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Synopsis 

Aircraft Engine Emissions (AEE): an overview of the available 
data on mutagenicity, carcinogenicity and other health effects 

Airport workers can be exposed to aircraft engine emissions (AEE) when 
they work near operating engines. AEE are produced when kerosene fuel 
is burnt in aircraft engines. It is a complex mixture of many different 
chemicals and fine particles. 
 
There are social concerns about the health effects of AEE on workers. 
Therefore, the National Institute for Public Health and the Environment 
(RIVM) has made an overview of scientific studies into the composition 
of AEE. This has also been done for studies into the effects on workers’ 
health. Currently, AEE are not classified as potentially mutagenic or 
carcinogenic. A mutagenic substance is one that causes damage to DNA. 
 
The Health Council of the Netherlands will use the information in this 
overview to assess whether AEE have mutagenic and carcinogenic 
properties. The Health Council will also advise the Dutch Ministry of 
Social Affairs and Employment on the possible classification of AEE. 
 
RIVM has found information about the composition of AEE and the 
factors that influence it. Twenty-one substances found in AEE are 
classified as mutagenic and/or carcinogenic under European legislation. 
The overview also summarises studies conducted in the Netherlands into 
the concentrations of AEE at airports and worker exposure. 
 
With regard to the health effects of AEE, the main focus was on 
mutagenic and carcinogenic effects. However, other health effects 
related to AEE exposure have also been included. Few studies have been 
conducted into the effects of AEE on workers’ health. 
 
RIVM made this overview on behalf of the Netherlands Labour Authority 
(NLA) and the Ministry of Social Affairs and Employment. 
 
Keywords: aircraft engine emissions, AEE, mutagenicity, carcinogenicity, 
occupational exposure, health effects, composition  
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Publiekssamenvatting 

Vliegtuigmotoremissie (VME): een overzicht van de beschikbare 
data over mutageniteit, carcinogeniteit en andere 
gezondheidseffecten 

Personeel op luchthavens kan blootstaan aan de uitstoot van 
vliegtuigmotoren (VME) wanneer zij vlak bij draaiende motoren aan het 
werk zijn. VME ontstaat als kerosine in vliegtuigmotoren verbrandt. Het 
is een complex mengsel van veel verschillende chemische stoffen en 
fijnstof.  
 
Maatschappelijk zijn er zorgen over de gezondheidseffecten van VME 
voor werknemers. Het RIVM heeft daarom een overzicht gemaakt van 
wetenschappelijke onderzoeken naar de samenstelling van VME. Dit is 
ook gedaan voor onderzoeken naar effecten op de gezondheid van 
werknemers. VME is nu niet geclassificeerd als mogelijk mutageen of 
kankerverwekkend. Mutageen betekent dat een stof schade aan het DNA 
veroorzaakt. 
 
De Gezondheidsraad gaat de informatie uit dit rapport gebruiken om te 
beoordelen of VME mutagene en kankerverwekkende eigenschappen 
heeft. De Gezondheidsraad zal het ministerie van Sociale Zaken en 
Werkgelegenheid (SZW) ook een advies geven over mogelijke 
classificatie van VME.  
 
Het RIVM heeft informatie gevonden over de samenstelling van VME en 
welke factoren daar invloed op hebben. Eenentwintig stoffen die in VME 
zijn gevonden, zijn volgens Europese wetgeving geclassificeerd als 
mutageen en/of kankerverwekkend. In het overzicht zijn ook 
Nederlandse onderzoeken samengevat voor wat betreft concentraties 
VME op luchthavens en de blootstelling van werknemers. 
 
Wat gezondheidseffecten van VME aangaat is vooral gekeken naar 
mutagene en kankerverwekkende effecten. Maar ook andere 
gezondheidseffecten die te maken hebben met blootstelling aan VME 
zijn meegenomen. Er blijkt nog maar weinig onderzoek te zijn gedaan 
naar effecten van VME op de gezondheid van werknemers.  
 
Het RIVM heeft dit overzicht gemaakt in opdracht van de Nederlandse 
Arbeidsinspectie (NLA) en het ministerie van SZW.  
 
Kernwoorden: vliegtuig motor emissie, VME, mutageniteit, 
carcinogeniteit, beroepsmatige blootstelling, gezondheidseffecten, 
samenstelling 
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Summary 

Airport workers can be exposed to aircraft engine emissions (AEE), when 
working in close proximity to running aircraft engines. AEE is a complex 
mixture of different substances formed by the combustion of kerosene 
jet fuels in aircraft engines. There are concerns about AEE exposure and 
workers’ health. AEE as a mixture is currently not classified as possibly 
mutagenic or carcinogenic. 
 
The Netherlands Labour Authority (NLA) and the Dutch Ministry of Social 
Affairs and Employment (SZW) jointly requested RIVM to provide an 
overview of available data on the mutagenicity, carcinogenicity and 
other health effects of AEE. Under commission of SZW, the Health 
Council of the Netherlands will use this information to assess the 
mutagenic and carcinogenic properties of AEE. The Health Council will 
make a recommendation for the classification of AEE, if possible. 
 
Given the complexity of occupational AEE exposure, the  scope of this 
report goes beyond summarizing the available scientific data on 
mutagenicity and carcinogenicity of AEE. Information on the composition 
of the AEE mixture and factors that can influence AEE composition and 
concentrations is presented. Exposure studies conducted in the 
Netherlands and non-cancer health effects associated with AEE exposure 
is also described. The scientific literature was searched for relevant 
studies and publications using the search engines PubMed, Embase 
and/or Scopus, depending on the subtopic.   
 
AEE from kerosene-type jet fuels consists of a complex mix of 
substances. These include carbon dioxide (CO2), carbon monoxide (CO), 
nitrogen oxides (NOx), sulphur dioxide (SO2), polycyclic aromatic 
hydrocarbons (PAHs), particulate matter, unburned hydrocarbons and 
trace amounts of metals. Airport workers can be exposed to AEE when 
working in close proximity of running aircraft engines, for example on 
the airport apron. The composition and concentration of AEE at the 
airport is influenced by the type of fuel, the engine thrust and specific 
activities such as landing and take-off of the aircraft and the presence of 
ground support equipment. 
 
AEE as a mixture has not been classified as mutagenic or carcinogenic. 
However, AEE contain individual substances or substance groups, e.g. 
PAHs and ultrafine particles (UFP), that are classified as carcinogenic or 
mutagenic under CLP-regulation (EC) 1272/2008. One-hundred-and-
fifty-three different types of substances or substance groups were 
identified as components of AEE, in the current review. Twenty-one of 
these substances have a harmonised classification of Carc. 1A or Carc. 
1B in Annex VI of the CLP-Regulation (EC) 1272/2008 or are classified 
as a Group 1 carcinogen by the International Agency for Research on 
Cancer (IARC). 
 
Sixteen publications on occupational AEE exposure and health effects 
were identified. These reported on 14 epidemiological studies including 2 
cohort, 8 cross-sectional, 2 case-control and 2 experimental studies. 
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Four of the studies that investigated carcinogenic and mutagenic 
properties were epidemiological studies that looked at cancer incidence 
among workers in relation to their job-titles. Nine toxicological studies 
were identified; one in vivo animal study and 8 in vitro studies were 
included. One of these was an in vitro study that looked at bacterial 
mutagenicity tests with Salmonella typhimurium strains TA98, TA98NR 
and TA98/1,8-DNP6. With regard to genotoxicity, in addition to 
mutagenicity, one in vivo study in C57BL/6Tac mice and four 
epidemiological studies investigated DNA damage using the 
Micronucleus assay, sister chromatid exchange and/or Comet assay. 
 
Other health effects studied in relation to occupational exposure to AEE 
were respiratory effects, cardiovascular effects, reproductive toxicity and 
general (cyto)toxicity or inflammatory responses. In most of the studies 
AEE as a complete mixture was not considered and/or job title was used 
as a proxy for AEE exposure. There was often potential for co-exposures 
to substances that had similar health outcomes.  
 
The data found has been summarized in the current report, but has not 
been weighed, compared or interpreted by RIVM. The report does not 
include an assessment of the reported mutagenic and carcinogenic 
effects of AEE, nor does it provide a recommendation for classification of 
AEE based on the CLP-criteria (Regulation EC No 1272/2008).  
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1 Introduction 

The aim of this review is to identify and summarize the available data on 
adverse health effects associated with (occupational exposure to) 
aircraft engine emissions (AEE). AEE are the combustion product of fuel 
used in aircraft engines. A RIVM-notitie report with intermediate results 
of this work, including a number of recommendations has previously 
been published1. The current letter report is an elaboration of that work 
and provides descriptions of the studies so that their quality can be 
assessed. In this review only kerosene-type aviation fuels used in 
turbine aircraft engines have been considered. These are the most 
commonly used jet fuels in civil aviation. AEE comprise a complex mix of 
substances that could be categorized into gaseous, semi-volatile and 
hydrocarbons. However, studies that have investigated AEE and health 
outcomes or toxic endpoints rarely consider AEE mixture as a whole.  
 
The main focus of this review is on potential mutagenic and carcinogenic 
properties of AEE in relation to occupational exposure at the airport. 
However, non-cancer health effects related to AEE occupational 
exposure have also been considered. Additionally, AEE composition and 
occupational exposure together with factors that influence 
concentrations on the aircraft stand, have been addressed. A 
comparison between AEE and Diesel Motor Emissions (DME) 
composition, as previously recommended1, is outside the scope of the 
current request to RIVM.   
 
The current RIVM letter-report does not include an assessment of the 
reported mutagenic and carcinogenic effects of AEE, nor does it provide 
a recommendation for classification of AEE based on the CLP-criteria 
(Regulation EC No 1272/2008). 
 
At the request of the Dutch Minister of Social Affairs and Employment, 
the Health Council of the Netherlands will use the summaries to assess 
the mutagenic and carcinogenic properties and to provide a 
recommendation for its classification. The assessment will be performed 
by the Health Council’s Subcommittee on Classifying Carcinogenic 
Substances. This subcommittee falls under the Dutch Expert Committee 
on Occupational Safety which focuses on health risks associated with 
occupational exposure of workers to chemicals. 
 
The literature search strategy, which is the basis of the current literature 
overview, is presented in Chapter 2. Chapter 3 describes how AEE is 
formed, the components of AEE mixture, as well as factors affecting this 
composition. In Chapter 4 classifications of AEE and its components are 
described. Available information on environmental and biological 
exposure monitoring of AEE-related substances is provided in Chapter 5 
(Monitoring), and information on occupational exposure is given in 
Chapter 6 (Exposure). Chapter 7 provides an overview of data on 
genotoxicity and mutagenicity. Chapter 8 presents an overview of the 
data on carcinogenicity. Finally, data on other health-related endpoints 
is described in chapter 9. 
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2 Literature search strategies 

Different databases (PubMed, Embase and Scopus) were searched for 
scientific publications on the composition of AEE, the health effects 
reported in exposed human (worker) populations and the toxic 
endpoints reported in in vitro or in vivo animal experiments. The focus, 
in all cases, was on mutagenicity and carcinogenicity. The search 
covered all years up to August 2024. Duplicates were removed and 
records were screened and included if considered relevant based on title 
and abstract. Additionally, relevant publications cited in selected 
publications, but not identified by the primary search, were included.  
 
Fourteen individual epidemiological studies (covered in 16 publications), 
8 in vitro studies and one in vivo animal study were selected for an 
extensive summary based on inclusion criteria. Four epidemiological 
studies investigated cancer as an endpoint (2 cohort; 2 case controls), 
one in vitro study investigated mutagenicity, 5 studies included assays 
on genotoxicity, while the other studies investigated other health 
endpoints or cytotoxicity and inflammation in relation to AEE. 
Additionally, 19 studies that contained data on AEE composition and/or 
occupational exposure only were retained. 
 
Per subtopic, the search strategy and inclusion criteria are described 
below.   
 

2.1 AEE and their classifications 
The search strategy for the identification of relevant literature on the 
composition of AEE is described in Appendix A1.1. Briefly, search terms 
related to kerosene / jet fuel, aircraft engine emissions and relevant 
locations at the airport (such as the platforms) were combined into 
search strings. In addition to PubMed, databases and grey literature 
from relevant agencies were consulted. This included publications from 
RIVM, TNO, PubChem, International Civil Aviation Organization (ICAO), 
Federal Aviation Agency (FAA) and United States Environmental 
Protection Agency (EPA).  
 
Chemicals were grouped and labelled by type of component (e.g. 
aerosols, heavy metals and organic compounds). For each substance or 
group of substances, it was determined whether a harmonized 
classification for carcinogenicity and mutagenicity from Annex VI of the 
Classification Labelling and Packaging (CLP) Regulation (EC) 1272/2008, 
was available. In the absence of a harmonized classification, the 
existence of a self-classification (i.e. notified classification) was 
determined by querying the C & L Inventory maintained by the 
European Chemicals Agency (ECHA)2. Additionally, the classification by 
the International Agency for Research on Cancer (IARC) was also 
included for substances for which an IARC evaluation exists.  
 
In the final overview of the AEE emissions the following information is 
listed: Substance type, Component of aircraft emissions, EC / List no., 



RIVM letter report 2024-0148 

Page 14 of 131 

CAS no., Member of group, Harmonized classification according to Annex 
VI, Notified classification and IARC Evaluation (Appendix 2). 
 

2.2 Health effects 
2.2.1 Human health studies 

The search strategy used for the identification of relevant literature on 
the health effects of AEE are described in Appendix 1, for the different 
databases (PubMed, Embase and Scopus)(Tables A1.2 to A1.4).  
 
Inclusion criteria for health studies were epidemiological studies 
published in any year that reported on any health effect associated with 
occupational exposure to AEE. In this context, occupational exposure is 
defined as (i) working within 500 metres of the airport stand (also 
known as the apron or platform) or (ii) a job title or function that 
requires activities in the vicinity of operating commercial aircraft 
engines. The arbitrary cut-off of 500 metre was pragmatically chosen to 
capture occupational exposure primarily related to aircraft engine 
emissions. It also excludes studies focussed on residential exposure. 
Only studies reported in English or Dutch were included. 
 
In the final overview of epidemiological studies the following information 
is listed: Reference, Study design and population, Exposure assessment, 
Health assessment, Results, Bias and confounding, Remarks. 
 

2.2.2 Toxicological studies 
Inclusion criteria for toxicological studies were in vivo or in vitro  
studies that used AEE (particles) collected directly from the aircraft 
engine emission and / or within 500 metres of the airport apron.  
 
In the final overviews of in vivo and in vitro toxicological studies the 
following information is listed: Reference, Species or cell type, 
Experimental period and design, Concentration/dose, Observations and 
results and Remarks.  
 

2.3 Occupational exposure to AEE 
Data on occupational exposure to AEE were obtained from reports on 
exposure assessment studies conducted in The Netherlands. 
Additionally, where relevant to the Dutch context, occupational exposure 
data, relevant job titles and information on determinants of exposure 
were extracted from the retained epidemiological studies. A search 
strategy designed explicitly for occupational exposure was not 
undertaken as this was beyond the scope of the current study.  
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3 Substance identification 

3.1 Aviation fuel 
The most commonly used jet fuels in civil aviation are kerosene-type 
fuels that are distilled between gasoline and diesel fractions. Jet A is 
used worldwide while Jet A-1 is used in North America. The type of fuel 
used depends on the type of internal combustion engine. In addition to 
kerosene-based fuels, such as Jet A-1, Jet A, Jet Propellent 5 (JP-5) and 
Jet Propellent 8 (JP-8), used in turbine engines, there is also aviation 
gas (AvGas) which is mainly used in aircraft with a piston compressor 
engine or piston engine (European Alternative Fuels Observatory)3. This 
report focusses on emissions resulting from use of kerosene-type fuels.  
 

3.2 AEE 
AEE comprise gaseous, semi-volatile and non-volatile species4. This 
includes combustion products of jet fuel, species from combustion and 
release of lubricant oils and, releases from mechanical component 
wear4. Volatile emissions include compounds that exists as vapour at 
engine exit temperature and pressure and are made up of gaseous and 
vapour-phase substances. The species from combustion include volatile 
organic compounds carbon dioxide (CO2), nitrogen oxides (NOx), carbon 
monoxide (CO), sulphur oxides (SOx), low molecular weight polycyclic 
aromatic hydrocarbons (PAH), particulate matter (PM) including PM with 
associated PAH (PAH-bound PM), unburned hydrocarbons (UHC) and 
metals4-6. The UHC result from incomplete combustion of kerosene-type 
jet fuel and forms Black Carbon (BC), otherwise known as particulate 
soot4, 5. NOx formation results from oxidation of atmospheric nitrogen at 
the high temperatures in engine combustors. There is a proportional 
relationship between the fuel sulphur content and emissions of both 
sulphur dioxide (SO2) and sulphates. A simplified combustion scheme for 
aircraft engines that consider real-life conditions, including the 
incomplete fuel combustion that usually occurs, can be represented as: 
 
CnHm + N2 + O2 + S  à  CO2 + N2 + H2O + O2 + CO + SOx + NOx +  
                                    HC + soot 
 
CO2 is the main combustion product of AEE (~72% emissions by mass). 
This is followed by water (H2O) at ~27.6% with the other components of 
emission making up less than 1% of emissions by mass. These comprise 
mainly NOx (84%), CO (11.8%), unburned hydrocarbons (UHC) (4%) 
and other substances (0.2%)4.  
 
The components in AEE can be classified into groups: aerosols, gases, 
organic compounds, heavy metals, particles and polycyclic aromatic 
hydrocarbons (PAHs). A substance or component can be part of more 
than one group (e.g. particle-bound PAHs). 
 
Based on the literature, we identified 153 different types of emissions 
from aircraft engines (Appendix 2). This comprises 140 individual 
substances and 13 substance groups (e.g. PAHs, alkanes, alkenes, 
nitrogen oxides or particles).  
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Speciated hydrocarbons 
PAHs are semi-volatile substances that exist between gaseous and 
particulate phases. Almost all low molecular weight PAHs (< 4 rings) 
exist in the gaseous phase, while almost all high molecular weight PAHs 
belong to the group of so-called particle-bound PAHs5. The most 
common PAHs in AEE are naphthalene, phenanthrene, fluoranthene, 
acenaphthene and pyrene. PAHs can be further divided into groups 
based on their physicochemical properties, which are also relevant to 
their carcinogenic potential. In this overview we looked at the 
classification for carcinogenicity for the individual PAHs, as there is no 
harmonized classification for PAHs as a group. 
 
Particulate matter 
Particles can be divided into different fractions based on their 
aerodynamic diameter. A distinction is made between ultra-fine particles 
(UFP) with a diameter of less than 100 nm (PM0.1), fine particles with a 
diameter less than 2.5 µm (PM2.5) and particles with a diameter less 
than 10 µm (PM10).  
 
A type of particulate from AEE is the volatile PM. These include the least 
volatile particulate components. Volatile PM can react in the atmosphere 
and / or condense in the exhaust plumes. This leads to volatile coating 
of pre-existing particles or formation of aerosol particles. In this 
overview we looked at the classification for carcinogenicity and 
mutagenicity for the different size fractions as defined by the authority 
assigning the rating.  
 
Metals 
Several metallic compounds have been detected in the exhaust from 
aircraft engines. These are usually mixed with black carbon (soot) and 
include chromium, iron, molybdenum, sodium, calcium, aluminium, 
vanadium, barium, cadmium, cobalt, copper, nickel, lead, magnesium, 
manganese, phosphorous, silicon, titanium, zinc and zirconium5-7. The 
source of these are considered to be from kerosene, engine lubrication 
oil and abrasion from engine wear and tear7. A metal can be associated 
with more than one of these sources. 
 

3.3 Factors affecting AEE composition and concentrations on the 
airport apron  
The impact of airport operations on AEE, and consequentially on 
occupational exposure, is mainly due to aircraft activities on the 
ground8. In assessing regulated AEE the International Civil Aviation 
Organisation (ICAO)1 consider emissions generated during landing and 
take-off cycles (LTO). This refers to operations carried out by the aircraft 
below 914 meters under specific operating conditions. The first phase of 
the LTO cycle is the ‘approach’ where the aircraft descends and lands on 
the runway. The second is the ‘idle’ phase which refers to all ground-
based operations. This includes taxi-in (slowly proceeding to the gate), 
stand-by during loading and unloading and taxi-out; where it prepares 
for take-off and proceeds once again to the runway. The last phase is 
the ‘climb’ and refers to the attainment of an altitude of 914 metres. In 
 
1ICAO is a specialized agency of the United Nations providing technical and diplomatic guidance around 
international air travel to its 193 signatory countries.   

https://www.icao.int/about-icao/Pages/default.aspx
https://www.icao.int/about-icao/Pages/default.aspx
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addition to LTO-related emissions functional checks of the aircraft 
engine while on the ground (ground running procedures (GRP)) add 
significantly to emissions.  
 
The relative proportions of the main combustion products CO2 and water 
depends on the fuel carbon-hydrogen ratio. Emissions of other 
combustion products, particulate matter, NOx and SO2 are directly 
related to the fuel consumption at different stages8. Greater proportions 
of CO and hydrocarbons (HC) are produced during low-power engine 
conditions while particle and NOx emissions are almost linearly 
correlated with engine thrust levels and combustion temperature8. With 
regard to particle numbers, lower engine power settings result in lower 
particle numbers and concentrations compared to take-off mode and, 
despite supposedly similar thrust levels for taxi and idle, there are lower 
particle number and concentrations at idle than at taxiing.  
 
The emissions during standardised LTO cycles are reported as emission 
indices (EIs) (Appendix 3). These are expressed as mass of pollutant 
emitted per unit mass of fuel burned and calculated, for compound X, 
as: 
 
EI(X) = Fc. �Mx

MCO2
� � . �∆X

CO2
� �  

 
where, 

- Fc is stoichiometric calculation of CO2 produced per kilogram of 
fuel consumed (with units g CO2 / kg Fuel ) assuming complete 
combustion and given a particular hydrogen to carbon ratio.  

- Mx and MCO2 are the molecular weights of the compound X and 
CO2, respectively.  

- ΔX and ΔCO2 are the enhancements of compound X and CO2 
within the plume, respectively4. 

 
A limitation of this model is that it does not consider engine GRP or 
additional airport operations4. GRPs are operations that are carried out 
to check the operation of engines or aircraft systems while on the apron 
and have been shown to significantly impact air quality at airports. This 
means that emission inventories based on modelling studies are not as 
closely representative of actual airport operations as they would be if 
these operations and procedures were taken into account4, 8. Further, 
these operations directly impact the concentrations on the aircraft stand 
and occupational exposure levels. 
 
A model based on the ICAO’s approach and developed by TNO is 
employed in the Netherlands. The model called CLEO (Calculus 
Luchtvaart Emissies Onder 1000 meter; Calculus Aviation Emissions 
Below 1000 metres) estimates emissions from the LTO of aircraft, from 
on-board Auxiliary Power Units (APU), fuelling and fuel handling, Ground 
Support Equipment (GSE) and wear of tyres and brakes under 1000 
meters9. It may therefore be more representative of actual emissions. 
The CLEO model is described in detail by Dellaert and Hulskotte 20179.  
 
Using a positive matrix factorization (PMF) source apportionment model, 
Pirhadi et al. (2020)10 estimated that at Amsterdam Schiphol Airport 
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79.3% of particle number concentrations are accounted for by aircraft 
arrivals and departures and ground service equipment. These particles 
are mostly characterized by particle diameters < 20 nm. 
 
Based on CLEO model calculations, it has been determined, that fuel use 
in the Netherlands from all airports has increased by over 100% 
between 1990 and 2015 with concurrent increases in NOx (140%) and 
PM10 (25%) and decreases in hydrocarbons (-14%) and carbon 
monoxide (-4%), over the same time period9. 
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4 Classifications 

Of the 153 AEE components identified in this review, 39 substances 
have been classified as carcinogenic or potentially carcinogenic by an 
official authority. This means that they belong to IARC Group 1, Group 
2A or Group 2B and / or to one of the carcinogenic hazard classes 
according to the classification system of the CLP Regulation (EC) 
1272/2008. Of these, 21 had a harmonised classification under the CLP 
Regulation of carc. 1A (i.e. known to have carcinogenic potential for 
humans largely based on human evidence) or carc. 1B – (i.e. presumed 
to have carcinogenic potential for humans largely based on animal 
evidence).  A further 8 substances had no CLP harmonised classification 
but were evaluated by IARC as being carcinogenic to humans (i.e. Group 
1 carcinogens). See Appendix 2 for details. 
 

4.1 European Commission 
AEE as a mixture has no harmonised classification in Annex VI of the 
CLP-Regulation ((EC) 1272/2008). However some of its individual 
components and substance groups have a harmonised classification for 
carcinogenicity and/or mutagenicity according to Annex VI of the 
Regulation (EC) 1272/2008 or a notified classification and labelling 
based on ECHA’s C&L inventory2. These are indicated in the Appendix 2. 
 

4.2 The Health Council 
AEE as a mixture has not been evaluated by the Health Council of the 
Netherlands for its mutagenic or carcinogenic properties.  
 

4.3 IARC 
IARC considered that, up until 1989, no relevant studies were available 
to evaluate the carcinogenicity of AEE (IARC, 1989)11. There has been 
no update of this evaluation.   
 
Fourteen individual components or substance groups of AEE have been 
rated as carcinogenic to humans by IARC (see Appendix 2 for details). 
Furthermore, Diesel Motor Emissions (DME) which components are 
similar to AEE, has been rated as a Group 1 carcinogen by the IARC 
based on evidence of a causal association between DME and increased 
risk of lung cancer in humans, and an association with cancer of the 
urinary bladder11. As previously recommended in the intermediate report 
of this work1, a comparison between AEE and DME composition is 
considered relevant, but this is outside the scope of the current review. 
 

4.4 The Nordic Expert Group for Criteria Documentation of Health 
Risks from Chemicals and The Dutch Expert Committee on 
Occupational Safety 
The Nordic Expert Group for Criteria Documentation of Health Risks from 
Chemicals Safety in collaboration with The Dutch Expert Committee on 
Occupational Safety of the Health Council of the Netherlands have 
concurred with the IARC (see above) that Diesel Engine Emissions 
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(DME) which comprises of similar components as AEE, is a human 
carcinogen12. 
 

4.5 RIVM 
The RIVM maintains a list of substances of very high concern (SVHC). 
These are defined according to Article 7 of the REACH Regulation (EC) 
1907/2006. Criteria for entry onto this list includes having carcinogenic, 
or mutagenic properties or exhibiting reproductive toxicity. There are 8 
substances (1,3-butadiene; formaldehyde; benzene; naphthalene; 1-
methylnaphthalene, 2-methylnaphthaleen, isopropylbenzene and 
crotonaldehyde) found in AEE that are also listed as a SVHC13. 
 
 

4.6 Other countries 
In 2003, the US’s Federal Aviation Administration Office of Environment 
and Energy (FAA) compiled information on the relationship(s) between 
aircraft and airport-related activities and the emission of regulated 
hazardous air pollutants (HAPs). They identified 29 aircraft-related HAPs 
that are associated with both aircraft engine and ground support 
equipment emissions13. The top 10 on this list, in descending order of 
contribution to the total annual emissions in the US, consists of 
formaldehyde, 1,3-butadiene, acetaldehyde, xylene, benzene, lead, 
toluene, naphthalene, acrolein and propionaldehyde (FAA 2003)13. 
According to Regulation (EC) No 1272/2008 Annex VI, formaldehyde, 
1,3-butadiene, acetaldehyde, benzene, naphthalene have a harmonized 
carcinogenic classification while acrolein, lead and toluene have been 
notified as being carcinogenic. Xylene and propionaldehyde have not 
been classified. 
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5 Monitoring 

5.1 Environmental and occupational exposure monitoring 
No single substance has been identified as an indicator or surrogate for 
AEE exposure. Various methods are therefore employed for the different 
substances or substance groups. An overview of analysis methods used 
for monitoring some of the AEE-related components is given in Tables 1 
and 2. 
 
Particulate phase 
Gravimetric methods have been used for monitoring the particulate 
fraction of AEE. These allow determination of the relevant particle mass 
of a size-selectively collected filter-sample e.g. MDHS 14/4 and is used 
for measuring “fine” (PM2.5) or “submicron” (PM1) particulates. However, 
the sensitivity of these methods to small particle masses is low and it is 
not possible to distinguish AEE-related particles from other particles in 
the workplace air12. With regard to ultrafine particles, direct-reading 
instruments based on diffusion charging have been employed. 
Components of the particulate phase include elemental and organic 
carbon and organic constituents such as PAH. Well-established methods 
for their sampling and analysis usually employ filter-based sampling 
followed by analysis using GC-FID or GC-MS (e.g. NIOSH method 
5040)14. 
 
Gas phase 
The gas phase of AEE include NOX and CO. For NOX, the highest 
sensitivity is reached with chemiluminescence analysers with a limit of 
detection (LOD) of 0.002 ppm for both NO2 and NO. The techniques 
used for determination of CO are often based on the principle of 
electrochemical detection or non-dispersive infrared detection12. 
 
Table 1 Overview of methods for environmental exposure monitoring of 
substances in aircraft engine emissions 

Substance Sample 
matrix 

Sample 
preparation 

Analytical 
method 

Limit of 
detection 
(LOD) or 
reporting 
limit (RL) 

Reference 
 

Dust – 
inhalable 
fraction  

Workplace 
air 

MCE filter (25 
mm) 

Gravimetric 
analysis 

0.05 µg 
(RL) 

HSE UK,   
MDHS 
14/4. 
 
NEN-EN-
ISO 13137. 

Dust – 
respirable 
fraction 

Workplace 
air 

Quartz fiber 
filter (25 mm) 

Gravimetric 
analysis 

0.05 µg 
(RL) 

HSE UK,  
MDHS 14/4 
 
NEN-EN-
ISO 13137 

Ultra fine dust  Workplace 
air 

n/a Based on 
diffusion 

n/a - 
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Substance Sample 
matrix 

Sample 
preparation 

Analytical 
method 

Limit of 
detection 
(LOD) or 
reporting 
limit (RL) 

Reference 
 

charging 
using a 
Naneous 
Partector 2; 
Sample rate 
– 1/5-
seconds.  
Average over 
5 seconds.  
 

Elemental and 
organic 
carbon 

Workplace 
air 

Quartz fiber 
filter (37-mm) 

FID 0.1 µg (RL) NIOSH 
5040 
 
NEN-EN-
ISO 13137 

Metals Workplace 
air 

 ICP-MS RLs:  
0.1 µg for 
chromium, 
nickel,  
vanadium, 
zirconium;  
0.5 µg for 
molybdenu
m; 1.0 µg 
for zinc; 
2.0 µg for 
aluminium;  
3.0 µg for  
iron 

ISO 30011 

Hydrocarbons Workplace 
air 

Sorbent tube GC-FID 0.05 – 0.6 
μg/sample 

NIOSH 
1500 

Hydro-
carbons, 
aromatic 
 
including 
(benzene 
toluene, 
ethylbenzene,  
o-, m-, p-
xylene) 
 

Workplace 
air 

Sorbent tube  GC-FID 0.4 – 0.8 
μg/sample 

NIOSH 
1501 

PAH* Workplace 
air 

Filter and 
sorbent tube 

HPLC, 
Fluorescence
/UV 
detection 

- NIOSH 
5506 
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Substance Sample 
matrix 

Sample 
preparation 

Analytical 
method 

Limit of 
detection 
(LOD) or 
reporting 
limit (RL) 

Reference 
 

NOx Workplace 
air 

Sorbent tubes Visible 
absorption 
spectrometry 

1 μg NIOSH 
6014 

VOCs 
screening 

Workplace 
air 

 Quantitative  various NIOSH 
2549 

Elemental and 
organic 
carbon 

Workplace 
air 

 FID 0.1 μg (RL) NIOSH 
5040 
 

FID: Flame Ionisation Detector, ICP-MS: Inductively coupled plasma mass spectrometry, 
GC-FID: Gas Chromatography With Flame Ionization Detection, HPLC: High Performance 
Liquid Chromatography 
*PAH related to AEE may exists in different forms. The choice of measurement depends on 
whether the focus is on the vapour or particulate phase or both. Once PAH has been 
collected on a suitable filter or sorbent material and desorbed, the final determination is 
usually by GC-MS. However, several options are possible for each stage15. 
 

5.2 Biological exposure monitoring 
Biomonitoring of PAHs makes use of the poorly evaporating, particulate 
PAHs that comprise a significant proportion of the particulate mass of 
AEE. 1-Hydroxypyrene (1-OH-PYR) in urine is the most commonly used 
marker indicating exposure to pyrene. This usually correlates well with 
the amount of common carcinogenic PAHs (like benzo[a]pyrene) in PAH 
mixtures12. 
 
In general biomonitoring methods are not suitable for routine 
biomonitoring of workers occupationally exposed to AEE as a whole 
since there is no established surrogate for AEE exposure. It is a viable 
option when investigating exposure to components that have a specific 
biomarker e.g. 1-OH for PAH. 
 
Table 2 Overview of methods for biological exposure monitoring of substances in 
aircraft engine emissions 

Substance Sample 
matrix 
(Biomarker) 

Preparation 
method 

Analytical 
method 

Detection 
limit 

Reference 
 

PAH  
 

Urine  
(1-OH-PYR) 

Solid-phase 
extraction  

GC-MS SIM 0.08 to 0.2 
µg/sample 

NIOSH 
5528 

SIM: Selected-ion Monitoring 
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6 Exposure 

With regard to exposure, the focus is on (occupational) exposures on 
the airport apron that occur within 500 meters of the exposure source. 
No studies on occupational exposure to AEE as a mixture were identified 
by our search strategy. However, 10 studies that focussed on exposure 
to components of AEE were identified6, 16-24. Additionally, 9 of the health-
related studies that were included25-31, contained data on AEE-related 
exposure.  
 
Three exposure assessment studies and 2 health-related studies 
contained exposure data collected from airports in The Netherlands10, 18, 

23, 31, 32. These reported exposure to PAH, black carbon and fine and 
ultrafine particles in the vicinity of the airport apron. The sources of 
exposure were from aircraft as well as ground support equipment 
including diesel-powered ground power units and auxiliary power units. 
 
The most important determinants of AEE-related occupational exposure 
are ‘job type’, ‘proximity to emission sources’ and ‘fluctuations in 
emission levels’5. Exposure patterns are influenced by aircraft activities 
within the LTO cycles that result in peaks in air concentrations of 
components such as particulates33 and PAHs. Job types that require 
outdoor work on airside close to emission sources (e.g. baggage 
handlers, flight officers) are most likely to be higher exposed18, 23. 
Although there is considerable variability within and between jobs, they 
can be semi-quantitatively categorised into ‘low’,  ‘medium’ and ‘high’ 
exposed5, 23.  
 

6.1 Occupational exposure  
There are a number of studies that focussed on concentrations of 
ultrafine particles (UFP) in and around Dutch Airports35-37. Most of these 
studies did not fulfil the 500-meter inclusion criteria of the current 
review. One of these aimed to get an indication of the concentrations of 
UFP to which employees may be exposed by sampling on airside around 
the piers and platforms. They reported average concentrations near the 
terminals and piers ranging from 10,000 up to more than 200,000 per 
cm3 and peak concentrations of more than 500,000 particles per cm3. 
These estimates were based on stationary monitoring over half day 
period (6 hours) and gives an indication of potential occupational 
exposure. However, it can not be translated into personal exposure 
concentrations.  
 
The studies that investigated AEE-related occupational exposure in The 
Netherlands all focussed on exposure of apron workers to particulates at 
Schiphol Airport 10, 23, 31, 32, 37 and Eindhoven Airport18. Ten function 
groups working on airside that are potentially exposed to AEE have been 
described by Van der Meer et al. (2024)23. These are listed in Appendix 
4.  
 
Table 3 provides information on jobs that require workers to be on the 
airport apron in close proximity to in-service aircraft. The proportion of 
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total work time certain job functions spend on the airport apron is 
indicated where this information was available. These percentages were 
estimated for an exposure assessment study at Copenhagen Airport21. It 
is assumed that work time spend at the apron per job function at 
Copenhagen Airport, is comparable to the situation at airports in The 
Netherlands. Consequently, this is only suggestive of the situation in the 
Netherlands. It was reported that apron workers (e.g. baggage 
handlers, flight officers) spent the highest proportion of their normal 
work time in the area of the airport apron and were were highest 
exposed6, 18, 23, 38, 39. This was estimated to be about 76% for baggage 
handlers38. This is followed by the group comprising ‘Catering drivers, 
fuel drivers, inflight service drivers, and other catering and inflight 
service personnel’ then by ‘(Aircraft) cleaning staff’ and ‘marshallers’ at, 
respectively, 62% and 40% 38. Jobs ‘airside security’ and ‘firefighters’ 
spend less than 15% of their time in the airport apron area38. 
 
Table 3 Individual job titles and indication of time spent on the apron18, 20, 23, 38  
Job titles Percentage of normal 

working day  
(Møller et al., 2017)38 
 

Working prevalently in very close proximity to aircraft in the 
airport apron area  

 

Baggage handlers  76% 
Catering drivers, fuel drivers, inflight service drivers, 
and other catering and inflight service personnel  

62% 

Fitters  
Airport hands - 
Flight officers - 
Marshallers  40% 

Working some of the time in reasonable proximity to aircraft 
in the airport apron area  

 

Airfield operations managers  
Cleaning staff (aircraft cleaners)  62% 
Civil maintenance service  
Cargo (loading/unloading)  25% 
Maintenance service personnel  25% 
Runway shuttle drivers  
Traffic, gate coordinators  20% 

Working some of the time (< 15%) in reasonable proximity 
to the aircraft in the airport apron area 

 

Airside security staff  14% 
Firefighters  10% 

 
Table 4 gives data on ambient exposure levels in the airport apron area 
(Environment: Stationary monitoring) and the estimated occupational 
exposure levels as assessed using personal exposure monitoring 
(Environment: Personal exposure monitoring). 
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Table 4 Occupational exposure to AEE-related substances and substance groups (adapted from Bendtsen et al. (2021), unless otherwise 
indicated (*) 
Reference and description Environmental 

(Personal exposure monitoring) 
Environmental   
(Stationary monitoring) 

PAH   

Andersen et al. (2021)25* 
 
Denmark 
 
Exposure levels and 
biomarkers of genetic 
damage for air force ground 
crew personnel  at a Danish 
air force military base. 
 

Mean ± SD 
Skin wipes total PAHs (ng/cm2) per 1 h: 
Exposed staff: 2.05 (±3.02) 
Non-exposed: 2.10 (±3.20) 
No significant difference in exposure levels 
(p=0.718) 
 
Total urinary OH-PAHs (µmol/mol creatinine) 
Exposed staff: 3.29 (±1.7) 
Non-exposed staff 4.76 (±3.9) 
Significantly lower concentrations in exposed 
staff (p < 0.004).  
 
Authors explained that this (non-intuitive 
result) could be due to large uncertainties due 
to the relatively large fraction of imputed data. 
  

- 



RIVM letter report 2024-0148 

Page 28 of 131 

Reference and description Environmental 
(Personal exposure monitoring) 

Environmental   
(Stationary monitoring) 

Childers et al. (2000)17 
 
USA 
 
Total mean PAH 
concentrations at different 
locations at an Air National 
Guard base and under 
different flight-related and 
ground-support activities.  
 
Real-time monitors used. 
downwind of a four-engine C-
130H aircraft. 

- Mean total PAH concentrations in 
integrated air samples (airborne and 
particle bound): 
 
601.1 ng/m3 (hangar background)  
1025.4 ng/m3 (hangar taxiing) 
2802.7 ng/m3 (engine test) 
6795.3 ng/m3 (engine running on/off) 
9811.1 ng/m3 (diesel-fuelled aerospace 
ground equipment) 
 
During flight-related exercises, PAH 
concentrations were 10–15 times higher 
than the ambient air. 
 

Cavallo et al. (2006)27 
 
Italy 
 
23 PAH (vapor and particle- 
bound) measured during 24 h 
of 5 work days at the airport 
apron, building and 
terminal/office area 
 

- Mean of 23 PAHs (particle and vapour) 
 
27703 ng/m3 (apron) 
17275 ng/m3 (airport building) 
9494 ng/m3 (terminal departure area) 
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Reference and description Environmental 
(Personal exposure monitoring) 

Environmental   
(Stationary monitoring) 

 
Iavicoli et al. (2006)19 
 
Italy 
 
Environmental monitoring to 
evaluate occupational 
exposure PAH and biphenyl. 
PAH compounds of highest 
levels measured for 24 h in 
three different locations 
 

 
- 

 
130–13,050 ng/m3 (naphthalene) 
64–28,500 ng/m3 (2-methylnaphthalene) 
24–35,300 ng/m3 (1-methylnaphtalene) 
24–1610 ng/m3 (biphenyl) 
54.2 ng/ m3 (fluoranthene) 
8.6 ng/m3 (benzo[a]pyrene) 

 
Pitarque et al. (1999)30 
 
Spain 
 
Barcelona airport personnel 
who assist during charge and 
discharge of the aeroplanes 
(n=39). 
 
Full shift air levels of 
benzene, Toluene and 
Xylenes in Barcelona Airport. 
 
 

 
8-hr time weighted average   
(mean ± standard error) 
 
Benzene: 100 ± 50 (μg/m3) 
Toluene: 130 ± 10 (μg/m3) 
Xylenes: 130 ± 20 (μg /m3) 

 
- 
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Reference and description Environmental 
(Personal exposure monitoring) 

Environmental   
(Stationary monitoring) 

Black carbon 

Targino et al. (2017)22 
 
Amsterdam, Brazil, France, 
Italy, Uruguay 
 
Mean black carbon 
concentrations measured at 
different micro-environments 
of airports and in commercial 
flights 

- 3.78 μg/m3 (during 
boarding/disembarking) 
3.16 μg/m3 (airport concourse) 
2.78 μg/m3 (inside aircraft with open 
doors) 
0.81 μg/m3 (inside aircraft on the ground 
with closed doors) 

Westerdahl et al. (2008)24 
 
USA 
 
BC levels measured in the 
vicinity of LAX to assess the 
spread of airport emissions in 
up – and downwind ambient 
air to the immediate 
neighborhood 

- 1.8 μg/cm3 (at the taxiway) 

Pirhadi et al. (2020)10 
 
Netherlands 
 
Contributions of airport 
activities to measured Black 
Carbon (BC) levels at 
Amsterdam Schiphol were 

- Mean BC: 0.6 μg/m3 

Range (min-max): 0.1-5.3 μg/m3 
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Reference and description Environmental 
(Personal exposure monitoring) 

Environmental   
(Stationary monitoring) 

measured for 32 sampling 
days over 6 months 

Particles   
Andersen et al. (2021)25* 
 
Denmark 
 
Exposure levels and 
biomarkers of genetic 
damage. 
for air force ground crew 
personnel  
at a Danish air force military 
base. 
 

Job title (location) 
Mean Particle Number Concentration (PNC) ± 
SD: 
 
Crew chief (Hangar): 
13.8 × 103 ± 88.1 × 103 
51.6 × 103 ± 330.5 × 103 
 
1.9 × 103 ± 1.7× 103 (Aircraft engineer -
Workshop) 
2.4 × 103 ± 9.2 × 103 (Office worker ) 

- 

Bendtsen et al. (2019)26* 
 
Denmark 
 
Maximal measurements at a 
commercial airport and 
exposure assessment at a 
non-commercial airfield 

Personal exposure levels were similar to 
ambient air concentrations. 
 
Jobtitle  
PNC Particles/cm3, Mean (SD)  
Lung Deposited Surface Area (LDSA ) 
(µm2/cm3), Mean (SD) 
 
Aircraft Flight Security, n=12 
PNC: 104 × 103 (476 × 103); 
LDSA: 174.27 (696.9) 
 

106 -108 particles/cm3 (main combustion 
events of plane leaving and arriving) 
 
1086 μg/m3 (single peak event of plane 
leaving). 10.7% was predicted to deposit 
in the alveolar lung regions. 



RIVM letter report 2024-0148 

Page 32 of 131 

Reference and description Environmental 
(Personal exposure monitoring) 

Environmental   
(Stationary monitoring) 

Aircraft Ground Equipment, n=5 
PNC: 44 × 103 (350× 103) 
LDSA: 58.50 (307.01) 
 
Flight security officer, n=6 
PNC: 27 × 103  (88 × 103) ; 
LDSA: 94.49 (358.95), 
 
Firefighting officer, n=9 
PNC: 15 × 103  (54× 103); 
LDSA: 56.89 (19.28) 33.33 (83.17) 

Buonanno et al. (2012)16 
 
Italy 
 
Total mean concentration of 
10 daily UFP samples with 
personal monitors placed with 
crew chief and hangar 
operator 

2.5 × 104 particles/cm3 
(crew chief) 
1.7 × 104 particles/cm3  
(hangar operator) 
Median number concentrations for 2 months 
measurement period 

6.5 × 103 particles/cm3 (downwind site) 

Esveld et al. (2023)18* 
 
Netherlands 
 
Area and personal 
measurements of UFPs on the 
aircraft stand of  Eindhoven 
Airport. Average and 
maximum particle 
concentrations  

6 members of each function group measured 
on 4-6 days; worst-case weather conditions 
with respect to wind direction.  
 
8-hr time weight average: 
77 x 103 UFP/cm3 (flight officer) 
69 x 103 UFP/cm3 (platform employee) 

8.7 x 103 UFP/cm3 (airport operations 
manager) 
37 x 103 UFP/cm3(main door access worker) 

 

Mean UFP/cm3  (year 2022):  
33 x 103 (north side of platform) 
76 x 103 (south side of platform) 
 
Max 8-hr time-weight average:  
450 x 103 particles/cm3  
 
Mean UFP/cm3 (year 2023):  
49 x 103 (average over measurement 
period 1 May to 30 June 2023) 
104 x 103 (average on platform) 
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Reference and description Environmental 
(Personal exposure monitoring) 

Environmental   
(Stationary monitoring) 
 
110 x 103 (aircraft stand) 
 

Van der Meer et al. 
(2024)23* 
 
Netherlands 
 
Personal exposure to 
inhalable dust, respirable 
dust, UFP, metals and 
elemental and organic carbon 
at Schiphol. 
 

By particle size: 
Inhalable, GM ± GSD:  
0.19 x 103 ± 1.82 mg/m3 

Respirable, (min-max):  
<0.04 x 103 – 0.19 x 103 mg/m3  

(86% respirable < detection limit) 
Ultrafine , GM ± GSD: 
65 x 103 ± 2,21 UFP/cm3 

 
By function group: 
115.6 x 103 UFP/cm3 (AS – passengers) 
105.7 x 103 UFP/cm3 (Pushback/sleeper) 
55 x 103 UFP/cm3 (Active on the AS – main 
contractors) 
 

-  

Møller et al. (2014)21 
 
Denmark 
 
Geometric means of personal 
exposure to particle number 
concentration carried out in 

37 × 103 UFP/cm3  (baggage handlers) 
5 × 103 UFP/cm3 (landside security) 
12–20 × 103 UFP/cm3 (catering drivers, 
cleaning staff and airside security) 

- 
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Reference and description Environmental 
(Personal exposure monitoring) 

Environmental   
(Stationary monitoring) 

five different occupational 
groups 

Marie-Desvergne et al. 
(2016)6 
 
France 
 
Nano-particle (NP) and metal 
concentrations in  ambient air 
and in exhaled breath 
condensate of airport workers 
(n=461).  
 
Area exposure concentrations 
by  condensation particle 
counters. 
Particle sizing by fast mobility 
particle sizer. 
Personal exposure by exhaled 
breath condensates. 
For apron workers samplings 
3–10 m from airplane parking 
positions. 
Sample duration 250 (admin 
workers) to 374 (apron 
workers) 

Particulate content was found in exhaled 
breath condensates, but no difference was 
found between the two study groups. 
 

Median (min – max),  particles/cm3: 
 
1.5 x 105 (1.0 × 104–2.1 × 107) (apron 
workers). 
 
8.3 × 103 (617–2.3 × 104) (administrative 
office staff) 
 
Significant difference in PNC on the apron 
and inside office buildings (p < 0.001). 
 
Peak concentration levels that correlated 
with aircraft activity observed on the 
apron. 
 
Significantly smaller-sized NP (p < 0.001)  
found on apron compared to office workers 
(mean geometric size: 17.7 nm  vs 23.7 
nm).  
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Reference and description Environmental 
(Personal exposure monitoring) 

Environmental   
(Stationary monitoring) 

 
Marcias et al. (2019)20 
 
Italy 
 
Maximal UFP number 
concentration of UFP 
exposures investigated for 33 
male employees working in 
an airport taxiway 

PNC range (min to max median) for 33 
operators: 
2.44 × 103  to 1.30 × 104 part/cm3 
 
LDSA μm2/cm3 (min to max median for 33 
operators): 
8.81 to 32.22 μm2/cm3 
  
Median size range of particles (min to max 
median): 
35 nm to 103 nm 
 
(UFPs part/cm3; mean(sd): 
 
61.4 x 103 (351.4 x 103) (all job functions) 
44.5 x 103 (350 x 103) Aircraft Ground 
Equipment personnel 
 
15.8 x 103 (54.3 x 103) Firefighting officer 
27.1 x 103  (88.1 x 103) Flight security agent,  
104.2 x 103  (475.6 x 103) Aviation fuel’s 
administration staff 
  

9.59 × 106 particles/cm3 (during support 
tasks in taxiing and taking off of the 
aircraft) 
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Reference and description Environmental 
(Personal exposure monitoring) 

Environmental   
(Stationary monitoring) 

Pirhadi et al. (2020)10 
 
Netherlands 
 
Contributions of airport 
activities to measured particle 
number concentrations 
(PNCs) at Amsterdam 
Schiphol were measured for 
32 sampling days over 6 
months 

- Sampling location: 300m from 2 major 
runways 
 
Mean total PNC (standard error):  
35 x 103 (615) particles/cm3 
 
Aircraft departures and aircraft arrivals 
contributed to 46.1 and 26.7% of PNC, 
respectively. Ground support equipment 
and local road traffic accounted for 6.5% 
of PNC and were characterized by 
diameters of 60–80 nm. Traffic from 
surrounding freeways was characterized 
by particles of 30–40 nm and contributed 
to 18% of PNC 
 
Mean PM2.5: 7.4 mg/m3  
Particle size range:  
10–20 nm 

Metals   

Marie-Desvergne et al. 
(2016)6* 
 
France 
 
Study details as described 
above in this table under 
‘Particles’ 

Median (min - max) Concentrations in EBC 
(μg/L)  
 
Aluminium: 
3.0 (3.0–131.7)(apron workers) 
3.0 (3.0–34.9) (administrative office staff) 
 
Cadmium: 
0.075 (0.075–0.720) (apron workers) 

- 
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Reference and description Environmental 
(Personal exposure monitoring) 

Environmental   
(Stationary monitoring) 

0.075 (0.075–4.52) (administrative office 
staff) 
Sig. elevation in apron workers (p < 0.001) 
 
Chromium 
0.57 (0.15–8.68) (apron workers)  
0.52 (0.15–5.12) (administrative office staff) 
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Particles 
Eight studies that contained data on AEE-related exposure to particulate 
matter were identified, 8 reported personal exposure in terms of particle 
number concentrations (PNC, particles/cm3)6, 10, 16, 18, 20, 21, 23, 25, 26  and 2 
reported exposure in terms of both PNC and lung-deposited surface area 
(LDSA) (μg2/m3)20, 26. The LDSA is a metric used to estimate the particle 
surface area concentration deposited in the alveolar region of human 
lungs and is possibly the most relevant metric for exposure to the UFPs 
in the size ranges found in AEE40.  
 
The highest PNCs reported in the literature were measured using 
stationary monitoring on the apron while planes were leaving and 
arriving. Air levels ranged from 9.59 x 106  particles/cm3 to 
concentrations up to the order of 108 5, 20. The highest exposure 
estimates based on personal exposure monitoring were seen for the 
‘crew chief’ and ‘hangar operator’ at median PNCs of 2.5 × 104 and 1.7 
× 104, respectively16. However, in a measurement campaign by van der 
Meer et al. (2024)23 conducted at Schiphol Airport Amsterdam, most of 
the respirable dust measurements (86%) were below the detection limit 
and within the nano-reference value of 4 µg/m3. This is a non-legally 
binding threshold value for nano-sized materials. Exposure levels for 
three function groups were above the limit value: “Pushback/Sleper ”, 
“Aircraft stand - Cargo” and “Passenger transport”. According to van der 
Meer and colleagues23, this was based on a limited number of 
measurements. With regard to particle sizes, van der Meer et al. 
(2024)23 reported that employees who spend more time on the aircraft 
platform were exposed to particles in the size range 20 to 40 nm. This 
was attributed to the ultrafine particles originating from AEE on the 
aircraft stand. Particle number size distributions originating from AEE 
are generally in the lower size ranges (10-100 nm).  Average exposure 
concentrations measured at Rotterdam/Den Haag airport (77,000 
particles/m3)18 were similar in magnitude to that estimated at Schiphol 
Airport (86,143 particles/m3) and had comparable size distributions. 
 
Metals 
Marie-Desvergne et al. (2016)6 found that metal concentrations of 
Aluminium (Al), Cadmium (Cd) and Chromium (Cr) could be detected in 
the exhaled breath condensate of 19%, 22% and 79%, respectively, of 
all airport workers participating in an exposure assessment study on 
nanoparticles and metal exposure of airport workers. Aluminium was 
correlated to Cd and Cr levels (p < 0.05). There was no significant 
difference in Cr and Al concentrations between administrative (non-AEE 
exposed) and apron (AEE-exposed) workers, but a significantly higher 
concentration of Cd was found in apron workers in comparison with 
administrative workers (p < 0.001) but this was rarely above the 
detection limit. Van der Meer et al. (2024)23 reported that metal in 
inhalable dust, which are markers for wear of internal combustion 
engines and for lubricating oils, are hardly or not detected and well 
below limit values. 
 
Polycyclic aromatic hydrocarbon 
There were 5 studies that investigated PAH exposure17, 19, 25, 27, 30. Two 
reported exposure based on personal monitoring. Pitarque et al. 
(1999)30 reported 8-hour time weighted average exposure to benzene, 
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toluene and xylene ranging from 100 to 130 μg/m3. For comparison, in 
the final Committee for Risk Assessment (RAC) opinion of 9th March 
2018 an 8-hour TWA OEL for benzene was set at 160 μg/m3 41. In the 
Netherlands this value is 700 μg/m3. Andersen et al. (2021)25 used 
biological monitoring to investigate dermal exposure but found no 
significant difference between exposed and non-exposed staff for 
estimates based on skin wipes. Based on biomarkers of internal 
exposure (OH-PAH) exposure levels of exposed staff were counter-
intuitively lower than that of the non-exposed staff. However, this was 
speculated to be due to the high proportion of imputed data; suggesting 
that many samples were below detection limits.  
 
Based on stationary monitoring, total PAH concentrations across studies 
ranged from 601 ng/m3 for background levels in an aircraft hangar to 
27,703 ng/m3 on the airport apron. Also based on stationary sampling, 
mean concentrations of total PAH during flight-related exercises17 were 
found to be 10-15 times higher than ambient air. In one study the 
highest average concentrations recorded on the apron (27,703 μg/m3) 
was three times the concentrations in the terminal departure area27. 
With regard to individual PAH, measured air concentrations ranged from 
8.6 ng/m3 for benzo[a]pyrene to 35,300 ng/m3 for 1-
methylnaphathalene. Regarding compositions of samples collected at the 
apron, the most abundant species of particle bound-PAHs in AEE were 
naphthalene, phenanthrene, fluoranthene, acenaphthene and pyrene 
with the concentration of total PAH ranging from 0.152 – 0.189 μg/m3. 
Naphthalene tended to be the most dominant PAH in most exposure 
scenarios.  
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7 Genotoxicity and mutagenicity 

7.1 Summary of in vitro mutagenicity tests 
One in vitro mutagenicity test on AEE was identified (Table 5). 
McCartney et al. (1986) 42 performed a bacterial reverse mutation assay 
in which Salmonella typhimurium strains TA98, TA98NR and TA98/1,8-
DNP6 were exposed to organic solvent extracts from airplane emission 
particulates. This was a non-guideline and non-GLP experiment. Air 
samples were collected near the runway and directly behind the engine 
of an idling Boeing 737 aircraft (Pratt-Whitney No. ST8D-7D engine). 
The sample obtained near the runway was collected during six hours at 
18 meter distance from the runway. The idling air sample was collected 
during 7 minutes at a distance of 9 meter behind the engine, at 61 cm 
above ground. A control sample was taken at the site in absence of 
idling planes (sample collection during 7 min). Exposure of the 
Salmonella typhimurium strains with the extracts derived from runway 
and idle particles resulted in a dose-dependent increase in the number 
of mutant (revertant) colonies per plate, with the highest number of 
mutant colonies for the idle particles. The control air sample taken at 
the site contained no measurable particles and upon extraction no 
mutagenicity was shown, i.e. identical to the extracted unexposed filter. 
 

7.2 Summary of in vitro cytogenetic tests 
No in vitro cytogenetic studies on AEE were identified in the current 
literature search. 
 

7.3 Summary of in vivo animal mutagenicity tests 
No in vivo animal mutagenicity tests on AEE were identified in the 
current literature search. 
 

7.4 Summary of human data on mutagenicity 
No epidemiological studies with human data on mutagenicity of AEE 
were identified in the current literature search. Studies with human data 
on genotoxicity/DNA damage, which are not necessarily permanent 
alterations to the genetic material, are described under paragraph 7.6.  
 

7.5 Summary of in vivo animal data on genotoxicity/DNA damage 
One in vivo study investigating genotoxicity/DNA damage of AEE was 
identified (Table 6). Bendtsen et al. (2019)26 performed an in vivo 
experiment with adult female C57BL/6Tac mice, which were exposed by 
a single intratracheal instillation of particles, collected at a commercial 
airport and behind a jetfighter within a shelter at a non-commercial 
airfield. The mice were exposed to 6, 18, and 54 μg particles/mouse 
dispersed in water (Nanopure). Control mice were exposed to water 
only, and positive controls were carbon black Printex90 nanoparticles 
and NIST2975 diesel particles. Mice were sacrificed on day 1, 28, and 90 
post-exposure. Genotoxicity was assessed by the comet assay on lung 
and liver tissue and cells from the bronchoalveolar lavage (BAL) fluid. 
Inflammation was measured as inflammatory cell influx in BAL fluid as 
well as by the acute-phase response marker serum amyloid A (Saa) in 
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lung (mRNA), liver (mRNA) and blood (protein). Pulmonary exposure to 
both types of AEE related particles induced genotoxicity (results only 
presented graphically), dose-dependent acute phase response, and 
inflammation at levels similar to standard diesel exhaust particles and 
carbon black nanoparticles. 
 

7.6 Summary of human data on genotoxicity/DNA damage  
Four epidemiological studies on genotoxicity (i.e. DNA damage) of AEE 
exposure in humans were included (Table 7). These studies investigated 
DNA damage using the Micronucleus (MN) assay, sister chromatid 
exchange (SCE) and/or Comet assay. 
 
Andersen et al. (2021)25 investigated lung function, plasma levels of 
acute phase inflammatory markers, and genetic damage levels in 
peripheral blood cells, in employees of a Danish air force military base. 
Genotoxicity assessment included micronucleus assay for chromosome 
damage in transferrin-positive peripheral blood reticulocytes and DNA 
damage by comet assay on peripheral blood mononuclear cells. A 
number of job titles were considered potentially exposed (aircraft 
engineers, crew chiefs, fuel operators and munition specialists), others 
served as reference group (avionics and office workers). In addition, 
exposure to polycyclic aromatic hydrocarbons (PAHs), organophosphate 
esters (OPEs) and ultrafine particles (UFPs) were measured for a 
number of jobs. There were some differences in exposure levels (PAH 
fluorene, OPE triphenyl phosphate) between groups, but no differential 
effects on biomarkers of systemic inflammation, genetic damage or lung 
function were found.  
 
Cavallo et al. (2006)27, 28 investigated exposure of airport workers and 
signs of genotoxicity. Workers were categorised into exposure groups 
(no, medium, high) based on proximity to in-service aircraft on the 
platform. Urinary PAH metabolites were used as biomarker of internal 
PAH exposure in parallel with PAH analyses of air samples. Exfoliated 
buccal cells and blood were evaluated for DNA damage using 
micronucleus assay (MN), Fpg (formamidopyrimidine- 
glycosilase)-modified comet assay and checking for sister chromatid 
exchange (SCE). There was no difference in urinary PAH metabolite 
levels between the high exposure job group (fitters, airport hands, 
marshallers, baggage handlers) and controls (office workers). The 
exposed group showed increased SCE (mean number: 4.61 ± 0.80) 
compared to control group (3.84 ± 0.58) and increased levels of 
chromosomal aberrations and DNA strand breaks in the Comet assay in 
both buccal cells and lymphocytes. 
 
Lemasters et al. (1997)28 investigated genotoxicity effects related to 
exposure to fuel and solvents of aircraft workers at a military base. The 
job function groups investigated included ‘jet fuel operations personnel’, 
‘flight line crew’, ‘ground crew’ and ‘jet engine mechanics’; all of whom 
were reportedly exposed to jet exhaust, along with co-exposures to jet 
fuel, solvents and paints. Following 30 weeks of exposure increases in 
SCE compared to pre-exposure levels was not observed for any of the 
above-mentioned job functions, unlike that of ‘sheet-metal workers’ and 
‘painters’ whose SCE measurably increased. The MN frequency in the 
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sheet metal workers initially showed a statistically significant increase, 
but by 30 weeks it had decreased. 
 
Pitarque et al. (1999)30 evaluated genetic damage in peripheral blood 
lymphocytes of 34 workers at Barcelona airport, exposed to low levels of 
hydrocarbons and jet fuel derivatives. They detected slight but 
significant differences in the mean comet length and genetic damage 
index compared to controls but no statistically significant increase in 
SCE or MN. Contrarily, the exposed group had significantly lower 
binucleated cells with MN than the control. They also evaluated whether 
the ras gene that codes for p21 protein levels in plasma could serve as a 
suitable potential marker of carcinogenic pollution in occupationally 
exposed cohorts. However, there were no statistically significant 
differences in p21 plasma levels between exposed and control groups. 
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Table 5 Summary table of in vitro data on mutagenicity 
Species Experimental period and design 

 
Concentration/Dose  
 

Observations and results Remarks 

McCartney et al. 
(1986)42 
 
Salmonella 
typhimurium 
strains TA98, 
TA98NR and 
TA98/1,8-DNP6 

Effects studied: Bacterial reverse 
mutation assay (Ames test); number of 
mutant colonies per plate. Experiment in 
triplicate. 
 
Exposure agent: Particles were collected 
near the runway (sample collection 
during 6 hours at 18 m from runway) and 
directly behind the engine of idling 
Boeing Model 737, Pratt-Whitney No. 
ST8D-7D engine (sample collection for 7 
min at a distance of 9 m at 61 cm above 
the ground). An air control sample was 
taken at the site in absence of idling 
planes (sample collection during 7 min). 
The air samples were collected using a 
high volume filter collector with a glass 
filter. After solvent extraction and 
evaporation, the residues were dissolved 
in DMSO.  
 
Experiment: Exposure via suspension on 
petri plates. Each assay contained a 
control sample obtained from an 
unexposed filter. Positive controls: 2-
nitrofluorene (33 µg/plate), 1-
nitropyrene (0.1 µg/plate) and 1,8-
dinitropyrene (0.008 µg/plate). 
 
Statistics: not reported.  

Amount of particulate 
equivalent applied:  
 
Runway: 0, 0.10, 0.33 
and 1.0 mg 
 
Idling: 0, 0.015, 0.050 
and 0.150 mg 
 
Control: amount not 
given as no particles were 
detected in this sample 
 

Dose-dependent increase in 
the number of mutant 
(revertant) colonies per 
plate: 
 
Runway particles: TA98: 19, 
32, 30, 132, TA98NR: 15, 
31, 31, 44, TA98/1,8-DNP6: 
5, 6, 11, 20 
 
Idling particles: TA98: 17, 
40, 67, 156, TA98NR: 12, 
19, 53, 76, TA98/1,8-DNP6: 
8, 9, 13, 20 
 
The air control sample taken 
at the site contained no 
measurable particles and 
upon extraction no 
mutagenicity was shown, i.e. 
identical to the extracted 
unexposed filter.  
 
 

Non-guideline; non-
GLP 
 
 



RIVM letter report 2024-0148 

Pagina 45 van 131 

Table 6 Summary table of in vivo animal data on DNA damage 
Species Experimental period and design 

 
Concentration/Dose  
 

Observations and results Remarks 

Bendtsen et al. 
(2019)26 
  
Female C57BL / 
6Tac mice, 8 
weeks old at time 
of exposure 
  
212 mice, 6-8 
mice per exposure 
group 
 

Single intratracheal instillation. Mice 
sacrificed after 1, 28 or 90 (high dose 
only) days. 
  
Effects studied:  
Genotoxicity: DNA strand breaks 
(Comet Assay) on lung and liver tissue 
and cells from the BAL fluid. 
Inflammation: Lung pathology, cellular 
content of Broncho-alveolar lavage 
(BAL) fluid. Acute phase response: 
Serum amyloid A (Saa) levels in lung 
(mRNA), liver (mRNA) and blood 
(protein).  
  
Exposure agents: Jet engine particles 
(JEP) collected behind a jetfighter 
within a shelter at a non-commercial 
airfield. Commercial airport particles 
(CAP) were collected at the apron. 
Collected with a commercial 
electrostatic precipitator (ESP). 
Positive control: carbon black (CB) 
(Printex 90) and standard reference 
diesel exhaust particles (DEP) 
(NIST2975). Negative control: 
Nanopure water (vehicle). Dispersion: 
The average hydrodynamic particle 
zeta-size varied from 136 to 269 nm 

CAP/JEP: 6, 18 and 54 μg 
per mouse  
 
Positive control CB: 54 μg 
per mouse and NIST2975: 
18, 54, 162 μg per mouse  
 

Increased levels of DNA 
strand breaks in BAL cells 
were observed for JEP and 
DEP (18 μg), day 1 post-
exposure. Day 28 post-
exposure CAP (6 μg) 
resulted in higher tail length 
and % tail DNA in liver cells. 
No dose-response was 
observed. 
  
Inflammation and acute 
phase response: JEP, CAP, 
DEP and CB exposure 
resulted in dose-dependent 
increases in total number of 
cells, neutrophils, and 
eosinophils after 1 day in 
BAL, as well as increased 
levels of Saa3 mRNA in lung 
tissue and Saa3 protein in 
plasma. Day 28 post-
exposure, lymphocytes were 
increased for JEP, CAP, DEP 
and CB, as well as 
neutrophils for JEP and CB. 
 

Non-GLP, non-
guideline 
  
Fuel type not specified.  
  
Results on DNA 
damage are only 
presented graphically. 
 
CAP and DEP formed 
larger aggregates in 
than CB and DEP, poor 
poly dispersity indices. 
  
The sampled JEP and 
CAP were 
characterized. The CAP 
were a more 
heterogeneous mixture 
of organic compounds 
including salt, pollen 
and soot. JEP and CAP 
both contained metals 
and PAH. Total PAH 
content was similar to 
the declared content of 
NIST2975, metal 
content was higher in 
JEP and CAP than 
NIST2975. 
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Species Experimental period and design 
 

Concentration/Dose  
 

Observations and results Remarks 

for CAP and from 143 to 196 nm for 
JEP, and 50-60nm for CB and DEP. 
  
Statistics: One-way ANOVA with 
Dunnett’s or Sidak’s multiple 
comparison test. Nonparametric data 
with Kruskal-Wallis with Dunn’s 
multiple comparisons test. Dose-
response effects were tested for linear 
trend. 
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Table 7 Summary table of human data on DNA damage 
Study design and 
population 

Exposure 
assessment 

Health assessment Results Bias/confounding Remarks 

Andersen et al. 
(2021)25 
 
Cross-sectional 
study 
Military Air Force 
base, Denmark 
May-June 2018,  4 
single day 
campaigns 
 
Study population: 
79 employees aged 
25 to 61 years of 
the Danish Air Force 
base (AM 46.9 years 
+/- 10.3); 87% 
males.  
 
Exposed:  
42 self-reported 
healthy and non-
smoking employees, 
with job functions 
with potential 
exposure to fuel 

Exposure agents: 
PAH, organophosphate 
esters (OPEs), ultrafine 
particles (UFPs) 
 
Assessment: 
Jobtitle was used as a 
proxy for exposure 
 
Silicone bands worn 3 
days (OPEs and PAHs), 
skin wipes of neck and 
both hands (PAHs), 
urinary PAH 
metabolites (OH-PAHs) 
and peripheral venous 
blood samples. 
UFP measurements: 
breathing zone (4 hour 
duration, 1 second 
resolution) using 
portable diffusion 
charger (DiSCmini), 
 
Concentrations: 
Mean ± SD 
PAH fluorene:  (15.9 
± 23.7 ng/g per 24 

Outcome(s): 
Genetic damage 
levels. Lung 
function, acute 
phase 
inflammatory 
markers  
 
Assessment: 
Genotoxicity 
Single blood sample. 
Micronucleus (MN) 
assay for chromosome 
damage in transferrin-
positive peripheral 
blood reticulocytes. 
DNA damage by comet 
assay on peripheral 
blood mononuclear 
cells.   
 
Inflammation 
markers: ELISA 
assay used to 
determine serum 
amyloid A and C-
reactive protein in 
plasma. 

Highest UFP exposure 
measured for crew 
chiefs.  
 
Exposure levels of 
total PAHs, OPEs and 
OH-PAHs did not 
differ between 
exposure groups or 
job functions.  
 
The exposed 
participants did have 
higher levels for PAH 
fluorene (fuel 
operators) and 
organophosphate 
esters (OPE) and 
triphenyl phosphate 
(TPHP) (crew chiefs) 
than non-exposed 
participants. 
 
No evidence for 
genetic damage: DNA 
strand breaks: 
0.09±0.04 vs 

Linear model 
adjusted for age, 
sex, BMI, relevant 
health history, lung 
function and 
smoking history. 
 
Possible 
participation / self-
selection bias 

Few UFP 
measurements.  
 
Small numbers 
of participants 
per job title.  
 
No repeated 
measurements 
or health 
assessment.  
 
Variations in 
weather 
conditions and 
operation 
activities not 
accounted for.  
 
No information 
on participation 
rate. 
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Study design and 
population 

Exposure 
assessment 

Health assessment Results Bias/confounding Remarks 

vapours, lubricants 
and jet exhaust, 
including crew chiefs 
(n=17), aircraft 
engineers (n = 14), 
fuel operators (n = 
6) and munition 
specialists (n = 5) 
 
Reference group:  
37 self-reported 
healthy and non-
smoking employees; 
other military staff: 
office workers 
(n=31) or avionics 
(n=6) 
 

h vs 5.28 ± 7.87 
ng/g per 24 h, p = 
0.007) 
 
OPE triphenyl 
phosphate:  (305 ± 
606 vs 19.7 ± 33.8 
ng/g per 24 h, p = 
0.011) 
 
UFP:  
crew chiefs: 
13.8 × 103±88.1× 103  
51.6× 103±330.5× 103 
Aircraft engineer:  
1.9 × 103 ± 1.7× 103 
Office worker:  
2.4 × 103 ± 9.2 × 103 

 
Lung function: 
Spirometer: 
measuring forced 
vital capacity 
(FVC), forced 
expiratory volume 
in one  second 
(FEV1) and peak 
expiratory flow 
(PEF). Settings 
adjusted for 
ethnicity.  
Self-administered 
under instruction.  
 
Statistical 
analyses:  
Welch one-way 
test (group 
means), Wilcoxon 
rank sum test 
(OPEs), Hotelling 
T-squared test 
(means 
outcomes).  
 

0.10±0.04 lesions/106 
bp (exposed and 
reference group), 
Micronucleated 
reticulocytes: 
3.01±1.2 vs. 
3.04±1.4 ‰ 
(exposed and 
reference group).  
 
No evidence for 
effects on biomarkers 
of systemic 
inflammation, or lung 
function.  
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Study design and 
population 

Exposure 
assessment 

Health assessment Results Bias/confounding Remarks 

Sensitivity 
analysis: excluding 
female 
participants; 
excluding 
participants from 
not-exposed 
group.  

Cavallo et al. 
(2006)27 
 
Cross-sectional 
study 
Leonardo da Vinci 
airport, Rome. Italy 
January to February 
2005 
 
Study population: 
Airport personnel.  
- High exposed: 
n=24 (fitters, 
airport hands, 
marshallers, 
baggage handlers, 
working on the 
apron in close 

Exposure agent(s) 
23 PAHs from jet 
fuel vapours, jet fuel 
combustion products 
and diesel exhaust. 
 
Assessment: 
Semi-quantitative. 
Exposure level 
assignment of each 
participant into 
high-, medium-, no-
exposure based on 
prevalence of time 
working in close 
proximity to in 
service aircraft in 
the airport apron 
area. 

Outcome:  
Genotoxic effects 
and direct-oxidative 
DNA damage. 
 
Assessment: 
Micronucleus assay 
to identify DNA 
damage in 
lymphocytes and 
exfoliated buccal 
cells.  
 
Fpg-modified comet 
assay used to 
evaluate oxidative 
DNA damage in 
lymphocytes.  
 

Total PAH air 
concentrations were 
highest on the 
airport apron.  
 
Urinary OH-pyrene 
levels did not differ 
between groups.  
 
The exposed groups 
showed higher mean 
value SCE frequency 
compared with 
controls. All exposed 
vs controls: 4.61 ± 
0.80 vs 3.84 ± 0.58. 
(M-W; p<0.001) 
 
High exposed vs 

 Small number 
of participants 
per job title. 
No repeated 
measurements 
and health 
assessment. 
 
No information 
on 
participation 
rate. 
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Study design and 
population 

Exposure 
assessment 

Health assessment Results Bias/confounding Remarks 

proximity of aircrafts 
in service).  
- Medium exposed 
Group, n=17 
(security staff, 
maintenance service 
personnel, cleaning 
staff, air field 
operations 
managers, runway 
shuttle drivers, 
spending some time 
in proximity of 
aircrafts). 
- Non-exposed 
group (controls) 
n=31 employees 
working in the 
administrative 
Terminal Departure 
office of the same 
airport. 

 
Quantitative 
measurements:  
24 hours stationary 
air samples collected 
in the 3 working 
areas (airport apron, 
airport building and 
terminal/office area) 
over 5 working days 
using active 
sampling. Samples 
analysed for PAH. 
 
Personal exposure 
monitoring: 
Urinary PAH 
metabolites 
(sampled at the end 
of 5-day workweek) 
as biomarker of PAH 
exposure.  
 
stationary 
monitoring: 
PAH analyses of air 
samples taken at 

Sister chromatid 
exchange (SCE) in 
lymphocytes 
(SCE/cell per 
subject) was 
determined using 
blood samples 
collected on day 3 
of workweek. 
Analysis of 
chromosomal 
aberrations (CA). 
 
Statistical analyses: 
Student’s t-test, 
Mann–Whitney U-
test (M-W), ANOVA, 
Kruskal–Wallis (K-
W)was used to test 
significance of 
differences in the 
studied biological 
parameters 
between the 
exposed groups 
(high, medium) and 
controls.  

controls: 4.61 ± 
0.87 vs 3.84 ± 0.58 
(K-W; p<0.001) 
 
Medium exposed  vs  
4.59 ± 0.71 vs 3.84 
± 0.58 (K-W; 
p<0.001) 
 
The exposed groups 
showed increased 
levels of 
chromosomal 
aberrations and 
increased tail 
moment in 
lymphocytes 
compared with 
controls:  
55.86 vs 43.98 in 
control for Fpg-
treated cells, and 
43.01 vs 36.01 for 
untreated cells. 
 
There was no 
difference in 
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Study design and 
population 

Exposure 
assessment 

Health assessment Results Bias/confounding Remarks 

the airport apron, 
airport building and 
terminal departure 
area (24h for 5 
working days). 
 
Concentrations: 
Environmental 
exposure. Arithmetic 
mean total PAHs: 
Airport apron – 
27.7030 μg/m3 
Airport building – 
17.2750 μg/m3 
Terminal departure 
area – 9.4940 μg/m3 

The Z normal test 
was used to 
evaluate statistical 
significance of 
differences in CA 
percentages among 
groups. 

micronucleus 
between exposed 
and control groups 
for exfoliated buccal 
cells and 
lymphocytes. 
 
All exposed vs 
controls MN in buccal 
cells: 0.64  ± 0.98 
vs 0.64 ± 0.54. (M-
W; p<0.251) 
 
All exposed vs 
controls MN in buccal 
cells: 0.64  ± 0.98 
vs 0.64 ± 0.54. (M-
W; p<0.251). 
 
All exposed vs 
controls MN in 
lymphocytes: 8.15  
± 3.70 vs 7.10 ± 
4.21. (M-W; 
p<0.129) 
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Study design and 
population 

Exposure 
assessment 

Health assessment Results Bias/confounding Remarks 

Lemasters et al. 
(1997)28 
 
Cross sectional, 
prospective repeated 
measures design 
with each subject as 
own control. 
 
Study population 
Fifty men, 18-50 
years. 
Six aircraft sheet 
metal workers, 6 
aircraft painters, 15 
jet fuelling operation 
workers, 23 flight 
line crew (ground 
crew, jet engine 
mechanics). 
 
Response rate: 79% 

Exposure Agent(s): 
Jet fuel, jet exhaust, 
solvents, adhesives, 
sealants, paint. 
Reported as total 
solvents, fuel and 
benzene.  
 
Assessment: 
3 consecutive days 
of full-shift air 
monitoring with 
breath sampling on 
day 3. Random 
personal sampling 
throughout 
measurement 
survey. 
 

Outcome: 
Genotoxicity: SCE 
and MN frequency. 
 
Assessment: 
Pre- and post (after 
15 or 30 weeks) 
assessment of SCE 
and MN frequency 
using blood 
lymphocyte MN and 
SCE analysis.  
 
Cytogeneticist were 
blind to exposure 
status (baseline, 
15- or 30 weeks 
exposure).  
 
Statistical analysis:  
Paired t-tests for 
significant changes 
in the outcome 
variable within 
groups from 
baseline to 15 or 30 

Exposures in aircraft 
maintenance 
workers were well 
below the threshold 
limit values. With 
the exception of 
benzene, all mean 
air concentration 
values, were below 
the threshold limit 
values (TLV).  
 
Internal dose levels 
of solvents and fuels 
were also measured 
in the breath and 
mean levels were 
very low.  
 
Except for fuel and 
benzene exposure 
for the flight line 
subjects, there 
were no statistically 
significant 
differences in 
exposure as 

No attempt to 
correct for 
confounding.  
 
Non-occupational 
exposures to agents 
with comparable 
effects were not 
corrected for.  

The focus of 
this study was 
not on 
exposure to 
AEE. The 
substances 
that were the 
main focus of 
this study 
would have 
confounded 
any effect of 
AEE-related 
exposures.  
 
Non-
occupational 
confounding 
exposures 
could not be 
ruled out. 
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Study design and 
population 

Exposure 
assessment 

Health assessment Results Bias/confounding Remarks 

weeks after 
exposure. 

measured in the 
personal air 
samples between 
the 15- and 30-
week sampling 
periods. 
 
No difference 
between baseline 
measurements for 
SCE and MN in non-
exposed and 
exposed subjects.  
 
Increased SCE after 
30 weeks for all 
exposed subjects 
(mean SCE per cell 
7.1 vs. 6.7 at 
baseline prior to 
measurement), for 
sheet metal 
workers (mean SCE 
per cell 7.8 vs 6.5 
at baseline prior to 
exposure), and 
painters (mean SCE 
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Study design and 
population 

Exposure 
assessment 

Health assessment Results Bias/confounding Remarks 

per cell 6.7 vs. 5.9 
at baseline prior to 
exposure). No 
change observed 
for other function 
groups 
 
Increased MN in 
sheet metal 
workers initially 
after 15 weeks (MN 
per 1000 cells: 19.8 
vs. 12.0), but 
decreased by 30 
weeks (15.5 MN per 
1000 cells). No 
change observed 
for other function 
groups. 

 
Pitarque et al. 
(1999)30 
 
Cross-sectional 
study 
Barcelona airport, 
Spain 

Exposure Agent(s): 
petroleum 
derivatives and 
engine exhausts 
 
Assessment: 
air measurements of 

Outcome: 
Genotoxicity. 
Specifically genetic 
damage in 
peripheral blood 
lymphocytes. 
 

SCE and MN 
analyses failed to 
detect any 
statistically 
significant increase 
in the airport 
workers when 

Age and smoking 
habit were 
considered. 
 
The control group 
that was drawn 
from university 

No 
information on 
timing of 
blood samples 
vs. work shift 
or on timing 
of exposure 
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Study design and 
population 

Exposure 
assessment 

Health assessment Results Bias/confounding Remarks 

 
Study population 
Exposed:  
39 airport workers, 
‘probably’ exposed 
to petroleum 
derivatives and 
engine exhausts, 
assisting during 
charge and 
discharge of 
aeroplanes. 
 
Reference group: 
11 healthy men 
working at the 
University campus 
of Bellaterra, 
Barcelona.  
 

benzene, toluene, 
and xylenes using 
8-hr passive 
personal 
dosimeters. 
 
Questionnaire.  

Assessment: 
Single blood sample 
per participant 
analyzed using SCE 
analysis, Micronuclei 
(MN) test and 
Comet assay. 
 
Statistical analysis:  
SCE: t-test for SCE 
and High Frequency 
Cells (HFC), and the 
Chi-2 test for 
Proliferation Rate 
Index (PRI). 
MN: t-test for total 
MN, bi-nucleated 
cells with micro-
nuclei (BNMN) and 
the percentage of 
binucleated cells 
(%BN), and the 
Chi-2 test for 
cytokinesis block 
proliferation index 
(CBPI). 
 

compared with the 
controls. 
SCE controls vs 
exposed (mean ± 
s.e.): 
7.30 ± 0.28 vs  8.07 
± 0.24 (p≤0.05) 
 
MN controls vs 
exposed:  
12.55 ± 1.65 vs 
7.62 ± 0.49 
(p<0.001) 
(lower in exposed) 
 
Slight but significant 
differences in the 
mean comet length 
and genetic damage 
index were observed 
between the 
exposed and control 
groups when using 
the Comet assay. 
Comet length 
controls vs exposed: 
39.25 ± 1.78 vs 

workers was 
assessed for 
confounding 
factors that can 
affect the 
parameters 
investigated. 

measurement
s. 
 
Exposure 
assessment of 
workers 
potentially 
exposure to 
petroleum 
derivatives 
and engine 
exhausts was 
partly based 
on a 
questionnaire. 
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Study design and 
population 

Exposure 
assessment 

Health assessment Results Bias/confounding Remarks 

Comet: t-test for 
mean comet length, 
and the distribution 
of the degrees of 
DNA damage 
among the controls 
was compared with 
the distribution 
among the exposed 
workers by means 
of the Chi-2 test.  
 
p21 values: pooled 
two-sample one-
sided t-test, 
untransformed and 
non-parametric 
Mann–Whitney test. 

45.51 ± 1.55 
(p<0.05). 
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8 Carcinogenicity 

8.1 Summary of animal data on carcinogenicity  
No studies with animal data on carcinogenicity of AEE were identified in 
the current literature search. 
 

8.2 Summary of observations in humans 
Four epidemiological studies reported in five publications investigated 
possible relationships between AEE-related exposure and cancer. These 
comprised two studies that looked at associations with testicular 
cancer43, 44 and two case-control studies45-47 that looked at several 
cancer sites. These studies are summarized in Table 8 and Table 9 
followed by text summaries.  
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Table 8 Summary table of cohort studies  
Study design and 
population 

Exposure 
assessment 

Health assessment Results Bias/ 
confounding 

Remarks 

Foley et al. 
(1995)43 
 
Study population: 
Royal Air Force 
(RAF) UK personnel 
1984-1989. 
 
Reference 
population:  
General UK 
population. 
 

RAF occupation 
used as proxy for 
exposure. 

Health outcomes: 
Malignant 
testicular 
neoplasm 
 
Outcome 
assessment:  
Based on coded 
medical condition  
(ICD 186). 
Histologically 
checked. 
 
Absolute number 
of cases and 
incidence per 
100,000 within 
each group for all 
coded medical 
conditions 
obtained from the 
Central statistical 
agency of the 
Armed Services, 
UK. 
 

Incidence of testicular 
neoplasms by RAF 
occupation,  
Rate per 105  
 
Whole cohort: 
26.8 (22.6-31.8),  
Engineers: 
31.2(23.4-41.2 ),  
Caterers: 
15.5(3.9 8-49.3) 
 
 
Compared to national 
population: RR = 
3.27 (95% CI: 2.43 - 
4.31) (p < 0.001).  
 

Co-exposures 
to other 
carcinogenic 
agents in the 
workplace that 
have been 
show to 
produce 
testicular 
tumors in 
animals. These 
may include 
fresh and used 
lubricating oils, 
paints, 
degreasing 
agents and 
other solvents.  
 

Limited 
information 
available in 
report for 
quality 
assessment. 
 

There was 
incomplete 
follow-up of 
discharged 
personnel 
because the 
medical 
information 
system held data 
for active duty 
personnel only.  
 

Authors findings 
and conclusion:  
A significantly 
elevated average 
incidence of 
testicular  
neoplasm above 
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Study design and 
population 

Exposure 
assessment 

Health assessment Results Bias/ 
confounding 

Remarks 

the national rate  
was most marked 
in engineers and 
electronic 
engineers who 
worked  directly 
with aircraft. 
  
Differences were 
not significantly 
different between 
occupational 
groups as 
evidenced by 
wide overlap 
within the 
confidence 
intervals. 

Garland et al. 
(1998)44 
 
Study population: 
White US naval 
service men who had 
been hospitalized 
during active duty.  
Enlisted men with a 

Job title used as 
proxy for 
exposure.  
 
Aviation support 
technicians 
whose activities 
may occur on 
flight decks of 

Health outcome: 
Age-adjusted 
incidence rates of 
testicular cancer 
as defined in ICD-
VIII (code 186). 
 
Outcome 
assessment:  

For the job title 
Aviation Support 
Technician, 
standardized 
incidence ratio for 
testicular cancer 
compared with the 
SEER population: 
SIR = 6.2, 95% CI 

Co-exposures 
with other 
carcinogenic 
agents in the 
workplace: 
fresh and used 
lubricating oils, 
paints, 
degreasing 

Limited 
information 
available in 
report for quality 
assessment. 
 
There was 
incomplete 
follow-up of 
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Study design and 
population 

Exposure 
assessment 

Health assessment Results Bias/ 
confounding 

Remarks 

confirmed discharge 
diagnosis of testicular 
cancer (n=143) 
during the study 
period 1974-1979.   
2,275,829 person-
years during the 
study period. 
 
Reference population: 
Comparison was with 
the US SEER* 
population and the 
total Navy. 
 
*US SEER = National 
Cancer Institute 
Surveillance, 
Epidemiology and End 
Results (SEER) 

aircraft carriers, 
at aircraft repair 
facilities, and at 
airports. 

Record linkage: 
Examination of 
medical history file 
for Testicular 
cancer as defined 
in ICD-VIII; code 
186. 
 

1.9-13.0; p < 0.001 
 
Compared with the 
total Navy: 
SIR = 6.9, 95%  CI 
2.1-14.4; p < 0.001 

 

agents and 
other solvents 
that have been 
show to 
produce 
testicular 
tumors in 
animals.   
 

discharged 
personnel 
because the 
medical 
information 
system held data 
for active duty 
personnel only. 
Notwithstanding 
authors’ note that 
peak incidence 
for the outcome 
is between 25 – 
34 years, there is 
a risk of 
attenuation of 
overall risk 
estimate. 
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8.2.1 Cohort studies overview 

Foley et al. (1995)43 compared the incidence of testicular cancer among 
UK Royal Air Force (RAF) personnel by looking at all confirmed 
diagnoses from 1984 to 1989. They found that, in general, incidence 
rates of testicular cancer peaked within the age group 25-40 years but 
that the peak was higher for RAF personnel who worked most closely 
with aircraft. The overall relative risk was 3.27 (95% CI: 2.43-4.31). 
RAF personnel that did not work directly with aircraft had an incidence of 
testicular cancer that was comparable with the national average rate.  
 
Garland et al. (1998)44 investigated age-adjusted incidence rates of 
active duty US naval personnel against incidence and mortality rates 
reported in the National Cancer Institute Surveillance and End Results 
(SEER). Assessment by occupational sub-groups showed that naval  
aviation support equipment technicians’ and ‘enginemen’ whose tasks 
included maintenance of internal combustion engines with related 
exposure to lubricants, solvents, paints and exhausts had raised 
incidence rates for testicular cancer when compared with rates seen in 
SEER (SIR=3.4, 95% CI: 1.9-5.6) and the total Navy (SIR=3.8, 95% 
CI: 2.1-6.3) 
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Table 9 Summary table of case-control studies  
Study design and 
population 

Exposure 
assessment 

Health assessment Results Bias/ 
confounding 

Remarks 

Siemiatycki 
(1988)47 
(cf Parent et al. 
2000)45 
 
Case-control, 
retrospective 
Montreal, Canada; 19 
participating 
hospitals; 
Interviews between 
1979 and 1985 
 
Study population: 
3726 male cancer 
patients, 35-70 years 
of age; case = 
diagnosed with 
cancer at any one of 
20 cancer sites. 
 
Reference 
population: 
For each case series 
a referent was 
selected from among 

Exposure agent: 
10 types of exhaust 
and combustion 
products: 4 exhaust 
products of internal 
combustion engines 
including those 
using jet fuel; 6 
derived from 'non-
engine' combustion 
of (coal, coke, 
wood, liquid fuel 
(including without 
distinction heating 
oil, kerosene, 
naphtha, lamp oil), 
natural gas, and 
propane. 
 
Assessment: 
Semi-quantitatively 
assessed based on 
probability of 
occupational 
exposure by virtue 
of job title. 

Outcome:  
Cancer at several 
sites 
(esophageal, 
stomach, colon, 
rectosigmoid, 
rectal, 
pancreatic, lung 
(oat cell, 
squamous cell, 
adeno-
carcinoma, other 
cells types), 
prostatic, 
bladder, kidney, 
melanoma of the 
skin, non-
Hodgkin’s 
lymphoma. 
 
Assessment: 
Cases considered 
eligible only if 
diagnosis was 
histologically 
confirmed. 

Odds ratios reported 
between any of 15 
types of cancer for 
any site series with > 
100 interviewed 
cases and exposure 
to jet fuel exhaust; 
(n=number of 
exposed cases; in 
parentheses - 90% 
CI).  
 
Esophageal n=2,  
2.5 (0.4-14.8); 
Stomach n=2,  
0.8 (0.2-3.5); 
Colon n=4,  
1.3 (0.4-4.2);  
Rectosigmoid n=1,  
0.4 (0.0-4.3; 
Rectal n=3,  
1.7 (0.4-7.8) 
Pancreatic, n=2,  
1.6 (0.3-7.7); 
Lung Oat cell n=1,  
0.5 (0.1-3.6); 

Logistic 
regression 
analyses used 
to generated 
adjusted Odds 
Ratios. 
 
Criteria for 
assigning 
covariate as a 
confounder 
was if it 
changed the 
estimate of the 
disease-
exposure ratio 
by > 10% 

Exposure 
assessment 
based on 
interview. 
Susceptible to 
recall bias. 
 
Confounder 
handling 
approach 
(logistic 
regression) 
allowed 
consideration 
of several 
confounders. 
 
Small number 
of cases for 
outcomes.  
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Study design and 
population 

Exposure 
assessment 

Health assessment Results Bias/ 
confounding 

Remarks 

the other cancer 
patients interviewed. 
 
Response rate:  
82% cases 
interviewed. 
 
72% controls 
participated  

 
For each subject 
exposure was based 
on the degree of 
exposure and the 
number of years of 
exposure to 
exposure agent.  
 
In-depth interview 
with detailed job 
history information 
followed by 
examination of  
questionnaires by a 
team of chemists 
and hygienists. 
 
Concentrations: 
Semi-quantitative:  
For each exposure 
agent considered, 
exposure assessors 
self-rated their 
confidence in their 
exposure 
assignment 

 Lung Squamous n=1, 
0.2 (0.0-1.9) 
Lung  
Adenocarcinoma 
n=0, 0.0-1.4); 
Lung Other n=1,  
0.4 (0.1-3.7); 
Prostatic n=2,  
0.7 (0.1-5.1); 
Bladder n=1,  
0.2 (0.0-1.2); 
Kidney  n=4,  
1.4 (0.5-3.9); 
Melanoma n=3,  
1.8 (0.5-6.4); 
Non-Hodgkin's 
lymphoma n=4, 1.7 
(0.5-5.2) 
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Study design and 
population 

Exposure 
assessment 

Health assessment Results Bias/ 
confounding 

Remarks 

(possible, probably, 
definite); frequency 
of exposure during a 
normal working day 
(<5, 5-30, and > 
30%) and level of 
concentration of the 
agent in the work 
environment (low, 
medium, high) 

Parent et al. 
(2000)45 (cf 
Siemiatycki et al. 
1988)47 
 
Case-control 
retrospective 
Montreal, Canada; 19 
participating 
hospitals; 
Interviews between 
1979 and 1985 
 
Study population: 
Male patients 35-70 
years of age. 142 
renal cell carcinoma 

Exposure agent(s): 
Jet See Siemiatycki 
et al. (1988) 
 
Assessment: 
See Siemiatycki et 
al. (1988) 

Outcome: 
Renal cell 
carcinoma 
 
Assessment: 
Renal cell 
carcinoma 
medically 
diagnosed and 
histologically 
confirmed. 
 

adj. OR (95% CI): 
 
Any exposure to Jet 
Fuel engine 
emissions: 2.7 (0.9-
8.1) (n=4 exposed 
cases) 
 
Aircraft mechanics: 
2.8 (1.0-8.4) (n=4 
exposed cases) 

Unconditional 
logistic 
regression, 
adjusted for: 
 1) non-
occupational 
factors and  
2) both non-
occupational 
and 
occupational. 

Small numbers 
(n=4) for both 
occupation 
aircraft 
mechanics and 
Jet Fuel engine 
Emissions. 
 
Exposure 
assessment: 
Job exposure 
matrix based 
on interview. 
Susceptible to 
recall bias. 
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Study design and 
population 

Exposure 
assessment 

Health assessment Results Bias/ 
confounding 

Remarks 

patients; case = 
diagnosed with renal 
cell carcinoma. N 
1900 controls with 
cancer at other sites 
+ 533 population-
based controls  
 
Response rate  
78% cases 
interviewed. 
 
72% controls 
participated.  
Ryder et al. 
(1997)46 
 
Matched case-control 
 
Serving personnel 
between 1976 and 
June 1994; age 15 to 
59; 
All cases of testicular 
cancer within this 
group (n=110)  

Assessment:  
Based on job title 

Assessment: 
Record linkage: 
Testicular tumor 
register at the 
Royal Naval 
Hospitals and the 
Defense 
Analytical 
Services Agency. 
ICD code 186. 
Cases confirmed 
by examination 
of 

OR (95% CI): 
 
Fleet Air Arm:  
1.90 (1.04-3.48) 
This association is 
linked to Air 
Engineers: 
2.32 (1.20- 48) but 
not to Aircrew 1.07 
(0.19-5.94). 
 
Sub-group analysis of 
Air Engineering 

 Confounding 
co-exposure of 
cases to non-
AEE-related 
carcinogenic 
substances not 
seen in the 
referent group 
(despite 
selection from 
army 
personnel). 
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Study design and 
population 

Exposure 
assessment 

Health assessment Results Bias/ 
confounding 

Remarks 

4 matched controls 
per case (control: 
matched on DOB and 
length of service). 

histopathological 
evidence. 

specialty revealed 
statistically 
significant 
association only with 
aircraft handlers 7.31 
(1.81-29.53) 
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8.2.2 Case control studies overview 
Siemiatycki et al. (1988)47 conducted a population-based case-control 
study in Montreal, Canada (1979-1985) to investigate associations 
between occupational exposure to different types of exhaust and 
combustion products and several sites of cancer. Each type of cancer 
was considered to be a case series. Semi-quantitative exposure was 
assigned to each subject based on job histories. Using logistic 
regression models to derive risk estimates no statistically significant 
associations with jet engine exhausts and any of the cancer sites 
were found. However, the statistical power was low with few cases 
per cancer site and a very small number of study subjects exposed.  

Within this same study Parent et al. (2000)45 focused on workplace 
exposures and the risk of renal cell cancer. 142 confirmed cases were 
matched with 1.900 controls who had cancer at other sites and 533 
population-based controls. Based on unconditional logistic regression 
models statistically significant indications of excess risk among 
aircraft mechanics was identified (OR=2.8, 95% CI 1.0-8.4). 
However, the wide confidence intervals indicates low precision of the 
estimate. Further, the exposure assessment method based on job 
interviews and job exposure matrix was susceptible to exposure 
misclassification.  
 
Ryder et al. (1997)46 conducted a case-control study to determine the 
relative risk of developing testicular cancer among occupational 
groups in the Royal Navy. Each case of testicular cancer occurring in 
serving personnel (n=110) between 1976 to 1994 was matched on 
age and length of service with 4 randomly selected controls. A Naval 
Hospital database was used to identify service men that developed 
cancer while in service. There were increased odds ratios for 
members of the Fleet Air Arm (OR=1.90, 95% CI: 1.04-3.48), Air 
Engineers (OR=2.32, 95% CI: 1.20-4.48) and the Aircraft Handling 
sub-specialty (OR=7.31, 95% CI: 1.81-29.53). In this study a 
causative link with exposure to glycol ether in aviation fuel was 
speculated. However, in similar studies, these job functions have 
been associated with jet fuel exhaust emissions. The complex mix of 
exposures in this work environment, several of them confirmed or 
suspected carcinogens, presents a challenge to determining the 
attributable risk of the respective exposure agents for these 
occupations. Further, cases that developed after discharge from the 
service were not considered leading to possible attenuation of the risk 
estimates. 
  



RIVM letter report 2024-0148 

Page 68 of 131 

 



RIVM letter report 2024-0148 

Pagina 69 van 131 

9 Other health effects and additional data 

9.1 Summary of in vitro studies on other endpoints 
A total of 7 in vitro studies have investigated only other endpoints, such 
as general (cyto)toxicity or inflammatory responses in relation to AEE 
exposure. These studies are summarized in Table 10. The in vivo study 
by Bendtsen et al. (2019)26 has been summarized under chapter 8, as 
this study (also) investigated genotoxicity endpoints.  
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Table 10 Summary table of in vitro studies on other endpoints 
Cell type Experimental period 

and design 
 

Concentration/Dose  
 

Observations and results Remarks 

Delaval et al., 
(2022)48  
 
Human 
bronchial 
epithelia cells 
(HBEC).  
 
Derived from 
donors with 
normal (donor 
1) and 
compromised 
health status 
(donor 2 and 3)  
  

Effects studied: 
Cytotoxicity: release of 
Adenylate Kinase (AK), 
Oxidative stress: 
expression HMOX-1, 
Inflammatory mediators, 
Interleukin (IL)-6, IL-8, 
and Monocyte 
Chemoattractant Protein 
(MCP)-1 into basal 
media. 
 
Exposure agents: 
Combustion aerosol, 
non-volatile PM (nvPM) 
directly sampled (1h) 
from a CFM56-7B26 
aircraft engine running 
on Jet A-1 fuel in a test 
facility. Same method as 
Jonsdottir et al. 2019. 
Three different thrust 
levels: climb-out (85%), 
taxi (7%) and ground 
idle (GI) (3%). Negative 
control: P-free (particle-
filtered aerosol, 65% 
thrust). 

Donor 1 HBEC: P-free, GI/3%, 
7% and 85% thrust. 
 
Donor 2 and 3 HBEC: P-free 
and GI/3% thrust. 
 
Particle deposition was 
monitored: the average 
deposition per surface area of 
cell culture was 3.17 × 109 
particles cm−2 or 337.1 ng cm−2 
for the 85% thrust condition, 
0.22 × 109 particles cm−2 or 
0.9 ng cm−2 for 7% thrust, and 
1.04 × 109 particles cm−2 or 
2.3 ng cm−2 for GI. Geometric 
median diameters (GMDs) of GI 
and 7% thrust particles were 
similar, 16.3–16.4 nm. 85% 
thrust GMD of 45.8 nm. 
 

No significant effects were 
observed in the HBEC from 
donor 2 and 3 (comprised health 
status). 
 
Cytotoxicity: GI and 7% resulted 
in a two-fold increase of AK 
release for normal HBEC (donor 
1), 1h post exposure, compared 
to P-free (p < 0.0001 and p = 
0.0001, resp.). After 24 h, only 
7% thrust showed minor 
increase in AK release (p = 
0.0144). No effect of 85% thrust 
was observed. 
 
Oxidative stress: There was no 
effect on HMOX-1 expression.  
Inflammatory response: 7% 
thrust resulted in a significant 
decrease of IL-6 (p= 0.0092), 
MCP-1 (p=0.253) and IL-8 
(p=0.0299), compared to P-free, 
in normal HBEC. GI thrust 
lowered MCP-1 levels 
(p=0.0024). 
 

The lung cell 
donors were 
not 
comparable: 
donor 1: F, 89, 
no disease, no 
smoking. 
Donor 2: M, 
59, asthma 
and smoker. 
Donor 3: M, 
32, asthma 
and smoker. 
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Cell type Experimental period 
and design 
 

Concentration/Dose  
 

Observations and results Remarks 

Experiment: 
Reconstituted HBEC 
were exposed to nvPM 
(generated aerosol) at 
the air-liquid interface 
(ALI). Exposure duration 
of 1h, followed by 
biomarker analysis, 1h 
(AK release only) and 
24h post-exposure. 
Replicate measurements 
per exposure condition 3 
x 6 (donor 1 and 2) or 2 
x 6 (donor 3).  
 
Statistics: Non-matching 
one-way analysis of 
variance (ANOVA) with 
Tukey’s or Sidak’s 
multiple comparison 
tests were used for 
statistical comparison to 
the  negative control.  
 

Ferry et al., 
(2011)49 
 
Immature 
human 
monocyte-

Effects studied: Immune 
response/inflammation: 
Antigen-presenting and 
co-stimulation molecules 
(HLA DR, CD40, CD80, 
CD86, CD11c), and 

10, 25 or 100 μg/mL JEP 
and/or 1 μg/mL LPS. 
 
The JEP consisted of small 
aggregates (mean gyration 
diameter of 89 ± 4 nm), with 

Exposure to LPS and JEP 100 
μg/ml induced a 2-fold increase 
in TNF-α production compared to 
standard LPS-maturation (p = 3 
x 10-5). JEP adjunction before or 
after LPS maturation 

Number of 
replicates per 
exposure 
condition not 
reported. 
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Cell type Experimental period 
and design 
 

Concentration/Dose  
 

Observations and results Remarks 

derived 
dendritic 
Cells (DC’s).  
 
Derived from 
healthy donors 
(n=27, 20 M, 7 
F, age 25-80). 

tumour necrosis factor 
(TNF)-a and IL-10 (in 
supernatant). 
 
Exposure agents: Jet 
exhaust particles (JEP) 
were collected 27m 
behind a CFM56 
commercial aircraft 
engine. Positive control: 
endotoxin (LPS). 
 
Experiment: JEP were 
added to DC cultures (a) 
on day 6, or (b) on day 
6 in conjunction with 
LPS, or (c) on day 6 
after LPS adjunction on 
day 5, or (d) on day 5 
followed by endotoxin 
adjunction on day 6. 
Cells were exposed for 
18h.  
 
Statistics: ANOVA and 
Student’s t test  

primary particles of 9.9 ± 1.7 
nm. 

downregulated TNF- α 
production. A similar pattern was 
seen for IL-10. Immature DC’s 
produced low amounts of TNFα 
and IL-10, which increased non-
significantly after exposure to 
JEP. 
For the co-stimulation 
molecules: JEP + LPS: Low HLA 
DR, CD86 no effect. JEP before 
LPS: High HLA DR, CD86 no 
effect. LPS before CD86: higher 
HLA DR and CD86.  
 
JEP alone did not induce DC 
maturation, but modulates LPS-
induced DC maturation.  
 

Results for LPS 
maturation as 
expected. 

Gawron et al., 
(2019)50 
 

Effects studied: 
Quantitative and 
morphological changes, 
i.e. the amount of “living 

Cells exposed to the exhaust 
mixture from the turbojet 
engine, AEE components not 
determined.  

The amount of “living cells” per 
ml, were higher for HEFA/CAM 
than Jet A-1 Fuel in both cell 
lines. For the human cell line 

No clear 
description of 
the 
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Cell type Experimental period 
and design 
 

Concentration/Dose  
 

Observations and results Remarks 

Human lung 
(A549) and 
mouse (L929) 
cells 

cells” per ml, using an 
inverted microscope. 
 
Exposure agents: 
exhaust (complete 
mixture) sampled from a 
miniature turbojet 
engine in Tedlar bags, 
operating at 80,000 
rpm. Fuel Jet A-1 and 
HEFA/CAM.  
 
Experiment: Cells were 
exposed for 10, 15 and 
20 min to the exhaust, 
using a BAT–CELL Bio–
Ambient Cell method. 
Effects were evaluated 
after 48 h. Experiments 
conducted in triplo. 
 
Statistics: Not described 

(A549) longer exposure resulted 
in a lower number of living cells. 
This was not seen for the mouse 
cells (L929).    
 

toxicological 
evaluation. 
 
Positive or 
negative 
controls not 
described. 

Gualtieri et 
al., (2022)37 
 
Human 
bronchial 
epithelial cells 
(BEAS-2B) 

Effects studied:  
Cell viability: LDH 
leakage. Inflammation: 
cytokines IL-6, IL-8, IL-
1, IL10, TNF-α, and IL-
12. Gene expression in 
total RNA: CYP1B1, 

Deposition on the cells op total 
PM (#/cm2 or µg/m3): Fossil 
Fuel 1.38 - 1.68 x 105 #/cm2; 
2.47-2.66 x 10-6 µg/cm2. 
Biofuel 5.38-6.79 x 105 #/cm2; 
4.31-6.62 x 10-6 µg/cm2. The 
majority of particles was in the 
ultrafine range (<100nm). 

HO1 expression was significantly 
increased after exposure both Jet 
A-1 and the biofuel blend (p 
=0.0004 and p=0.004 
respectively), compared to the 
control cells.  
 

Chemical 
composition of 
the exhaust 
particles is 
described.  
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Cell type Experimental period 
and design 
 

Concentration/Dose  
 

Observations and results Remarks 

NQO1, HO1, IL-6, and 
18s.  
 
Exposure agents: 
exhaust sampled from 
an AMX fighter jet with 
Rolls- Royce Spey 
turbofan at 20m. Thrust 
of 50% or 70%. Fossil 
fuel (Jet A-1) and 
Biofuel blend (Jet A-
1/HEFA). Negative 
control: filtered air (PM 
and VOC’s removed by 
filter). 
 
Experiment: Cells were 
exposed to jet exhaust 
(<2.5µm) or filtered air 
for 45 min, on location 
in a mobile lab. Medium 
sampled directly after 
exposure and after 1h 
recovery. Two replicate 
experiments (in triplo) 
for Jet A-1 and four 
replicate experiments (in 
triplo) for the biofuel 
blend. 
 

Exposure to the exhaust particles 
showed no effects on cell 
viability, and no significant effect 
on cytokine production.  
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Cell type Experimental period 
and design 
 

Concentration/Dose  
 

Observations and results Remarks 

Statistics: ANOVA 
followed by post hoc 
analysis 

He et al. 
(2018)51 
 
Human 
Bronchial 
epithelial cells 
(16HBE) 
 

Effects studied: 
Cytotoxicity: Cell 
viability with MTS assay. 
Inflammation: IL-6, IL-8 
and TNFa. Oxidative 
potential (OP): Ascorbic 
acid (AA) depletion 
assay, Electron spin 
resonance (ESR) assay. 
Reactive oxygen species 
(ROS) via H2-DCFDA 
methodology.  
 
Exposure agents: 
Exhausts particles 
(PM2.5) sampled directly 
from a turbine engine 
(Fighting Falcon turbine 
engine) and a low-sulfur 
fuel diesel (EN 590) 
engine. Airport PM0.25 
sampled ~600m from 
the runway, City PM0.25 
sampled at a central Los 
Angeles traffic site.  
Positive control: 
domestic oil burning 

Exhaust particles 10 μg/mL. 
High dose of 100 μg/mL only 
for MTS assay.  
 
Positive controls: 
DOFA 12.5 μg/mL (AA) or 1000 
μg/mL (ESR). 0.5%H2O2 
(ROS). 
 

OPAA and OPESR levels for turbine 
exhaust were higher than the 
levels of diesel (1.11 ± 0.04 vs 
0.53 ± 0.06 for AA, 0.83 ± 0.07 
vs 0.59 ± 0.11 for ESR). Turbine 
exhaust showed a greater effect 
on ROS induction than diesel 
exhaust (p < 0.05). City PM 
resulted in slightly higher ROS 
than airport PM. ROS levels were 
significantly elevated for all PM 
sources, with an increasing trend 
from 1h to 4h exposure. 
No significant effect on 
cytotoxicity was found (10 
μg/mL). 
Airport PM induced higher 
release of inflammatory 
mediators (IL-6, IL-8 and TNF-α) 
compared to city PM (p<0.05); 
data for turbine and diesel 
exhaust not shown, but mentions 
no effect on IL-8 release for 
turbine and diesel PM at 10 
μg/mL. 

No information 
on number of 
replicates per 
dose. 
 
Chemical 
composition of 
the exhaust 
particles is 
described in 
supplement.  
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Cell type Experimental period 
and design 
 

Concentration/Dose  
 

Observations and results Remarks 

furnace particles (DOFA) 
or 0.5%H2O2 for ROS. 
Negative control: Hanks' 
Balanced Salt solution 
(HBSS) in dH2O. 
 
Experiment: Cells were 
exposed for 1, 2, 4 and 
24 h to particles 
suspended in HBSS. 
Cytotoxicity was 
determined after 4h of 
exposure and 20h 
recovery (24h). 
Intracellular ROS was 
determined after 1, 2, 
and 4 h exposure (10 
ug/mL), and 20 h 
recovery. 
 
Statistics: Correlations 
between composition 
and OP with Spearman 
rank correlation 
coefficient. One-way 
ANOVA for comparison 
between groups.  

He et al. 
(2020)52 
 

Effects studied: 
Cytotoxicity: Cell 
viability with MTS assay, 

Control and 4 dose groups. 
Deposition of particles ranging 
from 0.09 to 2.07 μg/cm2. 

Increased LDH release observed 
for highest exposed dose (~1.5 
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Cell type Experimental period 
and design 
 

Concentration/Dose  
 

Observations and results Remarks 

Human 
bronchial 
epithelial cells 
(Calu-3) 

LDH leakage. 
Inflammation: cytokines 
IL-6 and IL-8. 
 
Exposure agents: 
Particles directly 
sampled from a turbine 
engine (Pratt & Whitney 
F100) running at low 
thrust (GI/taxi, Turbine 
1) and full thrust 
(Turbine 2) on filters. 
Airport particles sampled 
~300m away from two 
runways, same location 
as Lammers et al. 2020. 
Non-Airport particles 
from traffic location. 
Diesel particles (NIST 
2975). Negative control: 
extraction from clean 
filter. 
 
Experiment: Cells were 
exposed for 24h via Air-
liquid interface (ALI). 
Particle suspension is 
delivered on the cells via 
a cloud of droplets. 

 
Mean size of Turbine 1 
(GI/Taxi): 204 ± 158 nm, 
Turbine 2 (full thrust): 70 ± 75 
nm.  

μg/cm2) for the Turbine partcles 
(and most other locations).  
IL-6 and IL- 8 production was 
mainly elevated for the highest 
dose for Turbine 1, Airport and 
Non-Airport particles.  
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Cell type Experimental period 
and design 
 

Concentration/Dose  
 

Observations and results Remarks 

Duplicate 
measurements. 
 
Statistics: dose–
response relationship 
with benchmark dose 
(BMD) analysis, and Hill 
model. 

Jonsdottir et 
al., (2019)53 
 
Human 
bronchial 
epithelial cells 
(BEAS-2B) 

Effects studied: 
Cytotoxicity: light 
microscopy (LM) and 
LDH leakage. Oxidative 
stress: expression 
HMOX-1 gene. 
Inflammation: cytokines 
IL-6 and IL-8. 
 
Exposure agents: On-
site exposure to exhaust 
of a commercial CFM56-
7B26 turbofan engine 
(non-volatile, nvPM). 
Sampling line directly 
linked to aerosol 
deposition chamber 
(NACIVT). Same method 
as Delaval et al. 2022. 
Fuel: Jet A-1 and 32% 
HEFA blend. GI and 85% 
thrust. Negative control: 

Estimated deposited dose of 
nvPM 2.1–6.9 ng/cm2 (GI), 
432-311 ng/cm2 (85% thrust).  
 
Count median diameters 
(CMDs) of nvPM for Jet A-1 and 
HEFA blend particles: 18 and 
17 nm for GI and 50 and 47 nm 
at 85% thrust, respectively. 

Significant increase of 
cytotoxicity in cells exposed to 
nvPM at GI with Jet A-1 
compared to HEFA (p < 0.0001). 
For 85% thrust, Jet-1 nvPM 
resulted in limited cytotoxicity, 
but for HEFA nvPM cytotoxicity 
85% thrust > GI (p = 0.0160). 
HMOX-1 was significantly up-
regulated for Jet A-1, GI 
compared to control and HEFA, 
GI. IL-8 was significantly 
increased for HEFA, 85% 
(p=0.0231), and MCP-1 was 
significantly higher for HEFA, GI 
vs. Jet A-1, GI (p < 0.0001) and 
significantly higher than HEFA, 
85% (p < 0.0001). No effect on 
IL-6. 
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Cell type Experimental period 
and design 
 

Concentration/Dose  
 

Observations and results Remarks 

particle (p-)free exhaust 
(filtered). 
 
Experiment: Cells were 
exposed for 1h via Air-
liquid interface (ALI). 
LDH release was 
measured after 4h and 
24h, biomarkers after 
24h. Quadruple per 
exposure condition. 
 
Statistics: Non-matching 
two-way analysis of 
variance (ANOVA) with 
Bonferroni post-tests. 
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9.1.1 In vitro studies on other endpoints overview 
Delaval et al. (2022)48 exposed Human Bronchial Epithelial Cells (HBEC) 
for 1 h to non-volatile PM (nvPM) collected from an aircraft engine at 
three different thrust levels. The amount of particles deposited on the 
cells was determined. HBEC was derived from three donors, of which 
two were considered health comprised (i.e. asthma). After 24 hours, 
different biomarkers of pulmonary injury were investigated. An increase 
in cytotoxicity and decrease of cytokine release was observed for 
different nvMP exposure conditions compared to the particle free 
control. No effect on oxidative stress (HMOX-1 expression) was 
observed. No significant effects were found for the HBEC from the health 
comprised donors. In an additional experiment with repeated exposures 
of the normal HBEC, a pro-inflammatory response was observed, while 
cytotoxicity and oxidative stress markers where unaffected. 
 
Ferry et al. (2011)49 performed an experiment in which they exposed 
immature primary human monocyte derived dendritic cells (DCs) from 
healthy donor blood, to different doses of jet exhaust particles (JEP) in 
absence or presence of E. coli lipopolysaccharides (LPS). Antigen-
presenting and stimulatory molecules were measured along with tumor 
necrosis factor (TNFα) and IL-10. JEP alone did not induce DC 
maturation, but the different combinations of JEP and LPS, JEP before 
LPS or LPS before JEP resulted in up- or downregulation or TNFα and IL-
10 production and distinct activation patterns of dendritic cell 
maturation markers. It was concluded that jet exhaust particles may act 
as adjuvants to endotoxin-induced dendritic cell maturation. 
 
Gawron et al. (2019)50 collected exhaust from a miniature turbojet 
engine (running on Jet A-1 or HEFA/CAM) in bags and exposed human 
lung cells (A549) and mouse lung cells (L929). The amount of “living 
cells” post exposure were determined, but the toxicological evaluation is 
not described properly in the publication. The authors observed a higher 
number of living cells after exposure to the HEFA/CAM exhaust particles, 
compared to Jet A-1 exhaust particles. For the human cell line (A549) 
longer exposure resulted in a lower number of living cells.  
 
Gualtieri et al. (2022)37 used the same method as Jonsdottir et al. 
(2019)53 for the collection of AEE particles and on-site exposure of cells. 
Gualtieri et al. exposed human bronchial epithelial cells (HBEC) to 
particles (<2.5µm) from a fighter jet running on Jet A-1 or a Jet A-
1/HEFA blend. The majority of the particles was in the nano-range 
(<100nm) and the amount and mass of particles deposited on the cells 
differed for the two fuel types. They observed an increase in HO1 gene 
expression, which was higher for Jet A-1 than Jet A-1/HEFA. No effects 
on cell viability or cytokine production were found. 
 
He et al. (2018)51 exposed Human Bronchial epithelial cells (16HBE) to 
particulate matter collected from a Fighting Falcon turbine engine 
(PM2.5), a low-sulfur fuel diesel engine, the airport (PM0.25, sampled 
~600m from the runway) and a city traffic site in central LA (PM0.25). 
Different markers for inflammation, oxidative potential (OP) and reactive 
oxygen species (ROS) were determined. The turbine exhaust particles 
had higher OP than the diesel exhaust particles, and showed a greater 
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effect on ROS induction. Airport PM induced higher release of 
inflammatory mediators compared to city PM, but authors conclude that 
the airport PM and city PM have similar inflammatory potency. 
 
He et al. (2020)52 exposed human bronchial epithelial cells (Calu-3) via 
an air-liquid interface (ALI) system to ultrafine particles collected from a 
turbine engine (Pratt & Whitney F100) running at low thrust (GI/Taxi) or 
full thrust, and particles collected at ~300m of the runway of 
Amsterdam-Schiphol airport (AMS). Low doses from 0.09 to 2.07 
μg/cm2. Cell viability, cytotoxicity and cytokine release was assessed 
after 24h exposure. It was concluded that airport and road traffic UFP as 
well as UFP samples from the turbine engine had similar inflammatory 
properties. 
 
Jonsdottir et al. (2019)53 exposed human bronchial epithelial cells 
(BEAS-2B) via an ALI system on location, to non-volatile PM collected 
from an aircraft turbine (CFM56–7B26) at a test facility. The same 
approach was used by Delaval et al. (2022)48. Two different fuel types 
(Jet A-1 and HEFA Blend) were tested and two thrust levels (GI and 
85%). Cytotoxicity, oxidative stress and inflammatory response was 
determined. The authors conclude that a single, short-term (1 h) 
exposure to PM increased cell membrane damage, lead to oxidative 
stress and increased pro-inflammatory cytokines in bronchial epithelial 
cells, depending on fuel type and thrust. PM from conventional fuel at 
ground-idle conditions appeared most potent.  
 

9.2 Summary of observations in humans 
Non-cancer health effects including, respiratory, cardiovascular effects 
and reproductive toxicity, in relation to exposure to (components of) 
AEE have also been investigated. These studies are summarized in Table 
11 followed by brief text. Studies that investigated genotoxicity 
endpoints together with some of these health outcomes, have been 
summarized under chapter 7.25, 27, 28, 30.  
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Table 11 Summary table of studies on other (non-cancer) health outcomes in humans  
Study design 
and 
population 

Exposure 
assessment 

Health assessment Results Bias/ 
confounding 

Remarks 

Lammers et al. 
(2020)32 
 
Study 
details/design: 
Prospective, 
interventional/ 
experimental, 
pre- and post 
exposure 
comparison. 
Schiphol 
Airport, 
Amsterdam. 
April-October 
2018. 
 

Study 
population 
o 21 healthy 

non-smoking 
volunteers  

o age range: 
18–35 years 

o normal lung 
function: 

Exposure agents: 
Ambient 
particulate matter, 
in close proximity 
of the airport 
(~300 m away 
from two runways; 
near two highways 
(~500 m away 
from the A4 and 
A9) and close to 
Amsterdam (~10 
km) 
 
Assessment: 
Each participant 
underwent 2 to 
5, 5-hr 
exposure 
events. 
Event = 
exposure to 
ambient air 
drawn into an 
exposure 
laboratory near 
Schiphol 

Outcome: 
Respiratory: forced 
vital capacity (FVC), 
forced expiratory 
volume in 1 s (FEV1), 
and peak expiratory 
flow rate (PEF).  
 
Cardiovascular: 
PR (onset atrial 
depolarization until 
onset ventricular 
depolarization); 
QRS (duration of 
ventricular 
depolarization); 
corrected QT (QTc) 
intervals (duration of 
ventricular 
repolarization 
corrected for heart 
rate), as well as 
heart rate. 
 
Assessment: 
Respiratory: FeNO in 
ppb, spirometer 
(FVC, FEV1, PEF) 
 

Total PNC (5-
95th percentile: 
125,400 
particles/cm3) 
associated with:  
o decrease in 

FVC of 
−73.8 mL 
(95% CI 
−138.8 – 
−0.4). 

o trend 
towards a 
reduction in 
FEV1 of 
−50.6 mL/s 
(95% CI: 
−117.1 – 
29.8).  

o PNC was 
correlated 
with a 
prolongation 
of the 
corrected 
QTc) 

Linear mixed 
effect models, 
adjusted for 
age, sex and 
BMI (fixed), 
and 
temperature 
and relative 
humidity in 
the exposure 
laboratory and 
respiratory 
symptoms 
before 
exposure. 

Blind 
assessment of 
health 
outcomes to 
minimize 
measurement 
bias. 
 
Strength of this 
study, is the 
prospective 
interventional 
nature of the 
study, in which 
subjects were 
exposed 
multiple times 
at the same 
location in a 
highly-
controlled 
environment. 
However, no 
information 
about the 
exposure of the 
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Study design 
and 
population 

Exposure 
assessment 

Health assessment Results Bias/ 
confounding 

Remarks 

FEV1 > 80%; 
no history of 
chronic heart 
disease, hay 
fever or 
living in 
vicinity of 
airport, 
highway or 
busy road. 

 

Airport, while 
performing 
intermittent 
moderate 
exercise 
(cycling).  
 
5h averages of 
total- and size-
specific particle 
number 
concentrations 
(PNC), particle 
mass 
concentrations 
(PM); nitrogen 
oxides (NOx, 
NO2); carbon 
monoxide (CO); 
sulphur dioxide 
(SO2); ozone 
(O3); and black 
Carbon (BC). 

 
Concentrations: 
Average (range) 
particles/cm3: 

Cardiovascular: non-
invasive BP (three 
measurements), 
heart rate and 
oxygen saturation 
measurements. ECG: 
PR, QRS, QT (QTc) 
intervals and heart 
rate. 
 
Statistical analyses: 
Linear mixed effect 
models to assess 
differences in health 
outcomes between 
post- and pre-
exposure for each 
individual and 
exposure day. 

interval by 
9.9 ms 
(95% CI 2.0 
– 19.1).  

 
PNC ≤ 20 nm (5-
95th percentile: 
52,700 
particles/cm3) 
associated with:  
o trend 

towards a 
reduction in 
FVC of 
−69.3 mL 
(95% CI: 
−135.8 – 
1).  

o prolongation 
of the  QTc 
interval by 
9.6 ms 
(95% CI 1.9 
– 18.4) 
relative to 
pre-

participants 
before each 
visit was noted 
One time-point 
both before and 
after the 
exposure - 
timing maximal 
response to the 
exposure? 
 
Sample non- 
representative:  
Small number 
of young, 
healthy mostly 
female (81%) 
volunteers. 
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Study design 
and 
population 

Exposure 
assessment 

Health assessment Results Bias/ 
confounding 

Remarks 

53,500 (10,500–
173,200) 

exposure 
levels. 

 
Exposure to 
particles ≤ 20 
nm (5- 95th 
percentile: 
52,700 
particles/cm3 ) 
was associated 
with:  

lower FVC (-
72.1 mL, 
95% CI: 
−140.2 – 
−2.8). 

o FEV1 (-49.6 
mL, 95% 
CI: −117.0 
– 27.1) 

o longer QTc 
intervals 
(9.9 ms, 
95% CI: 2.1 
– 18.7).  

 
Particles > 50 
nm (5-95p: 
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Study design 
and 
population 

Exposure 
assessment 

Health assessment Results Bias/ 
confounding 

Remarks 

3,600 
particles/cm3 ) 
were associated 
with:  
o increase in 

systolic (2.9 
mmHg, 
95% CI: 
−0.7 – 6.8) 
and diastolic 
BP (3.7 
mmHg, 
95% CI: 0.1 
– 7.5).  

 
Short-term 
exposure to high 
levels of UFP 
near Schiphol 
Airport was, on 
average, 
associated with 
decreased lung 
function (mainly 
FVC) and 
prolonged 
repolarization of 
the heart (QTc), 
directly after 
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Study design 
and 
population 

Exposure 
assessment 

Health assessment Results Bias/ 
confounding 

Remarks 

exposure in 
young healthy 
adults. 

Lecca et al. 
(2021)33 
 
Cross-
sectional, 
repeated 
measures 
Italy 
May-June 2018 
 
Study 
population: 
Airport ground 
staff, 34 male 
operators mean 
age 43; SD = 6.7 
aircraft  ground 
staff, firefighting 
officer, flight 
security agent, 
and aviation fuel’s 
attendants.  
 
Exclusions:  
Workers suffering 
from any 

Exposure agents: 
UFP, Metrics: Lung 
Deposited Surface 
Area (LDSA, 
µm2/cm3) and 
particle number 
count (PNC, 
#/cm3)  
Noise. 
 
Assessment: 
UFPs: Sampling for 
≥ 2 hours during 
the workshift. A 
Diffusion Size 
Classifier 
instrument 
(DISCmini) was 
used to measure 
LDSA and particles 
in the 10-300 nm 
size range.  
 
Noise: (BSWA 
Mod. MP201 
microphone)  

Outcome: 
The parameters of 
HRV investigated 
were Standard 
Deviation of normal-
to-normal (NN) 
intervals (SDNN, 
ms); 
Root Mean Square of 
successive 
differences in 
adjacent NN intervals 
(RMSSD, ms; 
Triangular index (T-
index), 
corresponding to the 
integral of the 
density distribution 
divided by its 
maximum value; 
Very low frequency 
power (VLF, ms2) in 
the range 0.003–
0.04 Hz; Low-
frequency power (LF, 
ms2) in the range 
0.04–0.15 Hz; High-

The multivariate 
analysis did not 
reveal any 
significant effect 
of UFP and noise 
on the SDNN, 
RMSSD, VLF, LF, 
HF, and LF/HF 
HRV parameters. 
 
The multivariate 
linear regression 
model predicting 
HRV parameters 
showed a 
significant effect 
of Total LDSA (p 
= 0.016) and 
HRV T-index (p 
= 0.042) on 
reducing HRV 
Total Power  
Significant effect 
of Lc Peak on 
increasing both 
(Lc Peak for 
Total Power (p = 

Linear 
regression 
modelling, 
adjusted for 
age, BMI, 
smoking 
habit, and 
hypertension. 

Voluntary 
participation - risk 
of selection bias 
Information on 
location is lacking.  
Short exposure 
period.  
No repeated 
measurements.  
Quality of portable 
exposure and 
health 
measurement 
devices unknown. 
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Study design 
and 
population 

Exposure 
assessment 

Health assessment Results Bias/ 
confounding 

Remarks 

cardiovascular, 
endocrine, or 
neurologic 
disease. 

Metrics: A-
weighted noise 
exposure level 
normalized to an 8 
h working day 
(LAeq8hr), 
 
Concentrations: 
Mean UFP 
concentration of 
61,000 
particles/cm3, 
mean peak noise 
of 129 dB. 

frequency power 
(HF, ms2)  in the 
range 0.15–0.40 Hz; 
LF/HF ratio (Ratio LF 
[ms2]/HF [ms2]); 
Total Power (TP, 
ms2): variance of NN 
intervals over the 
temporal segment.  
 
Assessment: 
A portable Holter 
ECG device was worn 
during a 2h work 
shift. HRV 
parameters were 
determined over the 
first 5 and last 
minutes of 
registration as well 
as along the entire 
monitoring period. If 
more than 5% 
artifacts showed up 
in the last five 
minutes ECG record, 
the previous five-
minute segment was 
used to calculate the 
final HRV. 

0.042) and 
Triangular index) 
(p = 0.035).  
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Study design 
and 
population 

Exposure 
assessment 

Health assessment Results Bias/ 
confounding 

Remarks 

 
Statistical analyses: 
Background and final 
HRV parameters 
were compared with 
the t-test for paired 
data.  
 
Individual prediction 
of final HRV 
parameters were by 
linear regression 
modelling, as a 
function of the UFP 
and noise-exposure 
parameters, adjusted 
for covariates.  
 
Interaction test for 
effect of UFP and 
noise exposure was  
conducted by 
including the 
interaction term 
between total LDSA 
and Laeq8hr and Lc 
peak, respectively. 
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Study design 
and 
population 

Exposure 
assessment 

Health assessment Results Bias/ 
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Lemasters et al. 
(1999)29 
 
Prospective, 
repeated 
measures 
design with 
each 
participant 
serving as his 
own control. 
 
US Air Force 
base. 
 
Participants: 
Volunteer 
civilian or 
active-duty 
military 
personnel at 
one U.S. Air 
Force base who 
were 51 years 
of age or 
younger. 
 

Exposure Agents: 
Jet fuel, Jet 
exhaust, solvents: 
1,1,1- 
trichloroethane 
(TCA), toluene, 
methyl ethyl 
ketone (MEK), 
xylene, and 
methylene 
chloride. 
 
Assessment: 
Method 1:  
Internal dose 
levels:  
expired breath 
samples. 
Participants were 
unexposed at start 
of job.  
Measurements 
were done at 
baseline (Cycle 1), 
then after 15 and 
30 weeks (Cycles 2 
and 3) of working 
the exposed job  
(NIOSH No 84-
100). 

Outcome: 
Reproductive 
toxicity. 
 
Assessment: 
Reproductive assays  
Home collection; 
Measures of sperm 
concentration and 
count, percent viable 
by stain exclusion 
and hypoosmotic 
stress. 
Lab staff blind to 
exposure status.  
 
Outcomes  assessed 
to allow for two 
complete 
spermatogentic 
cycles: Cycle 1: a 
baseline taken 
before entry into the 
exposed job; Cycles 
2 and 3: at  15 and 
30 weeks during 
occupational 
exposure to solvents 
and/or jet fuels 
(primarily JP4). 

The flight line 
group had a 
significant 
increase of 34% 
(p=0.01) and 
32.9% (p=0.02) 
in sperm 
concentration at 
15 and 30 weeks 
respectively, 
compared to 
baseline. 

Repeat 
measures; 
each person 
served as own 
control. 

Not specific for 
jet engine 
exhaust main 
focus was on 
solvents 
exposure and 
jet fuel not 
AEE. The flight 
line crews were 
exposed to jet 
fuel and 
exhaust, 
solvents, and 
occasionally 
paint. The flight 
line crew, who 
primarily 
worked 
outdoors, had 
the lowest total 
solvent 
exposure (5.5 
ppb). 
 
Co-exposures 
mean that it 
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Exposed: 
Employees 
starting an 
exposed job on 
aircraft 
equipment 
operation and 
maintenance 
(n=50, male, 
18-50 years). 
 
Exclusion: 
Exposure to 
spermatotoxic 
or mutagenic 
chemicals in 
the previous 
12-month 
period. 
 
Referents: 
unexposed 
(n=8, male). 
Response rate: 
79.5% 

 

During Cycles 2 
and 3, subjects 
received three 8-h 
full-shift 
measurement on 3 
consecutive days, 
with breath 
sampling on the 
3rd day.  
Samples were 
analysed for the 
targeted 
compounds.  
 
Biological 
monitoring: blood, 
urine, semen 
Method 2: 
Job group as proxy 
for exposure to 
solvent, fuel and 
other workplace 
exposures Sheet 
metal workers, 
(n=6),  
Painters (n=6),  
Jet Fueling (n=15) 
and Flight line 
(n=23).  

Semen assays and 
exposure assessment 
collected for the 
exposed group;  
semen assays only 
from the non-
exposed office 
workers. 
 

will be difficult 
to attribute 
observed 
effects to AEE 
exposure. 
 
Limited details 
on selection of 
non-exposure 
group given. In 
absence of 
information on 
their exposure, 
exposure 
misclassification 
cannot be ruled 
out. 
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Similar Exposure 
Groups identified 
based on job 
descriptions and 
industrial hygiene 
measurements. 
 
Flight line crew 
(ground crew and 
jet engine 
mechanics) 
considered 
exposed to jet fuel, 
jet exhaust, 
solvents and paint. 

Møller et al. 
(2020)54 
 
Retrospective 
cohort. 
Copenhagen 
airport (DK).  
1990-2012.  
 
Cohort was 
followed from 
start of 
employment, 
1st January 

Exposure agent: 
Ultrafine particles 
(UFP). 
 
Assessment: 
'Percent of normal 
work time spent on 
the apron' was 
used as a 
surrogate for 
exposure to UFP. 
Microactivity data 
of the larger 
occupational 
groups was 

Outcome: 
First hospital contact 
or death due to IHD 
or cerebrovascular 
disease. 
 
Assessment: 
By linkage to the 
Danish National 
Patient Register 
(NPR) and the 
Danish Register of 
Causes of Death. 
Incident cases were 
selected if they had a 

Risk estimates: 
- Incidence of 
IHD -  incidence 
rate ratio (IRR) 
reference vs 
exposed group 
crude IRR: 1.96 
(95% CI 1.71 - 
2.24);  
adj IRR: 1.24 
(95% CI 1.08 - 
1.42) 
 
Incidence of 
cerebrovascular 

Confounders: 
Age, calendar 
year, 
educational 
level and 
smoking 
(minimal 
sufficient 
adjustment 
set). 
 
Age (5-years 
age group), 
calendar year 
and 

Details of the 
particle counter or 
other 
measurement 
devices were not 
given. 
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1990 or 
immigration 
after 
employment, 
whichever 
came  last, 
until first 
diagnosis or 
death from IHD 
or 
cerebrovascular 
disease or 
emigration or 
other cause of 
death or 
December 
2012. 

 
Study population: 
69,175 male 
employees in 
unskilled jobs 
at Copenhagen 
Airport or in 
unskilled jobs 
in the greater 

obtained using GPS 
data loggers 
carried by workers. 
Expert knowledge 
was used to 
determine the 
same for other 
smaller groups. 
Based on these 
data, ‘Percentage 
time spent on the 
apron’ for each 
group was 
estimated. 
 
For each person 
the percentage of 
time spent on the 
apron was 
calculated for each 
year according to 
entry and exit 
dates for work 
(based on job 
history) in specific 
occupational 
groups was used to 
determine 
exposure defined 
as apron-years. 

primary or secondary 
diagnosis of IHD or 
cerebrovascular 
disease, or a 
underlying cause of 
death due to IHD 
(ICD-8: 410–414, 
ICD-10: I20-I25) or 
cerebrovascular 
disease (ICD-8: 
430–438, ICD-10: 
I60-I69). 

disease: no 
significant 
differences 
between groups 
when adjusted 
for age, calender 
year and 
educational 
level. 
 
In dose-response 
analyses, no 
significant 
associations 
between the 
cumulated 
apron-years and 
the outcomes 
were found. 

educational 
groups 
(elementary 
school, high 
school, 
vocational 
education and 
higher 
education) 
were included 
in the analysis 
as categorical 
variables and 
were available 
for the whole 
cohort. 
 
Average air 
pollution at 
residence 
based on 
annual daily 
traffic. 
 
Selection bias: 
healthy 
worker effect 
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Copenhagen 
area. 
 
68,132 men  
for study of 
IHD and 
68,834 men for 
cerebrovascular 
disease.  
 
Exposed group: 
IHD: 6515 men 
in unskilled 
outdoor jobs at 
Copenhagen 
Airport  
 
Reference 
group: 61,617 
men in 
unskilled indoor 
jobs in other 
firms in greater 
Copenhagen 
 

 
Apron-years was 
defined as a 
categorical variable 
(non-exposed, 
0.1–2.9 years, 
3.0–6.9 years and 
≥7 years), based 
on the quantile 
distribution (Q1 = 
0.8, median = 2.7 
and Q3 = 6.7); 
  
Apron-years was 
also defined as a 
continuous linear 
variable adjusted 
for the binary 
variable 
(exposed/reference 
group) to evaluate 
the influence of 
cumulative apron-
years among the 
exposed group. 
 
Concentrations: 
Geometric mean 
exposure (GM):  
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Inclusion: 
baggage 
handlers and 
security service 
personal 
employee; 
persons outside 
of group who 
also had 
permanent 
residence in 
Denmark, 25-
75 years old 
and not under 
research 
protection. 
 
Exclusion:  
Persons with a 
diagnosis of 
IHD or 
cerebrovascular 
disease before 
1990 and 
persons who 
only had 

Highest exposed 
group (baggage 
handlers): 37 x 
103 UFP/cm3, 95% 
CI: 25–55×103  
UFP/cm3     
 
Lowest exposed 
group (indoor 
workers):  5×103  
UFP/cm3, 95% CI: 
2–11×103  
UFP/cm3 
Other groups: 
catering drivers, 
cleaning staff and 
airside security: 
GM: 12 × 103  
UFP/cm3 to 20 × 
103 UFP/cm3). 
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employment 
after a 
diagnosis of 
IHD or 
cerebrovascular 
disease. 
 
Response rate: 
68.5% 
Park et al. 
(2005)55 
 
Case-control, 
retrospective 
22 US states 
1992-1998 
 
Study population: 
Citizens of 22 
states in the US 
who died in the 
years 1992-1998 
 
 
 
 

Exposure agents: 
Specific 
occupations 
(including aircraft 
mechanics) and 
exposures to 
pesticides, 
solvents, oxidative 
stressors, 
magnetic fields, 
and welding fumes 
were evaluated. 
 
Assessment: 
Death certificate 
information on 
occupation and 
business or 
industry,  coded by 
state health 

Outcomes: 
Presenile dementia 
(PSD) (ICD:290.1), 
Alzheimer’s disease 
(AD) (ICD:331.0),  
Parkinson’s disease 
(PD) (ICD:332.0), or 
motor neuron 
disease (MND) 
(ICD:335.2) 
 
Assessment: 
Record linkage. 
Death certificate 
information from  
National 
Occupational 
Mortality 
Surveillance System 
from the 22 

Presenile 
dementia 
Mortality Odds 
Ratio (MOR): 
0.74 (0.43-
1.18); p = 0.24 
 
Alzheimer’s 
disease: 
MOR: 1.35 
(1.02-1.74); p = 
0.03 
 
Parkinson’s 
disease MOR: 
0.97 (0.70-
1.31); p > 0.05 
 
Motor neuron 
disease MOR: 

Socioeconomic 
status (SES) 
based on job 
and industry, 
was classified 
in ten levels 
to permit 
controlling for 
diagnostic, 
health care, 
and other 
differences 
across 
occupations. 
 
Unconditional 
logistic 
regression 
used to adjust 
for age, race, 

Information bias:  
diagnostic bias 
Confounding – 
complication that 
outcome 
(dementia) linked 
to job level 
(indicator of SES).  
No selection bias 
since all eligible 
cases and controls 
were used. 
 
Occupation was 
assigned based on 
information on the 
death certificate 
which usually list 
‘last’ job and not 
necessarily the 
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departments 
according to the 
1980 Bureau of the 
Census system. 

participating states. 
Deaths coded 
according to ICD, 9th 
revision. 
 
Case:  
Any mention on the 
death certificate of 
one of the above-
name outcomes. 
 
Control:  
Decedents with no 
mention of 
neurologic disease, 
degenerative or 
otherwise, and 
excluding: accidental 
causes, malignant 
neoplasms of the 
brain (ICD 191), 
other senile and 
presenile organic 
psychotic conditions 
(ICD 290), diseases 
of the nervous 
system and sense 
organs (ICD 320–
389), and neoplasms 
of the lymphatic and 

1.41 (0.78-
2.35); p = 0.22 

gender, region 
and SES. 
 

‘usual’ job. Using 
‘usual’ job to 
assign exposure 
could have 
resulted in 
exposure 
misclassification in 
some cases.  
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hematopoietic 
tissues (ICD 200–
208). 

Selley et al. 
(2021)31 
 
 
Details as for 
Lammers et al. 
(2020) 

Exposure agents 
and assessment: 
 
See Lammers et al. 
(2020) 

Outcome: 
Changes in the 
urinary metabolite 
concentrations. 
 
Assessment: 
Changes in urinary 
metabolite 
concentrations were 
assessed via 1H NMR 
spectroscopy. 

Total PNC at the 
exposure site 
was  associated 
with significant 
reductions in 
urinary taurine  
(− 0.262 
arbitrary units 
(AU), 95% CI: − 
0.507 to − 
0.020),  
 
dimethylamine 
concentrations  
(− 0.021 AU, 
95% CI: − 0.040 
to − 0.067); 
 
pyroglutamate 
concentrations  
(− 0.005 AU, 
95% CI: − 0.010 
– <0.000). 

Confounders 
and bias: 
 
See Lammers 
et al. (2020) 

Remarks: 
 
 
See Lammers et 
al. (2020) 

Tunnicliffe et al. 
(1999)39  
 

Exposure agents:  
Aviation fuel and 
jet exhaust 
stream. 

Outcome: 
Respiratory and 
irritative symptoms, 

No significant 
differences in 
lung function or  

Multiple 
logistic 
regression 
was adjusted 

No quantitative 
exposure data on 
jet engine exhaust. 
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Cross-sectional, 
single assessment 
(5 study days). 
 
Birmingham 
International 
Airport, UK 
 
Study population 
Airport  workers. 
Random sample 
(49%) of eligible 
personnel. 222 
participants in 
total. 63% men, 
mean age 38.6, 
SD 10.4.  
 
Exclusions: 
Part-time workers 
and workers on 
long-term sick 
leave were 
excluded.  
 
Participation rate:  
Overall 69% (low, 
medium and high 
exposure: 77%, 

 
Assessment: 
Researchers 
classified jobs as 
high, medium and 
low exposed to 
aircraft fuel and jet 
engine exhaust, 
based on 
estimated time of 
exposure per 
working day. High 
exposure (n=53): 
baggage handlers, 
airport hands, 
marshallers, 
operational 
engineers, fitters, 
engineering 
technicians. 
Medium exposure 
(n=83): security 
staff, fire fighters, 
airfield operations 
managers. Control 
(n=86): terminal 
and office workers. 
The median time 
spend in the 
aircraft taxiing 

pulmonary 
function.Assessment: 
Self-administered 76 
point questionnaire. 
Questions from 
previously 
validated 
questionnaires (MRC 
respiratory 
questionnaire, 
IUATLD bronchial 
symptom 
questionnaire) . 
Medical examination: 
dynamic lung volume 
(best of 3 valid 
blows), exhaled 
carbon monoxide 
(CO) and skin prick 
tests.  
 
The medical 
examinations were 
performed on a later 
timepoint than the 
questionnaire.   
 
 
Statistical analysis 

skin prick tests 
was found 
between groups.  
 
Among male 
workers, high vs. 
medium 
exposure was 
significantly 
associated with 
runny nose (adj. 
OR = 2.9, CI: 
1.32–6.4) and 
cough with 
phlegm (adj. OR 
= 3.5, CI: 1.23–
9.74).. Cough 
(adj. OR = 2.2, 
(CI 0.94-5.26) 
 
No significant 
associations 
were found for 
shortness of 
breath, wheeze, 
watering eyes 
or stuffy nose. 
 
 

for age, 
smoking, and 
self reported 
history of 
asthma or hay 
fever (only for 
irritative 
symptoms). 
 
Possible 
healthy 
worker effect, 
the medium 
exposure 
group 
included the 
airport 
firemen.  
 
 

No differences in 
lung function were 
found between 
current, ex or 
never smokers.  
 
Difference in sex 
distribution 
between groups 
(no women in high 
exposure group) 
and socioeconomic 
status (i.e low 
exposure group 
males were all 
airport 
management).   
 
The time between 
questionnaire and 
the medical 
examination is not 
provided.  
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62% and 68%, 
respectively). 

area was 0 (0-1), 
1 (0-6) and 8 (4-8) 
h/day for the low, 
medium and high 
exposure group 
respectively.   

Lung function and 
exhaled 
carbon monoxide 
were compared by 
analysis of variance 
(ANOVA). The 
proportions 
of subjects with 
positive skin prick 
test results were 
compared by ÷2 
test. Multiple logistic 
regression was used 
to evaluate the 
association between 
exposure group and 
symptoms.  
 
Analysis were 
restricted to males, 
in the medium vs. 
high exposure group.  
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9.2.1 Observations in humans overview 
Respiratory and irritant effects and inflammation 
Lammers et al. (2020)32 investigated health effects related to controlled 
short-term exposure to AEE-related UFP near Schiphol Airport. In an 
experimental laboratory set-up located about 300 m of two airport 
runways and about 500 m from two major highways, healthy volunteers 
(18-25 years) were exposed to the ambient air for 5 hours during 2-5 
sessions while conducting a combination of low intensity exercise and a 
sedentary activity. Pre- and post exposure measures of cardiopulmonary 
outcomes (spirometry, forced exhaled nitric oxide, electrocardiography 
and blood pressure) were conducted and compared to measured total- 
and size-specific particle number concentrations (PNC). A 5-95th 
increase in exposure to UFP from an average of 53,500 particles/cm3 
(range 10,500–173,200) was associated with a decrease in FVC (−73.8 
mL (95% CI −138.8 – −0.4)) and a prolongation of the corrected QT 
interval (i.e. prolongation of ventricular repolarization corrected for 
heart rate). The increase was by 9.9 ms (95% CI 2.0 – 19.1). These 
effects were associated with particle sizes < 20 nm (UFP from aviation), 
but not with particles > 50 nm (UFP from road traffic) and were 
relatively small. 
 
Selley et al. (2021)31 used the same experimental set up as Lammers et 
al. (2020) to investigate whether short-term exposures to AEE-related 
UFP at Schiphol would impact the urinary metabolome. Comparing the 
pre- and post-exposure metabolome, they used proton nuclear magnetic 
resonance spectroscopy to characterize changes in the metabolome. 
They observed significant reductions in urinary taurine (− 0.262 AU, 
95% CI: − 0.507 to − 0.020) and dimethylamine concentrations (− 
0.021 AU, 95% CI: − 0.040 to − 0.067) that were associated with the 
aviation UFP produced during aircraft landing and take off. 
 
Tunnicliffe et al. (1999)39 assessed whether aircraft fuel or AEE was 
associated with respiratory symptoms and spirometry of full-time 
employees of Birmingham International Airport, UK. Occupational 
exposure was assessed by job title, where baggage handlers, airport 
hands, marshallers, operational engineers, fitters, and engineering 
technicians were considered as the high exposure groups, security staff, 
fire fighters, and airfield operations managers as the medium exposure 
group, and terminal and office workers were in the low exposure group. 
 
Data was collected by questionnaire in parallel with on-site 
measurement of lung function, skin prick tests, and exhaled carbon 
monoxide concentrations. Cough with phlegm and runny nose were 
found to be significantly associated with high exposure (adj. OR = 3.5, 
CI: 1.23–9.74; adj. OR = 2.9, CI: 1.32–6.4, respectively). Upper and 
lower respiratory symptoms were common among exposed workers, but 
no significant difference was found in lung function. The authors 
concluded that these types of symptoms were more likely to be 
associated with exposure to aircraft engine exhaust that than to jet 
engine fuel.  
 
Yang et al. (2003)56 assessed whether there was an excess of chronic 
respiratory symptoms and acute irritative symptoms among airport 
workers exposed to aviation fuel or jet stream exhaust. No quantitative 
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measurements were conducted but questionnaires were used to assign 
airport workers into an exposed group (jet fuel handlers, baggage 
handlers, engineers etc.) or a non-exposed control group (terminal or 
office workers). The odds ratio analyses were adjusted for possible 
confounding factors, such as age, marital status, education, duration of 
employment, smoking status, and previous occupational exposure to 
dust or fumes. Chronic respiratory symptoms such as cough (adj. OR = 
3.41, CI: 1.26–9.28) and dyspnea (adj. OR = 2.34, CI: 1.05–5.18) were 
significantly more common among airport workers. However, there was 
no significant difference in the prevalence of acute irritative symptoms. 
 
Neurodegenerative disease 
Park et al. (2005)57 conducted a case-control study to investigate 
whether certain occupations and occupational exposures (pesticides, 
solvents, oxidative stressors, magnetic fields (EMF), and welding fumes) 
carried an increase risks of developing neurodegenerative diseases 
(NDD) such as Alzheimer’s disease (AD), Parkinson’s disease (PD), 
motor neuron disease (MND), and presenile dementia (PSD). 
Information for all deaths from 22 American states during the period 
from 1992 to 1998 including data on occupation for each decedent was 
examined. Based on codes for these diseases as defined by ICD, 9th 
Revision, cases were identified. Controls were decedents who had died 
within the same period from any other condition with the exception of 
controls whose ICD was associated with solvents or EMF. Aircraft 
mechanics was one of the occupations with the largest mortality odds 
ratios (MOR) for AD (MOR=1.35, 95% CI 1.02-1.74, p=0.03).  
 
Reproductive toxicity 
Lemasters et al. (1999)29 investigated the reproductive effects of solvent 
and fuel exposure of 50 US Air Force personnel working on aircraft 
maintenance. Changes in semen parameters between the baseline and 
the first (15 weeks) and second cycles (30 weeks) were evaluated using 
a multiple regression repeated measures analysis. The ‘flight line’ crew 
was one of five exposure categories into which the men were placed and 
comprised ‘aircraft ground crews’, ‘jet engine mechanics’ and those who 
worked on aircraft ground and munitions equipment. This group was 
likely to be exposed to jet engine exhaust. Measured exposure levels of 
all exposure agents (total solvents, jet fuel as naphtha and benzene) 
were low and within the Threshold Limit Values of the American 
Congress of Governmental Industrial Hygienist for all exposure agents 
across all job groups. No significant changes in any of the semen 
parameters were observed for the ‘flight line’ group. The study was 
hampered by low statistical power. 
 
Heart disease and cerebrovascular disease 
Lecca et al. (2021)33 used a cross-sectional study design to investigate 
association of the concurrent occupational exposure to fine/ultrafine 
particles and noise and heart rate variability (HRV) among airport 
ground staff. Personal continuous monitoring of noise, UFPs and 
continuous HRV parameters over a 2-hour period during the working 
shift was conducted for each participant. Using multiple linear regression 
modelling to predict HRV parameters as a function of UFP and noise 
exposure parameters, and of personal and lifestyle covariates they 
found evidence that the effect of AEE-related UFP exposure on HRV was 
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confounded by concurrent exposure to noise and, in part, would explain 
the association between UFP exposure and HRV in this work 
environment.  
 
Møller et al. (2020)54 conducted a prospective, occupational cohort study 
of airport workers to investigate associations between ischaemic heart 
disease and cerebrovascular disease and long-term exposure to UFP. 
Register information of 69,175 men in unskilled jobs at Copenhagen 
Airport or in outdoor work elsewhere in Copenhagen was used to 
construct occupational histories, obtain health data and to gather 
information on potential confounders. Men ‘ever employed’ in jobs on 
the platform were assigned to the exposed group while the reference 
group were indoor airport workers and workers in unskilled jobs 
elsewhere in Copenhagen. Facilitated by micro-activity data obtained 
from GPS loggers carried by workers, a surrogate measure for UFP 
exposure was constructed for each occupational group. This metric  
‘time spent on the platform’ was expressed as “apron-years” (non-
exposed, 0.1–2.9, 3.0–6.9 and ≥ 7 years). Eventual models also used 
different forms of this exposure metric. The cohort for the investigation 
into IHD comprised  6515 exposed workers (24–35 years) with a 
reference group of 61,617 men. A binary analysis found adjusted 
incidence rate ratio for IHD to be higher in the reference group 
compared to the exposed group (adjusted IRR = 1.24; 95% CI:1.08–
1.42). For cerebrovascular disease, no significant difference was found 
(adjusted IRR=1.17 (95% CI: 0.96–1.42). The authors speculated that, 
given the young mean age of the exposed group (24–35 years), a 22-
year follow-up may have been too short to detect cardiovascular effects.  
 

9.3 Summaries of reviews and grey literature on AEE and health 
effects 
Reviews identified in the current search are briefly summarized below:  
 
Bendtsen et al. (2021)5 summarized available scientific literature on 
human effects of exposure to airport emissions, in occupational settings 
and for residents living close to airports. Mechanistic studies on effects 
of jet engine emissions in animal and cells models are also discussed. 
Conclusion: literature is scarce, with low consistency in methods and 
measured biomarkers, however, there is evidence that jet engine 
emissions have physicochemical properties similar to diesel exhaust 
particles (DEP), and that exposure to jet engine emissions is associated 
with similar adverse health effects as exposure to DEP and other traffic 
emissions. 
 
Vallabani et al. (2023)58 described toxicological and epidemiological 
studies on effects of ultrafine particles (UFPs) or nanoparticles (NPs, 
<100 nm), originating from (exhaust of) different modes of transport 
i.e. vehicles/traffic, shipping, aviation, and railways. Conclusions: Few 
studies were found on aviation (airport) NPs, but the available results 
suggest similar toxic effects as traffic-related particles. 
 
Merzenich et al. (2021)59 performed a scoping review on occupational 
health hazards due to air pollution among apron workers. Current 
scientific evidence on this topic is sparse. Only three epidemiological 
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studies were identified and it was not possible to evaluate an association 
of occupational air pollution with potential health effects among airport 
workers. 
 
Ritchie et al. (2003)60 described effects of exposure to kerosene-based 
jet fuels and additives on human health and biological mechanisms. 
Literature on the composition of combustion exhaust is discussed, as 
well as health effects from exposure to some fuel combustion exhaust 
components. 
 
Tesseraux et al. (2004)61 wrote a short review describing possible health 
risks of exposure to jet engine exhaust, and Touri et al. (2013) 
summarized studies on airport pollution and exposure in relation to 
effects on workers health and residents in vicinity or airports. 
 
All relevant primary papers mentioned in these reviews are covered in 
the current overview. Some of them describe original research in which 
occupational exposure to aviation fuel was the main focus instead of 
AEE. In such cases the job title and description of activities was used to 
determine whether exposure to AEE components was a reasonable 
expectation. 
 
Grey literature such as previous RIVM reports and studies on exposure 
commissioned by Dutch airports have been considered. One such study 
was conducted in 2021 by Reedijk et al. (2021) in which RIVM explored 
the feasibility of health research among Schiphol employees. This 
included a quick scan to map the literature on health effects of 
occupational aviation exposures with a focus on UFP. They identified 3 
primary studies that have also been retained in the current literature 
review (Tunnicliffe et al., 1999; Yang et al., 2003 and Møller et al., 
2020)39, 54, 56. However, the  study by Møller et al. (2020)54 was the only 
one that considered confounders and deemed of sufficient quality to give 
insight into health risks associated with AEE-related UFP.  
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Abbreviations and acronyms 

AEE  Aircraft engine emissions 
APU  Auxilliary power units 
AvGAS  Aviation gasoline 
BAL  Bronchoalveolar lavage 
BC  Black carbon 
CLP  Classification, Labelling and Packaging 
CLEO  Calculus Luchtvaart Emissies Onder 
CMR  Carcinogenic, Mutagenic, Reprotoxic 
CO  Carbon monoxide 
CO2  Carbon dioxide 
DME  Diesel motor emission 
ECHA  European Chemicals Agency 
EC  European Commission 
EI  Emission index 
EPA  Environmental Protection Agency (USA) 
FAA Federal Aviation Administration Office of Environment and 

Energy (USA) 
FID Flame Ionisation Detector 
FPG  Formamidopyrimidine-glycosilase 
GC-FID Gas Chromatography With Flame Ionization Detection 
GR Gezondheidsraad (Health Council) 
GRP Ground running procedures 
GSE  Ground Support Equipment 
HAP  Hazardous Air Pollutant 
H2O  Water 
HPLC High Performance Liquid Chromotography 
IARC International Agency for Research on Cancer 
ICAO  International Civil Aviation Organization 
ICP-MS Inductively coupled plasma mass spectrometry 
LDSA  Lung deposited surface area 
LTO  Landing and take-off cycle 
NAC  Nationale adviesgroep cabinelucht 
NLA  Nederlandse Arbeidsinspectie 
NOx  Nitrogen oxides (NO + NO2) 
PAH  Polycyclic aromatic hydrocarbon 
PM  Particulate matter 
PMF  Positive Matrix Factorization 
PNC  Particle number concentration 
SO2  Sulphur Dioxide 
SOx  Sulphur Oxides 
SZW  Ministerie van Sociale Zaken en Werkgelegenheid 
UFP  Ultra-fine Particles 
UHC  Unburned hydrocarbons 
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Appendix 1 Search terms 

Table A1.1 PubMed – composition of AEE (until May 2024) 
Query Results Records 
#8 #6 AND #7 155 
#7 #1 AND (#2 OR #3 OR #4 OR #5) 316 

#6 

"black carbon" OR soot OR CO OR CO2 OR NOx OR "NO" 
OR "oxides of nitrogen" OR SO2 OR "non-volatile 
particulate" OR "ultrafine particulate" OR PM2.5 OR 
PM0.1 OR "polycyclic aromatic hydrocarbon" OR PAH OR 
"total hydrocarbon concentration" OR "volatile organic 
compound" OR VOC 

2,046,948 

#5 (exhaust OR "jet engine" OR "jet fuel" OR "jet A-1" OR 
particle OR take-off OR ground) AND emissions 7,436 

#4 "ground support equipment" OR GSE OR ground-idle OR 
"ground idle" 1,669 

#3 "auxiliary power units" OR APU 200 

#2 (engine OR landing) AND (take-off OR "take off") OR 
LTO 808 

#1 aeroengine OR "aircraft engine" OR airport OR aviation 
OR aircraft OR airplane OR "air traffic" 20,519 
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Table A1.2 PubMed –  AEE and health (until July 2024, n=773) 
 SEARCH 1. Occupational exposure to AEE and 

health effects  
Records 

#1 (Aviation OR Airplane OR Aircraft OR Jet OR Airport OR 
apron OR ramp OR tarmac OR airstrip OR airfield OR 
"air base") AND (motor OR engine OR fuel OR kerosene 
OR turbine) AND (exhaust OR Fume OR Emission OR 
particle OR combustion OR aerosol) 

3,255 

#2 health OR Diseas* OR illness OR respirat* OR “Lung 
function” OR Biomarker* OR Cancer* OR Carcino* OR 
Tumor* OR Tumour* OR Metasta* OR Cardiovasc* OR 
Morbi* OR Mortal* OR inflamm* OR toxic* OR genotox* 
OR “adverse effect” 

18,695,121 

#3 expos* AND (occupatio* OR job OR work* OR 
volunteer*) 

316,348 

#4 #1 AND #2 AND #3 160 
#5 "Airport workers" OR "Airport staff" OR "airport 

personnel" OR "Ground staff" OR "ground crew" OR 
"ground personnel" OR "Apron workers" OR “ramper” 
OR “ramp agent” OR “fleet service agent” OR "Baggage 
handlers" OR “luggage handler” OR "Aircraft workers" 
OR "Marshalls" OR "Engineers" OR "technicians" OR 
"Fitters" OR "flight line" 

35,731 

#6 Aviation OR Airplane OR Aircraft OR Jet OR Airport OR 
apron OR ramp OR tarmac OR airstrip OR airfield OR 
"air base" 

98,589 

#7 #2 AND #3 AND #5 AND #6 148 
#8 #4 OR #7 290 
 SEARCH 2. AEE and mutagenicity and 

carcinogenicity 
 

#9 Toxicity Tests[Mesh] OR "Toxicology"[Mesh:NoExp] OR 
"Toxicogenetics"[Mesh] 

146,635 

#10 Carcinogenesis[Mesh] OR "Mutagenesis"[Mesh] 362,228 
#11 toxic*[tw] OR carcinogen*[tw] OR mutagen*[tw] OR 

cytotox*[tw] OR mutat*[tw] OR genotox*[tw] OR 
epigen*[tw] OR genetic*[tw] OR micronucle*[tw] OR 
transgen*[tw] OR “chromosome aberration” 

6,481,241 

#12 "in vitro study" OR "in vivo study" OR vitro* OR vivo* 
OR (animal AND (experiment* OR model*)) OR mice 
OR mouse OR “cell line*” 

5,914,988 

#13 #9 OR #10 OR #11 OR #12 9,989,141 
#14 #1 AND #13 464 
#15 Toxicokinetics[Mesh] OR "Toxicological 

Phenomena"[Mesh] OR toxicokinetic*[tw] OR 
bioaccessib*[tw] OR bioelut*[tw] 

798,683 

#16 exposure monitor*[tw] AND (environment*[tw] OR 
human[tw] OR biologic*[tw]) 

633 

#17 Metabolism[Majr:NoExp] OR metabolism[ti] OR 
adme[ti] OR absorption[ti] OR distribution[ti] OR 
excretion[ti] 

517,124 

#18 #1 AND (#15 OR #16 OR #17) 117 
#19  #14 OR #18 545 
#20 #19 NOT #8 477 
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 SEARCH 1. Occupational exposure to AEE and 
health effects  

Records 

 SEARCH 3. AEE and reproduction toxicity  
#21 Prenatal Exposure Delayed Effects[Mesh] OR "Maternal 

Exposure"[Mesh] OR "Paternal Exposure"[Mesh] OR 
"Organogenesis"[Mesh] OR "Infertility"[Mesh] 

255,529 

#22 Prenatal exposure[tw] OR maternal exposure[tw] OR 
paternal exposure[tw] OR infertility[tw] OR 
subfertility[tw] OR fecundity[tw] OR organogenesis[tw] 

190,171 

#23 Teratogens[Mesh] OR "Toxicogenetics"[Mesh] 9,024 
#24 “Reproductive toxic*”[tw] OR “developmental 

toxic*”[tw] OR fetotoxic*[tw] OR teratogen*[tw] OR 
reprotox*[tw] OR embryotox*[tw] 

35,042 

#25 #1 AND (#21 OR #22 OR #23 OR #24) 11 
#26 Fertility[Mesh] OR fertility[tw] OR "Lactation"[Mesh] OR 

"Milk, Human"[Mesh] OR "Milk"[Mesh:NoExp] OR 
"Pregnancy"[Mesh:NoExp] OR "Pregnancy 
Outcome"[Mesh] OR birth OR "birth defect" 

1,466,736 

#27 Pregnancy outcome*[tw] OR pregnan*[ti] OR 
fertilit*[ti] OR differential fertilit*[tw] OR breast 
milk[tw] OR milk secret*[tw] OR lactation[tw] 

425,552 

#28 #1 AND (#26 OR #27) 9 
#29 #25 OR #28 18 
#30 #29 NOT (#8 OR #20) 6 
#31 #8 OR #20 OR #30 773 

 
Table A1.3 Embase – AEE and health (until July 2024, n=2,189) 
 SEARCH 1. Occupational exposure to AEE and 

health effects  
 

#1 (aviation OR airplane* OR aircraft* OR jet* OR airport* 
OR apron* OR ramp OR tarmac OR airstrip* OR 
airfield* OR 'air base') AND (motor* OR engine* OR 
fuel OR kerosene OR turbine*) AND (exhaust OR fume* 
OR emission* OR particle* OR combustion* OR 
aerosol*) 

5,892 

#2 health OR Diseas* OR illness OR respirat* OR “Lung 
function” OR Biomarker* OR Cancer* OR Carcino* OR 
Tumor* OR Tumour* OR Metasta* OR Cardiovasc* OR 
Morbi* OR Mortal* OR inflamm* OR toxic* OR 
genotox* OR “adverse effect*”  

25,911,745 

#3 expos* AND (occupatio* OR job OR work* OR 
volunteer*) 

381,384 

#4 #1 AND #2 AND #3 205 
#5 "Airport worker*" OR "Airport staff" OR "Airport 

personnel" OR "Ground staff" OR "ground crew" OR 
"ground personnel" OR "Apron worker*" OR “ramper*” 
OR “ramp agent*” OR “fleet service agent*” OR 
"Baggage handler*" OR “luggage handler*” OR "Aircraft 
worker*" OR "Marshalls" OR "engineer*" OR 
"technician*" OR "Fitters" OR "flight line"  

2,555,035 

#6 Aviation OR Airplane* OR Aircraft* OR Jet OR Airport* 
OR apron* OR ramp* OR tarmac OR airstrip* OR 
airfield* OR "air base" 

133,838 
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 SEARCH 1. Occupational exposure to AEE and 
health effects  

 

#7 #2 AND #3 AND #5 AND #6 409 
#8 #4 OR #7 522 
 SEARCH 2. AEE and mutagenicity and 

carcinogenicity 
 

#9 toxic* OR carcinogen* OR mutagen* OR mutat* OR 
genotox* OR epigen* OR genetic* OR micronucle* OR 
transgen* OR “chromosome aberration*” 

7,376,503 

#10 "in vitro study" OR "in vivo study" OR vitro* OR vivo* 
OR (animal AND (experiment* OR model*)) OR mice 
OR mouse OR “cell line*” 

8,112,846 

#11 #1 AND (#9 OR #10) 804 
#12 bioaccessib* OR bioelut* OR metabolism OR adme OR 

absorption OR distribution OR excretion 
5,355,818 

#13 exposure AND monitor* AND (environment* OR human 
OR biologic*) 

113,698 

#14 #1 AND (#12 or #13) 1,174 
#15 #11 OR #14 1,815 
#16 #15 NOT #8 1,658 
 SEARCH 3. AEE and reproduction toxicity  
#17 (Exposure AND (Prenatal OR Maternal OR Paternal)) OR 

"Delayed Effect*" OR Organogenesis OR fertilit* OR 
Infertility OR subfertility OR "differential fertility" OR 
fecundity OR teratogen* OR toxicogen* OR (toxic* AND 
(reproduct* OR development*)) OR fetotox* OR 
reprotox* OR embryotox* OR Lactation OR Milk OR 
Pregnan* OR "Pregnancy Outcome*" OR birth OR "birth 
defect*" 

2,558,815 

#18 #1 AND #17 93 
#19 #18 NOT (#8 OR #16) 9 
#20 #8 OR #16 OR #18 2,189 

 
Table A1.4 Scopus search – AEE and health (until July 2024, n=1,083): 
(((TITLE-ABS-KEY (Aviation OR “Airplane*” OR “Aircraft*” OR “Jet*” 
OR “Airport*” OR “apron*” OR ramp OR tarmac OR “airstrip*” OR 
“airfield*” OR "air base") AND TITLE-ABS-KEY (motor OR “engine*” 
OR “fuel*” OR kerosine OR “turbine*”) AND TITLE-ABS-KEY 
(“exhaust*” OR “Fume*” OR “Emission*” OR “particle*” OR 
combustion OR “aerosol*”)) AND (TITLE-ABS-KEY (health OR 
“Diseas*” OR “illness*” OR “respirat*” OR “Lung function” OR 
“Biomarker*” OR “Cancer*” OR “Carcino*” OR “Tumor*” OR 
“Tumour*” OR “Metasta*” OR “Cardiovasc*” OR “Morbi*” OR 
“Mortal*” OR “inflamm*” OR “toxic*” OR “genotox*” OR “adverse 
effect*”) AND (TITLE-ABS-KEY (“expos*”) AND TITLE-ABS-KEY 
(“occupatio*” OR “job*” OR “work*” OR “volunteer*”)))) OR (TITLE-
ABS-KEY("Airport worker*" OR "Ground staff" OR "ground crew" OR 
"ground personnel" OR "Apron worker*" OR "Baggage handler*" OR 
"Aircraft worker*" OR "Airport staff" OR "Marshall*" OR "Engineer*" 
OR "technician*" OR "Fitter*" OR "flight line" OR ramper OR “ramp 
agent*” OR “fleet service agent*” OR “luggage handler*”) AND TITLE-
ABS-KEY(Aviation OR “Airplane*” OR “Aircraft*” OR “Jet*” OR 
“Airport*” OR apron OR tarmac OR ramp OR airstrip OR airfield OR 
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"air base") AND (TITLE-ABS-KEY (“expos*”) AND TITLE-ABS-KEY 
(“occupatio*” OR “job*” OR “work*” OR “volunteer*”)) AND TITLE-
ABS-KEY (health OR “Diseas*” OR “illness*” OR “respirat*” OR “Lung 
function” OR “Biomarker*” OR “Cancer*” OR “Carcino*” OR “Tumor*” 
OR “Tumour*” OR “Metasta*” OR “Cardiovasc*” OR “Morbi*” OR 
“Mortal*” OR “inflamm*” OR “toxic*” OR “genotox*” OR “adverse 
effect*”))) OR (TITLE-ABS-KEY (Aviation OR “Airplane*” OR 
“Aircraft*” OR “Jet*” OR “Airport*” OR apron OR ramp OR tarmac OR 
airstrip OR airfield OR "air base") AND TITLE-ABS-KEY (motor OR 
“engine*” OR “fuel*” OR kerosine OR “turbine*”) AND TITLE-ABS-KEY 
(“exhaust*” OR “Fume*” OR “Emission*” OR “particle*” OR 
combustion OR “aerosol*”)) AND (TITLE-ABS-KEY (“toxic*” OR 
“carcinogen*” OR “mutagen*” OR “mutat*” OR “genotox*” OR 
“epigen*” OR “genetic*” OR “micronucle*” OR “transgen*” OR 
“chromosome aberration*” OR “bioaccessib*” OR “bioelut*” OR 
metabolism OR adme OR absorption OR distribution OR excretion OR 
“Prenatal exposure*” OR “Maternal exposure*” OR “Paternal 
exposure*” OR "Delayed Effect*" OR Organogenesis OR “fertilit*” OR 
“Infertilit*” OR “subfertility*” OR "differential fertility" OR fecundity 
OR “teratogen*” OR “toxicogen*” OR “fetotox*” OR “reprotox*” OR 
“embryotox*” OR Lactation OR Milk OR “Pregnan*” OR "Pregnancy 
Outcome*" OR birth OR "birth defect*") OR (TITLE-ABS-KEY (“toxic*”) 
AND TITLE-ABS-KEY (“reproduct*” OR “development*”)) OR (TITLE-
ABS-KEY ("in vitro stud*" OR "in vivo stud*" OR “vitro*” OR “vivo*” 
OR mice OR mouse OR “cell line*” OR human OR “animal 
experiment*” OR “animal model*”)) AND (TITLE (“Airplane*” OR 
“Aircraft*” OR “Jet*” OR ”Turbine*” OR “engine*”) AND (TITLE 
(“exhaust*” OR combustion OR “emission*” OR “particle*”))))  
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Appendix 2 Components of aircraft engine emissions and their carcinogenic and mutagenic ratings  

Table A2.1 List of substances described as a constituent of AEE, with carcinogenic classification, if applicable, according to Regulation (EC) 
1272/2008, C&L inventory or evaluation of the International Cancer Research Agency (IARC). Search performed November 2023. 
Substance 
type 

Component of aircraft 
emissions 

EC / List no. CAS no. Member  
of  

groupa 

Harmonized 
classification 
according to 
Annex VIb, c 

Notified 
classificationd 

IARC 
evaluatione 

organics 1,2,4-Trimethylbenzene 202-436-9 95-63-6   - - - 
organics 1,2-Dimethyl naphthalene 209-364-7 573-98-8  - - - 
organics 1,3,5-Trimethylbenzene 203-604-4 108-67-8   -  -  -  

organics 1,3-Butadiene 203-450-8 106-99-0 2* 

Carc. 1A / 
H350;  

Muta. 1B 
/H340 

-  Group 1 

organics 1,4-Dimethyl naphthalene 209-335-9 571-58-4   -  -  -  
organics 1,7-Dimethyl naphthalene 209-382-5 575-37-1  -  -  -  
organics 1-Butene 203-449-2 106-98-9   -  -  -  
organics 1-Methyl naphthalene 201-966-8 90-12-0   -  -  -  
organics 1-Methylanthracene 210-224-2 610-48-0  -  -  -  
organics 1-Methylphenanthrene 212-622-1 832-69-9   -  Carc. 2 / H351  Group 3 
organics 2,6-dimethyl naphthalene 209-464-0 581-42-0  -  -  -  
organics 2-Methylanthracene 210-329-3 613-12-7   -  -  -  
organics 2-Methylnaphthalene 202-078-3 91-57-6  -  -  -  
organics 2-Methylpentane 203-523-4 107-83-5   -  -  -  
organics 2-Methylphenanthrene 219-791-0 2531-84-2  -  -  -  
organics 3-Methylpentane 202-481-4 96-14-0   -  -  -  
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Substance 
type 

Component of aircraft 
emissions 

EC / List no. CAS no. Member  
of  

groupa 

Harmonized 
classification 
according to 
Annex VIb, c 

Notified 
classificationd 

IARC 
evaluatione 

organics 5-Methylchrysene 681-936-2 3697-24-3  -  
Carc 1B / 

H350; Carc. 2 
/ H351  

Group 2B 

organics 9,10-Anthracenedione 201-549-0 84-65-1   Carc. 1B / 
H350 - Group 2B 

organics 9-Fluorenone 237-116-8 13629-22-
6 

 -  -  -  

organics 9-Methylanthracene 212-299-7 779-02-2   -  -  -  
organics Acenaphthene 201-469-6 83-32-9 1, 2 - - Group 3 
organics Acenaphthylene 205-917-1 208-96-8 1, 2 -  -  -  

organics Acetaldehyde 200-836-8 75-07-0 2* 

Carc. 1B / 
H350;  

Muta. 2 / 
H341 

- Group 2B 

organics Acrolein 203-453-4 107-02-8 2* - Carc. 2 / H351 Group 2A 
metals Aluminium 231-072-3 7429-90-5   -  -  -  
organics Anthanthrene   205-884-3 191-26-4   - Carc 1B / H350 Group 3 

organics Anthracene 204-371-1 120-12-7 1, 2 - 
Carc. 1B 
/H350;  

Carc. 2 / H351  
Group 2B 

metals 
(heavy) Arsenic 231-148-6 7440-38-2   - 

Carc. 1A 
/H350;  

Muta. 2 / H341 
Group 1 

metals Barium 231-149-1 7440-39-3  -  -  -  

organics Benz[a]anthracene 200-280-6 56-55-3 1, 2 Carc. 1B / 
H350 

 Group 2B 
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Substance 
type 

Component of aircraft 
emissions 

EC / List no. CAS no. Member  
of  

groupa 

Harmonized 
classification 
according to 
Annex VIb, c 

Notified 
classificationd 

IARC 
evaluatione 

organics Benzene 200-753-7 71-43-2  2* 
Carc. 1A / 

H350; Muta. 
1B / H340 

  Group 1 

organics Benzo(a)pyrene 200-028-5 50-32-8 2 
Carc. 1B / 

H350; Muta. 
1B / H340 

  Group 1 

organics Benzo(b)fluoranthene 205-911-9 205-99-2 2 Carc. 1B / 
H350   Group 2B 

organics Benzo(k)fluoranthene- 
205-916-6 207-08-9 1, 2 Carc. 1B / 

H350   Group 2B 

organics Benzo[b]naph[2,1-
d]thiophene 205-948-0 239-35-0   - - Group 3 

organics Benzo[c]phenanthrene 205-896-9 195-19-7  - 
Carc. 2 / 

H351; Muta. 2 
/ H341 

Group 2B 

organics Benzo[e]pyrene 205-892-7 192-97-2 1 Carc 1B / 
H350   Group 3 

organics Benzo[ghi]perylene 205-883-8 191-24-2 1, 2 - - Group 3 

organics Benzo[j]fluoranthene    205-910-3 205-82-3   Carc. 1B / 
H350 - Group 2B 

organics Biphenyl 202-163-5 92-52-4   -  -  -  

metals 
(heavy) Cadmium (non-pyrophoric) 231-152-8 7440-43-9  

Carc. 1B / 
H350; Muta. 2 

/ H341 
-  Group 1 

metals 
(heavy) Cadmium (pyrophoric) 231-152-8 7440-43-9   

Carc. 1B / 
H350; Muta. 2 

/ H341 
-  Group 1 

metals Calcium 231-179-5 7440-70-2  -  -  -  
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Substance 
type 

Component of aircraft 
emissions 

EC / List no. CAS no. Member  
of  

groupa 

Harmonized 
classification 
according to 
Annex VIb, c 

Notified 
classificationd 

IARC 
evaluatione 

gaseous  Carbon dioxide 204-696-9 124-38-9   -  -  -  
organics Carbon disulphide 200-843-6 75-15-0  -  -  -  
gaseous  Carbon monoxide 211-128-3 630-08-0   -  -  -  

organics Chloromethane 200-817-4 74-87-3  Carc. 2 / 
H351 - Group 3 

organics Cholanthrene 207-528-2 479-23-2   -  -  -  
metals 
(heavy) 

Chromium (valency 
unknown f)   231-157-5 7440-47-3  - - - 

organics Chrysene 205-923-4 218-01-9 1, 2 
Carc. 1B / 

H350; Muta. 
2/ H341 

  Group 2B 

organics cis-2-Butene 209-673-7 590-18-1  -  -  -  

metals 
(heavy) Cobalt 231-158-0 7440-48-4   

Carc. 1B / 
H350; Muta. 2 

/ H341 
- Group 2A 

metals 
(heavy) Copper 231-159-6 7440-50-8  -  -  -  

organics Coronene 205-881-7 191-07-1   - - Group 3 

organics Cyclopenta[c,d]pyrene 690-388-3 27208-37-
3 

 - - Group 2A 

organics Dibenz[ac]anthracene  205-920-8 215-58-7  - 
Carc. 1A / 

H35; Muta. 2 / 
H341 

Group 3 

organics Dibenz[ah]anthracene  200-181-8 53-70-3 1, 2  Carc. 1B / 
H350 - Group 2A 
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Substance 
type 

Component of aircraft 
emissions 

EC / List no. CAS no. Member  
of  

groupa 

Harmonized 
classification 
according to 
Annex VIb, c 

Notified 
classificationd 

IARC 
evaluatione 

organics Dibenzo[ae]pyrene 205-891-1 192-65-4  - 

Carc. 1B 
/H350; Carc. 2 
/ H351; Muta. 

2 / H341 

Group 3 

organics Dibenzo[ah]pyrene 205-878-0 189-64-0   
Carc. 1B / 

H350; Muta. 
2/ H341 

  Group 2B 

organics Dibenzo[ai]pyrene 205-877-5 189-55-9  
Carc. 1B / 

H350; Muta. 
2/ H341 

  Group 2B 

organics Dibenzo[al]pyrene 205-886-4 191-30-0   
Carc. 1B / 

H350; Muta. 
2/ H341 

  Group 2A 

organics Dimethyl sulphide 200-846-2 75-18-3  -  -  -  
organics Docosane 211-121-5 629-97-0   -  -  -  
organics Dodecane 203-967-9 112-40-3  -  -  -  
organics Dotriacontane 208-881-5 544-85-4   -  -  -  
organics Eicosane 204-018-1 112-95-8  -  -  -  
organics Ethane 200-814-8 74-84-0   -  -  -  
organics Ethine (ethyne, acetylene) 200-816-9 74-86-2  -  -  -  
organics Ethyl nitrate 210-903-3 625-58-1   -  -  -  

organics Ethylbenzene 202-849-4 100-41-4 2 - 

Carc. 1A 
/H350; Carc. 2 
/ H351; Muta. 

1B  

Group 2B 

organics Ethylene 200-815-3 74-85-1   -  -  -  
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Substance 
type 

Component of aircraft 
emissions 

EC / List no. CAS no. Member  
of  

groupa 

Harmonized 
classification 
according to 
Annex VIb, c 

Notified 
classificationd 

IARC 
evaluatione 

aerosols Fine particulate matter 
(PM2.5) g na na  - - Group 1 

organics Fluoranthene 205-912-4 206-44-0 1, 2 - - Group 3 
organics Fluorene 201-695-5 86-73-7 1, 2 - - Group 3 

organics Formaldehyde 200-001-8 50-00-0  2* 
Carc. 1B / 
H350; Muta. 
2/ H341 

  Group 1 

organics Heneicosane 211-118-9 629-94-7  -  -  -  
organics Hentriacontane 685-676-0 630-04-6   -  -  -  
organics Heptacosane  209-792-4 593-49-7  - - - 
organics Heptadecane  211-108-4 629-78-7   - - - 
organics Hexacosane 211-124-1 630-01-3  -  -  -  
organics Hexadecane 208-878-9 544-76-3   -  -  -  
organics Indeno[1,2,3-cd]pyrene 205-893-2 193-39-5 1, 2 - Carc. 2 / H351 Group 2B 
organics i-Pentane 201-142-8 78-78-4   -  -  -  
metals 
(heavy) Iron 640-395-2 7439-89-6  -  -  -  

organics Isobutane 200-857-2 75-28-5   -  -  -  

organics Isoprene 201-143-3 78-79-5  
Carc. 1B / 

H350; Muta. 
2/ H341 

- Group 2B 

metals 
(heavy) 

Lead (not a component of 
jet fuel emissions but 
listed as a component of 
avgas fuel emission)  

231-100-4 7439-92-1   - 

Carc. 1A 
/H350; Carc. 2 
/ H351; Muta. 

2 / H341;  

Group 2B 
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Substance 
type 

Component of aircraft 
emissions 

EC / List no. CAS no. Member  
of  

groupa 

Harmonized 
classification 
according to 
Annex VIb, c 

Notified 
classificationd 

IARC 
evaluatione 

metals Magnesium 231-104-6 7439-95-4   -  -  -  
metals 
(heavy) Manganese 231-105-1 7439-96-5   -  -  -  

metals 
(heavy) Mercury 231-106-7 7439-97-6  - Muta. 2/H341 Group 3 

organics Methane 200-812-7 74-82-8   -  -  -  
organics Methyl nitrate 209-941-3 598-58-3  -  -  -  
metals 
(heavy) Molybdenum 231-107-2 7439-98-7   -  -  -  

organics m-Xylene 203-576-3 108-38-3  - - Group 3  

organics Naphthalene 202-049-5 91-20-3 1, 2* Carc. 2 / 
H351   Group 2B 

organics n-Butane 203-448-7 106-97-8  -  -  -  
organics n-Decyl cyclohexane 217-272-3 1795-16-0   -  -  -  

organics n-Heptane 205-563-8 142-82-5  - 
Carc. 1B 

/H350; Muta. 
1B /H340 

  

organics n-Heptyl cyclohexane 227-041-9 5617-41-4   -  -  -  
organics n-Hexane 203-777-6 110-54-3 2 -  -  -  
metals 
(heavy) Nickel 231-111-4 7440-02-0   Carc. 2 / 

H351   Group 2B 

gaseous  

Nitrogen oxides 
(NOx) (comprises primarily 
nitric oxide and nitrogen 
dioxide) 

   -  -  -  

organics n-nonyl cyclohexane 220-739-4 2883-02-5   -  -  -  
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Substance 
type 

Component of aircraft 
emissions 

EC / List no. CAS no. Member  
of  

groupa 

Harmonized 
classification 
according to 
Annex VIb, c 

Notified 
classificationd 

IARC 
evaluatione 

organics n-octyl cyclohexane 217-271-8 1795-15-9  -  -  -  
organics Nonacosane 211-126-2 630-03-5   -  -  -  
organics Nonadecane 211-116-8 629-92-5  -  -  -  

particles Non-volatile particulate 
matter g na na   -  -  Group 1  

organics Norhopane  (not further 
specified) na na  - - - 

organics n-Pentane 203-692-4 109-66-0   -  -  -  

organics n-Undecyl cyclohexane 258-976-0 54105-66-
7 

 -  -  -  

organics Octacosane 211-125-7 630-02-4   -  -  -  
organics Octadecane 209-790-3 593-45-3  -  -  -  

organics 

o-Xylene (m-, o-, p- 
xylenes have a Group 3 
IARC rating; only o-xylene 
has a notified carcinogenic 
classification) 

202-422-2 95-47-6  - Carc. 1B / 
H350 Group 3  

aerosols Particle-bound PAHs g na na 1 - - Group 1 
organics Pentacosane 211-123-6 629-99-2  -  -  -  
organics Pentadecane 211-098-1 629-62-9   -  -  -  
organics Perylene 205-900-9 198-55-0  - - Group 3 
organics Phenanthrene 201-581-5 85-01-8 1, 2 - Carc. 2 / H351 Group 3 
organics Phytane 211-332-2 638-36-8  -  -  -  
organics Pristane 217-650-8 1921-70-6   -  -  -  
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Substance 
type 

Component of aircraft 
emissions 

EC / List no. CAS no. Member  
of  

groupa 

Harmonized 
classification 
according to 
Annex VIb, c 

Notified 
classificationd 

IARC 
evaluatione 

organics Propane 200-827-9 74-98-6  - 
Carc. 1A 

/H350; Muta. 
1B / H340 

- 

organics Propene 204-062-1 115-07-1   - - Group 3 
organics Propionaldehye 204-623-0 123-38-6 2* -  -  -  
organics p-Xylene 203-396-5 106-42-3   - - Group 3  
organics Pyrene 204-927-3 129-00-0 1, 2 - - Group 3 

aerosols Respirable particulate 
matter (PM10) g na na   -  -  Group 1  

organics Retene 207-597-9 483-65-8  -  -  -  
metals Silicon 231-130-8 7440-21-3   - - - 
metals Sodium 231-132-9 7440-23-5   -  -  -  
aerosols Soot (Black Carbon)  g na na  - - Group 1 

organics Styrene 202-851-5 100-42-5 2 - 
Carc. 2 / 

H351; Muta. 2 
/  H341 

Group 2A 

gaseous  

Sulphur oxides 
(SOx)  (primarily sulphur 
dioxide and sulphur 
trioxide)  

     -  -  -  

organics Tetracosane 211-474-5 646-31-1   -  -  -  
organics Tetradecane 211-096-0 629-59-4  -  -  -  

organics Tetratriacontane   238-013-0 14167-59-
0   -  -  -  

metals Titanium 231-142-3 7440-32-6   -  -  -  
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Substance 
type 

Component of aircraft 
emissions 

EC / List no. CAS no. Member  
of  

groupa 

Harmonized 
classification 
according to 
Annex VIb, c 

Notified 
classificationd 

IARC 
evaluatione 

organics Toluene 203-625-9 108-88-3 2* - 

Carc. 1A / 
H350 

Muta. 1B / 
H340 

Group 3 

organics Total alkanes (not further 
specified) na na   - - - 

organics Total alkenes  (not further 
specified) na na   - - - 

organics Total alkynes  (not further 
specified) na na   - - - 

organics Total aromatics   (not 
further specified) na na   - - - 

organics trans-2-Butene 210-855-3 624-64-6   -  -  -  
organics Triacontane 211-349-5 638-68-6   -  -  -  
organics Tricosane 211-347-4 638-67-5   - - - 
organics Tridecane 211-093-4 629-50-5   -  -  -  
organics Tritriacontane 686-232-9 630-05-7   -  -  -  

aerosols Ultrafine particulate matter 
(PM0.1) g na na   -  -  Group 1  

organics Unburned hydrocarbons 
(not further specified) g  na na   -  -  -  

metals 
(heavy) Vanadium 231-171-1 7440-62-2   -  -  -  

particles Volatile particulate matter 
g na na   -  -  Group 1  

organics Xylene 215-535-7 1330-20-7 2* - - Group 3 
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Substance 
type 

Component of aircraft 
emissions 

EC / List no. CAS no. Member  
of  

groupa 

Harmonized 
classification 
according to 
Annex VIb, c 

Notified 
classificationd 

IARC 
evaluatione 

metals 
(heavy) Zinc 231-175-3 7440-66-6   -  -  -  

metals 
(heavy) Zirconium 231-176-9 7440-67-7   -  -  -  

a 1: Belongs to the group of PAHs as defined under the REACH regulatory process (ECHA); 2: Aircraft-Related hazardous air pollutant (HAP) included in 
the U.S. EPA National Toxics Inventory (includes commercial and general aviation aircraft and ground support equipment) (FAA 2003); 2*: Belongs to 
the top 10 most prevalent of the HAPs included in the U.S. EPA National Toxics Inventory (FAA 2003). 
b Harmonised classification - Annex VI of Regulation (EC) No 1272/2008 (CLP Regulation).  
c Harmonised classification and labelling (CLH) Hazard classes: Carc. 1A - Known to have carcinogenic potential for humans; the placing of a substance 
is largely based on human evidence. Carc. 1B - Presumed to have carcinogenic potential for humans; the placing of a substance is largely based on 
animal evidence. Carc. 2 - Suspected human carcinogens. Category statement codes:  H350 – May cause cancer; H351 – Suspected of causing cancer. 
Muta. 1A - Substances known to induce heritable mutations in the germ cells of humans. Muta. 1B - Substances to be regarded as if they induce 
heritable mutations in the germ cells of humans. Muta. 2 - Substances which cause concern for humans owing to the possibility that they may induce 
heritable mutations in the germ cells of humans. H340 - May cause genetic defects; H341: Suspected of causing genetic defects (CLP-regulation 
1272/2008). 
d Notified classification and labelling according to CLP criteria based on ECHA’s C&L inventory (ECHA, 2023). Only presented in absence of a 
harmonized classification for carcinogenicity and/or mutagenicity 
e IARC: International Agency for Research on Cancer. Group 1: Carcinogenic to humans; Group 2A: Probably carcinogenic to humans; Group 2B: 
Possibly carcinogenic to humans; Group 3: Not classifiable as to its carcinogenicity to humans. 
f. Note that chromium (VI) compounds are classified according to the CLP-legislation as Carc. 1B / H350, though with some exceptions, and classified 
by IARC in group 1 
g Belongs to the group particulate matter (PM). PM from aircraft emissions are mostly particles with aerodynamic diameter less than 2.5 micrometre 
and includes volatile and non-volatile components (including soot) as well as small quantities of metals (FAA 2003). IARC has rated outdoor air as a 
Group 1 carcinogen, in part, due to it particulate components. It is within that context that PM from aircraft emissions are also considered as Group 1 
carcinogens. There is an additional hazard due to the carcinogenic properties of PM from aircraft e.g. from BC (soot)  
h Unburned hydrocarbons: Organic air pollutants (benzene, hexane, etc) that reach the exhaust unchanged (FAA 2003). 
-  : indicates that the chemical or substance has no harmonized classification and/or no notified classification for carcinogenicity/mutagenicity and/or, in 
the case of IARC, it has not been assessed by IARC. 
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Appendix 3 Emission indices for pollutants found in the literature 

Appendix 3 with the tables listed below can be found at: 
 
https://www.rivm.nl/bibliotheek/rapporten/2024-0148.xlsx 
 
Table A3.1 Emission indices for gaseous pollutants found in literature (as reported in Maisol & Harrison 2014)4 
 
Table A3.2 Emission indices for speciated hydrocarbons found in literature (as reported in Maisol & Harrison 2014)4 
 
Table A3.3 Emission indices for particulate matter found in literature (as reported in Maisol & Harrison 2014)4 
 
Table A3.4 Emission indices for aerosols found in literature (as reported in Maisol & Harrison 2014)4 
 

https://www.rivm.nl/bibliotheek/rapporten/2024-0148.xlsx
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Appendix 4 Function groups potentially exposed to AEE at 
Schiphol Airport Amsterdam (extracted from van der Meer 
et al. 2024) 

Function 
group  

Description of work  

Aircraft 
Stand (AS) 
- 
Passengers  

Platform/apron worker.  Control and execution of all 
apron work on passenger aircraft such as unloading 
and loading (baggage, cargo and mail), placing 
blocks, catering supplies, re-fueling, water- and 
toilet-services, jet starters, heating and cleaning.  
Take care of hands-on training.  Need to set up and 
operate equipment for handling. 
 
Lower airside residence time: Coordinate, manage 
and supervise turnaround and platform services, 
proper handling of passage and luggage.  Check-in 
and boarding:  Mainly in terminal, office and luggage 
basement working, sometimes outdoors on airside  
 

Transport 
luggage -
Passengers  

Transport of luggage from the luggage cellar to 
passenger aircraft and vice versa. Collection and 
delivery of baggage;  do not load and unload 
aircraft, only from the carts.  Most of the work takes 
place in the luggage cellar. Transport includes 
transport by electric vehicle (Charlatte) 
 

Transport - 
Cargo 

Freight driver.  Delivery and collection of cargo 
to/from pilots and plane.  Do only the transport, 
connect and undock cart (does not load and unload). 
Comes on all platforms, at both passenger- and 
cargo planes.  Transport is with Mulag (diesel).  
 
Lower airside residence time: Supervise transport 
operations;  works primarily in offices, also 
sometimes present on the platform.  Transport of 
mail (with electric vehicle)  
 

AS - Cargo Handling incoming and outgoing cargo aircraft, such 
as loading/unloading of cargo and mail, among 
others on R and S platforms.  Control and execution 
of others platform operations such as catering 
supplies, refuelling, water and toilet services, 
towing, jet starters, heating, cleaning.  Provides 
hands-on training.  
 
Lower airside residence time: Coordination, 
management and monitoring turnaround and 
platform services at cargo planes, handling of cargo 
documents  
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Function 
group  

Description of work  

In/Around 
Pilot - 
Cargo 

Crew member, working in the warehouse and on the 
background terrain. Cargo preparation and handling.  
Preparing of carts.  Construction and dismantling of 
cargo.  Uses Charlatte (electric), electrical forklift, 
Mulag-puller/transporter (diesel).  
 
Lower residence time near airside: Coordination, 
supervision and control of freight transport. Present 
in the office, around the warehouse  
 

Pushback/ 
tower  

Platform worker with the main task of pushing 
(pushback driver) or towing aircraft.  Often co-
handler  of passenger- and cargo-flights (loading 
and unloading of baggage, freight and mail)  
 

Not location  
bound  
operations  

Miscellaneous work carried out by passenger- and 
cargo aircraft, such as equipment management 
(fleet), supervision, leadership, authority, bird 
control, prevention tasks, fire fighting, marshalling, 
surveillance. They also do maintenance work on 
infrastructure.  Does not include handling-related 
activities. 
 
They do come on the platforms. Much of the work is 
inside a vehicle and in the office. 
 

Passenger 
transport 
services  

Collection and delivery of passengers by bus (in 
particular electrical) and persons with reduced 
mobility With ambulift (Bolmar, scissor truck,  
diesel) or wheelchair bus (electrical).  
 
Much of the work is inside (in the terminal) and in 
the vehicle. 
 

Active on 
the AS - 
Main 
contractors 

Operation and maintenance of platforms and 
infrastructure (underground) on it, architectural 
objects and elements and installations. Planned 
maintenance of electrical or mechanical installations 
and building-related installations (e.g. on the roofs, 
in the piers).  Solving (Electrical) faults on/at the 
installations, such as light poles, Visual Docking 
Guiding Systems, passenger bridges, Constant 
power high voltage transformers.  Realization of 
electrical equipment/installations and civil work on a 
project.  Platform renovation. Excavation work.   
 
Guidance and control of work on the platforms.   
Inspection work.  
 

Active not 
on the AS - 
Main 
contractors 

Construction work.  Maintenance, renovation and 
building projects and/or building-related 
installations. Guiding and directing work on the 
construction sites.  Inspection and commissioning of 
building-related installations (including technical 
rooms, on roofs, fire brigades, crossing points, 
parking garages). Digging.  Assembly.  Maintenance 
of runways and lanes.  
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