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Abstract

Background: Few studies have considered aircraft noise annoyance and noise sensitivity in analyses of the health
effects of aircraft noise, especially in relation to medication use. This study aims to investigate the moderating and
mediating role of these two factors in the relationship between aircraft noise levels and medication use among
5860 residents of ten European airports included in the HYENA and DEBATS studies.

Methods: Information on aircraft noise annoyance, noise sensitivity, medication use, and demographic, socio-
economic and lifestyle factors was collected during a face-to-face interview at home. Medication was coded
according to the Anatomical Therapeutic Chemical (ATC) classification. Outdoor aircraft noise exposure was
estimated by linking the participant’s home address to noise contours using Geographical Information Systems (GIS)
methods. Logistic regressions with adjustment for potential confounding factors were used. In addition, Baron and
Kenny’s recommendations were followed to investigate the moderating and mediating effects of aircraft noise
annoyance and noise sensitivity.
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Results: A significant association was found between aircraft noise levels at night and antihypertensive medication
only in the UK (OR = 1.43, 95%CI 1.19–1.73 for a 10 dB(A)-increase in Lnight). No association was found with other
medications. Aircraft noise annoyance was significantly associated with the use of antihypertensive medication
(OR = 1.33, 95%CI 1.14–1.56), anxiolytics (OR = 1.48, 95%CI 1.08–2.05), hypnotics and sedatives (OR = 1.60, 95%CI
1.07–2.39), and antasthmatics (OR = 1.44, 95%CI 1.07–1.96), with no difference between countries. Noise sensitivity
was significantly associated with almost all medications, with the exception of the use of antasthmatics, showing an
increase in ORs with the level of noise sensitivity, with differences in ORs among countries only for the use of
antihypertensive medication. The results also suggested a mediating role of aircraft noise annoyance and a
modifying role of both aircraft noise annoyance and noise sensitivity in the association between aircraft noise levels
and medication use.

Conclusions: The present study is consistent with the results of the small number of studies available to date
suggesting that both aircraft noise annoyance and noise sensitivity should be taken into account in analyses of the
health effects of exposure to aircraft noise.

Keywords: Aircraft noise exposure, Aircraft noise annoyance, Noise sensitivity, Medication use

Introduction
Over the years, many studies have shown that exposure
to aircraft noise has adverse effects on the health of
people living near airports: annoyance [1], sleep disturb-
ance [2, 3], cardiovascular disease including hyperten-
sion [4–7], altered cognitive performance in children [8,
9], and disruption in hormonal rhythm [10–12]. Psycho-
logical disorders could also be considered as possible
negative effects of aircraft noise exposure, but the role of
aircraft noise annoyance and noise sensitivity in this re-
lationship remains unclear [13].
Medication use has been shown to be a more objective

and reliable measure of health outcomes than health
measures based on self-reported symptoms alone [14,
15]. A review of the literature has indicated that when
medication use is available, it should be considered a
feasible (and perhaps preferable) indicator of environ-
mental health [16]. A small number of studies have fo-
cused on the relationship between aircraft noise levels
and medication use by airport residents, suggesting an
association with the use of antihypertensive medication,
and possibly psychotropic drugs or sleep medication
[17–20].
Noise has been found to activate the sympathetic

and endocrine system, which defines it as a psycho-
social stressor. Babisch introduced a noise response
model [21–23] indicating that the mechanism of noise
effects would involve a direct pathway through synap-
tic interactions and an indirect pathway through cog-
nitive perception of sound, including annoyance and
noise sensitivity. Both pathways involve sleep disturb-
ance that can lead to physiological stress reactions,
resulting in adverse effects such as cardiovascular dis-
ease (hypertension in particular), and psychological
disorders that could have negative consequences on
cardiovascular function [24].

The very large number of studies that have investi-
gated the association between noise exposure and noise
annoyance showed that aircraft noise is, for a given level
of noise exposure, the most annoying of all transporta-
tion noise sources [25, 26]. Significant associations be-
tween aircraft noise annoyance and psychological
distress or deterioration of mental health [13, 27–30]
and of general health (based on self-reported symptoms)
[31, 32], have been observed. The association between
aircraft noise annoyance and medication use has been
investigated in only a few studies, suggesting that the
use of antihypertensives, anxiolytics or hypnotics, and
psychotropic drugs increased significantly with increas-
ing aircraft noise annoyance [17, 33]. The coexistence of
the two associations, between noise levels and annoy-
ance due to noise on the one hand, and between annoy-
ance due to noise and health effects on the other hand,
could suggest a mediating role played by noise annoy-
ance in the relationship between noise levels and adverse
health effects. This role has been assumed in particular
in studies on psychological disorders or mental health
[27, 34, 35]. In addition, it has been stated that aircraft
noise annoyance may have a modifying role in the rela-
tionship between aircraft noise levels and hypertension
risk [36–38]: this association would be higher in highly
annoyed participants.
The association between noise sensitivity and adverse

effects of noise has also been little studied, but the find-
ings are consistent: noise sensitivity has been found to
be associated with increased blood pressure [39], health
complaints (including cardiac complaints) [31, 40, 41],
hypertension, psychological distress [40] and the use of
psychotropic drugs (sleeping pills, tranquilizers and anal-
gesics) [42, 43]. In addition, some studies have found
stronger associations between noise exposure and some
adverse health effects in highly sensitive individuals: a
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modifying effect of noise sensitivity has been suggested
in the association between aircraft noise levels and anx-
iety and nervous complaints [31], psychological disorders
[44, 45], heart rate [46], hypertension [38] and self-
reported physical health problems [29, 31, 47].
While aircraft noise annoyance and noise sensitivity

have been shown to affect the associations between air-
craft noise exposure and different health effects, their
role in the relationship between aircraft noise levels and
medication use has never been investigated and there-
fore deserves further research.
In this study, the larger number of participants ob-

tained by pooling data from two major European studies
on aircraft noise and health that used similar method-
ology, HYENA (HYpertension and Exposure to Noise
near Airports) and DEBATS (Discussion on the health
effects of aircraft noise) provided additional power to ex-
plore interactions and offered for the first time the op-
portunity to investigate the impact of aircraft noise
annoyance and noise sensitivity on medication use, and
their modifying and mediating role on the relationship
between aircraft noise levels and medication use in such
a large study population. For this purpose, the
same methodology as that followed in the article by Bau-
din and colleagues on the risk of hypertension was used
[38].

Methods
Study population
The HYENA cross-sectional study was conducted be-
tween 2004 and 2006 and included 4861 participants
(2404 men and 2457 women) aged 45–70 at the time of
the interview and living near some of Europe’s busiest
airports: London Heathrow (United Kingdom), Berlin
Tegel (Germany), Amsterdam Schiphol (the
Netherlands), City Airport Bromma and Stockholm
Arlanda (Sweden), Milan Malpensa (Italy), and Athens
Elephterios Venizelos (Greece) airports [48]. Registration
offices, electoral rolls, and health services were used to
randomly select participants.
The DEBATS cross-sectional study was conducted in

2013 and included 1244 participants (549 men and 695
women) older than 18 years of age at the time of the
interview and living near some of France’s and Europe’s
busiest airports: Paris-Charles de Gaulle, Lyon-Saint-
Exupéry, and Toulouse-Blagnac [5]. A phone directory
with addresses in the study area was used to randomly
select participants.
Both HYENA and DEBATS participants signed and

returned an informed consent to participate in the
study.
In both studies, a face-to-face questionnaire was used

to collect demographic and socio-economic characteris-
tics; smoking habits, alcohol consumption, physical

activity and other lifestyle factors; personal medical his-
tory and medication use; sleep disturbance, noise annoy-
ance, and noise sensitivity (see supplementary files
‘HYENA Questionnaire.doc’ and ‘DEBATS Question-
naire.doc’). In addition, blood pressure (BP) and an-
thropometric measurements (weight and height) were
taken.

Aircraft noise exposure assessment
For all countries, except the UK where the national Air-
craft Noise Contour Model (ANCON v 2) was used [49],
the “Integrated Noise Model” (INM) was used to esti-
mate outdoor aircraft noise levels in intervals of 1 dB(A)
at the place of residence of the participants in front of
the buildings [50]. The home address of each participant
was linked to the noise contours using Geographical In-
formation Systems (GIS) methods. For the statistical
analyses in this study, we focused on aircraft noise levels
during the night and used the Lnight indicator defined as
the weighted average of sound levels during the night
(22:00 to 6:00 or 23:00 to 7:00) [51].

Annoyance due to aircraft noise
ISO/ICBEN (International Commission on the Biological
Effects of Noise) recommends using the following ques-
tion in community studies to assess aircraft noise annoy-
ance [52]: “Thinking about the last 12 months, when
you are here at home, how much does aircraft noise
bother, disturb or annoy you?”. HYENA and DEBATS
both followed this recommandation.
HYENA then used the standard numeric scale for

night and daytime annoyance separately (range 0–10).
The participants included in the present study were con-
sidered to be highly annoyed when their average score
between night and day was ≥8. In the sensitivity ana-
lyses, they were considered highly annoyed when their
highest score between night and day was ≥8.
DEBATS used the standard verbal scale with five pos-

sible responses, namely extremely, very, moderately,
slightly or not at all. The participants included in the
present study were considered highly annoyed when they
answered extremely or very.
The standardized definition of “highly annoyed

people”, using either the numeric or verbal scale, has
been recommended by ICBEN to make the scales com-
parable and has been adopted by a large majority of
studies dealing with noise annoyance. Therefore, in this
study, the dichotomization and harmonization between
the two annoyance scales was carried out in accordance
with these recommendations [53].

Noise sensitivity
HYENA used the short-form of the Weinstein scale in
10 items to assess noise sensitivity [54]. Participants
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were expected to indicate their degree of agreement
(from 1 to 6) with different noise statements and were
then assigned an overall score based on the 10 items.
DEBATS used the following five-point question to as-

sess noise sensitivity: “Regarding noise in general, com-
pared to people around you, do you think that you are:
much less sensitive than, less sensitive than, as sensitive
as, a little more sensitive than or more sensitive than
people around you?”
Then a common variable was derived for the pooled

analyses. The score corresponding to the only direct
item on noise sensitivity in HYENA was matched to the
different response modalities in DEBATS in order to
create a variable with three categories: “low noise sensi-
tive” which includes HYENA scores 1 and 2 as well as
the categories “much less sensitive” and “less sensitive”
in DEBATS; “medium noise sensitive” which includes
HYENA scores 3 and 4 and the category “as sensitive” in
DEBATS; and “high noise sensitive” which includes
HYENA scores 5 and 6 together with the categories “a
little more sensitive” and “ much more sensitive” in
DEBATS.

Medication use
During the interview, participants were invited to report
all prescribed and non-prescribed medications used in
the last 2 weeks (HYENA) and the last 12 months
(DEBATS) prior to the interview. Each medication was
coded according to the Anatomical Therapeutic Chem-
ical Classification System (ATC) [55] proposed by the
World Health Organization (WHO). Based on this clas-
sification, seven dichotomized variables corresponding
to the following groups of medications were defined and
analysed separately:

– Antihypertensives (ATC codes C02A, C02C, C02D,
C02N, C03A, C03B, C03C, C03E, C07, C08, C09A,
C09B, C09C, C09D);

– Antacids (ATC codes A02);
– Anxiolytics (ATC codes N05B);
– Hypnotic and sedatives drugs (ATC codes N05C);
– Anxiolytics, and hypnotic and sedative drugs (ATC

codes N05B, N05C). Anxiolytics, and hypnotics and
sedatives were combined into one group because
anxiolytics can be prescribed in the short term at
higher doses to produce hypnotic effects;

– Antidepressants (ATC codes N06A);
– Antasthmatics (ATC codes R03).

Statistical analysis
Logistic regression models were used with medication
groups as outcome variables, and aircraft noise levels
(M0 model), aircraft noise annoyance (M1 model), or

noise sensitivity (M2 model) as exposure variables, and
potential confounders as covariates.
The main potential confounding factors were obtained

during the face-to-face interview and introduced a priori
in the models: gender, age, body mass index (BMI), alco-
hol consumption, smoking habits, physical activity, edu-
cation level, and country. In addition, an interaction
term between country and each of the three factors of
interest (aircraft noise levels, aircraft noise annoyance
and noise sensitivity) was included in M0, M1 and M2
models in order to take into account cultural differences
that may moderate noise exposure, noise annoyance or
noise sensitivity [56]. Models where the interaction was
not statistically significant were not presented.
The mediating or modifying role of aircraft noise an-

noyance and noise sensitivity has been studied according
to the recommendations of Baron and Kenny [57].
Model results including aircraft noise levels (M0 model),
aircraft noise annoyance (M1 model), or noise sensitivity
(M2 model), and aircraft noise levels and aircraft noise
annoyance (M3 model) or aircraft noise levels and noise
sensitivity (M4 model), as well as potential confounders
as covariates, were compared to evaluate a possible me-
diating effect of aircraft noise annoyance or of noise sen-
sitivity. To assess the possible modifying effects of
aircraft noise annoyance or of noise sensitivity, an inter-
action term between aircraft noise levels at night (Lnight)
and aircraft noise annoyance (M5 model), and between
aircraft noise exposure at night (Lnight) and noise sensi-
tivity (M6 model) was included in the M0 model.
Sensitivity analyses were performed with another com-

mon variable in three categories for sensitivity to noise:
“low noise sensitive” which includes the first tertile of
the country-standardized mean of the overall Weinstein
scale score used for HYENA participants as well as the
“much less sensitive” and “less sensitive” categories in
DEBATS; “medium noise sensitive” which includes the
second above-mentioned tertile for HYENA participants
and the category “as sensitive” in DEBATS; and “high
noise sensitive” which includes the third tertile for
HYENA participants together with the categories “a little
more sensitive” and “ much more sensitive” in DEBATS.
The logistic procedure of SAS software V. 9.4 (SAS In-

stitute, Cary NC) was used for all statistical analyses. Ad-
justed odds-ratios (ORs) and their 95% confidence
intervals (CIs) are reported.

Results
Statistical analyses covered 5867 participants, with com-
pleted information for all the confounding factors in-
cluded in the models (Fig. 1). Participation rates varied
by country, ranging from approximately 30% in France,
Germany, Italy, and the UK to 46% in the Netherlands,
56% in Greece, and 78% in Sweden.
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Overall, 25% of the participants used antihypertensive
medication: this varied from 16% in France to 33% in
Germany. Prevalence for the other medication groups
ranged from 3 to 9%, with significant differences be-
tween countries. Almost 20% of participants reported
being highly annoyed by aircraft noise, from 10% in
Sweden to 43% in Greece. Approximately 35% of the
participants reported low sensitivity to noise, 32%
medium sensitivity and 33% high sensitivity. Participants
from Sweden were the least sensitive to noise, while Ital-
ian participants were the most sensitive to noise
(Table 1).
The distribution of the participants was significantly

different according to aircraft noise levels for antacid
use, age, education, physical activity, alcohol consump-
tion and smoking habits. The distribution of the partici-
pants was also different between highly annoyed and not
highly annoyed participants for the use of antihyperten-
sive/anxiolytic/anxiolytic, hypnotic and sedative/antasth-
matic medication, age, education level, alcohol
consumption and smoking habits. Finally, the distribu-
tion of the participants differed by noise sensitivity cat-
egories for almost all medication use (except antacids
and antasthmatics), gender, age, education, BMI, phys-
ical activity, alcohol consumption, and smoking habits
(Table 2).

A 10 dB(A)-increase in night-time exposure to aircraft
noise was significantly associated with increased use of
antihypertensive medication (OR = 1.10, 95%CI 1.01–
1.18) (Table 3, M0 model). However, a significant inter-
action was found for antihypertensive medication use
between aircraft noise levels at night (Lnight) and country
(Fig. 2, M0 model): the association was positively signifi-
cant in the UK (OR = 1.43, 95%CI 1.19–1.73 for a 10
dB(A)-increase in Lnight), and negatively significant in
Italy (OR = 0.71, 95%CI 0.53–0.96 for a 10 dB(A)-in-
crease in Lnight). No association was found with other
medications.
Aircraft noise annoyance was significantly associated

with the use of antihypertensive medication (OR = 1.33,
95%CI 1.14–1.56), anxiolytics (OR = 1.48, 95%CI 1.08–
2.05), hypnotics and sedatives (OR = 1.60, 95%CI 1.07–
2.39) and antasthmatics (OR = 1.44, 95%CI 1.07–1.96)
(Table 3, M1 model), with no difference between
countries.
Noise sensitivity was significantly associated with al-

most all medications, with the exception of the use of
antasthmatics, showing an increase in ORs with the level
of noise sensitivity (Table 3, M2 model). There were,
however, differences between countries in the use of an-
tihypertensive medication, as shown by the significant
interaction between noise sensitivity and country. ORs

Table 1 Prevalence of medication use and factors of interest by country

UK
N* = 585
(288/297)

GE
N* = 969
(502/467)

NL
N* = 871
(445/426)

SW
N* = 991
(481/510)

GR
N* = 618
(337/281)

IT
N* = 612
(284/328)

FR
N* = 1221
(683/538)

Overall
N* = 5867
(3020/2847)

p

Antihypertensive
medication a

181 (30.9) 315 (32.5) 199 (22.8) 221 (22.3) 188 (30.4) 180 (29.4) 195 (16.0) 1479 (25.2) < 0.01

Antacids a 62 (10.6) 78 (8.0) 83 (9.5) 38 (3.8) 29 (4.7) 35 (5.7) 68 (5.6) 393 (6.7) < 0.01

Anxiolytics a 6 (1.0) 5 (0.5) 42 (4.8) 11 (1.1) 26 (4.2) 55 (9.0) 75 (6.1) 220 (3.8) < 0.01

Hypnotics a 13 (2.2) 10 (1.0) 31 (3.6) 30 (3.0) 1 (0.2) 12 (2.0) 48 (3.9) 145 (2.5) < 0.01

Anxiolytics, hypnotics
and sedatives a

19 (3.2) 14 (1.4) 70 (8.0) 37 (3.7) 27 (4.4) 64 (10.5) 114 (9.3) 345 (5.9) < 0.01

Antidepressants a 38 (6.5) 29 (3.0) 48 (5.5) 53 (5.3) 7 (1.1) 18 (2.9) 44 (3.6) 237 (4.0) < 0.01

Antasthmatics a 50 (8.5) 43 (4.4) 44 (5.1) 50 (5.0) 19 (3.1) 10 (1.6) 42 (3.4) 258 (4.4) < 0.01

Aircraft noise levels
(Lnight)

b
49.3 (10.5) 40.2 (10.0) 42.2 (8.9) 39.5 (7.9) 41.7 (4.6) 35.4 (6.4) 45.1 (6.4) 42.0 (8.9) < 0.01

Aircraft noise annoyance a < 0.01

Not highly annoyed 394 (67.4) 816 (84.2) 774 (88.9) 893 (90.1) 349 (56.7) 475 (77.6) 999 (81.8) 4700 (80.1)

Highly annoyed 191 (32.6) 153 (15.8) 97 (11.1) 98 (9.9) 267 (43.3) 137 (22.4) 222 (18.2) 1165 (19.9)

Noise sensitivity a < 0.01

Low 132 (22.8) 389 (40.2) 360 (41.4) 516 (52.1) 209 (33.9) 199 (32.6) 270 (22.3) 2075 (35.5)

Medium 192 (33.2) 282 (29.1) 290 (33.3) 222 (22.4) 162 (26.3) 130 (21.3) 582 (48.0) 1860 (31.8)

High 255 (44.0) 297 (30.7) 220 (25.3) 253 (25.5) 245 (39.8) 282 (46.2) 361 (29.8) 1913 (32.7)

(UK United Kingdom; GE Germany; NL The Netherlands; SW Sweden; GR Greece; IT Italy; FR France)
*Number of participants (men/women)
a N (%)
b mean (± SD)
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were non-significant and close to 1 for the Netherlands,
Sweden, Greece and Italy, but significantly greater than
1 for Germany, France and the UK, where the associ-
ation was the strongest (OR = 1.74, 95%CI 0.99–3.07,
and OR = 3.24, 95%CI 1.91–5.52 for medium and high
sensitivity respectively, both compared to low sensitivity)
(Fig. 3, M2 model).
The OR between aircraft noise levels and antihyper-

tensive medication became slightly lower and non-
significant in the M3 model including aircraft noise
annoyance (Table 3, M3 model), compared to the M0
model (Table 3, M0 model). It remained similar in
the M4 model including noise sensitivity (Table 3,
M4 model) and in the M0 model (Table 3, M0
model).
The OR between aircraft noise levels and antihyper-

tensive medication was significantly higher in the highly
annoyed participants (OR = 1.27, 95%CI 1.06–1.53 for a
10-dB(A) increase in Lnight) than in those who were not
highly annoyed (OR = 1.03, 95%CI 0.94–1.12) (p of the
interaction term = 0.03). Although this interaction was
not significant for other medications, the same trend
was observed with higher ORs for a 10-dB(A) increase in
Lnight in the highly annoyed participants compared to
those who were not highly annoyed (Table 4, M5
model).
The association between aircraft noise levels at night

and the use of antihypertensive medication was also
found to increase with the noise sensitivity level of the
participants (OR = 0.94, 95%CI 0.83–1.06; OR = 1.03,
95%CI 0.90–1.18; OR = 1.37, 95%CI 1.21–1.56, with a
10-dB(A) increase in Lnight in individuals with low,
medium, and high sensitivity respectively; p of the inter-
action term < 0.01) (Table 4, M6 model).

Similar results were obtained using Weinstein tertiles
for HYENA participants to define the common noise
sensitivity variable.

Discussion
Combining HYENA and DEBATS datasets allowed this
study to obtain such a large population, and therefore a
higher statistical power than any other study, to evaluate
the extent to which the association between aircraft
noise levels and medication use can be mediated and/or
modified by aircraft noise annoyance or noise sensitivity.
Although only a few studies in the literature addressed

this issue, their results are similar to those in this study.
Associations between aircraft noise exposure and medi-
cation use have been found between aircraft noise levels
and the use of antihypertensive or cardiac medication,
hypnotics and sedatives, or anxiolytics [17–20], but not
with psychotropic medication [33]. In the HYENA study,
Floud et al. showed a significant association between air-
craft noise levels and the use of antihypertensive medica-
tion in the UK only (OR = 1.34, 95%CI 1.14–1.57 for a
10-dB(A) increase in Lnight), as well as an association be-
tween aircraft noise levels and the use of anxiolytics,
without any differences between countries [17]. The
present pooled analysis of the HYENA and DEBATS
datasets confirmed the association between aircraft noise
levels at night and the use of antihypertensive medica-
tion in the UK only (OR = 1.43, 95%CI 1.19–1.73 for a
10-dB(A) increase in Lnight), but failed to report an asso-
ciation for the use of anxiolytics. However, Floud et al.
used a multilevel logistic regression model with a hier-
archical structure to model possible differences between
countries in prescribing, whereas we used a logistic re-
gression model including country as a confounding

Fig. 1 Study population
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factor and then including an interaction term between
country and factors of interest. In the present study,
multilevel logistic regression models were also fitted and
their Akaike information criterions (AICs) were com-
pared. For all medications, the comparison of AICs led
to prefer classical logistic regression models including
country as a confounding factor or an interaction term
between country and factors of interest. Moreover, the
estimates of ORs and p-values were very close for multi-
level and classical logistic regression models.

When a significant association was found between air-
craft noise annoyance and several medication uses (anti-
hypertensives, anxiolytics, hypnotics, antasthmatics), the
results are partly consistent with those of the few studies
carried out on the subject. Watkins et al. found that the
use of non-prescribed medication and the use of psycho-
tropic drugs was significantly higher among highly
annoyed participants than among less annoyed partici-
pants near London-Heathrow airport [33]. Significant
prevalence risk ratios have been reported for the use of

Fig. 2 Odds ratios (OR) for the use of antihypertensive medication in relation to aircraft noise levels at night (M0 model including the interaction
between aircraft noise levels and country)

Fig. 3 Odds ratios (OR) for the use of antihypertensive medication in relation to noise sensitivity (M2 model including the interaction between
noise sensitivity and country)
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antihypertensive medication in relation to aircraft noise
annoyance around Stockholm Arlanda Airport [58].
Floud et al. found, in the HYENA study, significant asso-
ciations between aircraft noise annoyance and the use of
antihypertensive medication, anxiolytics, and anxiolytics
combined with hypnotics [17]. While to date there is lit-
tle evidence of a direct association between noise expos-
ure and asthma [59–61], in contrast to Floud et al., a
significant association was observed between aircraft
noise annoyance and the use of anti-asthmatics. How-
ever, this latter study adjusted aircraft noise levels for
road levels, whereas we did not because these two noise
levels were highly correlated.
The present results are also partly consistent with those

of the few previous studies showing an increased gradient
in the use of antihypertensive, anxiolytic-hypnotic-sedative
and antidepressant medications with higher levels of noise
sensitivity. However, the various studies were conducted
in different contexts, with different settings and included
participants exposed to different noise sources (not just
aircraft noise). Clearly, this may affect the associations be-
tween noise sensitivity and health outcomes. The gradient
in the use of antihypertensive medication did not hold for
all countries but only for the UK, Germany and France. In
the literature, increased noise sensitivity has been associ-
ated with increased blood pressure [39], health complaints
(including cardiac complaints) [31, 40], hypertension [42],
psychological distress [40] and the use of psychotropic
drugs (sleeping pills, tranquilizers and pain relievers) [43].
The gradient observed for the use of antihypertensive
medication with higher levels of noise sensitivity in the
UK echoes the association found between aircraft noise
levels and the use of antihypertensive medication in the
pooled analyses of the HYENA and DEBATS studies [38].
Noise sensitivity has been shown to be related to psycho-
logical disorders [40] - this being relevant to the associ-
ation with medication.
When both aircraft noise annoyance and aircraft noise

levels at night (Lnight) were included in the M0 model
(M4 model), the associations between aircraft noise
levels and the use of antihypertensives became lower
and non-significant. This suggests a possible mediating
effect of aircraft noise annoyance in the relationship be-
tween aircraft noise levels and the use of antihyperten-
sives. Aircraft noise annoyance has been previously
reported as a possible mediator or intermediate factor
between aircraft noise exposure and mental health, but
has never been reported for other health outcomes or
physiological factors [27, 34, 35].
When both noise sensitivity and aircraft noise levels at

night (Lnight) were included in the M0 model (M5 model),
the results remained very similar, suggesting that noise
sensitivity cannot be considered as a mediator in the rela-
tionship between noise levels and medication use.

However, more studies are needed to conclude as there
are no other studies in the literature on the role for noise
sensitivity.
This study found significant interactions between air-

craft noise annoyance and aircraft noise at night (Lnight),
and between noise sensitivity and aircraft noise at night
(Lnight) for the use of antihypertensives. This suggests a
modifying effect of aircraft noise annoyance and noise
sensitivity in the relationship between aircraft noise
levels and the use of antihypertensive medication. Air-
craft noise annoyance has already been shown to modify
the relationship between aircraft noise levels and the risk
of hypertension [36–38], while noise sensitivity has
already been found to modify the associations between
aircraft noise levels and somatic symptoms [44], general
health [34], and psychological disorders [45].
The low response rate in most of the countries partici-

pating in the present study could be a possible source of
selection bias. However, non-response to the survey was
random, with only minor differences between the demo-
graphic and socioeconomic characteristics of respon-
dents and non-respondents [5, 7].
Some of the associations observed in this study between

aircraft noise annoyance and medication use or between
noise sensitivity and medication use could be the result of
reporting bias. Indeed participants taking medication may
over-report noise annoyance or noise sensitivity because
they attribute their health problems to external factors
[62]. Aircraft noise annoyance has been found to be asso-
ciated with the use of antasthmatic medication, and noise
sensitivity has been found to be associated with the use of
antidepressants, while no association was found with noise
levels for these medications. It is possible that participants,
who are in poor health and being treated for health prob-
lems, may be more vulnerable to environmental stressors
or may be unable to leave their homes to avoid noise ex-
posure, which could result in higher noise annoyance or
noise sensitivity [33].
Recall bias may also occur due to the difference in recall

time for previous medications between the two studies: 2
weeks in the HYENA study vs. 12months in the DEBATS
study. Nevertheless, when participants are asked to report
medications they have taken in the past 12months, it can
be assumed that due to recall bias, they respond for a
shorter and more recent period. Furthermore, this differ-
ence in recall would not affect chronic conditions, which
require regular use of medications such as hypertension. It
would however affect more occasional use of medication
and conditions, which are presumably more prone to for-
getfulness. Although low prevalence for some ATC-
groups medication has been reported in some countries,
resulting in a lack of statistical power in statistical ana-
lyses, pooled analyses can address this problem, while tak-
ing into account this difference in collection.
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The prevalence of medication use was different in the
participating countries (Table 1). Prescribing and access to
medicines are known to differ between European coun-
tries, both in terms of quantity and category of medicines
[63], and in terms of co-payment due to differences be-
tween European health systems [64]. To account for dif-
ferences in prevalence between countries, we used models
including the country as a confounding factor and then in-
cluding a term for the interaction between country and
aircraft noise annoyance or between country and noise
sensitivity. This interaction was significant when investi-
gating aircraft noise levels at night or noise sensitivity in
relation to the use of antihypertensive medication only.
The difference in the prevalence of hypertension between
the two studies, which may be related to a difference in
the recruitment of the study population, may explained
this result (individuals were aged 45–70 years in the
HYENA study, while participants in the DEBATS study
were aged 18–90). Separated analyses of the HYENA and
DEBATS datasets were also conducted to disentangle the
limitations related to the few differences in setting and as-
sessments in the two studies, but the results remained
similar (see supplementary Tables S1-S4.docx).
The cross-sectional design of this study does not allow

us to determine the direction of the associations observed
in this paper. Individuals who are highly annoyed or highly
sensitive to noise may be more likely to use medication,
but it is also possible that individuals in poor health may
be more likely to be annoyed or sensitive to noise and
then may be more likely to attribute their symptoms to
noise [62]. However, the methodology adopted for this
study did not enable this question to be answered and it
will need to be addressed in future studies.

Conclusion
This study was the first to investigate the role of annoy-
ance due to aircraft noise and of sensitivity to noise in the
association between aircraft noise exposure and medica-
tion use, with such a large European study population.
The results showed significant associations between air-
craft noise annoyance and the use of antihypertensive,
anxiolytic-hypnotic-sedative, and antasthmatic medica-
tions, as well as between aircraft noise exposure and anti-
hypertensive medication use. They also showed an
increased gradient for the use of antihypertensive,
anxiolytic-hypnotic-sedative and antidepressant medica-
tions with higher levels of noise sensitivity, although the
gradient for the use of antihypertensive medication did
not hold for all countries. In addition, the results sug-
gested a mediating role of aircraft noise annoyance and a
modifying role of both aircraft noise annoyance and noise
sensitivity in the association between noise levels and
medication use. Specifically, the association between air-
craft noise levels and antihypertensive medication were

significantly higher in highly sensitive and in highly
annoyed participants. Thus, future studies of the health ef-
fects of noise exposure have to consider both noise annoy-
ance and noise sensitivity, in particular by using
appropriate statistical models related to causal inference.
Finally, the results of this study could help to recommend
the implementation of appropriate measures to reduce ex-
posure to aircraft noise, especially at night, and more par-
ticularly noise exposure of people who are noise sensitive
or annoyed by aircraft noise.
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