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Abstract
Due to elevated ozone concentrations at high altitudes, the adverse effect of ozone on air

quality, human perception and health may be more pronounced in aircraft cabins. The asso-

ciation between ozone and passenger-reported symptoms has not been investigated under

real conditions since smoking was banned on aircraft and ozone converters became more

common. Indoor environmental parameters were measured at cruising altitude on 83 US

domestic and international flights. Passengers completed a questionnaire about symptoms

and satisfaction with the indoor air quality. Average ozone concentrations were relatively

low (median: 9.5 ppb). On thirteen flights (16%) ozone levels exceeded 60 ppb, while the

highest peak level reached 256 ppb for a single flight. The most commonly reported symp-

toms were dry mouth or lips (26%), dry eyes (22.1%) and nasal stuffiness (18.9%). 46%

of passengers reported at least one symptom related to the eyes or mouth. A third of the

passengers reported at least one upper respiratory symptom. Using multivariate logistic

(individual symptoms) and linear (aggregated continuous symptom variables) regression,

ozone was consistently associated with symptoms related to the eyes and certain upper re-

spiratory endpoints. A concentration-response relationship was observed for nasal stuffi-

ness and eye and upper respiratory symptom indicators. Average ozone levels, as opposed

to peak concentrations, exhibited slightly weaker associations. Medium and long duration

flights were significantly associated with more symptoms compared to short flights. The re-

lationship between ultrafine particles and ozone on flights without meal service was indica-

tive of ozone-initiated chemistry.

Introduction
Ozone is a well-recognized respiratory irritant [1]. The health effects include various mortality
and morbidity endpoints, including respiratory symptoms, hospital admissions for respiratory
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diseases and the exacerbation of asthma [2–10]. Additionally, adverse effects have been linked
not only to exposure to ozone itself, but also to the byproducts of ozone-initiated chemistry
[11]. Products of these reactions can impact perceptions of indoor air quality and may lead to
health effects (e.g. eye irritation, irritation of the upper airways, airflow limitation in the con-
ducting airways) [12–16]. Many of the studies documenting the impact of ozone and its prod-
ucts on health symptoms have been conducted in the laboratory. A field study targeting 100
US office buildings by Apte et al. [17] confirmed some of the earlier laboratory findings. The
authors reported positive relationships between late workday outdoor ozone concentrations
(mean ~33 ppb, range 2–98 ppb) and upper respiratory symptoms, dry eyes, headache and
neurological symptoms (fatigue or trouble concentrating). 24-h average ozone concentrations
and average workday concentrations were significantly associated with having at least one
upper respiratory symptom. The positive correlation between outdoor ozone levels and the
concentration of aldehydes within the building indicated the occurrence of ozone chemistry.

Commercial airplanes routinely cruise in the upper troposphere or the lower stratosphere,
where ozone can reach concentrations of hundreds of parts per billion [18, 19]. Ozone entering
the airplane cabin can lead to elevated concentrations (levels exceeding 100 ppb, peak levels ex-
ceeding 200 ppb) and increased exposure for passengers and crew [20–23]. Ozone can be re-
moved from the cabin by catalytic converters. However, many aircraft do not use ozone
converters. The converters in use do not always perform well due to surface “poisoning” by var-
ious contaminants or imperfect re-furbishing of catalysts during scheduled replacement. Cur-
rent regulation allows 250 ppb peak ozone concentrations and 100 ppb 3-hour ozone levels in
aircraft cabins [24]. These limits exceed the US EPA National Ambient Air Quality Standard
(NAAQS) for ground level ozone of 75 ppb over an 8 h averaging time and the EPA Clean Air
Science Advisory Committee recommendation for the NAAQS human-health based standard
of between 60 and 70 ppb. Effects of ozone and its reaction products on occupants may occur
at even lower levels [13, 17, 25, 26].

The most recent studies of aircraft environments have investigated the health consequences
of long term exposure of flight attendants to tobacco smoke during the years when smoking
was allowed on flights, exposure to semi-volatile chemicals in the cabin, and self-reported
health of flight attendants in comparison to the general population [27–30]. Earlier studies
have focused on general indoor air quality in aircraft cabins, especially on low humidity, and
reported health problems. Most of these studies were performed before smoking was banned
and their focus was on crew, especially flight attendants [31–34]. Several studies also focused
on ozone in airplane cabins. Ozone-related symptoms were significantly more frequent on air-
craft that flew at high altitudes, presumably due to higher ozone concentrations [35, 36].
Ozone’s potential effects on the human visual system responses in aircraft were indicated by
Daubs [37]. Passengers in a simulated aircraft cabin reported less satisfaction with the air quali-
ty and more symptoms during conditions with elevated (60–70 ppb) ozone concentrations
[26].

There is a need to better understand ozone exposures on actual commercial aircraft operat-
ing across the planet under today’s flight conditions and the impact ozone has on passengers’
health and comfort. The aim of this study was to i) monitor the indoor environmental parame-
ters, including ozone concentration, on 83 US domestic and international flights within and be-
tween Asia, Australia and the Americas, ii) monitor the passengers’ assessment of the indoor
environment and their own symptoms on these flights, and iii) evaluate the dataset for associa-
tions between cabin environmental parameters and passenger health and comfort.
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Materials and Methods

Measurements
The cabin air of 83 flights was monitored between February 2008 and August 2010 as a compo-
nent of a study of onboard environmental conditions and passenger and crew responses. These
transcontinental and transoceanic flights were operated by three different airlines. Ozone con-
centrations were measured with a 2B Tech model 205 ozone monitor (2B Technologies Inc.,
Boulder, Colorado, USA). Carbon dioxide concentrations were measured using a 7565 Qtrak
monitor (TSI Inc., Shoreview, MN, USA.). The particle number concentrations (PNC) in the
size range between 6 nm and 3 μm, representing mainly ultrafine particles (UFP), were mea-
sured with a water-based condensation particle counter Model 3781 (58 flights; TSI Inc., Shore-
view, MN, USA). The other environmental parameters included relative humidity (RH), cabin
pressure and temperature (T) (7565 Qtrak monitor, TSI Inc.). All instruments used onboard
were electro-magnetic interference (EMI) certified at Boeing (Everett, WA). The sensors were
also tested for performance under pressure flight conditions at Battelle (Columbus, OH). The
measurements were conducted by a project engineer onboard the aircraft. Monitors were locat-
ed either in an aisle seat or a middle seat in the middle of economy class. Instruments with
pumps and batteries were positioned under the seat. Measurements were recorded continu-
ously, at one-minute intervals, from 10,000 feet ascent through 10,000 feet descent. Towards
the end of the flight, passengers on 80 flights were asked to complete a questionnaire with
focus on a wide range of symptoms and satisfaction with the indoor climate. The questionnaire
was developed by a team of medical and public health experts. It was designed to capture a
broad range of potential adverse human health effects plausibly related to the environmental
parameters measured (e.g., particles, ozone, volatile organic compounds, ventilation) based on
the extensive literature on these factors in buildings and their impact on building occupants.

Information on flight duration, aircraft model, aircraft capacity and occupancy loads was
collected. Latitude categorization (1.polar, 2.equatorial) was based on the flight path. Each
flight route was classified by the fraction of flight time north of 35°N. Flights that followed
northern routes (polar, higher latitudes) were those that had fractions higher than 0.5. Flight
duration was categorized into: 1.short (shorter than 3 hours), 2. medium (between 3 to 6
hours) and 3. long (longer than 6 hours). The aircraft type was treated as a categorical variable
with categories 1. 737, 2. 747, 3. 767, 4. 777 (all Boeing) and 5. Airbus. Due to the small number
of Airbuses (two A-340 and four A-380), these were pooled into one category.

Ethics Statement
This study was reviewed and approved by the Institutional Review Board (IRB) at Harvard
University and Battelle Memorial Institute, a collaborating organization for the overall project
(Protocol #FN006904-FTSUR and #FN006904-CSURV). Harvard School of Public Health had
an IRB Authorization Agreement with the IRB of Battelle Memorial Institute (Protocol
#P16992 and #P18875). The Battelle IRB gave a waiver of the written informed consent because
the only recording of the participant’s identity would have been the consent form. The consent
statement was read over the public address system of the plane. People who did not give con-
sent expressed that by not completing a survey. Positive consent was completing the survey.

Data analyses
PNC and corresponding ozone levels were analyzed for all available data and for three different
periods on each flight, established based on the distribution of the measured data: while the
10-minute running mean PNC i) exceeded 5000 particles per cm3 (cm-3 throughout the paper);
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ii) was between 500 and 5000 cm-3, and iii) was below 500 cm-3. A UFP “event” corresponded
to the interval between a sharp excursion in the indoor PNC until its return, usually rapid, to
the original level. Major events were those during which the PNC exceeded 5000 cm-3, minor
events were those during which the PNC reached a concentration between 500 and 5000 cm-3.
Mean PNC and corresponding ozone concentrations were calculated for each UFP event. The
relationship between UFP and ozone was analyzed separately for flights with and without
meal service.

Outside ventilation rate per person (Qpers) was calculated from the measured CO2 concen-
trations using the constant concentration method [38]. This method requires the CO2 to reach
steady state. CO2 levels were relatively stable in–flight. In the calculations we used an outdoor
CO2 concentration of 386 ppm, which is the mean global outdoor CO2 concentration for the
six months in which onboard sampling was performed, as reported by National Oceanic and
Atmospheric Administration. This value reasonably represents the outdoor CO2 concentra-
tions at flight altitudes [39]. We used 18 L/h for the CO2 generation rate per person [40].

The analyses of the associations between ozone and symptoms were performed on the pop-
ulation of all passengers (n = 4174), both on individual and grouped symptoms. The individual
symptoms included: watery eyes; itchy eyes; dry eyes; blurred, dim, altered vision; eye pain;
nasal stuffiness; runny nose or sneezing; dry irritated or sore throat; hoarseness/loss of voice;
cough; dry mouth or lips; headache; lightheaded, dizzy or faint. The following aggregate symp-
tom categories were constructed for analyses:

- Eye, mouth symptoms: watery eyes; itchy eyes; dry eyes; blurred, dim, altered vision; eye
pain; dry mouth or lips

- Upper respiratory: nasal stuffiness; runny nose or sneezing; sinus pain, pressure, conges-
tion; dry, irritated or sore throat; hoarseness/loss of voice; cough; loss of smell or taste;
nose bleed

- Ear, head symptoms: ringing in the ears; decreased hearing; pain, pressure or blockage in
the ears; headache; lightheaded, dizzy or faint

- Muscular symptoms: back pain or stiffness; swelling in the lower extremities; pain in legs
or feet; calf pain; tingling in lower extremities; unusual tiredness or fatigue; loss of coordi-
nation or balance; stiff or painful neck; tingling in face or lips; shoulder pain or stiffness;
arm pain or stiffness; hand pain or stiffness; numbness or tingling in hands; shaking or
trembling in hands; muscle weakness, achiness

- Lower respiratory symptoms: shortness of breath or difficulty breathing; chest tightness
or pressure; chest pain

- Digestive symptoms: indigestion; bloating/gas/cramps/pressure; diarrhea; constipation;
nausea/vomiting; stomach ache; urinary frequency

- Neurological symptoms: difficulty concentrating; confusion, difficulty finding words/
thinking/counting; apathy, loss of motivation, depression; anxiousness, irritability; sleep
disturbances—inability to stay awake/go to sleep

Aggregate categories were defined as the presence of at least one of the respective symptoms
in the group (dichotomous variables “Any. . .symptom”). Using slightly altered symptom
grouping, we also calculated the number of symptoms reported by each passenger (continuous
variable), as well as rating of the quality of indoor air and satisfaction with odor and air
freshness.

Ozone and Passenger Reported Symptoms in Aircraft
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Separate analyses of the associations between ozone and passenger reported symptoms were
performed on overall symptom descriptors calculated for each flight (continuous variables,
n = 80). These included the prevalence of the individual symptoms, average and maximum
number of symptoms reported per person on each flight, average number of symptoms within
the above mentioned groups, the prevalence of any symptom in these groups (number of pas-
sengers reporting at least one symptom within the category, divided by the number of passen-
gers who filled in the questionnaire on the flight) and average rating of the quality of indoor air
and average satisfaction with odor and air freshness.

Statistical analyses
For statistical analyses STATA 11.2 for Windows was used (StatCorp LP, College Station, TX,
USA). Spearman correlation coefficients were calculated for the measured environmental pa-
rameters, as some of them were not normally distributed (Shapiro-Wilk’s test for normality).
Differences in ozone concentrations between different flight characteristics were tested with
non-parametric two-sample Wilcoxon rank-sum test. The relationship between ozone concen-
trations and symptoms were analyzed using adjusted (multivariate) regression models. Logistic
regression was used for dichotomous dependent variables. On continuous dependent variables,
linear regression was used. In the initial analyses, all of the following covariates were used in
the models (full models): average temperature, relative humidity, cabin pressure, ventilation
rate, percent occupancy, airline, flight duration, aircraft type, sex, smoking habits (regular, so-
cial, none) and age (categorical: less than 20; 20–29; 30–39; 40–49; 50–59; 60–69; 70 or over).
Statistical models looking for associations between ozone and the overall symptom descriptors
calculated for each flight (n = 80) did not include smoking habits, sex and age. These analyses
were completed both on non-transformed ozone concentrations (scaled by a factor of 10 to
make interpretation of results easier) and on Ln-transformed data, since ozone concentrations
followed a log-normal distribution. Additionally, a categorical variable for ozone with five lev-
els of exposure (quintiles) was used to assess potential concentration–response relationships
between ozone and reported symptoms. To determine the overall significance of the linear con-
centration-response relationship, the quintile categories (1–5) were treated as a
continuous variable.

In a separate set of analyses, stepwise backward regression was applied to identify significant
predictor variables with inclusion criteria of p<0.2 [41]. The associations between ozone and
symptoms were then adjusted only for the selected descriptors. These analyses were completed
on Ln-transformed data. Both average and peak ozone concentrations were tested in separate
analyses. In all statistical analyses a value of p<0.05 was considered statistically significant.

Results and Discussion

Environmental parameters
Table 1 shows the results of the measurements performed on the 83 flights, while Table 2 strati-
fies the environmental parameters on airline, aircraft type, flight duration, latitude and occu-
pancy. Temperature and relative humidity were relatively similar across the flights. The
average humidity was low, as reported in several other studies [31, 42, 43]. Lower RH was mea-
sured on long flights compared to shorter flights and on flights with less than 75% occupant
load compared to those with higher occupancy. The FAA Federal Aviation Regulation (FAR)
14CFR25.841 [44] states that the minimum cabin pressure under normal operating conditions
should not be less than the pressure found at an altitude of 8,000 feet (75.3 kPa). The mean
cabin pressure across all flights was 80.8 kPa, and the highest “average per flight” was 89 kPa.
None of the 83 flights had pressures below 75.3 kPa. The average CO2 concentration exceeded
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the recommended level of 1000pm on 89% of the flights, comparable to the 87% reported by
Nagda et al. [45]. Lower CO2 levels were previously reported by Hagighat et al. [42], Lee et al.
[43], Lindgren and Norbäck [31], especially during cruising conditions compared to non-
cruising conditions.

The average ozone concentration across all flights was 16.1 ppb. The highest average ozone
concentration within a single flight was 110.4 ppb. Across all flights the mean of the highest
value per flight was 38.9 ppb, with the highest peak level reaching 256 ppb for a single flight.
The average ozone concentration was above 60 ppb on two flights. Ozone levels on thirteen
flights (16%) exceeded 60 ppb while on 10 flights (12%) it exceeded 75 ppb. Consistent with
Weisel et al. [46], these concentrations are lower than those reported by Spengler et al. [23] and
by studies summarized by the authors. Airplanes encounter higher external ozone levels during
the winter and spring and on routes that fly at higher latitudes [18, 19, 22, 23, 47, 48]. Among

Table 1. Descriptive statistics of the measured parameters (based on averages per flight) and occupancy.

n Mean SD Median Min Max

Mean T (°C) 83 24.4 1.8 24.6 19.2 31.3

Mean RH (%) 83 12.2 5.3 11.3 2.7 36.2

Mean Pressure (kPa) 83 80.8 2.5 80.4 76.4 88.9

Mean CO2 (ppm) 83 1373 303 1361 573 2039

Mean Ozone (ppb) 83 16.1 17.3 9.5 0.01 110.4

Max Ozone (ppb) 83 38.9 39.2 29.1 0.3 256

Qpers (L/s/person) 83 5.8 3.1 5.1 3.0 28.0

Mean PNC (cm-3) 58 982 3981 64.0 0.1 22052

Occupancy (%) 81 75.5 23.1 82.0 23.0 100

doi:10.1371/journal.pone.0128454.t001

Table 2. Flight characteristics and corresponding environmental parameters (based on averages for each flight).

Variable n(%) Mean T (°C) Mean RH (%) Mean Pressure (kPa) Mean CO2 (ppm) Median O3 (ppb)

Airline

1 17(20.5) 23.8 14.7 81.2 1469 9.5

2 42(50.6) 24.9 11.1 79.7 1386 11.6

3 24(28.9) 24.0 12.3 82.5 1284 9.4

Aircraft type (mean capacity)

B737 (138) 44(53.0) 24.9 11.4 79.7 1409 10.3

B747 (325) 10(12.0) 24.3 10.0 83.7 1149 9.7

B767 (239) 10(12.0) 23.8 14.3 82.5 1262 14.2

B777 (305) 13(15.7) 24.2 13.8 81.1 1542 11.2

Airbus (360) 6(7.2) 22.4 14.9 81.0 1307 1.6

Duration

Short 33(39.8) 24.1 14.5 80.9 1425 13.6

Medium 35(42.2) 25.0 11.0 79.8 1394 9.5

Long 15(18.1) 23.9 10.0 82.8 1212 9.3

Latitude

Polar 35(42.2) 24.9 10.3 80.3 1340 16.7

Equatorial 48(57.8) 24.1 13.6 81.2 1397 7.5

Occupancy

�75% 34(42.0) 24.2 9.4 80.0 1145 11.9

>75% 47(58.0) 24.5 14.2 81.4 1542 9.5

doi:10.1371/journal.pone.0128454.t002
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our flights, 16 were flown in summer months and 67 in winter months. However, the majority
of our flights were equatorial. Significantly higher ozone levels were measured on flights that
followed higher latitude routes (polar;>35°N) compared to flights that followed lower latitudes
(equatorial) (p<0.05). Although without statistical significance, ozone concentrations were
lower on medium and long flights compared to short flights, presumably due to the use of
ozone convertors on larger planes [23, 46].

Significant correlations were found between occupancy load and relative humidity (ρ =
0.62) and between occupancy load and CO2 (ρ = 0.68; S1 Table), as also indicated by Lindgren
and Norbäck [31] and Nagda et al. [45]. The strong relationship between CO2 concentration
and humidity (ρ = 0.60) is consistent with the recent work by Giaconia et al. [49], who
highlighted the relationship between relative humidity and carbon dioxide concentration in
order to provide acceptable levels of both to the crew and passengers with proper ventilation
control and without additional humidification. The strong negative correlation between venti-
lation rate and occupancy reflects the fact that the ventilation rate was estimated from the occu-
pant-generated CO2 concentration.

Passenger surveys
On average, 52 persons per flight (range 8–97) filled in the questionnaire. Forty six percent of
passengers reported at least one symptom related to the eyes or dry mouth. The most common
symptoms were dry mouth or lips (26% of passengers), dry eyes (22.1%) and nasal stuffiness
(18.9%). Between 5 and 10% of passengers reported having itchy eyes; headache; dry, irritated,
sore throat and runny nose or sneezing. A third of the passengers reported at least one muscu-
lar symptom or fatigue and the same fraction at least one upper respiratory symptom. One
fourth reported a symptom related to the ears, headache or dizziness (Table 3). On average 2.4
symptoms per passenger were reported, most of them being eye/upper respiratory symptoms

Table 3. Prevalence of symptoms (%) among passengers (n = 4158).

Symptom Prevalence

Dry mouth or lips 26.0

Dry eyes 22.1

Nasal stuffiness 18.9

Itchy eyes 10.7

Dry, irritated, or sore throat 8.3

Runny nose or sneezing 8.1

Headaches 6.4

Cough 6.0

Watery eyes 5.6

Blurred, dim, altered vision 2.0

Hoarseness/loss of voice 1.5

Lightheaded, dizzy or faint 1.4

Eye pain 1.2

Any eye, mouth symptom 46.4

Any muscular symptom 34.6

Any upper resp. symptom 33.1

Any ear, head symptom 24.5

Any digestive symptom 9.5

Any neurol. symptom 7.3

Any lower resp. symptom 1.5

doi:10.1371/journal.pone.0128454.t003
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followed by muscular pain (S2 Table). Lower respiratory symptoms were relatively rare. The
average prevalence of symptoms calculated individually for each flight (n = 80) follow similar
trends (S3 Table).

Recent studies of the aircraft environment have focused on the health effects of long-term
exposure to cabin environment and secondhand tobacco smoke during the time smoking was
allowed on airplanes [27, 50]. Earlier questionnaire studies on symptoms reported while in-
flight on commercial aircrafts were conducted before smoking was banned on most commer-
cial flights, and they mainly focused on crew members. Common problems reported among
crew were dry skin, nasal symptoms, eye irritation, fatigue, cold, but also sleep disturbances, di-
gestive disturbances and musculoskeletal symptoms, especially on longer flights [32, 33, 51].
Rankin et al. [52] conducted a survey among 3630 passengers on 71 flights. The two health
symptoms experienced most by passengers were back/joint/muscle pain and dry or stuffy nose.
Thus, earlier studies have consistently reported eye and nasal symptoms along with muscle
ache as the most frequent reasons for complaints during flight. Our results are in line with
those findings.

Regression analyses
In the full models, ozone concentrations were significantly associated with reports of having a
dry mouth or lips, itchy eyes and at least one symptom related to the eyes or mouth. Among
the continuous symptom variables, the number of selected irritation symptoms (see superscript
“a” in the caption of Fig 1), the number of eye, mouth and upper respiratory symptoms and the
rating of air quality were associated with the measured ozone levels (S4 Table). Significant
trends in the concentration-response relationship were observed formaximum ozone levels
(quintiles) and several symptom indicators (Fig 1), especially those related to the eyes, mouth,
upper respiratory symptoms, total number of these symptoms, and the number of selected irri-
tation symptoms, which were also driven by eye and upper respiratory symptoms. Both the
maximum and the average ozone concentrations exhibited a significant positive concentra-
tion-response relationship with the mean rating of the air quality. No other endpoint was asso-
ciated with average ozone levels in a concentration-dependent manner. This may reflect the
relatively low average ozone concentrations in the present study, due to the high percentage of
flights at equatorial latitudes.

Models using only the significant variables from a stepwise selection procedure indicated
similar associations between ozone and symptoms (Tables 4 and 5). Furthermore, satisfaction
with odor was lower with increasing peak ozone concentration. Ozone-initiated chemistry in
the indoor environment can increase unpleasant odors indoors and decrease the perceived air
quality [12, 13]. Similar analyses using ln-transformed average ozone concentrations showed
significant associations with itchy eyes, having at least one eye/mouth symptom, the number of
eye and upper respiratory symptoms and the rating of the air quality. These associations were
slightly weaker than the corresponding associations for the peak ozone concentrations (except
for itchy eyes). Using peak ozone concentrations can be sensitive to short-duration extreme
readings. We therefore tested all relationships presented in S4 Table, Tables 4 and 5 (models
where ozone had an effect on symptoms) and in Fig 1 using the 95th percentile of the measured
ozone concentrations and the highest 10-minute running average ozone concentration. The re-
sults were nearly identical to the analyses based on peak ozone levels. However, the significant
concentration-response relationship in Fig 1 was only retained for the “number of eye and
upper respiratory symptoms”.

Analyses on symptom indicators calculated for each flight further support the relationship
between peak ozone concentrations and passenger-reported symptoms (S5 Table). Significant
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Fig 1. Significant concentration-response relationships betweenmaximum ozone concentrations and reported symptoms/perceptions. Results
from logistic regression (aOR, 95% CI) are shown on top, linear regression (coefficient, 95% CI) on the bottom. a number of the following symptoms: watery
eyes, itchy eyes, dry eyes, blurred dim altered vision, eye pain, runny nose or sneezing, dry irritated or sore throat, hoarseness/loss of voice, cough; b nose
bleed and sinus pain/pressure/congestion were included among the ear, head symptoms in these tests, not among eye and upper respiratory symptoms;
c 1 = Very good, 2 = Good, 3 = Adequate, 4 = Poor, 5 = Very poor; d number of all symptoms in the questionnaire (see full list under various symptom groups
in the Methods).

doi:10.1371/journal.pone.0128454.g001
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positive association was obtained for itchy eyes, feeling lightheaded or dizzy and for the maxi-
mum number of selected irritation symptoms. Consistent with the results of the previous anal-
yses, average ozone concentrations demonstrated a weaker relationship with symptoms (S6
Table).

Our results agree reasonably well with the relationship between ambient ozone concentra-
tions and building-related symptoms in the US EPA BASE study, which used a similar method-
ological approach [17]. The authors found a significant positive association between ambient
ozone concentrations and dry eyes, headache and upper respiratory and neurological building

Table 4. Associations between Ln-transformedmaximum ozone concentration and reported symptoms by stepwise logistic regression.

Dependent variable N aORa

(ozone)
95% CI
(ozone)

p-value
(ozone)

Flight related variables in the final modelb

Dry mouth or lips 4018 1.14 1.05–1.24 0.002 RH, occupancy, airline(3.OR>1), duration

Dry eyes 3940 1.08 0.96–1.21 0.20 RH(OR>1), Qpers, occupancy(OR<1), airline(2,3.OR>1), duration(2.
OR>1), aircraft(2,3,4,5.OR>1)

Nasal stuffiness 3981 1.13 1.00–1.28 0.055 T(OR<1), pressure, Qpers(OR<1), occupancy(OR<1), airline(2,3.OR>1),
duration(2.OR>1), aircraft

Itchy eyes 4053 1.16 1.04–1.29 0.008 -

Dry, irritated or sore
throat

3973 NS - - duration(3.OR>1)

Runny nose or
sneezing

3971 NS - - T(OR<1), duration(3.OR>0)

Headaches 4053 NS - - pressure, duration, aircraft

Cough 4078 NS - - airline

Watery eyes 4158 NS - - T(OR<1), airline(3.OR>0)

Blurred, dim, altered
vision

3995 NS - - RH(OR>0), Qpers(OR>1), airline

Hoarseness/loss of
voice

3964 1.29 0.96–1.72 0.09 occupancy

Lightheaded, dizzy or
faint

3973 1.24 0.92–1.69 0.16 RH(OR>1), pressure, Qpers

Eye pain 3998 NS - - T, RH(OR<1), aircraft(4,5.OR>1)

Any eye, mouth
symptom

3940 1.16 1.07–1.26 0.000 T(OR<1), RH(OR>1), pressure(OR>1), Qpers(OR<1), occupancy(OR<1),
airline(3.OR>1), duration(2,3.OR>1)

Any muscular
symptom

3981 NS - - pressure, Qpers(OR<1), occupancy(OR<1), airline(2.OR>1), duration(2,3.
OR>1), aircraft(2.OR>1)

Any upper resp.
symptom

3940 1.03 0.93–1.14 0.55 T(OR<1), pressure, Qpers, occupancy(OR<1), airline(2,3.OR>1), duration
(2.OR>1), aircraft

Any ear, head
symptom

3971 NS - - T(OR<1), RH, aircraft(2,3,4,5.OR<1)

Any digestive
symptom

4060 NS - - T, pressure, occupancy(OR<1), airline, duration(3.OR>1)

Any neurol. symptom 4041 0.94 0.79–1.11 0.46 pressure, Qpers, airline(3.OR>1), aircraft(4.OR>1)

Any lower resp.
symptom

4158 NS - - RH

For all models R2<0.1, p<0.05, except Itchy eyes, p = 0.06; Cough, p = 0.12; Watery eyes, p = 0.09; Hoarseness/loss of voice, p = 0.14; Any lower resp.

symptom, p = 0.18
a NS—not selected by the stepwise backward variable selection
b The flight-related variables that were included in the final model based on a significance level of p<0.2 for removal from the model (stepwise backwards

variable selection [41]). In parentheses the directions of the ORs for the variables (continuous) or their categories (categorical) are indicated when

significant at p<0.05.

doi:10.1371/journal.pone.0128454.t004
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related symptoms, with a linear concentration-response relationship with increasing ozone lev-
els for most of these symptoms. The trend was significant for upper respiratory symptoms. The
mean outdoor ozone concentration for the 100 buildings included in the BASE study was
~33 ppb (range 2–98 ppb). Although indoor ozone concentrations were not measured for the
BASE buildings, given the measured ventilation rates one would expect the indoor ozone levels
to be 10–50% of the outdoor levels [53,54]. In other words, the indoor ozone concentrations in
the BASE buildings and in the aircraft monitored in the present study were likely comparable,
although high-end values were probably larger in the aircraft cabins than in the
BASE buildings.

The first studies indicating potential health effects of ozone in aircraft date back to the
1960’s and 1970’s [20, 37, 55–57]. Reed at al. [35] reported three to four times more frequent
ozone-related symptoms in aircraft flying at high altitudes than in aircraft at low altitudes. The
frequency of such symptoms was shown to be significantly associated with flights on Boeing
747SP aircraft, which were designed for higher-altitude flight than conventional 747 aircraft
and thus had potentially greater ozone exposure [36]. De Ree et al. [58] examined ozone con-
centrations in airliner cabins on 24 polar routes evenly distributed between two airlines. The
aircraft for one of the airlines had no catalytic converters and were fitted with humidifiers,
whereas the aircraft for the other airline had catalytic converters but no humidifiers. The per-
centage of crewmembers who reported ozone-related symptoms did not differ significantly

Table 5. Associations between Ln-transformedmaximum ozone concentrations and reported number of symptoms in various categories by step-
wise linear regression analyses.

Dependent variable N Coef.f

(ozone)
95% CI
(ozone)

p-value
(ozone)

Flight related variables in the final modelg

Nr. of all symp.d 3940 0.078 -0.04–0.20 0.192 T(coef<0), RH(coef>0), pressure, Qpers, occupancy(coef<0), airline(2,3.
coef>0), duration(2,3.coef>0), aircraft(4.coef>0)

Nr. of irritation symp.a 4018 0.084 0.042–0.13 0.000 T, RH(coef>0), Qpers, occupancy(coef<0), airline(3.coef>0), duration(2,3.
coef>0)

Nr. of eye&upper resp.
symp.b

4018 0.102 0.055–0.15 0.000 T(coef<0), RH, occupancy(coef<0), airline(3.coef>0), duration(2,3.coef>0)

Nr. of muscular symp. 4018 NS - - pressure, Qpers(coef<0), occupancy, airline(2,3.coef>0), duration(2,3.
coef>0), aircraft(2.coef>0)

Nr. of ear, head symp.b 3971 NS - - T(coef<0), aircraft(2,3,4,5.coef<0)

Nr. of digestive symp. 4053 0.009 -0.004–
0.022

0.173 T, airline, duration(3.coef>0)

Nr. of neurol. symp. 4012 0.007 -0.008–
0.023

0.36 pressure, Qpers, airline(3.coef>0), aircraft

Nr. of lower resp.
symp.

4158 NS - - RH, aircraft

Rating of air quality c 3951 0.047 0.016–0.078 0.003 T(coef>0), pressure(coef<0), occupancy(coef>0), aircraft(2,4.coef<0)

Satisfaction with odor e 4019 0.042 0.007–0.076 0.018 T(coef>0), RH(coef>0), pressure

Satisfaction with air
freshness e

3983 0.021 -0.021–
0.063

0.32 T(coef>0), RH, pressure(coef<0), Qpers, occupancy(coef>0), aircraft(5.
coef<0)

For all models R2<0.1, p = 0.000, except for Nr. of lower resp. symp., p = 0.48.
a,b,c,d see Fig 1
e 1 = Very satisfied, 2 = Somewhat satisfied, 3 = Neutral, 4 = Somewhat dissatisfied, 5 = Very dissatisfiedf NS—not selected by the stepwise

variable selection
g The flight-related variables that were included in the final model based on a significance level of p<0.2 for removal from the model (stepwise backwards

variable selection [41]). In parentheses the directions of the coefficients for the variables (continuous) or their categories (categorical) are indicated when

significant at p<0.05.

doi:10.1371/journal.pone.0128454.t005
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between the two airlines and ozone levels did not correlate significantly with changes in symp-
toms. However, a major limitation was that smoking was permitted on the flights that used
ozone converters but not on flights without converters. Additionally, the ozone and relative hu-
midity data were incomplete in these studies. More recently, 29 subjects were exposed to two
levels of ozone (<2 and 60–80 ppb) at two outside air supply rates (2.4 and 4.7 l/s per person)
in flights simulated in a section of a B-767 aircraft cabin reconstructed inside a climate cham-
ber [26]. The subjects judged the air quality and 12 of the symptoms (including eye and nasal
irritation, lip and skin dryness, headache, dizziness, mental tension, claustrophobia) to be sig-
nificantly worse for the “ozone” condition compared to the “no ozone” condition.

Our study population may be too small to confidently support some of the outcomes. The
large number of tests may have resulted in a few associations appearing by chance. Another
limitation of this study is the assignment of the measured environmental parameters to all pas-
sengers sharing the environment on the respective flight, while the analyses used the individual
passenger as the unit of analysis. However, related studies have used this method with confi-
dence and did not find a meaningful effect of adjustment for potential correlations between
subjects sharing a space [17, 59]. Moreover, the consistency in the indicated relationships
across the various methodological approaches we used, including tests on aggregate variables
constructed for each flight, and the similarity of our findings to previous studies provide a high
degree of confidence in the results.

Covariates in the models
The flight related variables most consistently significant in the regression models where ozone
was significant, were temperature, relative humidity, flight duration, occupancy load and air-
line. Medium and long flight duration was significantly associated with more irritation symp-
toms as well as muscular and digestive symptoms, compared to short flights. All symptoms
may be exacerbated by longer flight durations, most notably in going from short to medium
distances [52, 60]. Reed et al. [35] reported that symptoms associated with ozone were signifi-
cantly associated with flight duration and type of aircraft. In our study, passengers on wide-
body aircraft (presumably flying at higher altitude) tended to have higher odds of having dry
eyes and eye pain than on standard body aircraft (B737). However, having any ear and head re-
lated symptom, rating of the air quality and several symptom categories aggregated per flight
exhibited a negative odds ratio/coefficient for wide-body aircraft (Tables 4 and 5, S5 and S6
Tables).

Although low relative humidity in aircraft cabins has been suggested to be a factor for mu-
cosal irritation, especially ocular, nasal, and dermal symptoms and headache [31, 34, 60, 61], in
our study no significant association was shown between low relative humidity and dry, irritated
throat or dry mouth and lips. The inability of subjects to perceive low humidity as symptoms
of dryness has been widely discussed in the literature [34, 62]. In a recent study, Grün et al.
[62] concluded that relative humidity does not explain the dryness complaints in a simulated
aircraft cabin. However, relative humidity in our study was positively associated with several
other symptoms. This is consistent with the observation of a strong inverse correlation between
ventilation rate and relative humidity (ρ = -0.62), which indicates that higher relative humidity
in our study was associated with less outside air supply and thus, higher concentration of in-
door pollutants. Our findings match those from a carefully controlled chamber study by
Strøm-Tejsen et al. [63] which found that increasing the relative humidity by reducing the out-
door ventilation rate increased the complaints of headache, dizziness, and claustrophobia. This
was most likely due to the increased level of contaminants at the reduced ventilation rate.
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Ventilation rate was significant for several of the symptom variables. Although the relation-
ship was mostly inverse, there was no clear consistency in the direction of its effect. Studies
have indicated associations between CO2 concentration or ventilation rate and building related
symptoms [64, 65]. However, this relationship and its comparison between aircraft environ-
ment and buildings can be complicated. While increased ventilation removes indoor contami-
nants that may cause symptoms and limits the time available for ozone-initiated reactions to
occur in the gas-phase, it may significantly increase the transport of ozone into the cabin.

Several other variables may be important when attempting to explain the observed symp-
toms. These include stress, work control and satisfaction, seat comfort, baseline health (prior
to the flight) and history of atopy [32, 52, 66, 67].

UFP and ozone-initiated reactions
Concentrations of ultrafine particles in the aircraft cabins were much lower than in studies that
have been conducted in buildings [68, 69]. The measurements were conducted at cruising alti-
tude where the concentration of particles outside the aircraft is low; the ventilation air in air-
craft passes through high efficiency filters; and a high percentage of the air is recirculated
increasing the efficacy of the filters [70]. Meal service is the major source of particles. Thirty-
eight out of 58 flights with UFP data did not provide meal service. The correlation coefficient
between PNC and ozone for these flights was positive, relatively strong and statistically signifi-
cant, while it was negative, weak and not significant for flights with meal service (S7 Table, all
data). It is instructive to examine the correlation between PNC and ozone for each of the PNC
bins on flights without meal service. For the bin with PNC above 5000 cm-3 (two such epi-
sodes), both ozone and PNC were elevated during most of the flight. Ozone concentrations
were significantly higher than those measured during low PNC periods on other flights, and
PNC levels occasionally exceeded those measured in typical urban air [68]. For periods with
PNC between 5000 and 500 cm-3, the correlation between ozone and PNC was weak. These pe-
riods lasted on average 13 minutes (12% of the total measurement time). Similar results were
obtained for periods of minor and major UFP events (S8 Table). For periods with PNC under
500 cm-3, the correlation with ozone was relatively strong (r = 0.30), but not significant. These
observations suggest an overall link between ozone and PNC across the flights, but ozone may
not fully explain the UFP events. Episodic variation in UFP might be associated with changes
in the Environmental Control System or variations in engine power. It was not possible to dis-
cern such events during the course of air monitoring in the cabins. The relatively low ultrafine
particle levels at cruising altitude are not anticipated to adversely impact the passengers. The
relationship between ozone and PNC on flights without meal service, however, demonstrates
the occurrence of reactions between ozone and indoor pollutants, including human emissions,
which can lead to increased concentrations of submicron particles throughout the flight [25,
71–76].

Ozone-initiated reactions can occur at ozone concentrations much lower than the current
FAA regulation [11, 77, 78]. Products of these reactions have been shown to impact perceived
indoor air quality [12, 13] and may have negative health effects [11, 14–16]. The high air ex-
change rates on commercial flights limit the time available for reactions between ozone and
various gas-phase unsaturated organic compounds. We therefore anticipate that most of the
ozone-initiated chemistry within aircraft cabins is surface chemistry—ozone reacting with con-
stituents of skin oil on exposed skin, hair and clothing as well as with various unsaturated or-
ganic compounds on surfaces within the aircraft. Indeed, in simulated aircraft environments,
surface reactions of ozone with humans and materials including clothing have been demon-
strated to increase the levels of saturated and unsaturated aldehydes, formaldehyde, formic
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acid and squalene oxidation products including acetone, 6-methyl-5-hepten-2-one (6-MHO)
and 4-oxopentanal (4-OPA) [79–81]. These results have been recently confirmed in measure-
ments on actual US transcontinental and transoceanic flights [46]. Some of the oxidation prod-
ucts can be irritants at elevated concentrations (e.g., 4-OPA) [82].

Conclusions
Exposure to ozone during flight may lead to discomfort and associated symptoms among pas-
sengers. The symptoms that were significantly associated with ozone concentrations were relat-
ed to the eyes and the upper respiratory system. Ozone may further be related to dry mouth
and poorer perceived indoor air quality. Byproducts of ozone-driven chemistry may be partly
responsible for some of these symptoms. Symptoms reported by passengers may be shared by
flight attendants. In light of these concerns the FAA’s 1985 regulation on cabin ozone concen-
trations should be revisited and action should be taken to ensure low ozone levels during entire
flights. Since the performance of catalytic converters can significantly decrease during their life-
time, their mandatory use should be coupled with regular performance checks and mainte-
nance. These recommendations are reinforced by the fact that the ozone levels measured in
this study were relatively low. Future studies on ozone-related symptoms should be extended
to flights where passengers are routinely exposed to higher ozone levels.

Supporting Information
S1 Table. Spearman correlation coefficients between the measured parameters and some
flight characteristics (n = 83; for occupancy n = 81).
(DOCX)

S2 Table. Mean and maximum number of symptoms within symptom categories and satis-
faction with the indoor environment.
(DOCX)

S3 Table. Descriptive statistics for average prevalence (%), average number of symptoms
and average IAQ sensation on each flight (n = 80).
(DOCX)

S4 Table. Significant associations between ozone concentration (A. scaled by a factor of 10
(aORs per 10ppb), B. Ln-transformed ozone concentration) and reported symptoms/per-
ceptions.
(DOCX)

S5 Table. Results of the stepwise backward linear regression analyses on the associations
between Ln-transformed maximum ozone concentration and reported prevalence, average
number of symptoms and IAQ sensation on each flight.
(DOCX)

S6 Table. Results of the stepwise backward linear regression analyses on the associations
between Ln-transformed average ozone concentration and reported prevalence, average
number of symptoms and IAQ sensation on each flight.
(DOCX)

S7 Table. Ultrafine particle concentrations and corresponding ozone levels (average for
each flight) stratified over the cutoff values of 10-minute running average PNC of 500 and
5000 cm-3 on flights with and without meal service.
(DOCX)

Ozone and Passenger Reported Symptoms in Aircraft

PLOS ONE | DOI:10.1371/journal.pone.0128454 May 26, 2015 14 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128454.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128454.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128454.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128454.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128454.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128454.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128454.s007


S8 Table. Ultrafine particle concentrations and corresponding ozone levels (average for
each flight) during major and minor events on flights with and without meal service.
(DOCX)

Acknowledgments
The overall project was performed in collaboration with Battelle Memorial Institute. Thanks
are due to the participating airlines and passengers for their cooperation. Sin Ming Loo of
Boise State University, Byron Jones of Kansas State University, and Clifford Weisel of Rutgers
University were particularly helpful with instrumentation, research design and analysis sup-
port. Assisting the project from Battelle were Ann Louise Sumner, Jeff Myers, Brad Goodwin,
Marcia Nishioka, and Chet Spicer. David Space and the Boeing Company assisted this study by
providing introductions to airlines as well as EMI certification of the instruments.

Author Contributions
Conceived and designed the experiments: JGA CJW JV JDS. Performed the experiments: JGA
JV JDS. Analyzed the data: GB CJW JGA JV JDS. Contributed reagents/materials/analysis
tools: GB JGA CJW JV JDS. Wrote the paper: GB CJW JGA JDS.

References
1. US EPA. National Ambient Air Quality Standards for Ozone. Federal Register Volume 73, Number 60,

Rules and Regulations, FR Doc No: E8-5645, 16436–16514; 2008. Available: http://www.gpo.gov/
fdsys/pkg/FR-2008-03-27/html/E8-5645.htm. Accessed 10 April 2015.

2. WHO. Health risks of ozone from long-range transboundary air pollution. World Health Organization,
Regional Office for Europe, Copenhagen, Denmark; 2008. Available: http://www.euro.who.int/__data/
assets/pdf_file/0005/78647/E91843.pdf. Accessed 10 April 2015.

3. Hubbell BJ, Hallberg A, McCubbin DR, Post E. Health-related benefits of attaining the 8-hr ozone stan-
dard. Environ Health Perspect 2005; 113:73–82. PMID: 15626651

4. Bell ML, Dominici F, Samet JM. A meta-analysis of time series studies of ozone and mortality with com-
parison to the national morbidity, mortality, and air pollution study. Epidemiology 2005; 16(4):436–445.
PMID: 15951661

5. Gent JF, Triche EW, Holford TR, Belanger K, Bracken MB, Beckett WS, et al. Association of low-level
ozone and fine particles with respiratory symptoms in children with asthma. J AmMed Assoc 2003; 290
(14):1859–1867.

6. McDonnell WF, Abbey DE, Nishino N, Lebowitz MD. Long-term ambient ozone concentration and the
incidence of asthma in nonsmoking adults: the AHSMOGStudy. Environ Res 1999; 80(2pt1):110–121.
PMID: 10092402

7. Chen C, Zhao B, Weschler CJ. Assessing the influence of indoor exposure to “outdoor ozone” on the
relationship between ozone and short-term mortality in U.S. communities. Environ Health Perspect
2012; 120(2):235–240. doi: 10.1289/ehp.1103970 PMID: 22100611

8. Samoli E, Zanobetti A, Schwartz J, Atkinson R, Letertre A, Schindler C, et al. The temporal pattern of
mortality responses to ambient ozone in the APHEA project. J Epidemiol Community Health 2009; 63
(12):960–966. doi: 10.1136/jech.2008.084012 PMID: 19648130

9. Spix C, Anderson HR, Schwartz J, Vigotti MA, Letertre A, Vonk JM, et al. Short-term effects of air pollu-
tion on hospital admissions of respiratory diseases in Europe: A quantitative summary of APHEA study
results. Arch Environ Health 1998; 53(1):54–64. PMID: 9570309

10. Sunyer J, Spix C, Quenel P, PoncedeLeon A, Ponka A, Barumandzadeh T, et al. Urban air pollution
and emergency admissions for asthma in four European cities: the APHEA Project. Thorax 1997; 52
(9):760–765. PMID: 9371204

11. Weschler CJ. Ozone’s impact on public health: contributions from indoor exposures to ozone and prod-
ucts of ozone-initiated chemistry. Environ Health Perspect 2006; 114:1489–1496. PMID: 17035131

12. Knudsen HN, Nielsen PA, Clausen PA, Wilkins CK, Wolkoff P. Sensory evaluation of emissions from
selected building products exposed to ozone. Indoor Air 2003; 13:223–231. PMID: 12950584

Ozone and Passenger Reported Symptoms in Aircraft

PLOS ONE | DOI:10.1371/journal.pone.0128454 May 26, 2015 15 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128454.s008
http://www.gpo.gov/fdsys/pkg/FR-2008-03-27/html/E8-5645.htm
http://www.gpo.gov/fdsys/pkg/FR-2008-03-27/html/E8-5645.htm
http://www.euro.who.int/__data/assets/pdf_file/0005/78647/E91843.pdf
http://www.euro.who.int/__data/assets/pdf_file/0005/78647/E91843.pdf
http://www.ncbi.nlm.nih.gov/pubmed/15626651
http://www.ncbi.nlm.nih.gov/pubmed/15951661
http://www.ncbi.nlm.nih.gov/pubmed/10092402
http://dx.doi.org/10.1289/ehp.1103970
http://www.ncbi.nlm.nih.gov/pubmed/22100611
http://dx.doi.org/10.1136/jech.2008.084012
http://www.ncbi.nlm.nih.gov/pubmed/19648130
http://www.ncbi.nlm.nih.gov/pubmed/9570309
http://www.ncbi.nlm.nih.gov/pubmed/9371204
http://www.ncbi.nlm.nih.gov/pubmed/17035131
http://www.ncbi.nlm.nih.gov/pubmed/12950584


13. Tamás G, Weschler CJ, Toftum J, Fanger PO. Influence of ozone-limonene reactions on perceived air
quality. Indoor Air 2006; 16:168–178. PMID: 16683936

14. Wolkoff P, Clausen P, Larsen K, Hammer M, Larsen ST, Nielsen GD. Acute airway effects of ozone-ini-
tiated d-limonene chemistry: Importance of gaseous products. Toxicol Lett 2008; 181(3): 171–176. doi:
10.1016/j.toxlet.2008.07.018 PMID: 18723085

15. Wolkoff P, Larsen ST, Hammer M, Kofoed-Sørensen V, Clausen PA, Nielsen GD. Human reference
values for acute airway effects of five common ozone-initiated terpene reaction products in indoor air.
Toxicol Lett 2013; 216:54–64. doi: 10.1016/j.toxlet.2012.11.008 PMID: 23164675

16. Nøjgaard JK, Christensen KB, Wolkoff P. The effect on human eye blink frequency by exposure to limo-
nene oxidation products and methacrolein. Toxicol Lett 2005; 156:241–251. PMID: 15737487

17. Apte MG, Buchanan ISH, Mendell MJ. Outdoor ozone and building-related symptoms in the BASE
study. Indoor Air 2008; 18:156–170. doi: 10.1111/j.1600-0668.2008.00521.x PMID: 18333994

18. Bhangar S, Nazaroff WW. Atmospheric ozone levels encountered by commercial aircraft on transatlan-
tic routes. Environ Res Lett 2013; 8(1):014006. PMID: 25580157

19. Law KS, Plantevin PH, Thouret V, Marenco A, AsmanWAH, Lawrence M, et al. Comparison between
global chemistry transport model results and measurement of ozone and water vapor by Airbus in-ser-
vice aircraft (MOZAIC) data. J Geophys Res 2000; 105:1503–1525.

20. Bischof W. Ozone measurements in jet airliner cabin air. Water Air Soil Pollut 1973; 2:3–14.

21. NastromGD, Holdeman JD, Perkins PJ. Measurements of cabin and ambient ozone on B747 air-
planes. J Aircr 1980; 17(4):246–249.

22. Bhangar S, Cowlin SC, Singer BC, Sextro RG, Nazaroff WW. Ozone levels in passenger cabins of com-
mercial aircraft on North American and transoceanic routes. Environ Sci Technol 2008; 42(11): 3938–
43. PMID: 18589948

23. Spengler JD, Ludwig S, Weker RA. Ozone exposures during trans-continental and trans pacific flights.
Indoor Air 2004; 14:67–73. PMID: 15330774

24. FAA. CFR (Code of Federal Regulations): 14CFR25.832. Title 14 (Vol.1)—Aeronautics and Space;
Part 25—Airworthiness Standards: Transport Category Airplanes; Subpart D—Design and Construc-
tion; Section 832—Ozone. Federal Aviation Administration, Department of Transportation; 2010.

25. Weschler CJ. Chemical reactions among indoor pollutants: what we’ve learned in the new millennium.
Indoor Air 2004; 14(S7):184–194.

26. Strøm-Tejsen P,Weschler CJ, Wargocki P, Myskow D, Zarzycka J. The influence of ozone on self-eval-
uation of symptoms in a simulated aircraft cabin. J Exposure Sci Environ Epidemiol 2008; 18:272–81.
PMID: 17565354

27. Beatty AL, Haight TJ, Fedberg RF. Associations between respiratory illnesses and secondhand smoke
exposure in flight attendants: A cross-sectional analysis of the Flight Attendant Medical Research Insti-
tute Survey. Environ Health 2011; 10:81. PMID: 21943016

28. Allen JG, Sumner AL, Nishioka MG, Vallarino J, Turner DJ, Saltman HK, et al. Air concentrations of
PBDEs on in-flight airplanes and assessment of flight crew inhalation exposure. J Expo Sci Environ Epi-
demiol 2012; 23(4):337–342. doi: 10.1038/jes.2012.62 PMID: 22739680

29. Allen JG, Stapleton HM, Vallarino J, McNeely E, McClean MD, Harrad SJ, et al. Exposure to flame re-
tardant chemicals on commercial airplanes. Environ Health 2013; 12:17. doi: 10.1186/1476-069X-12-
17 PMID: 23413926

30. McNeely E, Gale S, Tager I, Kincl L, Bradley J, Coull B, et al. The self-reported health of U.S. flight at-
tendants compared to the general population. Environ Health 2014; 13:13. doi: 10.1186/1476-069X-13-
13 PMID: 24612632

31. Lindgren T, Norbäck D. Cabin air quality: indoor pollutants and climate during intercontinental flights
with and without tobacco smoking. Indoor Air 2002; 12:263–272. PMID: 12532758

32. Lindgren T, Norbäck D. Health and perception of cabin air quality among Swedish commercial airline
crew. Indoor Air 2005; 15:65–72. PMID: 15926946

33. Haugli L, Skogstad A, Hellesøy OH. Health, sleep, and mood perceptions reported by airline crews fly-
ing short and long hauls. Aviat Space Environ Med 1994; 65:27–34. PMID: 8117222

34. Nagda NL, Hodgson M. Low relative humidity and aircraft cabin air quality. Indoor Air 2001; 11:200–
214. PMID: 11521505

35. Reed D, Glaser S, Kaldor J. Ozone toxicity symptoms among flight attendants. Am J Ind Med 1980;
1:43–54. PMID: 7342754

36. Tashkin DP, Coulson AH, Simmons MS, Spivey GH. Respiratory symptoms of flight attendants during
high-altitude flight: Possible relation to cabin ozone exposure. Int Arch Occup Environ Health 1983;
52:117–137. PMID: 6629504

Ozone and Passenger Reported Symptoms in Aircraft

PLOS ONE | DOI:10.1371/journal.pone.0128454 May 26, 2015 16 / 18

http://www.ncbi.nlm.nih.gov/pubmed/16683936
http://dx.doi.org/10.1016/j.toxlet.2008.07.018
http://www.ncbi.nlm.nih.gov/pubmed/18723085
http://dx.doi.org/10.1016/j.toxlet.2012.11.008
http://www.ncbi.nlm.nih.gov/pubmed/23164675
http://www.ncbi.nlm.nih.gov/pubmed/15737487
http://dx.doi.org/10.1111/j.1600-0668.2008.00521.x
http://www.ncbi.nlm.nih.gov/pubmed/18333994
http://www.ncbi.nlm.nih.gov/pubmed/25580157
http://www.ncbi.nlm.nih.gov/pubmed/18589948
http://www.ncbi.nlm.nih.gov/pubmed/15330774
http://www.ncbi.nlm.nih.gov/pubmed/17565354
http://www.ncbi.nlm.nih.gov/pubmed/21943016
http://dx.doi.org/10.1038/jes.2012.62
http://www.ncbi.nlm.nih.gov/pubmed/22739680
http://dx.doi.org/10.1186/1476-069X-12-17
http://dx.doi.org/10.1186/1476-069X-12-17
http://www.ncbi.nlm.nih.gov/pubmed/23413926
http://dx.doi.org/10.1186/1476-069X-13-13
http://dx.doi.org/10.1186/1476-069X-13-13
http://www.ncbi.nlm.nih.gov/pubmed/24612632
http://www.ncbi.nlm.nih.gov/pubmed/12532758
http://www.ncbi.nlm.nih.gov/pubmed/15926946
http://www.ncbi.nlm.nih.gov/pubmed/8117222
http://www.ncbi.nlm.nih.gov/pubmed/11521505
http://www.ncbi.nlm.nih.gov/pubmed/7342754
http://www.ncbi.nlm.nih.gov/pubmed/6629504


37. Daubs J. Flight crew exposure to ozone concentrations affecting the visual system. Am J Optom Phy-
siol Opt 1980; 57(2):95–105. PMID: 7377286

38. ASTM. ASTM Standard D6245-98(2002): Standard guide for using indoor carbon dioxide concentra-
tions to evaluate indoor air quality and ventilation. American Society for Testingand Materials; 2002.

39. Foucher PY, Chedin A, Armante R, Boone C, Crevoisier C, Bernath P. Carbon dioxide atmospheric ver-
tical profiles retrieved from space observation using ACE-FTS solar occultation instrument. Atmos
Chem Phys 2011; 11:2455–2470.

40. Persily A. Evaluating building IAQ and ventilation with indoor carbon dioxide. ASHRAE Transactions
1997; 103(2):193–204.

41. Hosmer DW, Lemeshow S. Applied Logistic Regression. 2nd ed. Hoboken, NJ, USA: JohnWiley and
Sons, Inc; 2000.

42. Haghighat F, Allard F, Megri AC, Blondeau P, Shimotakahara R. Measurements of thermal comfort and
indoor air quality aboard 43 flights on commercial airlines. Indoor Built Environ 1999; 8:58–66.

43. Lee SC, Poon CS, Li XD, Luk F. Indoor air quality investigation on commercial aircraft. Indoor Air 1999;
9:180–187. PMID: 10439555

44. FAA. CFR (Code of Federal Regulations): 14CFR25.841: Title 14 (Vol.1)—Aeronautics and Space;
Part 25—Airworthiness Standards: Transport Category Airplanes; Section 841—Pressurized cabins.
Federal Aviation Administration, Department of Transportation; 2010.

45. Nagda NL, Koontz MD, Konheim AG, Hammond SK. Measurement of cabin air quality aboard commer-
cial airliners. Atmos Environ 1992; 26A:2203–2210.

46. Weisel C, Weschler CJ, Mohan K, Vallarino J, Spengler JD. Ozone and ozone byproducts in the cabins
of commercial aircraft. Environ Sci Technol 2013; 47:4711–4717. doi: 10.1021/es3046795 PMID:
23517299

47. Stohl A, Wernli H, James P, Bourqui M, Forster C, Liniger MA, et al. A new perspective of stratosphere–
troposphere exchange. Bull AmMeteorol Soc 2003; 84:1565–1573.

48. Holton JR, Haynes PH, McIntyre ME, Douglass AR, Rood RB, Pfister L. Stratosphere-troposphere ex-
change. Rev Geophys 1995; 33:403–439.

49. Giaconia C, Orioli A, Di Gangi A. Air quality and relative humidity in commercial aircrafts: An experimen-
tal investigation on short-haul domestic flights. Build Environ 2013; 67:69–81.

50. Ebbert JO, Croghan IT, Schroeder DR, Murawski J, Hurt RD. Association between respiratory tract dis-
eases and secondhand smoke exposure among never smoking flight attendants: a cross-sectional sur-
vey. Environ Health 2007; 6:28. PMID: 17897468

51. Lee SC, Poon CS, Li XD, Luk F, Chang M. Questionnaire Survey to Evaluate the Health and Comfort of
Cabin Crew. In: Nagda NL, editor. Air Quality and Comfort in Airliner Cabins, ASTM STP, 1393. West
Conshohocken, PA: American Society for Testing and Materials; 2000. pp. 259–268.

52. RankinWL, Space DR, Nagda NL. Passenger Comfort and the Effect of Air Quality. In: Nagda NL, edi-
tor. Air Quality and Comfort in Airliner Cabins, ASTM STP, 1393. West Conshohocken, PA: American
Society for Testing and Materials; 2000. pp. 269–285.

53. Weschler CJ. Ozone in indoor environments: Concentration and chemistry. Indoor Air 2000; 10
(4):269–288. PMID: 11089331

54. Weschler CJ. Roles of the human occupant in indoor chemistry. Indoor Air 2015, in press, doi: 10.1111/
ina.12185

55. Bennett G. Ozone contamination of high altitude aircraft cabins. Aerosp Med 1962; 33:969–73. PMID:
13867300

56. YoungWA, Shaw DB, Bates DV. Presence of ozone in aircraft flying at 35,000 feet. Aerosp Med 1962;
33:311–318. PMID: 14009383

57. van Heusden S, Mans LG. Alternating measurement of ambient and cabin ozone concentrations in
commercial jet aircraft. Aviat Space Environ Med 1978; 49(9):1056–1061. PMID: 697666

58. de Ree H, BagshawM, Simons R, Brown RA. Ozone and Relative Humidity on Polar Routes, Measure-
ments and Physical Symptoms. In: Nagda NL, editor. Air Quality and Comfort in Airliner Cabins, ASTM
STP, 1393. West Conshohocken, PA: American Society for Testing and Materials; 2000. pp. 243–
256.

59. Mendell MJ, Cozen M, Lei-Gomez Q, Brightman HS, Erdmann CA, Girman JR, et al. Indicators of mois-
ture and ventilation system contamination in U.S. office buildings as risk factors for respiratory and mu-
cous membrane symptoms: analyses of the EPA BASE data. J Occup Environ Hyg 2006; 3:225–233.
PMID: 16574606

60. Nagda NL, Koontz MD. Review of studies on flight attendant health and comfort in airliner cabins. Aviat
Space Environ Med 2003; 74(2):101–109. PMID: 12602440

Ozone and Passenger Reported Symptoms in Aircraft

PLOS ONE | DOI:10.1371/journal.pone.0128454 May 26, 2015 17 / 18

http://www.ncbi.nlm.nih.gov/pubmed/7377286
http://www.ncbi.nlm.nih.gov/pubmed/10439555
http://dx.doi.org/10.1021/es3046795
http://www.ncbi.nlm.nih.gov/pubmed/23517299
http://www.ncbi.nlm.nih.gov/pubmed/17897468
http://www.ncbi.nlm.nih.gov/pubmed/11089331
http://dx.doi.org/10.1111/ina.12185
http://dx.doi.org/10.1111/ina.12185
http://www.ncbi.nlm.nih.gov/pubmed/13867300
http://www.ncbi.nlm.nih.gov/pubmed/14009383
http://www.ncbi.nlm.nih.gov/pubmed/697666
http://www.ncbi.nlm.nih.gov/pubmed/16574606
http://www.ncbi.nlm.nih.gov/pubmed/12602440


61. Norbäck D, Lindgren T, Wieslander G. Changes in ocular and nasal signs and symptoms among air
crew in relation to air humidification on intercontinental flights. Scand JWork Environ Health 2006; 32
(2):138–144. PMID: 16680384

62. Grün G, Trimmel M, Holm A. Low humidity in the aircraft cabin environment and its impact on well-being
—Results from a laboratory study. Build Environ 2012; 47:23–31. doi: 10.1016/j.envint.2012.06.001
PMID: 22732214

63. Strøm-Tejsen P, Wyon DP, Lagercrantz L, Fang L. Passenger evaluation of the optimum balance be-
tween fresh air supply and humidity from 7-h exposures in a simulated aircraft cabin. Indoor Air 2007;
17:92–108. PMID: 17391232

64. Apte MG, Fisk WJ, Daisey JM. Associations between indoor CO2 concentrations and sick building syn-
drome symptoms in U.S. office buildings: an analysis of the 1994–1996 BASE study data. Indoor Air
2000; 10:246–257. PMID: 11089329

65. Sundell J, Levin H, Nazaroff WW, Cain WS, Fisk WJ, Grimsrud DT, et al. Ventilation rates and health:
multidisciplinary review of the scientific literature. Indoor Air 2011; 21:191–204. doi: 10.1111/j.1600-
0668.2010.00703.x PMID: 21204989

66. Wahlstedt K, Lindgren T, Norbäck D, Wieslander G, Runeson R. Psychosocial work environment and
medical symptoms among Swedish commercial airline cabin crew. Am J Ind Med 2010; 53:716–723.
doi: 10.1002/ajim.20822 PMID: 20306495

67. Lindgren T, Andersson K, Dammström B-G, Norbäck D. Ocular, nasal, dermal and general symptoms
among commercial airline crews. Int Arch Occup Environ Health 2002; 75:475–483. PMID: 12172894

68. Morawska L, Afshari A, Bae GN, BuonannoG, Chao CYH, Hanninen O, et al. Indoor aerosols: from per-
sonal exposure to risk assessment. Indoor Air 2013; 23:462–487. doi: 10.1111/ina.12044 PMID:
23574389

69. Bekö G, Weschler CJ, Wierzbicka A, Karottki DG, Toftum J, Loft S, et al. Ultrafine particles: Exposure
and source apportionment in 56 Danish homes. Environ Sci Technol 2013; 47:10240–10248. doi: 10.
1021/es402429h PMID: 23957328

70. Pui DYH, Qi C, Stanley N, Oberdorster G, Maynard A. Recirculating air filtration significantly reduces
exposure to airborne nanoparticles. Environ Health Perspect 2008; 116:863–866. doi: 10.1289/ehp.
11169 PMID: 18629306

71. Wang C, Waring M. Secondary organic aerosol formation initiated from reactions between ozone and
surface-sorbed squalene. Atmos Environ 2014; 84:222–229.

72. Rai AC, Guo B, Lin C-H, Zhang J, Pei J, Chen QY. Ozone reaction with clothing and its initiated particle
generation in an environmental chamber. Atmos Environ 2013; 77:885–892.

73. Weschler CJ, Shields HC. Indoor ozone/terpene reactions as a source of indoor particles. Atmos Envi-
ron 1999; 33(15):2301–2312.

74. Weschler CJ. Indoor chemistry as a source of particles. In: Morawska L, Salthammer T, editors. Indoor
Environment: Airborne Particles and Settled Dust. Weinheim: Wiley-VCH; 2003. pp. 171–194.

75. Poppendieck D, Hubbard H, Ward M, Weschler CJ, Corsi CL. Ozone reactions with indoor materials
during building disinfection. Atmos Environ 2007; 41:3166–3176.

76. Fadeyi MO, Weschler CJ, Tham KW,WuWY, Sultan ZM. Impact of human presence on secondary or-
ganic aerosols derived from ozone-initiated chemistry in a simulated office environment. Environ Sci
Technol 2013; 47:3933–3941. doi: 10.1021/es3050828 PMID: 23488675

77. Wisthaler A, Weschler CJ. Reactions of ozone with human skin lipids: sources of carbonyls, dicarbo-
nyls, and hydroxycarbonyls in indoor air. Proc Natl Acad Sci USA 2010; 107:6568–6575. doi: 10.1073/
pnas.0904498106 PMID: 19706436

78. Veres PR, Faber P, Drewnick F, Lelieveld J, Williams J. Anthropogenic sources of VOC in a football sta-
dium: Assessing human emissions in the atmosphere. Atmos Environ 2013; 77:1052–1059.

79. Wisthaler A, Tamas G, Wyon DP, Strom-Tejsen P, Space D, Beauchamp J, et al. Products of ozone-ini-
tiated chemistry in a simulated aircraft environment. Environ Sci Technol 2005; 39:4823–4832. PMID:
16053080

80. Coleman BK, Destaillats H, Hodgson AT, Nazaroff WW. Ozone consumption and volatile byproduct for-
mation from surface reactions with aircraft cabin materials and clothing fabrics. Atmos Environ 2008; 42
(4):642–654.

81. Weschler CJ, Wisthaler A, Cowlin S, Tamas G, Strom-Tejsen P, Hodgson AT, et al. Ozone-initiated
chemistry in an occupied simulated aircraft cabin. Environ Sci Technol 2007; 41(17):6177–6184. PMID:
17937299

82. Anderson SE, Franko J, Jackson LG, Wells JR, Ham JE, Meade BJ. Irritancy and allergic responses in-
duced by exposure to the indoor air chemical 4-oxopentanal. Toxicol Sci 2012; 127(2):371–381. doi:
10.1093/toxsci/kfs102 PMID: 22403157

Ozone and Passenger Reported Symptoms in Aircraft

PLOS ONE | DOI:10.1371/journal.pone.0128454 May 26, 2015 18 / 18

http://www.ncbi.nlm.nih.gov/pubmed/16680384
http://dx.doi.org/10.1016/j.envint.2012.06.001
http://www.ncbi.nlm.nih.gov/pubmed/22732214
http://www.ncbi.nlm.nih.gov/pubmed/17391232
http://www.ncbi.nlm.nih.gov/pubmed/11089329
http://dx.doi.org/10.1111/j.1600-0668.2010.00703.x
http://dx.doi.org/10.1111/j.1600-0668.2010.00703.x
http://www.ncbi.nlm.nih.gov/pubmed/21204989
http://dx.doi.org/10.1002/ajim.20822
http://www.ncbi.nlm.nih.gov/pubmed/20306495
http://www.ncbi.nlm.nih.gov/pubmed/12172894
http://dx.doi.org/10.1111/ina.12044
http://www.ncbi.nlm.nih.gov/pubmed/23574389
http://dx.doi.org/10.1021/es402429h
http://dx.doi.org/10.1021/es402429h
http://www.ncbi.nlm.nih.gov/pubmed/23957328
http://dx.doi.org/10.1289/ehp.11169
http://dx.doi.org/10.1289/ehp.11169
http://www.ncbi.nlm.nih.gov/pubmed/18629306
http://dx.doi.org/10.1021/es3050828
http://www.ncbi.nlm.nih.gov/pubmed/23488675
http://dx.doi.org/10.1073/pnas.0904498106
http://dx.doi.org/10.1073/pnas.0904498106
http://www.ncbi.nlm.nih.gov/pubmed/19706436
http://www.ncbi.nlm.nih.gov/pubmed/16053080
http://www.ncbi.nlm.nih.gov/pubmed/17937299
http://dx.doi.org/10.1093/toxsci/kfs102
http://www.ncbi.nlm.nih.gov/pubmed/22403157

