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Aircraft Noise and the Risk of Stroke

A Systematic Review and Meta-analysis

Verena Maria Weihofen, Janice Hegewald, Ulrike Euler, Peter Schlattmann, Hajo Zeeb, Andreas Seidler

Summary

Background: There have been many individual studies on the question whether air-
craft noise is a risk factor for stroke, but until now there has not been any summary
of the current state of the evidence of adequately high methodological quality.

Methods: In a systematic review and meta-analysis (PROSPERO registry number
CRD42013006004), we evaluated the relation between address-based aircraft noise
exposure and the incidence of stroke. A systematic literature search was performed
in the MEDLINE, EMBASE, and BIOSIS databases including publications up to
August 2017. Two of the authors, working independently of each other, screened the
titles, abstracts, and full texts for eligible articles and evaluated the quality of the
included studies on a three-level scale. The change of risk per 10 dB increase in the
weighted mean aircraft noise level (Lpgy) wWas calculated. Lpgy is a noise level
indicator with additional weighting of evening and nighttime noise.

Results: Of the nine studies that met the inclusion criteria, seven were suitable for
inclusion in the meta-analysis. The result of the meta-analysis indicated a relative
stroke risk of 1.013 (95% confidence interval, [0.998; 1.028]) per 10 dB increase in
Lpen, corresponding with an estimated 1.3% increase in the risk of stroke for each
additional 10 dB of aircraft noise. The underlying studies were of poor to medium
quality. The analyses of the studies included adjustments for various combinations
of confounders, including age, sex, ethnicity, and socioeconomic status.

Conclusion: The present meta-analysis indicates that aircraft noise increases the
risk of stroke, even if the overall finding just fails to reach statistical significance. The
differing measures of exposure in the included studies, the lack of differentiation be-
tween ischemic and hemorrhagic stroke, and the lack of consideration of maximum
noise levels are all factors that may have led to a marked underestimation of the risk
of stroke.
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problem for the population. The World Health Or-

ganization (WHO) estimates that in the European
Union and Western Europe the number of healthy life
years lost due to environmental noise exceeds one million
(disability-adjusted life years, DALYs) (1). Environ-
mental noise-related sleep disturbances are presumably
the greatest problem with more than 900 000 DALY'; the
WHO report estimates that noise-related ischemic heart
disease accounts for 61 000 DALYs. The WHO report
does not provide a corresponding estimate for cerebro-
vascular events. Furthermore, the various individual
sources of noise are not considered separately in the
WHO report.

The German Federal Environmental Agency set as
an average target to reduce noise pollution to 55 dB
during the day and 45 dB during nighttime to prevent
considerable annoyance (el). Based on noise map-
ping information (e2), 8.7 million people in Germany
are exposed to road noise of day—evening—night noise
levels (Lpgy) of more than 55 dB. For 6.4 million
people, an Lpgy of 55 dB is exceeded by rail traffic
and for 0.8 million by air traffic. According to a repre-
sentative survey from 2016 (e3), 76% of the German
population feels disturbed or annoyed by road noise,
and the same applies to 44% and 34% for aircraft
noise and rail traffic noise, respectively.

Pathophysiologically, the cardiovascular effects of
noise have been attributed to an activation of the
autonomous nervous system with subsequent release
of stress hormones (norepinephrine, epinephrine,
cortisol); most of the supporting data are from
experimental studies. These neuroendocrinological
mechanisms can trigger or promote abnormal pro-
cesses, such as increases in blood pressure and insulin
resistance (e4). Disturbed sleep at night with subse-
quent daytime sleepiness and impaired regenerative
processes may be of special importance in chronic
stress reactions caused by noise pollution (e5, ¢6).
While a causal relationship between noise and car-
diovascular morbidity appears biologically plausible,
it remains unclear whether the postulated effects can
cause a measurable increase in stroke incidence that is
also potentially detectable at the population level.

There is no current systematic review of the evi-
dence on the relationship between aircraft noise and
stroke incidence available at present. The design and
methodological quality of the available individual
studies are as heterogeneous as their results. Both

The health effects of noise are a highly relevant
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TABLE 1

Inclusion and exclusion criteria

Population General population Vocationally exposed persons; self-selected persons
(children and adults, male and female) (who offer to participate in the study of their own ac-
cord, e.g. volunteers, recruitment via newspaper ads,
etc.)
Exposure Environmental aircraft noise, annoyance by Noise from industrial activities, road traffic, rail traffic,
environmental aircraft noise neighborhood; exclusively military aircraft noise
Endpoints Overall project*: Auditory noise effects
© non-auditory health problems and diseases (e.g. hearing loss, tinnitus)
o effects on human health
(incidence/prevalence)

» mixed and non-diagnosis-specific
health endpoints
(e.g. health problems in general)

o stress (e.g. Lewis Child Stress Scale, stress
hormone measurement)

Subproject®:

fatal and nonfatal cerebrovascular accident (stroke)
Study design/ Cohort studies, case-control studies, cross-sectional Reviews, editorials, letters to the editor
publication studies, ecological studies

* The study is part of a large review project, evaluating effects of aircraft noise on a broad spectrum of non-auditory endpoints and diseases. The results for the end-
point “stroke” are the subject of this article.

cohort studies (for example [2]) and cross-sectional ~ Only original studies with an available abstract were in-
studies (for example [3]) have been reported. Some cluded. No language limitations were imposed. With
studies evaluate noise exposure as a continuous regard to study design, the search included cohort
variable, other studies as a categorical variable with  studies, case-control studies, cross-sectional studies,
various intervals and cut-offs. In some studies, the and ecological studies.

endpoints were recorded as ICD-coded (ICD, Inter- For the database search, the search strategy was
national Classification of Diseases and Related adapted to the respective database, and is shown in
Health Problems) hospital diagnoses or deaths deter- eBox I. In addition, a manual search was conducted in
mined by physicians (for example [4, 5]), while other  references of included publications, narrative reviews
studies rely solely on patient-reported information and key publications, as well as an online search
(for example [3]). Reviewing the individual studies using the citation-tracking function of the Google
identified mostly statistically non-significant risk  Scholar search engine (6, 7).

estimates. The aim of this systematic review is to

present the currently available evidence on the Literature screening

aircraft noise-related stroke risk. The screening of the titles, abstracts and full-text ar-

ticles of the publications identified was performed by
Methods two authors independently of each other (VMW, AS);
Research question and inclusion criteria in case of diverging judgment, a third person (UE) was

This systematic review addresses the question whether  consulted. The reasons for excluding full-text articles
noise due to civil air traffic or the perceived annoyance = were documented for each publication not included.
caused by it has an effect on the risk of fatal or non-

fatal stroke (cerebrovascular accident) in humans. The  Data extraction

research question was operationalized by means of a The data of the included studies were entered into an
detailed a priori specification of the population, extraction table created a priori. The authors respon-
exposure and assessed endpoints. The inclusion and  sible for screening the literature (VMW, AS) performed

exclusion criteria are detailed in Table 1. the data extraction. Differences were discussed in con-
sensus conferences. In case of incomplete data, the
Search strategy authors of the corresponding publication were con-

We performed a systematic electronic literature search  tacted and asked to provide additional information.

in the MEDLINE (publications from 1947), EMBASE

(publications from 1974) and BIOSIS (publications Quality evaluation

from 1969) bibliographic databases up to 31 August The study quality was also assessed by two authors
2017, and complemented this with a manual search. (VMW, AS) independently of each other, using an
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instrument which had been developed based on SIGN
(Scottish Intercollegiate Guidelines Network 2004) and
CASP (Critical Appraisal Skills Program 2004/2006)
and which had been successfully used in several earlier
reviews (among others in [8§—13]). The instrument was
adapted to the aircraft noise topic. The assessment in-
cluded a summary quality rating on a three-step scale
(++, +, —). In cases where the potential effect of metho-
dological weaknesses on the core results of the study
appeared to be significant, the respective studies were
classified as “of low methodological quality (—)”.

Data synthesis and statistical analysis

In preparation of the quantitative analysis, data were
processed and converted. This included, among others,
transformation of noise metrics of all studies included
in the meta-analysis to the average noise level Lpgy.
Lpgy is the weighted day-evening-night level with an
extra 5 dB being added to noise in the evening hours
and 10dB to the nighttime hours. For the trans-
formation, the conversion rules of the WHO working
paper by Brink (14) were used. These rules are based
on aircraft noise measurements. An overview of the
noise metrics and their definitions in provided in e7able
1.

The statistical software Stata (version 14.1) was
used to determine the potential dose-response
relationships from the studies’ results and for the
meta-analysis conducted using the random-effects
model.

In the core analysis, the linear change of the effect
estimate with each increase in the Ly noise level by
10 dB was assessed. For this, the data of the studies
with continuous exposure measurements—after trans-
formation to Lpgy, if necessary—were directly inte-
grated into the model. In studies with categorical
noise intervals and various corresponding risk esti-
mates, the change in risk for each 10 dB increase in
aircraft noise levels was first calculated using the
Stata function glst (method of generalized least
squares [16]). For this, the risk estimates reported in
the studies were allocated to the mean dB of the re-
spective exposure category. If it was not possible to
specify the covariance matrix, the Stata vwls pro-
cedure was used instead. Next, the studies were
pooled using a random-effects model (Stata metan
[15D).

In order to assess the impact of individual studies
on the pooled effect estimate, a sensitivity analysis
was conducted excluding one study at a time from the
meta-analysis (leave-one-out method) (17).

Further details on the methodology are provided in
eBox 2.

Results

Study selection

The flowchart (eFigure) shows the literature selection
process. Twenty-two publications (2-5, 18-34, el4),
containing data of altogether 9 studies, met the inclu-
sion criteria. The extracted study data with the charac-
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teristics of the included studies/publications are listed
in eTable 2.

Results of the individual included studies

The results of the included individual studies are sum-
marized in Table 2. For studies with categorical
measurements of aircraft noise, the risk estimates are
allocated to their corresponding intervals; for studies
with continuous exposure data, reference intervals are
reported in dB. The described noise metrics and effect
estimates are the original data and have not yet been
converted.

The included studies apply a cohort approach (2, 4,
20, 23), a case-control approach (32), a cross-
sectional design (3, 18, 34) or an ecological design
with case-control approach (19). The majority of the
studies are secondary data analyses (2, 4, 18-20, 23,
32). The observation periods studied vary between
two (20) and eight (2) years. With the exception of the
study by Wiens (34), data of women and men are
evaluated in the studies. The included age groups are
very heterogeneous between the individual studies.
Frequently, the lower limit is set at 30 to 45 years (2,
3, 23, 32, 34), presumably because the endpoint
“stroke* would only be very sporadically observed in
younger age groups.

Synthesis of the results

Seven of the 9 included studies (with 20 related
publications) were included in the meta-analysis. The
meta-analysis yielded a relative stroke risk of 1.013
(95% confidence interval [0.998; 1.028]) with each
increase in the noise level Lpgy by 10dB. This
corresponds to a risk increase of 1.3% with each 10 dB
increase. Formally, the significance level is not
reached. However, the result is so close to the signifi-
cance threshold that an actual effect seems likely. The
results of the core analysis are shown in the Figure.
With a heterogeneity measure I? of 0%, no formal indi-
cation of heterogeneity of the included studies was
found.

In the leave-one-out sensitivity analysis, pooled ef-
fect estimates between 1.010 and 1.016 were found,
corresponding to a risk increase of 1.0 to 1.6% with
each 10 dB increase in the aircraft noise level Lppy
(Table 3). Only when excluding the largest study, the
NORAH study on health risks (35), a statistically sig-
nificant risk increase of 1.6% with each increase in
Lpen by 10 dB (risk ratio [RR] = 1.016; [1.001; 1.032])
was found. This applies to studies with good quality
ratings as well as for studies rated as low-quality
studies in our review. Separate analysis of the cohort
studies also found no substantially different effect esti-
mate. The NORAH study on health risks reported no
positive association between average 24-hour sound
levels and the diagnosis of stroke; however, this study
shows a statistically significant increased stroke risk of
7% when nighttime maximal levels exceed 50 dB
(NAT6) and average 24-hour noise levels are below 40
dB (odds ratio [OR]: 1.07; [1.02; 1.13]).

MEDICINE




MEDICINE

Further information about the results is provided in

eBox 3.
(<]
, . e 2
Discussion g T = L L LR R L
Our systematic review with meta-analysis found a stat- £ = E § E § D E’ § §
istically nonsignificant increase in stroke risk of 1.3% 2 & R ST S e S S &
. . . . . o ] &R «© [~ Bl 2
with each increase of the weighted aircraft noise level & s |s SlS = = = s =
Lpgy by 10 dB. If the largest study (the NORAH study)
is excluded, this association is statistically significant. -
3 & 4L EL B R D
e e S S S oS »® N o —
Strengths and limitations - |- <|s|=[=|s|=|—

Special features of this review include the a priori
defined and published procedure and the comprehen-
sive systematic search of the literature.

A literature search update for the period from
September 2017 to November 2018 performed in the
PubMed database yielded 35 hits. These were
screened by 2 authors (VMW, AS) independently of
each other. No new publications meeting the inclusion
criteria were identified in the process.

It is generally possible that confounding and tem-
porality could have biased the risk estimation. The 3
methodologically sound cohort studies included (2, 4,
23) found risk increases between 1.3% (2) and 9.2%
(4) with each 10 dB increase in aircraft noise level.
Thus, it seems to be rather unlikely that the risk was
underestimated due to the above mentioned methodo-
logical aspects. The—in comparison to the pooled
risk estimates of all studies—equal or higher risk esti-
mates of the methodologically sound cohort studies
also suggest that no relevant publication bias was
present. Another important limitation is that the actual
exposure of the subjects can deviate from the expo-
sure assumed in the studies because the latter is based
on the place of residence, but presumably many study
participants spend much of their time elsewhere.

A large proportion of the studies is based on collec-
tions of secondary data which may harbor a higher
risk of systematic bias, because these data were not
collected directly from the subjects and not generated
for research purposes. On the other hand, analyses of
secondary data can counteract various biases: Selec-
tion mechanisms affecting the recruitment of research
participants (selection bias) are usually negligible and
recall bias can generally be avoided.

Adjusted on municipal level for sex, age,
population density, lung *?ancer mortality,
Age, sex, neighborhood, socioeconomic
status, and comorbidity (diabetes, COPD,
hypertensive heart disease)

and a deprivation index

Confounders
considered
Age, sex, ethnicity

RR, ICD-coded hospital admissions| Age, sex, ethnicity

for stroke
SMR, ICD-coded cerebrovascular

MRR, ICD-coded stroke mortality
deaths
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RR, ICD-coded stroke mortality
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90dB

Exposure metrics
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Lpay (17.5 hours)*?
Lpen*

Comparison with the results of other studies
The meta-analysis of a Bulgarian working group (e16),
investigating the association between various types of
traffic noise and stroke has several issues related to the
selection of the included studies. Among other things,
the results of Gan et al. (23) were only analyzed collec-
tively in the “mixed noise” category. Depending on the
model used, this meta-analysis arrived at a risk estimate
of 1.04 or 1.05 for each 10 dB increase in noise levels.
The meta-analysis published by Vienneau et al.
(36) included 4 aircraft noise studies with stroke as
the endpoint (4, 5, 18, 23). However, the aircraft-
noise risk estimates were not reported separately from
the risk estimates for other types of traffic noise. The
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Study EE [95%Cl] % weights*
Correia et al., 2013 (18) * 1.039  [0.995;1.084]  11.92
Floud et al., 2013 (HYENA study) (3) - » 1.080 [0.820;1.410]  0.30
Frerichs et al., 1980 (20) 0.997  [0.955;1.042] 1147
Ganetal., 2012 (23) 1.016  [0.965;1.069]  8.33
Hansell et al., 2013 (4) * 1.092 [0.980;1.217]  1.86
Héritier et al., 2017 (2) fo— 1.013  [0.993;1.033]  56.11
Seidler et al., 2016 (NORAH study)(32) > 0.984  [0.939;1.031]  10.00
Total
(1”=0.0 %; p = 0.498) 1.013  [0.998;1.028] 100.00
0.709 1 1.41

Forest plot with the included risk estimates of the individual studies per increase in aircraft noise-related L, by 10 dB and the pooled risk
estimate (overall). With calculation of the fixed-effects model instead of the random-effects model, no change in the effect estimates and no rel-

evant change in the width of the confidence intervals were found.
* The weights are from the random-effects analysis.
EE: effect estimate, Cl: confidence interval; L

:noise level with all 24h L periods of a year with additional 5 dB for the evening hours (8:00

pm-10:00 pm or 7:00 pm-11:00 pm) and additional 10 dB for nighttime hours (10:00 pm—6:00 am or from 11:00 pm-7:00 am)

Swiss working group found a pooled overall effect es-
timate of 1.014 ([0.96; 1.066]) with each increase in
Lpgn by 10 dB. This result is very close to the result
of our meta-analysis.

The 2018 WHO review on the association between
traffic noise and cardiovascular disease (37, 38) re-
ported a pooled risk estimate with each increase in
Lpgn by 10 dB for the stroke risk due to aircraft noise
for:

e prevalence studies of 1.02 ([0.80; 1.28]),

@ incidence studies of 1.05 ([0.96; 1.15]),

® mortality studies of 1.07 ([0.98; 1.17]).

However, the search period is limited to January
2000 until August 2015 and thus does not include
older (for example, Frerichs et al. [20]) and, most im-
portantly, newer analyses (for example, the NORAH
study on health risks [32]).

The systematic review by Vienneau et al. (36, e12)
and the WHO review (37, 38) allow a comparison
between the traffic noise-related risk estimates for the
“stroke” outcome with the corresponding risk esti-
mates for the “ischemic heart disease” outcome . In
both systematic reviews, the risk estimates for stroke
are considerably lower compared to those for
ischemic heart disease. At least to some extent, this
could be explained by the fact that the diagnosis
“stroke” includes both the ischemic and the hemor-
rhagic stroke. These two types of stroke can differ in
their etiology (e17, e18). Thus, the separate analyses
of the NORAH study on health risks indicated poten-
tial differences with regard to the traffic noise—related

risks between hemorrhagic and ischemic stroke (e19).

Overall, our systematic review with meta-analysis
provided evidence in support of an association
between aircraft noise and the occurrence of stroke.
Although the risk increase did not reach statistical
significance when all identified studies were included
in the analysis, the NORAH study on health
risks—with the lowest risk estimates of all included
studies—indicated that stroke risks may not be
adequately described based solely on average sound
levels. Accordingly, the NORAH study showed an
association between the diagnosis of stroke and maxi-
mum aircraft noise levels at night. In recent years/
decades, night flight restrictions, or even bans on
night flights, have been introduced at many airports.
A comparatively lower proportion of night flights in
the NORAH study on health risks compared to
several older studies may explain why the increased
stroke risks observed with maximum nighttime air-
craft noise levels are not apparent with the weighted
average sound levels. Consequently, future studies on
stroke risks associated with aircraft noise should not
be limited to average sound levels, but should also
take maximum nighttime levels into account.

Even if all uncertainties are taken into account,
significantly less strokes are caused by aircraft noise
compared to unhealthy lifestyle patterns. Based on the
INTERSTROKE study by O’Donnell et al. (39),
approximately 39% of strokes can be attributed to hy-
pertension and 36% to being overweight. Even if all
people were exposed to very high levels of aircraft
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noise (60 dB), less than 3% of all strokes could be
attributed to aircraft noise, based on a 1.3% risk in-
crease with every 10 dB increase in aircraft noise (the
lifetime prevalence of stroke is 2,9% [40]).

Although the cerebrovascular accidents which
could be prevented by noise-reducing measures only
account for a comparatively small proportion of all
strokes, the authors of this review believe that traffic
noise-related health risks are important for the health
of the population. Unlike the exposure to lifestyle fac-
tors, it is hardly possible for individuals to change
their exposure to traffic noise. Consequently, effective
noise reduction is a social responsibility.

Conclusion

All in all, our systematic review with meta-analysis in-
dicates that there is an association between aircraft
noise and the occurrence of stroke. Especially differ-
ences between the individual studies and in some cases
inaccurate exposure estimations, the lack of differenti-
ation between ischemic and hemorrhagic stroke, as
well as the failure to take into account maximum levels
could have resulted in a significant underestimation of
the stroke risk. Given the large number of individuals
exposed to environmental noise and the high preva-
lence of stroke in the population, more studies with im-
proved methodology should be conducted. This would
further strengthen the scientific evidence that serves as
the foundation for effective noise protection—and thus
effective health protection—of the population.
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Search strategy in MEDLINE (via PubMed)

((Noise[tw] OR noise[MH]) AND (aircraft OR jet OR flight OR “air traffic’)) AND
(Epidemiologic Studies[MH] OR Odds Ratio [MH] OR

observational stud*[tw] OR cohort stud*[tw] OR cohort analy*[tw] OR

follow up stud*[tw] OR prospective stud* OR incidence stud*[tw] OR
Longitudinal[tw] OR Case control[tw] OR Case-control[tw] OR

Retrospective stud*[tw] OR cross-sectional stud*[tw] OR

prevalence stud*[tw] OR ecological stud*[tw] OR correlation analys*[tw] OR
incidence OR prevalence) NOT (letter[tw] OR editorial[tw] OR comment [tw])
NOT ((animals[Mesh:noexp]) NOT (humans[Mesh])) AND

(“1“[PDat] : “2017/08/31°[PDat])
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Supplementary methodology information

© General

This review was performed according to the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) statement (7).
The study protocol was published in advance in the International Prospective Register of Systematic Reviews (PROSPERO) under the regis-

tration number CRD42013006004 (e8).

© Data synthesis and statistical analysis

Similar to the approach taken in other meta-analyses (e.g. [€9]), the various effect estimates (risk ratio [RRY], standardized mortality ratio [SMR],
hazard ratio [HR], odds ratio [ORY]) of the individual studies were altogether regarded as estimates of the risk ratio. They were included
unchanged in the creation of an aggregated risk estimate. Since stroke is a comparatively rare event on the population level (incidence far below
10%), it was possible to interpret odds ratios as risk ratios (e10) and include them in the meta-analysis.

In order to be able to perform a quantitative meta-analysis, the various exposure measures of the individual studies had first to be trans-
formed, using conversion formulas, to the exposure measure Lpgy, i.€. to a weighted average level which adds a “penalty” for the evening and
especially night hours, based on the assumption that during these times the negative effect of noise is particularly strong. Such “penalties” are
normally specified in directives. The directive 2002/49/EC of the European Parliament and of the Council, for example, defines the noise
measure Lpgy and prescribe for evening hours a “penalty” of 5 dB and night hours a penalty of 10 dB. Thus, the definition of Lpgzy combines the
objectively measured aircraft noise with the subjective component of perceived annoyance (penalties for evening and night hours). Pathophysi-
ologically, these “penalties” are justified in particular by the disturbance of sleep architecture which has also been discussed as a risk factor for
stroke (e11). On the other hand, when data from studies using different exposure measures are transformed into Lpgy for the sake of pooling and
comparability, this inevitably means that information is lost: The conversion formulas cannot adequately reflect the peculiarities of an aircraft
noise-exposed area (e.g., the existence of a ban on night flights or the number of flights in the evening and morning “shoulder” hours).

Furthermore, the precision of exposure identification varies between the studies included in this review with the magnitude of the noise map
resolutions (e.g. 10 x 10 m grid in the study by Hansell et al. [4] vs. spatial resolution of 250 x 250 m in the HYENA study [3]) and how the noise
data were linked to the population (e.g. very rough—and thus susceptible to bias—postcode-based allocation in the studies by Correia et al. [18]
and Gan et al. [23]). In addition, exposure allocation based on place of residence is associated with considerable uncertainty with regard to the
actual exposure, because especially during the day a large proportion of the population is not at home. These exposure-related uncertainties
typically apply equally to persons with and without health effects. This so-called non-differential bias tends to result in conservative bias—i.e. an
underestimation—of aircraft noise-related stroke risks.

Our meta-analysis is based on the assumption of a linear change of the risk of disease with increasing aircraft noise. This basic assumption is
grounded on previous studies on cardiovascular aircraft noise risks (e.g. [e12, e13]). However, in the large NORAH study it was not possible to
adequately match the association between aircraft noise and risk of stroke with a linear model (33, 35). Consequently, at this point it is not yet
supported by conclusive scientific evidence that a linear model best describes the exposure-risk relationship between aircraft noise and the
occurrence of stroke.

In particular, it is conceivable that there is a lower noise level threshold which has to be exceeded before the risk starts to increase. Here it
should be noted that most of the individual studies de-facto introduced such a lower threshold by setting a “starting point”; however, the starting
points of the various studies range between 0 and 45 dB. For comparison: 40-65 dB correspond to the usual sounds at home (e.g. a fridge:
40-43 dB) and a normal conversation (approx. 55-65 dB). Consequently, the question of a lower threshold cannot be answered by means of
meta-analysis. Similarly, a starting point which is set too high in an individual study can result in biased risk estimates if risks of disease are
already present at noise levels below the starting point. Thus, the different starting points of the individual studies would lead to underestimating
rather than overestimating the pooled stroke risk.
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Supplementary information about the results
© Results of the individual included studies:

— The research question of our review comprised, besides the effects of measurable noise exposure, the effects of
noise-related annoyance. However, this question could not be answered, because the aspect of annoyance was
evaluated in one study only (36).

- The majority of exposure data used in the individual studies were address-specific average noise levels (in some
cases limited to certain times of the day/night or to noise levels weighted according to the time of the day). One study
described the exposure in an ecological way by using the LpeyAEI measure (LpenAEL: weighted average exposure to
aircraft noise on the municipal level) (19). In its core analysis, the NORAH Study on health risks reported the effect
estimates for maximum nighttime levels above 50 dB separately (at 24-hour continuous noise levels below 40 dB)
(33). Only the study by Wiens (34) used noise-related annoyance as the exposure variable.

— The spectrum of endpoint data collection ranges from self-reported information (3,34) to ICD-coded medical or
hospital diagnoses (4, 18, 32) to death-certificate diagnoses (2, 19, 20, 23).

— All studies took age and sex as confounders into account. However, the analyzed studies differ with regard to the
number and selection of additional confounders considered.

— Three studies modeled the exposure-effect relationship continuously (2, 3, 18) using 10 dB increments, while the re-
maining studies reported the effect estimates based on noise intervals of variable size. The reported effect estimates
include risk ratio (4, 18, 23), hazard ratio (2), odds ratio (3, 32, 34), mortality rate ratio (19), and standardized mortality
rates (20).

— Since almost all of the included studies were publicly funded, this source of bias is unlikely. Only one study (32) re-
ceived indirect mixed funding with a small portion stemming from the aviation industry (11.4%) and otherwise mainly
public funding; for a second study (20), funding information was unavailable.

© Quality of the included studies:

— Four studies (2, 4, 23, 32) were of adequate quality (rating: +). The methodological quality of the remaining 5 studies
(3, 18-20, 34) was inadequate (rating: -). None of the included studies reached the highest of the 3 quality rating
levels (rating: ++). Further information about the methodological strengths and weaknesses of the individual studies is
provided in the data extraction table (eTable 2).
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eTABLE 1

Noise metrics and their definitions*'

dB

Logarithmic scale for sound pressure levels

Leq

Average value of an energy-equivalent
continuous sound level over a period of
time

LAeq

A-weighted Leq

LDay

Laeq for daytime hours (usually 7:00
am-7:00 pm)*? for all day periods of a year

I-Evening

Laeg for evening hours (usually 7:00
pm-—11:00 pm)* for all evening hours of a
year

Light

Laeq for nighttime hours (usually 11:00
pm-—7:00 am)*? for all nighttime hours of a
year

Lon

All 24 h Laeq periods of a year with addi-
tional 10 dB for nighttime noise annoyance
(usually from 11:00 pm =7:00 am)*2

LpeEN

All 24 h Laeq periods of a year with addi-
tional 5 dB for evening hours (8:00
pm—10:00 pm or 7:00 pm—11:00 pm)*2
and additional 10 dB for nighttime hours
(10:00 pm —6:00 am or from 11:00 pm
~7:00 am)*?

NAT6

Maximum level which is exceeded six times
above 50 dB without upper limit during the
night (from 10:00 pm—6:00 am). At the
same time, the 24 h continuous sound level
is below 40 dB.

*! adapted according to directive 2002/49/EC
(European Parliament and European Council, 2002)
*2 In Germany, normal sleeping hours are defined in the respective federal

states immission control legislation and usually encompasses the period from
10:00 pm-6:00 am. Therefore, German studies (e.g. NORAH study) some-

times deviate from the periods for Lpay/Leyening/Lnigh: listed in eTable 1 and
instead use the periods stipulated in the legislation.
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Database search | Supplementary search strategies |
potentially relevant n=1341

| Duplicates n =309 |

| Analysis of titles and abstracts  n=1032 | | Analysis of titles and abstracts n = 386 |
| Excusion n=847 | ———> | Exclsion  n=210 |
| Full-text articles reviewed n =361 |
Exclusion n=187

(inclusion criteria not met)

Exclusion n=97
(no cardiovascular endpoints)

Analysis (data extraction, quality evaluation):
Full-text articles with cardiovascular endpoints  n=77
Database search n=41
References of included articles n=19
References of reviews n=9
Citation tracking in Google Scholar n=6
Manual search during the update n=2
Reasons for exclusion of reviewed full-text articles:
Exclusion n=>55 |—>
No epidemiological study n=4
Reports included in the review with _ No information about exposure n=5
cerebrovascular endpoints (9 studies) n=22 No endpoint assessment n=1
- 1 No cerebrovascular endpoints n=45
| Exclusion n=2 |
No comparable exposure* n=2
Reports included in the meta-analysis
(7 studies) n=20

Flowchart of the selection process (based on the PRISMA Statement [e7])

* The exposure information in the studies by Wiens (27) and Evrard (19) differs considerably from the exposure information of the remaining
studies and thus were not included in the meta-analysis: Wiens (27) only collected data on perceived annoyance, but not aircraft noise levels;
Evrard (19) did not perform any individual, address-based estimation of the aircraft noise.

PRISMA, preferred reporting items for systematic reviews and meta-analyses
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