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Introduction to Toxicological Risk Assessment for Cabin Air Pollution

In the FACTS project, this task focusses on the human health toxicological risk assessment of
chemicals present in the cabin air. Toxicological risk assessment focusses on the potential adverse
health effects of chemicals. In this task of the FACTS project, we assess the applicability of existing
reference values for workers and general public for the risk assessment of chemicals in cabin air.
During the flight, the cabin air environment is different from default environmental conditions regarding
ambient pressure, humidity, radiation etc. Existing reference values1 are not designed for the
particular environmental conditions during flights. This raises the question whether existing reference
values are applicable for cabin air risk assessment. The existing default assessment factors and
conditions for which these values are derived are compared to the cabin air situation and the
categories of people present in commercial airlines (air crew and passengers). For this purpose, a
description of the cabin air environment and relevant differences with atmospheric air is given. Based
on the available information, deviating parameters influencing the toxicodynamic and -kinetic of
chemicals in the cabin are assessed as well as factors influencing individuals susceptibility. Next,
conclusions are drawn on whether existing reference values for the occupational and for general
population can be directly applied to the cabin air situation. In case the existing reference values are
not applicable, suggestions are provided for adaptation of the reference values or their use is advised
against. In addition, a risk assessment framework is proposed to assess the human health risks, as a
result of exposure to fume events (originated from contamination of the bleed air supplied to the air
condition) as well as of long term exposure to cabin air.
It is highlighted that toxicological risk assessment is an approach to identify and mitigate potential
health risk on a population level. It does not establish causal links between exposure and experienced
health effects in exposed individuals. Although the toxicological risk assessment discussed in this
section is focussed to (mixtures) of chemicals, particulates (ranging in size from the nanoscale to
particulate matter of 10 µm (PM10)) can in principle also be included. For the larger size particulates
(PM2.5 and PM10) air quality standards are available for the general population. In occupational
settings reference values exist for the inhalable or respiratory fraction of some solid materials (e.g.
cobalt, wood dust) or fumes (e.g. welding fumes, diesel exhaust fumes). As for smaller particulates,
like ultrafine particulates (UFPs), they can have distinct toxicological properties compared to the more
traditional chemicals. In the recent years large scale EU-funded research programs have been
undertaken to further understand their toxicological mechanisms. It is recommended to follow the
developments of these programs and the work of the OECD to see how exposure to UFPs could be
integrated in the risk assessment of chemicals.

2

Introduction to chemical safety, risk assessment and reference values

Reference values are used in the risk assessment of chemicals around the world. This paragraph
shortly describes the principles of toxicological risk assessment and the use of reference values in the
risk assessment. More detailed and elaborate information on risk assessment and reference values can
be found on the following websites and documents:
- www.who.int/ipcs/en/ (International Programme on Chemical Safety)
o www.inchem.org/documents/ehc/ehc/ehc210.htm (principles for the assessment of
risks to human health from exposure to chemicals)
o www.inchem.org/documents/ehc/ehc/ehc170.htm (derivation of guidance values for
health-based exposure limits
- www.oecd.org/chemicalsafety/risk-assessment/ (Organisation for Economic Co-operation and
Development)
o www.oecd.org/chemicalsafety/testing/oecd-guidelines-testing-chemicals-relateddocuments.htm (OECD test guidelines programme)
- https://echa.europa.eu/home (European Chemicals Agency)

1

Throughout this document the term reference value is used as generic term for derived safe exposure levels,
also known as limit values. Depending on the regulatory framework and application domain, these reference
value have specific names such as DNEL, OEL, ADI, TDI, TWI, RfD, RfC, STEL, PL, Indoor air guideline values.
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https://echa.europa.eu/guidance-documents/guidance-on-information-requirementsand-chemical-safety-assessment (guidance on performing a chemical safety
assessment)
Risk Assessment of Chemicals: an introduction. C.J. van Leeuwen, T.G. Vermeire (Editors)
2007, Springer Netherlands, second edition, ISBN 978-1-4020-6101-1
Methodology for derivation of occupational exposure limits of chemical agents. The General
Decision-Making Framework of the Scientific Committee on Occupational Exposure Limits
(SCOEL) 2017. Luxembourg: Publications Office of the European Union, 2018
o

-

The default methodology in the risk assessment of chemicals is predominantly aimed at exposure to
single chemicals, generally not to mixtures or to combined exposures. Mixtures relate to a more or less
defined set of chemicals from one source (paint, white spirits, mineral oil or diesel exhaust) where
exposure is simultaneous. Combined exposures are more diffuse regarding the source, route, timing
and duration of exposure. Nevertheless, several frameworks for the assessment of chemical mixtures
or combined exposures have been developed by international bodies in recent years, i.e. WHO/IPCS
(reviewed by Kienzler, Bopp et al. 2016). These frameworks (Meek, Boobis et al. 2011; Price, Han et
al. 2012; SCHER, SCENIHR et al. 2012) provide high-level guidance as well as tiered approaches for
screening level assessments and further refinements. However, limitations arise due to the lack of data
for performing higher tier assessments as well as the infinite number of possibilities when applying
whole mixture approaches for simultaneous exposure to less defined mixtures or combined exposures.
In the present report, mixtures is used as an overarching term referring to both actual mixtures and
situations of combined exposures. An overview of current EU-research in mixture toxicology and their
challenges is given by Bopp, Barouki et al. (2018).

2.1

Purpose of risk assessment of chemicals

Toxicology is based on the principle that all chemicals, even water, are toxic. It will depend on the
dose and the duration of exposure whether adverse effects occur. The overall methodology in the risk
assessment of chemicals is therefore to compare the exposure of the chemical of interest (exposure
assessment) with the toxic potential of that chemical (hazard characterisation), taking into account
uncertainties and variability.
The main purpose of performing risk assessments in the field of chemical safety is to achieve safe
working conditions for workforces, safe environments for the general population and safe use of
individual chemicals, of mixtures of chemicals or of consumers products. Reference values are tools
to mark acceptable levels of exposure. They are derived from the known toxicity information of the
chemical (hazard characterisation), often based on animal studies, taking into account variability and
uncertainty about e.g. differences in sensitivity between humans and between humans and animals.
Ultimately, a reference value is meant to be a conservative estimate of an exposure level that is
deemed safe for most of the exposed human population, considered what is known about the toxic
effects given the duration and frequency of the considered exposure. Safety in that sense is defined
as the strong probability that adverse effects will not occur when exposed at the level of a reference
value during the specified or assumed exposure duration and frequency. For one chemical, there can
be multiple reference values, depending on the exposed population (general population, worker),
exposure route (dermal, oral, inhalation) and duration and frequency of exposure (continuous and
lifelong or intermittent and occupational) for which they are applicable.
For some types of adverse effects, a safe exposure level cannot be identified, i.e. for so called nonthreshold effects. For instance, for genotoxic carcinogens it is assumed that whatever low exposure
could still represent a risk. In such cases, the reference value refers to an accepted risk level e.g. an
exposure that corresponds to a very low probability of cancer development (for instance an exposure
level that corresponds to a 1 in 1.000.000 probability of the development of cancer when lifelong
exposed).
Simply put, a toxicological risk assessment compares the assumed exposure to a chemical with an
appropriate reference value (safe exposure level) to determine whether the risk is acceptable or not.
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Reference values; how are they derived?

Within regulatory frameworks, scientists and risk managers use reference values to determine
acceptable exposure levels. Reference values indicate an exposure level without induction of adverse
health effects or associated with accepted risk level for a given exposure situation. Although reference
values protect the population of interest, they don’t guarantee the ‘absolute absence of risk’ in each
person within the exposed population, in view of the inherent uncertainties in their derivation (potential
hypersusceptible individuals; specific toxicity could be undetected in animal or human studies).
Sometimes other arguments besides the induction of adverse health effects drive the derivation of
reference values. For instance, pesticides are considered undesirable in the drinking water and
therefore reference values are set at the level of detection and feasibility aspects can modify an
occupational reference value. The description in the chapter focusses on health-based reference
values and its general approach. This is mostly based on the European REACH framework.
Deviations may apply in specific regulatory frameworks.
There exist many different reference values each with their own name indicating the relevant
framework (food safety, consumer safety, worker safety) and/or application range. These reference
values all have their specific application domain, regarding exposure conditions, population and effect
type (see Table 1). Depending on the application domain, application variables may differ and
therefore reference values for the same chemical may differ in concentration or dosage.
Table 1: Example of application variables of a reference value
Variable
Possible values
Daily exposure time
15 minutes; 8 hours; 24 hours
Exposure duration
Short, intermediate, working years, throughout entire lifespan
Population type
Workers; General population
Type of effects
Acute; Chronic
Route of exposure
Oral, dermal, inhalation
Health risk
No adverse effects; discomfort; Irreversible or other serious,
long-lasting adverse effects; Life-threatening or death
Ideally, human data are used for the derivation of a reference value. In that case, the relevant doseresponse function for humans is determined. Next, an exposure level is derived that did not show, or
is not assumed to have, any adverse effects. These human data are however frequently not available,
or the data are not suitable to derive a reference value. Consequently, most of the reference values
are based on toxicity studies in animals. The general approach for establishing reference values from
animal toxicity studies consists of two different steps: a) evaluation of the toxicological database and
b) application of so-called safety or assessment factors.
In short, a reference value is obtained by dividing i) the dosage corresponding to a no-effect level by
ii) the combination of relevant assessment factors. The approach in which assessment factors are
applied and combined (i.e., by multiplication) to derive a reference value, is considered conservative
i.e. it is engineered to error on the side of caution. The REACH guidance (ECHA 2012) states:
‘Typically, the overall assessment factor is the product of the individual assessment factors, by
assuming independency of the factors. It is to be realised that this multiplication is in general very
conservative: when each individual assessment factor by itself is regarded as conservative,
multiplication will lead to a piling up of conservatism. Hence, the more extrapolation steps are taken
into account, the higher the level of conservatism’.
Although the approach to derive reference values is in general conservative, one need to keep in
mind that most chemicals are not tested for all types of health effects. And some human health effects
cannot be detected in animal toxicity testing as there might not be a suitable animal model for those
effects. For the interpretation of a reference value, it is among others important to know the
toxicological database the reference value is based on. This provides insight in the type of health
effects that are tested.
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Evaluation of the toxicological database

Manufactured chemicals on the market today all have undergone a certain degree of testing to
determine the physical, chemical and toxicological properties of that chemical. Many different toxicity
tests exist, however, most regulatory frameworks use only approved OECD test guideline tests: “The
OECD Guidelines for the testing of chemicals are a collection of the most relevant internationally
agreed testing methods used by governments, industry and independent laboratories to assess the
safety of chemicals. They are primarily used in regulatory safety testing and subsequent chemical
notification and registration. The set of Test Guidelines is updated on a regular basis to keep pace
with progress in science and countries’ regulatory needs.“
(www.oecd.org/env/ehs/testing/oecdguidelinesforthetestingofchemicals.htm).
Briefly, these tests are designed to expose groups of animals to different exposure levels (mostly
three) of the chemical of interest. Induction of adverse health effects is evaluated against a control
group. It is important to realize that different types of health effects, also called endpoints, require
different types of tests. In addition, tests can be performed for different exposure routes (inhalation,
oral or dermal). International test guidelines ensure standardisation and harmonisation of toxicity
testing around the world.
Different regulatory frameworks have different information requirements: i.e. the types of tests that are
required to collect sufficient information about the toxicological properties of the chemical. For the
European REACH regulation, the information requirements are dependent on the total annual volume
of the chemical that is manufactured or imported into the European Union (EU). Chemicals with a
production/import tonnage exceeding 1.000 tons per year should have at least information related to
acute toxicity, skin sensitisation, irritation and corrosion, sub-chronic (90 days), developmental and
reproductive toxicity. Depending on the outcomes of these studies, additional toxicity tests may be
required regarding the length of exposure (> 12 months chronic toxicity study) or endpoint specific
(carcinogenicity, immunotoxicity, neurotoxicity). For chemicals at a lower tonnage level, less
information is required, which translates to shorter exposure periods and/or less endpoints that need
to be characterized. Chemicals that have been on the market for a long time and are frequently used
by industry, often have toxicological data in the form of epidemiological data. These studies
investigate the adverse effects in the workers of exposure to chemicals on the workplace. In many
cases, this information can be used, either in combination with animal studies or alone, as basis for
the derivation of reference values.
For chemicals that are not engineered, manufactured or imported in the EU or in other important
economic regions or countries (e.g. USA, Japan), toxicity data are often not available. This is the case
for instance for many chemicals that are formed in combustion processes. As with industrial
chemicals, epidemiological studies may be present for those chemicals that are wide spread and with
a long history of human exposure in the general population.
For particulates, especially the ultrafine particles (UFP), the commonly used OECD test guideline for
chemicals to assess the hazards and dose-response curves might not be suitable as parameters such
as size, shape and oxidative potential can influence the toxicity of such particles. It is therefore very
important to characterize the UFP of interest. New testing strategies are being developed particularly
for UFPs to identify most important parameters. Large EU-funded projects (NanoReg; Gracious,
Patrols) have been conducted in the last years or are still ongoing to further refine testing strategies
for UFPs. In addition, OECD is updating and developing several test guidelines and guidance
documents to make them better applicable for UFPs.
The evaluation of the toxicological database consists of the determination of a so-called “point of
departure “(PoD). This PoD is either one of the dose groups in the experimental design or derived
from dose-response modelling (see figure 1). The latter is preferred as this takes into account all
available data points and is more informative about the effect size and its confidence interval. When
the experimental dosing groups are used, the dose at which no adverse effects are observed (the noobserved-adverse-effect level (NOAEL)) is identified and used as PoD, This the lowest dosage,
considering all available studies, that did no show a significant effect in the exposed dosage group
compared to the non-exposed control animals. If a NOAEL can’t be identified, the lowest observedadverse-effect dose group level (LOAEL) is used as PoD. Dose response modelling, or benchmark
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dose (BMD) analysis, generates a function that best represents the observed data. A benchmark
response (BMR) is chosen as a predefined small effect that is not considered to be adverse. The
corresponding benchmark dose (with a confidence interval) represents the lowest dosage resulting in
the benchmark response in the exposed animals compared to the non-exposed control animals.
A reference value is derived for a specific standard exposure scenario, such as an 8-hour time
weighted average (for 5 days/week) in case of an occupational exposure limit or continuous 24/7
exposures in case of the general population. When an appropriate PoD has been determined, the
experimental exposure conditions will be extrapolated to the target human standard scenario.
Common adjustments then may include, for instance, the daily exposure duration, number of days
exposed during a week or differences in respiratory volume when light activity is expected.

Figure 1: Visualisation of typical results in an animal toxicity experiment for a certain endpoint. The
response, the fraction of animals with a particular observed effect, is stated for four different dose
groups (1, 3, 10 and 30) and a control group. The preferred point of departure (PoD) is the lower limit
of the benchmark dose (BMDL). The benchmark dose (BMD) is the dose that corresponds to a
predefined small effect that is not considered to be adverse (the benchmark response (BMR)). The
BMDU is the upper limit of the benchmark dose. The upper and lower limit of the benchmark dose is
determined by the 95% confidence interval.

3.2

Application of assessment factors

The terms ‘safety factor’, ‘assessment factor’, ‘extrapolation factor’ and ‘protection factor’ are used to
describe the approach to progress from the PoD, adjusted for the specific exposure scenario, to a
reference value. These factors were initially introduced in the early 1950s for the derivation of
Acceptable Daily Intakes (ADIs) for food additives or contaminants. These ADIs were based on the
NOAELs established in the experimental animal studies and intended to provide protection for a
lifetime-exposed general population. Since then, several regulatory frameworks or industry groups
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have published modifications and applications of these factors (see Martin, Martin et al. 2013 for an
overview). The specific assessment factors given in the examples below are based on the REACH
guidance for the derivation of Derived No Effect levels (DNELs) (ECHA 2012), and are given to
illustrate the various sources of uncertainty and variability; different assessment factors are being
used in other frameworks.
Underlying principle
The basic rationale behind the application of assessment factors stems from the fact that humans are
not animals and may be more susceptible for chemical exposures. In addition, not every human
individual has the same response sensitivity. In addition, uncertainty in the experimental setup and
toxicological database are considered. Assessment factors can address variation in biological
responses or uncertainties (specific or generic). The application of an assessment factor for a given
situation is not automatic or easy to codify. It is subject to evaluation, sometimes involving expert
consensus, on issues such as adequacy of the toxicological database and adversity of a given effect.
The resulting reference value should be interpreted as an exposure level that is considered safe for
most of the population in the specified or assumed exposure scenario.
Sources of biological variance and uncertainty for the application of assessment factors
Sensitivity of the human population-intraspecies factor (biological variability)
Humans differ in sensitivity to the impact of chemicals due to differences in e.g. genetics, age, gender
and health status. These intraspecies differences are larger between humans than between inbred
experimental animal populations used in the toxicity tests. Therefore, to account for the variability in
sensitivity between humans, an assessment factor for intraspecies differences is applied. In Europe
under the REACH regulation, a factor of 10 is assumed to protect the larger part of the population
including e.g. children and the elderly. It is recognised that in order to always cover the most sensitive
person exposed to any chemical, a very large default assessment factor would be needed, which is
not considered feasible nor known. For workers, an assessment factor of 5 is used, since this subpopulation does not include the very young, the very old, and the ill, and will therefore have less
variability.
Difference between humans and test animals-interspecies factor (biological variability and uncertainty)
The experimental animal populations used in toxicity testing are used as model for the human
population. The use of test animals instead of humans is obvious from an ethical point of view.
However, experimental animals are of course different from humans. There can be a susceptibility
difference between two animal species, however this is usually unknow beforehand for a particular
chemical. Therefore in the risk assessment, humans are assumed to be more sensitive for the toxic
effects of a chemical compared to experimental animals as conservative approach. If chemicalspecific data is available about specific susceptibility differences between species, this should be
accounted for accordingly. Part of sensitivity differences between species is explained by differences
in body size and subsequent basal metabolic rate. For oral exposures, where doses are expressed in
kilogram per bodyweight, allometric scaling is needed to adjust the dose to equivalent human doses.
These allometric scaling factors differ per animal species; e.g. rat (4), mouse (7), dog (1.4) and
monkey (2). In case of inhalatory exposure in the experimental animal study, there is no need for
adjustment based on allometric scaling since breathing parameters are already scaled to allometric
differences. In addition to this allometric scaling, an arbitrary factor of 2.5 is applied for other,
remaining, interspecies differences not related to body size or metabolic rates.
Duration of exposure (uncertainty)
A reference value for chronic inhalatory exposure for workers, an occupational exposure limit (OEL),
is derived for an exposure for 8 hours per day, 5 days per week, 48 weeks per year for a working life
(40 years). This is in accordance to international agreement. For the general population chronic
exposure refers to the default situation of an inhalatory exposure during 24 hours per day, 7 days per
week, 52 week per year lifelong (70 years). In the derivation of a PoD (see section above), the
exposure regimes in the test experiment (hours/day, days/week) are linearly extrapolated to
continuous exposure. Such a linear extrapolation will result in lower exposure levels and lower
internal concentrations, but for a longer duration. The inhaled dose remains similar, but because of
the differences in exposure level and duration this does not automatically mean that risks remain
similar. This extrapolation introduces uncertainties related to the toxicokinetics (potential for
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accumulation, differences in biotransformation) and toxicodynamics (saturation in specific pathways
relevant to the mode of action causing the toxic effects).
Reference values are meant to be protective for a whole (working) life. However, animal toxicity tests
are either subacute (28-days), subchronic (90-days) or chronic (1.5-2 years) studies. Although this
seems relatively short compared to the human exposure durations, the total life span of the
experimental animals is much shorter. The chronic experimental studies mimic exposure during the
entire life span and therefore no assessment factor for duration extrapolation is needed. For shorter
exposure time studies, extrapolation factors are applied as, in general, a) daily dosages that show
adverse effect in test animals will decrease with increasing exposure times and b) other and more
serious adverse health effects may appear with increasing exposure times. The default factor to go
from a subacute (28-days) to a subchronic (90-days) is three and from the subchronic (90-days) to
chronic (1.5-2 years) is two.
Issues related to dose-response (uncertainty)
As stated earlier, the preferred PoD is derived using dose-response modelling. Depending on the
study design and available data, dose-response modelling may not always be possible. In case only a
LOAEL is available for the PoD, an assessment factor between 3 and 10 should be considered. In
specific cases, however, a larger assessment factor may be applicable because of e.g. uncertainty
about the NOAEL due to study quality or very serious effects at dose levels slightly higher than the
NOAEL. Although the latter is considered within the REACH framework, this is not common practice
in all regulatory frameworks.
Quality of whole database (uncertainty)
An assessment factor could be applied to compensate for potential remaining uncertainties about the
quality of the whole toxicological database: i.e. the number and range of toxicity tests available for a
chemical. The toxicological database should be assessed to determine whether there are data gaps
that justify an assessment factor in addition to those that that are already covered by the above
assessment factors. The default assessment factor for the database quality is one, meaning it is
considered adequate unless the contrary is evident.

3.3

Non-threshold effects

For some toxicity endpoints, there are arguments to assume that a no-effect level does not exist
based on the mechanism of action, for instance for genotoxic carcinogens. These kind of endpoints
are so-called non-threshold effects, i.e. whatever low exposure could still represent a risk. For
genotoxic substances, the PoD is usually corresponding to an exposure level at which it is estimated
that 10 or 25% of the exposed animals develop treatment-related tumours. After adjustment for
exposure conditions, a human equivalent dose is determined for a given risk level assuming linear
extrapolation. A commonly used risk level for tumour development for the general population is 1 in
1.000.000 for lifelong exposure. The uncertainty and variability that are corrected by assessment
factors in case of threshold effects are considered to be covered by the linear extrapolation that is
assumed to be conservative.

3.4

Feasibility considerations

In some specific cases, reference values are derived not only based on toxicological data but also
considering other information. Feasibility and socio-economic arguments may be used to deviate from
the values derived with the abovementioned approaches. This leads to higher reference values than
based on toxicological information only. For example in setting occupational exposure levels (OELs)
these feasibility and socio-economic arguments are sometimes applied.

Copyright ©
Service Contract MOVE/B3/SER/2016-363/SI2.748114: Investigation of the quality level of the air inside the cabin of large
transport aeroplanes and its health implication

Doc.nr:
Version:
Classification:
Page:

4

FACTS-D7-T3B
Final
Public
10 of 38

The use of reference values

Reference values indicate an exposure level without induction of adverse health effects or associated
with an accepted risk level for a given exposure situation. It should be noted that although reference
values are derived to represent a safe level of exposure, this may not always be the case for different
reasons as mentioned before. Reference values are derived in relation to regulation of chemicals and
enforcement and are applied at the population level. If the exposure to a chemical is above an
applicable reference value, there may be a health risk. That will not automatically result in adverse
health effects for an exposed individual, as reference values do not indicate individual risks or risks in
specified single situations. On the other hand, exposure to a chemical below the applicable reference
value is no guarantee that adverse effects will not occur in some exposed individuals. It is recognized,
that risk managers and regulators will usually not take risk management actions if the exposure to a
chemical is below the applicable reference value. If a reference values appears to be consistently too
high in practice, a lowering of the value can be considered.
To estimate whether exposures above the reference value constitute a serious health risk,
toxicologists, exposure scientists and risk assessors perform a dedicated risk assessment. In such
risk assessment the nature of the effects seen at the PoD (and subsequent dosages in case of high
exposures) and the degree of exceedance is considered together with a refinement of the exposure
assessment.
For specific circumstances action levels are derived that do not represent a ‘safe’ exposure level but
indicate various effect levels. Emergency response planning deals with incidental, relatively high,
exposures. For instance, the Dutch Intervention Values and US EPA Acute Exposure Guideline
Levels (AEGL) (www.epa.gov/aegl) are derived for high incidental acute exposures. Different action
values are derived for different health effect levels. Not all frameworks use the same terminology and
level differentiation. The example below refers to the AEGL methodology :
Level 1: Notable discomfort, irritation, or certain asymptomatic non-sensory effects.
Level 2: Irreversible or other serious, long-lasting adverse health effects or an impaired ability to
escape.
Level 3: Life-threatening health effects or death.
An overview of different methodologies to derive action levels for high incidental acute exposures is
given in Bos, Ruijten et al. (2010)

4.1

Combined exposures and chemical mixtures

The default methodology in the risk assessment of chemicals is predominantly aimed at exposure to
single chemicals, generally not to mixtures or to combined exposures. Mixtures relate to a more or
less defined set of chemicals from one source (paint, white spirits, mineral oil or diesel exhaust) where
exposure is simultaneous. The need to take the effects of mixtures into account in the risk
assessment of chemicals is recognized in various regulatory settings (Kortenkamp and Faust 2018).
Next to that, in everyday life people experience combined exposures to chemicals from different
sources, via multiple routes, and deviating timing and duration of exposure between chemicals.
There are two main ways to consider combined exposures and exposure to a mixture in toxicological
risk assessment: i) component-based approach and ii) whole mixture approach.
The component-based approach looks at every single chemical and ways to group certain chemicals
based on co-exposure or their hazard profiles. Interactions between different chemicals affecting the
combined toxicity is assessed. The most appropriate method to account for this interaction is used in
the risk assessment. Usually, dose or concentration addition is applied and assumed to be
conservative enough for a first tier approach (EFSA Scientific Committee, More et al. 2019). With
dose or concentration addition one assumes that all chemicals have the same mode of action
resulting in the adverse effect and therefore the exposure levels of all chemicals can be summed.
In this first tier, the risk is commonly expressed using a Hazard Index. This is the sum of the hazard
quotients (the ratio between the measured exposure and the respective reference value) of all the
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individual chemicals in the assessment. In this most conservative approach, only exposures leading to
a Hazard Index <1 are assumed to constitute no risk.
The whole mixture approach is frequently used for poorly defined mixtures but is applicable to
mixtures of known composition as well. The advantage of the whole mixture approach is its holistic
nature, as the different components are considered as contributors to the overall toxicity of the
mixture, including any potential interactions. However, the whole mixture approach is limited in its
applicability as it is only useful for mixtures that are not variable in composition and are not expected
to change over time. The latter means that exposure to all components of the mixture is
simultaneously. This approach considers the whole mixture as a single chemical in the risk
assessment and requires a toxicological database of the whole mixture as such to derive a reference
value. In some cases, it may be possible to evaluate separate fractions of a mixture. The toxicity of
the fractions, that can be mixtures as well, is then assessed. When only a partial characterisation of
the mixture is available, another option is the selection of one component for which toxicological data
are available as an index chemical for the whole mixture.
More detailed information how to deal with mixture toxicology in relation to a dedicated risk
assessment framework for cabin air quality is described in chapter 6.
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Applicability of existing reference values for cabin air risk assessment

The cabin air environment and working conditions of the air crew constitute a unique combination of
exposure conditions. This has raised questions about the suitability of existing reference values for
use in the risk assessment of exposure to chemicals in the cabin air. In addition, reference values
derived for workers cannot be directly applied to the general population without adjustments.
Reference values are derived for general occupational settings or for the general population. They do
not take into account all the potential differences between the various workplaces and/or
environmental or individual factors around the globe. Whether or not environmental conditions are
relevant for the applicability of reference values should be assessed on a case by case basis.
Therefore, in this chapter we will further explore if and how existing (occupational) reference values
can be used for the assessment of the risk the chemicals in the cabin air pose to air crew and
passengers.

5.1

Factors influencing toxicity

The intrinsic toxicity (hazard) of chemicals will not change under different (occupational)
conditions/settings. However, changes in the exposure situation (i.e. physical conditions, such as
ambient air pressure and ventilation rate) may have an impact on (internal) exposure and physiology
and therefore the toxicological outcome in terms of a health risk. Effects of occupational conditions on
the human body also vary between individuals and depend on individual-related risk stratification
factors like Body Mass Index (BMI), smoking habits and underlying diseases. Roughly the potential for
adverse health effects of a chemical is influenced by three factors:
- Nature of the chemical (e.g. physicochemical properties)
- Exposure situation (e.g. physical conditions and exposure time)
- Individual (risk) factors (e.g. physical exertion, sensitivity and underlying diseases)
Each individual is unique and each body responds in a different way to environmental factors like air
ventilation (which may result changes in respiration rates), changes in atmospheric pressure (resulting
in e.g. airplane ear and/or slight hypoxia), humidity (resulting in e.g. dehydration and irritation of
mucous membranes), temperature (resulting in e.g. heat stress) and noise (resulting in e.g. neuronal
effects). Several of these factors can have an impact on the physiology of the human body and may
exacerbate existing health problems or even increase the health effects induced by chemicals (e.g.
augmented intake of airborne particles due to increased respiration rates).
Besides environmental factors, other factors including light/dark regime/jetlag (increased risk of e.g.
breast cancer), the duration of the flight and the body’s response on immobilization (risk of
thrombosis) can impair the body’s homeostasis and so increase its susceptibility. In addition,
individual risk stratifications factors including BMI, smoking, underlying diseases, susceptibility to
diseases, and interindividual sensitivity and differences in metabolism (biological variability) can
increase the risk of possible health effects induced by chemicals. Finally, psychological factors such
as claustrophobia, fear of flying, and the perception odours, colours and light conditions may result in
stress responses with health effects that are comparable to effects observed following exposure to
(high doses of) neurotoxicants.
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An overview of natural and physical factors affecting exposure in aircraft cabins is shown in Figure 2.

Figure 2: Natural and physical factors affecting exposure in aircraft cabins.

5.1.1

Nature of the chemical

Physicochemical properties (such as the molecular weight, size and octanol-water partition coefficient
(Log KOW)) determine the ability of a chemical to enter the human blood circulation following
inhalation, dermal and/or oral exposure. Based on Log KOW values, a chemical can be classified into
roughly two categories: hydrophilic molecules (Log KOW ≤2) and lipophilic molecules (Log KOW >2). In
the case of lipophilic chemicals, transfer from the aqueous environment of the intestine or respiratory
tract across cell membranes is generally a passive process. Lipophilic chemicals are expected to bind
significantly to serum proteins (e.g. albumin) and accumulation in lipid-rich tissues like brain, adipose
tissue and liver, resulting in (very) low free available concentrations. Chemicals with a high molecular
weight are larger molecules which have in general a lower bioavailability. The nature of the chemical
and its intrinsic toxicity does not change with differences in exposure conditions. However, exposure
conditions may alter the absorption rate or total absorbed dose of a chemical.
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Exposure situation

The combination of different physical ambient factors and specific working conditions for air crew may
be unique, but individually most of these factors are relevant for working environments in industrial
settings around the world (see Table 2). More details about these factors are described in Annex 1.
Table 2: Non-exhaustive list of environmental factors relevant to the working conditions for air crew.
The presence, absence or observed range of these factors are described for air crew and for other
industrial settings. If identified, the occupational standard is mentioned.
Factor
Air crew
Occupational (industrial) settings
Physical
Thermal comfort*
Temperature Controlled by Environmental
No occupational standards for absolute
Control System (ECS). Observed temperatures. In general temperatures
range between ~19°C and
≤30°C are recommended for light
~35°C1,3
working conditions2.
Ventilation rate Controlled by ECS, >0.28
Air exchange rates used in occupational
m3/minute per crewmember
chemical safety assessments are basic
according to EASA regulation CS (1-3), good (3-5) and enhanced (5-10)
25.831. Observed air exchange
general ventilation (times/hour)5.
rate ~20 times/hour3,4
Average 10-20% with an
No occupational standards for humidity.
Humidity observed range of 2-77%1,3
No significant sources of radiant
No occupational standards for radiant
Radiant heat heat identified
heat.
Aerosols
Biological Biological agents arise mostly
Biological agents can be present from
from inside sources (people).
both inside and outside sources. No
occupational standards exist for
bioaerosols due to limitations in
sampling and dose-response
relationships.
Combustion products Fume event incidents can
Occupational standards for diesel
contain combustion fumes from
exhaust particles exist in some countries
different sources.
(Germany, Austria, Switzerland, in the
USA for underground mining).
Radiation (ionizing)
Aircrew and passengers are
Exposure can occur in mines (radon); Xexposed to cosmic radiation
rays in the medical sector and through
equivalent to 0-5 mSv per
UV-light for outdoor workers.
year6,7.
Occupational standards for ionizing
radiation are set at 20 mSv in any single
year and 1 mSv (as low as possible) for
pregnant woman8.
Atmospheric pressure
Controlled by ECS; and kept at a The atmospheric pressure at sea level is
minimum of 75.3kPa (equivalent
101 kPa. No specific regulation exists to
of 8000 feet or ~2438 meters).
adjust for differences in atmospheric
For most of the time, the cabin
pressure on land when exposed to
pressure will be >80kPa9
chemicals (measured extremes 87-108
especially as newer aircraft types kPa). For hyperbaric conditions (diving,
try to increase the cabin pressure compressed air tunnelling) it was
for comfort reasons.
concluded that occupational standards
for chemicals do not need adjustments if
expressed in mg/m3 (instead of ppm)10.
Physiological stressors
Noise Cockpit ambient noise ranged
The Noise Directive 2003/10/EC sets a
between 75-80 dB (A) in a recent lower exposure action value of 80 dB as
survey of nine different aircraft
A-weighted equivalent sound pressure
types. Noise levels were higher
level for a representative working day
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Vibrations

Oxygen levels

Air crew
when the communication in the
headset was included: 84 -88 dB
(A)11. Another study measured
ambient noise levels for air crew
in six aircraft types in the same
range: 75-81 dB (A)12.
Vibrations during flight are due to
mass distribution and structural
stiffness of the aircraft. The
magnitude of vibrations
increases during turbulence. No
measurements relating to
vibrations and aircrew was
found.
The lower atmospheric pressure
at 8000 ft reduces the amount of
oxygen taken up in the blood
(saturation) with on average 4-5
percentage point; oxygen
saturation usually does not drop
below 90% 13,14. This is
equivalent to ~15% of oxygen
under normobaric conditions.
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Occupational (industrial) settings
related to eight hours. The lower
exposure action value of 135 dB is set
for the highest C-weighted peak level
during a representative working day.
The exposure limits are respectively 87
dB (A) and 140 dB (C).
The EU Directive 2002/44/EC sets a
standardised daily exposure action
value exposure limit for whole-body
vibration of 1,15 m/s2. Member States
may, in the case of air transport,
derogate from the whole-body reference
value if it is possible to comply despite
technical or organisational measures
taken.
Hypoxic atmospheres can occur in
specific workplaces as a fire prevention
measure. Workers may be required to
work in reduced oxygen atmospheres.
Working in oxygen deficient
environments down to 15% oxygen are
safe for most healthy, fit individuals if the
work tasks do not require high levels of
physical activity and occupational health
assessments derived from ‘fitness to fly’
guidance are utilised15.
No occupational standards for oxygen
content was found.

Organisational
Working hours
24-hour period

Yearly period

9 – 13 hours flight duty (time
between reporting for a duty and
engine shut off)16
≤1000 hours flight time
(time between an aircraft moving
for take-off and engine shut off)
≤1900 hours flight duty16

Changes in time zones
(jetlag)

Common for aircrew, rest
(acclimatisation) time (minimal 2
days) before the next flight duty
depends on time difference16.

Light/dark regime

When travelling north or
southbound without changing
time zones, the light intensity as
well as the amount of daylight
changes for air crew.
High direct responsibility for
pilots. Incapacitation or reduced
mental capacity have serious
consequences.

Responsibility

Directive 2003/88/EC restricts working
hours in the EU to 13 hours although
Member States can implement
derogations.
≤1920 hours are used in default
chemical safety assessments.
Directive 2003/88/EC restricts yearly
hours to 2304 (48*48) although Member
States can implement derogations.
Not common in industrial settings.
Working in alternating shifts can be
similar to changes in time zones. Shift
and night work restrictions differ among
Member States but usually include a
rest period after night work shifts.
No occupational standards for (day)light
intensity or light time exposure.

High responsibility occupations usually
have specific regulations that set resting
periods and working hours per day (see
working hours).
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Air crew
Pilots, and to a lesser degree
flight attendant, must undergo a
regular medical examination
(“fitness to fly”)17.
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Occupational (industrial) settings
Depending on the sector, medical
examinations or biomonitoring can be
performed to assess the individuals’
fitness or specific exposure to a
chemical.

1

Giaconia, Orioli et al. (2013)
Jacklitsch, Williams et al. (2016)
3 Schuchardt, Bitsch et al. (2014)
4 National Research Council (2002)
5 ECETOC (2012)
6 Desmaris (2016)
7 Lim (2002)
8 Directive 2013/59/Euratom - protection against ionising radiation
9 Kelly, Seccombe et al. (2007)
10 HSE (2000)
11 Müller and Schneider (2017)
12 Lindgren, Wieslander et al. (2009)
13 Muhm, Rock et al. (2007)
14 Humphreys, Deyermond et al. (2005)
15 HSE (2018)
16 Maximum working periods (in hours) for aircraft crews according to Commission Regulation (EU) No. 83/2014
17 EASA (2019)
2

*Thermal

comfort is a combination of absolute temperature, air speed, humidity and radiant heat. The NIOSH
published criteria for a recommended standard for heat stress considering these factors (Jacklitsch, Williams et
al. 2016).

5.1.3

Individual factors

In addition, individual risk stratifications factors including BMI, smoking habits, underlying diseases,
susceptibility to diseases, and interindividual differences in sensitivity and metabolism (biological
variability) can increase the risk of possible health effects. Perception of factors such as space, fear of
flying, odour, colour and light perception, etc. can result in stress responses with health effects that
are comparable to effects observed following exposure to (high doses of) neurotoxicants (Wolkoff,
Crump et al. 2016).

5.2

Potential for adjusting existing reference values

Due to different environmental circumstances in the cabin air compared to ground level; the
applicability of existing reference values for toxicological risk assessment is under discussion. Based
on the description of factors listed in table 2; the following factors are further explored to assess their
effect on the exposure situation and hence the applicability of existing reference values: exposure
duration and factors leading to differences in the internal dose. In addition, differences in individuals
factors are discussed. Co-exposure to other chemicals or agents are not a basis for adjusting existing
reference values in current occupational settings or for the general public although the application of a
mixture assessment factor has been suggested within the risk assessment community (Kortenkamp
and Faust 2018).

5.2.1

Exposure duration

Occupational exposure levels are usually set based on a time-weighted average (TWA) approach.
This is used when both the chemical concentration and exposure duration varies over time. The TWA
is the average exposure to a contaminant to which workers may be exposed without adverse effect
over a period such as in an 8-hour day or 40-hour week (an average work shift). There are however
restrictions regarding the discounting of peak exposures over an 8-hour period. Exposure conditions
for the air crew can be different with longer exposure durations on single days but shorter exposure
duration over a year (see section 6.2.1 for detailed information on working hours). The impact of these
differences depends on the toxicokinetic and toxicodynamic properties of the individual chemical.
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For some chemicals Short-Term Exposure Limits (STELs) are available. The STEL is a time weighted
limit value usually related to a 15-minute reference period above which exposure to a chemical should
not occur. The aim of a STEL is to prevent acute adverse health effects due to a short-term high
exposure that may not be controlled by the application of an 8-hour TWA limit. Short time exposure
conditions for air crew are not different regarding the exposure duration.
For the general population reference values are typically set for 24-hours per day, 7 day per week, 52
weeks per year for the total lifespan (70 years). For passengers, the exposure duration to chemicals
in the cabin air is significantly shorter. The reference value for the general population can therefore be
regarded as highly conservative with respect to exposure durations.

5.2.2

Exposure conditions leading to differences in the internal dose

The toxicological database that is the basis for the derivation of a reference value may consist of one
or more toxicity studies in experimental animals, and for chemicals that have been on the market for
many years, epidemiological information may be available. The dose-response function, and
subsequent the PoD, for systemic effects obtained in these studies is based on the external dose or
concentration of the chemical. During and following external exposure (oral, dermal or inhalation) the
chemical is absorbed (mainly through the gut, lung or skin) and, for systemic effects, it is the
subsequent internal dose that causes the observed adverse health effects. If the cabin environment
conditions alters the relationship between the external and internal exposure as compared to ground
level, this impacts the applicability of toxicity study results performed at ground level.
The potential internal dose due to exposure to chemicals in the cabin air via inhalation is determined
by the combination of a) the concentration of the chemical in the cabin air (expressed in
mass/volume), b) exposure duration, c) respiration rate, d) the absorption factor and e) body mass
and composition. Of these five determinants, body mass and composition is not affected by flight and
the exposure duration is described above. More interesting is the influence of the cabin environment
on the respiration rate and absorption factor.
Respiration rate
Due to the decreased atmospheric pressure in the cabin, the partial pressure of oxygen in the air is
lower. This leads to a decrease in oxygen saturation in the blood. Both oxygen as well as carbon
dioxide saturation in the blood regulate, among others, respiration. A natural response to low oxygen
availability (hypoxia) is to increase the depth and rate of respiration together with an increased heart
rate. The decrease in oxygen saturation is however limited as the cabin is pressurised at 8000 ft. First
signs of hyperventilation, as a response to hypoxia, are expected to develop when alveolar PO2 falls
below 7.3-8.0 kPa, which corresponds to an Hb saturation of approximately 80-90% (Harding and
Mills 1983). Individual responses however vary, and mild forms of hypoxia cannot be ruled out at
8000 ft. Especially the elderly and those with compromised lung functions (smokers, COPD) may
develop mild hypoxia or an increased respiration rate. The subsequent effect on the volume of inhaled
air is limited (McNeely, Spengler et al. 2011). Other studies have indicated that individuals inhale less
air in a hypobaric environment (Sandfeld, Larsen et al. 2013; Cui, Wang et al. 2017; Dusse, Silva et
al. 2017).
Absorption factor
No experimental studies were found that focus on differences in absorption of inhaled chemicals at
higher altitudes. Pharmacokinetic research mainly describes the effect of oral administration (Bailey,
Stacey et al. 2018) whereas inhalation research is focussed on the administration of anesthesia
(Leissner and Mahmood 2009) where the appropriate partial pressure is important. No literature was
found on dose modifications for inhaled medicines at high altitudes.
For chemicals in cabin air it is assumed that passive diffusion is the major force of absorption. Passive
diffusion is mainly driven by the chemical’s diffusion coefficient and the concentration gradient (Fick’s
law of diffusion). The concentration gradient is not affected by the cabin environment.
The diffusion coefficient is dependent on several properties and some predictions can be made based
on laws of physics. This is by no means an in-depth analysis of the thermodynamics of diffuse
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absorptions under hypobaric circumstances but serves as an indication for potential under- or
overestimation of the absorption in the cabin environment. Diffusion thermodynamics are complex and
there are several theoretical models to describe diffusion coefficients depending on the matrices. The
diffusion coefficient for an ideal gas is depending both on temperature as pressure (see Equation 1)
(Mostinsky)
D𝑖 ∝

(Eq. 1)

Di = Diffusion coefficient
T = Temperature
p = Pressure
The diffusion of a gas in the air is faster at a higher temperature and lower pressure. With increasing
temperature, molecules velocity increases and when the pressure increases, the amount of collision
between molecules increases disrupting the flow for diffusion. This might be relevant for the diffusion
rate of chemicals inside the cabin air, absorption of gases and chemicals in the lung involves diffusion
over surfactant and membranes. In fluids, the diffusion coefficient is depending on temperature and
molecule size. Faster at a higher temperature and smaller molecule size (Mostinsky).
From this theoretical perspective, it is unlikely that absorption rates of chemicals in the cabin air will
be significantly different compared to ground level. Diffusion in, and most likely into, liquids (like the
lung surfactant and the blood) is not dependent on atmospheric pressure.

5.2.3

Differences in individual factors

As already described above in 5.1.3, individual risk stratifications factors including BMI, smoking
habits, underlying diseases, susceptibility to diseases, and interindividual differences in sensitivity and
metabolism (biological variability) can increase the risk of possible health effects induced by
chemicals. Concerning individual factors, there are no indications that the air crew and passengers
are particularly susceptible for chemical-induced health effects compared to the general (worker)
population. Air crew, and particularly the pilots, can represent a healthier subpopulation compared to
other working populations due to the regular medical examinations.
The cabin environment includes physiological stressors such as noise and vibrations and the working
regime include irregular hours regarding total length as frequency, including jet lags. Physiological
stressors can induce or increase stress responses through the hypothalamic-pituitary-adrenal (HPA)
axis. Long-lasting activation of the HPA can lead to disturbed hormonal balance. Jet lag results from a
misalignment between the internal circadian clock and the external environment as a result of rapid
travel across multiple time zoned. Currently, there are no published studies of the long-term impact of
frequent or chronic jet lag. However, several types of cancer, including breast cancer, is linked in one
way or another with altered circadian rhythms as a result of night-shift work and people exposed to
chronic jet lag.

5.3

Conclusions

Air crew and passengers are exposed to chemicals in the cabin air in a different environment during
flight compared to the ground level air conditions. This does not influence the intrinsic toxic properties
of the chemical. Exposure conditions vary but are not dissimilar to industrial setting on ground level
regarding co-exposure to other chemicals as such or agents (radiation); physiological stressors
(noise, vibrations) or work time regulations (duration and shift work). This also applies for the
exposure conditions of the general public.
Considering exposure duration, air crew have on yearly basis fewer exposure hours. However,
exposure durations per 24-hours can be longer than the 8-hour TWA reference value, but this is not
common. Whether longer daily exposures may lead to an increased risk depends on the toxicokinetic
and toxicodynamic properties of the individual chemical. For passengers the reference value for the
general population is highly conservative with respect to exposure durations.
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No evidence was found that hypobaric conditions experienced in the aircraft cabin influence the
internal exposure of chemicals when exposed to the same external concentration in the air at ground
level.
Based on this, there is no need to adjust existing reference values to be applicable for the cabin
environment. Only if exposure to a chemical in cabin air is close to the reference value, additional
attention should be paid to the influence of a longer exposure duration in 24-hours during a brief
period that might occur several times a month.
Reference values for the general public are in general lower than occupational reference values. In
principle, occupational reference values can be modified to suit the general public when the PoD is
known.
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Development of a risk assessment framework specific for cabin air environments

The aim of this chapter is to provide guidance on performing a toxicological risk assessment of
chemicals present in the cabin air considering the specific conditions related to the cabin air
environment. The robustness of a risk assessment depends on the method of the assessment but
more importantly, as mentioned earlier, on the available information on exposure and toxicity of the
chemicals present. The uncertainty and use of worst-case assumptions in the risk assessment
predictions decreases when more information is available.
Mostly only limited information is available of the identity, exposure and toxicity of the chemicals
present in the cabin air. Therefore, it is proposed to use different tiers depending on data availability.
Lower tiers result in very conservative estimates of potential risks. They need less information and
effort but require more assumptions. Whenever the lowest tier doesn’t indicate a health risk, there is
no need to proceed to a higher tier. Higher tiers use more precise exposure data and more
sophisticated assessment methods that closer reflect reality. Where first tier risk assessments indicate
health risks, risk managers will use a higher tier risk assessment to better estimate the presence and
extend of the health risk. Risk managers and policy makers can also chose to reduce exposures
instead of further iteration and refinement in the risk assessment. At some point, it may not be
possible to use a higher tiered risk assessment without gathering or generating more information.
The basic structure of the framework to perform risk assessment on cabin air chemicals is derived
from the EFSA guidance on grouping approaches (EFSA Scientific Committee, More et al. 2019). The
EFSA guidance is a recent overview of the challenges and approaches within the scientific community
regarding the risk assessment of mixtures. Other frameworks and projects, such as Meek, Boobis et
al. (2011); Bopp, Barouki et al. (2018) and Rotter, Beronius et al. (2018) provide additional insights
and useful guidance. Especially, the WHO Europe project “Towards a tool for assessment of risks
from combined exposure to indoor air pollutants in public settings for children” is interesting as it
focusses on inhalation as exposure route in combination with children as vulnerable subpopulation
(WHO regional office for Europe 2018).
The hereby proposed framework contains the specifics for a dedicated risk assessment for chemicals
present in the cabin air. It does not include details on how to perform risk assessment in general (such
as critical study/endpoint selection etc.). For more guidance on the general concepts of risk
assessment it is advised to consult other guidance documents (see chapter 2: Introduction to
chemical safety, risk assessment and reference values).
The risk assessment should contain the following major steps:
1. Problem formulation (scenario outline, methodology, analysis plan)
2. Exposure Assessment
3. Hazard Identification & Characterisation
4. Risk Characterisation

6.1
6.1.1

Problem formulation
Scenario outline: exposure to chemicals in cabin air

In risk assessments, chemicals may be grouped for several reasons. First, there may be simultaneous
exposure to a great number of chemicals that share a similar mode of action. Secondly, as chemicalspecific toxicological information is often lacking, grouping can be applied for data gap filling (readacross) to predict the toxicity of data-poor chemicals. In the cabin air environment, many different
chemicals will be present that likely can be grouped in classes of similar chemicals. It is anticipated
that toxicological data on most of the chemicals in cabin air will be scarce. Therefore, a grouping
approach is likely more suitable than a single chemical risk assessment. Although this framework
encompasses a grouping approach, single chemical risk assessment can be considered first as it may
be more suitable for example when a single potent chemical is measured at concentrations far higher
compared to the other chemicals.
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The cabin environment is a partially closed, ventilated system. Chronic exposure to chemicals from
multiple sources is likely, such as engine oil, hydraulic oil, deicing fluids or upholstery and other
synthetic materials (Table 3). The mixture in the air may also include (ultrafine) particulates. Although
there may be differences in the composition of the chemical mixture over the course of a flight and
lifetime of an airplane, it can be assumed the variability in exposure levels to the mixture is relatively
small over long periods of time.
Table 3: Chemicals measured in aeroplane air under normal flight conditions (concentrations
measured in different aeroplane compartments and flight phases were lumped)
(Note: This table is only meant to provide an indication of the chemicals that may be present in
aeroplane air, the numbers are indicative and not meant as a starting point for risk assessment)
Average (µg/m3) of
Compound
maximum
mean
median
2-Butanone
14
2-Propanol

93

2-Xylene

0

Acetaldehyde

46

Acetic acid

24

Acetone

130

Acrolein

3.5

Benzaldehyde

32

Benzene

54

Carbon disulfide

9.2

Carbon monoxide

530

Decaldehyde

35

Dichloromethane

1500

Ethylbenzene

19

Formaldehyde

27

Hexaldehyde

8

Limonene

390

Methyl chloride

0

Methyl t-butyl ether

0

N-heptanal

4

Nonanal

25

Octylaldehyde

11

Ozone

200

Propionaldehyde

5

Tetrachloroethene

12

Tetrachloroethylene

12

12

1.5

Toluene

130

14

6.4

Tributyl phosphate

13

1.1

0.53

Trichloroethylene

21

0.42

0.5

Trichlorofluoromethane

16

Trichlorotrifluoroethane

18

Tricresyl phosphate

13

Tricresyl phosphate (m+p)

0.008

0.15
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Average (µg/m3) of
maximum
0.0028

mean

Tri-m-cresyl phosphate
Tri-o-cresyl phosphate

23

0.082

Undecane
Undecane and/or dodecane

63

Xylene m+p

24

Xylene m+p+o

51

median

2.6

1.2

1.7

1.3

Based on the studies of Wolkoff, Crump et al. (2016), Hecker, Kincl et al. (2014), Crump, Harrison et al. (2011)
and National Research Council (2002).
n/a = not applicable, because only one measured value was available. When the maximum is 0, it means the
chemical was included in the measurement protocol but was not observed to be present in aeroplane air.

Acute exposure to temporarily increased concentrations of chemicals in the cabin air may occur as a
result of fume events. There is no official definition of‘ a fume event’. In the context of this framework,
a fume event is described as a sudden increase in smoke (the product of burning materials made
visible by the presence of small particles) and/or invisible gases or vapours. The fume event may be
odorous. Fume events may or may not be noticeable. The chemicals released during a fume event
can differ depending on the source e.g. engine oil in bleed air or burned food/food packaging in the
kitchen. The exact composition, or possible compositions, of the chemicals released during a fume
event are unknown as sophisticated measurements equipment is not available onboard an airplane.
However, the test flights conducted in the FACTS study give an indication of the chemicals that could
be present and their concentration range. More studies, in addition to those performed in the FACTSproject, should be undertaken to further characterize these fumes. The reports on Flight test 1 and 2
have tables in their Annexes with detailed specifications of the cabin in air during the test flight and
provoked fume events.
High acute and low chronic exposure may result in different risks. Therefore, the risk assessment
framework for cabin air environment should provide guidance on how to perform a risk assessment for
both situations.
Different subpopulations can be distinguished that are exposed to cabin air, including the air crew,
frequent flyers (predominantly worker populations) as well as the general population. The latter can
include individuals with a higher sensitivity for the effects of chemical exposure, such as children and
elderly. The exposure durations differ amongst the different subpopulations. The frequent flyers are
exposed more frequently while the majority of the general population is exposed less frequent. In
addition, the cabin crew may have a slightly increased respiratory rate due to light activity.
People are predominantly exposed to chemicals in the cabin air via inhalation. Therefore, the risk
assessment focusses on exposure via the inhalation route as the contribution of other routes (oral –
food and drinking, dermal) is expected to be negligible compared to inhalation. Further details on
exposure can be found in the section exposure assessment.

6.1.2

Methodology

The risk assessment should contain a methodological approach, where the grouping approach is
defined as well as the method to perform the risk assessment for these groups (EFSA Scientific
Committee, More et al. 2019). The methodology outlined below is a proposal based on current
information. It may be adapted when more information on the composition of the cabin air i.e., identity,
hazards of the chemicals becomes available. As mentioned before, reference values indicate an
exposure level that is meant to represent a safe level of exposure or an accepted risk level in a
specific exposure situation. Therefore, it is proposed to compare the concentrations of chemicals in
cabin air with their respective reference values. In case no reference value is available, alternative
methodologies are proposed such as grouping or a threshold of toxicological concern approach.
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6.1.2.1 Chronic exposure
The 8-hour Time-Weighted-Average Occupational Exposure Limits (8h-TWA OELs) or relevant indoor
or outdoor exposure limits (hereafter named Passenger Limits (PLs)) for the general population set by
authorities are preferred. They assume exposure during the entire professional career or life time in
case of the general population and therefore considered applicable for the cabin environment. In this
first step (see 6.1.5 analysis plan), exposure will be compared to these OELs and PLs. Flight deck
and cabin air concentrations can be considered separately as on the flight deck only personnel will be
present, meaning only OELs are relevant reference values, while in the cabin both personnel and
passengers will be present for whom OELs and PLs are the relevant reference values, respectively.
OELs (Occupational Exposure Limits, valid for workers)
National authorities and international organizations derive OELs, among which the European Food
Safety Authority (EFSA), the Dutch Ministry of Social Affairs and Employment, the US National
Institute for Occupational Safety and Hygiene (NIOSH), the American Conference of Governmental
Industrial Hygienists, Health Canada, Safe Work Australia, the German Research Community
(Deutsche Forschungsgemeinschaft (DFG)) and the Nordic Expert Group (NEG). The EU Scientific
Committee on Occupational Exposure Limits (SCOEL) have derived OELs in the past. From 2019,
this scientific evaluation and derivation of the level of occupational exposure is conducted by the Risk
Assessment Committee (RAC) of the European Chemicals Agency (ECHA). The derivation of these
OELs is peer-reviewed. Many of these OELs as well as those derived or established by other
(national) authorities are listed in the on-line GESTIS International Limit Values database2.
Under the EU REACH legislation many chemical dossiers have been submitted by industrial consortia
or individual industrial companies. These dossiers contain so-called Derived No Effect Levels
(DNELs) or Derived Minimal Effect Levels (DMELs) for different (potentially) exposed populations,
exposure periods and toxicological endpoints. Amongst others, long-term DNELs (or DMELs) for
workers are available. Their derivation is, usually, not peer-reviewed, although the European
Chemicals Agency (ECHA) will review some of the dossiers. Considering the variety of available
OELs and similar reference values, the following order of preference is proposed:
1. OELs from the SCOEL or acceptable operator exposure levels (AOELs) from EFSA (in case
pesticides are concerned)
2. German national OELs (MAK values)
3. Dutch national public OELs (Grenswaarde)
4. the lowest OEL listed in Gestis
5. long-term respiratory DNELs/DMELs for workers taken from chemical dossiers submitted to
ECHA
PLs (Passenger Limits, valid for general population)
The WHO have derived indoor air quality guidelines for selected pollutants (WHO regional office for
Europe 2010). In addition, long term DNELs for the general public are available in REACH chemical
dossiers if consumers exposure is foreseen. The latter are however derived by industry instead of
authorities.
Alternatives to OELs and PLs
If no OEL or PL is available, then it should be attempted to attribute an OEL or PL based on a
grouping/read-across approach. When also grouping is not a feasible option, for non-genotoxic
chemicals a respiratory Toxicological Threshold of Concern (TTC) approach as suggested by Escher,
Tluczkiewicz et al. (2010) could be applied. Escher, Tluczkiewicz et al. (2010) have derived TTC
reference values based on an evaluation of repeated dose inhalatory toxicity studies. The TTC values
derived by them are at least a factor of 10 lower than the oral TTC reference values, meaning they are
more conservative than oral values, which have achieved regulatory acceptance (see Table 4).
Specific (and lower) TTC levels have not been derived for chemicals with structural alerts for
inhalatory genotoxicity due to insufficient data.

2

http://limitvalue.ifa.dguv.de
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Table 4:TTC values for oral exposure and inhalatory exposure (Escher, Tluczkiewicz et al. 2010).
Exposure
TTC
TTC
Genotoxicity
Cramer class I
Cramer class III
Oral
1800 µg/person/da
90 µg/person/d
0.15 µg/person/d
Inhalation
1.5 × 10-3 ppm
2.2 × 10-5 ppm
n.a.
3.6 × 10-3 mg/m3
1.8 × 10-4 mg/m3
n.a.
a

based on bodyweight of 60 kg

6.1.2.2 Grouping
When chemicals in the cabin air cause the same effects, they should be grouped together in
assessment groups based on similar actions/effects. The combined concentrations can be summed
with a correction for potency of each chemical in comparison to a reference chemical in the same
group. Summed concentrations are then compared to the reference value of the reference chemical.
This method is a component-based approach with concentration addition for calculating the potency
of a group. The chemicals may vary in potency and cause the same effects at different
concentrations. A reference chemical must be chosen with a reference value so the concentrations of
the other chemicals can be expressed as an equipotent concentration of the reference chemical
enabling the summation all concentrations. Concentration addition is conservative and suitable for
most chemical groups (EFSA Scientific Committee, More et al. 2019). Other methods to calculate the
overall hazard and exposure of the chemical assessment group may be used when information on the
chemicals is available that indicates a method not based on concentration addition is more suitable
(e.g. when synergism, response addition, antagonism is expected).
As an alternative for the component-based approach, it is also possible to use the whole mixture
approach. This approach requires information on the identity, toxicity and exposure of the whole
mixture. This method is not yet recommended for the chemicals present in cabin air for two reasons.
First, to date there is no toxicity data available for this specific whole mixture and second, the
composition may vary over time and event. A worst-case mixture needs to be defined first (and tested
for its toxicity). Over time, whole mixture toxicity data may be gathered, and this approach could
potentially be used as alternative to the component-based approach. A whole mixture approach is
similar to the risk assessment of a single compound (EFSA Scientific Committee, More et al. 2019).
The chemicals for which very limited data is available, may be grouped together with information-rich
chemicals based on for structure analogy, physicochemical properties, kinetics or hazard information.
Detailed information on guidance for potential grouping methods is provided in EFSA Scientific
Committee, More et al. (2019), ECHA (2017) and ECHA (2008). If no toxicity data is available for
specific chemicals, they can be assumed of equal potency as the most potent chemical with a
reference value in the group. In the first tier risk assessment, all chemicals could be grouped together.
This would assume all chemicals contribute to the most sensitive effect for which a reference value
was derived. This is a very conservative approach since most of the chemicals will not actually
contribute to this effect.
The advantage of this approach is that very little information is required. When the calculated
(combined) exposure is below the lowest reference value, no health risks are expected. When the
combined exposure is above this reference value, a higher tier assessment (exposure or hazard) is
needed. For instance, further refinement of the grouping and hazard assessment requiring more
information and analyses. This tiered approach is proposed with initially a conservative worst-case
scenario approach, limiting information needs, followed by more refined tiers. The proposed tiers are
outlined in the analysis plan.

6.1.3

Analysis Plan

According to the methodology proposed by EFSA Scientific Committee, More et al. (2019), the
analysis plan contains the questions to address, the rationale of the group selection and critical
endpoint selection. The rationale of the group selection will depend on the information available, the
type of chemicals, the exposure scenario (high acute or low chronic) and the tier. A proposal for a
tiered approach is presented in figure 3. The tiered approach presented here is a practical method to
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assess unacceptable health risks requiring the least resources as possible. Chemicals that are
present at concentrations below the general threshold of concern (TTC) or with an exposure <0.1% of
their reference value could be left out of the analysis for practical reasons. Their contribution to the
overall toxicity will likely be negligible since the approach of grouping chemicals with concentration
addition is already a conservative approach.

Figure 3: Graphical representation of the proposed tiered approach.
In lower tiers, the existing reference values of the identified chemicals are used for comparison with
the combined exposure. However, at higher tiers it may be necessary to perform a more detailed
hazard assessment looking at most important point of departures (PoD) or sensitive endpoints within
a defined group.
As depicted in Figure 3, the problem should be formulated with scenarios for normal flight conditions
(chronic exposure scenario) and for incidents e.g. fume, events (acute exposure scenario). In the
scenarios, information must be gathered about the identity of the chemicals (from measurements) and
their reference values (either acute or chronic). In the first tier, all chemicals are grouped together and
compared to the chemical with the lowest reference value. By default, concentration addition is used
to calculate the total exposure. When this does not exceed the lowest reference value, the health risk
is low and health effects are unlikely. When the combined concentration of the chemicals exceeds the
lowest reference value, there may be a health risk and the analysis should be refined to become more
realistic. In a second tier, a limited hazard assessment can exclude the chemicals with certain
dissimilar action from the group. When the combined exposure of the chemicals remaining in the
group is still above the lowest reference value, it is necessary to further refine the assessment.
It can be necessary to go straight to tier 3 without considering tier 2, when the reference values of
differently acting chemicals are close, e.g. within 5-fold, to the lowest reference value. In the third tier,
chemicals are grouped together in assessment groups based on similar action (for instance specific
organ toxicity, reprotoxic or neurotoxicity) and a more detailed hazard assessment must be
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performed. This hazard assessment should indicate whether the chemicals cause similar effects and
at what relative concentrations they may cause a similar effect. An assessment group can be formed
with equivalent potency factors for each chemical in the group. Chemicals without hazard data can be
added to the groups based on similar physicochemical properties and structure relationships. As a
conservative approach, it may be assumed that these chemicals are as potent as the most potent
chemical within that group. In addition, if chemicals cannot be allocated to a group, they may be
added to all groups as a conservative approach as well. When the grouped concentrations remain
above the reference value, there are still further options for refinement, but they require more
resources and information. A more detailed investigation of the specific endpoints within the
assessment group is needed and what chemicals are highly likely to contribute to this effect rather
than assuming the worst.
Further refinement of the risk assessment can be derived by re-evaluation of the derivation of the
reference values. Often a deterministic (conservative) approach is used. A more detailed hazard
assessment, with the main focus on the chemicals with the lowest reference values, can be
performed. The hazard could be reanalysed using a benchmark dose analysis when the reference
value is derived from a NOAEL or LOAEL. This could be taken further in calculating an (approximate)
probabilistic health risk for the exposures when assessment factors are described in terms of
distributions instead of one number. More information can be found in WHO IPCS guidance on
approximate probabilistic hazard assessment (IPCS 2014). The (approximate) probabilistic
assessment quantifies the uncertainties and therefore these uncertainties may be reduced further.
The risk assessment is an iterative process in which problem formulation, grouping and analysis plan
are modified with new information or new analyses. The tiered approach described the process of
going from the most worst-case (conservative) tier toward the most advanced (more realistic) tier. As
default, concentration addition is proposed to describe mixture effects. New insights might reveal
different interactions, such as synergism, antagonism or response addition, between some of the
chemicals in assessment groups). At higher tiers, the formed groups should include such interactions
if known. The reformed groups, including their PoDs (for performing a probabilistic assessment) or
reference values, have to be described in the new problem formulation. Followed by a new risk
assessment. Risk managers and policy makers can also chose to reduce exposures instead of further
iteration and refinement in the risk assessment.

6.2

Exposure Assessment

In this section the chronic exposure scenarios are described for air crew and passengers. As
previously described, the inhalation route is considered for cabin air chemicals, as the contribution of
other routes is assumed negligible. Exposure scenarios for normal background conditions (“chronic”
scenarios)

6.2.1

Air crew exposure scenario

Air crew is defined as personnel on duty in an aircraft during the flight duty period (defined below).
This includes both flight deck as cabin personnel. The EU has established detailed standards for
working hours of air crews in Commission Regulation (EU) No 83/2014 (European Union 2014). In
this regulation, various types of working periods are defined: duty period, flight duty period and flight
time. The duty period is any time spent on duties linked to one’s flight function, from reporting for duty
until one is free of all duties. Flight duty period is the time between reporting for a duty which includes
a sector or a series of sectors until the aircraft finally comes to rest and the engines are shut off. A
sector is the segment of a flight duty period between an aircraft first moving from its parking position
for take-off and its coming to a stand-still with the engines shut off after the subsequent landing. Flight
time is the sum of the sectors within a particular period. Consequently, the time the air crew spends
on the airplane will be more than the sum of the sectors, but smaller than the sum of the flight duty
periods and still smaller than the sum of the duty periods. This means that over a period of 28 days,
the maximum time spent on an airplane by crew members will be between 100 and 190 hours (see
Table 5).
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Table 5:Maximum working periods (in hours) for aircraft crews according to Commission Regulation
(EU) No. 83/2014.
Consecutive period
Maxima (hours)
Duty period
Flight duty period
Flight time
Day
n.s.
9 – 13a
n.s.
7 days
60
n.s.
n.s.
14 days
110
n.s.
n.s.
28 days
190
n.s.
100
calendar year
n.s.
n.s.
900
12 months
n.s.
n.s.
1000
a

Depending of the number of sectors (1 -10 per flight duty period)
n.s. = not specified

Since the maximum number of flight hours in 12 months is 1000, the number of hours spent on an
airplane in that period will be <1900 hours. The few data on crew flying times that were retrieved from
literature indicate that the EU maximum legal flight times are indeed rarely exceeded (see Table ).
Table 6:Overview of occupational flying times
Crew
Population
Parameter
type
Cabin
1686 full-time air
Hours/year,
crew members
averagea
Cabin
~1500 FinnAir crew
Block hours/year,
membersc
averageb
Pilot
~500 FinnAir pilotsc
Block hours/year,
averageb

Value

Range

Reference

571

--

van Drongelen,
Boot et al. (2013)

678

273-906

569

283-833

Oksanen (1998)
Oksanen (1998)

a calculated

assuming one occupational accident/employee reporting occupational accidents in 2009
b Time spent on duty transfer flights when the crewmembers were not on active duty is also included in the total
block time.
c Exact number not given, but based on logged activities in FinnAir database in which every flight of every
individual is recorded. The number refers to people employed in that function at the time period investigated
(June 1994 to May 1995).

As previously described, long-term occupational exposure levels assume a working life of 8
hours/day, five days/week, 48 weeks/year and 40 years (see e.g. ECHA 2012). This implies a working
year of 8 x 5 x 48 = 1920 hours, which is more than the maximum number of duty hours crew
members are allowed to accumulate over a period of 12 months. Concerning the total average yearly
exposure duration, existing occupational reference values are adequate for air crew, since their
exposure time will be commonly far less than 1900 hours. Assuming that the time spent on the aircraft
by the crew will be at most 20% more than the flight time, this means a crew member will spend a
maximum of 1200 hours per year on aircrafts. Furthermore, it is reasonable to assume professional
career as a crew member will not exceed the 40 year limit assumed in occupational exposure
reference values. As noted in section 5.2.1, exposure conditions for the air crew can be different with
longer exposure durations on a single day. The impact of these differences depends on the
toxicokinetic and toxicodynamic properties of the individual chemical.

6.2.2

Passengers exposure scenario

No data was identified in public literature to deduce passenger air time. Therefore, scenarios are
based on realistic worst-case assumptions. Two scenarios are discerned, one for vacationers and one
for frequent business flyers. For vacationers it is assumed that they will, as a “worst-case” have three
holidays a year for each of which they will have an eight hour flight in and an eight hour return flight,
three weeks apart, with at least 15 weeks between holidays, meaning they will spend 48 hours per
year inside an airplane. For frequent business flyers, it is assumed they will spend at most one third of
their nominal working time inside an airplane, which amounts to 8 x 5 x 48 = 1920/3 = 640 hours/year,
assumed to be more or less equally spread over the year.
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Conclusion on exposure scenarios

Based on the above three chronic exposure scenarios have been defined. These are listed in
Table 7, together with the default long-term exposure scenarios used by ECHA (ECHA 2012).
Table 7: Chronic exposure scenarios concerning exposure duration and frequency
Population
Hours of (flight)
Frequency, duration
exposure/year
Air crew
1200
Evenly spread over the year for 40 years
Frequent flyers
640
Evenly spread over the year for 40 years
Holiday flyers
48
6/year, 3 weeks between outward and return flight,
15 weeks between holidays for 70 years
Workers
1920
8 hours/day, five days/week, 48 weeks/year for 40
(ECHA default)
years
General
8736
24/7, 52 weeks/year for 70 years
(ECHA default)

6.3

Hazard Identification and Characterisation

The problem formulation proposes to compare the exposure with existing reference values, which is a
common practical method in performing a toxicological risk assessment. Reference values are
derived based on the available hazard information of a chemical. In the higher tier risk assessments,
a more in-depth hazard assessment can be performed for chemical groups to better define similarity
in action or other mechanisms. This significantly reduces the uncertainty around the risk estimate and
reduce the overall conservatism of the hazard and risk estimates.
The following hazard assessment steps are proposed:
- Confirm the identity of the chemical mixture and establish assessment groups (Tier 1)
- Collect available hazard information on the chemicals and use this for exclusion from the
main group (Tier 2)
- Characterise the hazard of the chemicals (Tier 3)
o Create/refine the assessment groups based on physicochemical properties, structure, kinetic- and hazard information (Tier 3+)
- Critical endpoint (PoD) selection (Tier 4)
o Define the magnitude M and maximum incidence I and perform a probabilistic
hazard/risk assessment (Tier 4+).
o Refine the probabilistic hazard assessment based on the outcome of the uncertainty
analysis from the probabilistic hazard/risk assessment (e.g. BMD analysis on the PoD
instead of NOAEL, full probabilistic assessment, gather more data) (Tier 4+)
- Gather evidence for combined toxicity other than concentration addition and use this for
further refinement of the group hazard (Tier 5)

6.4

Risk Characterisation

During the risk characterisation, the ratio between the identified exposure and hazard is calculated
using the metrics defined during the problem formulation. Both exposure as hazard metrics should be
expressed in the same unit. For the inhalation route these are mass/volume (mg/m3) or
number/volume (parts per billion (ppm)) per exposure duration. For the risk characterisation of
chemicals in cabin air, only the mass/volume metric should be used due to pressure differences.
As stipulated earlier, exposures above the relevant hazard metric, i.e. references values, are
indications for a health risk. The interpretation of such health risk is dependent on the hazard and
exposure conditions. Critical aspects are exposure duration and frequency; reversibility of critical
effect; derivation of reference value and exposed population. This should be done by an experienced
risk assessor or occupational hygienist for correct interpretation of the potential health risk and
possible risk management options.
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During the risk characterisation, especially when risks are not excluded or protection goals are not
met, it can be useful to determine the important risk drivers in the assessment groups. What
components contribute most to the overall risk? Risk mitigation measures should focus on the
reduction of exposure to these risk drivers in the cabin air.
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Description of the cabin air environment and implications on potential
health effects .

Natural physical factors
Artificial climate within the aircraft cabin is necessary to comfort crew and passengers at high
altitudes. The environmental control system (ECS) keeps the atmosphere in the cabin as comfortable
as possible by regulating the thermal comfort, pressurization and cabin air quality. Compared to other
indoor spaces, the aircraft cabin environment is unique due to the combination physical
stress/exposure parameters specific for cabin air environment which may include air flow and flow
pattern, altitude, atmospheric pressure, changes in cabin pressure, changes in time zones (jet lag),
exposure time, food and water consumption, humidity, long sedentary positions (immobilization),
light/dark regime, noise, oxygen level, passenger density, radiation, temperature, ventilation rate, and
vibration (see Figure 1).
Air and ventilation
The Certification Specifications for Ventilation (EASA 2003) mentions that “Each passenger and crew
compartment must be ventilated and each crew compartment must have enough fresh air (but not
less than 0.28 m3/min (10 cubic ft/min) per crewmember) to enable crewmembers to perform their
duties without undue discomfort or fatigue.”, and “Crew and passenger compartment air must be free
from harmful or hazardous concentrations of gases or vapours.”. In most aircraft, air is derived from
compressors of the jet engine during flight. This bleed air is conditioned and filtered, with an exchange
of 10-15 times per hour with outside air and 20-30 times per hour including outside and filtered (by
e.g. high-efficiency particulate filters or single-pass filters) recirculated air (Bagshaw 2013). Most
commercial aircraft use high-efficiency particulate air filters (Silverman and Gendreau 2009). Bleed air
entering the aircraft cabin may contain chemicals present from jet oil. Recirculation of air reduces the
requirement of bleed air and thus reduces the presence of (new) contaminants derived from engines.
Nevertheless, many chemicals, including volatile organic compounds, are not removed by ventilation
filters (Nicholson, Cummin et al. 2003). Also aerosols, dust from indoor sources (which may contain
e.g. flame retardants), viruses, bacteria, fungi, and other contaminants may be spread through the
cabin via a ventilation system.
Infectious diseases
Air-travellers spend long periods in enclosed spaces, which facilitates the spread of infectious
diseases. Several outbreaks of serious infectious diseases have been reported aboard commercial
airlines, including influenza, measles, tuberculosis, viral enteritis, and small pox (Silverman and
Gendreau 2009). Less-serious outbreaks such as the common cold or some viral syndromes have not
been reported, although they can occur. Risk of onboard transmission of infection is mainly restricted
to individuals with either close personal contact or seated within two rows of an index passenger.
Atmospheric pressure and altitude
The Certification Specifications for Ventilation (EASA 2003) mention that “Pressurised cabins and
compartments to be occupied must be equipped to provide a cabin pressure altitude of not more than
2438 m (8000 ft) at the maximum operating altitude of the aeroplane under normal operating
conditions.” At sea level, the atmospheric (or barometric) pressure is 101 kPa (760 mmHg) while at a
cruise altitude of 41,000 ft, ambient pressure may be as low as 20 kPa, the temperature lower than 60°C and the water content of the air almost zero (Dechow and Nurcombe 2005). A decrease in
atmospheric pressure also results in reduction of the partial pressure of oxygen. Cabins of commercial
aircraft are pressurized to protect occupants from the very low atmospheric pressures at flight
altitudes. Cabin pressure is maintained at a level no lower than 75 kPa (565 mmHg; equivalent to an
altitude of 8000 ft), and the percentage oxygen remains constant at around 21% (Dechow and
Nurcombe 2005; Dusse, Silva et al. 2017).The cabin pressure rate of change is limited by the cabin
pressurization control system (CPCS) which regulate that the cabin altitude should not increase at
more than 500 ft/min, and not decrease at more than 300 ft/min. The altitude and pressure changes
are noticed by air crew and passengers through natural physiological phenomena, such as pressure
discomfort at the eardrum, frontal sinuses and/or intestines. The change in air pressure does also
influence the human thermal comfort (Cui, Wang et al. 2017). Though the changes are appropriate for
healthy people, it may not prevent problems for occupants with deteriorated health.
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Airplane ear
During ascent, the fall in pressure will cause gas to expand. Between sea level and 8000 ft, the
volume of gas in body cavities will increase by more than a third (Nicholson, Cummin et al. 2003). The
popping sound on ascent is a result of gas escaping from the middle ear. In some individuals, the
quick changes in altitude may cause severe earache: airplane ear. Airplane ear or ear discomfort is
also known as ear barotrauma, barotitis media or aerotitis media. Generally, airplane ear does not
pose problems unless there is any structural damage in the middle ear. Airplane ear can occur
unilaterally or in both ears. Signs and symptoms include discomfort, pain, and fullness in ear, and mild
to moderate hearing loss in acute cases. In severe cases, individuals may experience severe pain,
moderate to severe hearing loss, tinnitus, vertigo, and even hemotympanum (Bhattacharya, Singh et
al. 2019). Risk factors for airplane ear include common cold, acute or chronic sinusitis, allergic rhinitis,
otitis media, and sleeping during ascend/descend.
Oxygen level
At 8000 ft, the fraction of inspired oxygen is the same in the air as on the ground (approximately 0.2
L) (Ruskin 2019). However, the consequence of the pressurized aircraft cabin is the alveolar oxygen
tension falls from 103 mmHg (13.7 kPa) at sea level to approximately 70 mmHg (9.3 kPa) at
maximum cabin altitude (McNeely, Spengler et al. 2011). This results in an oxygen saturation
decrease of approximately 7% at 8000 ft, which is described as hypobaric hypoxia. Hypoxia may
cause an imbalance of oxygen availability to tissues which eventually may cause physiological and
psychological dysfunction (for review see Muthuraju and Pati (2014). The rates of change of pressure
and the minimum pressure within the cabin are controlled in such a way as to prevent physiological
damage to the occupants. Note that the comfort requirements for the air crew and passengers are not
generally analogues. The blood oxygen saturation is dependent on the oxygen partial pressure of the
cabin air, which is dependent on the cabin pressure itself. Studies indicate a decrease of the
respiratory flow rate and oxygen saturation, which indicate that subjects inhaled less air mass in the
low-pressure environment (studies are either simulated with pressure in a chamber or measured
during flights) (Sandfeld, Larsen et al. 2013; Cui, Wang et al. 2017; Dusse, Silva et al. 2017). Even
though respiratory flow rate became smaller, the O2 consumption and CO2 production still increased
at lower pressure due to the larger concentration difference between inhaled and exhaled air. More O2
out of less inhaled air indicate that the efficiency of breathing is improved in low-pressure environment
(Cui, Wang et al. 2017).
Metabolic rate
The metabolic rate is the amount of energy per unit time that a person needs to keep the body
functioning. Metabolic rate may influence several processes including breathing, blood circulation,
body temperature regulation (thermal comfort), contraction of muscles, etc. Several studies support
the view that changes in air pressure does influence the metabolic rate; a low air pressure
environment increases the metabolic rate (Cui, Wang et al. 2017). This effect may be explained by a
less air mass inhalation in low-pressure environment (and increase of O2 consumption and CO2
production). Under these hypobaric conditions some effects on local muscle oxygenation during rest
and sustained contraction were observed (Sandfeld, Larsen et al. 2013). Whether this has an impact
on fatigue development during work among cabin attendants is still discussed.
Acute mountain sickness
Some individuals experience at altitudes above 6500 ft acute mountain sickness, a self-limited
syndrome characterized by symptoms of headache, nausea, vomiting, anorexia, lassitude, and sleep
disturbance (Pigman and Karakla 1990; Maini and Schuster 2019). Although the pathophysiology of
acute mountain sickness is not completely understood, hypobaric hypoxia is thought to play a
predominant role, and the severity of symptoms is inversely related to arterial oxygen saturation.
Some passengers on long commercial flights experience discomfort characterized by symptoms
similar to those of acute mountain sickness. The symptoms are often attributed to factors such as jet
lag, prolonged sitting, and/or dehydration. However, because barometric pressures in aircraft cabins
are similar to those at the terrestrial altitudes at which acute mountain sickness occurs, it is possible
that some of the symptoms are related to the decreased partial pressure of oxygen and are
manifestations of acute mountain sickness. Although immobility may contribute to passengers’
discomfort, exercise may not be beneficial. Exercise reduces arterial oxygenation, which can increase
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the frequency and severity of acute mountain sickness and affect sensory perception and
psychomotor performance (Muhm, Rock et al. 2007).
Humidity
The relative humidity at sea level is 20-50%. During flight, the air entering the cabin from outside is
extremely dry due to the low saturation of water in the cold air outside. The main source of humidity in
the cabin is the occupants which does not increase the level substantially, inside an aircraft, the
humidity may be only 10% (Sándor 2008; Dusse, Silva et al. 2017). Low humidity of cabin air results
to whole body dehydration and is associated with increases in plasmatic and urinary osmolarity. The
dry atmosphere in combination with decreased fluid intake may cause haemoconcentration.
Noise
Noise levels generated by aircraft vary according to phase of flight as well as environmental factors.
Detrimental effects of aircraft noise on cognitive function and working memory are well documented
(Elmenhorst, Elmenhorst et al. 2010). Moreover, previous studies have proved that ambient aircraft
noise exposure injured hearing acuity of pilots and lead to hearing loss (Gordon, Joachims et al.
2016). Studies demonstrate that noise can lead to structural damages to the cochlea and
hyperactivity in the central auditory pathway (Jafari, Kolb et al. 2019). Noise also triggers nonclassical auditory-responsive brain areas (e.g. lateral amygdala and striatum), and may directly
activate the emotion/fear system of the brain via the thalamus. As a consequence, noise can activate
defence responses leading to activation of the hypothalamic-pituitary-adrenal (HPA) axis (the “central
stress response system”) (Burow, Day et al. 2005). Long-lasting activation of the HPA axis can lead to
disturbed hormonal balance as well as morphometric and functional alteration of the brain (RojasRueda, Vrijheid et al. 2019). In a recent study, disrupted local neural activity under chronic noise
exposure was observed in fighter jet pilots which may lead to working memory impairment (Cheng,
Sun et al. 2019).
Vibration
Vibration is one of the more distinctive features associated with working in the aviation industry,
especially rotary wing (helicopters) and jet pilots). Long-term health implications of whole body
vibration have been reported to negatively impact the skeletal, as well as nervous, vestibular,
circulatory, and digestive systems (Wright Beatty, Law et al. 2018). Though no information on the
effects of vibration on aircraft pilots is available, studies show elevated stress (i.e. increased heart rate
and heart rate variability ratio) with increase in helicopter vibration and increased (neck) muscle
fatigue over time which may even affect cognitive tasks (Ishimatsu, Meland et al. 2016).
Radiation
Cosmic rays are high energy, charged particles of extra-terrestrial origin that constantly bombard the
earth from all directions. Upon striking the outer atmosphere of the earth, these high energy particles
(mainly protons, electrons, positrons, and other heavy nuclei) produce secondary showers of lower
energy, mostly unstable, charged particles. These in turn collide with yet other air molecules, creating
still more showers that cascade to the ground. Only a small dose of low energy, ionizing radiation
eventually make it to sea level (Lim 2002). Intensity of radiation depends on the year (solar activity
waxes and wanes according to an approximately 11 year cycle), altitude (exposure is about 100 times
more at a cruising altitude of 35.000 ft), latitude (exposure at over the poles is roughly twice that over
the equator), and length of exposure.
Exposure to cosmic radiation of air crew can be up to 5.7 mSv (Kubancak, Kyselova et al. 2019). The
main concern with exposure to cosmic radiation is the possible long term risk of radiation induced
cancer and, in the case of pregnant air crew, possible harm to the foetus. Many types of cancer,
including breast and skin cancer, might be linked to cosmic radiation on flights crews and frequent airtravellers are of concern (Aw 2003; Barish 2004). However, data for increased cancer risks
specifically due to cosmic radiation in crew members are inconclusive (Silverman and Gendreau
2009)(Silverman & Gendreau, 2009).
Thermal comfort
Thermal comfort is – apart from a process regulated by the metabolic rate in the human body – a
combination of temperature, air velocity, rate of velocity fluctuations, humidity and radiant heat. The
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flow pattern is a critical parameter to ensure that the ventilation air supply is correctly distributed
throughout all areas of the cabin. Good flow patterns within the cabin will ensure good temperature
distribution. Temperature perception is interdependent on air velocity and depends on individual
preferences. Also, working flight attendants have different temperature requirements than the seated
passengers.
The human thermoregulatory system operates continuously to maintain a relatively constant body
temperature. Under ideal environmental conditions, a stable core temperature is maintained with
minimal strain on physiological systems. However, changes in ambient temperature, relative humidity,
and/or work load, a constant core temperature is maintained but at the expense of activation of
thermos-effectors and physiological stress. The stressed thermoregulatory system and activation of
thermos-effectors can alter the physiological response to chemicals. In the case of heat stress,
peripheral vasodilation will occur to increase skin blood flow and raise skin temperature along with
sweating which may augment the dermal absorption of chemicals. Relative humidity and air
temperature also have a direct effect on ciliary transport in the respiratory system, a key defence
mechanism in the elimination of dust and particles (Gordon 2003).
Individual factors
Circadian misalignment
Jet lag results from a misalignment between the internal circadian clock and the external environment
as a result of rapid travel across multiple time zoned. Similar to shift work, not all crew members will
experience jet lag or meet criteria for jet lag disorder (Circadian Rhythm Sleep Disorder; CRSD).
Symptoms of this transitory circadian rhythm sleep disorder range from difficulty sleeping, excessive
daytime sleepiness, general malaise, impaired daytime function, and gastrointestinal upset.
Specifically, the International Classification of Sleep Disorder (ICSD) criteria include a complaint of
insomnia or excessive daytime sleepiness associated with jet travel across at least two time zones
and associated impairment in daytime function, general malaise, or somatic symptoms such as
gastrointestinal disturbance occurring within 1-2 days after travel (Baron and Reid 2014).
Circadian rhythms are essential to the regulation of many physiological and behavioural functions.
Currently, there are no published studies of the long-term impact of frequent or chronic jet lag for
cardiovascular disease, diabetes, obesity or mental health disorders. However, several types of
cancer, including breast cancer, is linked in one way or another with altered circadian rhythms as a
result of night-shift work and people exposed to chronic jet lag (Lin and Farkas 2018).
Thrombosis
Most case reports and studies involve deep vein thrombosis (DVT) in the lower limbs, but there are
also reports of cerebral venous thrombosis and arterial thrombosis (Nicholson, Cummin et al. 2003).
Thromboembolism is observed rarely after flights of less than 5 hours duration and, typically, the
flights are of 12-h duration or more. The risk rises with age and older subjects over the age of 50 are
particularly vulnerable. Symptoms of thromboembolism do not usually develop during or immediately
after the flight, but tend to appear within three days of arrival. However, a recent study, passengers on
a 8 hour flight up to 8000 ft cabin altitude showed (expected) falls in oxygen saturation, but no
significant changes in indications for thrombosis, inflammatory activation, or bronchoconstriction were
detected (Silverman and Gendreau 2009; McNeely, Spengler et al. 2011). Individual-related factors
include BMI, smoking, diseases, pregnancy, risk for the occurrence of thromboembolic events,
‘economy class syndrome’, etc. The commonality and differences in exposure and health symptoms
between aircraft cabin exposed workers and office exposed workers is reviewed in Wolkoff, Crump et
al. (2016).
Individual perception and sensitivity
Humans differ in sensitivity to the impact of chemicals due to differences in e.g. genetics, age, gender,
nutrition, and strength of the immune system: biological variability. Also underlying diseases may
increase the risk on possible health effects induced by chemicals. For example, patients with lung
diseases like emphysema may have an increased risk on health effects induced by inhalation of a
chemical. Perception of factors such as space, fear of flying, colour and light perception, etc. may
result in health effects compared to effects observed following exposure to (high dose of)
neurotoxicants (Wolkoff, Crump et al. 2016). In addition, anxiety, claustrophobia, turbulence, and
acceleration may increase the risk of unexpected clinical deterioration. These factors combined with
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sleep deprivation, circadian misalignment, pre-existing cardiac or respiratory diseases, and others
further increase the risk of a ‘medical event’ (Ruskin 2019).
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