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Sensory effects in eyes and airways are common symptoms reported by aircraft crew and office workers. Neuro-
logical symptoms, such as headache, have also been reported. To assess the commonality and differences in ex-
posures and health symptoms, a literature search of aircraft cabin and office air concentrations of non-reactive
volatile organic compounds (VOCs) and ozone-initiated terpene reaction products were compiled and assessed.
Data for tricresyl phosphates, in particular tri-ortho-cresyl phosphate (ToCP), were also compiled, as well as
information on other risk factors such as low relative humidity.
A conservative health risk assessment for eye, airway and neurological effectswas undertaken based on a “worst-
case scenario” which assumed a simultaneous constant exposure for 8 h to identified maximum concentrations
in aircraft and offices. This used guidelines and reference values for sensory irritation for eyes and upper airways
and airflow limitation; a tolerable daily intake value was used for ToCP. The assessment involved the use of haz-
ard quotients or indexes, defined as the summed ratio(s) (%) of compound concentration(s) divided by their
guideline value(s).
The concentration data suggest that, under the assumption of a conservative “worst-case scenario”, aircraft air
and office concentrations of the compounds in question are not likely to be associated with sensory symptoms
in eyes and airways. This is supported by the fact that maximum concentrations are, in general, associated
with infrequent incidents and brief exposures. Sensory symptoms, in particular in eyes, appear to be exacerbated
by environmental and occupational conditions that differ in aircraft and offices, e.g., ozone incidents, low relative
humidity, low cabin pressure, and visual display unit work. The data do not support airflow limitation effects. For
ToCP, in view of the conservative approach adopted here and the rareness of reported incidents, the health risk of
exposure to this compound in aircraft is considered negligible.

© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Epidemiological studies of aircraft crew members show a similar
pattern of symptoms as those encountered in office workers within
the umbrella of the so-called “sick-building syndrome” (for discussion,
see Hodgson (2002)). As in offices (Wolkoff, 2013), eye related symp-
toms, e.g., dry or tired eyes and fatigue, are common symptoms in
crew members (Nagda and Koontz, 2003) and also specifically pilots
(McCarty and McCarty, 2000). Furthermore, central nervous system
(CNS) related symptoms have been reported, including headache and
tunnel vision — constituting the so-called “aerotoxic syndrome”
(Winder et al., 2002) which has been postulated to be caused by expo-
sure to tri-ortho-cresyl phosphate (ToCP), a known neurotoxin and an
for the Working Environment,

. This is an open access article under
isomer of tricresyl phosphates (TCPs). Exposure to ToCP is suspected
to occur as a result of bleed air contamination via the aircraft ventilation
system; this includes “smoke-in cabin” or smell incidents, involving ad-
ditives in jet engine oil and their possible oil pyrolysis products (e.g.
Abou-Donia et al., 2013; de Boer et al., 2015, and references therein).
It is suspected that bleed air contamination incidents from the aircraft
ventilation system may contain TCP.

Historically, indoor pollutants, including volatile organic compounds
(VOCs), have beenmeasured in investigations of reported health effects
in aircraft (Nagda and Rector, 2003; Nagda and Koontz, 2003; Wang
et al., 2014) and in offices (Wolkoff, 2013); however, associations
have not been established nor health risk assessment has not been car-
ried out regarding the reported symptoms. Further, ventilation systems
in aircraft with no or inadequate converters of high altitude ozone con-
centration may result in high cabin air ozone levels (e.g. Bhangar et al.,
2008); this has prompted the ‘reactive chemistry’ hypothesis in which
reported health outcomes are caused by ozone-initiated reaction
products (Weschler et al., 2006; Wolkoff, 2013).
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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In public and commercial buildings, the advent of stricter energy
efficiency measures has often resulted in a tighter building envelope
and possibly lower air exchange rate; this elevates the concentration of
reactive (unsaturated) VOCs like terpenes (common fragrances) in the
gas-phase and may increase reactions with surface deposited reactants,
e.g., squalene and other skin oils (Wisthaler and Weschler, 2010). A
host of different oxygenated gas-phase products and ultrafine particles
(secondary organic aerosols, SOAs) are formed (Walser et al., 2008;
Nørgaard et al., 2013). This process has also been reported in aircraft
cabin air (Coleman et al., 2008a; Weisel et al., 2013; Weschler et al.,
2007). For instance, formaldehyde is one of the key oxidation products
in the ozonolysis of limonene (Atkinson and Arey, 2003). Limonene is
an abundant and common fragrance used in numerous consumer prod-
ucts (ter Burg et al., 2014), amajorVOCemitted frommeals anddrink ser-
vices in the aircraft cabin (Guan et al., 2014), and is present in deodorizers
and disinfectants used by cabin cleaning staff (Nazaroff and Weschler,
2004). Thus, aircraft passengers and crew members are exposed not
only to periodic high ozone levels, but also to a complexmixture of prod-
ucts from gas-phase and surface chemical reactions, while office workers
may be exposed to mixtures caused by reaction of VOCs emitted into the
indoor air with ozone and nitrogen dioxide from incoming ambient air.

Whether or not these terpene oxidation products cause adverse eye
and respiratory effects in interior closed environments has been a long-
standing research question (Carslaw et al., 2009; Rohr, 2013). For in-
stance, a study in 100 public and commercial office buildings showed
significant associations between late afternoon outdoor ozone and
upper respiratory symptoms, with a trend also for irritated eyes; the
authors speculated that ozone-initiated reactions could be associated
with the observed symptoms (Apte et al., 2008).

The low relative humidity (RH) in aircraft cabins — usually under
10% — is another important risk factor (e.g. Backman and Haghighat,
2000; Wieslander et al., 2000) associated with the reported health
effects in both aircraft and in offices (Nagda and Hodgson, 2001); how-
ever, this has never been substantiated with ophthalmologic findings.

It is generally recognized that the concentrations of non-reactive
VOCs in public buildings are orders of magnitude below their threshold
for sensory irritative symptoms (Wolkoff, 2013); this has never been
assessed regarding aircraft cabin air, although non-reactive VOC levels,
in general, are comparable with those reported for public buildings
(Nagda and Rector, 2003). Thus, two possible causes for the sensory re-
lated symptoms seen in indoor environments such as aircraft cabins and
offices have been proposed: reaction products from ozone-initiated
chemistry and lowRH. In addition, ToCP exposure of aircraft crewmem-
bers has been postulated to cause the so-called aerotoxic syndrome.

Measurements in commercial aircraft cabins of non-reactive VOCs,
carbonyls, TCP, and ozone-initiated reaction products have been
compiled and their potential health effects on eyes and airways were
assessed, together with CNS-related effects caused by ToCP in aircraft.
For comparison, data on ozone-initiated reaction products in offices
have also been compiled. This work integrates the information from the
published aviation and indoor air literature,with the purpose of assessing
whether (acute) sensory perception in eyes and airways and CNS-related
symptoms are caused by reported concentrations of airborne pollutants.

2. Method

2.1. Literature search

Search in the indoor air and aviation literature was carried out for
‘air quality’ or ‘ozone’ or ‘humidity’ in combination with ‘aircraft’,
‘cabin air’, ‘fragrance’, ‘limonene’, ‘volatile organic compounds’, etc. In
addition, on-line databases (including PubMed, GoogleScholar) were
searched with the above keywords for papers published from 2000
until August 2015. Tricresyl phosphate was searched in combination
with ‘aircraft’ and ‘cabin air’. Data from four reports of studies were con-
sidered; Table 4 in Crump et al. (2011), Table B-3 in the BEAMand Teach
studies (Spengler et al., 2012), (Houtzager et al., 2013), and Table 7 in
Hecker et al. (2014). Bacteria, carbon dioxide, carbon monoxide, envi-
ronmental tobacco smoke, brominated flame retardants, hypoxia,
mental health, pesticides, radiation, viruses, and noise were excluded.

2.2. Health risk assessment

Health risk assessment of the non-reactive VOCs and the ozone-
initiated terpene reaction products was based on a hypothetical
“worst case scenario” that simulates continuous and simultaneous ex-
posures to the maximum reported cabin (or office) air concentration
of the compounds for 8 h –well-knowing thatmaximumor 95% percen-
tile concentrations are episodic and brief. It is recognized that the qual-
ity and quantity of data have been limited by the general difficulties of
sampling in these environments, the required sampling duration for
obtaining analytical detectability, and available possibilities of sampling
in view of costs. Some of the studies aimed to determine short-term
peaks while others applied longer-term sampling to achieve detectabil-
ity. Thus, the compiled concentration data are not homogenous. In
addition, the difficulty of capturing fume/smell incidents is immense
due to the requirement for sophisticated on-line analytical equipment
(Bezold, 2012) and the low frequency of incidents (see below).

Risk assessment of themeasured VOCswas based upon their hazard
quotient (HQ) in %, defined as its concentration divided by the air qual-
ity (AQ) guideline value or estimated no-observed-adverse-effect
(NOAEL) for sensory irritation, an acute effect, or respiratory airflow
limitation. NOAELs for sensory irritation in eyes and upper airways
were obtained from lowest-observed-adverse-effect levels (LOAELs)
for sensory irritation (trigeminal stimulation) obtained fromhuman ex-
posure studies, divided by anassessment factor offive, as recommended
by Nielsen et al. (2007); specific guidelines for limonene and acrolein
were derived by Trantalidi et al. (2015). If not available, estimated
NOAEL values for humans were derived from RD50 values obtained
from mice head-alone inhalation studies (Wolkoff, 2013).

The NOAEL for benzaldehyde (2.2 mg/m3) was based on a RD50

value of 1442 mg/m3 (Steinhagen and Barrow, 1984) and use of the al-
gorithm developed by Kuwabara et al. (2007) as described in Wolkoff
(2013). Benzene was considered non-irritative (Nielsen and Alarie,
1982); further, the alkyl chlorideswere considered anesthetics, not sen-
sory irritants (RD50 values unavailable). Reference values and guidelines
relate to acute exposure of the respective compounds (Wolkoff et al.,
2013, 2014). For ozone, the WHO air quality guideline is applied
(World Health Organization, 2006).

The hazard index (HI), in %, for the combined exposure of pollutants
was calculated, where appropriate, as the sum of HQs assuming normal
addition of the individual HQs for sensory irritation (Nielsen et al.,
2007); a similar mode of action was assumed for airflow limitation in
the airways. It should be noted that the guideline proposed by
Wolkoff and Nielsen (2010) for sensory irritation by formaldehyde
derived from the Lang et al. (2008) study may, according to the recent
study by Mueller et al. (2013), be too low.

Tricresyl phosphates are not considered airway irritants. At
sufficiently high concentrations, ToCP can cause respiratory failure
(suppression of acetylcholinesterase) and a delayed (1–2 weeks)
neurodegenerative condition (organophosphate-induced delayed
neuropathy) (Craig and Barth, 1999). A tolerable daily intake (TDI)
value of 50 ng/kg body weight per day (bwd) for neurotoxic effects
(de Ree et al., 2014) was applied for the calculation of its HQ. This
low TDI value takes into account very sensitive subjects by applying
an assessment factor of 4000 ∗ 5 to the identified ToCP NOAEL value of
1 mg/kg bwd; the factor combines the uncertainty for metabolism,
clinical/neuropathological symptoms and neurobehavioral effects.
Other researchers have applied a factor of only 100 or 1000, resulting
in TDI values of 130,000 or 13,000 ng/kg bwd, respectively (de Boer
et al., 2015; Ali et al., 2012). ECHA (2014) indicates long-term DNELs
(derived no-effect levels) for the general population of 80 μg/m3 for
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inhalation and 50,000 ng/kg bwd for oral intake of TCP (systemic
effects).

ToCP is considered the most toxic of the TCP isomers (de Ree et al.,
2014; Weiss et al., 2015); more precisely, mono-o-cresyl-m/p-dicresyl
phosphate (To-m/pCP) present in ToCP appears to have the greatest
toxicity (de Boer et al., 2015; Denola et al., 2011). Along with the
TDI value, the HQ was derived from the maximum estimated daily
intake by inhalation (ng/kg bwd) following 8-h exposure to the maxi-
mum reported air concentration of ToCP, assuming an inhaled volume
of 7 m3 (20 m3 × 8 h/24 h), and 100% absorption and body weight of
70 kg.
3. Results

3.1. Reported symptoms and clinical tests

There is a strong overlap of symptom reporting among aircrew
members and office workers regarding acute effects. Eye irritation,
tiredness and headache are generally among the top-three reported
symptoms in officeworkers (Wolkoff, 2013). Aircrewmembers also re-
port eye-related and nasal symptoms, and tiredness (Backman and
Haghighat, 2000; Fu et al., 2015; Hecker et al., 2014; Lindgren and
Norbäck, 2005; Lindgren et al., 2006; Nagda and Koontz, 2003;
Winder et al., 2002); similarly in passengers (Hinninghofen and Enck,
2006). However, a number of other symptoms have been reported in
aircraft crew that are not common in office workers, e.g., dizziness and
breathing problems (Hecker et al., 2014; Winder et al., 2002). Dry
and itchy skin, ears, lips, mouth and hands have also been reported
in aircraft, but less so in offices (Lindgren and Norbäck, 2005;
Strøm-Tejsen et al., 2008). Stuffy and dry air and unpleasant odors
(smell) are substantially more prevalent in aircraft than in offices
(Lindgren and Norbäck, 2005); the prevalence of symptoms are gener-
ally higher on intercontinental than on domestic flights (Lindgren and
Norbäck, 2005).

A neuropsychological assessment of a sample of 27 self-selected pi-
lots indicated cognitive deficits, but thenature of the studydid not allow
for identification of a causal association with exposure to smelly fume
incidents that was claimed by the pilots (Ross, 2008). Another study
of 12 self-selected aircrew members used magnetic resonance imaging
techniques to assess structural changes, with a focus on integrity of
white matter (a component of the central nervous system and spinal
cord) (Reneman et al., in press). Subtle differences in white matter
were observed in comparison with 11 controls, but the sample size
was small, the subjectswere self-selected, and therewasno information
about exposures. Thus, the findings cannot be used for risk assessment
purposes.
3.2. Frequency of oil and smoke related incidents in aircraft

The average incident frequency for all types of aircraft (n = 33),
based on reported oil- and smoke-related incidents between 2007 and
2012 for US-based carriers for domestic flights and all international
flights that either originated or terminated in the US, amounted to 2.1
per 10,000 flights; the highest frequency for a single aircraft type was
7.8 incidents per 10,000 flights (Shehadi et al., in press). The authors
concluded that “tens of thousands of flights would have to be
sampled to ensure the capture of a meaningful number of incidents”,
i.e., collection of hundreds of thousands of samples would be required.
Other reported incident frequencies are 1/1000 flights (Hood, 2001),
about 1 in 2000 flights, with those involving bleed air contamination
constituting a minor proportion (UK Civil Aviation Authority, 2013),
and 1 in 22,000 flights (Winder and Balouet, 2001). Thibeault (2002)
concluded “The chance that it (experiencing an incident) always
happens to the same crew is extremely remote”.
3.3. Non-reactive VOCs and ToCP

3.3.1. Concentrations in air
Compilations of measured concentrations and health-related data

for non-reactive VOCs in aircraft cabins are shown in Table 1. Table 2
shows measured and modeled concentrations of reactive VOCs and
limonene in aircraft and offices; ethanol and three odorous VOCs (1,3-
butadiene, styrene and menthol) are disregarded (Wang et al., 2014).
All data entries are maximum or fourth quartile concentrations, gener-
ally based upon measurements from several flights and flight types
(Table 1). The maximum concentrations may represent temporary
and infrequent incidents, e.g., transient smells during start, take-off,
pre-climb, cruise, and pre-landing conditions, as well as measurements
made during the turning on of the ventilation system and “pack burns”,
when the ventilation system is heated to remove contaminants.

Major VOCs measured in the cabin air are aromatics (benzene, tolu-
ene, and xylenes), 2-propanol, C2, C8–C10 aldehydes, 2-butanone and
benzaldehyde, methylene chloride and trichloroethylene. In general,
toluene and limonene dominated with highest concentrations, together
with 2-propanol and methylene chloride. The whole flight mean
concentrations and those during the main cruise period usually show
substantially lower concentrations than shorter-term measurements
(Crump et al., 2011; de Ree et al., 2014). Furthermore, it is important
to recognize that high maximum concentrations can be identified
by use of short sampling durations, e.g., 5 min, in comparison with 2–
10-h average concentrations (e.g. Solbu et al., 2011).

One study (100 flights) reported substantial maximum concentra-
tions of ToCP and some isomers thereof; however, these compounds
were only observed in 5% of the samples, i.e., 95% were below the limit
of quantification (LOQ) of 0.12 μg/m3 for these substances (Crump
et al., 2011). The maximum reported concentration of 22.8 μg/m3 ToCP
represents a single reading out of approximately 1000 samples (Crump
et al., 2011). Furthermore, the reported ToCP concentration could have
been overestimated due to chromatographic overlap with other ortho-
isomers (see De Nola et al., 2008). Samples from three other studies
were below the LOQ of 75 ng/m3 (Solbu et al., 2011), below the limit of
detection (LOD) of 0.75–3 ng/m3 (Houtzager et al., 2013), or were esti-
mated as b1 μg/m3 of ToCP and isomers (Denola et al., 2011). These
three studies together represent more than 100 flights. In a further
study of about 18 flights, TmCPs and TpCPs were detected at a level of a
few ng/m3, but not ToCP (Hecker et al., 2014). Furthermore, only 15% of
90 samples taken from two different aircraft types contained TCP in the
range 2 to 67 ng/m3 (close to LOD) during normal flight operation; To-
m/pCPs and di-orthoTCP were undetected (Rosenberger et al., 2013).
Van Netten (2009) reported TCP levels less than 0.1 µg/m3. The content
of ortho-TCP was b20 μg/kg (b0.0002%) in the jet oil. Hecker et al.
(2014)measured the ToCP content as 0.01% or less in 11 out of 12 jet oils.

3.3.2. Biomonitoring of ToCP exposure
One study found that themetabolite of ToCP, o,o-dicresyl phosphate,

was below the LOD in 332 urine samples that were collected from air-
crew members after reports of smoke/fume incidents; only one sample
showed the metabolite near its LOD (Schindler et al., 2013). Similarly,
measurements of the covalent adduct between the metabolite cresyl
saligenin phosphate and butyrylcholinesterase was below the LOD in
15 healthy F-16 pilots (Tacal and Schopfer, 2014).

3.3.3. Risk assessment of non-reactive VOCs
Except for ozone, the air cabin pollutant concentrations are in gener-

al comparable with reported concentrations of common VOCs in resi-
dences and offices, although the data are limited (Nagda and Rector,
2003). More recent measurements in public buildings indicate similar
findings (e.g. Geiss et al., 2011;Wu et al., 2011). Thresholds for sensory
irritation in the eyes and upper airways are one to three orders of mag-
nitude higher than the reported cabin air concentrations; one exception
is formaldehyde (see Table 2). Thus, the HQ for sensory irritation for



Table 1
Maximum concentrations (μg/m3) of common non-reactive VOCs and carbonyls in aircraft cabins, NOAEL values, hazard quotients (HQ), and hazard index (HI).

Compound Acet
alde–
hyde

Methyl
ene
chlo–
ride

2–
propa
nol

2–buta
none

Propa
nal

Hexa
nal

Hep
ta
nal

Octa
nal

Nona
nal

Deca
nal

Benz
alde
hyde

Tri
chlor
ethyl
ene

Tetra
chlor
ethyl
ene

TCP TBP ToCP C
11–12

Benz
ene

Tolu
ene

Ethyl
benz
–ene

Xyle
ned

HI %

Study/number of
flights/types
Sampling duration

Crump et al., 2011/
100/5
5 min (Table 4)

nm 20 nm 38 22 23 87 nm 170 nm 52

Denola et al., 2011
46/3
15 min to 10 hours

nm nd nm

Houtzager et al., 2013
20/Boeing 737
½–2 hours

nm 0.2e nd nm

Rosenberger et al., 2013
26/2
½–5 hours

nm 0.07 nd nm

Van Netten, 2009
2/1
55 min

nm 0.1 nm nm

Nagda and Rector,
2003a/
71/18
No information

46 122 93 18 5 nm 13 nm nm 7 87 nm 15

Spengler et al., 2012b/
86/6
No information

nm 41 10 nm nm 62 133 13 61

Solbu et al., 2011
40/6
2–10 hours

nm nd 4 nd nm

Wang et al., 2014c/
14/1
5 min

nm 17 36 57 32 nm 13 nm 39 145 237 45 74

Weisel et al., 2013/
52/4
2½–8½ hours

nm 8 4 5 14 12 nm nm

NOAEL valuef, mg/m3

TDI, ng/kg bwd
7 17g 33 6 6 6 6 6 6 2

50

>1.4h 75 20 7.5

Sensory effects:

HQ % = 

Neurotoxic effects:

HQ %=
( )

0.7 –i 0.6 0.05 0.1 0.1 0.1 0.3 0.6 1 2 –i –i

4600

0.6 –i 0.2h 0.2 0.1 7

4600

nm= not measured. nd = below LOD.
aAveraged maximum values based on several studies (Table 4).
bMaximum concentration taken from Table B-3.
cFourth quartiles (Table 2).
dSum of ortho, meta and para isomers.
eSum of four tricresyl phosphate isomers, but not ToCP.
fNOAEL values for sensory irritation (Wolkoff, 2013).
gEstimated as LOAEL/5 value (van Thriel et al., 2003).
hEstimated as LOAEL/5 for decane (Kjærgaard et al., 1989).
iNot considered a sensory irritant.
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maximum cabin air concentrations of the non-reactive VOCs, limonene
and carbonyls (except formaldehyde) was 1% or less, except for benzal-
dehyde (2%). The HI for the combined non-reactive VOCs, limonene and
carbonyls amounted to about 8% (Tables 1 and 2). Hence the contribu-
tion of major aircraft cabin or office air VOCs are insufficient to cause
eye and airway irritation symptoms. Although the aircraft studies
havemeasured a selected number of VOCs or TCP, and reported concen-
trations averaged over some hours, they, where measured, are not con-
sidered to cause sensory irritation symptoms; a similar conclusion can
be drawn from reported office VOC concentrations (Wolkoff, 2013). A
review of studies of controlled human exposure to VOCs, generally at
much higher concentrations than encountered in aircraft and offices,
showed neither sensory symptoms nor CNS-related symptoms of any
significance (Wolkoff, 2013).

Several of the VOCs, in particular the aldehydes, have low odor
thresholds (Nagata, 2003) andmay influence the perceived AQ and pos-
sibly the overall perception of sensory symptoms (Wolkoff, 2013). Thus,
personality factors as expectations about the odor, anxiety or attitudes
towards health risks, may lead subjects to increase reporting of symp-
toms (Dalton, 2003). Also, other temporary incidents affecting the
aircraft, such as de-icing,may briefly alter the AQby elevating concentra-
tions of non-reactive, but smelly, VOCs such as glycol and glycol ethers
(Rosenberger et al., 2014); the reported concentrations of these,
however, would not give rise to sensory irritation (Wolkoff, 2013).
3.3.4. Risk assessment of ToCP
It is relevant to consider that ToCP has a high boiling point of 439 °C

and a low vapor pressure at 1.8 × 10−7 mm Hg at 25 °C (van der Veen
and de Boer, 2012); i.e., the compound will be partitioned between the
gas and particle phase, but will be mostly in the particle phase according
to DeNola et al. (2008). The particle size distribution of the samples is un-
known and the deposition of ToCP in the airways is uncertain. Further-
more, ToCP is considered odorless (ToxNet). Due to its high boiling
point, ToCP (or TCP) will deposit quickly onto interior surfaces of aircraft
(ventilation ducts, filters and air conditioning packs) (Chaturvedi, 2011)
and is not expected to re-emit; this is also the case in buildings. ToCP
may slowly degrade by reaction with the OH radical generated by
ozone-initiated reactions of terpenes (Atkinson and Arey, 2003)

ToCP has an estimated HQ of 4600% based on the maximum concen-
tration recorded during measurements on 100 flights in the UK study
(Crump et al., 2011). The HQ would be 58% if the 95th percentile value
(0.29 μg/m3) of the average concentration on each of the 100 flights
were applied. Use of the higher TDI value of 130,000 ng/kg bwdwould re-
sult inHQsof 1.8% and0.02%, respectively. Themaximumconcentration is
five-fold lower than the 8-h TLV/OEL of 100 μg/m3 for ToCP (ACGIH, 2014;
GESTIS, 2015). If an intended reduction of the TLV to 20 μg/m3 occurs
(ACGIH, 2014), the HQ for ToCP will increase to about 100%, now on the
basis of concentration based TLV. Intended reductions of TLVs for TmCPs
and TpCPs of 50 μg/m3 have also been put forward by ACGIH (2014).



Table 2
Measured and modeled maximum concentrations (μg/m3) in aircraft cabins (AC), offices (OF), and class rooms (CR) of limonene and terpene ozone-initiated reaction products, and the
hazard quotient (HQ) for the maximum reported concentration, and hazard index (HI).

Study Scenario Limonene Acetic acid Formaldehyde Acrolein AMCH IPOH MHO OPA Ozone HI %

Crump et al. (2011) AC 540
Dechow et al. (1997) AC 26
Nagda and Rector (2003)a AC 62 10
Pierce et al. (1999) AC b5 b1.5
Rosenberger et al. (in press) AC 44 6 300
Wang et al. (2014)b AC 660 23 21
Weisel et al. (2013) AC 13 ~160
Weschler et al. (2007) AC, 4.4 h−1 ~25 1 ~30 ~25 128
Carslaw (2013)c OF, 0.5 h−1 891 41 23 13 100
Fischer et al. (2013) CR 1 3 75
Nørgaard et al. (2014a) OF, 1–4 h−1 52 24 1 14 8 21 37
Salonen et al. (2009) OF 240 610e 14 4
Terry et al. (2014)d OF, 1.5 h−1 1110 23 50 22 57
Wisthaler and Weschler (2010) OF, 1 h−1 9 12 8 66
NOAEL or Guideline value 90,000f 5000f 100f 21f 100h

Reference value 1130g 1100f 1550f 123g

HQ % = Max conc
Value

100–300 100–300

AC 0.7 0.5 44 30 2 77
Sensory irritation

OF/CR 1 (12e) 41 2 0.5 45
AC 20 20

Airflow limitation
OF/CR 4.4 17 21

a Averaged maximum concentration from several studies (Table 4).
b Fourth quartiles concentration.
c Gas-phase modeled peak concentrations after cleaning event.
d Modeled peak concentrations after a cleaning event (Table 5).
e Possibly, in part an analytical artifact.
f Sensory irritation (Trantalidi et al., 2015; Wolkoff and Nielsen, 2010; Wolkoff, 2013; Wolkoff et al., 2013).
g Airflow limitation (Wolkoff et al., 2013, 2014).
h Pulmonary irritant (WHO, 2006).
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In five studies ToCPwas not detected, leading to aHQof 0.1%, assum-
ing a LOD of 0.5 ng/m3 (de Ree et al., 2014). In view of this and the con-
servative health risk assessment approach and short infrequent
exposure durations (that are not necessarily associatedwith ToCP expo-
sure), ToCP as a single isomer is considered to be of low risk; this is in
agreement with Denola et al. (2011), de Ree et al. (2014), de Boer
et al. (2015), and Schindler et al. (2013). Although ToCP is considered
themost toxic of the isomers (or specifically To-m/pCP), it cannot be ex-
cluded that mixed ortho/meta/para isomers could add to the HQ. It
should be noted that, because of its toxicity, the amount of ToCP in com-
mercial TCP products is generally less than 0.2%, but To-m/pCP may be
present (Denola et al., 2011; Brooke et al., 2009; de Ree et al., 2014).
Denola et al. (2011) estimated that a 5 μg/m3 TCP air concentration
would contain ~0.2 ng/m3 To-m/pCP; since these isomers are consid-
ered 10 times more toxic than ToCP, this level equates ~2 ng/m3 ToCP.
This would correspond to 0.2 ng/kg bwd, which is 0.4% of the TDI
value suggested by de Ree et al. (2014).

Personal exposure to TCP at levels of 0.2 to 800 ng/m3 have been
measured in electronic dismantling facilities (Hartmann et al., 2004;
Staaf and Östman, 2005; Mäkinen et al., 2009). Furthermore, indoor air
concentrations of 2 and 0.4 ng/m3 have been reported in a theater and
an office, respectively (Hartmann et al., 2004). If the TCP contain 0.2%
ToCP, this would amount to a maximum 1.6 ng/m3 personal gas-phase
exposure to ToCP, which is considerably lower than the 95th percentile
value (0.29 μg/m3) of the average concentration on each of the 100
flights in the UK study (Crump et al., 2011), but higher than in five
other aircraft studies. Considerably higher levels of 24 to 280 μg/m3

have been measured in a mechanical workshop (Solbu et al., 2007).
TCPs have also been found in airborne office particles at amaximumcon-
centration of 0.2 ng/m3 (Yang et al., 2014). Thus, 20m3 inhalationwould
amount to 4 ng intake per day, corresponding to 0.06 ng/kg bwd, which
is several orders of magnitude below the TDI value reported by de Ree
et al. (2014). Electronic equipment in homes and cars appears to be a
major source of both TCP and triphenyl phosphate found in surface
sampled dust (Brandsma et al., 2014). Dust samples have shown maxi-
mumvalues of 8 ng/g and47 ng/g in urban homes and near an electronic
recycling facility, respectively (He et al., 2015). Brommer and Harrad
(2015) showed average TCP values of 2, 0.3, 1, and 0.05 μg/g floor dust
in living rooms, offices, cars, and classrooms, respectively; maximal ex-
posure to TCP by ingestion was estimated to be 0.19 and 11 ng/kg bwd
in adults and toddlers, respectively.

An in vitro study withmouse primary cortical neurons isolated from
mouse embryos showed reduced glutamate signaling after 24-h treat-
ment with TCP concentration for as low as 100 nM (Hausherr et al.,
2014). This would correspond to a total acute uptake of 40 μg TCP. The
daily intake over 8 h, based on the four aircraft studies, assuming a con-
stant concentration and 100% uptake by inhalation, ranges from 3 μg
(0.4 μg/m3) to 266 μg (38 μg/m3) of TCPs, which is thus above the lowest
test concentration. One study investigated auto-antibodies in serum as
biomarkers, but its clinical relevance is unclear and it cannot be used
for risk assessment (Abou-Donia et al., 2013). Another study concerning
induction of acetylcholinesterase and apoptosis inmouse lung cells by a
high subcutaneous dose (1500 mg/kg) of ToCP (Jiang et al., 2012) is not
relevant for risk assessment of cabin air levels. A third study showed
human hepatic bioactivation of ToCP by involvement of different
human P450s cytochromes (Reinen et al., 2015). Relevance for risk as-
sessment, however, is doubtful and further hampered by the observed
high LOAEL concentrations of ToCP.

3.4. Ozone and ozone-initiated reactions

3.4.1. Ozone concentrations
Ozone in cabin air may reach concentrations of up to 240–300 μg/m3

(Bhangar et al., 2008; Rosenberger et al., in press; Spengler et al., 2004;
Weschler et al., 2007; Weisel et al., 2013). In a study of 83 flights, 16%
showed ozone concentrations greater than 60 ppb (120 μg/m3) (Bekö
et al., 2015), but cases of defective ozone converters may result in
high ozone levels (Weisel et al., 2013). Ozone levels inside buildings
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are considerably lower than outside; usually indoor/outdoor ratios are
between 0.2 and 0.7 (Weschler, 2000). Mid-European offices had aver-
age 2-h concentrations ranging from below the LOD to 20 μg/m3

(Nørgaard et al., 2014a), while one-week personal exposure medians
during office work were 32–39 μg/m3 in northern Swedish offices
(range: b 16 to 165 μg/m3) (Glas et al., 2015). Certain air cleaning de-
vices, both portable or in-duct, and photocopiers may have substantial
emission rates that add to the background ozone level (e.g. Britigan
et al., 2006; Tuomi et al., 2000).

3.4.2. Risk assessment of ozone
Ozone, a pulmonary irritant (Nielsen et al., 1999), shows cabin air

concentrations above theWHOguideline (2006); thus, withHQ N 1, air-
way effects such as coughing and chest painmay occur (Table 2). Effects
on the pre-corneal tear film (PTF) are not expected at cabin air concen-
trations below 300 μg/m3, based on a human exposure study (Mølhave
et al., 2005). However, it may be speculated that prolonged exposure
could alter the composition and thus the structure of the PTF by reaction
with olefinic units in the outer oily layer. This would depend on the
blink activity, which is substantially reduced during visual display
unit (VDU) work, and on diet (Wolkoff, 2010). If ozone was to be
associated with eye and dry lip symptoms in aircraft as suggested by
Bekö et al. (2015), additional exacerbating factors should be present,
e.g., reaction products such as formaldehyde, and low RH.

3.4.3. Ozone-initiated terpene reaction products
A number of studies have reportedmeasured ormodeled concentra-

tions of ozone-initiated reaction products in aircraft cabins and offices
(Table 2). These include inter alia formaldehyde, acrolein, 6-methyl-5-
heptene-2-one (6-MHO), 4-oxopentanal (4-OPA), and acetic acid in
aircraft, and additionally 4-acetyl-1-methylcyclohexene (4-AMCH)
and 3-isopropenyl-6-oxo-heptanal (IPOH) in offices. Acetone (data
not presented), nonanal, decanal, geranyl acetone, 6-MHO, and 4-OPA
are usually simultaneously present as the result of ozone-initiated
surface reactions of human debris (Weschler et al., 2007). One study re-
ports an unusually high concentration of acetic acid in offices, although
the authors state that this could have been an artifact (Salonen et al.,
2009). It should also be noted that air sampling of acrolein and formal-
dehyde is hampered by instability (Ho et al., 2011) and degradation by
ozone (Bates et al., 2000), respectively, that may result in underestima-
tion. Furthermore, low RH as found in aircraft may also reduce the
sampling efficiency of formaldehyde.

3.4.4. Risk assessment of ozone-initiated reaction products
The HQs show that apart from extremely high ozone concentrations

in aircraft cabins, formaldehyde and acrolein appear to be the only VOCs
of concern regarding sensory symptoms, having a HI of 74% and 41% in
aircraft and offices, respectively (Table 2). Acrolein may be of concern,
with a HQ of 30%; the NOAEL value, however, could be overestimated
because a significant increase in blink frequency occurs at 0.26 ppm, in-
dicating a LOAEL of between 0.17 and 0.26 ppm (390 and 600 μg/m3)
(Weber-Tschopp et al., 1977). This would result in an estimated
NOAEL value between 78 and 120 μg/m3 (applying a LOAEL to NOAEL
correction factor of five). However, acute — but temporary and infre-
quent — activity-dependent exposures to ozone concentrations greater
than 200 μg/m3 and simultaneous high limonene levels that may result
in sensory irritation cannot be excluded (Wolkoff et al., 2012a).

The HI for ozone-initiated reaction products, including formalde-
hyde and acrolein, are 77% and 45% in aircraft and offices, respectively
(Table 2). This would increase to 84% and 52% by addition of the non-
reactive VOCs (Table 1). Thus, the non-reactive VOCs and products of
ozone-initiated chemistry are close to 100% HI for sensory reactions in
aircraft. This, however, should be considered cautiously in view of the
brief nature of incidents in aircraft and findings from the office environ-
ment (Glas et al., 2015; Nørgaard et al., 2014a) as well as the controlled
human exposure studies by Fiedler et al. (2005) and Laumbach et al.
(2005). Further, the threshold for reported sensory irritation by formal-
dehyde is 300–400 μg/m3,with aNOAEL value of about 800–1000 μg/m3

for objective changes (Mueller et al., 2013), which would result in a
higher guideline than the WHO indoor AQ guideline (2010). Further-
more, the HI for formaldehyde and acrolein together would drop to a
maximum of 10% if applying the average concentrations measured by
Rosenberger et al. (in press) in A321 aircraft. The HI for airflow limita-
tion by 4-AMCH and 4-OPA would amount to about 20% in aircraft
and offices. It should be noted that both formaldehyde and 4-OPA may
be generated by ozone-initiated reactions in ventilation systems
(Destaillats et al., 2011).

Emission of VOCs from building products and furnishings (e.g. car-
pets) and their subsequent reaction with ozone can create more odor
annoyance (Knudsen et al., 2003); likewise, the formation of new oxy-
genated species from ozone-initiated surface reactions, e.g., of skin oils
(Coleman et al., 2008a; Wisthaler and Weschler, 2010), can produce a
complex host of saturated and unsaturated species, e.g., aldehydes,
with low odor thresholds (Nagata, 2003). These new odorous oxygenat-
ed VOCs may have a detrimental impact on the perceived AQ and
increase odor-initiated symptoms (Strøm-Tejsen et al., 2008). This has
been demonstrated, for instance, by intensive cleaning and removal of
human debris and the associated observed reduction in the ozone-
initiated surface reaction products (Nørgaard et al., 2014a).

3.5. Particles and combustion products

3.5.1. Particles
Respirable particle levelswere less than 20 μg/m3, and generallymuch

lower, in non-smoking aircraft (Lee et al., 1999; Lindgren and Norbäck,
2002; Nagda and Rector, 2003; Lindgren et al., 2007; Pierce et al., 1999.
Further, Lindgren et al. (2007) showed that humidification lowered
particle levels. In general, respirable particles in aircraft are not considered
to be of concern because of their relatively low concentrations.

Ultrafine particles (UFPs) have also been measured, with short term
peaks of over 500,000 particles/cm3, but with whole flight averages in
the range of 1000 to 100,000 particles/cm3 (Crump et al., 2011).
Lindgren et al. (2007), in a study of 8 intercontinental flights, observed
highest concentrations of UFPs (300,000 particles/cm3)when an aircraft
was flying behind another aircraft at cruise-level. UFPs have multiple
sources: human activities (Géhin et al., 2008; Glytsos et al., 2010) (e.g.
toasting bread in the cabin (Lindgren et al., 2007), ozone-initiated gas
and surface reactions (e.g. Weschler and Shields, 1999; Coleman et al.,
2008b), use of electrical appliances (Schripp et al., 2011)). Limonene-
generated particles are not considered to cause sensory irritation
(Nørgaard et al., 2014b; Wolkoff, 2013). Whether or not other indoor/
aircraft-generated UFPs may be associated with adverse effects is
uncertain, but they are considered minor in view of their low mass
concentration.

A Nordic consensus group concluded that office particles are gener-
ally not associatedwith the reported health symptoms (Schneider et al.,
2003), except for special cases as discussed in Wolkoff (2013).
Lappalainen et al. (2013), however, showed that levels of airborne
particles (N0.5 μm diameter) were significantly higher in offices with
work-related eye and upper airway symptoms than in offices with no
symptoms.

3.5.2. Combustion products
Exposure to combustion products, for example nitrogen dioxide

(Bourcier et al., 2003; Novaes et al., 2007, 2010) and particulate matter
(Torricelli et al., 2014), has been associated with alteration of the PTF.
These pollutants may be considered proxies of traffic exhaust; smoke
from wood fires has also been associated with alteration of the PTF
(Berra et al., 2015). Exposure to these pollutants, either at home or dur-
ing transport to work (e.g. Saxena et al., 2003), may further exacerbate
the development of dry eye-related symptoms during office working
hours. Time spent at airports and their vicinity can result in elevated
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exposure to combustion products and fuel vapor including particles
(and UFPs) and nitrogen oxides as well as VOCs (Hsu et al., 2013), and
is thus a potential risk factor.

3.6. Low relative humidity

In the search for alternative explanations for the reported symptoms
among aircrew, the impact of low RH in aircraft was reviewed by Nagda
and Hodgson (2001). The authors concluded that a slightly elevated RH
would have a beneficial effect on perceived AQ; however, it was unclear
whether this would include typical sensory and CNS-related symptoms.

The stability of the PTF, that inter alia protects the eye against aque-
ous loss and pollution, is very sensitive to the impact of low RH. A num-
ber of controlled studies with both moderate dry eye patients and
normal subjects in low RH conditions (desiccating stress) for a couple
of hours have demonstrated adverse effects on the PTF such as increased
aqueous loss (desiccation), reduced tear production and stability, and
increased ocular discomfort (Abusharna and Pearce, 2013; Alex et al.,
2013; Tesón et al., 2013, and references in Wolkoff et al., 2012b).
Further, animal models have shown adverse effects on meibomian
and lacrimal gland functions (Suhalim et al., 2014; Xiao et al., 2015).
Desiccation increases the osmolarity of the PTF, which can result in a
cascade of reactions including epithelial damage, e.g., Pelegrino et al.
(2012).

3.6.1. Risk assessment of low relative humidity
There is substantial epidemiological and experimental evidence that

low RH as encountered in aircraft and offices is associated with detri-
mental effects in eyes (Wolkoff et al., 2012b), manifested as perceived
dryness and eye symptoms (dry, irritated and tired). For instance, in a
blinded study, an increase from low RH to moderate RH showed bene-
ficial effects through a more stabilized PTF, less eye dryness and less fa-
tigue among crewmembers during long-distanceflights (Norbäck et al.,
2006) and improvement in perceived AQ (Lindgren et al., 2007); similar
beneficial effects of air humidification have been demonstrated in of-
fices (Hirayama et al., 2013; see also Wolkoff and Kjærgaard, 2007).
Strong associationswere observed between lowRH and increase of per-
ceived eye dryness in a large epidemiological study of office workers
(Azuma et al., 2015) and with negative impacts on both the upper and
lower airways (Lukcso et al., in press)

It is important to recognize that the reporting of dry eye-related
symptoms is associated with three major risk factors, either singly or
in combination: i) exposure to low RH causing desiccation of the PTF
resulting in hyperosmolarity; ii) exposure to sensory irritants like form-
aldehyde; and iii) the presence of clinically diagnosed dry eye diseases.
For instance, the reports of eye symptoms among young and middle-
aged Japanese office workers were significantly higher among those
with clinically diagnosed dry eyes (12%) than in those with probable
(54%) or not diagnosed dry eyes (34%) (Yokoi et al., 2015). This implies
that immanent dry eye diseases, affecting ≥20% of the population (Bron
et al., 2014), will add to the overall complaint rate, in addition to possi-
ble exacerbation by occupational and environmental exposures
(Wolkoff, 2010;Wolkoff et al., 2012b). It should be borne inmind, how-
ever, that adverse effects, especially in the eyes, depend upon a number
of other risk factors, some of which are personal, for instance, age,
gender, and use of medication (Wolkoff et al., 2012b), and also possibly
psychological (Kawashima et al., 2015; Runeson et al., 2007), including
increased work demand and limited control of the work environment
(Fu et al., 2015).

Normal or slightly elevated RH at the ocular surface favors a thicker
PTF, which retards aqueous loss by the presence of a thicker outer oily
layer. For example, a significant increase in PTF thickness occurs within
a 5-min exposure of the eyes to 100% RH, reaching a maximum thick-
ness after 15 to 20 min, with simultaneous relief of eye symptoms
(Korb et al., 1996). A cold season with low environmental (ambient)
RH will thus also impact the PTF during transport prior to entering the
workplace. Low RH, however, does not exacerbate the sensory effect
of formaldehyde in the airways (Larsen et al., 2013). In general terms,
low RH destabilizes the PTF, thus making it more susceptible (Wolkoff
et al., 2012b), but does not impact the upper airways regarding sensory
irritation (Larsen et al., 2013).

3.6.2. Other adverse effects related to low relative humidity
Exposure to low RH may result in additional effects that may

adversely influence comfort and health. For instance, saccharin
mucociliary clearance time has been found to increase significantly
among elderly, but not among young, male subjects exposed for
90 min to 10% RH in comparison with 30% RH (Sunwoo et al., 2006). It
was suggested that the increase was a result of decreased nasal
mucociliary activity, and that mucous membranes of elderly men are
more affected by low RH than of young men. The tympanic membrane
is also affected at low RH by a decrease in pressure clearance; for
instance, 22.7% RH during an aircraft cruise caused a 20% decrease
(Morse, 2013).

In a study of the effects of RHand air pressure, 14 younghealthy sub-
jects were exposed for 6 h to 10% and 60% RH at different air pressures
(sea level and 2000 m altitude), independently. Low cabin pressure
increased body fluid loss, which was exacerbated by low RH; however,
only low pressure — not low RH — increased the blood viscosity. It is
acknowledged that more subjects would be needed to confirm this
finding (Hashiguchi et al., 2013). Other effects potentially caused by
low cabin pressure, including general discomfort and CNS-related
nausea caused by gas expansion in the stomach, have been reviewed
by Hinninghofen and Enck (2006).

4. Discussion and conclusion

Acute effects, including sensory irritative symptoms such as tired
and irritated eyes, and CNS-symptoms such as headache, are commonly
reported by aircraft crew members and office workers. Respiratory
symptoms have also been reported, but with lower prevalence. Several
studies have been carried out to identify risk factors and entangle the
causalities. The so-called aerotoxic syndrome has not been accepted as
a medical syndrome (Bagshaw, 2014), and although ‘sick-building syn-
drome’ continues to be widely used in the indoor air literature (despite
the term being semantically incorrect) there is increasing agreement
that it is obsolete (Brightman et al., 2008; Hodgson, 2002; Wolkoff,
2013). Thus, a distinction between “sick versus healthy buildings” is fu-
tile; as concluded by Brightman et al. (2008) “it is counterproductive to
dichotomize buildings into healthy vs. unhealthy, instead the preva-
lence of health problems related to buildings span a continuum”.

The influence on health and wellbeing of perceived AQ in aircraft
cabin air is complex and depends on a number of exposure factors
(Bezold, 2012); this is similarly the case in offices. These exposures
might well be different for aircrew members and office workers due
to the environmental and occupational conditions in the aircraft versus
the office environment (Table 3). While, VOCs, especially ozone-
initiated reaction products, and low RH have been the bases of the pre-
vailing hypotheses in the indoor air community, some aircraft literature
has focused upon exposure to ToCP (e.g. Winder et al., 2002). TCPs are
odorless and, furthermore, elevated levels of ToCP samples have not
been shown to coincide with smoke/smell incidents in aircraft
(Denola et al., 2011; Schindler et al., 2013). On the other hand, a number
of VOCs, especially the carbonyls, have low odor thresholds, and prod-
ucts from ozone-initiated gas-phase and surface reactions (e.g. on car-
pets) can also adversely affect perceived AQ in both aircraft and
offices; however, the perception of (mal)odor from the combined expo-
sure of odorous VOCs is unlikely to be medically significant (Greenberg
et al., 2013). Turning on the ventilation system after an off period and
“pack burns” may also result in temporary (mal)odor incidents. Per-
ceived (mal)odors may create a number of reactions, some of which



Table 3
Selected environmental and occupational conditions in aircraft cabins and in offices, and exposure impact.

Condition Aircraft cabin Offices Exposure impact

Contamination Bleed air: tricresyl phosphates,
deicing fluids, disinfectants, flame
retardants, and plasticizers

Cleaning chemicals, material emissions, traffic
pollutants, flame retardants, and plasticizers

Episodic events of temporary elevated exposure
Possible thermal degradation
Possible ozonolysis

Ozone, μg/m3 High concentrations may occur
(100–200 μg/m3).

Certain regions have high outdoor concentrations,
I/O ratios typically 0.2–0.7.
Use of air cleaning devices and photocopiers may
add substantially to the background level.

Higher concentrations initiate more gas- and
surface reactions with unsaturated VOCs producing
gas-phase and secondary organic aerosols
(ultrafines).
Dirty ventilation systems may emit ozone-initiated
reaction products, e.g., 4-OPA.

Non-reactive VOCs Variety of compounds Likely to be similar patterns
Reactive VOCs (unsaturated) High concentration of limonene

from drink and meal services
High temporary concentration from use of
consumer products, e.g., cleaning agents and
orange peel; air fresheners may be constant
sources.

Temporary high concentrations of oxygenated
species may occur including, formaldehyde,
4-AMCH, IPOH, 6-MHO and 4-OPA, and other
species can occur.

Reactive surfaces Large surface area: high density of
passengers, clothing, and textiles
(seats and textile flooring)

Moderate surface area: moderate density of
workers and textile flooring

The larger and the more soiled the surface the more
ozone-initiated production of oxygenated species
by surface reactions, e.g., 4-OPA.

Relative humidity (RH), % b10 30–50 The lower the RH the more aqueous loss and
decrease of tear production and PTF stability. Less
stable PTF may become more susceptible to sensory
irritants.

Temperature (T), °C 20–25 20–25 High T decreases tear production from the lacrimal
gland, thus altering PFT stability.

Altitude, reduced pressure Yes No Reduced pressure or high altitude enhances
aqueous loss from the ocular surface and skin
resulting in altered PTF.

Visual display unit (VDU) work
Instrumental surveillance

Pilots Yes, several hours. VDU or surveillance work alters the PTF stability by
a decrease of the eye blink frequency.

Combustion products,
e.g., traffic

No Infiltrated outdoor air, NO2, particles Combustion products may alter the PTF.
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may result in a subjective perception of ill-health and other negative as-
sociations (see Glass et al., 2014;Wolkoff, 2013 and references therein).

We have applied a “worst-case scenario” assuming simultaneous
and continuous exposure to maximum reported concentration of
VOCs and ozone-initiated reaction products for 8 h obtained fromdiffer-
ent studies (though in practice thesewere infrequent and brief). This re-
sulted in combined HI for sensory irritation of 84% and 52% in aircraft
and offices, respectively, for irritative symptoms in eyes and upper air-
ways. These values should be considered cautiously in view of the
brief and infrequent incidents where maximum concentrations may
occur. Furthermore, the applied thresholds, especially for formaldehyde
and acrolein, may be too low, thus overestimating the HI. The main
source of formaldehyde in aircraft is ozone-initiated reactions, in partic-
ular with limonene; this may also occur in offices (Nørgaard et al.,
2014a). The HI for airflow limitation from ozone-initiated reaction
products was about 20%. Taken together, our conservative approach
does not indicate that non-reactive VOCs and ozone-initiated reaction
products would be causative of sensory reactions or airflow limitation.
However, an altered PTF by lowRHmay bemore susceptible to irritants.

High-ozone incidents may cause pulmonary irritation, but are not
expected to exacerbate eye symptoms directly. Particles have been a
concern in aircraft and offices, but the generally low measured levels
of respirable particles do not give rise to concern regarding sensory
reactions; however, exposure to combustion-related particles may be
relevant for eye effects (and inflammatory effects in the airways).
Toxicological knowledge about ultrafine particles — indoors and in
aircraft — that are derived from human activity (rather than ozone-
limonene initiated) is insufficient for an assessment; however, their
mass is considered negligible.

Other risk factors that could exacerbate sensory symptoms in the
eyes are low RH, high temperature and (in aircraft) high altitude
(i.e., low pressure); in offices, VDU work is another important factor.
Personal risk factors for reported ocular symptoms, including immanent
dry eye diseases, are also potentially important.

Themain differences between aircraft cabin and office environments
relate therefore to RH, high altitude and odor incidents in the former,
and extended VDUwork in the latter, with possibly a higher propensity
for oxygenated species in aircraft cabins due to high ozone levels; the
common key step for both environments would be a more susceptible
PTF. Furthermore, reactive compounds from combustion, e.g., traffic
pollutants and emissions at airfields, may alter the chemical composi-
tion and structure of PTF, thus exacerbating its instability.

Regarding the hypothesis that exposure to ToCP is the cause of the
reported CNS effects in aircrew, one study reported a single exception-
ally high (short-term) maximum concentration of ToCP, while levels
were below the LOD in five other studies, leading to HQ b 0.5%. In
view of the conservative approach adopted here and the infrequent
short-term exposure that may be related to smoke/smell-incidents
(though not necessarily to ToCP exposure), and the available evidence
indicate that ToCP does not pose a health risk. However exposure data
for smoke-in-cabin events would add reassurance that this conclusion
is applicable to the infrequent incidents that are the subject of registered
reports by aircrew. It has been speculated that dermal contact could be
an alternative or additional important exposure route, but ToCP levels
were shown to be below the LOD (0.1 ng/cm2) in surface deposition
wipe tests (Houtzager et al., 2013; Solbu et al., 2011). Lamb et al.
(2012) found TCP surface levels to be similar in control vehicles and of-
fices, but are slightly higher in aircraft cabins. Workers in electronic fa-
cilities may also be exposed to ToCP by skin contact, with dust levels of
about 0.3 ng/cm2 (Mäkinen et al., 2009). However, TCPs are expected to
degrade by the reaction with OH radicals and this exposure route is
therefore considered to be of low importance.
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