neat and
formulated D5. Low tendency to pass through the skin into systemic circulation was confirmed also in
the in-vivo studies with both rats (0.17%) and humans (0.05%) (Dow Corning, 1996b, Plotzke et al.,
2002 (Reddy, Looney et al. 2007, Jovanovic, McMahon et al. 2008). The retention of D5 following
inhalation exposure was investigated in rats (Tobin, McNett et al. 2008). The reported values after
single and multiple exposure range from 4-5% to 8-10% of the inhaled dose, respectively.
Approximately 50-80% of this retained dose was attributed to the deposition on animals‘ fur. The
kinetics of D5 in the human body after either inhalation or dermal absorption is somewhat similar and
largely influenced by two specific processes: 1) high lipid partitioning leading to formation of a
sequestered pool of D5 in the blood and 2) fast elimination of free D5 from blood due to exhalation.
PBPK modelling (Reddy, Dobrev et al. 2008) showed that about 90% of the systemically absorbed D5
is exhaled unchanged within 24 hours. Note that the uptake after inhalation is much faster, suggesting
that the inhalation exposure route will be of major concern. In addition, D5 is metabolized by hepatic
clearance. The hydroxylated D5 (HO-D5) metabolite comprises about 1% of the systemic dose and is
excreted with urine and feces. No metabolization of D5 was discovered in skin or in lung tissue.
Considering the preliminary information on the exposure sources and toxicologically relevant health
endpoints of D5 collected in the tier 0, it is anticipated that the total systemic dose will primarily result
from percutaneous absorption of D5 after dermal application of D5-containing C&PCPs and ‗indirect‘
inhalation of D5 vapour volatilized from skin. ‗Direct‘ inhalation exposure to D5 may also occur when
using spray products. Finally, inadvertent ingestion of D5 contained in lip care products must be taken
into account when calculating aggregate consumer exposure.
For the calculation of MoE we are therefore using the values of 100 mg/kg bw/day, which results in an
MoE of 20 for the lower Tier. This MoE is normally considered not acceptable if based on a LOAEL.
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A2.4. Baseline excretion data for D5
Table A2-9. The equivalent concentrations of free D5 in venous blood derived * from the endexhaled air samples for every baseline study volunteer.
Volunteer ID

Use of

(gender)

D5-containing C&PCPs

End-exhaled air
concentration

Free blood
concentration
1 sample

2nd sample

Timing of air
sampling
relative to the
first exposure
event, min

of D5, ng/L
st

1 sample
A (woman)

yes (deo-spray, face
powder, hand cream)

B (woman)

nd

2

of D5, ng/L
sample

st

2.94

3.43

1.20

1.41

1325

yes (deo-spray, body lotion,
face cream, handcream)

9.21 a

3.94

3.78

1.62

1260

C (woman)

yes (deo-spray, day cream,
leg balm)

23.21

13.25

9.52

5.43

1410

D (man)

no

1.35

1.76

0.55

0.72

73

E (man)

yes (shampoo, hair gel,
body lotion)

2.01

1.71

0.82

0.70

1110

F (man)

yes (shampoo)

2.66

2.97

1.09

1.22

1095

G (man)

yes (deo-spray)

16.95

37.28

6.95

15.28

1575

H (woman)

yes (face night cream,
handcream, day cream,
lipstick)

3.67

1.86

1.50

0.76

780

I (woman)

yes (lipstick)

4.94 a

83.77

2.03

34.35

1440

J (woman)

yes (face cream,
handcream)

<1.4 a

4.66

-

1.91

80

X (man)

no

3.22

<1.4

1.32

-

-

K (woman)

yes (deo-spray, shampoo,
hair mousse)

10.38 a

55.86

4.26

22.90

360

Y (woman)

no

2.97

<1.4 a

1.22

-

-

L (woman)

yes (deo-spray, body lotion,
handcream, face cream,
shampoo, conditioner)

6.82

2.09

2.80

0.86

910

M (woman)

yes (day cream, skin care
oil)

34.13

1.62 a

13.99

0.66

1380

* - The free D5 concentrations in the blood were calculated by dividing the D5 concentration measured in an end-exhaled air
sample by the sample volume and multiplying it with the blood:air partition coefficient (0.41, Reddy et al., 2007).
a

- Note that there is a rather large difference between the two samples collected. The lowest value does not probably represent
D5 concentration in alveolar air, as the volunteer did not exhale completely. The value is representing the D5 concentration
present in air which consists of a combination of air present in the death space of the lungs and in the alveoli.

Volunteer
ID

Body
weight, kg

Age,
years

A

60

23

(woman)
B

71

26

(woman)

C

65

64

(woman)

Applied product
category

Timing of exposure
relative to the first
exposure event, min

D5 product concentration, mg/g
med

min

max

Applied amount, g
med

min

max

Surface area
of application,
cm2

Handcream

0

10.4

1.6

19.1

0.7

0.5

0.8

669

Rouge_powder

1060

150

0.001

300

0.008

0.007

0.01

753

Deo_spray

1070

224

53.3

394

0.36

0.32

0.41

167

Handcream

0

10.4

1.6

19.1

0.2

0.1

0.3

745

Bodylotion_milk

300

26

3.9

48.1

8.9

7.2

13

10061

Deo_spray

960

224

53.3

394

0.36

0.32

0.41

186

Face_daycream

960

115

16.3

214

0.2

0.1

0.3

838

Deo_spray

0

224

53.3

394

0.36

0.32

0.41

174

Leg_balm

10

26

3.9

48.1

5.6

3.9

7.2

6270

Face_daycream

20

115

16.3

214

0.2

0.1

0.3

958

Deo_spray

1270

224

53.3

394

0.36

0.32

0.41

174

Leg_balm

1278

26

3.9

48.1

5.6

3.9

7.2

6270

Face_daycream

1320

115

16.3

214

0.2

0.1

0.3

958

D (man)

70

56

Eyeliner

0

151

1

300

0.002

0.002

0.003

9

E

75

64

Shampoo

0

80

10

150

7.7

6.5

8.9

883

Hairgel

0

126

1

250

3.8

2.8

4.8

883

Bodylotion_milk

0

26

3.9

48.1

8.9

7.2

13

17669

(man)

Hairgel

690

126

1

250

3.8

2.8

4.8

883

F (man)

75

21

Shampoo

0

80

10

150

5.2

4

6.5

879

G (man)

86

55

Deo_spray

0

224

53.3

394

0.36

0.32

0.41

210

Deo_spray

1485

224

53.3

394

0.36

0.32

0.41

210

Face_nightcream

0

115

16.3

214

0.9

0.8

1.1

778

Handcream

0

10.4

1.6

19.1

0.9

0.8

1.1

691

Face_daycream

570

115

16.3

214

0.7

0.5

0.8

1469

Mascara

570

101

1

200

0.012

0.011

0.014

9

Lipstick

570

330

10

650

0.007

0.006

0.007

9

Lippencil

570

251

1

500

0.005

0.005

0.005

9

Eyebrowpencil

570

251

1

500

0.0003

0.0003

0.0004

9

H
(woman)

64

70
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Table A2-10. Use of D5 containing products reported by individual baseline study volunteers.
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Volunteer
ID

Body
weight, kg

Age,
years

Applied product
category

I

60

55

Lipstick
Lipstick
Mascara

(woman)
J

69

22

46

25

(woman)
K
(woman)
L

83

43

(woman)

M
(woman)

73

21

Timing of exposure
relative to the first
exposure event, min

D5 product concentration, mg/g
med

min

max

med

Applied amount, g
min

max

Surface area
of application,
cm2

0

330

10

650

0.007

0.006

0.007

16

1145

330

10

650

0.007

0.006

0.007

16

1180

101

1

200

0.012

0.012

0.014

8

Face_daycream

0

115

16.3

214

0.2

0.1

0.3

817

Handcream

45

10.4

1.6

19.1

0.4

0.4

0.5

726

Shampoo

0

80

10

150

2.7

1.4

4

643

Deo_spray

12

224

53.3

394

0.36

0.32

0.41

143

Hairfoam

15

0.04

0.04

0.04

3

2.5

3.5

643

Bodylotion_milk

0

26

3.9

48.1

1.8

1.4

2.1

1105

Handcream

10

10.4

1.6

19.1

0.9

0.8

1.1

904

Shampoo

416

80

10

150

5.2

4

6.5

904

Conditioner_rinse

420

8.1

0.023

16.2

7.7

6.5

8.9

904

Bodylotion_milk

446

26

3.9

48.1

1.8

1.4

2.1

1105
201

Deo_spray

445

224

53.3

394

0.36

0.32

0.41

Eye_cream

447

115

16.3

214

0.1

0.1

0.1

10

Handcream

450

10.4

1.6

19.1

0.9

0.8

1.1

904

Face_daycream

0

115

16.3

214

0.45

0.4

0.5

840

Face_daycream

720

115

16.3

214

0.45

0.4

0.5

840
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A2.5. Modelling indoor air concentrations of D5
The occurrence of D5 in the indoor environment should reflect the consumer use of D5-containing
C&PCPs (Hodgson et al., 2003; Maddalena et al., 2011). In order to verify the consumer use data and
the modelling assumptions employed in PACEM we attempted to predict D5 concentrations in indoor
air and evaluate the modelling results in relation to existing measurement data. The main test data
were from (Pieri et al., 2013), in which 91 air samples were collected from eight types of indoor
residential environments in the UK and Italy and analyzed for presence of linear and cyclic siloxanes
using thermal desorption gas chromatography coupled with mass spectrometry (TD-GC/MS). The
sampling protocol required the windows and doors being kept closed at least for 8 hours prior to the
air sampling event. The most abundant cVMS found indoors was D5, with average concentrations
ranging from 7.5 to 170 g/m in the samples from Italy and 45-270 g/m in indoor environments in
3

3

the UK. The variability of D5 air concentrations among different room types was significant for both
countries. Elevated residential concentrations of D5 were typically observed in bathrooms, adults‘
rooms and children‘s bedrooms.
Time-dependent indoor air concentrations were modelled using the PACEM‘s output of aggregate
consumer exposure as a starting point. For every individual in the PACEM population the amounts of
D5-containing C&PCPs applied daily either dermally or in sprays were fed into a simple mechanistic
box model to simulate the fate of D5 in the indoor environment. The exposure-related parameters
assumed in the model were similar to those encountered for the development of inhalation exposure
fractions in PACEM, namely: 1) D5 is instantly applied in the pure form; 2) aggregated application of
3

C&PCPs occurs in space of volume of U(2; 10) m with the ventilation rate of U(1; 5) times/hour; 3)
skin temperature is 32ºC (relevant for volatilization of D5 from skin); 4) the room air is well mixed at all
times. The fate model comprises the ―evaporation‖ and the ―spraying‖ modules, both copying the
corresponding models implemented in ConsExpo 4.0 consumer exposure assessment tool (Delmaar
et al., 2005).
The evaporation module explicitly models the release of D5 from the treated skin surface area by
evaporation. Volatilization of the compound from a thin liquid film formed on the skin after product
application is described with a set of coupled differential equations accounting for the time-dependent
mass balance of D5 remained in the source, evaporated into the air and subsequently being removed
by the ventilation. The rate of evaporation depends on the volatility of the liquid (vapour pressure or
boiling point), the dimensions of the source (surface area), and the environmental conditions, such as
air temperature, air velocity, direction, and turbulence. The vapour pressure of pure D5 at room
temperature is readily available (i.e. 33.2 Pa) and the vapour pressure at other temperatures can be
assessed using, for example Clausius-Clapeyron equation (assuming that between 290 K and the
boiling point temperature the change in the enthalpy of vaporization is linearly related to temperature):
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( )

(

eq. A2.1

)

where
P – is the vapour pressure (Pa)
P0 – vapor pressure (Pa) at a known temperature T0 (K)
H – enthalpy of vaporization (J/mol) at actual temperature T (K)
R – the ideal gas law constant (J/K/mol)
T – the actual temperature (in K)
Following the explanations given in (Gajjar et al., 2013), on the basis of mass transfer theory, the
2

specific evaporation rate Rii of a pure liquid (mol/m /s) can be expressed as:
eq. A2.2

where
kii – the gas-phase mass transfer coefficient (m/s)
3

Cii – the air concentration of substance i in equilibrium with pure liquid i (mol/m )
3

Ci – the air concentration of substance i in the room (mol/m )
pii – the vapor pressure of substance i (Pa) at actual temperature T (K)
3

R – the gas constant (Pa·m /mol/K)
T – the actual temperature (K)
Under most circumstances, Ci<<Cii, so that Ci can be neglected (Olsen et al., 1992), except for a few
extreme situations with very large evaporation surface areas and low ventilation rates (Jayjock, 2003).
The spraying module calculates an incremental mass of D5 vapour in the air by accounting for
continuous evaporation of aerosols generated during spraying (e.g. application of a deodorantantiperspirant, hair spray). A certain fraction of the initially sprayed product ends up on consumer‘s
skin and thereafter is excluded from the overall mass balance. The released aerosols/droplets are
described with the initial size-distributions, which were shown to be strongly product-type dependent
(Delmaar and Bremmer, 2009). The corresponding droplet size distributions relevant for eF4, eF15
and eF16 inhalation exposure fractions (Table A2-8) were taken from (Delmaar and Bremmer, 2009).
The module also considers droplets‘ deposition due to gravitational settling in the earth‘s gravity field.
The deposition is characterized by the diameter-dependent Stokes settling velocity, vs(dp):
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eq. A2.3

)

where
vs(dp) – Stokes settling velocity of the droplet with diameter dp (m/s)
dp – droplet/particle diameter (m)
µ – dynamic air viscosity (kg/m/s)
3

ρ – mass density of aerosol (kg/m )
2

g – acceleration due to gravity (m/s )
S – the correction factor (either slip correction or coefficient of drag). For droplets with dp<50 µm
falling in laminar flow (with Re<1.0) S=1, i.e. no correction necessary (Hinds, 1982).
The changing droplet diameter due to evaporation makes the settling velocity a time dependent
quantity decreasing with increasing residence time. Preliminary analysis revealed that, e.g. 1000 mg
of D5 released in an initial droplet size lognormal distribution with P50 = 8.3 and CV = 0.84 will
evaporate into the air within the first two to three minutes (Figure A2-2). Smaller masses will
evaporate even faster. Therefore, for simplification we assumed that pure liquid D5 released in
droplets will transition into the gas phase immediately. This assumption should not affect significantly
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the final results of the modelled D5 concentrations in indoor air.
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Figure A2.3. Time evolution of liquid D5 mass (1000 mg) depending on the droplet diameter
(lower panel). Mass of D5 transitioned into vapour is also shown (upper panel). The
simulations were carried in R (R Development Core Team, 2010) on the basis of the equations
shown above.
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A2.6. Uncertainty analysis
Table A2-11. Qualitative characterization of uncertainty and variability for the exposure factors
in PACEM.
Exposure factor

Type

Uncertainty

Variability

consumers‘ body weight

Variable (V)

source: uncertainty in the
estimation

source: natural inter-individual
variability

handling: considered small (selfreported values)

handling: individual values for
every person in the simulated
population

source: uncertainty in the
estimation by photographs plus the
measurement error while weighting
the product amounts

source: natural inter-individual
variability

product amounts reported
by consumers /
questionnaire respondents

Uncertain and
variable (UV)

handling: uniform distributions
assigned to each simulated
individual from the questionnaire
product use frequencies
reported by consumers /
questionnaire respondents

Uncertain and
variable (UV)

source: uncertainty associated with
imprecise answers specified in
broad ranges (e.g. 2-3 times per
week)
handling: uniform distributions
assigned to each simulated
individual from the questionnaire

market share of D5containing products

-

source: uncertainty in the
estimation
handling: not included

handling: point values drawn from
the individual distributions for every
person in the simulated population

source: natural inter-individual
variability
handling: point values drawn from
the individual distributions for every
person in the simulated population

source: spatial and temporal
variability among product
categories
handling: not included

product weight fractions

Uncertain and
variable (UV)

source: measurement error
handling: considered small

source: variability among different
product brands
handling: parametric distributions
assigned to each product category
in the model

exposure fractions

Uncertain and
variable (UV)

source: uncertainty associated with
the input parameters used to
calculate exposure fractions plus
the uncertainty from fitting
handling: considered small

route specific absorption
factors

Uncertain and
variable (UV)

source: uncertainty in the
estimation based on the data from
animal studies and experiments
with human volunteers
handling: considered small

source: natural inter-individual
variability
handling: uniform or beta
distributions assigned to
corresponding exposure scenarios
in the model (see SI)
source: natural inter-individual
variability. For dermal absorption
within-individual variation
depending on the body part
exposed
handling: considered small
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Figure A2.4. The uncertainty ranges for median (black curve) aggregate consumer exposure to
D5 in Dutch adult population. The darkest shaded area around the median curve represents
the maximum uncertainty associated with the reported product use amounts; the surrounding
lighter region illustrates the same value for both the amounts and use frequencies considered
together; the lightest area comprise in addition the uncertainty from estimated D5 weight
fractions; the outermost margins include all the uncertain parameters modelled in one run, i.e.
use amounts, application frequencies, D5 product concentrations and the route-specific
exposure fractions. The red curve represents the upper limit of the uncertainty range.

A2.7. Variance-based global sensitivity analysis (GSA)
The first order and the total Sobol‘s sensitivity indices for the higher tier model inputs were calculated
(Table A2-12) based on the 100,000 population sample reconstructed from the survey population,
following the approach as described elsewhere (Jansen, 1999; Saltelli et al., 2010). The first order
sensitivity indices measure only the contribution of the main effect of the input variable, whereas the
total index is a summary sensitivity measure inclusive of interactions effect of any order (Homma and
Saltelli, 1996; Sobol, 2001). The interaction effect between the two inputs represents part of the
output variance that cannot be explained by the sum of the individual main effects of these two inputs
(Saltelli et al., 2000). Therefore, the total index accounts for all possible (synergistic) terms between
the given parameter and all the others. The adopted GSA method performs well regardless of the
model‘s linearity and monotonicity assumptions.
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Sensitivity indices in Table A2-12 represent a measure of the importance of a particular exposure
parameter for the population internal exposure stemming from a certain product. The fact that the total
indices are typically higher than the corresponding first-order indices indicates that the input
parameters will interact and therefore will have a higher impact on the output uncertainty. Considering
the example of a body lotion, the sum of the first-order indices for females equals to 0.53, with the use
amount, use frequency and D5 concentration sharing almost equally the total contribution. Still 47% of
the output variance is explained by interactions of input variances (and uncertainties). For men the
variation of the amount factor is more pronounced, leading to the nearly two-fold increase of its
contribution when compared to other parameters. Interestingly, the total variance of D5 exposure from
lipstick is mostly governed by the variation of the use frequency parameter. Overall, the variance of
the body weight and the route-specific exposure fractions (data not shown) exhibit almost no direct
influence on the output metric for any C&PCP. Finally, the first-order indices above one designate the
C&PCP categories, for which the empirical cumulative distribution functions of the input variables
have prominent steps. Zero valued indices occur in the case the input parameter per se has zero
variance (e.g. the constructed user population consists of the same individual). For such factors larger
population size is required to enhance the input data.
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Table A2-12. Sobol’s first-order sensitivity indices (first SI) and total sensitivity indices (total SI) for the main C&PCP categories contributing to the
aggregate consumer internal exposure of D5 calculated with PACEM.
Product

Women
N

body weight

use amount

Men
use frequency

D5 concentration

first SI

total SI

first SI

total SI

first SI

total SI

first SI

total SI

N

body weight

use amount

use frequency

first SI

total SI

first SI

total SI

first SI

total SI

D5 concentration
first SI

total SI

Aftershave balsam

3,067

0.011

0.027

0.456

0.829

0.243

0.600

0.125

0.288

13,797

0.015

0.033

0.437

0.929

0.393

0.845

0.169

0.319

Aftershave spray

1,509

0.024

0.038

0.185

0.280

0.268

0.381

0.249

0.394

8,443

0.020

0.041

0.123

0.202

0.389

0.533

0.241

0.383

Aftersun cream

28,668

0.003

0.019

0.097

0.353

0.170

0.474

0.070

0.380

14,957

0.002

0.015

0.123

0.606

0.269

0.774

0.068

0.350

Body lotion

40,980

0.009

0.036

0.164

0.405

0.189

0.436

0.171

0.451

8,784

0.003

0.025

0.209

0.570

0.110

0.423

0.100

0.408

Deo roller/stick

24,519

0.011

0.038

0.506

0.709

0.110

0.264

0.062

0.179

15,316

0.023

0.058

0.610

1.167

0.362

0.748

0.162

0.277

Deo spray

31,989

0.011

0.030

0.452

0.745

0.159

0.354

0.120

0.304

22,119

0.015

0.039

0.560

1.649

0.292

0.643

0.172

0.342

Face cream

72,307

0.016

0.036

0.154

0.293

0.131

0.258

0.366

0.550

5,557

0.011

0.041

0.185

0.412

0.224

0.490

0.214

0.432

Hair spray

25,706

0.004

0.029

0.186

0.472

0.175

0.479

0.063

0.306

4,304

0.005

0.012

0.288

1.156

0.506

1.603

0.186

0.378

Handcream

40,158

0.007

0.030

0.065

0.229

0.306

0.614

0.147

0.421

11,233

0.003

0.021

0.056

0.265

0.531

1.066

0.098

0.396

Lipstick

32,314

0.013

0.039

0.047

0.110

0.596

0.765

0.088

0.209

796

0.001

0.006

0.001

0.001

0.895

1.057

0.064

0.202

Liquid foundation

17,871

0.013

0.040

0.218

0.445

0.321

0.617

0.192

0.393

197

0.000

0.000

0.247

0.517

0.246

0.500

0.323

0.513

Makeup remover

22,797

0.016

0.043

0.365

0.576

0.082

0.189

0.199

0.390

197

0.000

0.000

0.091

0.160

0.432

0.570

0.365

0.503

Perfume spray

45,331

0.032

0.062

0.167

0.256

0.543

0.656

0.016

0.030

16,865

0.012

0.026

0.151

0.270

0.404

0.532

0.010

0.024

Sunscreen cream

45,502

0.005

0.028

0.093

0.465

0.274

0.700

0.067

0.317

24,192

0.002

0.014

0.185

0.832

0.358

1.041

0.083

0.341

Toothpaste

55,347

0.059

0.084

0.478

0.580

0.168

0.232

0.000

0.000

32,090

0.037

0.056

0.436

0.532

0.239

0.312

0.000

0.000
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A3.1. Selected cosmetic products

Figure A3.1. Commercial D5-containing cosmetic products used in the experiments.

Appendix 3: Supplementary material to Chapter 4

A
Figure A3.2. The ingredients list of deodorant/antiperspirant (A) and face cream (B).
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B
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A3.2. SPE trapping efficiency tests
A3.2.1. Method description
A Pasteur pipette was filled with a punch of glass wool. The lower end of the pipette was tightly
connected with a clean SPE ENV+ cartridge. 20 µL of D5 stock solution in n-hexane (C = 46.3 µg/µl)
was spiked on the glass wool following by purging an ultra-pure N2 flow (1 L/hour) through the Pasteur
pipette for 1 hour. The experiments were repeated three times.

A3.2.2. Analysis
After one hour N2 flow was stopped and the Pasteur pipette and the SPE cartridge were
disassembled. The inner content of the pipette was rinsed with 3 mL of n-hexane. The trapped
material was eluted from the adsorbent in the SPE cartridge with 2 mL of DCM:n-hexane mixture (1:9
v/v). 1 mL aliquots of eluates were analyzed with GC/FID. The concentrations of D5 in samples were
quantified using the calibration curve constructed from 7 standard solutions with 0.05−50 μg/μL
concentration range.

A3.2.3. Results
Table A3.1. The efficiency of SPE ENV+ cartridges for capturing D5 vapour.
Experiment 1
Initial applied D5 amount, mg

Experiment 2

Experiment 3

Average

Standard
deviation
-

0.93

0.93

0.93

0.93

<LOQ

<LOQ

<LOQ

-

-

D5 amount recovered from SPE trap, mg

0.87

0.91

0.94

0.91

0.04

Trap efficiency

93%

98%

102%

98%

4%

Residual D5 in Pasteur pipette, mg
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A3.3. Compartment model for (re)evaporation of neat D5 from the Stratum
Corneum

A3.3.1. Model parameterization
Parameter

Notation

Unit

Value
Scenario 1

Scenario 2

kevap

µg/cm2/min

60

60

zero-order rate constant for D5 absorption into skin

k1

µg/cm2/min

Ddose/SA/15 - kevap

is optimized

first-order rate constant of (re)evaporation of neat D5
from SC

k-1

min-1

is optimized

is optimized

zero-order rate constant of D5 absorption from skin
into the receptor fluid

k-2

µg/cm2/min

0.004/60

0.004/60

Ddose

µg

9500

9500

SA

cm2

2.3

2.3

zero-order evaporation rate constant of neat D5 from
surface film

initial applied amount of neat D5
exposed surface area

A3.3.2. Model equations
for t < tclear

for t > tclear

Description
Calculations of the amount of D5 on the skin
surface
Calculations of the amount of D5 evaporated
Calculations of the amount of D5 in the skin
Calculations of the amount of D5 in the receptor
fluid
Calculations of the amount penetrated into the
skin within the whole exposure time
Calculations of the percent of the applied dose
penetrated
Overall mass balance

Initial conditions (at t = 0):
Aevap = 0 [µg]
Asur = 9500 [µg]
Askin = 0 [µg]
Afluid = 0 [µg]
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A3.3.3. Results of the non-linear (a Newton-type algorithm) optimization

Figure A3.3. Fitting (re)evaporation rate constant to experimental data (coloured
points) in Scenario 1.
-1

Resulted optimized k-1 = 0.018 (95% CI = 0.013 – 0.024) [min ]

Figure A3.4. Fitting (re)evaporation rate constant to experimental data (coloured
points) in Scenario 2.
-1

Resulted optimized k-1 = 0.018 (95% CI = 0.013 – 0.024) [min ]
2
Resulted optimized k1 = 203 (95% CI = 169 – 236) [µg/cm /min]
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A3.4. Statistical analysis
Table A3.2. ANOVA table for measured evaporation rates of D5 applied to aluminum.
Effect

Factor

Degrees of
freedom

Sum of squared
residuals

Mean square
error

F-value

p-value

Product formulationa

Temperature b

1

0.0074

0.0074

203.2

<2e-16

Product form

2

0.0040

0.0020

55.4

1.6e-13

Residuals

51

0.0018

0.00004

-

-

a

– data from the experiments with aluminum foil only was analyzed

b

– temperature is chosen as a fixed block parameter to reduce variation among data blocks

Figure A3.5. Tukey's range test for measured evaporation rates of D5 applied to aluminum at
32°C. All treatment mean group differences with the exception of the neat-deodorant pair are
significantly different from zero.

Table A3.3. Condition-specific evaporation rates of D5 determined in the test chamber
experiments.
Mean evaporation rates of D5 (95% CI), mg/cm2/min

Temperature

Surface

neat substance

deodorant/antiperspirant

face cream

23°C

aluminum

0.029 (0.024; 0.039)

0.028 (0.020; 0.037)

0.016 (0.010; 0.021)

32°C

aluminum

0.060 (0.055; 0.068)

0.053 (0.044; 0.064)

0.032 (0.026; 0.038)

32°C

porcine skin

0.056 (0.041; 0.075)

0.056 (0.044; 0.068)a

0.058 (0.049; 0.081)a

a

– in the experiments the product layer remained on the skin surface until the very end of exposure time
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Figure A3.6. D5 disposition mass balance in skin in vitro experiments.
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Figure A3.7. Correlation between the evaporated D5 mass and the initial applied dose
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