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Dear An Bord Plean61a,
Please find attached my submission on the draft decision by the Board in relation to PL06F.314485.
I made previous submissions to the Board and do not need to pay a further fee.

Please acknowledge receipt of this submission.

Many thanks
Liam



Liam O’Gradaigh
Ward Cross
The Ward
Co. Dublin

The Secretary
An Bord Pleanala

64 Marlborough Street
Dublin 1
DOI V902
23'd December 2024

RE: DRAFT DECISION BY AN BORD PLEANALA ON PLANNING APPLICATION
F20A/0668

Dear Sir/ Madam,

I welcome the opportunity to make a submission on the draft decision by An
Bord Pleanala, dated September 17th, 2024. 1 note the information in the draft decision
is very complex and one that should have been facilitated with an Oral Hearing. The
Board does not have the relevant expertise to understand the complex details of
aircraft noise and an Oral Hearing would have provided an opportunity to clarify many
of the issues. This submission highlights a number of serious deficiencies with the
proposed application and as a result the permission should be refused. The daa has
carried out unlawful development breaching the passenger cap in 2019, 2023 and in
2024. The daa have never respected the 65 nighttime flight limit which ironically is one
of the conditions that they are trying to amend in this Relevant Action. The daa have
known about PFAS contamination at the time the North Runway was being
constructed and decided to withhold this information from the authorities and literally
buried the contaminated soil on site. This PFAS contamination has never been
screened in any environmental assessment by the daa and has not been assessed in
this application. All projects and impacts need to be assessed for cumulative and in-
combination effects. In fact, the whole North Runway project has never had a full AA.

There are major concerns with the AA screening in this application and in particular
the failure of the Board’s ecologist to examine appellant’s submissions. Surveys are
out of date, lack of cumulative and in-combination project screening, failure to screen
for the effects on the Red Kite, failure to understand the real noise levels at the SPAs
and SACs along the Dublin Coast.

The daa have failed to show a need for this development. Their own data shows they
can achieve 40mppa by 2034 without the Relevant Action. ANCA and the Board have
failed to take Health costs into account. The daa provided a sub-standard assessment
on awakenings. Awakenings have been assessed at key receptors under both the
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North and South Runways and the proposal fails to achieve less than one additional
awakening per night on average. The awakenings criteria can only be achieved by a
complete ban on nighttime flights. The Board’s movement limit doesn’t address all
awakenings, and the Board has not provided any mitigation measures for those still
impacted by awakenings. Insulation is not the panacea that the daa and ANCA claim.
A 20k euro grant to insulate bedrooms is an insult to the residents impacted . It doesn’t
matter what happens in other jurisdictions, especially the UK, which is no longer in the
EU, the residents have the right to a good night’s sleep and the right that their health
is not impacted. EU598/2014 is all about applying the Balanced Approach, but in this
application to date there is no balance. Health costs have not been taken into account.
The Board needs to revisit the insulation scheme and its adequacy as there are some
dwellings not adjacent to the flight paths that would benefit from it. But this is not the
case for dwellings immediately adjacent to the airport and under the fIIght paths.

It is very evident that the Noise Abatement Objective has been breached in 2022 and
again in 2023, with no repercussions from ANCA. The noise has increased for those
residents exposed to the higher contours of noise. It is only at the lower noise contours
where the noise has reduced. But these lower noise contours are where the densely
populated areas in Dublin are and so skew the results. ANCA seem happy that the
number of people affected from all noise has reduced but fails to address the real
issue of increasing noise on those already severely impacted by noise. It is very clear
that noise is increasing at Dublin Airport and not reducing. It is pure fiction that quieter
aircraft will reduce noise levels when the aircraft movements are increasing. Quiter
aircraft have done nothing to reduce noise over the 2 Rounds of the End and there’s
evidence that it will lead to lower noise levels in the future, with increasing aircraft
movements. This is a national scandal, and the lives and health of Fingal and Meath
residents are being disregarded in the name of aviation growth. The daa have never
provided a business plan to properly address the impacts on residents. They failed to
engage with Community groups on the flight path issue stating they cannot discuss
them while enforcement proceedings are ongoing. It is crucial that the Board makes a
decision on the validity of the flight paths. The Planning Authority has had enforcement
proceedings open on the flight paths since 2022 but has been waiting for the Board to
adjudicate. From the draft decision, the Board has not come to a conclusion and
appears to be passing the issue back to the Planning Authority. Condition 1 of 2007
still applies and the current flight paths are in violation of condition 1 . It has been shown
that the airport can operate in different runway configurations such as Dependent
mode which doesn’t require divergence. This alternative has never been submitted for
discussion. In addition, no alternative has been proposed to allow for respite from
aircraft noise as is in place at Heathrow. At Heathrow the runways alternate at 3pm to
offer respite. At Dublin Airport the aim appears to inflict as much damage as possible
on the populations under the North Runway flight paths from 6am to 12 midnight
without any respite.

The remainder of this submission goes into further detail on the serious issues with
this proposed development. I also endorse the submission from the St Margarets The
Ward Residents Group. I plead with the Board to refuse permission but in the event
that some sort of permission is granted, I ask that the Board put in clear and concise



conditions. The daa have no respect for the Board and have found ways to create
legal ambiguity with the previous conditions on the North Runway planning. In 2007
the Board members went against the Inspector and granted permission for the North
Runway and imposed two conditions to alleviate the Significance issue. But as soon
as permission was granted the daa started to work on ways to get rid of these
conditions and effectively ignore them. At this point in time the daa are above the
Planning bodies in this country. They have no respect for the Board and will ignore
whatever the Board tries to impose on them. The Board needs to assert its authority
or else its very existence and future will be called into question.

Yours Sincerely

Liam O’Gradaigh



Fliqht Paths:

During this process, there have been effectively 3 separate EIARs submitted by the
daa. The last Supplementary EIAR included significant changes to the previous
EIARs, mainly that whole new flight paths have been submitted. This was the third
revision of the EIAFR, and one must ask the Board how many chances an applicant
gets. In previous submissions to the Planning Authority, ANCA and the Board, it has
been highlighted that the flight paths in operation are not the ones used in the original
planning permission of 2007. In 2007 they were based on straight out flight routes and
all the environmental assessments and baselines were based on these straight-out
routes. In 2018, Fingal County Council signed off on compliance for Condition 7 on
planning permission in relation to the dwelling insulation scheme. Fingal County
Council employed AWN Consulting to review the insulation scheme, and no issues
were raised at that time in relation to the noise contours as they were based on
straight-out flight paths. In the intervening years, the daa decided they wanted to use
divergent flight paths. They presented a 15/75-degree option in a consultation in 2016.
At this point in time the daa intended to submit a revised EIS and planning application
to the Board. I have received this draft EIS via an AIE request which was initially
refused but eventually granted by the OCEI Commissioner. However, the EIS
approach was dropped in favour of the Relevant Action approach as part of the Aircraft
Noise (Dublin Airport) Regulation Act 2019. But somewhere along the way the daa
forgot to include flight paths changes in their planning application. Nowhere in the
planning notice does it state that the daa wish to apply for new flight paths.

They began operations on the North Runway in August 2022 and immediately it was
noticeable to the public that the flight paths were incorrect. It took the daa 2 weeks
before they made contact with the IAA to understand what had happened. Then in
February 2023 they revised their flight paths once more. These revised flight paths
were again subject to no public consultation or planning permission. These too were
never environmentally assessed . But still these flight paths did not adhere to the ones
that were environmentally assessed in 2004-2007 and which formed part of Condition
1 of planning. Enforcement investigations have been underway with Fingal County
Council for over 2 years now and it’s evident that they do not want to rule on this and
are leaving it up to the Board to decide. Unfortunately, the Inspector has not made any
decision on the flight paths, and we are left in limbo.

Flight paths are a fundamental part of this application, and the Board must adjudicate
on them. Failure to do so could set a precedence where flight paths could be changed
at any time by the daa without any proper planning consent. The Board must take
cognisance of Condition 1. Condition 1 is still valid and the daa never applied to
change it. Therefore, the flight paths need to be refused and the daa ordered to apply
to change Condition 1. The flight paths are also fundamental to the issue of
Significance. Significance was never assessed in the planning of 2007 and the Board's
Noise expert and Inspector concluded that planning for the North Runway should be
refused due to lack of evidence of Significance. We now have a situation where the
Relevant Action has not been compared to 2007 in terms of Significance and therefore
the application fails the basic Significance criteria. The Inspector has not grasped the
severity of the lack of Significance analysis between the 2007 planning application and
the Relevant Action



In the Infrastructure Application (F23A/0781), the Planning Authority requested a
response to the following question which can be viewed on page 359 of the CE’s Order
of Feb 1 6th 2024 ,
https://planninqapi.aqileapplications.ie/api/application/document/FG/907689:

"The applicant is invited to provide analysis with narrative explaining the
variation over time, of previously modelled aircraft noise contours for Dublin
Airport. The analysis should be accompanied by an overlay graphical
representation of noise modelling prepared and presented as contours for the
currently proposed development shown with each of the following previously
presented contours.

1 ) the North Runway application (December 2005 EIS),

2) the consented North Runway (EIS Addendum 9th August 2007)

3) the modelling agreed for operation of the noise mitigation schemes
under that permission (2016 )

4) the Airport Noise Zones in the Fingal Development Plan 2023. The
methodological differences between the various contours and the
reasons why they are not directly comparable should be noted."

The answer to Question #6 is in the doc 'Part 7 - RFI Response Report B Response
to RFls', on page 76 which is page 56 of the Coakley O’Neill report:

https://planninqapi.aqileapplications.ie/api/application/document/FG/1067909

Coakley O'Neill discuss the evolution in noise contours since 2004:

North Runway Dec 2004:

" The flight routes assumed that the North Runway tracks would replicate those
on the South Runway. These assumed aircraft turned after a straight segment
of around S nm from the end of the runway'

Noise Mitigation 2016 (insulation scheme compliance):

"The flight routes assumed that the north runway tracks would replicate those
on the south runway. These assumed that 25% of aircraft turned after a straight
segment of around 5 nm from the end of the runway, with the remaining 75%
turning earlier, around 2 nm from the end of the runway. This was based on an
analysis of a sample of radar flight tracks"

IA EIAR Dec '23:

"The flight routes were based cm an analysis of actual radar tracks. For the
South Runway these were similar to previous assumptions. For the North
Runway this meant an initial 30 degree right turn shortly after the end of
the runway, After this initial turn the routes are similar to previous
assumptions."



"This response is written in the context of the Board Inspector's findings in her
assessment of the North Runway Relevant Action (NRRA), ABP Ref. No. ABP-
314465-22 (F20A/0668), which stated that.

"the Board will note that the flight patterns submitted in the applicant's
supplementary information and included far the purpose of the proposed
scenario of the EIAFR, differ to those submitted in the original EIS for the NR
application. The Board will note that the flight patterns submitted to the planning
authority for the original Relevant Action also differed from those submitted with
the original EIS for the NR application The main difference between the
revised EIAR and the amended supplementary EIAR is the divergence
north from the NR, earlier than previously indicated in the revised EIAR
permitted by the planning authority."'

So here for the very first time since the North Runway opened, we have Coakley
O'Neill on behalf of the daa holding their hands up in an official submission document,
acknowledging and agreeing with the Board's Inspector that the current flight paths
are different than originally submitted and planned for. This has serious implications,
and this has been pointed out on numerous times to the Planning Authority, ANCA
and An Bord Pleanala during this Relevant Action planning application
process. Therefore, this is an admittance of Unauthorised Development by the
applicant and the Board have no alternative but refuse planning permission or request
the applicant apply for retention or substitute consent.

Significance formed a major part of Mr Rupert Thornely-Taylor’s evidence to the Board
back in 2004-2007. Mr Thornely-Taylor was very clear that Significance was not
addressed in the planning for the North Runway, and he recommended refusal on that
basis. The Inspector agreed with Mr Thornely-Taylor and recommended refusal. The
Board went against the recommendation of the inspector and inserted Conditions 3(d)
and 5 to alleviate the Significance problem. However, Significance has not been
addressed in this Relevant Action application by comparing the 'Proposed’ scenario
to what was granted in 2007. Permission was granted for straight out flight paths in
2007 and the Relevant Action has never compared any Proposed scenario with
straight out flight paths. Therefore, Significance has not been addressed. The Board
is reminded that the Relevant Action just concerns Condition 3(d) and 5 of 2007 and
that Condition 1 still remains in force. The Relevant Action does not replace the
planning of 2007 but just amends those 2 conditions. Therefore, it is very clear that
Significance has not been assessed correctly now, as was the case in 2007, and the
Board cannot approve the application with an invalid assessment. The lack of a proper
Significance assessment is contrary to the EIAR Guidelines.

If the Board does approve the Relevant Action, the Board must state clearly in their
decision that the flight paths have not been approved by the grant of approval
and that any future flight path changes must go through proper planning and
environmental assessment



Awakeninqs:

Awakenings have been central to the Vanguardia report and the Inspector’s draft
report. Submissions have been made to the Board that the awakenings assessment
provided by the daa fell very short of that requested by the Board. The daa provided
no maps showing the areas impacted by 1, 2 and 3 awakenings.

However, an assessment has been provided by Suono based on the ''WHO
Environmental Noise Guidelines for the European Region: A Systematic Review on
Environmental Noise and Effects on Sleep” by Basner and McGuire. The Suono report
forms part of the submission by the St Margarets The Ward Residents Group. The
Board should be mindful that the residents have had to pay for such an assessment
as a proper assessment was not carried out by the daa as requested by the Board .

In the Suono assessment, 5 receptors were chosen, which are daa NMT locations
located under the North and South Runway flight paths, and the awakenings
calculated for each receptor based on the 2025 Proposed scenario. The assessment
calculated awakenings using an external to internal adjustment of 15dB, 21dB and
22dB which allows for insulation. The results are provided in Table 1 of Suono’s report:

Table 1 Calculated additional awakenings per night

NMT26 NMT28

15 dB

21 dB
22 dB

The results of the assessment show that only NMTI has less than 1 awakening. NMTI
is located at the Bay Lane and under Westerly departures on the South Runway. With
the 2025 Proposed scenario there are very few departures off the South Runway and
therefore the awakenings are less than 1. But for all other 4 receptors the awakenings
are in excess of 1 awakening on average per night, even with insulation added. This
proves that insulation is not the solution for the 2025 Proposed scenario and even with
insulation the health of a significant number of residents in Fingal cannot be protected
and the scenario fails the awakenings assessment.

NMT2 and 20 are located under the South Runway Easterly arrivals flight paths which
traverses the highly populated area of Portmarnock. Even if the dwellings were
insulated, the residents of Portmarnock would be subjected to more than 2
awakenings per night on average. This is extremely damaging to Human Health as
has been pointed out by Mr Fiumicelli and by the submissions of Dr John Garvey.

The only solution is a complete ban on nighttime flights or a vast reduction in nighttime
movements as proposed by the Board in their draft decision. If the Board does decide
to grant permission for the Relevant Action with a restricted movement limit such as
13000, the Board must make allowance for those properties where more than 1
awakening would still occur. These dwellings must be offered Voluntary Purchase,
relocation or enhanced insulation to protect their health. The Board are very clear in



their draft decision about the health impacts of awakenings and therefore the Board
must be cognisant of its duties to protect Human Health.

Population Datasets:

In section 13B.4.1 of Appendix 13 of the Relevant Action Supplementary EAIR from
September 2023, it states:

“ Dwelling data has been acquired from GeoDirectory for 2019 Q2, which was
the dataset utilised in the original EIAR. The same dataset has been used for
all assessment scenarios in this EIAR Supplement for consistency.

However, a later GeoDirectory 2023 Q3 dataset exists and has been used in the
Infrastructure Application (F23A/0781 ).

ANCA have made it clear to the daa on numerous occasions that the most recent

population datasets should be used for compliance with the NAO.

The Relevant Action Supplementary EIAR from September 2023 and the
Infrastructure Application from December 2023 used different population datasets to
calculate the population exposed to >55dB Lnight. The Relevant Action’s
assessment greatly underestimates the populations exposed to >55dB Lnight in
comparison to the Infrastructure Application.

It is incumbent on the Board to request the daa to repeat the analysis of the
populations exposed to >55dB Lnight using the 2023 Q3 dataset as it’s obvious that
using the 2019 Q2 dataset has led to a misleading lower figure than the true figure.
The daa’s assessment contravenes the NAO requirements on population datasets
and are out of date



36m Planning Application:

On Friday December 20th 2024, the daa lodged a planning application to increase
passenger numbers to 36m without any infrastructure changes. The application is
denoted by F24A/1 178E).

In Fingal’s press release, https://www.finqal.ie/news/planning-application-raise-
passenger-capacity-dublin-airport-received, they state that " There were no pre-
planning meetings between the Planning Authority and daa prior to the submission of
this application” . This is very worrying that the daa didn’t seek advice from the Planning
Authority before lodging the submission.

Below is a photo of the site notice for the 36m application:
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In the site notice the daa have confirmed that they interpreted the 32m passenger
count as meaning one person equals one passenger. But for the 36m application
they will now adhere to the IATA Standard. This is a clear admission that they have
been skewing the passenger counts in order to breach the 32m limit. This 32m limit
was imposed by An Bord Pleanala and the daa have effectively ignored it. The daa
are trying to claim that the 32m limit imposed by An Bord Pleanala was related to
surface access and road infrastructure. However, that is not the case.

Please refer to section 4.90 of the IAA’s final decision on Summer 2025 coordination
parameters: https://www.iaa.ie/docs/default-source/car-documents/l c-economic-
regulation/s25-final-decision final.pdf?sfvrsn;a88decf3 1.

“The IAA notes the following in respect of the 32mppa Conditions themselves.
Certain of the assertions made by airlines (and in particular those of Ryanair
and A4A) as to the genesis and primary purpose of the 32mppa Conditions
are not correct. It is apparent from the Terminal 2 planning material, in
particular the report of the An Bord Plean61a inspector, that the 32mppa
Conditions were instead specified as the direct result of a policy
objective in a 2006 Dublin Airport Local Area Plan (LAP). That LAP
contained a high-level objective that terminal passenger capacity beyond
30mppa should be provided by a third terminal on the western campus. The
32m annual limitation on terminals 1 and 2 was set on the basis that, if the
capacity of those terminals were to exceed 32m, this might compromise the
viability of this putative third terminal on the western campus (2mppa was
added to the 30mppa figure for, effectively, contingency/flexibility purposes). It
was, expressly, not calculated based on any road traffic concern (which
concerns would, of course, not be effectively mitigated by an annual limitation
in any case), or otherwise as a mitigation measure to address an
environmental concern. We note that daa’s submission that the 32mppa
Conditions were each attached to the identified grants of planning permission
following the carrying out of an environmental impact assessment completed
pursuant to Council Directive 2011/92/EU, is also incorrect. The 2006 LAP
upon which the 32mppa Conditions were actually based has since lapsed,
and been replaced by a new LAP which provides, instead, for 40mppa on the
eastern campus.

So, it is very clear that the daa have deliberately used road infrastructure as a smoke
screen to breach the 32m cap. This is again another breach of a condition from An
Bord Pleanala and calls into question the integrity and purpose of the Board.

S146A request (ABP ref PL06F.220670)

In 2018, the Dublin Airport Authority made a request to An Bord Pleanala under
S.146A to amend the wording of Condition no. 3 (PL06F.220670) to remove
connecting passengers from the scope of the condition. The amended wording
sought to include the words highlighted in bold as follows:

3. The combined capacity of Terminal 2 as permitted together with Terminal 1
shall not exceed 32 million origin-destination passengers per annum unless
otherwise authorised by a further grant of planning permission .



The daa's letter can be viewed at:

https://planninqapi.aqileapplications.ie/api/application/document/FG/634827

In the letter from the daa, they elaborate on passenger types. This line is extremely
relevant :

“In line with international aviation convention such passengers are
counted twice, once as an arriving passenger and secondly as a
departing passenger eg. 1000 transfer passengers are actually 500 people
travelling through the airport.”

Therefore, the daa clearly acknowledged their interpretation that, in line with
International Aviation Convention, transfer passengers are counted twice.

ClarificatIon of Passengers Types

For_ much of _ its history _Dublin Airpoa_aperaIed_a$_pdmBJi_IY 3nuigjn_dq§tinaB gIn
airport. This means that Dublin was either the departing or arriving destination fo[
most passengers. At the time of the grant of the T2 planning permission. 99% of
passengers were origin-destination passengers.

Connecting passengers are passengers who may travel through Dublin Airport, but
Dublin is not their final destination.

The vast majority of connecting passengers are transfer passengers, They may arrive
into Dublin on one aircraft and switch aircraft to complete the second leg of theit
journey towards their final destination. These passengers remain airside, and have no
Impac{ on transportation requirernents at the airport. In line with tnternational aviation
convention such passengers are counted twic8, once as an arriving passenger, and
secondly as a departing passenger even though it is a single person travelling through
the airpbrt. For example, 1,0(X) transfer passengers is actually 500 wopie travelling
through the airport.

A second type of connecting passenger is a transit passenger, A small number of
aircraft stop at Dublin Airport for technical reasons including to refuel_ Passengers on
these flights are counted as transiting through the airport although they do not
generally use the terminal buildings as they remain on the aircraft during the transit
;top. Ii is much clearer that condition no. 3 doesn’t apply to such passengers,
however we include them for overall context.

Transf6r and transit (collectively referred to as connecting passengers) do not impact
the transportation network. An airport that facilitates connecting passengers maY be
referred to as a hub airport.

ABP’s Direction of August 2018 stated:

" it is considered that the alteration sought would be material in planning
terms, and cannot, therefore be considered under S.146A of the Act. The
Board considered that the proposed alteration would enable greater
throughput of overall passenger numbers through the airport. This greater
level of activity would have material planning consequences (in terms of
movement and access to the airport, airport capacity, and also in relation to
planning policy relation to the airport) and would go beyond what was
permitted in the permission granted ."



The decision on the S.146A application confirms that the limit of 32mmpa applies
to any passenger type in the terminal buildings.

FS5/036/1 9

In September 2019, the daa made an application to Fingal County Council seeking a
declaration under section 5 on whether development is or is not exempted
development. The development consisted of the following:

“Three questions in relation to the use by passengers of the airport in excess
of 32 million passengers per annum.

(a) is the use of the ’airport' in excess of 32 million passengers per annum
(mppa) constitute 'development’, if the combined capacity of Terminal 2 as
permitted together with Terminal 1 does not exceed 32 mppa and if so, is it
exempt development?

(b) is the use of the 'airport' by up to 3 million connecting passengers in
excess of 32 million passengers per annum (mppa) constitute 'devetopment’ if
those connecting passengers are facilitated by the separately permitted
transfer facility and the combined capacity of Terminal 2 as permitted together
with Terminal 1 does not exceed 32 mppa?

(c) Currently a connecting passenger using Dublin Airport is double counted,
as both an arriving and department passenger (for the purpose of aviation
security measures) . If a connecting passenger is counted singly for the
purposes of planning, is this development, and if so, is it exempt
development?’

The decision by Fingal County Council was to refer it to An Bord Pleanala.

ABP-305458-1 9

The question to ABP was whether the 3 questions in FS5/036/19 in relation to the
use of in excess of 32mppa is or is not development or is or is not exempted
development

ABP’s inspector stated in their report

" Use of the “airport” by up to 3 million connecting passengers in excess of 32
million passengers per annum (mppa), if those connecting passengers are
facilitated by the Pier 4 passenger transfer facility and the combined capacity
of the facility together with Terminal 2 as permitted and Terminal 1 would
exceed 32 mppa, would contravene condition no. 3 of PL06F.220670, and is
therefore not exempted development."

Therefore, the Board’s inspector’s view was that the use of the airport by 3 million
connecting passengers was not exempted development. It therefore stands that the
daa still needs to apply for planning permission to increase passenger numbers
beyond 32mppa.



PPC 106276 & PPC 106336:

In a pre-planning document dated February 25th 2020 (reference Number: PPC
106276 & PPC 106336) between the daa, ANCA and Fingal County Council a
discussion arose in relation to the interpretation of the 32mppa cap with regard to
types of passengers:

e
Discussion on the interWtation of the 32mppa passenger capacity cap with regard to types of
Wsengers, in particular the transfer/ transit passengers.

e lbc P&SI Dept advises the applicant that, with reference to ABP decisions and known

international. European and national methods of counting passengers at airport+ Me 32mppa
passenger cap included in Condition 3 of F06A/1248 (PL 06F 220670) and Condition 2 of

F06A/1843 (Pl. 06F 223469) is considered to be a Gunulative, annual HgVre bQmprising all
passengers using (traveling to, through and from) Dublin Airport.

e
fhe P&SI Dept advises the applicant that as the 32mppa cap is considered to be an inclusive
HWg it is not considered possible/ practical for planning assessment and subsequent
enforcement purposes, to make any differentiation between different types ofpwsengcrs.
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This is very clear advice from the Planning and Strategic Infrastructure Dept that the
32mppa is considered to be a cumulative, annual figure comprising all passengers
using (traveling to, through and from) Dublin Airport. There is to be no differentiation
between different types of passengers.

This new 36m planning application confirms that the daa deliberately misled
the Planning Authorities and Judiciary on passenger numbers. They breached
the cap in 2019, 2023 and again at the end of November 2024. They knew
exactly what the passenger counting convention is and were told by the local
Planning Authority. Therefore, they are knowingly carrying out Unlawful
Development. The Relevant Action cannot be granted while the daa are
knowingly carrying out Unlawful Development and the Board must refuse the
Relevant Action on that basis or make the daa apply for retention.



F23A/0781 :

Another worrying feature of the 36m planning notice is that:

“The proposed development would come into effect only in the event of, and
subject to, a grant of planning permission for the change to permitted runway
operations as proposed under ABP Ref. No. PL06F.314485 (F20A/0668)” .

This is the daa’s attempt to blackmail and pressurise the Board into granting the
Relevant Action. This is serious interference in the Planning process and the Board
should not be intimidated by such actions.

The daa are giving the impression that the Relevant Action is needed to increase
passenger numbers to 36m. I’m sure this will form part of the daa’s submission on
the draft decision. This is not the case and it's critical that the Board doesn't fall for
this approach. In the 40m Infrastructure Application (F23A/0781 ), the daa submitted
responses to a further information response from the Planning Authority.

In the EIAR submitted, Table 9-1 provides a breakdown of various assessments with
and without the Relevant Action (NRRA) for different years:
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By 2034 the daa can achieve 40mppa without the NRRA. Therefore, achieving
40mppa is not reliant on the Relevant Action being granted.

Even in 2027 the passenger numbers can increase to 33.2mppa without the
Relevant Action. These figures are from the daa themselves and therefore they are



not being truthful when they say that the Relevant Action is needed to achieve either
36m or 40m passengers.

Section 9.1.23 under Table 9-1 is also very relevant:
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mttwut tIn NRRA and an Increase of 14% WIth the NRRA

There will be a 14% increase in activity at night with the NRRA. Section 9.1.23 states
that there will be an increase of 18% without the NRRA as opposed to 16% with the
NRRA.

Also included in the RFI material is a Mott MacDonald report titled “ Dublin Airport
Operating Restrictions – Quantifications of Impacts on Future Traffic, Growth from
32m to 4C)million annual passenger – Fleet modernisation to 2046” , which can be
found at page 1 129 of
https://planninqapi.aqileapplications.ie/api/application/document/FG/106791 9 .

On slide 4, Mott MacDonald compare various scenarios. Scenario E is noteworthy as
it is the scenario without the Relevant Action being granted up to a cap of 40m
passengers:
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It is very clear that 40m passengers can be achieved using Scenario E by 2034.
Also, it shows that 36.6m passengers can be achieved by 2030. The only impact the
with or without Relevant Action has is the rate of growth of passenger numbers.
Without the Relevant Action still achieves the goals of the National Aviation Policy.



This is very critical to highlight - Not granting the Relevant Action does not
impinge on the goals of the National Aviation Policy.

40mppa will be achieved by 2034 with or without the Relevant Action. Therefore, if
the Board does grant permission for the Relevant Action, it cannot be based on the
aims of the National Aviation Policy. Also, the Board will need to justify why it is
inflicting so much adverse health effects at night on residents for no gain in
passenger numbers in 2034. The Board will have to justify the costs involved with
the grant of the Relevant Action and how the health costs (750m euro annually) can
be borne by the Irish taxpayer to subsidise the aviation industry. This is clearly not a
Balanced Approach .

PFAS Contamination:

The known PFAS contamination at Dublin Airport has not been addressed by the
Board. It is public knowledge that there’s a sizeable PFAS contamination issue at
Dublin Airport:

https://www.irishtimes.com/transport/2023/03/17/dublin-airport-operator-examining-
potential-impact-of-forever-chemicals/

At a DAEWG meeting on the 15th of March 2023, the daa’s Head of Environmental
Sustainability advised members that:

“daa is examining the potential impact of PFAS at Dublin Airport and is
engaging with the relevant environmental regulators to ensure best practice in
managing this issue” .

https://www.dublinairport .com/docs/default-source/community-engagement/15-
march-2023---daewq-meeting-minutes-approved .pdf

It has also been reported that Geminor shipped 150,000 tonnes of PFAS
contaminated soil from Dublin Airport to Norway for processing:

https://www .wastetodaymaqazine.com/news/qeminor-pfas-dublin-soil-treatment/

This work by Geminor also has not formed part of any planning application or
environmental assessment and has involved no public consultation. Therefore, this
work is unauthorized development and needs immediate assessment and planning
permISSIon.

Because the PFAS contamination did not form part of a planning application, the
cumulative effects of the PFAS works has not been taken into account in any
planning applications. This is a serious omission and this unlawful development has
had serious knock-on consequences to other developments at Dublin Airport. The
impacts of the PFAS contamination has not been environmentally assessed for its
impact on the environment and especially the SACs and SPAs that are
hydrologically linked to Dublin Airport. The impact on human health have also not
been addressed in any planning context.



The daa first became aware of the impacts of PFAS during the North Runway
construction. The daa decided not to alert any relevant authority and continued
construction with the Norh Runway. They knowingly continued to construct the
runway and therefore these works should be categorised as Unauthorised. A full AA
has never been carried out on the whole North Runway projects.

In April 2024 the daa uploaded 4 documents to their website at
https://www.dublinairport.com/corporate/environmental-social-
governance/sustainability

1 ) Daa Statement April 2024
2) PFAS FAQ April 2024
3) 2021 – 2023 Environmental Monitoring Non-Technical Summary
4) 2021-2023 Environmental Monitoring Report

In section 5.1 of the document ' 2021 – 2023 Environmental Monitoring Non-
Technical Summary’. it states:

• Groundwater:
o The highest Sum of 20 PFAS concentrations in groundwater were detected at
the site of a former firefighting training ground, where maximum concentrations of
4,111 ng/l were reported.
Surface Water:
o The highest PFOS concentration in surface water was detected in the Cuckoo

Stream at 50.6ng/l (May 2023).
o The highest PFOS concentration in airside surface water (1,430ng/l in March

2022) was recorded in a manhole to the north of the North Apron. The source
of PFOS is indicated to be from the Former Fire Station at the North Apron.

Soil/Concrete
o The highest concentrations of individual PFAS constituents in soils/concrete

were 568 bIg/kg in Apron 5H.

•

•

These are alarming levels of PFOS / PFAS.

Further documents were released by way of an appeal to the OCEI Commissioner:
https://ocei .ie/en/ombudsman-decision/7db6a-daa-public-limited-company-and-
finqal-county-council/

Upon release, the daa made the documents available on their website:

https://www.dublinairport .com/corporate/airport-development/north-
runway/environment/soil-and-water-management

The two documents are different to the documents previously made available by the
daa. These two new documents were undertaken by Fehily Timoney who were
retained by RoadBridge to undertake a Risk Assessment of PFAS contamination of
groundwater and surface water at the former Fire Training facility at the Dublin
Airport, North Runway development (APEC 5). RoadBridge were the contractors
responsible for the construction of the North Runway.

The report titled ' Groundwater and Surface Water Risk Assessment and
Remediation OptIons Appraisa\’ ’, states in section 1.1 that:



“ The detected concentrations of Total PFOS at the off-site surface water
monitoring points sampled between January 2018 and July 2021 exceeded the.

• 0,65 ng/l (the annual Average Environmental Quality Standards (EOS) for
Inland Surface Waters for Total PFOS set by S.I. No. 386 of 201 5).”

“A number of the groundwater monitoring locations during the period January
2018 and October 2018 exceeded the Total PFOS 0.07 pg/l threshold value
(defined by the United States Environmental Protection Agency (USEPA) Drinking
Water Advisories for PFC)S and PFOA).”

The Board cannot grant permission to the Relevant Action when Unauthorised
Development has taken place and where the PFAS contamination has not been
screened in any of the three environmental assessments. The Board cannot claim that
it does not know of PFAS as it has been raised in submissions. It is worth mentioning
the MetroLink project which will involve works at the airport. TII are taking PFAS very
seriously and is including it in their Cumulative Impact Assessment and In-
Combination Assessment for NIS. While the daa are taking the opposite approach and
failing to adequately address the issue.

The daa have known about PFAS contamination since as early as 2016 during
construction of the North Runway and yet none of their Environmental Assessments
since then even mention PFAS yet alone provide mitigation and remedial measures.
The dangerous levels of PFAS / PFOS have been known for a long number of years
now and the daa have only recently contacted the relevant authorities. The response
from the daa was to initially remove and bury known contaminated soil from the
North Runway site around attenuation tanks and continue with the North Runway
development. This was a major mistake as the PFAS levels under the North Runway
are at dangerous levels. PFAS contaminated soil has also been found at other sites
at the airport and large amounts of contaminated soil from the Apron 5H
development has been shipped to Norway for remediation.

The cumulative impacts of the contamination at the Apron 5H development site
should be assessed in conjunction with this Relevant Action application. The whole
airport site needs to be addressed for PFAS / PFOS contamination as a whole and
not the piecemeal approach thus far. The need for Cumulative Assessment and in
Combination Assessment are highlighted in the advice given to TII for MetroLink. TII
are taking the PFAS situation very seriously and understand their obligations which
are clearly lacking with the daa. TII acknowledge that their development will lead to
PFAS release into the environment.

The daa have been aware since 2016 of the PFAS issue and decided to literally bury
the evidence in order that the North Runway project would not be delayed. No
consultation with State Authorities was carried out at the time. We note that no full
AA was ever carried out on the North Runway. The daa knew of the PFAS
contamination and yet still went ahead without addressing it and even got a time
extension and defended High Court proceedings while still burying knowledge of this
contamination. The North Runway should be classed as Unauthorised
Development, and we ask that the Board make a ruling on this.



An Bord Pleanala are mandated to refuse planning permission based on the
total lack of screening and assessment of PFAS / PFOS contamination and its
impact on European sites.

Nighttime insulation grant

It is proposed in the draft decision to offer a grant of 20k euro for nighttime insulation
of bedrooms. The Inspector has accepted the process that ANCA has conducted . The
award of any grant should be costed by an organisation such as the Chartered
Surveyors of Ireland or Engineers Ireland. 20k euro will not achieve much in 2025 and
beyond. It is a derisory sum. Nighttime noise impacts more on health than daytime
noise. Yet the daytime insulation scheme for those contained in the 63 LAeq16 contour
offers full house insulation. The Board have not explained how 20k euro can achieve
any satisfactory level of insulation to protect human health. In fact, the Board have not
shown the competence with which they can arrive at that decision. The Board needs
to engage proper Engineering and Surveying competence to make any determination
on insulation.

Schedules:

In the daa’s 2023 Annual Compliance report ,
https://www.finqal .ie/sites/default/files/2024-09/d00001-daa-xxx-xx-xxx-rp-v-xxx-
0003-annual-compliance-report-section-19-2023-v1 .0 0.pdf, Appendix 2 on page 54
lists the percentage of arrivals and departures per hour:

App 2 Arrivals and Departures by Hour



The daa have always claimed that the 6-7am slot and 23-24pm slot are their busiest
hours of operation. Assuming there’s an even split of arrivals and departures for the
entire day, the 6-7am slot has 9.2% (1.3 + 7.9) of total movements. However, when
summing up the totals of arrivals and departures for every hour, it can be seen that
the 6-7am slot is only the 14tF' busiest hour, and the 23-24pm slot is the 18th busiest
hour. This makes a mockery of the daa’s claims. Submissions on the schedules have
been made repeatedly during this planning process by the St Margarets The Ward
Residents Group and the Inspector has failed to date to understand how important the
evidence in these schedules is and what can be learned from them that runs contrary
to what the daa are saying. There has been no evidence provided in the draft decision
that shows the Board understands the schedules or has taken the numerous

submissions into account. The Board must interrogate the schedules, and will no doubt
come to the same conclusion that the 6-7am timeslot is not the busiest.
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I reiterate that this data comes from a daa Compliance Report for 2023.



Independence:

The Director of ANCA, Ms Ethna Felten, is also Deputy CEO of Fingal County Council.
This is a clear breach of EU598/2014 and the Aircraft Noise (Dublin Airport) Regulation
Act 2019

(13) The competent authority responsible for adopting noise-related operating
restrictions should be independent of any organisation involved in the airport’s
operation, air transport or air navigation service provision, or representing the
interests thereof and of the residents living in the vicinity of the airport. This
should not be understood as requiring Member States to modify their
administrative structures or decision-making procedures.

Article 3:

2. The competent authorities shall be independent of any organisation which
could be affected by noise-related action. That independence may be achieved
through a functional separation.

On the recent Dublin Airport Noise Action Plan, ANCA and their consultants worked in
tandem with Fingal County Council. This does not seem fitting for an independent
body

The Board should clarify if ANCA’s position is in accordance with EU598/2014
legislation .



Enforcement:

The flight paths issue is just one condition of planning that Fingal County Council’s
enforcement department are dealing with. Fingal has taken enforcement proceedings
against the daa over breaching Condition 5 and not adhering to 65 nighttime flights.
This matter is subject to High Court proceedings. The daa are not adhering to a
condition of planning imposed by the Board and have sought a stay via the courts.

In section 12.4.8 of the Inspector’s report, it states:

“I have no evidence before me to suggest the proposal for the RA is to address
any unauthorised action. A response to the supplementary inforrnation was
received by both ANCA and the PA and no issues relating to unauthorised
development have been raised. Any non-compliance with the original NR
permission and enforcement issues are a matter for the PA” .

The Board has an obligation to seek information from relevant authorities if required.
It appears that the Inspector relied on a lack of material from the PA and ANCA.
However, information should have been sought under the Board’s powers.

I attach the Enforcement Notice, PEN F_ 0134_ 2023 S1 54 Enforcement Notice . pdf,
from Fingal County Council dated July 28tt' 2023. 1 also attach the record of Fingal’s
CEO, PEN F_ 0133_ 2023 S1 53.pdf, which clearly states that the development is
unauthorised :

• Taking accounl of the foregoing. it is therefore concluded that by virtue of the scheduled and actual

operations reported. the frequency of night flights in Dublin Airport is not in conformity with

Condition 5 of the North Runway permission and is for that reason unuuthoHsed development.

The 2000 Ad, including s. 154(5)(a)(ii) provides that the planning authority can issue an

Enforcement notice to require the daa. to proceed with a development in conformity with

ConditIon 5:

• Unauthorised dcvclopnlent is occurring and will continue to occur in non-contbnnity with

Condition 5 and that unauthorised development is occurring at the Lands and development is not

being carried out in conformity with Condition 5 of the North Runway Ptxmission (Planning

Authority Reg. Ref No: FOJA.." 1755 1 ABP Ref. No: PL 06F.217429):

• 'the dim has not sought to remedy the said unauthorised de\'elopmcnt, there are no compelIIng

reasons for not taking enforcement action, having regard to the nature of the unauthorised

development at issue and the nature of Condition 5, including the reason,'purp05e of same;

e In circumstances where unauthorised development is occurring and will continue to occur at

Dublin Airport contrary to Condition 5 of the North Run\ray Permission ( Planning Authority Reg

Rct- No: FC)4A/ 1755 / ABP Ref. No: PI' 06F,217429) comprising the continued and ongoIng

exceedalIce of the permitted avcrage number of night-time (between 2300 hours and 0700 hours)

aircraft movements at the airport – being a permitted average of 65 aircraft movements per night

when measured over the 92-day modelling period:



I also attach an enforcement complaint form, planning-enforcement-complaint-form-
65-Flights-summer.pdf, which lists out flights on June 25tf'/26th inside the 92-day
Sumer period where 106 movements were recorded between 23:00-07:00.

These records provide proof to the Board that Unauthorised Development has
been occurring in relation to Condition 5 (65 nighttime limit). The Board has a
duty to recognise this Unauthorised Development and refuse the Relevant
Action as it’s now a case of retention permission.

The daa have also breached the 32m passenger cap conditioned by the Board as part
of Terminal 2’s planning. They breached it in 2019 and 2023 and have breached it
again at the end of November 2024. The passenger numbers can be viewed on daa’s
own corporate website at https://www.daa.ie/wp-content/uploads/2024/12/daa-
Monthly-Statistics-November-2024.pdf. It shows that Dublin Airport has handled
32,250,020 passengers at the end of November. This webpage is accessed via the
daa’s 'investor relations’ webpage. These are the passenger numbers they show off
to their investors. This 32m passenger cap was another planning condition imposed
by the Board when granting planning permission for Terminal 2. This once again
shows the lack of respect for the Board by the daa and they believe they are above
the planning laws of this country.
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I attach correspondence, ENF_ 24-263_ Dublin_ .Airport_ 32m_ cap.pdf, from the
enforcement section of Fingal County Council where they state that a Warning Letter
pursuant to Section 152 of the Planning and Development Act 2000, as amended, was
issued to the daa on December 17th 2024.

The daa breached the cap in 2019 (32.9m), 2023 (33.522m) and now again at the end
of November 2024 (32.25m). The final figure will be above 34.6m passenger. This is
the repeated ignoring of a planning condition imposed by An Bord Pleanala and is
therefore Unauthorised Development. The Board must acknowledge this breach and
have the daa apply for retention.



Climate :

Another major issue central to the nighttime flights application and the expansion of
aviation is the significant increase in Green House Gases (GHG) emissions. GHG
emissions were never assessed for significance in the original planning for the North
Runway and therefore no Baseline for emissions was established. Therefore, all
emissions from the proposed Relevant Action need to be accounted for and these are
' major adverse’ when accounted for based on the IEMA Guidelines. It is highly
significant that the SEAI recently published a report, Energy in Ireland 2024
(https://www .seai.ie/sites/defau it/files/publications/energy-in-ireland-2024 . pdf),
estimating that “Ireland’s emissions from International aviation amounted to 3.4
MtC02eq, equivalent to approximately 1 1% of national energy-related emissions.”

Table 7.1: Energy-related CO2eq by sector (share)

Transpon
(excl, int.
avIatIon)

Industry

10_92 11_20 11.69 12,21 12.05 12.22 12.22 30.29 10.97 11.64 11,68

3.39

7,07

I ,SO

0,59

0.08

0.48

3.61

6.27

1.41

0.53

0.07

a.44

3_59

6.73

1 .54

0_SI

0_07

0.53

3_71

7.00

1 .45

0, 54

0.06

0_42

3_83 4.05 3 97

6.73

1.SO

0.61

0.07

4 02

7.34

1.31

0.62

0.06

4.04

6'87

1 .41

0.62

0,06

3.Bl

5.75

1.39

O.BS

0.05

0.47

3.62

5.35

1.35

0.76

0.06

a,42

Residential
6_51

1.39

0,SS

0_07

0.47

7.00

1.51

0.59

0.08

0.52

Services

Agriculture

FisherIes

Other 0.46 0.48 0.47

Total
(excl. int.
aviation)
International
avIatIon

Total
(incl. int
aviation)

35.72 35.06 36.77 38.24 36.92 36.67 35,02 32.99 34.79 34.11 31.27

2.02 2.24 2.54 2.60 3.06 3.31 3'34 1,19 1.32 3.04 aM
JUL

37.74 37.30 39.30 40.84 39.98 39.98 38.36 34.17 36.12 37.15 34.71

It also showed that Jet kerosene contributed 22.8% of energy related C02 emission
in transport:



Table 7.3: Quantities and shares of energy-related COzeq emissions in transport (share)

GHG [MtCO2eq] 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

••HI

Diesel / gasoil

Jet kerosene

Gasoline

ElectricIty

Biodiesel

Natural gas

LPG

Bloethanol

Fuel oil

Total

7.34

2.03

3.54

0.02

0.01

0,01

0.00

0.00

0.00

12.96

7.80

2.25

3.35

0.02

0.02

0_01

0.01

0_00

0.00

1 3.46

8.46

2.55

3.17

0.02

0.02

0.01

0.01

0.00

0.00

14.24

9.16

2.61

2.96

0.02

0.02

0.05

0.01

0,00

0.00

14.83

9,29

3.07

2.67

0.02

0.03

0.05

0.01

0.00

0.00

15.14

9.69

3.32

2_43

0.03

0_03

0_05

0_DO

a.oo

0_00

15.55

9.82

3.36

2.30

0.03

0.03

0.04

0.00

0.00

0.00

15.59

8.50

1.20

1.70

0.03

0.03

0.04

0.00

0,00

0.00

II.Sl

9 07

1.34

1.81

0.05

0.03

0_04

0.00

0,00

0_00

12.35

9,48

3.06

2.06

0.07

0.04

0.04

0.00

0.00

0.00

14.76

9.38

3.46

2.19

0.08

0.05

0.04

0.CO

0.00

0.00

15.20

Jet Kerosene use in 2023 surpassed the previous yearly high in 2019:

Table 5.4: Final energy in transport sector by energy types (share)

2013 2014 2015 2017 2018 2019Energy [TWh] 20232022202120202016

n=

Diesel / gasoil

Jet kerosene

Gasoline

Biodiesel

Bloethanol

Electricity

Natural gas

LPG

Fuel oil

Total

27.50

7.85

1 3.93

0.86

0.33

0.04

0.04

0,02

0

50.57

29_25

8.70

13.18

1.04

0.31

0.04

0.03

0.02

0

52.58

31'72

9.84

12.50

1,14

0.35

a.04

0.05

0_03

0

55.67

34.32

10.la

11_66

1 'DO

0.38

0.05

0.25

0.03

0

57.79

34_80

1 1.88

10.52

1.52

0.34

0.05

0.24

0.03

0

59.38

36.31

12.83

9.59

1 ,48

0.32

0.07

0.26

0.02

0

60.87

36_80

12.98

9 08

1.90

0.30

0_09

0,20

0.02

0

61.36

31 .83

4.63

6.73

1 '82

0.23

0.10

0.18

0.01

0

45,53

33_98

5.18

7.13

1.87

0.24

0.1 S

0.19

0.01

0

48.74

35 SO

1 1.84

8.12

2.37

0.27

0,22

0.19

0.02

0

58.53

35.10

13.36

8 65

3_13

0.38

a_33

0,18

0.02

0

61.14



Jet Kerosene accounted for 21.85% of all transport energy use:

Figure 5.7: Shares of energy types in transport final energy
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It's imperative that these highly significant GHG emissions from aviation are kept in
line with Ireland’s obligation under the Paris Agreement.

Significance :

Significance of effects was never established in the original planning application. As
a result, the daa has no baseline on which to determine significance with their
proposal. It is not just the difference between the Permitted and Proposed scenarios
that determines those significantly affected as the Permitted scenario was never
assessed for significance. It also needs to be pointed out that the Permitted scenario
is not equal to the baseline situation in 2007 or the consented scenario with straight
out flight paths. It is also of note that the change to the new flight paths,
acknowledged by the daa, was not stated on the Public Notice for the Relevant
Action or on the Public Notice from An Bord Pleanala. This is a grave error and
totally misleads the public who were not anticipating divergent flight paths.

The Board should be made aware of the RFI responses from the daa’s planning
consultants, Coakley O’Neill, for the Infrastructure Application, F23A/0781. The
planning authority made the following request in question number 6:

“The applicant is invited to provide analysis with narrative explaining the
variation over time, of previously modelled aircraft noise contours far Dublin
Airport. The analysts should be accompanied by an overlay graphical
representation of noise modelling prepared and presented as contours for the
currently proposed development shown with each of the following previously
presented contours: 1) the North Runway application (December 2005 51 5),



2) the consented Worth Runway (EIS Addendum 9th August 2007) 3) the
modelling agreed for operation of the noise mitigation schemes under that
permission (2016) 4) the Airport Noise Zones in the Fingal Development Plan
2023. The methodological differences between the various contours and the
reasons why they are not directly comparable should be noted.”

The response can be accessed in this document:
https://planninqapi.aqileapplications.ie/api/application/document/FG/1067909 .
Coakley O’Neill provide a timeline of events, some of which are:

• “North Runway Application (December 2004 EIS):
o The flight routes assumed that the North Runway tracks would

replicate those on the South Runway. These assumed aircraft turned
after a straight segment of around 5 nm from the end of the runway

Modelling agreed for operation of the noise mitigation schemes (2016) .
o The flight routes assumed that the north runway tracks would replicate

those on the south runway. These assumed that 25% of aircraft turned
after a straight segment of around 5 nm from the end of the runway,
with the remaining 75% turning earlier, around 2 nm from the end of
the runway. This was based on an analysis of a sample of radar flight
tracks.

IA EIAR (December 2023):
o The flight routes were based cm an analysis of actual radar tracks. For

the South Runway these were similar to previous assumptions. For the
North Runway this meant an initial 30 degree right turn shortly after the
end of the runway After this initial turn the routes are similar to previous
assumptions.

•

•

This response is written in the context of the Board Inspector’s findings in her
assessment of the North Runway Relevant Action (NRRA), ABP Ref. No. ABP-
314465-22 (F20A/0668), which stated that.

“the Board will note that the flight patterns submitted in the applicant's
supplementary information and included far the purpose of the proposed
scenario of the EIAR, differ to those submitted in the original EIS for the NR
application. The Board will note that the flight patterns submitted to the
planning authority for the original Relevant Action also differed from those
submitted with the original EIS for the NR application The main difference
between the revised EIAR and the amended supplementary EIAR is the
divergence north from the NR, earlier than previously indicated in the revised
EIAR permitted by the planning authority””

This is irrevocable proof that the daa have come clean and are agreeing with the
Inspector that the flight paths have changed. This is in complete contrast to what the
daa has been saying to the Planning Authority, ANCA, Irish people and the
Oireachtas. Here are examples from the Oireachtas Transport Committee:

January 18th 2023:



https://www.oireachtas.ie/en/debates/debate/joint committee on transport and co
mmunications/2023-01-18/3/

• : There was an application in 2007 Ms Gul)bins is referencing 2016. 1 am aware

Fingal County Council has issued an enforcement notice. 1 wonder about the
basis on whIch the DAA is operating now and the basis on which it wIll operate on

23 February in the context of planning and the regulator Will the applications have
been adequately through those processes or does the DAA need to seek retention?
Are other enforcement notices expected? is the DAA of the opInion that from 23
February it will be entirely sound to operate those fIIght paths with regard to the

regulators and the Aircraft Noise Competent Authority, ANCA, and all the various
parameters that one must live within?

+n

Al
Leputy
Darren

O'Rourke

• : There are [wo separate issues at play here. The Deputy referred to the

deviatIon in the flight path. That specific issue will, hopefully, be resolved on
23 February, as we have dISCUSsed. The actual flight paths, whether they are the

deviated or the original, are not a factor of our planning permission. The DepLlty
referred to the = application The north runway was constructed under a
planning permIssion that was granted in 2007 The Deputy is absolutely right that we
are currently engaged in a process, which the noise regulator ANCA, has made a

decision on This has been appealed to An Bord Plean51a. We are actuaE ly in the
process of engagenrent around separate conditIons to do with that 2007 planning
permission. which to our mInd is a completely separate process to the flight path
deviation issue that we had previously discussed As of 23 February we are very
hopeful that the new flight path will be in place. and hopefully that issue will be

resolved We are in the middle of a statutory process. which absolutely needs to run
its course over the next few months

Ms Catherine

Gubbins

• : Picking up from that point, I presume that in its assessnrent the DAA has
been advised on this, The community might reasonabEy ask if the 2007

plannIng permission is being contested but the runway is being operated at the
same time, whether the DAA is of the opinion that it is operatIng the north runway
on a sound basis, despite the fact there are ongoing legals in relation to that
planning?

an

\;
Leputy
Darren

O'Rourke

The video for this meeting can be accessed at Joint Committee on Transport and
Communications debate - Wednesday, 18 Jan 2023. At 1 :23:10 into the video the
Acting Chairman Senator Gerry Horkan asks Ms Catherine Gubbins the following
question :

Acting • : For nIy own benefIt. can I just confirnr that the DAA is operatIng the north
Chairman runway on the basis of the existing planning pernrission as opposed to what
(Senator the DAA would like the planning permission to be into the future' n

Gerry Horkan)

Ms Gubbins replied 'Yes’ that the daa were operating the North Runway on the basis
of the existing planning permission.



November 22nd 2023:

https://www.oireachtas.ie/en/debates/debate/joint committee on transport and co
mmunications/2023-1 1 -22/2/

Flight paths are compIIcated and they take a long time Co work tnrougF
When flights commenced on the north runway from August to February,

there was a slight deviation for some flights. A small number of aircraft were
marginally overflying parts of a community that were not consulted with. That has
been corrected from February, which is the most important thIng. That was a

mistake that we had made. We apologised for it. The Right paths that operate now
are fully conlpliant. They are the flight paths t11at were intended and are over the
communities that were consulted wIth

Mr. Kenny
Jacobs

• : I aim glad to hear that the DAA met with representatives of the Kilcask.an
school recently I have been contacted by residents and paren[s of children

who attend the school as they really have difficulty with some of the noise issues.
Fronr FebrLlaly 2023, the flight paths relating to the nortlr run\\'ay are as proposed in
Ehe Oliginal planning applicaEion from 2007 and the amended one.

Matthews

: Exactly, yes.
Mr. Kenny

Jacobs

Example from the daa’s own website:

https://www.dublinairport .com/latest-news/2023/03/15/daa-rejects-any-clai ms-that-it-
is-in-breach-of-planning-permission-granted-in-respect-of-the-north-runway

Example from PrimeTime:

https://www.youtube.com/watch?v=jV78GFDwA6Y (3:30 into the audio)

This is proof that the daa misled the Oireachtas and Irish people.



Health costs:

Another serious concern with the daa’s submission is that the health costs of
nighttime noise have not been assessed. The public have gone to great lengths to
point out the strong recommendations of the WHO and the submissions from the
HSE, yet the daa and ANCA fail to address health. Neither the daa nor ANCA
assess the health costs and other negative impacts of increased aviation activity.
Aviation cannot be subsidised, and the impact and cost picked up by the public and
Health system. It has been estimated that the health costs associated to just the
number of people Highly Annoyed and Highly Sleep Disturbed amounted to
€750million in 2023 alone based on the methodology used in a report
commissioned by the Belgian Superior Health Council:

https://www.health .belgium.be/sites/default/files/uploads/fields/fpshealth theme file/

20240506 h slr-9741 vlieqtuiqlawaai en andere emissies vweb.pdf.

https://wakeupkraainem.be/wp-content/uploads/2023/06/ENVISA Health-Economic-

Impact-Brussels-Airport March-2023.pdf,

The research used €132,000 as the cost of a Disability Adjusted Life Year (DALY).
For Dublin Airport the number of DALYs attributed to High Annoyance was 1,428
and for Sleep Disturbance 2,279. The combined estimate of High Annoyance and
High Sleep Disturbance amounts to €489m. An estimate for CVD adds another €300
amounting to €789m in total for just 2023 alone. These figures have never been
addressed by ANCA, the Planning Authoriity or the Inspector.

Project Ireland 2024:

Another major flaw in the daa’s proposal is that it is contrary to the objectives of
Project Ireland 2024 and Balanced Regional Development. 90% of international
aviation into Ireland is via Dublin Airport. The other airports must fight for the
remaining 10%. As a result, the economic benefits of Dublin Airport are totally lob
sided to Fingal, Dublin, and the Leinster region. How can Fingal County council be
independent in its decision making when the economic benefits of Dublin Airport are
felt strongest in Fingal?



Appropriate Assessment:

The AA assessment by the applicant and the AA assessment from ANCA fail to
assess the impacts on the Red Kite, which is an Annex 1 species.

A full NIS was never carried out on the whole North Runway project. This is classic
project-splitting and piecemeal development.

The most recent Bird Survey was carried out in 2018 which is out of date and the
Board cannot make a determination on AA based on such out-of-date surveys. This
goes against the advice of the CIEEM.

The Board’s ecologist never read any of the appeals or other submissions made on
AA

The AECOM report misled the authorities on the noise levels at the various SPAs
and SACs. The noise levels are far higher than reported and can be seen in the
daa’s Noise snf Flight Track Monitoring Reports:
https://www.dublinairport .com/corporate/environmental-social-
governance/noise/noise-management/airport-noise-plans-and-reports. Regular
exceedance of 70dB LAmax is achieved at the SPAs and SACs which does impact
on birds according to the scientific literature.

No bird surveys taken under the Norh Runway flight path or at night.

No Cumulative or In-Combination assessments were carried out with other projects
which is in breach of Article 6(3) of the Habitats Directive.

ANCA’s AA only dealt with noise in isolation, and it too is defective with regard to
noise levels.

The AA screening report by the Planning Authority is dated August 2022 before the
North Runway opened and therefore insufficient, and no other projects were
assessed for in-combination effects



Noise Abatement Objective (NAO):

ANCA reviewed the mitigation effectiveness at Dublin Airport for 2022 and 2023 and
reported that Dublin Airport failed the Noise Abatement Objective (NAO) in both
years. This was mainly due to more of the population exposed to >55dB Lnight in
close proximity to Dublin Airport.

https://www.finqal .ie/sites/default/files/2023-
08/Noise%20mitiqation%20effectiveness%20review%20report%20for%202022 . pdf

The night-time NAO priority indicator

The fourth lrldlcdtor of ttle NAO has regard to the total nunlber of people exposed above the NAO
prIorIty level of 55dB L , .
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The number of people exposed to >55dB Lnight was 1687 in 2022 and escalated to
4465 in 2023. Note ANCA took no measures as a result of these breaches. ANCA
cannot be relied upon to protect the health of residents of Fingal. This is very



disturbing and calls into question ANCA's role as an Independent Regulator. Its own
reports clearly shows that people’s lives are being put at risk. What is very worrying
about ANCA is that they have never engaged medical experts or professionals to
understand the effects of aircraft noise on Human Health. EU598/2014 clearly states
that health should be taken into account, but ANCA have refused to engage.

Notwithstanding these breaches of the NAO in 2022 and 2023, 2019 is a flawed year
to use as the NAO baseline year. In 2019, Dublin Airport facilitated 32.9m
passengers, breaching the planning condition of 32m imposed by An Bord
Plean61a. The Baseline year for the NAO should be in line with the EU Action Plan
' Towards a Zero Pollution for Air, Land and Soil’, which refers to 2017.

It is also worth highlighting from the 2023 report the population exposed to noise
compared to the EIAR Supplement.

EIAR Supplement:

• 53,854 people Highly Annoyed
• 23,844 people Highly Sleep Disturbed

2023 Noise Mitigation Effectiveness Report:

• 71,388 people were Highly Annoyed
• 32,562 people were Highly Sleep Disturbed

This clearly shows that the Supplementary EIAR is vastly underreporting and
underpredicting the real noise levels. The 2023 noise figures are real noise data and
not modelled. The Relevant Action has fictional scenarios with a 32m passenger
limit. This is pure fabrication, and the Board need to take on board the real 2023
noise levels when determining the impacts of noise.

The HA and HSD numbers on their own are not that meaningful. The formulae to
derive the HA and HSD figures are based on Exposure Response Functions that are
described in the WHO 2018 Guidelines.

Table 30. T betw ,posure t

I L

40

45

50

55

60

65

TO

HA
12

9-4

17.9

26.7

36.0

45.5

55.5

At 40dB Lden, 1.2% of the exposed population are highly annoyed , rising to 55.5%
of the population exposed at 70dB Lden. The % increases as the noise increases.



Table : 2. The assocIation between exposure to aircraft noise (L
bHSD:

.) and sleep disturb

95% CI
40

45

50

55

60

65

11,3

15.0

19.i

25,5
32.3

40.a

4, 72–1 /.81
6.95–23_08

9.8/–29,GO

13.5/-37 ,41

18.1846.36
23.65-56.05

At 40dB Lnight, 1 1.3% of the exposed population are highly sleep disturbed, rising to
40% of the population exposed at 65dB Lnight. Again the % increases as the noise
Increases .

The calculation of HA and HSD can be simplified as the sum of the population in
each noise band multiplied by the %HA or %HSD for each band.

The ANCA 2023 Noise Mitigation Effectiveness Report breaks down the number of
people in each band for both HA and HSD:

45-49 dB

74,905

37,959

SO-54 dB

29,814

20,983

SS-59 dB

8, 546

8,753

ao.64 d8

2,328

3,532

65-69 d8

126

148

70-74 dB

15

13

>75 dB

4

0

2019

2023

HSD:

',O-44 dB

36,339

20,101

45-49 dB

7,622

7,252

sa-y+ dB

2,665

4,003

SS-59 dB

380

1 ,147

6&64 d8

34

55

65-69 dg

5

4

>70 dB

0

0

2019

2023

It’s very evident that from 2019 to 2023 the number of people HA reduced in the
bands 45-49dB and 50-54dB but increased in all other bands.

It’s also very evident that the number of people HSD reduced in the bands 40z14dB
and 45-49dB but increased in other bands.

What this shows is that the numbers in the bands with the lowest noise levels
have reduced but the numbers in the bands with the highest noise levels have
increased.

ANCA is fixated on reducing the numbers of HA and HSD and is not concerned
about the makeup of these numbers. ANCA is quite content that the overall numbers
are reducing but has no interest that the number of people exposed to the highest
levels of noise are increasing.

This is clear evidence that the overall HA and HSD numbers mask the effect
that higher noise levels are impacting a larger cohort of people.



A worthwhile exercise is to compute the HA and HSD number based on the
Environmental Noise Directive (END) reporting limits of 50dB Lnight and 55dB Lden.

Using the tables in the ANCA 2023 report which were shown above and summing
the numbers in the bands from 50-54dB Lnight upwards and from 55-59dB Lden
upwards:

HSDHAYear

2019

2023

11 ,019

12,446

3,084

5,209

These values paint a very different picture and show that the number of HA and HSD
rose between 2019 and 2023 when you start counting at the END limit thresholds.
The numbers being relied upon by ANCA in their NAO are skewed by the numbers in
the lowest noise bands.

It’s also worth highlighting that these lowest noise bands are where the largest
populations in Dublin reside. A marginal effect at the lowest noise bands has a
significant effect on the HA and HSD numbers.

From data extracted from the ANCA Reporting Templates for the Relevant Action
and Reporting Template for 2023, a comparison can be made of the population in
the Lden and Lnight contours for 2019 and 2023:

dB Lden 2019 2023 dB Lnight 2019 2023
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>;50
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>=60

>=65

>=70

>=75

754135 419796 >=40

>=45

>=50

>=55

>=60
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>;70

344912

59307

13838

220460

65227

22417

4339

174146

34097

6279

132890

37037

9102

320

22

0

1533

110

13

0

285

31

6

159

8

0

From the Lden figures, 579,989 people resided in the 45-49dB Lden band in 2019
which is ljQ/, of the total population exposed to greater than 45dB Lden.

From the Lnight figures, 285,605 people resided in the 40-44dB Lden band in 2019
which is 83% of the total population exposed to greater than 40dB Lnight.

Therefore, it’s evIdently clear that the quietest bands have a disproportionate number
of people residing in the bands and therefore have a huge effect on the HA and HSD
numbers if the noise contours change ever so slightly at the lowest bands.



From the tables above, based on the END reporting limits, 37,037 were exposed to
>55dB Lden in 2023 compared to 34,097 in 2019 and 22,417 were exposed to
>50dB Lnight in 2023 compared to 13,838 in 2019.

This is the reason that the HA and HSD figures above based on the END reporting
limits are higher in 2023 than in 2019. The number of people exposed to the higher
noise levels have been increasing.

Health

Attached to this submission are a list of scientific papers that provide expert advice
on the impacts of Aviation Noise on health . Some of these papers are new and are
after the WHO 2018 Guidelines were published. I encourage the Board to get the
relevant expertise who can read and understand this literature and help make
informed decisions. The Board must consult with medical experts if it doesn’t have
the necessary expertise to make an informed determination by taking this advice.

•

•

•

•

•

•

•

•

•

•

Transportation_Noise_Pollution_and_Cardiovascular Health.pdf
advisory-report-the-influence-of-night-time-noise-on-sleep-and-health .pdf
Basner_aircraft_noise exposure.pdf
Basner_effects_on sleep.pdf

Basner_Environmental_Noise_and_Effects on Sleep.pdf

Daytime_vs_Nighttime effects of aircraft noise.pdf
20240624-ppt-Hahad . pdf

enhealth-guidance-the-health-effects-of-environmental-noise.pdf

Noise causes cardiovascular disease.pdf
Tech 11 2010 Good practice guide on noise.pdf

I also attach the Dublin Airport Noise_ Medical_ Report.pdf from Professor Thomas
MOnzel, one of the world’s leading experts on aviation noise and its effects on

Human Health. Some of the key conclusions on his assessment of the Relevant
Action are:

• In addition to the fact that noise is now recognized as a cardiovascular risk
factor, all possible measures must be taken to protect people who live near
airports from the health consequences of noise.

Based on the current study situation, it should be assumed that average
outside noise levels caused by aircraft noise over a period of 24 hours,
beginning around 40 dB (A), are associated with harmful effects. From this
area on, increased noise pollution is to be expected, which is considered an
effect modifier when communicating negative health consequences. Since
night-time aircraft noise in particular has negative effects on health, stricter

•



measures must be used in order to comply with the WHO recommendation

(indoor noise level of less than 25 dB Lnight)
The noise study conducted on dwellings in close proximity to Dublin Airport

shows that mitigation through insulation cannot reduce the noise to safe
levels

Due to the new data on the negative health effects related to night-time
aircraft noise, the number of night flights must remain limited and, in our

opinion, cannot be increased any further.
Due to the fact that night aircraft noise in particular is harmful to health, air
traffic should, if unavoidable, be shifted more to the daytime.

The legally defined night’s sleep from 11 :00 p.m. to 7:00 a.m. should be
aimed for.

•

•

•

•

It is unclear from the Inspector’s report whether the Inspector has read this report
and understands it. There is no evidence available in the Inspector’s report to show
that the Board received expert advice and obtained the expertise to thoroughly
understand the evidence provided. Had an Oral Hearing been granted, the Inspector
would have had the opportunity to hear first hands from one of the leading medical
experts in transportation noise. It is clear from the Inspector’s report that the Board
have not provided proof of their expertise to understand the content of such a report.
The Board should now take this opportunity to obtain expertise from the
appropriate experts to ensure they can come to a qualified determination.



Noise Monitoring and Modelling:

It is very apparent that the Relevant Action leads to a serious deterioration in the
noise situation for Fingal residents. Serious questions need to be asked about the
daa’s noise modelling. Only one portable noise monitor was used to calibrate the
North Runway. They have used fixed monitors from the South Runway to attempt to
calibrate divergent flight paths on the North Runway. The North Runway has been in
operation for over 2 years now. The daa and ANCA have had plenty of time to collect
reliable real measurements from under the North Runway.

Due to the lack of monitoring the local community have had to go to great lengths
and cost to carry out their own independent monitoring. Monitoring was performed at
3 locations under the North Runway flight paths for the entire 92-day summer period
in 2023 and 2024. The results of this monitoring show that the modelling presented
in the EIAR Supplement is unreliable and very inaccurate for the North Runway,
leading to variations of 2dB. This modelling cannot be trusted. The community
engaged independent Acoustic experts to provide an expert opinion on the modelling
and that evidence is attached to this submission.

Further comments:

The proposed insulation scheme and mitigation measures proposed by the daa are

insufficient to ensure that all significant effects are avoided, prevented, or reduced.
The effects of aircraft noise on the cardiovascular system are indisputable and it can
exacerbate preexisting cardiovascular disease. The WHO 2018 Guidelines

evaluated the scientific literature up to 2015. Since then, there is increasing evidence
supporting the adverse effects of aircraft noise, nighttime noise in particular, on

health. The vulnerable in society are more susceptible. Aircraft noise can have long
term and permanent effects on children's cognitive ability, mental and physical well-
being. Sleep is disrupted by aircraft noise. The pattern and frequency of aircraft
noise renders it more likely to cause sleep disturbance. With the proposal,

communities impacted by the North Runway are somehow expected to get their full
night’s sleep in a restricted 6-hour timeframe (24:00-06:00). This is extremely
unhealthy when sleep is disturbed and limited. This additional use of the North
Runway at night also increases the significant adverse effects of the North Runway,
contrary to the planning permission conditioned by ABP in 2007. Why increase the
number of people significantly adversely affected and inflict serious noise and health
problems on a whole new cohort of the population when there are alternatives
available?

The Board’s draft decision has recommended the approval of the NQS proposal from
the daa along with a movement limit of 13000 movements. The Quota Count itself

should also be adjusted far below 16260 in line with counterparts in the UK.



The biggest impact on my family is the result of Westerly arrivals into the North
Runway. The aircraft are so low and noisy, and it impacts severely on the use of our
house. The external amenity of our house is obliterated during these Westerly arrivals.
Thankfully we are only exposed to these westerly arrivals on the North Runway 30%
of the time due to the Wind direction. However, the daa and ANCA average out these
extremes of noise into annual averages. This takes no account of the extreme torment
suffered during the 30% of the year. It should be noted that the Planning Authority took
account of 100% directional use when developing the Noise Zones to ensure that on
any given day that no new dwelling would be exposed to high levels of noise.
Unfortunately, neither ANCA nor the Planning Authority applied this same logic to
existing dwellings. The Planning Authority has deemed it a serious health risk for any
new dwellings in Zone A, yet they see it as ok to inflict this same level of noise on
existing dwellings in Zone A. This is a serious issue, and the noise zones show that
existing dwellings in Zone A should be afforded immediately relief from the severe
noise levels. Failure to do so contravenes the Fingal Development Plan.

Notwithstanding the complexity of this application, we urge the Board to make a swift
decision on this case. The local communities are suffering severe physical health,
mental health and emotional health issues in relation to ongoing breaches by the daa
of planning conditions imposed by the Board in 2007 when granting permission for the
North Runway. How many breaches of planning are acceptable by the Board? Why
are the daa allowed to carry on with impunity? An Bord Pleanala has a duty to ensure
all planning and environmental laws are respected in their decision making. They also
should take into account the proven track record of the daa breaching the very
conditions laid down by the Board .

Previous submissions to the Planning Authority and ANCA from the ' St Margaret’s The
Ward Residents Group’ included relocation options for the dwellings most impacted
by noise and where ANCA’s decisions would leave these people vulnerable to the
adverse effects of Aircraft Noise. An Bord Pleanala have the power to remove/amend
the night-time restrictions and therefore the onus is on the Board to find a safe
environment for these people and their families to live. In their current draft decision,
the Board have not explored relocation options or taken on board the residual health
effects and costs associated with their decision. The community has proposed
Thornton Hall as such a site that would be acceptable to the community and the Board
could make such a recommendation to explore this option in depth. To finance this
relocation scheme, the community has advocated an increase to the passenger
charge imposed on travellers along the lines of the ' Polluter Pays’ principal. The
monies raised from such a charge could be ring fenced to purchase Thornton Hall or
equivalent site and provide housing for the displaced residents. The cost is borne by
the 'Polluter’ and not by Government or the daa. The community most impacted knows
that it cannot stand in the way of Dublin Airport but it wants proper recognition for the
harms inflicted on them and for the community to be provided with proper relocation
so they can continue to live amongst their community and families. The option of



voluntary purchase is meaningless if you are displaced from your family and
community.

In conclusion, we call on An Bord Pleanala to reject this Planning application and
regulatory decision as there’s no justification for it except inflicting health costs and
carbon costs on the public. Planning is an afterthought for the daa. Their actions show
they do not respect the decisions of the Board. It is 2 years now since the North
Runway opened. Fingal County Council has taken enforcement proceedings against
the daa in relation to the breach of Condition 5 (65 nighttime flights). The Council is
also investigating the alleged illegal divergent flight paths off the North Runway.
Unfortunately, for residents, the Council seems incapable of coming to a swift decision
and appears to be waiting on the Board’s decision in this Relevant Action application.
It is therefore of upmost importance that the Board makes a decision in a timely
manner to refuse permission for the Relevant Action application.
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The Influence of Night-time Noise
on Sleep and Health



Gezondheidsraad
Health Council of the Netherlands

PresIdent

To the State Secretary for Housing, Spatial Planning and the Environment
PO Box 20951

2500 EZ The Hague

Subject
Your reference

Our reference

Enclosures

Date

: Report on night-time exposure to noise
: LMV 2003003076

: U 1007/WP/718-K

1

: 22 July 2004

Mr State Secretary,

Further to your letter, reference LVIV 2003003076. 1 am p]eased to enclose an advisory report on

night-time exposure to noise. At my request, the report has been drawn up by a specially formed

Health Council Committee. The report has been reviewed by the Standing Committee on Medicine

and the Standing Committee on Health and Environment.

The report is based upon the compiling Committee’s assessment of the findings of available
scientific research into the influence that night-time exposure to noise has on sleep and health. In

order to obtain a good overview of the relevant themes, the Committee began its deliberations with

a workshop for experts from the Netherlands and other countries. The workshop took place on 2
July 2003 as part of the 8th international Congress on Noise as a Public Health Problem

(ICBEN2003) in Rotterdam. In addition, interested parties were invited–both in direct

correspondence from myself and in an advertisement placed in the Government Ga:ette of 22 July

2003–to submit any information that they felt might be helpful to the Committee. The Committee
took account of the eleven responses to this invitation that were received when preparing its report.

and each respondent received an individual reply from the Committee.

The Committee paid particular attention to the strength of the evidence for a link between
exposure to night-time traffic noise and increased risk of hypertension. Almost all the studies that

have looked at hypertension and ischemic cardiovascular disease have focused exclusively on

associations with noise exposure during the da vtime and evening. A recent study, to which you
also made reference in your letter. has suggested that night-time noise and its effects on and during

sleep are much more significant than daytime noise for the development of hypertension. Although

the Committee considers it plausible that a causal relationship exists between exposure to night-

P.O. Box 16052
NL-2500 BB The Hague
Telephone + 31 (70 ) 340
Telefax +31 (70 ) 340 75 23
E-mail :

Visiting Address
Parnassusplein 5
NL-2511 VX The Hague
The Netherlands
www . gr. nl





Gezondheidsraad
Health Council of the Netherlands

Subject
Our reference

Page
Date

: Report on night-time exposure to noise
: U 1 007/WP/718-K

2

: 22 July 2004

time noise and increased risk of hypertension, the Committee has concluded that the evidence for

such a relationship is limited.
The Committee has noted that very little is known about the biological effects on children of

exposure to noise when sleeping, or about the impact on children’s health and u’ell-being. The

findings of the European research project Road traffIC and Aircraft Noise exposure and children ’s

Cognition and Health (RANCH) are due to be published shortly (probably in the summer of
2004). However, the Dutch participants in this project point out that these results will not entirely

eliminate our lack of knowledge regarding the issue of childhood exposure to noise when sleeping.

I am also sending a copy of the enclosed advisory report to the Minister of Health, Welfare and
Sport and another to the State Secretary for Transport, Public Works and Water Management.

Yours sincerely.

( signed)
Professor J A Knottnerus

P. O Box 16052
NL-2500 BB The Hague
Telephone + 31 ( 70 )340
Telefax +31 ( 070)340 75 23
E-ma

Visiting Address
Parnassusplei n 5

NL-2511 BX The Hague
The Netherlands
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the State Secretary of Housing. Spatial Planning & the Environment

No. 2004/14E. The Hague. 22 July 2004 (corrected version. 27 January 2005)



The Health Council of the Netherlands, established in 1902, is an independent scientific

advisory body. Its remit is “to advise the government and Parliament on the current level

of knowledge with respect to public health issues...“ (Section 2 1. Health Act).
The Health Council receives most requests for advice from the Ministers of Health.

Welfare & Sport, Housing, Spatial Planning & the Environment, Social Affairs &

Employment, and Agriculture, Nature & Food Quality. The Council can publish advi-

sory reports on its own initiative. It usually does this in order to ask attention for devel-
opments or trends that are thought to be relevant to government policy.

Most Health Council reports are prepared by multidisciplinary committees of Dutch
or, sometimes, foreign experts, appointed in a personal capacity. The reports are avail-

able to the public.

This report can be downloaded from www.healthcouncil.nl.

Preferred citation:

Health Council of the Netherlands. The Influence of Night-time Noise on Sleep and
Health. The Hague: Health Council of the Netherlands, 2004: publication no. 2004/14E.

all rights reserved
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Executive summary

Why this report?

Sleep is very important. It is therefore understandable that unintentional noise-related
disturbance of sleep is a serious problem. Since it is not always easy to reduce disturbing

noise, which is frequently associated with activities that are of value to the community at

large. such as travel and transport, a debate has arisen regarding the health and well-

being implications of sleep disturbance by environmental noise.
Like other countries, the Netherlands has regulations designed to limit public expo-

sure to environmental noise, primarily with a view to managing the associated nuisance.

Most of the limits relate to exposure over a complete twenty-four-hour period and do not

therefore focus specifically on the period during which most people sleep. However.

regulations are presently being prepared at EU level that do concentrate on night-time

noise exposure. In due course. Dutch law will be brought into line with the new EU leg-
islation

Against this background, the State Secretary for Housing. Spatial Planning and the

Environment wrote to the Health Council on 3 February 2003, asking for its advice
regarding the influence of night-time noise on sleep, health and well-being. This report

has been compiled by the Council’s Noise, Sleep and Health Committee and addresses

the questions posed by the State Secretary.

Executive summary 11



Exposure to night-time noise when sleeping

Environmental noise may originate from a wide variety of sources: air, road or rail traf-
fic: industry and other localised activities; neighbours or one’s general neighbourhood

The consequences of exposure to night-time noise when sleeping have mainly been

studied in relation to traffic noise. In the vast majority of cases, night-time traffic noise

involves individually distinguishable noise events, such as the passage of a train, car or

aeroplane.

Little research has been conducted into sleep disturbance from localised noise

sources such as factories, firing ranges, shunting yards, wind turbines, climate control

systems, building or demolition work. However, the Committee believes that the effects

of noise from such sources are unlikely to differ essentially from the effects of traffic
nolse.

To date there has been no published research into a possible relationship between

exposure to the other types of noise in the neighbourhood (recreational activities, chil-

dren playing) and sleep disturbance. The Committee was therefore unable to assess the

influence that such noise has on sleep.

Published research findings indicate that a variety of non-acoustical factors deter-

mine whether people are disturbed in their sleep by noises from neighbouring homes

(voices, toilet flushing, footsteps, radio. television). The existence and complexity of
these factors imply that it is not possible to establish meaningfbl relationships between

night-time noise from neighbouring dwellings and the degree of sleep disturbance one
suffers

Research into the extent to which Dutch people claim to be disturbed by night-time
noise during sleep is summarised below:

nei9hbourtruxi 8i==n=
neighbours, audio Ir=la

neighbours, conta;t 8

IndUstry

trains and trarr6

aeroplanes

0 2 6 124 8 10

permntage of adults disturbed in their deep
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Effects of night-time noise during sleep

The Committee divided the effects of environmental noise during sleep into two general

categories: biological responses and effects on health and well-being.

Biological responses to environmental noise occur because, even when asleep, an

organism has to appraise and process stimuli from its environment. Such responses

include waking up. having difficulty falling asleep again and increased motility.
It is plausible that, in the event of repeated exposure to night-time noise and under

certain circumstances, some biological responses will have long-term implications for

health and well-being. The Committee distinguishes five categories of effects:
reduced sleep quality
reduced general well-being
impaired social interaction and reduced concentration during day-time
specific disease symptoms
loss of years of life (premature mortality).•

Individuals differ from one another both in terms of their biological responses to night-

time noise and in terms of the effects on their health and well-being. Thus, one person

may take potentially harmful noise exposure levels in his or her stride without any sig-

nificant adverse effects, while the health and well-being of someone else in a similar sit-

uation will deteriorate. In this context, much depends on the extent to which a variety of

inherent and acquired personal factors interact with environmental factors

Evidence

In order to assess the degree of certainty concerning the relationship between exposure
to night-time noise and a particular effect. the Committee rates the available evidence as

su.I.-frcient , limited or insufjlc tent . Evidence is deemed sufficient if an indisputable rela-

tionship exists between exposure to night-time noise during the sleeping period and the
effect in question, and if it is plausible from a biological model that the effect is attribut-

able, at least in part, to the exposure. Evidence is rated as limited if a relationship

between exposure and effect has been observed and a causal relationship is credible and

plausible. but where the possibility of bias attributable to other factors cannot be
excluded. The Committee also rates the evidence as limited when a relationship is plau-

sible, and it has been observed that night-time noise exposure has an intermediary effect,
which is known from other research to lead to the ultimate effect under consideration

Evidence is regarded as insufficient if the underlying research lacks the quality. consis-

Executive summary 13



tency or weight necessary to support a conclusion regarding the existence of a causal

relationship.

Biological responses

There is sufficient evidence that night-time noise events cause direct biological

responses, such as increased heart rate, reduced depth of sleep, increased motility and

awakening.

Most biological responses begin to manifest themselves at an SEL in the bedroom of

approximately 40 dB(A) (L,4 max in the bedroom of at least 32 dB( A))*. Behavioural

awakening (established by pressing a button) occurs when the bedroom SEL exceeds 55

dB(A)
The Committee also concludes that there is sufficient evidence of a relationship

between exposure to night-time noise and a variety of biological responses exhibited
before, during and after sleeping. Some of these are consequences of the direct

responses already referred to: increased average heart rate, increased average level of

motility, more frequent behavioural awakenings, and longer intervals ofwakefulness. It

additionally appears that average motility in people exposed to night-time tratTic noise is

greater at higher noise levels than might be expected on the basis of the direct responses.

Higher levels of average motility are closely related to more frequent awakening, lower

perceived sleep quality and increased daytime drowsiness.

Furthermore. there is sufficient evidence that people who, while attempting to sleep,

are exposed to environmental noise or are concerned about being disturbed by noise in

the night. have more difficulty falling asleep. After the sleep period, those who were

exposed to night-time noise perceive the quality of their sleep to be impaired, find that

their daytime mood is adversely affected and experience greater drowsiness, fatigue and

irritability. especially in the morning.

There is limited evidence that under certain circumstances night-time noise can

influence stress hormone levels. This effect was observed in women who were annoyed

by noise at night and unable to protect themselves adequately to prevent the annoyance.

Implications for health and well-being

The Committee believes there is sufficient evidence that night-time noise has an adverse

effect on quality of sleep and general well-being. Limited evidence exists that exposure
to night-time noise has a negative impact on social interaction, on the performance of

+ In acoustics, the following two values are employed to specify a noise event: L.4 nIa.I . the maximum sound level during a
noise event. and SEL (sound exposure level), a particular summation of all sound levels during a noise event.

14 The Influence of Night-time Noise on Sleep and Health



concentration-sensitive tasks during the day. on specific complaints or disease symp-

toms and on loss of life years due to fatal accidents at work.

Reduced sleep quality is evident from studies on reduced self-reported sleep quality,

difficulty falling asleep and remaining asleep, more frequent awakening during the

night, shorter sleep periods and increased motility during sleep. A reduction in general

well-being due to night-time noise is evident from self-reported sleep disturbance. self-
reported health problems, use of sleeping pills and sedatives, and adversely affected

daytime mood. Among older people in particular. the use of sleeping pills and sedatives
is increased by night-time noise.

The medical conditions that may be linked to exposure to night-time noise are

insomnia, high blood pressure and cardiac disease, as well as depression in females.
Where insomnia is concerned, the Committee considers the evidence of a causal rela-

tionship as sufficient, while there is limited indil-ect evidence for the three latter condi-
dons. There is also limited indirect evidence of an increased risk of involvement in a

fatal accident at work as a result of sleeping problems and insomnia associated with

exposure to night-time noise.

The Committee has estimated the extent of the impact of night-time noise on the

health and well-being of the Dutch people in the year 2003 in terms of people who

report to be highly sleep disturbed and people suffering from insomnia. The results have

been based on data regarding cumulative night-time exposure to road, rail and aircraft

noise. provided by the Netherlands National Institute for Public Health and the Environ-
ment (RIVM).

Effect Prevalence in 2003

Number of people affected (thousands)

100- 1 000

10- 1 00

Self-reported high sleep disturbance

Insomnia

The number of adults in the Netherlands in 2003 who reported to be highly sleep

disturbed due to night-time traffic noise is between one hundred thousand and one mil-

lion. The increase in the number of people with insomnia attributable to exposure to
night-time traffic noise is estimated at 2 per cent of the number of people who reported
to be highly sleep disturbed.

Using data on the specific exposures to road. rail and air traffic. the Committee esti-
mates the number of adults who reported to be highly sleep disturbed to be more than

100,000 for each noise source (data for the year 2000; data for 2003 are not available as

yet). This number for road traffic noise is about two to four times as large as the num-
bers for rail and aircraft traffic noise. The increased number of individuals with insom-
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nia attributable to road and rail traffic noise amounts to between 1000 and 10,000 in

each case. For air traffic noise in the region of Amsterdam Schiphol Airport the cone-

sponding figure is between 100 and 1000 individuals

Recently the collective burden of disease has been quantified in terms at disabilit\

adjusted life years or DALYs. Using data from an initial study by RIVM into the sever-
ity of various health effects, the Committee has calculated that high sleep disturbance

resulting from traffic noise results in a burden of disease amounting to several tens of

thousands of DALYs. The equivalent figure for insomnia is certainly an order ofmagni-
tude less than this. In spite of the uncertainties associated with such estimates, it does

appear that. by affecting sleep, night-time traffic noise is one of the most important
effects exerted by the physical environment on health.

Groups at higher risk

Direct cardiovascular responses to night-time noise may be more common in people
with cardiovascular problems, people who consider themselves sensitive to noise, and in

children. Due to lack of research, it is at present impossible to indicate whether children

are possibly more sensitive than adults to other direct biological effects of night-time
noise

People with insomnia are at greater risk of biological effects due to night-time noise
than good sleepers. Environmental noise exposure increases the time it takes to fall

asleep, especially in people who are worried when they go to sleep. In addition, they
also perceive their sleep quality as lower.

The Committee also considers it plausible that exposure to night-time noise is more

likely to have an adverse effect on the health and well-being of the following groups:
older people, pregnant women. women who have given birth within the preceding 12

months or so, people who regularly work at night, people with sleep disorders, physical

pain, dementia, depression, hypertension, heart disease and pulmonary disease.

A special metric for night-time noise

In the Netherlands, special nIles covering night-time noise are applied only in relation to

scheduled overnight aircraft movements. However, from a scientific point of view, there
is no reason why night-time noise from road traffic, rail traffic and industrial activities
should be regarded as different from aircraft noise with respect to possible effects on

health and well-being. In 1997, the Health Council recommended a system with two
noise indicators to protect the public from traffic and industrial noise in the living envi-

ronment. The Committee has taken up this proposal, According to the system put for-
ward in 1997 the metric of exposure to noise over a twenty-four-hour period should be
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representative of general annoyance, while the night-time noise metric should be related

to sleep disturbance. Such an approach is rational since there is only a limited degree of

comparison between the working mechanisms and effects of night-time noise on the one

hand and general annoyance on the other hand

In addition to Lden . the indicator of noise over a twenty-four-hour period, the Euro-
pearl Union has adopted Lnight . an indicator to be used in the regulation of night-time

noise. Lnight represents the noise exposure at the most exposed fagade, calculated for an

eight-hour night-time period ( 11 pm to 7am), and averaged over a full year. In the calcu-

lations, more weight is given to the louder noise events than to the quieter ones. Since

Lnight relates to the outdoor situation, the noise exposure in a person’s bedroom may in

practice be considerably higher than Lnight minus the average noise attenuation of a

Dutch home. This is partly because homes differ considerably in the attenuation they

provide (in the Netherlands, only newly built homes have to meet noise attenuation stan-
dards), and pallly because most Dutch people choose to sleep with their bedroom u’in-

dows at least slightly open. Furthermore. requirements on the basis at LnighT can never

provide complete protection against sleep disturbance, since many Dutch people go to

bed before II pm and still more (roughly half of all adults) sleep beyond 7am
Nevertheless, the Committee sees no benefit in adopting an alternative to Lnighl ,

since it realises that it is impossible to address every conceivable factor by means of a

regulatory noise metric. Furthermore, the Committee is of the opinion that regulations

based on the use of Lnight (as well as Ldel$ could provide a considerable degree of pro-
tection against noise during sleep.

Additional metrics

In addition to setting standards based on Lnighl , exposure limits could also be imposed
on noise events. possibly by limiting the maximum permissible sound level or the num-

ber of events per night.

At a given Lnight value, the most unfavourable situation in terms of a particular

direct biological effect of night-time noise is not. as might be supposed, one character-

ised by a few loud noise events per night. Rather, the worst scenario involves a number
of noise events all of which are roughly 5 dB( A) above the threshold for the effect in

question. Where motility is concerned, for example, the worst situation is one where all

noise events have an SEL of roughly 45 dB(A) inside the bedroom. However, limiting

the SEL inside the bedroom to less than the biological effect threshold levels is not a
technically realistic option at the present time. Depending on how Lnight is regulated,

one option might also be to limit the number of noise events.
An average adult experiences one or two 'spontaneous’ behavioural awakenings

during a typical night. The more noise events occur each night. the more likely it is that
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a sleeper who awakens 'spontaneously’ during an event will hear the noise, be annoyed

by it, and then have trouble getting back to sleep. In extreme cases, a person can hear a

noise up to ten times a night without being awoken by it. This would tend to argue in

favour of limiting the number of events. Depending on the level to which Lnight is lim-
hed and the level of protection opted for. it could therefore be possible to limit the num-

ber of noise events (e.g. the number of trains, cars or aeroplanes per night). The

effectiveness of applying such limits can only be estimated very roughly.

Adjustment of Lnight to take account of special noises

The Committee has considered the following 'special’ environmental noises: low fre-

quency noise (humming), noise containing low frequency components, tonal noise,

impulse noise (noise that rapidly rises), industrial noise and sporadic but very loud noise

events. Although little information is available concerning the influence on sleep of
exposure to noise with these special characteristics, the Committee believes that there

are reasons to assume that in some cases the effects are more pronounced than the

effects of exposure to 'ordinary’ traffic noise. In cases involving noise that contains low

frequency components, tonal noise and impulse noise, the Committee suggests using the

same adjustment factors for Lnight as proposed in the Health Council’s 1997 report

Assessing Noise Exposure For Public Health Purposes . Like its predecessor, the Com-

mittee is unable to propose an adjustment factor for low-frequency noise that consists

entirely of humming, such as that associated with transformers and wind turbines. In

cases involving noise from industrial activities, the Committee takes the view that
research conducted since 1997 has shown that adjustments to match the effect of such

noise to road traffic noise are not necessary.
It is not known whether sporadic but very loud noise events have any special conse-

quences for sleep. The Committee is therefore unable to produce any scientifically based

conclusion regarding these events.

Protective measures

In response to the State Secretary’s question regarding ways in which the public may be
protected against night-time noise, the Committee adopts the generally accepted envi-

ronmental management and occupational health and safety strategies. Hence, the first

step should be to reduce the noise at the source (and to reduce the number of sources),
followed by measures designed to address the transfer of noise from the source to the

' receiver ’, and finally 'receiver-oriented’ measures might be considered.

Many of the noise-reducing measures already in place are concerned primarily with
limiting the impact of exposure to noise over a twenty-four-hour period. Additional
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noise attenuation of the fagade of bedrooms is one of the few measures that are taken to

deal with night-time noise.

Little scientific research has been conducted into the effectiveness or efficiency of

measures intended to protect against the consequences that either general noise exposure

or night-time noise exposure has for health and well-being. Consequently, there is no

sound scientific basis for making any statement regarding the effectiveness of any pro-
tective regime. Furthermore, increasing mobility is liable to offset the benefit that might

be gained from many traffic noise reduction measures.

Furthermore, the Committee would like to emphasise the importance of instruction

and communication as the final elements among the measures needed to keep the

adverse effects of night-time noise within acceptable limits.

Often, there is no choice but to take both source-oriented and transfer-oriented mea-

sures, sometimes complemented by recipient-oriented measures. This is because – even

disregarding the issues of effectiveness and efficiency – none of the possible forms of
intervention is easy to implement. The Committee does not consider the introduction of

personal hearing protectors an appropriate collective response to environmental noise,
although such protectors may offer relief in specifIc cases.

Recommendations for future research

The Committee recommends that studies be carried out into various topics, in order to

fill what it considers to be the most important gaps in our knowledge regarding exposure
to night-time noise. These topics are the long-term effects of night-time noise on health
and well-being, the effects of night-time noise on children. the effectiveness and effi-

ciency of noise attenuation measures for fagades and between dwellings, and the effects

of noise produced by neighbours or by one’s general neighbourhood. The Committee

advocates that such studies be linked to international programmes. as the Health Council
has indeed already proposed in its advisory report entitled Ge=ondlreid en milieu : Kennis

\vor beleid LEnvironnrentat Health : Research for Polic\').
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Glossary of terms used in this report

Table 1 provides brief definitions of the terms used in this report. Several groups of

terms are distinguished: terms relating to sleep and the measurement of sleep parame-
ters, terms relating to the acute effects of exposure to night-time noise when sleeping,

terms relating to health and well-being, and terms relating to the indexes of noise expo-

sure used in this report.

Table / Glossary of general (sleep-related) terms. biological phenomena. terms relating to health and u'ell-being. and indexes of noise
exposure

Term

General sleep-related terms

Sleep inception time

Awakening time
actl\’e

DefInition

The point in time when a person falls asleep

The point in time u'hen a person wakes up. as a precursor to arising and becoming

The length of time taken to fall asleep, i.e. the interval between the point at which a

person begins trying to go to sleep or allowing him/herself to go to sleep and sleep
rnceptron tlrne,

Sleep period ’sleeping time, sometimes referred Period between sleep inception time and awakening time, including any interim inter-
to as 'sleep' vals ofwakefulness

Time in bed The sum of a sleep period and the associated sleep latency period

Polysomnography The measurement during a subject's time in bed of his or her brain activity by means of
EEG. EOG and EMG. In this report, the term EEG measurement or scanning is used

The technique involves the use of electrodes to record electrical potentials in the brain
On the basis of international standards, the data collected can be used to identify phe-

nomena such as the stages of sleep

Sleep latency/inception period
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Sleep EEG Graph created using data from EEG scanning during a subject's time in bed. showing

the various stages of sleep as a function of time. From such a graph, it is possible to
draw conclusions regarding the structure of the subject’s sleep.

The measurement of accelerations associated with the movement of an actimeter. In

scientific research. an actimeter is a device resembling a wnstwatch, which measures

bob’ much the wearer moves (by recording accelerations above a given threshold) over
a predetermined time interval. typically between one second and one minute. The curve

representing the amount of movement as a function of time is known as an actigram.

Measurement of the quantity of (stress) hormones – typically cortisol, adrenaline (epi-

nephrine) and noradrenaline (norepinephrine) – in the blood, urine or saliva

The indication by a subject (for the benefit of an investigator) that he or she is awake,

typically after waking up in the course of or at the end of his or her sleep period, by
pressing a button or performing some other conscious act

Actimetry

Measurement of stress hormones

Registration ofwakefulness

Acute phenomena
Heart rate acceleration A temporary rise in heart rate relative to the average heart rate assessed shortly before a

norse event

The difference in the quantity of a stress hormone in b]ood. urine or saliva samples col-
lected at two successive points in time

Change from a deeper stage of sleep to a less deep stage, as determined by a sleep EEG.

Change in the quantity of a stress hormone

Sleep stage change (from deeper to less deep

sleep)

EEG awakening Transition from a state of sleep to a state of consciousness. as detennined by a sleep
EEG

The presence of movement in a short time interval, as recorded on an actigram.

The presence of movement in a short time interval. following an interval without
ITlo\’eITlent .

Awakening that is registered by the subject by means of a conscious action.

Motility

Motility onset

Subject-registered awakening (behavioural
awakening)

Phenomena relating to one or more sleep periods or sleep latency periods

Average sleep latency period The average length of the sleep latency period on a number of occasions.

Average heart rate The average speed at which the heart beats when asleep

(Stress) hormone concentration The concentration of (stress) hormone in blood, urine or saliva collected during and/or
after a sleep period

Duration of a sleep stage The number of minutes that a sleeping person is in a particular stage of sleep.

Sleep fragmentation Within a sleep period, the frequency and duration of intervals ofwakefulness recorded
on a sleep EEG or intervals ofmotility recorded on an actigram

Within a sleep period, the recorded number of intervals involving motiIity divided by
the total number of intervals making up the sleep period.

Within a sleep period, the recorded number of intervals in which motility begins,

divided by the total number of intervals making up the sleep period

The quality of sleep, as perceived by a subject and described in a questionnaire
response or journal entry.

Sleeping problems: difficulty falling or staying Difficulty falling or staying asleep, as perceived by a subject and described in a qucs-

asleep donnaire response or journal entry

Average motility/motor unrest

Average motility onset frequency

Perceived quality of sleep

22 The Influence of Night-time Noise on Sleep and Health



Sleep disturbance Disturbance of sleep by night-time noise. as perceived by a subject and described in a
questionnaire response or journal entry

Problems with health. as perceived by a subject and described in a questionnaire
response or journal entry

Sleeping disorder consistent with an internationally accepted definition, which takes
account of difficulty falling or staying asleep, the daytime implications and the dura-

tion of the problems.

A condition characterised by systolic blood pressure higher than 160 mmHg and/or
diastolic blood pressure higher than 100 mmHg (internationally recognised definition)

Health problems

Insomnia

Raised blood pressure/hypertension

Noise exposure indexes

Sound pressure level at a given point in time The intensity of a noise at a given point in time, expressed in dB( A) (A-curve deci-
bels).

Maximum outdoor sound pressure level associated with an individual noise event.

Maximum indoor sound pressure level associated with an individual noise event,

Exposure to noise for the duration of a given time interval f (a twenty-four hour
period, a night, a day. an evening) is expressed as an equivalent sound pressure level

(measured in dB(A)) over the interval in question. The equivalent sound pressure level

is an 'exponential average' of the sound pressure levels occurTing during the interval in
question. i,e. an 'average’ calculated by a method that attributes greater weight to

higher sound pressure levels.

Equivalent outdoor sound pressure level associated with an individual noise event.

u’ith the equivalent level standardised at one second

Equivalent indoor sound pressure level associated with an individual noise event, with

the equivalent ]evcl standardised at one second.

Equivalent outdoor sound pressure level associated with a particular type of noise
source between II pm and 7am. calculated over a period of a year.

Equivalent indoor sound pressure level associated with a particular type of noise
source between 11 pm and 7am, calculated over a period of a year. bright _ / equals

Lnight minus a sound attenuation value specific to the fabric of the individual building

and the particular type of noise source.

Equivalent outdoor sound pressure level attributable to a particular type of noise

source. over a twenty-four-hour period. adjusted using evening and night factors. cal-
culated on an annual basis

Equivalent sound pressure level representative of exposure to a particular type of noise
source, occurring in an individual’s bedroom while he or she is asleep.

Indexes of the attenuation of airborne noise by a screening surface (wall, floor, ceiling)

between dwellings: llu.k is based upon a reception room of standardised dimensions

Index of the attenuation of contact noise by a screening surface (n’all, noor, ceiling)

betu'een dwellings.

LAnl ax

L.4 max i

Equivalent sound pressure level over a given

time interval n Lieu. f

SEL (sound exposure level)

SEL ia

Lnighl

Z/7/g/7/ f

Lden (d: day. e: evening. n: night)

Li

1 hI and 1 /II,'I

1

If a noise event lasts for one second, the SEL i for the event is the equivalent noise level during that second (LAeq.1 s). If a noise

event lasts for a hundred seconds. the SEL_ / for the event is the equivalent noise level during those hundred seconds: tLAeq .IOOs\

plus 10+lg 100 = LA eq . I fIns + 20, A constant-level noise event that lasts for a hundred seconds therefore has an SELf that is 20
dB( A) higher than the SEL f of a noise event of the same constant level that lasts for one second
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Chapter 1

Noise, sleep and health

1.1 Background

People cannot function without sleep. It is therefore understandable that any disturbance

of sleep by environmental factors, in particular noise, should be a cause for concern

Since it is not always easy to reduce sleep-disturbing noise. which is frequently associ-
ated with activities that are of value to the community at large, such as travel and trans-

port. a debate has arisen regarding the health implications of sleep disturbance by

environmental noise. It is undeniably the case that noise tends to disturb sleepl'2. How-
ever, the precise significance of such disturbance for perceived health and the develop-
ment of illness is less clear1 .

Like other countries, the Netherlands has legal controls designed to limit public
exposure to environmental noise, primarily with a view to managing the associated

annoyance. Most of the limits that exist are concerned with exposure over a complete
twenty-four-hour period and do not therefore focus specifically on the period during

which most people sleep. In the Netherlands, special rules covering night-time noise are

applied only in relation to scheduled overnight aircraft movements. However, legislation

is presently being prepared at the EU level that does seek ultimately to reduce night-time

exposure. In due course. Dutch law will be brought into line with the new EU legisla-
tIon
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1.2 Ministerial commission and establishment of the Committee

Against this background. the State Secretary for Housing, Spatial Planning and the Envi-

ronment wrote to the Health Council on 3 February 2003, asking that an advisory report

should be prepared on the effects of night-time noise on sleep and health (see Annex A).

Specifically, the State Secretary asked the Council to address the following questions:

a What are the effects (expressed in quantitative terms as far as possible) of exposure
to noise when sleeping?

b How do such effects compare with other effects on health, in terms of seriousness

and magnitude?

c is it necessary to take special account of any population groups that are at particular
risk?

d in view of the effects referred to, would it be advisable to introduce special rules,

similar to those contained in Directive 2002/49 and the Aviation Act, for night-time
noise from sources other than air traffic?

e if so, is it sufficient for such rules to be based on Lnight , or are additional indexes of

exposure required, with a view to regulating impulse-like noises and situations

involving relatively infrequent but high-intensity noise events?

f Could the public be protected by the use of a. performance-related or design require-

ments for residential buildings, b. personal protective gear. c. rules regarding sound

pressure levels outside buildings, d. rules relating to vehicles and machinery, or e. a
combination of these measures?

In response, the President of Health Council established the Committee on Sleep, Health

and Noise, referred to below simply as the Committee. The members of the Committee
are listed in Annex B.

1.3 Methodology

Over the last few decades, the Health Council has produced several advisory reports

relating. at least in pall. to the influence on sleep of exposure to noisel-2'e”8. The present
report builds upon these earlier publications and updates their findings where justified
by the subsequent emergence of further scientific information.

To support the Committee’s deliberations, the secretary produced a summal)' of
available information concerning the interrelationships between noise, sleep and health.

This involved carrying out a number of literature searches. The file of relevant literature

was complemented by pertinent data supplied by members of the Committee.
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In addition, interested parties were invited – both in direct correspondence and in an
advertisement placed in the Government Gazette of 22 July 2003 – to submit any infor-

maHon that they felt might be helpful to the Committee. The bodies and individuals that
responded to this invitation are listed in Annex C.

On 2 July 2003, the Committee organised an international workshop, which was
attended by experts from the Netherlands and other countries. The workshop formed

part of the 8th International Congress on Noise as a Public Health Problem
(ICBEN2003), which took place between 30 June and 3 July 2003 at De Doelen in Rot-

terdam. The Committee drew upon the information obtained at the workshop when pre-

paring this report.

The Committee finalised the text of this report in the course of six meetings.

1.4 The collation of available scientific data

Relevant publications and reports were collected by several means:

• A search of the document library at TNO Inro 's Department of Health and Environ-

ment was carried out for material relating to sleep and the influence of noise on
sleep. A collection of relevant documentation was compiled in connection with

preparation of the 1994 advisory report Noise and Healtl? , and efforts have been
made to keep the collection up to date over the intervening decade. In addition,

reports on international (acoustic) conferences were screened for publications on the

effect of noise on sleep.

The library staff at the Health Council carried out searches at Medline. Biosis.
Embase and Psvchlnt-o for relevant documents published since 1994. These searches

were performed using combinations of the keywords 'noise’, 'sleep’ and 'effect’,

with the latter linked to numerous parameters. Some of the effect parameters used
were as listed in the first columns of Tables 12, 13 and 14*. Searches were also car-

ned out using the effect variable specifications** referred to. Information about
sleep disorders was sought by the Committee secretary using the keywords 'insom-
nia’, 'prevalence’ and 'sleep apnoea’. 'prevalence’ and 'narcolepsy’, and 'preva-

lence' and 'restless legs syndrome’. Searches were also carried out using the names

of a number of researchers known to be active in the field of noise-related sleep dis-
turbance.

Individual members of the Committee supplied literature concerning their specialist
fields

•

+

++

The direction of the change in a given effect parameter was not specified. So, for examp]c. searches were made on 'sleep

stage’, not on transition hom a deeper stage of sleep to a less deep stage

So. for example. in addition to searching on 'stress hormone’. searches were carried out using the terms 'adrenaline
'noradrenaline’ and 'cortisol
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1.5 Structure of the report

The structure of this advisory report is as follows. Chapter 2 outlines the terminology
used. Chapter 3 summarises the results of research into the effects of exposure to night-

time noise when sleeping. Next, a number of acoustic issues are considered in chapter 4.

In chapter 5, the Committee directly addresses the six questions posed by the State Sec-
retary. The main body of the report concludes with a list of references.

Appendices A, B, and C set out, respectively, the content of the State Secretary’s let-

ter, the composition of the Committee, and the names of bodies and individuals who
responded to the invitation to submit information for consideration by the Committee.

Annex D contains a discussion of research into consequences of exposure to night-time
noise when sleeping. Annex E describes the situation with regard to sleep disorders and

sleeping problems in the population at large, and Annex F summarises the most recent

Health Council advisory report on environmental noise (Assessing Noise Exposure for

Public Health Purposesjv’ . Annex G reproduces the text of an attachment to a letter from
the RIVM containing recent information on the noise exposure in the Netherlands.
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Chapter 2

Central concepts

In this chapter, the Committee begins by presenting a summary of the different types of
environmental noise (2.1 ). Section 2.2 explains the indexes used in this report to charac-

terise exposure to noise, while section 2.3 is devoted to various aspects of sleep. In

section 2.4, a model is presented that describes the influence of environmental factors on

health and well-being. Finally, an assessment of the evidence for the effects of night-
time noise is made in section 2.5.

2.1 Research into the relationship between environmental noise and sleep
and health

Environmental noise can be divided into a number of types on the basis of source:

' Traffic sources: aviation, road traffic, rail traffic and shipping
• Stationary environmental sources, such as factories, shooting ranges, shunting

yards. wind turbines, climate control systems, (temporary) building and demolition
sltes

People and human activities in the neighbourhood not covered by the first two cate-

godes (neighbourhood noise )

People and human activities in adjacent dwellings (noise from neighbours)

•

Research into exposure to environmental noise may be divided into two broad types:

• Research into the prevalence of the effects of exposure to environmental noise

(inventory research)
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• Research into the relationship between exposure and the extent to which an effect

occurs: epidemiological research with population groups and laboratory research

with human subjects.

A nationwide Dutch inventory study was undertaken in 1998, in the context of which

four thousand people aged sixteen and above completed questionnaires9. This study

indicated that passenger cars, lorries and mopeds were the types of vehicle most often
associated with sleep disturbance in the Netherlands (being mentioned as causes of dis-

turbance by 7, 6, and 10 per cent of respondents, respectively). Sleep disturbance is

(much) less frequently associated with noise from aviation or rail traffic, or from facto-
ries and other economic activities. Where noise from neighbours is concerned, the most

frequently mentioned problems were contact noise (people going up stairs, slamming

doors, etc) and noise from audio equipment, being referred to by 8 and 6 per cent of

respondents, respectively. Neighbourhood noises also proved to be a significant cause of

sleep disturbance, mentioned by 8 per cent of respondents. See Figure 1 ; further details

are presented in Table 21 in Annex D.

neighbourhood

neighbours, audio

neighbours, contact

industry

trains and trams

aeroplanes

mopeds

lorries

cars

0 2 4 6 8 10

Percentage adults with sleep disturbance

12

Figure 1 Percentage of adults in the Netherlands experiencing sleep distur-

bance due to particular noise sources in the residential environment9. The

national inventory study carried out in 1998 asked respondents to indicate the

extent to which their sleep was disturbed by noise from various sources. by gi\‘

ing a number between 0 and 10, where 0 = not disturbed at all and 10 = very

highly disturbed. A standardised method was then used to calculate the percent-
age of respondents reporting sleep disturbance and high sleep disturbance. This

involved transforming the 11-point scale into a continuous scale from 0 to 100

Respondents who scored 50 or more on this scale were deemed to suffer from
sleep disturbance.
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Most of the epidemiological and laboratory research that has been conducted into

the relationship between, on the one hand. sleep and health characteristics and, on the

other, exposure to night-time noise has focused on noise from tI-amc sources (other than

shipping). Epidemiological research into the influence of stationala’ environmental
sources. such as industrial premises, has been confined to self-reported noise-related

annoyance over a twenty-four-hour period. However, there have also been some isolated
laboratory studies that have looked at the effect of specific noise characteristics that can

be associated with stationary environmental sources, such as a very rapid rise in inten-

sity at the start of a noise event. The Health Council published a report on this topic in

19978. The way in which the specific characteristics of environmental noise help to

determine its effect is briefly explained in Annex F. The Committee returns to this mat-

ter in chapter 4, and in its answers to the State Secretary's questions.

Noise from neighbours comes in many different forms. Furthermore, research has

shown that the factors which detennine whether people are disturbed in their sleep by

such noise are both numerous and very varied. As a result, it is not possible to determine

the relationship between exposure to noise from such sources and the degree of sleep
disturbance. Hou'e\'er, in this report. the Committee does comment on the influence of

features designed to attenuate noise transmitted between dwellings and on certain mat-

ters relating to the disturbance of sleep by noise from neighbours.

So far as the Committee has been able to ascertain, no research has been done into a

possible link between exposure to neighbourhood noise and sleep disturbance. The

Committee has therefore been obliged to disregard this topic.

To sum up. therefore, the nature of the scientific data research available is such that this
advisory report necessarily concentrates on the consequences of night-time traffic noise
(from sources other than shipping) on sleep and health characteristics.

2.2 Characterisation of exposure to night-time noise

The characteristics of a noise include its intensity and its pitch. The louder a noise is, the

greater its intensity. The inlensit\ of a noise is expressed in decibels (dB ). Pitch is an
expression of acoustic frequency: a buzzing noise is a low-pitch sound, while a hissing

noise is a high-pitch sound. Most environmental noises have both high-pitch and low-

pitch components. However, the ear is not equally sensitive to all such components.

Consequently. when measuring the intensity of an environmental noise, a filter is nor-
mally used to renect the range of human perception. The most widely used filter is
known as the ' A filter’, for the determination of a sound pressure level in dB(A). The

'N in 'dB( A)’ indicates that the figure is adjusted by an internationally standardised

method to reflect the relative sensitivity of the ear to low-frequency and high-frequency
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components (' A-weighting’). Another commonly used filter is the C filter; the main dif-
ference between the A filter and the C filter is that the latter allows through more low-

frequency sound than the former.

The sound produced by most sources of environmental noise does not remain at a con-

stant level over time. The noise from an aeroplane or train, for example, consists of a

number oftemporally distinct passages (noise events). By contrast, the noise from a
motorway, when heard from a distance, is more of a constant drone. Exposure to con-

stant or fluctuating noise for a given time interval (e.g. a twenty-four-hour period, night,
day or evening) is expressed as an equivalent sound pressure level (in dB(A)) for the
interval in question. An equivalent sound pressure level is a sort of average of the sound

pressure levels occurring during the relevant time interval. However, it is not a true
arithmetical average, since more weight is given to higher sound pressure levels than to
lower sound pressure levels. Equivalent sound pressure levels for particular parts of the

twenty-four-hour period are used as indexes of exposure both in research and for regula-

tory purposes.

The indexes used to characterise noise in this advisory report (as previously listed in
Table 1 ) are briefly discussed below.

The intensit\’ of a noise event. as perceived in the bedroom is characterised by
LAnlax_ land SEL_ f (f stands for indoor) . LAnl ax_ f is the maximum sound pressure level

during a noise event. while SEL_ i is the equivalent sound pressure level of a noise event
for a standardised one-second period. The LAnrax_ rand SEL_ / for a given type of noise
source are often closely related. as are the LAma\ and SEL'. so, for example, the correla-
tion for indoor values of aviation noise was found to be 0.94 and that for outdoor values

of lorry noise to be 0.99lo-13

The long-term outdoor night-time noise exposure at a particular location associated

with a particular noise source is characterised using Lui gIrl , the annual equivalent sound
pressure level between 11 pm and 7am attributable to that source. Within the EU, Lnight
is designated as the index of the night-time noise exposure attributable to a given noise

source that should be used for certain purposes3'4.

The long-term night -time noise exposure in dwellings can be characterised using

LII ight / . This index of equivalent sound pressure level is calculated by deducting from
Lnight the average attenuation provided by the fabric of the walls. The Building Decree

lays down requirements regarding the noise-attenuating properties of the walls of dwell-

ings and other noise-sensitive buildings. The attenuation provided by the wall of a new

building has to be at least 20 dB(A)14

The long-term outdoor noise exposure at a particular site, as associated with a

given noise source is characterised with L(len , the annual equivalent sound pressure
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level over a twenty-four-hour period. In the calculation of this figure, the equivalent
sound pressure levels during the evening (7pm to llpm) and the night ( llpm to 7am)

are increased by 5 and 10 dB( A), respectively. Lden is used in EU directives as an index

of noise exposure over a twenty-four-hour period3’4
Li is an expressIon at the personal noise exposure \Then sleeping associated with a

given noise source . It is an index of the equivalent sound pressure level in an individ-
ual 's bedroom during the sleep period, as attributable to a given noise source over an
extended period of time. It therefore expresses the individual’s noise exposure when
sleeping. taking account of the length of his or her sleep period, the time he or she goes

to sleep and gets up. the outdoor noise exposure and the difference between the individ-

ual outdoor and indoor noise exposure. Calculation of the latter difference also takes

account of whether the person in question has his or her bedroom window open or

closed. Hence, while the Lnight_ / for a given noise source may be constant throughout a

parlicular pall of a residential site, the Lf values for the individual residents may differ
significantly, due to behavioural differences or variations in the properties of the dwell-

lrlgs

Sound attenuation between dwellings can be quantified using an index for the atten-

uation of airborne noise, lh. while //„ 4 is a similar index which also takes account of the
volume of the reception room and the area of the common screening structure, given its

characteristic sound attenuation properties. A screen’s ability to attenuate contact noise

transmitted between two dwellings is quantified using the index for contact noise, 1,„\'\ ,

To give an impression of the environmental noise situation in the Netherlands. Figure 2
shows the distribution of the traffic-related outdoor noise exposure \Lden. bright ) on
dwellings in the year 2000, broken down by source category (motorway traffic. provin-

cial road traffic. municipal road traffic. rail traffic and air traffic)15. From the graphs. it
will be very clear that municipal road traffic generates the most noise, both at night and

over a twenty-four-hour period.
To give another example, 40 dB( A) is a widely used limit for twenty-four-hour noise

exposure (equivalent sound pressure level) in Dutch nature reserves and recreational

areas. In the Central Veluwe Nature Reserve, the noise exposure (twenty-four-hour
equivalent sound pressure level) associated with motorway traffic. provincial road traf-

fic, rail traffic and air traffic accounts for, respectively, 19, 12, 6, and 0 per cent of all
environmental noise in areas where this limit is exceeded16. Across the reserve as a

whole, the average equivalent sound pressure level associated with all noise sources

together is 53 dB( A); across areas where cycling is possible, the corresponding figure is

57 dB( A) and across areas where walking is possible, it is 52 dB( A).
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Figure : The distribution oftraftlc-related outdoor noise exposure \Lnighl in the top
graph. Lden in the bottom graph) on dwellings in the Netherlands in the year 2000. bro-

ken down by source category (motorway traffic, provincial road traffic. municipal road
traffic. rail traffic and air traffic)15

34 The Influence of Night-time Noise on Sleep and Health



2.3

2.3. 7

Sleep

What is sleep'?

In the background study document17 for the Health Council’s 1991 report Aviation Noise
and Sleep, Hofman – following the textbook Principles and Practice of Sleep

Medicine\8 – described sleep as a periodically occurring state of apparent inactivity, in
which the organism’s responses to environmental stimuli are modified to an extent
which is not uniform for all stimuli and which differs from one individual to another.

Sleep should not be regarded as the mere absence of consciousness, but as a cyclical,

active neurophysiological process6.

By sleeping, people recover physically and mentally from their efforts. In addition,
they process the information that they have absorbed during the day. Finally, sleeping is

also enjoyable19

Human beings have an internal biological clock with a cycle of roughly twenty-four

hours (the circadian rhythm: circa = approximately, dies = day). Sleep is also a cyclical

phenomenon: in adults, it generally consists of roughly nve periods of approximately

90 minutes, in each of which there is a spell of so-called 'REM sleep’ (or 'dreaming
sleep’: REM stands for rapid av nlovemelrt) and a spell of non-REM sleep. Non-REM

sleep is itself divided into four stages, discernible from distinctive electroencephalogram
(EEG) patterns. Stages 1 and 2 are referred to more generally as light sleep and stages 3

and 4 as deep or SWS sleep (SWS stands for slow u’are sleep. a phrase that refers to the

extended delta waves that characterise deep sleep on an EEG). When a person is awake,

his or her EEG is characterised by so-called alpha and beta waves. Deep sleep tends to

occur more towards the start of a period of sleep and REM more towards the end. As one

gets older, the amount of deep sleep one needs declines. Waking up from time to time in

the course of a period of sleep is part of a normal sleeping pattem18. Such waking peri-

ods may be brief or may last some while. 'EEG awakenings’ of short duration. lasting
between three and fifteen seconds, are referred to as (cortical) arousals .

It is generally believed that deep sleep and REM sleep are the most important sleep

components, and that stages 1 and 2 are transitional stages. Both deep sleep and REM
sleep are necessary for the processing of information taken in during the period prior to

sleeping20-31

When one is asleep, changes also occur in one’s hormone balance.

+ See table 1 for exp]anations of the terms used
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2.3.2 What is normal sleep?

The term 'normal sleep’ is defined in various ways in the published literature, by refer-
ence to both objective and subjective criteria. The objective criteria used include sleep
duration, the length of time taken to fall asleep (sleep latency period), sleep efficiency

(the time that one spends asleep as a percentage of the time one spends in bed), and the

number of EEG awakenings, including cortical arousals. As well as being generally age-
related and sometimes gender-related, these sleep characteristics vary substantially from

one individual to the next. The subjective criteria used to define normal sleep are based
on self-reported sleep characteristics, such as satisfaction with one’s sleep, the feeling of
being well-rested when one wakes up, and alertness during the day. As long as the val-

ues for all three characteristics are within a given range, the subject’s sleep may be
regarded as 'norTnal’ .

People without sleep disorders who are not while sleeping exposed to loud noises

(whether environmental noise, noise from inside their own dwellings or neighbouring

dwellings) typically report waking up (subject-registered, behavioural awakening) one
and a half to two times during an average sleep period, not counting the occasion that
they wake up prior getting up52. The number of EEG awakenings, including cortical
arousals. averages ten to twelve per night (although there is considerable individual vari-

ation)52 Such events are therefore approximately six to seven times more frequent than
spontaneous subject-registered awakenings. The general figures of one and a half to two

subject-registered awakenings per night and ten to twelve EEG awakenings per night

can be seen as defining the range of spontaneous awakening frequencies in a population
unaffected by sleep disorders or sleep disturbance.

2.3.3 Sleep and quality of life

The phrase 'quality of life’ is used to mean various things, three of which are taken into

account here. First, 'quality of life’ can refer to satisfaction with one’s health: health-

related quality of life. The phrase can sometimes also be an expression of satisfaction

with life in general. In the latter sense, 'quality of life’ is synonymous with 'happiness’ .
The third relevant meaning of the phrase is satisfaction with the environment in which

one lives. It is in this third sense that 'quality of life' is most often used by researchers
concerned with the annoyance caused by night-time noise. Nevertheless, in the Nether-

lands in particular, more attention has in recent years been given to quality of life in the
first sense32-35

In order to measure any diminution ot health-related quality of life associated with a
given cause, such as night-time noise, one first has to specify the nature of the health
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diminution. Where health diminution is detected (or assumed), an assessment of the sub-

ject's quality of life ('satisfaction’), in the form of a weighting factor, can be linked to

the diminished state of health. In this way, diminution in health-related quality of life
can be determined in quantitative terms. One expression of such diminution is Murray’s
DALY LDisabilit\, Adjusted Life Year)36 .

Diminished satisfaction with the environment in which one lives can be determined

relatively easily by obtaining information from the subject using a questionnaire.
As a 'condition’. sleep is also seen as a component of health. Thus. if a person is not

sleeping well, the direct consequences – fretful waking periods in the night, tiredness the

next day and the real or supposed impact of tiredness on daytime activities – lead to a

diminution of his or her health-related quality of life. Such diminution can be substan-
tial, as illustrated by the quality-oFlife weighting system developed by Stolk ef a/37
Insomnia, as diagnosed by a GP, has a quality-of-life weighting of 0.83, compared with

0.93 for a spastic colon and 0.68 for localised lumbar pain.

The sleep disorders – particularly insomnia – and sleeping problems prevalent in the

population at large are reviewed in Annex E. Following the examination of the influence
that night-time noise has on sleep, the Committee considers whether there may be cone-
spondences between. on the one hand, certain sleep disorders and sleeping problems in

the population at large and, on the other, noise-related sleep disturbance and. if so,

whether certain conclusions may reasonably be drawn concerning the influence of noise
on sleep.

2.4 Environment and health

In several recent reports, the Health Council has presented its view of the relationship
between environmental factors and health] -38. Figure 3 is a schematic illustration of the

way that factors in the environment exert an influence and thus can have implications
for human health and well-being. The use of the phrase 'health and well-being’ in this
context is indicative of the fact that. in considering the relationship between environ-

mental factors and health. account is taken of subjective perceptions ofhealth39.
People are not passive under the influence of environmental factors. External influ-

ences trigger responses designed to modify their effects and, insofar as the influences

are hamlful, to counter them or compensate for them. Environmental factors will there-

fore alu'ays have an effect on a person, which is demonstrable in many cases. However.
such effects do not necessarily have negative long-term implications for health and well-

being
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figure 3 Model of the interrelationships between an individual’s environment

and his or her health and well-being (from earlier Health Council reportsl’38),

The way an individual responds to external factors depends on a combination of

inherent and acquired characteristics. Consequently, the effects of such factors and their

implications for the health and well-being of the individual differ from person to person.
A given potentially harmful influence may be tolerated by one person, but may

adversely affect the health and well-being of another. Furthermore, the effect that an
environmental factor has can be influenced by the extent to which other factors are

simultaneously at work.

2.4. 1 Cause-effect chain

The study of links between environmental factors and health generally involves follow-

ing cause-effect chains40 (see Figure 4).

At the point of progression from each block to the next, two questions have to be
addressed:

• is there a causal relationship: is the next event a consequence of the last?
• What influence do other factors have?

Cause-effect chain

Human
action, natural

processes

Changes in
levels of

environmental
factors

Biological
effects

[(psycho-)
It]

Influence on
health and
well-being

figure 4 Cause-effect chain.
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The 'exposure’ block plays a special role. It may be regarded as a 'filter’. which under
certain circumstances connects the first two blocks to the last two. In line with the model

shown in Figure 4, exposure leads to what are described in the diagram as 'biological’
effects: physiological and psycho-physiological responses by the individual. These

responses are sometimes predictors of brief or prolonged declines in the individual’s
health and well-being.

2.5 Assessment of the effects of night-time noise

For an assessment of the relationship between exposure to night-time noise when sleep-

ing and effects on an individual’s health and well-being. the Committee considers the

following to be of particular importance:

• The distinction between biological effects and health effect (see Figure 4)

• The 'significance’ of a health effect

• The exposure-effect process

• The strength of the evidence for each relationship.

These four topics are considered in more detail below.

2.5. 1 The distinction between biological effects and health effects

In the model illustrated in Figure 3. environmental noise triggers biological responses

from the individual because, even when sleeping, he or she still needs to assess and pro-

cess 'stimuli’ from the environment. The biological responses that are liable to occur
include waking up. difficulties getting off to sleep and increased motor unrest while

sleeping. To some extent. these responses involve acute changes during exposure to a
noise, and to some extent they involve changes that manifest themselves over a night

(before, while and after sleeping). In research, such effects are often used as markers of
change in an individual’s state of health and well-being. However, this makes it neces-

sary to consider whether a given biological effect is in fact a predictor of long-term
decline in health and well-being, which may or may not depend upon the nature and

duration of the exposure. To this end, the Committee distinguishes between biological
effects and effects on an individual's health and well-being. The former manifest them-

selves at the time of exposure and in the course of a sleep period. while the latter become

apparent only in the longer term.
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2.5.2 The significance of a health effect

The 'significance’ of a health effect is a concept that includes the seriousness of the
effect. The Committee has grouped the relevant effect parameters under five headings:
quality of sleep; general well-being; social contacts and concentration; medical condi-

tions; reduction in life expectancy.

2.5.3 The exposure-effect process

Not all levels of night-time noise have an effect. It is therefore desirable to be familiar

with the exposure process that is liable to induce an effect. The Health Council’s 19942

report on the consequences of exposure to noise introduced the term 'observation
threshold’ for use in this context. This term is defined as follows:

The lowest level of exposure at which epidemiological research has shown noise typically has an effect on

health. Where an exposure-effect function has been calculated for a given effect ( ...) the obsen’ation thresh-

old u,ill be obtained from that function

In the current report, the term 'observation threshold’ is also applied to effects that are

not necessariIY health effects. In most cases, epidemiological research with human sub-

jects has found that effects occur only when exposure exceeds a certain level. It is possi-
ble that effects also occur – in some people, at least – at lower levels, but this possibility

is usually not easy to investigate in practice.

2. 5.4 Strength of the evidence

In order to define the degree of certainty concerning the relationship between exposure
to night-time noise and a particular effect, it is normally necessary for a researcher to

describe his/her findings in detail, since this is the only way to give a proper account of
what is and is not known. However. when preparing a report for policy support pun

poses, it is desirable to indicate the degree of (un)certainty using a simple scale. The
Committee has accordingly introduced a simple uncertainty scale, based on those devel-

oped by IARC41 and a research team in JQlich, Germany42,

Since this advisory report draws mainly on epidemiological research into the influ-
ence that night-time noise has on people’s sleep, supplemented by a small number of

laboratory studies, assessment of the strength of the evidence concerning a given rela-

tionship here involves determining the extent to which there is a statistically significant
correlation between exposure and effect, so that a conclusion may be drawn concerning
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causation by applying the so-called 'Hill criteria’43 (about which more will be said later)

and taking account of any other relevant considerations.

In line with the position taken by the IARC and the findings of the 1994 advisory
report Noise and health. the following definitions have been adopted for the three cate-

gories of evidence.

Table : The

Sufficient

stTength of evidence concerning a relationship: definitions of the three levels.

A causal relationship has been demonstrated between exposure to night-time noise during

the sleep period and a given effect. A relationship has been observed between exposure

and effect in research which may reasonably be deemed to exclude the possibility of coin-
cidence, bias and distortion. and it is plausible that the effect is attributable. at least in part.

to the exposure

A relationship between exposure and effect has been observed. and a causal relationship is

credible. but the possibility of coincidence, bias or distortion cannot confidently be

excluded. The presence of a relationship is generally plausible.

No direct link has been established between exposure and effect. but there is good quality

indirect empirical evidence for such a link, and the presence of a link is plausible. Indirect

evidence may be said to exist if it has been observed that exposure has an intermediary
effect. which is known from other research to lead to the ultimate efFect under consider-

at ion

The underlying research lacks the quality. consistency or weight necessary to support a

conclusion regarding the existence of a causal relationship between exposure and effect. A

link is not particularly plausible or is implausible

Limited

Insufficient

The definitions given in Table 2 incorporate those developed by the IARC, but addi-

tionally make reference to the plausibility of a relationship. Hence, for the evidence of a

relationship to be classed as 'sufficient’, it is necessary for the causal link to be plausi-
ble. Otherwise, the evidence is classed as 'insufficient’. Furthermore, a subcategory of

limited evidence not recognised by the IARC has been added: there is deemed to be lim-
ited evidence of a relationship where there is indirect empirical evidence that exposure
has an intermediate effect. which is known from other research to lead to the ultimate

effect under consideration. Inclusion of a relationship within this category depends on
examination of its plausibility, with particular emphasis on the differences and similari-

ties in nature and seriousness of the intermediate effect in each case (see Figure 5).

Hill criteria for assessing degree of certainty

When assessing epidemiological research findings to determine whether there is evi-
dence ofa causal relationship between exposure and effect, use is often made of the so-

called Hill criteria43. In a speech to the Section on Occupational Medicine of the Ro val
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Figure 5 1ndirect evidence. Indirect evidence that exposure to night-time

noise has an effect (effect B). There is sufficient evidence for a link
between exposure to night-time noise and effect A, and there is sufficient

evidence that effect A leads to effect B in the general population. Further-

more, it is plausible that noise-induced effect A is consistent with effect A
in the general population. Hence, there is limited evidence of a link

between exposure to night-time noise and effect B

Society for Medicine, the section chairman, Professor Austin Bradford Hill. put forward
the following criteria for establishing an argument of causation:

• Strength of the relationship

• Consistency

• Specificity

• Temporal sequence

• Biological gradient

• Biological rationale
• Coherence

• Experimental evidence

• Analogous evidence

Hill pointed out that it was not possible to provide absolute rules for the application of
his criteria. What was required was careful assessment of the data, using the criteria for
guidance. In practice, decisive criteria tend to be 'consistency', 'biological rationale',

' strength of the relationship’ and 'biological gradient’44.

Hill also said that statistical significance was of secondary importance, except inso-

far as a significance test served to remind the assessor that a study’s observations might
have been the product of mere chance. In recent years, meta-analytical methods have

been developed to enable conclusions to be drawn by examining a number of studies
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collectively. However. whether the application of such methods can ever substitute for

careful, well-informed analysis is open to question45.

Irrespective of the merits of meta-analysis for the extraction of evidence. the Com-

mittee does not believe that the available research data lends itself to quantitative meta-

analysis with a view to reaching conclusions regarding the relationship between expo-
sure to noise during the sleep period and (ultimate) effects on health and well-being.

What is necessary is to reach consensus regarding the significance of the research find-

ings, in which context the Hill criteria can, as indicated above, play a usefbl role.
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Chapter 3

Effects of exposure to noise when
sleeping

In sections 3.1 to 3.4, the Committee presents a survey of the effects of exposure to
noise when sleeping, and draws a number of conclusions regarding the correlations

between. on the one hand, certain sleep disorders and sleeping problems in the popula-

tion at large and, on the other. the consequences of noise-related sleep disturbance. In

Section 3.5, an estimate is made of the prevalence of some of the consequences of expo-

sure to night-time noise for health and well-being and the associated disease burden in

the Dutch population.

3.1 Laboratory and field research

In the following discussion of the available research data on the effects of exposure to
noise when sleeping, the Committee concentrates on the findings of field research. The

reason being that laboratory research does not always take proper account of the habitu-

ation to noise that tends to take place in practice. ( Although it was, in fact, laboratory

research that first demonstrated this effect twenty-five years ago (see Figure 6)46.)
Figure 6 shows that. in the course of an experiment, the probability of EEG awaken-

ing decreases substantially. although there is barely any alteration in the probability of
change from a deeper stage of sleep to a lighter stage. It may therefore be concluded that

habituation does not influence all the effects of exposure to noise when sleeping to a
similar extent. It should be pointed out that laboratory research has also shown that the

probability of exposure to noise having a given effect can increase in the later nights of
47a study
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Figure 6 Average probability of the noise of a lorry with an L.4nlax / of 65 dB(A)
resulting in a change from a deeper stage of sleep to a less deep stage, or in EEG

awakening, as a function of the night ofexposure46.
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Figure 7 Average probability of sleep stage change and of EEG awakening as func-

tions of L.4nlax_ / for laboratory research subjects and for field research subjects

exposed at home48
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The fact that laboratory research sometimes sheds little light on the habituation

effect is illustrated by the exposure-effect relationships reported by Pearsons er af+8. The
effects studied by this team were the probability of EEG awakening and the probability

of change from a deeper stage of sleep to a less deep stage. Their findings, as obtained

from field and laboratory research, are illustrated in Figure 7. From the figure, it will be

clear that, for a given L.Ama\ I, the probability of EEG awakening or sleep stage change
is much greater among laboratory subjects than among people accustomed to experienc-
ing night-time noise at home.

Therefore, to obtain insight into the effects of noise on sleep and health, it is particu-

larly important to carry out field research involving people who are exposed to a given
noise source over a longer period of time. Mechanisms can be studied in the laboratory,

but the strength of an effect observed in the laboratory is not representative of the 'real’
world.

The Committee has divided the effects of exposure to night-time noise on sleep into two

groups: biological effects (acute responses to noise and effects over a night (before,

while and after sleeping)) and effects on health and well-being resulting from chronic

exposure to noise when sleeping (for details, see Tables 12 to 14 in Annex D).

3.2 Acute biological effects

The position as described in an earlier Health Council report

In 1991, the Health Council published an advisory report on aviation noise and sleep6. In

the associated background study document, Hofman summarised the results oflabora-

tory and field research published up to 199 16. Her findings are presented in Table 3. She

grouped the results of the reviewed studies into five categories: significant change in the

anticipated direction (significance level: 2.5 per cent), trend in the anticipated direction,

no change, trend not in the anticipated direction, significant effect not in the anticipated
direction. In the table, the latter four categories are unified under the heading 'no statis-

tica11y significant change in the anticipated direction’. The results relate mainly to noise
from road and air traffic, although one or two of the reviewed studies were concerned

with the effects of noise from rail traffic or industrial activities
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Table 3 The results of research published up to

night-time noise eventsl7.

Detection method Effect

1991 relating to acute changes induced by exposure to

Number of studies in

which significant
change was observed

17

Number of studies in

which no significant
change was observed

15EEG Prolongation of sleep

latency period

EEG awakening

Change from a deeper

stage of sleep to a less

deep stage

Transition from REM

sleep to another sleep

stage and change in sleep
structure

Increased heart rate

38

35

9

20

27 1 1

ECG 16 7

3.2. 7 Comparison of five acute effects of exposure to aviation noise

A great deal of laboratory research has been carried out into acute responses to noise.

The precise temporal correlation between noise and response observed in these studies

leaves no doubt that the responses in question were brought about and strengthened by
noIse

Figure 8 illustrates the relationship between each of several acute responses to a

noise event (the passage of an aeroplane) and exposure to the event in question. The

relationships were determined by the Committee using data from field research into the

consequences of (almost exclusive) exposure to aviation noise. The graph shows the

probability of a noise-induced response in a time window of five minutes spanning the

occurrence of a noise event (from approximately one minute before to four minutes after

the L.4 ina.\ / of the noise event). Notably, most responses occurred in the interval from
one minute before to one minute after the moment of maximum noise exposure

(L.4nlax_ j) . As indicated by the graph, noise increases the probability of the following:
• Change from a deeper stage of sleep to a less deep stage. as detected by EEG

(stage EEG)
Motility (motor unrest) in one of the ten thirty-second intervals making up the five-
minute observation window (motility)
Motility onset (onset of motor unrest) in one of the ten thirty-second intervals mak-
ing up the five-minute observation window (motility onset)

EEG awakening (awake EEG)•
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Figure 8 Comparison of the probability of various acute responses exhibited by a subject

exposed to noise events while sleeping. The responses concerned are those occurring
within a five-minute time interval, from one minute before to four minutes after the

LI nta.\ f of the noise event, For an explanation of the response curve ]abels, see the main
text. The relationships have been determined almost exclusively from research into avia-

tion noise. Because of the assumptions upon which they are based. the curves for EEG

awakening (awake EEG) and sleep stage change (stage EEG) should be regarded as.

respectivejy. tentative and very tentative48-53

Subject-registered (or behavioural) awakening (awake subj-r). Subject-registered
awakening is generally awakening that the subject registers by pressing a button. In

other words, it is an event that entails the subject not only waking up, but also being
aware of his/her circumstances to the extent necessary to recall that hisArer wakeful-

ness should be registered by performing the prescribed action. Subject-registered

awakening therefore implies a higher level of consciousness than EEG awakening.

The relationships shown in Figure 8 are given for the range of SEL i values from 40 to
90 dB( A). At night, an aeroplane passage with an SEL_ / of 40 dB( A) is normally readily

discernible indoors. An SEL_ / of 90 dB(A) equates to a veT loud noise event.

Not all the relationships illustrated in Figure 8 are equally reliable. The Committee
believes that the relationships between exposure and subject-registered awakening,

motility and motility onset have been defined on the basis of sound evidence. However,

definition of the relationships based on EEG data (EEG awakening and sleep stage

change) required an assumption, namely that the probability of noise-induced EEG

awakening is 40 per cent of the probability ofmotility being triggered by noise'*. How-
ever, it is not certain that this assumption is valid in the particular context of exposure to
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aviation noise. Furthermore. in order to estimate the probability of a sleep stage change,

the Committee has drawn upon the relationships between exposure and the probability

of EEG awakening and the probability of sleep stage change illustrated in Figure 7. The

Committee therefore regards the curve for EEG awakening as tentative and the curve for

sleep stage change as very tentative.

From Figure 8, it is apparent that the observation threshold for the acute effects
'motility’, 'motility onset’, and 'EEG awakening’ is an SEL_ f of 40 dB(A) (Lanl ax_ / of
32 dB(A)), while the observation threshold for subject-registered awakening is an SEL_ f

of 54 dB(A). On the basis of the tentatively plotted curves, the observation threshold for
sleep stage change appears to be lower than an SEL_ i of 40 dB(A).

3.2.2 Extrapolation from aviation noise to road and rail traffic noise

Figure 8 is based almost entirely on the results of research into aviation noise. Road and

rail traffic noise also increase the probability ofmotility onset and of EEG-registered

changes (EEG awakening and sleep stage change), and the observation thresholds for

these noise sources are similar to those for aviation noise (see Annex D). It should be

pointed out that this observation is based primarily on outdoor sound pressure level data;

the use of accurate indoor data might yield a different result. In consideration of these
matters, while there is insufficient evidence that road and rail traffic noise can cause

subject-registered awakening. the Committee anticipates that road and rail traffic noise

events are indeed capable of triggering such a response, although the threshold might

not be an SEL_ i of 54 dB(A).

3. 2. 3 Motility and motility onset

Over the last ten years. three large-scale field studies on aircraft noise have been carried

out. Using data from these studies, it is possible to define the relationship between
LAIn ax_ for SEL_ I and the probability of acute motility being induced by the noise of a

passing aeroplane12-49'51. The probability of acute motility increases as L.4111 ax_ for

SEL _i increases. From the Dutch research, it also appears that, at a given LA max_ for

SEL i. the probability depends to a considerable degree on the indoor equivalent sound

pressure level from the plane (b): people who are ordinarily exposed to high levels of

aviation noise while sleeping respond less to an individual aeroplane passage than peo-

pIe who only experience such exposure from time to time. The study findings also indi-

cated that the type of aircraft manoeuvre (landing or taking off) did not affect the

8 The figure of 40 per cent was calculated by Ollerhead by comparing all thirty-second intervals during which EEG arGUs-

als were observed in his subjects and all thirty-second intervals during which motility onset was obser\,ed51.
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probability of aviation noise-induced motility. The researchers also asked subjects about

their attitude to air traffic and to the expansion ofSchiphol Airport. Attitude was found
to have no influence on the probability of acute motility induced by aviation noise.

The Dutch research findings are consistent with the findings of the study carried out

in the USA49. However, the relationship between motility onset and the L/lula_\ of an

aeroplane passage defined on the basis of the British data is quite different from the rela-

tionship between motility and LAIn al i deduced from the Dutch research. The British

researchers came to the conclusion that the threshold for motility onset by the noise of

an aeroplane passage was an L.4 max of 82 dB(A)sl. If this outdoor value is reduced by

25 dB( A) (the figure given by the researchers54 as the difference between outdoor and
indoor sound pressure levels), one arrives at a threshold LAIn ax_ / value of 57 dB( A).

This is 25 dB(A) higher than the observation threshold detennined by the Dutch

researchers for motility and motility onset. In view of the pioneering nature of the Brit-
ish research and the significance that has long been attached to its results, the Committee

considers the difference between the British and Dutch studies at more length in

Annex D. Its conclusion is that the British research had certain shortcomings that the
more recent Dutch research did not share.

3.2.4 Subject-registered awakening and EEG awakening

The relationship between the probability of subject-registered awakening and SEL_ I

illustrated in Figure 8 has been defined on the basis of a secondary analysis by Pass-
chier-Vermeer52. According to this analysis, the observation threshold for aviation

noise-induced subject-registered awakening is an SEL_ / of 54 dB( A), corresponding to

an L/4nlax_ i of 42 dB( A).

The Committee puts the typical frequency of 'spontaneous’ EEG awakenings,

including short duration arousals. at ten to twelve occurrences per night and the typical

frequency of 'spontaneous’ subject-registered awakenings at 1.5 to two occurrences per
night (in periods without noise events). If someone has woken up 'spontaneously’, they

will be able to hear a car, aeroplane or train that passes while they are awake. The more
frequent and longer in duration the passages are. the greater the chance of hearing one

after waking up spontaneously. In an extreme case, therefore, it is theoretically possible
that someone could hear a passing car, plane or train ten times in the night without the

associated noise being the cause of the person waking up.
The Committee found three reports on the effects of night-time noise on children's

EEGs. These related to laboratory studies involving twenty-four, eight and six children,
respectively)5-57 and one study of five children in their home environments56. Busby55

found that children in the final third of their sleep (which mainly involves REM sleep)

exhibited EEG awakening in response to noise in nearly 60 per cent of cases – albeit
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involving noises of up to 95 dB( A). However, partly because of the lack of additional
information regarding the cortical responses of children to night-time noise, the Com-
mittee is not able to make any definitive statement about the possibility of children

being more sensitive to night-time noise than adults.

3. 2. 5 Heart rate acceleration and stress hormone concentrations in the blood

From the field research data published by Hofman er a/58, the Committee has calculated

that peaks in the noise from a motorway (e.g. when a lolly passes) have approximately a

60 per cent chance of inducing heart rate acceleration, irrespective of the L.4nlax_ i. The

LAnlax_ / values recorded by the Hofman team were mostly between 30 and 70 dB( A-).

The average increase in heart rate worked out at four beats per minute, irrespective of

the subject’s sleep stage. The Committee regards heart rate acceleration as one form of

acute cardiovascular change. Other acute changes directly associable with heaR rate

acceleration, such as acute changes in systolic blood pressure and vasoconsthction, fol-

low the same patternsli-63 (see Annex D). On the basis of laboratory research findings, it

seems likely that the noise of a passing lorry or aeroplane with a similar SEL i would

have a broadly similar effect on heart rate64-67 (see Annex D). Laboratory research has

also indicated that, if one uses SEL i as one’s index of noise. noise events that quickly

become louder at the start (such as the noise of a low-flying military jet or gunshot
noise) have a greater effect on heart rate than noise events characterised by a more grad-

ual increase in level (such as the noise of a lorry or a civil aircraft)64'65'€’7. However, it is

not possible to quantify the extent of the effect.
The Committee is not aware of any field studies that have looked at acute noise-

induced changes in the (stress) hormone balance. It is not surprising that no such

research has apparently been carried out, since it would necessarily be highly invasive

and therefore inappropriate for large-scale studies of subjects in a domestic setting.

Only one study was traced that focused on the impact that exposure to night-time

noise has on children’s physiological functions. In 1967, Semczuk investigated the

effects of exposure to noise when sleeping, by using thoraxgraphy to monitor breathing

in a study group of fifty children (five to seven years old) and a hundred adults(’8. The

trigger level for respiratory changes associated with an aural stimulus (sound of a panic-

ular pitch) was 10 to 15 dB(A) lower in children than in adults. The researcher accord-

ingly concluded that a child’s autonomous nervous system is more readily activated by

noise when sleeping than an adult’s, and that children are therefore physiologically more

sensitive to night-time noise than adults. The Committee supports this conclusion.
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3. 2. 6 Acute annoyance

None of the studies reviewed by the Committee entailed the recording of acute noise-

related annoyance during the sleep period, but some did involve subjects subsequently

being asked questions on the topic. It is likely that making journal entries during the

night would have a distorting effect by interfering with the sleep process. The Commit-
tee assumes that people do feel inconvenienced by noise during the night, even though

such feelings have not actually been recorded. The subsequent logging of inconvenience

by subjects serves as an indirect indicator of the existence of acute annoyance.

3.2. 7 Ranking of acute responses

In Figure 9, the acute responses to noise are ranked in order of decreasing probability of

induction by noise. Although no research into acute annoyance has been reported, the
Committee considers it reasonable to suppose that inconvenience can only be experi-

enced by a person who actually is awake.

3.2.8 Groups with heightened sensitivity to acute effects

The Committee has also sought to identify any evidence in the available research data
that might indicate whether certain personal characteristics might be associated with

heightened sensitivity to acute noise-induced effects on sleep. Although the strength of

the evidence found by the Committee is limited. it does appear that people with cardio-

Probability
of effect

decreases
Autonomous reactions (reflexes, hormonal levels)

Sleep stage changes of deeper to less deep sleep

Motility

EEG-awakening

Subject-registered awakening

Acute feelings of inconvenience, annoyance

FIgure 9 Acute effects of exposure to noise when sleeping
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vascular problems, people who regard themselves as particularly sensitive to noise, and

children may all be particularly sensitive to acute cardiovascular effects. Because of the

shortage of research data on children, it is not possible to say with confidence whether

children are more sensitive than adults to other acute biological responses.

3.2.9 Conclusions

On the basis of the considerations set out above, the Committee draws the following
conclusions:

• Road, rail and air traffic noises can induce acute responses in people who are sleep-

ing. Response induction begins at a fairly low threshold level and becomes more
likely as the intensity of the noise increases. The observation threshold for EEG
awakening, motility, and motility onset associated with traffic noise is an SEL i of

approximately 40 dB( A); the corresponding figure for heart beat acceleration is less

than 40 dB( A), ), and that for subject-registered awakening (due to aviation noise) is

approximately 54 dB( A). The observation threshold for EEG-detected sleep stage
change is probably lower than 40 dB( A) (the relationship cannot be defined with
confidence. Although there is insufficient data to provide direct evidence that road

and rail traffic noise can induce subject-registered awakening. the Committee

believes that peaks in road and rail traffic noise probably have the same effect as air-
craft noise, although the associated observation threshold may not be an SEL_ / of

54 dB( A). The induction of acute changes by industrial noise has not been the sub.
ject of scientific study. Nevertheless, the Committee expects that exposure to indus-

trial noise is capable of inducing similar responses. It seems quite possible that the

observation thresholds for industrial noise may be broadly similar to those for traffic
noise, but the Committee draws no conclusions on this point.

Almost no research data is available regarding the acute effects of night-time noise
on children. The results of the one study that looked at children's respiratory
response to noise exposure indicate that the threshold for response induction in chil-

dren is 10 to 15 dB(A) lower than in adults. Because of the shortage of data, the
Committee cannot exclude the possibility that children are also more sensitive than
adults to acute cortical effects when sleeping; however, if so, this may only be the

case during REM sleep, rather than during deep sleep.

Laboratory research indicates that, if SEL f is used as the index of noise, noise

events involving a very rapid rise in intensity to their peak level have a greater effect
on heart rate than events characterised by a more gradual early rise in intensity.
However, the Committee is not able to quantify the effects concerned. Although

what is known about the relationship between noise from military jets and subject,
registered awakening is based purely on data collected from people living in the

•
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vicinity of one airbase. and therefore needs to be verified by other pertinent scien-

time data, it would appear that. at high noise exposures, subject-registered awaken-

ing is much more likely to be induced by military jets than by civil aircraft. The
Committee suspects that the increased probability of subject-registered awakening
in response to louder military jet passages is linked to the great speed with which the
noise from the approaching jet increases in intensity, thus inducing feelings of anxi-

ety

The more noise events a person is exposed to per night, the greater the chance is that

he or she will happen to hear one of the noises after waking up 'spontaneously’. The

Committee believes it is reasonable to assume that, broadly speaking, between 1,5

to two times and ten to twelve times per night, a person is sufficiently conscious to

coincidentally hear a noise event that has not actually awoken him or her. This may

help to explain the extent of night-time noise-related annoyance. At a given Ln ight

value, the probability of coincidentally hearing a noise event after waking up will

often be considerably greater with road traffic than with air and rail traffic, since

road traffic noise involves frequent lower-level noise events, in addition to the

peaks.

Although the strength of the evidence is limited, it may well be the case that (as
indicated above) people with cardiovascular problems, people who regard them-

selves as particularly sensitive to noise. and children are particularly sensitive to the
acute cardiovascular effects of noise.

The results of the research into the acute effects of exposure to night-time noise when

sleeping are summarised in Figure 10. The upper element of the diagram illustrates the
general principle: night-time noise influences sleep in a way that can be measured by

Exposure to
night-time noise

Interference

with sleep
Acute effects

Reflexes (heartbeat)

Sleep stage changes

E !nlrlg

Motility onset

Motility

Subject-registered awakening

Acute

Exposure to
night-time noise

Interference

with sleep

Figure /0 Results of research into the acute effects of exposure to night-time noise
u'hen sleeping
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reference to acute effect parameters. The lower element of the diagram indicates which

parameters appear to be affected by noise during the sleep period. All acute responses to

noise are regarded as biological effects by the Committee.

3.2. 70 Strength of the evidence

Exposure to noise during the sleep period induces immediate physical responses.
Table 4 lists the effects concerning which there is sufficiently strong evidence to con-

elude that they occur as a direct result of noise events during the night-time sleep period.

Table + Acute biological effects

Cardiovascular changesa

Sleep stage change, from deeper to less deep sleep

EEG awakening

Nlotility onset
Motility

Subject-registered awakening

a The advisory report focuses mainly on heart beat acceleration, but there is also sufficient evidence of
the induction ofvasoconstriction and acute blood pressure rises.

There is no evidence that an acute change in (stress) hormone levels can be induced

by exposure to night-time noise u’hen sleeping, but one may assume that this is the case.

It is not, however, possible to investigate the possibility in a field study, since such

research would involve the use of invasive monitoring techniques. Also, there is only
limited indirect evidence that noise events can induce acute annoyance.

3.3 Biological effects before, while and after sleeping

The scientific situation as described in an earlier Health Council report

To support preparation of the previously mentioned Health Council report on aviation

noise and sleep, Hofman17 also summarised the results of research published up to 1991

that had looked into the effects that exposure to night-time noise has during the course

of a night or a day and over a longer timescale. Hofman’s findings are presented in
Table 5. As was the case with research into acute effects, the research referred to in the

table related mainly to noise from road and air traffic, but one or two of the reviewed
studies were concerned with the effects of noise from rail traffic or industrial activities.
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Table 5 The results of research published up to 1991 relating to the effects of exposure to night-time noise events, as reviewed by
Hofman1

Effect registration method Effect Number of studies in which Number of studies in which

significant change was no significant change was
observed observed

Journal/cognitive testing Over a night or day

- Diminished sleep quality

- Daytime irritability and impaired

cognitive performance

- Sleep disturbance

Over the longer term

- Night-time noise-related annoyance

- Seeking healthcare

- Increase in self-reported health
problems

- Increase in the use of sonlnifacient
drugs and sedatives

15

8

10

6

25

Questionnaire

42

6

10

l

5

8

8 5

As indicated in the table, almost all studies found that increasing night-time noise
exposure was associated with statistically significant rises, paKicularly in long-term

annoyance and sleep disturbance (difficulty getting to sleep, waking up in the night,
waking up too early in the morning and not being able to get off to sleep again). In line

with Hofman’s review17, the table provides no information about exposure levels or

study quality.
Only a small number of field studies looked specifically at the relationship between

noise exposure and its effect on sleep latency time, sleeping time, or the post-sleep

period. Furthermore, research data on acute noise-induced changes (see section 3.3) has

not in most cases been aggregated to provide full-night data. Most of the information

presented below relates to research into the effects of road traffic and aviation noise. In
most of the reviewed studies. several effect parameters were studied at once, which has

made it difficult for the Committee to present a summary structured along the lines of

the previous section (on acute effects). This section begins with a discussion of the
results of research into the influence of road traffic noise. which is followed by a subsec-

tion on the effects of aviation noise. Consideration is then given to the findings of field
research into the effects of night-time noise on motility and on stress hormone concen-

trations. Finally, the Committee addresses the possibility that immune functions might
be influenced by exposure to night-time noise, which has been investigated only in the

context of laboratory research.
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3.3. 7 Road traffic noise: various effect parameters

In 2003, the RIVM published a review of field research concerned specifically with the

effects of night-time road trajTic noise on sleep69. In the eleven reviewed studies that
involved the use of sleep EEGs, ECGs or actimetric measurements and sometimes of
journals. noise was also measured (in the bedroom) during the study nights.

Five of the eleven studies were deemed unsuitable for inclusion in the detailed anal-

ysis for various reasons (too small, no usable findings). Useful data was produced by

four intervention studies carried out on behalf of the European Commission between
1980 and 1983. By increasing the acoustic insulating properties of bedroom windows,
using personal hearing protection gear and sleeping on the quiet side of the house, the

road traffic-related noise exposure was reduced by approximately 10 dB(A) on half of
the subject-nights58'59’70-73. The studies in question involved a total of seventy people

and 922 subject-nights. Juni&ns drew the following conclusions regarding the effects

observed in relatively noisy situations (compared with quieter situations after interven-
tion)70

• The average duration of REM sleep is 6.5 minutes shorter (in adults, REM sleep
normally lasts for approximately two hours).

In reaction time tests. the average reaction time is twelve milliseconds (12 ms)
longer than the overall average reaction time of 350 ms, and more mistakes are
made (8 per cent)
Self-reported quality of sleep is less (7 per cent)

The W (waking) time recorded by EEG is 7 minutes longer (determined in two of
the four studies)
The average heart rate when sleeping is higher. In the Dutch research, the rate was

3.2 beats per minute higher (71.5 bpm, compared with 68.3 bpm)58.

•

•

A study by e>hrstr6m74, which involved the use of journals only, was also included in the

RIVM review. In this study. it was found that in situations characterised by higher levels

of road traffic noise at night. people had more difficulty getting to sleep, were more

likely to be woken up in the night by traffic noise, had poorer sleep quality and were

more likely to be tired and irritable in the morning. The same research team recently
completed a small longitudinal intervention study with adults and a cross-sectional

study with children and adults, neither of which found that exposure to night-time road

traffic noise had any statistically significant effect on the studied effect parameters75’76.

The RIVM review additionally took in a German study of road and rail traffic
noise77’78. This study’s findings regarding average motility are discussed in more detail
later
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3.3.2 Aviation noise: various effect parameters

A report by Passchier-Vermeer12 defines the relationship between aviation noise and

each of several effects on sleep over one sleep period (see Figure 23 in Annex D). The

effect variables were: high motility for the subject’s age; recalled aviation noise-induced

awakening; subject-registered awakening three or more times per night; use ofsomnifa-

cient drugs. The use ofsomnifacient drugs and sedatives rose markedly with increasing

night-time noise exposure mainly among older subjects. Night-time aviation noise did
not appear to have any effect on subjects’ performance in reaction time tests taken at the

end of the evening. The degree of subject-reported morning drowsiness (as indicated at

10am) did, however, appear to be related to night-time noise exposure: the greater the

overnight exposure, the sleepier subjects felt in the morning.
The Passchier-Vermeer study also indicated that increased aviation noise exposure

(equivalent sound pressure level) during the sleep latency period was associated with

prolonged sleep latency and greater difficulty getting to sleep. People who when they
went to bed were concerned about the possibility of being disturbed by aviation noise

took an average of a quarter of an hour longer to go to sleep than the people that were
not concerned.

3.3.3 Road, rail and air traffic noise and motility

In the above-mentioned German research into road and rail traffIC /70/se77'78 188 sub-

jects were exposed mainly to road traffic noise and a similar number mainly to noise

from passing trains. The number of subject-nights with results on motility was 1710 in

the road traffic group and 1581 in the rail traffic group. A recent analysis79 of the data

indicated that, among people exposed to rail traffic noise, average motility for a single

sleep period was unrelated to the equivalent indoor or outdoor traffic sound pressure
level during the period in question, whereas an increase in such levels was associated

with a statistically significant rise in motility among people exposed to road trafnc

noise . The Dutch sleep disturbance study also found that average motility rose with

increasing aviation noise exposure during the sleep period12. With road traffic noise, the

increase in average motility per dB(A) rise in noise exposure was approximately 30 per

cent greater than with aviation noise.

The Bristol-based team of Smith er a/80 made a phased investigation of the inteITela-
tionships between aviation noise, sleep disturbance and health. In the final phase, the

motility of ninety people (forty-five couples) was monitored using actimeters for three
nights, during which sound pressure levels were measured in the subjects’ bedrooms

The sources of the noises audible in the subjects’ bedrooms were not objectively deter-
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mined. nor were any outdoor sound pressure levels measured. The study revealed no
relationship between noise exposure and average actimetric level over the course of a

night. The researchers took the view that this was mainly because the noise exposures
experienced by the subjects were low.

3.3.4 Road traffic and aviation noise: stress hormone concentrations

Babisch81 produced a survey of research into the effects of road traffIC and aviation
noise on hormone concentrations (adrenaline, noradrenaline, cortisol) determined from

urine samples collected over the course of a night and in one study from saliva samples

taken after awakening (for the measurement of cortisol only). In all, the survey took in

eight field studies (see Tables 16 and 17 in Annex D).

In seven of the studies, the subjects were children, who in five studies were exposed
to aviation noise and in two studies to road traffic noise. No link was found between

exposure to aviation noise and cortisol concentrations, but higher road traffic noise

exposures were associated with statistically significant rises in levels of this hormone

Adrenaline and noradrenaline concentrations exhibited statistically significant rises at
higher aviation noise exposures in two of the four studies, but could not be linked to

road traffic sound pressure levels in one study (not all of the studies involved monitoring
concentrations of all three of the hormones referred to). Whether the increased hormone

concentrations were brought about by exposure to night-time road traffic noise is

uncleari they could also have been an after-effect of daytime noise exposure.
The only field study involving adult subjects focused on the effect of road traffic

noise on the quantity of adrenaline and noradrenaline in the night-time urine of 234

women ages thirty to forty-nve82. Among the women whose bedrooms were on the

street side of their homes. increasing traffic volume (and therefore increasing equivalent

sound pressure level) was associated with a statistically significant increase in noradren-

anne concentration, but no link was established between traffic volume and adrenaline

concentration. Among women whose homes had the living room on the street side, traf-

fic volumes had no apparent influence on either adrenaline or noradrenaline concentra-

tions. The fact that it was mainly noradrenaline concentrations that were raised is

consistent with Ising’s model. which predicts that noradrenaline concentration is panic-

ularly likely to increase in response to noise to which a person has in part habituated83.

The effect of road traffic noise on noradrenaline concentration was particularly pro-

nounced in women who indicated that they slept with the bedroom window closed to

prevent their sleep being disturbed by road traffic noise. Among women who experi-

enced no noise-related annoyance when their windows were closed, no statistically sig-
nificant increase in noradrenaline concentrations was observed.
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The modest amount of data available on this subject prevents the Committee draw-

ing any firm conclusions. It does nevertheless appear that, under certain circumstances,

exposure to noise can lead to raised stress hormone levels in sleeping adults; the possi-
bility that noise can have a similar effect on children cannot be excluded. More definite
conclusions must await the availability of further research data.

3.3.5 Various noises in laboratory research: immune function

Between 1968 and 1974. Osada er a/84-87 investigated immunological parameter changes

associated with exposure to noise. However, the major changes observed in the four lab-

oratory experiments with twenty-one subjects were almost certainly attributable to

shortcomings in the study design*. The Committee is not aware of any other research

into the influence of night-time noise exposure on immune functions.

In their survey article The Neuroendocrine Recovery Function of Sleep , Born and

Fehm devoted a section to the possibility that night-time exposure to noise might affect

the inlnrune system88. On the basis of two experiments in which subjects u-ere either

deprived of sleep or allowed to sleep 'normally’, the two authors postulate that night-

time noise exposure may have a negative influence on the immune system. They add,
however, that a great deal more research would be necessary to confirm such a hypothe-
SIS

3.3.6 Conclusions

On the basis of the considerations set out above, the Committee draws the following

conclusions regarding biological effects over the course of a night (before, while and

after sleeping):
• There is sufficient evidence that, above a given threshold noise exposure. exposure

to road and air traffic noise while sleeping is associated with the following:
• Increased difficulty getting to sleep
• Increased sleep latency period
• Use ofsomnifacient drugs and sedatives, particularly among older people

• Reduced REM sleep and increased time in a conscious state, as determined by
EEG

• Raised average heart rate
• Raised average level ofmotility
• More frequent subject-registered awakening

• More frequent recalled noise-induced awakening

+ Marth. personal communication
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• Reduced self-reported quality of sleep
• Increased drowsiness. tiredness and irritability
There is limited evidence that exposure to road and air traffic noise while sleeping is

associated with the following:

• Increased daytime irritability

• Impaired daytime cognitive performance

Exposure to rail traffic noise has been investigated on an incidental basis only: no

statistically significant rise in average motility during a sleep period was detected in

response to exposure. No research has been carried out into the consequences of
exposure to industrial noise.

Little is known about the influence of exposure to night-time noise on immune hmc-
tlons.

There is limited direct evidence that, under certain circumstances, exposure to night-

time noise can influence (stress) honnone levels when sleeping: this effect u'as
observed in women who were troubled by noise during the night and were unable to

relieve the problem. The Committee suspects that noise has no consistent effect on

stress hormone levels, and that any effects depend partly on personal and situational

factors. More definite conclusions must await the availability of further research
data

Exposure to
night-time noise

Interference

with sleep

Effects over a 24

hours period

re to
night-time noise

Interference
with sleep

figure // Results of research into the effects of night-time road and aviation noise on biological parameters

over the course of a night (before, while and after sleeping). There is sufficient evidence of a causal relation-

ship between exposure and the parameters in the upper four effect boxes, but only limited evidence of such

a relationship with the parameters in the bottom effect box
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Figure 11 indicates which parameters appear to be affected by road and aviation noise

during the sleep period. There is sufficient evidence of a causal relationship between
exposure and the parameters in the upper four effect boxes, but only limited evidence of

such a relationship with the parameters in the bottom effect box.

3.3. 7 Biological effects as predictors of impact on health and well-being

In some cases. there is empirical data indicating that a biological effect of night-time
noise can. after repeated exposure and under certain circumstances, ultimately have con-

sequences for a person’s health and well-being. Where certain other biological effects
are concerned, although no such data is available, it is plausible that chronic exposure to

night-time noise when sleeping may lead to physical responses indicative of a negative
influence on health and well-being. The Committee’s assessment regarding each of the

effects concerned is given in Table 6.

Table 6 Biological (physiological and psycho-physiological) effects for which there is either sufficient or

!inlited evidence of a causal relationship with night-time noise and which could plausibly have a negative
influence on health and well-being in the event of chronic exposurea.

Variable Probability of negative implications for
health and well-being

Empirical data

Plausible

Plausible

Empirical data

Difficulty getting to sleep. difficulty staying asleep

Change in cardiovascular activity

Increased motility

Changes in duration of various stages of sleep and in
sleep stlucture. fragmentation of sleep

Changes in (stress) hormone concentrations

Waking during the sleep period and /or prematurely
in the morning

Drowsiness/Tiredness during the day and evening

Impaired cognitive performance

Increased irritability

Plausible

Empirical data

Plausible

Plausible

Plausible

The effects in question can occur after a single night's exposure. However, there is no empirical evi-
dence that the occurrence of any of the effects in the context of a single night’s exposure can influ-

ence health or well-being. nor is it plausible that this might be the case, The effects after a single
night's exposure all come under the heading 'no empirical evidence of implications for health and

well-being and no plausible causal association
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3.4 The effects of long-term exposure

In field research with subjects who are exposed to noise on a nightly basis. it is not easy
to distinguish the effects of a single disturbed night from the effects of long-term expo-
sure. In many cases, the way relationships are defined depends on what is known about

the noise exposure. Where the available data concerns sound pressure levels on particu-
lar nights, observed effects are typically related to such data. However, if the only avail-
able data consists of estimates of longer-term noise exposure, observed effect

parameters are considered representative of the consequences of prolonged exposure.

Making a distinction is therefore important mainly in the context of research data struc-

turing. The consequences of noise-related sleep disturbance described in section 3.3 can

therefore also be seen as the effects oflong-terrn exposure, since our knowledge of them
comes from data concerning people who have experienced chronic exposure to environ-

mental noise. Hence, the Committee also considers the effects listed in Figure 11 to be

the effects of long-term exposure.

3.4. 7 Insomnia

A group of Japanese researchers carried out a questionnaire-based survey of 3600 adult

Japanese women (aged between twenty and eighty) to gather information about the fac-

tors that contribute to insomnia89. Some 11 per cent of subjects were found to be
affected by insomnia (as defined on the basis of the WHO’s ICD 10 classification

systems>o). Analysis of the survey data took account of various distorting variables, such
as age. number of (small) children in the family. social status, receipt of medical treat-

ment, regularity ofbedtimes, apnoea-like problems and serious unpleasant experiences

in the six months prior to completing the questionnaire. When the percentage ofinsom-
niacs in each of the three areas with the highest exposures was compared with the per-

centage in the low-exposure areas, the ratios worked out at, respectively, 1.4 (2100

vehicles per hour, Lnight of around 65 dB( A)), 2.1 (2400 vehicles per hour, Lnight of

around 67 dB( A)) and 2.8 (6000 vehicles per hour, Ln ight of around 70 dB(A)). The

most frequently reported problem was difficulty getting to sleep.
The seriousness of the problems caused by insomnia is illustrated by the quality-of-

life weighting system developed by Stolk and Van Busschbach91'92, under which insom-

nia has a quality-of-life weighting of 0.83. This means that a year affected by insomnia
results in the loss of 0.17 DALYs.

Research into the effects of exposure to air and road traffic noise has shown that

increases in night-time noise exposure or in noise exposure during the sleep latency
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period have a statistically significant adverse impact on subjects’ ability to get off to
sleep and on sleep inception periods12'13'93’94

3.4.2 Hypertension

In the context of a longitudinal study (Spandauer Gesundheits Survey)95, the health of
adults in Berlin’s Spandau district has been surveyed every two years since 1982. The

ninth survey round involved 2015 subjects. In addition to going through the usual tests
and questionnaires. 1718 (85 per cent) of these subjects were asked about noise-related

annoyance from road, rail and air traffic, as well as from industrial sources (see
Annex D). Hence, the noise research element of the study took the form of a cross-sec-
tional study. The noise exposure was estimated using noise calculation models. The esti-

mates made for aviation noise are not regarded as reliable by the Committee, but those

for road traffic noise do not suffer from the same shortcomings. Furthermore. the road

traffic noise exposure was measured on an incidental basis both during the day and at

night. Details of the subjects’ medical treatment histories over the two years since the

previous survey and over the entire research period were gathered in interviews with the

subjects. The findings showed that, after taking account of other factors that could

explain any association between medical condition and noise exposure, the prevalence
of hypertension was higher (by a statistically significant margin) among people for

whom the road /rafPc-related Lnight was more than 55 dB( A) than among people for
whom the road traffic-related Lnight was less than 50 dB( A) (odds-ratio 1.9). Preva-

lence among people for whom the road traffic-related Lnight was betu’een 50 and
55 dB( A) was at an intermediate level. However, no statistically significant association

was found between the prevalence of hypertension and road traffic noise during the dav.

The researchers suggest that hypertension is associated with nigh-time exposure but not

with daytime exposure partly because people are often elsewhere during the day and

partly because people are more sensitive to noise at night than during the day.

The Committee considers the following points to be relevant to the assessment of

the research findings outlined above:
• The investigated outcomes: use of personal statements as the only means of deter-

mining whether subjects were receiving medical treatment for conditions such as
hypertension. This may have led to considerable distoltion of the research results.

Although the report speaks at length about tests such as blood pressure measurement

and the registration of medicine use, the resulting data is not used in the analyses
The Committee takes the view that if the measured data had been used for the anal\'-

ses or – even better – if the analyses had been based entirely on measured data, the

findings would have carried more weight.
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The researchers point out that the study population was made up largely of people

who were very conscious of their health. In other words, the subjects were self-

selected and this may also have led to distortion. The point being that, if night-time

noise does have an effect on health and well-being. making people feel uneasy about

their health. they may well be inclined to report all sorts of other problems that they
don’t really have. This could have resulted in the prevalence of hypertension among

the most heavily exposed group being overestimated.

The researchers do not report the raw data, i.e. the data in its original form, uncor-

rected for other factors capable of distorting the relationship between night-time

noise exposure and the probability of developing a condition (confounding). It is
therefore difficult to estimate how important these factors were and how plausible

their supposed influence on the relationship between probability of hypertension

and night-time noise exposure was.

On the basis of the considerations outlined above, the Committee has concluded that,

although a link between night-time noise and increased risk of hypertension is plausible,
the Spandau survey does not provide sufficient evidence of a causal association.

In this context, the Committee would point out that, in the 1994 report Noise and
Healtl? , an international Health Council Committee concluded on the basis of data from

various, mostly German, studies that a causal relationship did probably exist between

daytime noise exposure and hypertension risk. It was suggested that the observation

threshold was an equivalent sound pressure level of 70 dB(A) over the course of a day.

Consideration was not given to the possibility that night-time noise exposure might be at
least partly responsible for the increased probability of hypertension associated with

what it should be said are very high noise exposures. The Committee would like to see

the possibility explored of re-analysing the data in a way that takes night-time noise
exposures lnto account

3.4.3 Motility

British research into the effect of aviation noise on sleep has revealed that the average

probability ofmotility (motor unrest) during the course of a sleep period rises with

increasing exposure to air traffic noise96. Horne reported that there was a strong relation-

ship between average motility and perceived quality of sleep. Dutch field research into

the effect of aviation noise on sleep and German research regarding the effect of road
traffic noise has also found that average motility (motor unrest) increased with noise

exposure when sleeping12-13'79. However, no association has been detected between

motor unrest and rail traffic noise. Furthermore, the increase in motility with the Li of air
and road traffic noise proved to be much greater than might be expected on the basis of
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accumulated acute noise-related motility. The Committee believes that this phenomenon

can be explained if one assumes that chronic exposure increases the physiological

arousal level when sleeping, not only in the periods of the night when vehicles or

aeroplanes are passing, but also when there is no traffic. In the Dutch field research into

the effects of aviation noise on sleep, it was observed that overnight average motility

was strongly associated with the number of occasions that a subject recalled waking dun

ing his or her sleeping time, with the number of subject-registered awakenings during

this time, and with a series of variables determined from the questionnaire completed by

the subject at the beginning of the study. The variables in question were: whether the

subject used somnifacient drugs; quality of sleep; number of sleeping problems; number

of times awoken by aviation noise; number of times per week aviation noise had a nega-

tive effect on sleep; health problems included on the abbreviated Health Perceptions

Questionnaire ('VOEG-lij st’).

The obselved relationship between average motility and various negative conse-

quences of exposure to night-time noise is regarded by the Committee as a strong indi-

cation that increase in average motility should also be seen as a negative consequence of

exposure to noise when sleeping.

3.4.4 Self-reported sleep disturbance

On the basis of TNO’s Disturbance Knowledge Base, exposure-response relationships

have been defined for self-reported sleep disturbance by road, rail and air trafncq7’98,

The associated TNO reports contain various assessments of factors that influence sleep

quality (problems caused by waking up in the night, waking up too early in the morning,
night-time noise-related annoyance). Just as 'annoyance’ is covered by an international
definition, so high sleep disturbance is defined as a score of 72 or more on a scale of 0
(no sleep disturbance at all) to 100 (extreme sleep disturbance). The relationships

between the various kinds of traffic noise and self-reported high sleep disturbance are
il]ustrated in Figure 12.

From Figure 12, it will be apparent that, at a given Lnight value, aviation noise is
linked to slightly more self-reported high sleep disturbance than road traffic noise. while
rail traffic noise is associated with less disturbance than either of the other sources. The

illustrated relationships are closely consistent with the provisional curves presented in

1997 in the Health Council’s advisory report Assessing Noise Exposure for Public
Health Purpose? .

However. when one looks at the relationships between LIli gIlt and the percentages of

people experiencing 'at least sleep disturbance’ and 'at least slight sleep disturbance’,

one finds that the relative positions of road traffic noise and aviation noise are reversed.
It is worth noting that less certainty exists regarding the relationships between distur-
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Figure /2 The percentages of people experiencing high noise-related sleep dis-

turbance attributable to air, road and rail traffic, as a function ot in/ghr97'98.

bance and aviation noise than regarding the relationships involving road and rail traffic
r)Olse.

The RIVM report€’9 mentioned in 3.3.1 considers the question of whether a quantitative

meta-analysis could be made of the results of questionnaire-based research into the

influence of road traffic noise on perceived quality of sleep and on awakening. Although
the RIVM describes several studies as being good quality, the researchers decided that it
was not possible to perform a meta-analysis because of discrepancies in the studies

nomenclature, methods. exposure determination techniques and approaches to adjust-

ment for distorting variables. Their ultimate conclusion was therefore that there were
indications that road traffic was associated with reduced perceived quality of sleep and

more frequent (or more prolonged) night-time awakening.

Leidelmeier and Marsman99 carried out an interview-based study of 1242 households in

the Netherlands, in which subjects were asked about daytime and night-time noise from

neighbours and any associated annoyance. Distinction was made on the basis of the part

of the house in which the noises were audible and any associated annoyance was experi-

enced. Subjects proved least tolerant of noise from their neighbours that was audible in

the master bedroom. The researchers distinguished five types of noise, which are listed

below, along with the percentage of subjects who indicated hearing the relevant type of

noise from a neighbouring dwelling at night in the master bedroom:
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Contact noise

Noise from sanitary fittings, central heating, etc

Noise from radio, TV and hi-fi
Do-it-yourself (DIY) noises
Pets

22 per cent

19 per cent

12 per cent

8 per cent

6 per cent

Where each of the five investigated types of noise were concerned, roughly 10 to 15 per

cent of subjects indicated that they felt it was unacceptable for the noise to be audible

during the day. Overall, nearly 30 per cent of subjects said that sanitary fittings should

not be audible at night, while approximately 50 per cent felt each of the other four types

of noise were unacceptable by night.

In 1993, Kranendonk er at produced a synthesis of the research conducted up to that

point in time into the annoyance associated with noise from neighboursloc). Subse-
quently, in 1998, Van Dongen ef al\n\ published a report on the relationship between
noise from neighbouring dwellings and the airborne and contact noise attenuating indi-

ces Il„, 1 /„.4, and I .„, drawing on data from a questionnaire-based survey of the residents
of six hundred dwellings, whose acoustic quality was determined in 202 cases. The

results of the two studies are reasonably consistent (see Annex D). Both found that the

chief causes of annoyance were loud radios, hi-fis and TVs, audible and sometimes

intelligible voices, the slamming of doors and footsteps on floors and staircases. In both

cases, it proved that, when //„ had a value of 0 (the minimum requirement for new

homes), 10 per cent of subjects reported high annoyance and 15 per cent reported

annoyance caused by noise from neighbouring dwellings. These figures are not specific
to night-time noise. but apply to annoyance over a twenty-four-hour period.

On the basis of the findings outlined above, the Committee concludes that the stan-
dard of inter-dwelling sound attenuation presently required does not provide sufficient

protection to prevent annoyance caused by noise from neighbours. Since people are less

tolerant of the noise their neighbours make at night-time than of their neighbours
evening or daytime noise, it may be assumed that much of the annoyance associated

with noise from neighbours relates to the influence of such noise on sleep. The Commit-
tee returns to this point when addressing the State Secretary's questions.

3.4.5 Health problems

The Dutch field research into the effects of aviation noise on sleep established a rela-

tionship between personal noise exposure when sleeping (Li ) and the frequency of
health problems included on the abbreviated Health Perceptions Questionnaire12-13

Compiled on the basis of stress research, the Health Perceptions Questionnaire identifies
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thirteen health-related problems, such as headache, stomachache, tiredness and digestive

problems. It will be apparent that these are not life-threatening conditions. A rise in avi-
ation noise-related Li from 0 to 35 dB(A) is associated with a two-fold increase in the
frequency of problems. Various factors that might be expected to influence the relation-

ship between noise and problem frequency, such as what time a person wakes up and

whether they sleep with their bedroom window open, prove not to be influential in prac-
tice. The Committee interprets these findings as a strong indication that exposure to

night-time aviation noise causes a rise in the incidence of health problems.

3.4. 6 Complaints about night-time noise

The Committee believes that the submission of a complaint about noise is symptomatic
of reduced well-being. Numerous factors influence a person’s inclination in a given situ-

ation to make an 'official’ complaint about a noise-related problem. It is not therefore
possible to draw any general conclusions on the basis of what happens in a given situa-

tion. In the Netherlands, people can make complaints about, for example, the annoyance

caused by noise from aircraft using Schiphol Airport, by noise road, rail and air traffic in
the Rijnmond area, by events, and by industrial sources. Analysis of these complaints

shows that, relatively speaking. night-time noise generates more complaints than day-
time noise (see Annex D).

3.4. 7 Conclusions

The Committee draws the following conclusions:

• Above a certain observation threshold, exposure to road and air traffic noise while

sleeping has the following chronic consequences (where the strength of the evidence

for a causal relationship is indicated between brackets):

• Insomnia (sufficient evidence)

• Increase in average motility (sufficient evidence)

• Self-reported sleep disturbance (sufficient evidence)

• Increase in self-reported health problems (sufficient evidence)

• Submission of complaints (sufficient evidence)

• Reduced sleep quality (sufficient evidence)

• Increased use ofsomnifacient drugs and sedatives and increased reference to heal-

thcare professionals (sufficient evidence)

• Increased daytime irritability (limited evidence)

• Impaired cognitive performance (limited evidence)

• Impaired social contacts (limited evidence)
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Figure /3 Results of research into the influence of exposure to night-time road and
aviation noise on long-term health and well-being parameters

The effects of exposure to rail traffic noise have been studied only on an incidental

basis. Average motility when sleeping was not found to be discernibly increased by
such exposure. At a given Lnigllt value, the percentages of people experiencing self-

reported slight sleep disturbance. sleep disturbance and high sleep disturbance due

to rail traffic noise n’ere slightly lower than the percentages experiencing such prob-
lems in connection with road traffic noise and aviation noise

No information is available about the consequences of chronic exposure to indus-
trial noise

The findings outlined above are summarised in Figure 13. The effects referred to in the

figure should be interpreted as follows:
• Social contacts and concentration: impaired social contacts and impaired perfor-

manGe of cognitive tasks

Well-being: self-reported sleep disturbance. self-reported health problems. use of
somnifacient drugs and sedatives, increased daytime irritability

Sleep quality: reduced perceived sleep quality, difficulty getting to sleep and staying

asleep, awakening, reduced sleeping time, increased average motility when sleep-

lng.

3.4. 8 The influence of noise on sleep: correlations with sleep disorders and sleeping problems

Thus far, consideration has been given to studies into the relationship between night-

time noise exposure and the characteristics of sleep, health and well-being. Such charac-
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teristics may be objectively measured (sleep latency period; EEG parameters: average

motility; physiological and endocrine functions; reduced cognitive performance) or self-

reported (difficulty getting to sleep; difficulty staying asleep; reduced sleep quality;

waking up in the night; tiredness/drowsiness during the day; night-time noise-related
annoyance; health problems; insomnia). A number of these characteristics are closely

related to the characteristics of sleeping problems and insomnia generally observed in

the population at large (see Annex E). Clearly, the disturbance of sleep by night-time

noise is a matter of influence by an external factor, whereas the occurrence of insomnia

and other sleeping problems in the population at large is probably attributable largely to

personal characteristics; nevertheless, the Committee believes it is reasonable to assume

that the same physical and mental processes are involved. Hence, it is plausible that

sleep disturbance by environmental noise might contribute to the development or occur-

renee of female depression, hyperlension, cardiovascular disease and occupational acci-

dents, since all these phenomena are known to be associated with sleeping problems and

insomnia. The size of any such contribution cannot be estimated. The evidence for such

a link is indirect and limited in its strength.

It is plausible that people who suffer from insomnia or other sleep disorders that cause

them to wake up frequently at night are more likely to be troubled by night-time noise.
Insomnia is particularly prevalent among people with physical pain. dementia, depres-

sion, hypertension. heart and respiratory illness. and among older people and women

who are pregnant or have been pregnant in the last twelve months. Age is not in itself a

determining factor in the occurrence of insomnia or sleeping problems, which are attrib-

utable more to the accumulation of various age-related phenomena, such as lack of

physical activity, changed eating and drinking patterns, dissatisfaction with one’s social

environment, illness and other medical conditions (see also Annex E).

People who work night shifts have to sleep by day, at least some of the time. Since
in the daytime it is generally much noisier both indoors and outdoors than at night, peo-

pIe with variable working hours often have to sleep under less favourable circumstances

than most of the population. Furthermore, such people tend to suffer some degree of dis-

turbance to their sleeping-waking rhythm, as a result of which they frequently experi-

ence reduced-quality sleep even on the nights when they can go to bed at a 'normal’

time. Consequently. night-shift workers are particularly sensitive to effects of night-time
noise

The Committee believes that certain groups of people are more likely to suffer

adverse effects if exposed to night-time noise, and that this should be taken into account.

The groups in question are as follows: older people; women who are pregnant or have

been pregnant in the last twelve months; people who work night shifts; and people who
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suffer from sleep disorders. physical pain, dementia, depression. hypertension, cardio-

vascular disease or respiratory illness.

3.4.9 Strength of the evidence

The Committee’s conclusions regarding the associations between exposure to night-time
noise when sleeping and changes in health and well-being are summarised in Table 7

The effect parameters which the Committee has grouped under the five categories are
specified individually and in each case an indication is given of the strength of the evi-

dence for a causal relationship between the effect parameter in question and night-time
exposure to noise when sleeping. With regard to the long-term health and well-being

implications of exposure to night-time noise during the sleep period, the Committee’s

overall conclusion is that there is sufficient evidence that such exposure leads to reduced

sleep quality and reduced general well-being, and limited evidence that it leads to

impaired social contacts and concentration, increased probability of developing medical

conditions and reduced life expectancy.

Table 7 Effects on health and well-being of prolonged exposure to noise during the

Effect parameter

Reduced perceived sleep quality

Difficulty getting to sleep, difficulty

staying asleep

Sleep fragmentation. reduced sleeping time

Increased average motility when sleeping

Sleep disturbance

Health problems

Use of somnifacient drugs and sedatives

Increased daytime irritability

Inlpaired social contacts

Impaired cognitive performance

Insonr nia

Hypertension

Depression (in women)

Cardiovascular disease

Occupational accidents

sleep period.

Evidence

Sufficient evidence

Sufficient evidence

Sleep quality

Sufficient evidence

Sufficient evidence

Sufficient evidence

Sufficient evidence

Sul11cient evidence

Limited evidence. plausible

Limited evidence, plausible

Limited evidence. plausible

Sufficient evidence

Limited. indirect evidence. plausible

Limited, indirect evidence. plausible

Limited, indirect evidence. plausible

Limited, indirect evidence. plausible

Well-being

Social contacts and concentration

Medical conditions

Reduction in life expectancy
(premature mortality )
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3.5

3. 5. 7

Prevalence and disease burden

Quantification

The prevalence of an effect that is attributable to night-time noise in an exposed popula-
tion is the difference between the number (or percentage) of people in the exposed pop-

ulation who experience the effect in question and the corresponding number (or

percentage) of people in an unexposed population with otherwise similar personal and
demographic characteristics.

By taking account of the extent and seriousness of an effect, the associated disease
burden on a population can be calculated. The disease burden of an effect is an index of
the reduction that the effect in question causes within a population in the number of

healthy years of life, expressed in units such as DALYs (Disability Adjusted L@
Yea/'s)'5’ lu=

In order to make a very rough estimate of the prevalence of the effects of night-time

traffic noise on sleep, and thus on health and well-being, one first requires data on the
distribution of exposure to night-time noise in the Dutch population. Such data is avail-
able, albeit in the form of rough estimates, within the RIVM; see Annex G. By linking
this data to the exposure-effect relationships described in this advisory report, it is then

possible to estimate the prevalence of an effect in the Dutch population.
In order to determine the disease burden of an effect, it is necessary to know the

weighting factor for the calculation of the associated DALYs91'92. However, scientific
consensus is as yet lacking with regard to the weighting factors for certain effects32.

3.5.2 Biological effects

The Committee has divided biological effects into two groups: acute effects and effects

over the course of a night (before, while and after sleeping).

In order to estimate the prevalence of acute effects, such as being woken by night-

time noise, it is necessary to have nationwide data on the distributions of traffic noise

SEL or L.4tnax values. Because sleeping times should preferably be included in the cal-

culations, but are subject to considerable inter-personal variation, one ought to addition-
ally know how SEL or LA max values are distributed in various periods e.g. in each hour

covering the overall spread of sleeping times, rather than simply between 11 pm and
7am. To arrive at a reasonably reliable estimate, one should also have national data on

distribution in the acoustic insulating properties of dwelling walls, taking bedroom win-

dow status (open/closed) into account. However, using a simplified model, one could
generate point estimates of the prevalence of an effect using average sleeping time and
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attenuation values, plus point estimates of the prevalence at above-average and below-

average sleeping time and attenuation values, thus providing some insight into the

spread of results associated with variations in these factors. Although such an exercise is

in principle viable, the Committee is not in a position to perform the calculations itself.

3.5.3 Health and well-being

The Committee has concluded that there is sufficient evidence that exposure to night-
time noise during the sleep period reduces sleep quality and general well-being. Further-

more, there is limited evidence of a causal association between exposure and impaired

social contacts and concentration, increased risk of developing certain medical condi-

dons, and premature mortality due to fatal occupational accidents. This conclusion is
based upon assessment of research data regarding various effect parameters. The param-

eters in question are inten'elated; for example. difficulty getting to sleep and staying
asleep is closely related to diminished perceived sleep quality (all three effect parame-

ters for sleep quality). Consequently, if one calculated the prevalence of each effect

parameter separately (supposing that were possible), and aggregated the figures, one

would arrive at an overestimate of the consequences of exposure to night-time noise.
The Committee has therefore chosen to base its estimates of the prevalence of dimin-

ished sleep quality and general well-being on self-reported high sleep disturbance data.

Where this parameter is concerned, exposure-effect relationships have been established

for noise from road, rail and air traffic. Since there is only limited evidence that night-
time noise can lead to impaired social contacts and concentration, hypertension and pre-

mature mortality due to fatal occupational accidents, and little is known about the possi-
ble exposure-effect relationships, no estimate can be made of the prevalence of these
effects. The Committee has, however. worked out a figure for the prevalence ofinsom-

nia, but would emphasise that this figure, like that for self-reported high sleep distur-
bance, is merely an indicative estimate. For this reason, the estimate is couched in very
general terms.

The estimates have been made using Lnight values for the year 2003 provided by the

RTVM; see Annex G. The data used reflects the annual burdens on dwellings, as associ-

ated with road, rail and air traHlc collectively (cumulative noise exposure). By combin-

ing this information with what is known about the exposure-effect relationships for self-
repolled high sleep disturbance by road traffic noise97'98 (see Figure 12)* and

insomnial03. the Committee has been able to estimate the increase in the prevalence

# The estimates are based on road traffic, as in the Netherlands night-time noise exposure to road traffic noise is much

higher than that to air and rail traffic noise. Furthermore. using the separate noise sources would lead to overestimating the
total self-reported high sleep disturbance.
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within the Dutch population of the two effects that was attributable to night-time traffic

noise in 2003. The results are presented in Table 8.

Table 8 Rough estimate of the prevalence within the adult Dutch population (12,5 million people) of high

sleep disturbance and insomnia attributable to night-time traffic noise in 2003

Effect Prevalence banda

Self-reported high sleep disturbance 6

Insonrnia 5

Ratio between insomnia and self-reported high sleep disturbance 2D/,

Prevalence bands: band 0: 0- 1 person, band 1: 1-10 people, band 2: 10- 100 people, band 3: 100- 1000

people. band 4: 1000-10 000 people, band 5: 10 000-100 000 people. band 6: 100 000- 1 000 000

people.

As indicated in Table 8, the prevalence of noise-related self-reported high sleep dis-

turbance among adults in the Netherlands falls in band 6 (100,000 to a million adults).

The prevalence of noise-related insomnia is estimated to be significantly lower.

For the year 2000, the RIVIVI estimated separate Lui gIlt values for the noise exposures

associated with road, rail and air traffic noise in the Netherlands15. On the basis of these

figures, it has been estimated that, in 2000, the prevalence of noise-related self-reported

high sleep disturbance among adults in the Netherlands, as attributable to each of these

three sources, fell in band 6 (more than 100,000 adults). The number of adults with high

sleep disturbance by road traffic noise will have been between two and four times higher

than the numbers able to report such disturbance by rail or air traffic noise. The preva-
lence of insomnia attributable to either road or rail traffic noise was in each case esti-

mated to have been in band 4 (between one thousand and ten thousand people), while

that attributable to aviation noise (calculated on the basis of data on the noise exposure

in the general vicinity ofSchiphol) was estimated to have been in band 3 (between a

hundred and a thousand people).

3.5.4 Disease burden

In recent years, there has been considerable focus on quantifying the collective disease
burden attributable to environmental factors. One initiative in this area has been the

introduction of the disabilit\, adjusted life vear (DALY)32'34 as a unit of measurement;
see also subsection 2.3.3. In response to questions posed by the State Secretary for

Housing Spatial Planning and the Environment, the Health Council is to prepare a sepa-

rate advisory report on the issues associated with the use of DALYs38.
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In order to quantify a disease burden, it is necessary to know how many people
experience a given effect and for how long, as well as how serious the effect is. In its

prevalence calculations described above, the Committee concentrated on self-reported
high sleep disturbance and insomnia, in relation to which estimates were made of the

numbers of people affected and for how long. To calculate the associated disease bun
dens, the Committee has adopted the weighting score of 0.17 ascribed to insomnia by
Stolk er a/37, even though this figure was defined for a different purpose. In the context

of seeking to put a figure on the disease burden associated with sleep disturbance32, De

Hollander suggested weighting factors of between 0.01 and 0.1, but indicated that fur-
ther study was desirable.

On the basis of the available data, the Committee has concluded that the best esti-

mate of the disease burden associated with high sleep disturbance by night-time traffic

noise in the Netherlands is several tens of thousands of DALYs. The corresponding fig-

ure for insomnia is cellainly considerably lower. These estimates suggest that, through

its influence on sleep, night-time traffic noise accounts for an important part of the over-
all effect that the physical environment has on public health32'104,

By means of disease burden calculations of this kind, the effects of night-time traffIc
noise on health and well-being can be compared with the effects of other factors. How-

ever, the Committee wishes to emphasise that a cautious approach should be taken, since
there is considerable uncertainly about many of the estimates.
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Chapter +

Acoustic considerations

Night-time noise in the domestic environment almost always consists of a combination

of separate noise events, with the exception of certain forms of industrial noise. In
section 4.1, the Committee considers how such noise events combine to create an over-

all noise exposure over the course of a night.

Noises come in many different forms. from a low rumble to a soprano’s top C, from

a steady whisper to a sudden bang, from a murmur to a squeak or a grating sound. It

seems reasonable to assume that the nature of a noise influences its effect. The question

is, is it possible to define an exposure-effect relationship in a way that takes account of

the influential characteristics of a noise, for example by applying adjustment factors to

the exposure or noise data. In the 1997 advisory report Assessing Noise Exposure for

Public Health Pro-poses . a Health Council Committee looked at this issue in detail (see

Annex F for a summary)8. In section 4.2. the Committee considers the content of that
report

In the chapter's final section (4.3), the efficiency and effectiveness of domestic insu-

lation as a means of reducing the influence of noise on sleep are examined.
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4.1

4. 1.1

The combination of noise events and acute effects

The combination of noise events

Where night-time environmental noise involving individually distinguishable noise

events is concerned, Lnight is a so-called 'exponential summation of the SEL values of
the constituent events*

A given Luighl value is a unique specification of the number of noise events with a
certain SEL value . Since, where a particular type of noise (such as a train or aeroplane

passage) is concerned. there is a very high correlation is between the SEL and the maxi-

mum level of a noise event (L,4nlax), a given Luight value also specifies the number of

noise events with a certain LAnl al value. For example, an Lui gIlt of 35 dB(A) is the

result of one noise event per year with an SEL of approximately 105 dB(A), one noise
event per night (every night) with an SEL of approximately 80 dB( A) or hundred noise
evenTs per night (every night) with an SEL of approximately 60 dB(A).

4. 7.2 Lnight and effects

It follows that, at least where the above-mentioned acute effects of exposure to night-
time noise are concerned, the consequences associated with a given Lnight value may

vary. Generally speaking. the sum of all acute effects (over a year, since Lnight is an
annual average) in a situation characterised by a small number of high-intensity events
is less than in a situation characterised by numerous events whose intensity is above the

effect threshold but nevertheless comparatively low. The least favourable situation (that

involving the most acute effects per year) would be a series of events with SEL values 4
to 5 dB( A) above the observation threshold for the effect in question97’105’106. For sub-

ject-registered awakening by aircraft noise, for example, the worst-case scenario

involves all aircraft passages having an indoor SEL LSEL_ f) of approximately 60 dB( A),
whereas the worst situation for increased probability of acute motility would involve all

passages having an SEL_ i of approximately 45 dB( A). In other words. at a given
Lnight_ i, the characteristics of the least favourable situation depend on which acute
effect one is concerned with

In Table 6, the Committee indicated that long-term exposure to night-time noise
when sleeping leads to an accumulation of acute effects indicative of a negative influ-

ence on health and well-being. Where the overall efFect of exposure to night-time noise

+ The points made in this section relate to both outdoor and indoor noise levels (although the latter are expressed in units

that have the suffix ' i’). For definitions of the acoustic variables, see table 1
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is not the sum of the acute effects, such as frequently being awoken by noise, sleep dis-

turbance and self-reported sleep quality, the Committee considers it plausible that a

series consisting of numerous relatively low-intensity noise events has a greater effect

than a series with the same overall LuigIIt value, consisting of a smaller number of

higher-intensity noise events.

4. 1.3 Consequences for regulation

The 1997 Health Council report Assessing Noise Exposure for Public Health Purposes

proposes the use of Lnight for the regulation of exposure to night-time environmental
noise. Of course, the extent to which controls based on Llright can protect against the

effects of exposure to night-time noise when sleeping depends on the level at which the
limit is set. However, it follows from the considerations set out above that various situa-

tions might arise in which, although the prescribed Lnight value was not exceeded, the
exposure levels were undesirable from a health and well-being perspective, due to the

occurrence of relatively frequent low-intensity noise events.

If one concludes that exposure should be limited further, but that that cannot be

achieved by applying stricter Lnight exposure limits. the best way for\x’ard would be to

place a limit on the number of noise events. The reason being that setting SEL or LAntar

exposure limits for noise events would allow for less favourable situations, unless the
exposure limits were set at impracticably low levels. Hence limitation of the number of

events is preferable.
There is another reason for specifying a maximum permissible number of noise

events. The greater the nightl\ tlrlmber of noise events (above the observation thresh-

old). the greater the chance is that one will coincidentally hear such a noise after 'spon-
taneously' waking up in the night. possibly leading to annoyance and problems going

back to sleep. As indicated in section 3.2, if all intervals of 'spontaneous’ wakefulness
were to coincide with a noise event audible in the bedroom, a person might under

extreme circumstances hear a noise that had not woken him or her up approximately ten

times in the course of a night.

4. 1 .4 Conclusion

At a given blight . (or Lnight _f) an acute effect of exposure to night-time noise is most

influential if the L.4lnax_ / or SEL _f values of the separate noise events are approxi-

mately 5 dB(A) above the observation threshold for the effect in question. In order to

prevent the occurrence of the worst-case scenario associable with a given Lnight value,
consideration should be given to regulating not only Lnight . but also the number of noise

events. One consequence of setting a ceiling on the number of noise events would be
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that one was less likely to hear a noise event after 'spontaneously' waking in the night,

and therefore less likely to suffer sleep disturbance.

Whether it is necessary or desirable to set an exposure limit on the number of noise

events, in addition to limiting Ln ighf va\\les, depends on the level of the Lnight limit and

the level of protection one wishes to provide. The relationships between acute effects

and SEL_ / values defined in this report, make this method of regulation a viable option.

4.2 Noise characteristics

The Committee has identified a number of forms of noise that may have a particularly

pronounced effect on people exposed to them:

• Noise characterised by low-pitch components (buzzing)

• Noise consisting entirely of one or more low buzzing sounds (low-frequency noise)
• Tonal noise

• Noise events characterised by a rapid increase in intensity at the beginning (impulse

noise)
Industrial noise

Noise characterised by sporadic high L.4111 ax or SEL values

•

•

4.2. 1 Noise characterised by low-pitch components

As indicated in chapter 2. noise exposure is generally measured using a so-called A-
weighting. which takes account of the frequency sensitivity of the human ear. However,

there is evidence to suggest that this method may place insufficient emphasis on low-
frequency noise components in particular. This possible drawback does not apply if use
is made of the so-called C-weighting, which affords nearly as much weight to low-pitch

components as to high-pitch components.

In the Netherlands. a study is in progress aimed at determining the differences
between outdoor A-weighted and C-weighted equivalent sound pressure levels mea-

sured in situations that frequently arise in practicel07. The measured average differences

so far determined for aircraft, lorries, freight trains, shipping and industrial activities are,
respectively, 9, 7, 5, 14, and 13 dB and the ranges of the measured differences are,

respectively, 2- 13, 2-15, 1-15, 9-21, and 6-24 dB . From these figures, it is apparent that
noise from shipping and from industrial activities contains more low-frequency compo-
nents than noise from road, rail or air traffic. The researchers believe that the differences

are much greater indoors than out, because the fabric of residential buildings attenuates
some frequencies more than others.

The extent to which the presence of lower-frequency components increases noise-

related annoyance or sleep disturbance is still under investigation. The Committee antic-
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ipates that the results of the research currently in progress will enhance understanding of

the contribution that lower-frequency noise components make to annoyance and sleep

disturbance, but does not expect that it will be necessary to revise the exposure-response

relationships that have so far been defined, since these definitions already take account

of any extra influence of lower-frequency components. However, the tendency to use
higher powered equipment may mean that in the future the noise from certain sources
will contain much more low-frequency noise components, possibly necessitating modE

fication of the exposure-effect relationships as presently defined.

4.2.2 Low-frequency noise

After considerable deliberation, the authors of the 1997 Health Council report decided

that low-frequency noise should not be incorporated into the assessment framework,

since there was no reliable means of defining the necessary low-frequency noise adjust-

ment factor. The present Committee sees no reason to revise this view, as no relevant
ne\\' data has become available since. However, it does follow that the conclusions set

out in this advisory report do not necessarily apply to low-frequency night-time noise. It
should nevertheless be pointed out that low-frequency noise is relatively unusual in the

domestic environment; at least, the Committee is unaware of any commonplace sources

of such noise. Where sources of low-frequency noise are present. however, annoyance is

most likely to occur at night. n’hen such noise is not masked by higher-frequency noises
in the domestic environment.

4. 2. 3 Tonal noise

Nor has any new data relating to tonal noise become available since 1997. The Commit-

tee accordingly endorses the recommendation contained in the earlier Health Council

report, namely that the equivalent sound pressure level should be increased by between

0 and 5 dB( A) in cases that involve exposure to tonal noise when sleeping (see

Annex F). It is worth noting that, like low-frequency noise, tonal noise is rare in the
domestic environment.

4.2.4 Impulse noise

An impulse noise is a noise that increases very quickly, so that. as far as the listener is

concerned, it seems to reach its maximum intensity almost immediately. Examples
include gunshots and low-flying military jets. The international standard ISO 1996/0 II og.

published in 2002, sets out a method for the assessment of impulse noises that is consis-

tent with the thinking of the Health Council’s 1997 report. This system indicates that
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adjustment factors of 5 and 12 dB( A). respectively, should be used for certain specified

impulse noises (low-flying military jets, car doors slamming, church bells chiming) and

certain specified very impulse-like noises (gunshots, metal beating, pneumatic hammer-

ing, shunting of rail rolling stock). ISO 1996/01l08 lists the impulse noises and very

impulse-like noises in respect of which adjustment factors should be applied. because,

according to the working group that developed the standard, ISO 1996/01 there was too

little readily interpretable research data available to enable quantification of the adjust-

ment factors in audiological, physical or acoustic terms. The ISO standard did not adopt

the assessment method prescribed in the 1996 US standard ANSI S12.9l09, which was

based on the speed with which the sound pressure level rose at the beginning of an

impulse noise. In the Netherlands, however, a provisional assessment method was intro-

duced for railway yards, which followed the US method in working on the basis of the

speed with which the sound pressure level rises at the beginning of a noise event110. The

maximal adjustment factor that can be used is the 12 dB(A) applicable in relation to very

impulse-like noise.

The adjustment factors of 5 and 12 dB(A) are derived from research into noise-

related annoyance. People probably find impulse noises more annoying because of the

startle responses they tend to inducel05. Research by Griefahn65 (into the effects of gun-

shot noise in the laboratory), Vos111 (into the effects of gunshot noise in the field, see

Figure 24 in Annex D) and Fidell49 (the effects of noise from military jets in the field, as
analysed by Passchier-Vermeer52, see Figure 22 in Annex D) have all shown that noise

events characterised by a rapid initial rise in sound pressure level also cause consider-

ably more sleep disturbance than 'ordinary’ environmental noises.

4.2.5 Industrial noise

While attaching certain caveats, the 1997 Health Council report suggests that, in situa-

tions characterised by lower noise exposures, the equivalent sound pressure levels asso-
ciated with industrial noise should be corrected by between 0 and 10 dB(A). This
proposal was based on considerations regarding noise-related annoyance relative to

noise exposure over the full twenty-four-hour period. Recent research has since shown

that there is no scientific basis for making such an adjustment112

Figure 14 illustrates the relationships between industrial noise and annoyance, as
defined using data from recent research by Miedema er all\2, and the relationships

between road traffic noise and annoyance113. The figure shows the percentages of people

experiencing high annoyance attributable to road traffic noise and industrial noise, the

percentages of people experiencing at least moderate annoyance, and the percentages of

people experiencing at least slight annoyance, as functions of Lden . It will be seen that
the curves for industrial and road traffic noise are almost identical, and certainly do no
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figure /4 Annoyance caused by road traffic noise and industrial noise as a

function of LdL’n 11:'113. q'.HA is the percentage of people experiencing high
annoyance, %A is the percentage of people experiencing at least moderate

annoyance. and CI,'.LA is the percentage of people experiencing at least slight

annoyance

justify the conclusion that, at Lden values of between 40 and 60 dB(A), industrial noise

causes more annoyance than road traffic noise. The Committee consequently believes

that there is no longer any justification for correcting the equivalent sound pressure lev-

els associated with night -time industrial noise either.

4.2.6 Sporadic high LAmax or SEL values

The exposure-response relationships described above have been defined on the basis of

data from situations where night-time noise events occurred regularly. It is therefore per-

tinent to ask whether these relationships remain valid in situations characterised by spo-

radic noise events with comparatively high SEL and LA iita,\ values. The Committee
anticipates that. in such a situation. the probability of an acute effect (of whatever kind)

will be greater than the defined relationships suggest, since the hearer will necessarily be

unused to noise events of the kind involved, and anxiety is very likely to play a role.

Anxiety is particularly likely to play a role where the hearer associates a noise with a
previously experienced threat to him/herself or others. A single event of this kind can

also have consequences for the hearer’s quality of sleep for the rest of the night and on

subsequent nights. However, the Committee does not have sufficient research data at its

disposal to develop these assumptions more fully.
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In questionnaire-based studies of self-reported long-term effects (such as dimin-

ished sleep quality and night-time noise-related annoyance), a one-year assessment

period is typically used. The Committee is not aware of any research that has looked at
the specific effects that noise events with relatively very high SEL or L.4lnax values have

on such self-reported parameters. The Committee cannot therefore make any scientifi-

cally justified statement about such effects.

4.2. 7 Conclusion

Although little is known about how sleep is affected by exposure to noises with unusual
characteristics, the Committee believes that it is reasonable to assume that the effects of

exposure to some ' special ' types of noise are greater than the effects of exposure to

'ordinal)'’ traffic noise. The Committee is of the opinion that the conclusions of the

1997 Health Council report Assessing Noise Exposure for Public Health Purposes

remain valid in relation to noise with low-frequency components, low-frequency noise,

tonal noise and impulse noise. The adjustment factors that need to be applied to the

exposure indexes are given in Annex F. However, where noise from industrial activities

is concerned, data published since 1997 indicates that the application of an adjustment

factor is no longer justified. The Committee is unable to make any definitive statement
regarding the possibility that occasional. very loud noise events may have more far-

reaching consequences.

4.3

4.3. 1

Efficiency and effectiveness of the acoustic insulation of homes

Data

In the Netherlands, there have only been a number of isolated studies into the efficiency
and effectiveness of acoustic insulation in the reduction of perceived road and aviation

noise levels, or into people’s views regarding such insulation114-119.

Bitter et at looked at the effects of fitting additional acoustic insulation to flats
beside busy motorways in Dordrecht114 and Amsterdam 115. A survey of residents 2.5

years after the modifications were made revealed that half the people living in the flats

were no longer annoyed by night-time road traffic noise.

Van Dongen er a/116 carried out an exploratory study into sleep quality in homes fit-

ted with additional acoustic insulation in the vicinity of Amsterdam’s Schiphol Airport.
Comparative analysis revealed that self-reported sleep disturbance and self-reported

high sleep disturbance were slightly lower in the better-insulated dwellings than in 'ordi-

nary’ dwellings. However, the design of the study precluded the drawing of definitive
conclusions.
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Three reports were published between 1994 and 1999t17-119 regarding people’s gen-

eral views concerning modifications made to homes near Schiphol with a view to reduc-

ing aircraft noise-related problems. Some 85 per cent of subjects reported that the

insulation had reduced noise-related annoyance indoors. Nevertheless, people in more

than 55 per cent of the homes continued to experience at least slight noise-related

annoyance, and people in 15 per cent of the homes reported experiencing high annoy-

ance since the modifications were made. The distribution patterns of both overall and

night-time levels of aircraft noise-related annoyance were clearly seasonal: on (cold)

winter nights. 10 per cent of subjects often or always experienced annoyance during the

sleep period, compared with 40 per cent on (warm) summer nights. The differences

were c]osely related to the use of windows: only 25 per cent of respondents said they

slept with the bedroom window at least slightly aj ar in the winter, whereas 70 per cent
did so in the summer

Almost no research into the efficiency of domestic acoustic insulation has been done
in other countries either, the exceptions being studies by Fidell and Silvati120, Utley121
and Minoura122

Fidell and Silvati12(i investigated what effect the fitting of insulation to attenuate avi-
ation noise had on levels of annoyance. However, they did not look specifically at

annoyance during the sleep period.

In the UK. an extensive study was done to establish how effective extra acoustic

insulation was in reducing exposure to road traffic noise121. In the specially insulated

homes, approximately a quarter of subjects whose bedrooms faced the street reported

being very highly or highly annoyed by night-time road traffic noise; a similar number

had difficulty getting to sleep because of the noise, and more than a quarter of respon-

dents said they were woken up at night by road traffic noise. The results proved to be
influenced to a considerable extent by whether the subject felt that, without the window

open, his or her bedroom was too hot in the summer: 37 per cent of those who felt
unable to sleep with the window closed in warm weather were very highly or highly

annoyed by night-time road traffic noise, whereas only 15 per cent of those who didn't
mind having the window closed experienced similar problems.

Minouri investigated the situation in the vicinity of a US air base on a Japanese

island, with a view to determining how effective additional acoustic insulation was in an

area with a very high aircraft noise exposure. Because the circumstances on the island

are quite unlike any in the Netherlands, the findings – which indicated that the insulation

was disappointingly ineffective – are not transferable to the Dutch situation.
In an interview-based study of 1242 households in the Netherlands, Leidelmeijer

and Marsman99 investigated the audibility of and annoyance associated with noise from

neighbours during the day and at night. The researchers distinguished between five

types of noise: noise from sanitary fittings, contact noise, noise from audio equipment,
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do-it-yourself (DIY) noise and noise from pets. Further distinctions were made accord-

ing to the part of the house where the noise was audible or caused annoyance, and the

time of the day or night. Subjects proved least tolerant of noise from their neighbours
that was audible in the master bedroom. Where each of the five investigated types of

noise were concerned. roughly 10 to 15 per cent of subjects indicated that they felt it

was unacceptable for the noise to be audible during the day. In each case, a higher per-
centage said the noise should not be audible in the evening, and a still higher percentage

did not want to hear the noise at night (between 11 pm and 7am). Overall, nearly 30 per
cent of subjects said that sanitary fittings should not be audible at night. while approxi-
mately 50 per cent felt each of the other four types of noise were unacceptable by night.

Subjects were also asked whether they could hear voices from neighbouring homes.

While the percentage of affirmative answers varied according to the type of dwelling,

ordinary speech was to some extent audible in an average of 35 per cent of dwellings,

and parlially or readily comprehensible in approximately 8 per cent of dwellings. Raised
voices could be heard, at least some to extent, in approximately 65 per cent of dwellings;

they were at least partially comprehensible in 27 per cent of homes and readily compre-

hensible in approximately 10 per cent.

In 1993, Kranendonk er at produced a synthesis of the research conducted up to that

point in time into the annoyance associated with noise from neighboursloo. TNO later

produced a reportl01 on neighbour-noise and acoustic insulation based on the findings of
a questionnaire-based survey of the residents of six hundred homes. They established
that nearly half of the respondents heard at least some noise from neighbouring dwell-

ings every day. Approximately 10 per cent of subjects found their neighbours’ noise
highly annoying. The chief causes of annoyance were loud radios, hi-fis and TVs, the

slamming of doors and footsteps on floors and staircases.
The authors of both studies concluded that, given the minimum level of acoustic

insulation required in new dwellings under the Building Decreet4 (an IIu,k value of

0 dB( A)), noise from neighbours caused high annoyance for 10 per cent of subjects and

at least moderate annoyance for 25 per cent.

4.3.2 Conclusion

From the little data available, the Committee concludes that fitting additional acoustic
insulation to homes can reduce the annoyance associated with night-time traffic noise to

some extent. It is not presently possible to quantify the benefit, however. One thing that
is clear, is that if steps are not also taken to enable householders to keep their bedrooms
cool in hot weather, the benefit of additional acoustic insulation is liable to be offset in

the summer by people opening their windows.
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In addition, the Committee considers the following points to be important for
assessment of the effectiveness and efficiency of domestic acoustic insulation and there-

fore important in the context of research in this field:
• There is a danger that fitting high-grade acoustic insulation to exterior walls in an

effort to deal with a form of noise that is much louder than other noises in the envi-

ronment will have the effect of cutting out all noises except the one that is causing
problems.
High-grade acoustic insulation against noises from external sources has implications

for inter-dwelling acoustic insulation. If the latter is only of a moderate standard, as

is frequently the case in the Netherlands, noises from neighbouring dwellings (sani-

tary facilities, TV. radio, kitchen noises, people going up and down stairs, parties,
rows, voices) becomes much more apparent, potentially leading to social tensions

Many people like to sleep with their windows at least partially open, which negates
the effect of acoustic insulation on the exterior walls to some extent. Although there

are technical solutions for this problem, such as variable ventilation systems. that

adjust the ventilation opening in line with rising or approaching noises from outside,
they are not in widespread use.
Very high levels of insulation can cause 'acoustic isolation’: cutting the householder

off from 'pleasant’ outside noises, such as birdsong and children at play. However,
the Committee anticipates that acoustic isolation is less likely to be a problem at

night than during the day.

•

The Committee believes that the standard of inter-dwelling acoustic insulation presently

required is not sufficient to provide protection against annoyance attributable to noise

from neighbours. Since people are a lot less tolerant of the noise their neighbours make

at night-time than of their neighbours’ evening or daytime noise, it may be assumed that
much of the annoyance associated with noise from neighbours relates to the influence of

such noise on sleep.
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Chapter 5

Answers to the State Secretary’s
questions

In this chapter, the Committee presents its answers to the specific questions posed by the

State Secretary and summarises its conclusions. The answers to the State Secretary’s

questions are based upon the information provided in chapters 3 and 4. First, however,

the Committee explains how the answers fit into the environment and health context
described in section 2.4.

5.1

5. 7. 7

General principles

Effects of exposure to noise when sleeping

In its evaluation of the consequences of exposure to noise when sleeping, the Committee

has applied the model illustrated in Figure 3. 1n this model, biological phenomena occur

in response to environmental noise because, even when sleeping, an individual still

needs to assess and process 'stimuli' from the environment. The biological responses

that are liable to occur include waking up, difficulties getting off to sleep and increased

average motility while sleeping. To some extent. these responses involve acute changes

during exposure to a noise. and to some extent they involve changes that manifest them-

selves over the course of a night (before, while and after sleeping). Such effects can be

predictors of long-term decline in health and well-being, which may or may not depend

upon the nature and duration of the exposure. It is not therefore possible to say in
advance whether a biological response to night-time noise will lead to a decline in health

or well-being.
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5. 1.2 Strength of the evidence

In order to define the degree of certainty concerning the relationship between exposure
to night-time noise and a particular effect, the Committee has defined three categories of

evidence: sufficient, limited and insufficient evidence; see Table 2. The category 'lim-
ited evidence’ is subdivided into two forms:

• A causal relationship is plausible, and has been observed to a limited extent in epi-

demiologica1 research.
No direct link has been epidemiologically established between exposure and effect,
but there is good quality indirect empirical evidence for such a link, and the pres-

ence ofa link is plausible. Indirect evidence may be said to exist if it has been
observed that exposure has an intermediary effect, which is known from other
research to lead to the ultimate effect under consideration.

5.2 Effects of noise when sleeping

Question 1 : What are the effects (expressed in quantitative terms as far as possible) of exposure to noise

when sleeping?

Environmental noise can be divided into noise from traffic (such as air, road and rail

traffic). noise from stationary sources ( such as factories and shunting yards), neighbour-

hood noise (noise from, for example, sports stadiums, racing circuit or open air events)

and noise from neighbours (contact noise. noise of audio equipment, voices). Research

into the relationship between. on the one hand, sleep characteristics and health and. on

the other, exposure to night-time noise has tended to focus mainly on road and air traffic

noise. In the following subsections, the Committee accordingly first addresses noise
from these sources, before moving on to consider noise from rail traffic and stationary

environmental sources, the neighbourhood noise and noise from neighbours.

The Committee distinguishes between biological effects and the accumulated effects

on health and well-being of exposure resulting from sleeping in an environment affected

by night-time noise. The Committee has divided effects of the latter kind into five cate-

gories: diminished sleep quality, diminished general well-being, impaired social con-

tacts and concentration, medical conditions and reduction in life expectancy.

5.2. 7 Biological effects of road traffic noise and aviation noise

Biological effects can be divided into acute (immediate) effects and effects that occur

over the course of a night (before, while and after sleeping).
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Acute biological effects

Noise during the sleep period induces an immediate response from the body. The effects

that have been observed to take place in direct response on noise events that occur while

the subject is sleeping are listed in Table 9. There is sufficient evidence for a causal rela-

tionship between each of these effects and night-time noise events.

Table 9 Acute bio]ogical effects for which there is sufficient evidence of a causal relationship with night-
time noise (see Table 1 for terminologica1 definitions).

Effect

Cardiovascular change’

Sleep stage change. from deeper to less deep sleep

EEG awakening

Motility
Onset of motility

Subject-registered awakening

a The advisory report focuses mainly on heart rate acceleration, but there is also sufficient evidence of
the induction ofvasoconstriction and acute blood pressure rises.

Most of these effects have been sufficiently well studied to enable exposure-effect

relationships to be defined. Hence, it appears that effects such as EEG awakening and

increased motility fIrst manifest themselves at indoor SEL values of approximately

40 dB( A). Noise-related subject-registered awakening is liable to occur at SEL values of

55 dB(A) and above. These values are valid for adults; insufficient data is available to

enable the definition of relationships for children. It is assumed that night-time noises
can induce acute changes in the (stress) hormone concentrations in a sleeping subject’s

blood. but this has not been proven. Such changes cannot easily be studied in a field sit-

uation. because it would involve the use of invasive test techniques.

Effects before, while and after sleeping

Numerous biological effects over a night (before, while and after sleeping) have been

observed in epidemiological research. Some of these relate directly to the acute

responses: raised average heart rate, increased motility, more frequent subject-registered

awakening, and longer waking intervals (as registered on a sleep EEG). The level of

average motility observed in people who are exposed to night-time road and air traffic

noise appears to be greater than might be expected on the basis of the acute responses

alone. Average motility is closely related to waking up more frequently, diminished per-

cei\’ed sleep quality and increased drowsiness during the day. Furthermore, people who
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when trying to get to sleep are exposed to road or air traffic noise, or are worried about

the possibility of being disturbed by noise in the night ahead, have more difficulty get-

ting to sleep. The effects that manifest themselves after a sleep period are reduced per-

ceived sleep quality, increased irritability and rise of drowsiness and tiredness during the

day. There is therefore sufficient evidence of a causal relationship between noise and all
these effects

There is limited direct evidence that under certain circumstances exposure to night-

time noise can influence (stress) hormones levels in sleeping subjects: this effect was

observed in women who were troubled by noise in the night and unable to take correc-

tive action. However, more definitive conclusions regarding the influence of noise on

( stress) honnone levels must await the availability of fulther research data.

The exposure-related biological effects over the course of a night are listed in
Table 10. For each effect, the table indicates the strength of the evidence for the exist-

ence ofa causal relationship between exposure and effect, and the plausibility of the

effect being indicative of a negative influence on health and well-being.

Table ] a Biological (physiological and psycho-physiological ) effects observed after chronic exposure over numerous nights. indicating

the strength of the evidence for a causal relationship nth exposure to road and air traffic noise and the plausibility of the effect being
indicative of an influence on health and n’ell-being
Variable Strength of the evidence Plausibi]ity of influence on

health and well-being

Plausible

Plausible

Empirical data

Change in cardiovascular activjty

Increased a\'erage motility (motility)

Changes in duration of various stages of sleep. in sleep

structure. fragmentation of sleep

Prolongation of the sleep inception period. difficulty
getting to sleep

Changes in (stress) hormone levels

Inrnlune functions

Waking up in the night and/or too early in the morning

Drowsiness ’Tiredness during the day and evening

Impaired cognitive performance

Increased irritability

Annoyance

Sufficient evidence

Sufficient evidence

Sufficient e\’idence

Sufficient evidence Plausible

Limited evidence. plausible

Insufficient evidence

Sufficient evidence

Suftlcient evidence

Limited evidence. plausible

Limited evidence, plausible

Limited evidence. plausible

Plausible

Empirical data

Empirical data

Plausible

Plausible

Plausible

5. 2. 2 Consequences for health and well-being

Road and air traffic noise

The Committee's conclusions regarding the relationships between exposure to night-

time road and air traffic noise when sleeping and changes in health and well-being are
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summarised in Table 11. The effect parameters which the Committee has grouped under

the five categories listed in the first column are specified individually and in each case

an indication is given of the strength of the evidence for a causal relationship between
the effect parameter in question and night-time exposure to noise when sleeping.

Tuble // Effects on health and well-being of prolonged exposure to noise during the sleep period

Effect parameter Evidence

Reduced perceived sleep quality Sufficient evidence

Difficulty getting to sleep. difficulty Sufficient evidence

staying asleep

Sleep fragmentation, reduced sleeping

t 1111 e

Increased average motility n'hen

sleeping

Sleep disturbance

Health problems

Use of somnifacient drugs and sedatives

Increased daytime irritability

Impaired social contacts

Impaired cognitive perfonnance

Insomnia

Hypertension

Depression (in women)

Cardiovascular disease

Occupational accidents

Sleep quality

Sufficient evidence

Sufficient evidence

Well-being Sufficient evidence

SuffIcient evidence

Sufficient evidence

Limited evidence. plausible

Limited evidence. plausible

Limited evidence. plausible

Sufficient evidence

Limited. indirect evidence, plausible

Limited. indirect evidence, plausib]e

Limited, indirect evidence, plausible

Limited, indirect evidence. plausible

Social contacts and concentration

Medical conditions

Reduction in life expectancy (premature

mortality)a

Cardiovascular disease also involves the loss of healthy life expectancy. However, no account has been taken here of the lost life-

\'ears. since there is only limited evidence for a causal association between cardiovascular disease and exposure to night-time
noIse

With regard to the long-term health and well-being implications of exposure to

night-time noise during the sleep period, the Committee’s overall conclusion is that
there is sufficient evidence that such exposure leads to reduced sleep quality and

reduced general well-being. and limited evidence that it leads to impaired social contacts

and concentration, increased probability of developing medical conditions and reduced

life expectancy due to fatal occupational accidents.

Rail traffic and stationary environmental sources

Epidemiological research into the effects of rail traffic noise has been confined to self-
reported sleep disturbance, changes in sleep EEG and motility. At a given noise expo-
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sure, rail traffic noise is slightly less likely to induce these effects than road traffic noise

or aviation noise. Although there is no direct evidence that rail traffic noise has any

other effects, the Committee considers it plausible that other effects can occur, although

the relationship between noise exposure and obsen'ation thresholds may not be the same
as where road or air traffic noise are concerned

No epidemiological research has been carried out into the consequences of exposure

to night-time noise from stationary environmental sources. However, laboratory
research has indicated that the effects of individual noise events associated with station-

ary environmental sources are essentially similar to the effects of events associated with

road and air traffic noise. Lack of epidemiological research data prevents the Committee
from drawing any definitive conclusions regarding the effects of continuous noise from

stationary environmental sources.

Neighbourhood noise and noise from neighbours

Inventory research in the Netherlands indicates that sleep disturbance attributable to the

most annoying forms of neighbourhood noise and noise from neighbours (contact noise

and human noises in the environment) is on a similar scale to disturbance attributable to

the most annoying sources of road traffic noise (mopeds and passenger cars). It is rea-

sonable to assume that chronic sleep disturbance is in the long term liable to have conse-
quences for health and well-being. The sound pressure level and other noise
characteristics are liable to determine the nature of the influence to some extent. but cer-

tain other factors play a more prominent role than is the case with traffic noise. These
factors include appreciation of the noise and of the party responsible for the noise, as

well as the hearer’s personal circumstances. However, scientific understanding of the

relative importance of and interaction between acoustic and non-acoustic factors is not

sufficient for the Committee to draw any definitive conclusions regarding the relation-
ship between. on the one hand. exposure to night-time neighbourhood noise and noise

from neighbours and, on the other, health and well-being.

5.3 Public health perspective

Question 2: How do such effects compare with other effects on health, in terms of seriousness and magni-

rude?

The Committee assumes that what the State Secretary is interested in is the magnitude of

the effects within the Dutch population. The Committee has estimated the consequences

of exposure to night-time traffic noise on the health and well-being of the Dutch popula-
tion in terms of self-reported high sleep disturbance and insomnia. The Committee’s
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estimates are based on the cumulative noise exposure associated with road, rail and air

traffic in 2003 ( Annex G). Because the calculations inevitably involve considerable

uncertainty, the results should be regarded as merely indicative.

The number of adults in the Netherlands experiencing high sleep disturbance due to
traffic noise in 2003 has been estimated at between a hundred thousand and a million.

The increase in the number of adults suffering from insomnia attributable to exposure to

night-time traffic noise is put at between ten thousand and a hundred thousand. The

number of people suffering from insomnia caused by traffic noise is 2 per cent of the

people with high sleep disturbance.

For the year 2000, the RIVN4 has estimated separate Lnight values for the noise

exposures attributable to road traffic, rail traffic and air traffic15. On the basis of this

data, the Committee has calculated that the number of adults in the Netherlands experi-

encing self-reported high sleep disturbance due to noise from each of these three types

of traffic in that year was between a hundred thousand and one million. The increase in

the number of people suffering insomnia attributable to road traffic noise and rail traffic

noise is in each case estimated at between one thousand and ten thousand, while the cor-

responding figure for aviation noise in the general vicinity ofSchiphol Airport is
between a hundred and a thousand people.

In recent years, there has been considerable focus on quantifying the collective disease
burden attributable to environmental factors. One initiative in this area has been the

introduction of the DALY as a unit of measurement. In response to questions posed by
the State Secretary for Housing, Spatial Planning and the Environment, the Health

Council is to prepare a separate advisory report on the issues associated with the use of
DALYs. On the basis of information from a thesis by De Hollander and noise data pro-

vided by the RIVM (see Annex G), the Committee concludes that the disease burden
associated with high sleep disturbance by night-time traffic noise in the Netherlands is

several tens of thousands of DALYs. The corresponding figure for insomnia is certainly

considerably lower. Although these estimates involve considerable uncertainty, they
would appear to indicate that. through its influence on sleep, night-time traffic noise

accounts for an important part of the overall effect that the physical environment has on

public health.
By quantifying effects in DALYs, the effects of night-time traffic noise on health

and well-being can be compared with the effects of other physical environmental fac-

tors. However, the Committee wishes to emphasise that a cautious approach should be

taken, since there is considerable uncertainly about many of the estimates.
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5.4 Risk groups

Question 3: is it necessary to take special account of any population groups that are at particular risk?

As indicated in Chapter 3, the consequences of a given level of exposure to night-time

noise when sleeping vary from person to person. The question therefore arises, is it pos-

sible to identify certain groups that are at increased risk? The Committee believes that

there are some population groups whose health and well-being are more likely to be

affected than others. This belief is based on extrapolations from what is known about

sleep disorders and sleeping problems as they generally occur in the population at large,

since very little of the research that has been done into the effects of night-time noise
exposure has shed light on the risk factors affecting particular groups.

Although the strength of the evidence found by the Committee is limited, it does

appear that people with cardiovascular problems, people who regard themselves as par-
ticularly sensitive to noise. and children may all be particularly sensitive to the acute

cardiovascular effects of exposure to night-time noise. Because of the shortage of
research data on children. it is not possible to say with confidence whether children are

more sensitive than adults to other acute biological effects.

Where effects over the course of a night are concerned, people who suffer from

insomnia constitute a risk group. People who during the sleep latency period worry

about environmental noise need longer to get to sleep and perceive the quality of their

sleep to be diminished

Although there is no direct evidence, the Committee believes that adults who suffer
from insomnia or another sleep disorder or who have another sleeping problem that

causes them to wake up frequently in the night are more likely than 'sound sleepers’ to

suffer annoyance due to night-time noise reaching their bedrooms. The Committee also
considers it plausible that there is an increased risk that the health and well-being of the

following groups of adults will be adversely affected by exposure to night-time noise:

older people; pregnant women and women who were pregnant within roughly the last
year; people who work night shifts; people affected by physical pain, dementia, depres-

sion, hypertension, cardiovascular disease or respiratory illness. No research has been

carried out into the relative risk of exposure to night-time noise having adverse conse-
quences for the health and well-being of children.
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5.5 Protection against night-time noise

Question 4: in view of the effects referred to. would it be advisable to introduce special rules. similar to

those contained in Directive 2002/49 and the Aviation Act. for night-time noise from sources other than air

traffic?

The Committee has been able, in its answers questions 1 to 3 (concerning the influence

of noise on health), to comment regarding the influence of road and air traffic noise, and

to a very limited extent regarding the influence of rail traffic noise and industrial noise,
but has not been able to comment regarding the influence of noise from stationary

sources. neighbourhood noise or noise from neighbours. Nothing can be said regarding

noise from the latter group of sources in answer to question 4 either.

5.5. 7 Two noise indexes

There is no decisive medical reason why road traffic, rail traffic or industrial activities

should be treated differently to air traffic in the context of night-time noise regulation. In

its 1997 advisory report Assessing Noise Exposure for Public Health Purposes. the

Health Council put forward a system of two noise indexes for use in protection of the

general public against traffic noise and industrial noise in the domestic environmcnt8.

The Committee sees no reason to depart from its predecessor’s recommendations. As

indicated in the 1997 report, an index of exposure to noise over a twenty-four-hour
period needs to reflect general noise-related annoyance, while an index of exposure to

night-time noise should be related to sleep disturbance. The desirability of a two-index

system is emphasised by the summary given in Chapter 3: the effect mechanisms of and

consequences of exposure to night-time noise differ at least in part from those associated

with general noise-related annoyance.

The approach currently recommended by the European Union involves the applica-

tion of the noise indexes Lden and Ln ight (see section 2.2). In essence, this approach

closely matches that put forward by the Health Council’s 1997 reports. Again, one might
ask whether it would not be sufficient to work with a single index. Lden. for all sources
of noise. After all. Lden does make allowance for night-time noise, even attaching an

additional weighting factor to nocturnal values. FuIThennore, the regulation of sound

pressure levels on the basis of Lden would imply limiting Luight to a value 5 dB( A) or
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more lower than Lden’ . However, by using a two-index system, one can apply separate

criteria to general noise-related annoyance and sleep disturbance, each tailored to the

effects in question. This makes for more transparent regulation and, particularly in situa-

tions where high values of Lden are permitted, to more effective protection**.

5. 5.2 Shortcomings of the index for night-time noise

Although, as indicated above, the Committee favours Lnight as the index for night-time

noise, this expression does have certain shortcomings.

If exposure to noise is the decisive factor influencing sleep, then the noise exposure
in a person’s bedroom is the variable that is most closely related to the effects of expo-

sure. A number of examples are given in Chapter 3 to illustrate this point. Although the

Building Decree14 makes certain requirements regarding the noise-attenuating proper-

ties of the walls of new dwellings, and thus makes indirect requirements regarding the

indoor noise exposure, the rules do not apply to existing homes. Consequently. at a
given outdoor noise exposure, there is considerable variation in the noise exposures that

people actually experience in their bedrooms. The picture is further complicated by dif-

ferences in people’s attitude to bedroom ventilation. Hence, the actual noise exposure

and the magnitude and seriousness of the associated effects can vary substantially at a

given Lnight value.

It is also important to recognise that the nation's sleeping times vary sharply, and

that most people – especially younger people – have a different sleeping pattern at the

weekend from the one they follow during the week. It is estimated that approximately
15 per cent of adults in the Netherlands go to sleep before llpm. and 50 per cent sleep

beyond 7am. Therefore. because Lnight relates to the period from 11 pm to 7am, it by no

means covers the sleeping times of the entire population. Hence. no requirement based

on Lnight can ever provide full protection against sleep disturbance.

Despite the shortcomings highlighted here, the Committee does not advocate the use
of an alternative index, because it is unrealistic to suppose that any regulatory method

could address every conceivable factor. Furthermore, it is the Committee’s view that a
regulatory system based on the use of Lnigllt (in addition to Lden) can provide consider-

able protection against exposure to noise when sleeping. Just how effective such a regu-

latory system actually is will obviously depend on the Lnighl-based standards and limits
that are defined.

In the most extreme case, where all noise occurs between 11 pm and 7am, Lden would be 5 dB(A) higher than Lnight
tLnight = x, Lden = 10+lg[8/24+10++((x+ 10)/10)] = x + 5 (dB( A)). Under all other circumstances, Lniglrl would be more
than 5 dB( A) lower than Lden
Such as additional acoustic insulation for bedrooms
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5.6 Indexes for night-time noise

Question 5: if so, is it sufficient for such rules to be based on LnighT . or are additional indexes of exposure

required7 with a view to regulating impulse-like noises and situations involving relatively infrequent but

high-intensity noise events?

This question may be divided into the following two elements:

• is bright an adequate sole exposure index for noise with no special characteristics?

• Should any additional indexes be used for the regulation of noise with special char-

acteristics or in special situations?

The Committee’s answers are based upon the deliberations set out in, respectively,

section 4.1 and section 4.2

5.6. 7 Lnight as an index of exposure

The question is, would protection be enhanced by regulating not only Lnight values, but
also individual noise events? One might, for example, impose a lrtaxinlu irl sound pres-

sure level for a noise event or limit the lrumber ofnoise events per night. As indicated in
section 4.1, the Committee considers it inappropriate to impose a maximum sound pres-

sure level. The reason being that. for a given Lnight value. situations characterised by
numerous events with relatively low SEL or L.4nlax values are generally more likely to

be problematic than situations involving smaller numbers of events with higher SEL or
L/Inlax values

The mol-e noise events a person is exposed to per night. the greater the chance is that

he or she will happen to hear one of the noises after waking up 'spontaneously’. and then

have trouble getting back to sleep. This may help to explain the prevalence of sleep dis-

turbance. and could justify limiting the number of noise events per night. As indicated in
subsection 3.2.4, in an extreme case it is theoretically possible that someone could hear

a passing car, plane or train car ten times in the night without the associated noise being

the cause of the person waking up. The Committee believes that calculations could theo-

retically be made regarding these matters, but does not believe that there is presently

enough detailed data available for anything better than rough estimates.

5. 6. 2 Adjustment of Lnight for special noises

As indicated in section 4.2. the Committee considers the following 'special' noises to be

of particular relevance for the night-time domestic environment:
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•

•

Noise with lower-frequency components (such as engine noises with deep compo-

nents)

Low-frequency noise ( such as noise from transformers)

Tonal noise (such as sirens)

Impulse noise (such as the noise from low-flying military jets or gunshot noises)
Industrial noise

Noise involving sporadic high L.4 max or SEL values.

Little information is available regarding the influence on sleep of exposure to noise with
special characteristics. Nevertheless, the Committee believes that in some cases the

effects of exposure to such noise are greater than the effects of exposure to 'ordinary

traffIc noise. With regard to noise with low-frequency components, low-frequency

noise, tonal noise, and impulse noise, the Committee endorses the conclusions set out in

the Health Council’s 1997 repoll .4ssessing Noise Exposure for Public Healtlt Purposes
Hence, adjustment factors are proposed for use in the regulation of noise with low-fre-

quency components, tonal noise and impulse noise, but it has not been possible to define

an Llright adjustment factor for low-frequency noise. The values of the proposed factors
are gjven in Annex F. Where noise from industrial activities is concerned, the Commit-

tee takes the view that research published since 1997 has demonstrated that no adjust-
ment factors other than those referred to above are required.

It is not clear whether very loud sporadic noise events have any special implications

for sleep. The Committee anticipates that the probability of such events having an acute

effect (of whatever kind) is greater than the defined relationships might suggest. since

the hearer will necessarily be unused to noise events of the kind involved, and anxiety is

very likely to play a role. A single event of this kind can also have consequences for the
hearer’s quality of sleep for the rest of the night and on subsequent nights. However, the

Committee does not have sufficient research data at its disposal to develop these

assumptions more fully. In questionnaire-based studies of self-reported long-term

effects (such as awakening, diminished sleep quality and night-time noise-related

annoyance), a one-year assessment period is typically used. The Committee is not aware

of any research that has looked at the specific effects that noise events with relatively

very high SEL or LAmax values have on such self-reported parameters. The Committee

cannot therefore make any scientifically justified statement about such effects.

5.7 Protection measures

Question 6: Could the public be protected by the use of a. performance-related or design requirements for

residential buildings, b. personal protective gear, c. rules regarding sound pressure levels outside buildings,

d. rules relating to vehicles and machinery. or e. a combination of these measures?
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The Committee notes that the State Secretary does not mention publicity and dialogue as

means of achieving protection. The Committee has nevertheless included publicity and

dialogue in the response below, along with the measures that are referred to in the ques-
tion. In its response, the Committee adheres to the standard strategy used in environ-
mental management and occupational health and safety. This strategy involves first

seeking to address a problem at source (which may entail reducing the number of
sources), then exploring ways of intervening in the transfer from source to 'recipient’,
and considering recipient-oriented measures only as a final resort.

5. 7. 1 Source-oriented measures

The regulation of noise emissions from transport and industrial sources is a matter that

has received increasing international attention. The ICAO* convention, for example,

makes various provisions regarding noise production by aircraft123’124. Newer aircraft
that meet the requirements of Chapter 3 are significantly quieter than those that merely

comply with Chapter 2**. Measures designed to reduce noise from cars and aircraft can

sometimes be undesirable in the context of reducing exhaust-related atmospheric

pollution38. Furthermore, it is not sufficient to merely impose design requirements on
vehicles and other machinery: maintenance and monitoring are also necessary in order

to ensure that noise emissions are kept down in practice (buses are liable to become

noisy with age. for example, while mopeds and scooters are sometimes 'hotted up' by
their owners). In some cases. much more is technically possible than the regulations

require. and social preferences (such as 4-wheel drive vehicles and wide tyres) often
negate the 'gains’ achievable through technological advancement.

5. 7.2 Intervention in the transfer from source to recipient

Possible ways of controlling the transfer of noise from source to sleeper come under a
number of headings: town planning measures (orientation of buildings and bedrooms.
separation distances between noise sources and dwellings), acoustic screens and

embankments, covers (tunnels) and domestic acoustic insulation. The Committee has

restricted its detailed response to consideration of the last option.

An overview of published research into the effectiveness of domestic acoustic insu-

lation as a means of controlling the influence of night-time noise is presented in

section 4.3. Considering the large sums spent on fitting extra acoustic insulation to

homes, the Committee finds it surprising that so little research has been done into the

+

++
ICAO stands for International Civil Aviation Organization
Chapters 2 and 3 of Annex 16, Vo]ume I of the ICAO convention
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effectiveness and efficiency of such modifications. As things stand, it is not possible to
say more than that fitting acoustic insulation reduces sleep disturbance by night-time

noise. It is clear that if steps are not also taken to enable householders to keep their bed-

rooms cool in hot weather. the benefit of acoustically efficient glazing is liable to be off-
set in the summer by people opening their windows.

Inventory research has revealed that many Dutch people are bothered by noise from

their neighbours. The Committee regards this as indicative of shortcomings in the exist-

ing standards of inter-dwelling acoustic insulation. Since people are less tolerant of the

noise their neighbours make at night-time than of their neighbours’ evening or daytime

noise, it may be assumed that much of the annoyance associated with noise from neigh-

bours relates to the influence of such noise on sleep.

5. 7.3 Recipient-oriented measures

It is possible for people to protect themselves against the effects of night-time noise by
inserting ear plugs* of various kinds (plastic foam, moulded plugs, preformed and pre-

sized plugs and mouldable plugs) into the auditory duct. Properly fitted, ear plugs can
reduce lower-frequency traffic noises by 15 dB( A) or more. Some types of plug are soft

and therefore not at all uncomfortable to use while sleeping.

Personal hearing protection can provide a solution only in specific cases. The Com-
mittee does not consider hearing protection appropriate for the general prevention of

noise-related problems in the population at large. Not only would it be impossible to
make sure that people actually used their ear plugs in the privacy of their own homes,
but wearers would in many cases be unable or less readily able to hear important sounds,

such their partners, children, alarm clocks, intruders or sirens.

5. 7.4 Publicity and dialogue

Where environmental factors that have a demonstrable adverse effect on the quality of
the human environment are concerned, it is certainly the case that publicity and dialogue

are necessary to ensure that effective and efficient action is taken to keep such effects

within acceptable bounds. Publicity involves the unilateral provision of information to

the private citizen by the government or the party responsible for the environmental fac-
tor concerned. Dialogue is a bilateral communication process that often begins with lis-
tening to the private citizen38'125-126.

In relation to the effects of noise on sleep, publicity and dialogue have two impor-

tant aspects: the provision of information about the consequences of exposure to noise

+ Headphone-style hearing protectors are not practical for use at night, and ordinary cotton wool offer no protection123
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and the two-way exchange of information aimed at the reconciliation of scientific data
with the experiences of the private citizen. as well as information about the advantages

and disadvantages of source-oriented. transfer-oriented and recipient-oriented measures.

5. 7. 5 The combination of various types of measures

From what has been said in the preceding subsections, it will be clear that there is very

little research data available on the effectiveness and efficiency of protection measures.

It is not therefore possible to give evidence-based guidance on the form that any protec-

tion regime should take. Nevertheless. the Committee considers it inevitable that the

control of noise-related problems will necessitate the combination of source-oriented,
transfer-oriented and in some cases recipient-oriented measures. This is because mea-

sures of all types are difficult to realise. irrespecti\'e of how effective or efficient they
may be. In practice, cost issues come into play as well ('Who pays?’ and 'Who is best

able to afford the cost?’), as do questions regarding the quality of the planning of the
human environment. Also of relevance in this context is increasing mobility, which

tends to negate the benefits of technological advancement to some extent.

Finally, the Committee wishes to highlight the fact that noise-related sleep disturbance is

not an isolated issue. Night-time noise almost alu'ays occurs in tandem with daytime

noise. Not only do some people sleep during the day (by choice or out of necessity). but
also exposure to noise has health implications at any time. The environmental noise

issue is part of the wider debate on the quality of the human environment. The quality of

the human environment and its (positive and negative) influences on health and well-

being are determined by numerous factors (see Chapter 2). some being characteristics of

the physical environment and some being of a social or behavioural nature. However
complicated it may be to do so. this wider context should be taken into account. This

underlines once more the importance of dialogue.

5.8 Recommendations for further research

In his letter. the State Secretary did not enquire regarding problems relating to research
into sleep, health and noise. While the Committee does not therefore see the definition

of a research programme as pall of its remit, it is felt appropriate that this advisory report

should be concluded with a summal)' of the most important gaps in knowledge pre\'i-

ously highlighted.

The 2002 Actieprogramma ge:ondheid en milieu, uitverking van een beteids\’er-

sterking (Environment and Health Action Programme, the Practical Reinforcement of

Policy) concluded that, in the Netherlands as elsewhere, research into the relationship
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between environment and health needed fresh impetus. The Action Programme identi-

fied a number of themes concerning which more scientific knowledge was required. and

placed the themes in a general order of priority. In this context, the Health Council was
asked to advise on an environment and health research programme38. In the resulting

advisory report, the Council highlighted the main gaps in knowledge regarding the inf:lu-

ence that environmental factors have on health, and made recommendations regarding

the research and reporting activities necessary to close those gaps. One of the themes
addressed was exposure to noise. The report concluded that, in terms of their health

implications, the themes exterior atmosphere, noise and indoor environment were of

particular importance. The gaps identified in knowledge regarding the consequences of

exposure to night-time noise were the effect that the level of insulation and the position

of a person’s bedroom have on the relationship between night-time noise exposure and
consequences for health and well-being, the effectiveness of acoustic insulation on noise

exposure and sleep disturbance, and the relationship between night-time road traffic

noise exposure and effects on sleep and health. The present Committee feels it appropri-
ate to elaborate on the research requirements referred to in the earlier report by high-

lighting the need for the following:

• Research into the long-term consequences of exposure for health and well-being.
distinguishing between the effects associated with the noise exposure when sleep-
ing, and those associated with the noise exposure during the daytime and evening.

Most studies into effects such as hypertension, ischemic cardiovascular disease in

adults and reduced cognitive performance by children have concentrated on rela-

tionships with daytime (and evening) noise exposure. However, recent research sug-

gests that night-time noise and its effects on sleep and when sleeping play a much

more significant role82'95'1=8. Knowledge regarding such matters is particularly
important for the formulation of intervention policies.
Research into the effects of night-time noise on children. Almost nothing is known

about this subject. In the near future (summer 2004), the findings of the European
research project Road tra.nc and Aircrqft Noise exposure and children ’s Cognition

and Health (RANCH) are to be published. RANCH is a field study looking at the

relationship between, on the one hand, exposure to road and air traffic noise in the

domestic environment and at school and, on the other, cognitive performance, blood

pressure, general health, annoyance and sleep disturbance. It is not designed to shed

light on the biological consequences in children of exposure to noise when sleeping.

It is, however, expected to yield information about children’s self-reported

responses to night-time exposure to noise.

Questionnaire-based or field research into insomnia caused by exposure to night-

time noise, making use of clinical concepts. Such research would serve to bring

together medical and environmental health expertise relating to insomnia.

•

•
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• Research into the efficiency and effectiveness of acoustic insulation between dwell-

ings and on or in exterior walls. Also of importance in this context is the position of

the bedroom relative to the noise source and the influence of people's behaviour on

the efficiency and effectiveness of insulation.

Research into the effects of neighbourhood noise and noise from neighbours. Such

research should be placed within the wider setting of research into the quality of the
human environment.

Where the initiation of research is concerned, it is desirable to seek international align-

ment, as recommended by the Health Council in its report En\’ironnrental Health

Research for Polic\.

Answers to the State Secretary’s questions 107



108 The Influence of Night-time Noise on Sleep and Health



References

1

l

3

4

5

Gezondheidsraad. Grote luchthavens en Gezondheid, Den Haag: Gezondheidsraad: 1 999: Rapport 1999/14

Gezondheidsraad Commissie Noise and Health. Geluid en Gezondheid. Rijswijk: Gezondheidsraad= 1 994:

Rapport 1994/15

EU. Directive of the European Parliament and of the Council relating to the assessment and management of

environmental noise. Joint text approved by the Conciliation Committee provided for in Article 25 1(4) of

the EC Treaty. Brussel: The European Parliament, The Council: 8-4-2002; Document 2000/0194 (COD).

PE-CONS 3611/02

EU WG2. Position Paper on dose response relationships between transportation noise and annoyance. 20-2-

2002, Internet: www.europe.eu.int/com/environment,'noise,/noise expert network.pdf.

Europese Commissie. Ad\'ies van de Commissie overeenkomstig artikel 251, lid 2. derde alinea, onder c )

van het EG-Verdrag. over de amendementen van het Europecs Parlement op her gemeenschappelijke

standpunt van de Raad inzake het \’oorstel voor een Richtli jn \’an het Europees Parlement en de Raad inzake

de evatuatie en de beheersing van omgevingslawaai. houdende Wijziging van het Voorste1 van de

Commissie. o\'ereenkomstig drtikel 250. lid 2. van het EG-Verdrag. Brussel: Europese Commissie= 24- 1 0-

2001 : Document COM(2001 ) 62 1 definitief. Internet: http: 'europa.eu.int/eur-lex/nl/com ’pdf 2001

nl 501PC0621.pdf.

Gezondheidsraad: Commissie Vliegtuiglawaai en slaap. Vliegtuiglawaai en slaap. Den Haag:

Gezondheidsraad: 1991 : Rapport 1991/05

Gezondheidsraad: Geluidhinder. Rapport Gezondheidsraad Commissie Geluidhinder en Lawaaaibestrijding.

Den Haag: Gezondheidsraad: 1971 : Rapport 1971 ’24

Gezondheidsraad: Uniforme geluiddosisnraat. Omgevingslawaai beoordelen. Rijswijk: Gezondheidsraad;

1 997i Rapport 1997 '23

6

7

8

References 1 09



9 Jong de RG Steenbekkers JHM. Vos H. Hinder en andere zelf-gerapporteerde effecten van

milieuverontreiniging in Nederland. Inventarisatie verstoringen 1998. Leiden: TNO-PG: 2000; Rapport PGI

VGZ/2000.012

10

11

12

13

Matser JJ. Eisses AR. Minnen E, Akoestisch onderzoek vrachtwagenbewegingen. Delft: TNC) TPD, TU

Delft: 1995; TPD-HAG-RPF-950085

Jong R(Sd. Beoordeling van piekniveaus met betrekking tot vrachtverkeer. Leiden: TNO Preventie en

Gezondheid; 1996

Passchier-Vermeer W, Vos H, Steenbekkers JHM, van der Ploeg FD, Groothuis-Oudshoom K, Sleep

disturbance and aircraft noise. Exposure-effect relationships. Leiden: TNO-PG: 2002; Report nr 2002.027

Passchier-Vermeer W, Miedema HME, Vos H. Steenbekkers JHM, Houthuijs D, Rei jneveld SA

Slaap\'erstoring door vliegtuiggeluid. Delft: TNO-lnro; 2002; TNO Report nr 2002.028, RIVM report nr

441520019, 2002

Ministerie van VROM. Bouwbesluit. 2004; http://w\vw.vrom.nl/Docs/wonen/bouwbesluitSTB.pdf.;

geraadpleegd 04-01-2004,

Rijksinstituut voor Volksgczondheid en Milieu. Ontwikkelingen Nachtelijke Geluidsbelastingen in

Nederland, herziene \’ersie 24-05-2004. Bilthoven: RIVM; 8-4-2002; RIVNI briefrapport M/7 15120/0 1/BB-

3 \’an 8 April 2002,

Goossen CM, Langers F. Alterra, eds. Geluidbelasting in het Centraal Velu\vs Natuurgebied; Een quick scan

van de geluidbelasting in bet Centraal Velu\vs Natuurgebied in zijn geheel en in afzonderlijke delen die

belangrijk zijn voor recreatie, Wageningen: 2003: 798/JATW/08-2003 . Internet: http://www.alterra.nl.

Hofman WF, Vliegtuiglau’aaC slaap en gezondheid. Achtergrondstudie in opdracht van de

Gezondheidsraad. Den Haag: Gezondheidsraad: 1991: Report Ac?1/1

Principles and Practise of Sleep Medicine. Kryger M, Roth T. Dement WC. editors. eds. Principles and

Practise of Sleep Medicine. Philadelphia: W.B.SaundersCO. 2000,

Visser P, Hofman WF. Slapen en dromen, theorie en klinische praktijk. Alphen aan den Rijn: Samson

Stafleu. 1986

Hennevin E, IIars B, Maho C. Bloch V. Processing ofleramed information in paradoxical sleep: relevance

for memory. Behavioural Brain Research 1995: 96:125-135

Karni A. Sagi D. The time course of learning a visual skill. Nature 1993; 365: 250-252.

Karni A, Tanne D. Rubenstein BS, Askenasy JJM. Sagi D. Dependence on REM-sleep of overnight

improvement of a perceptual skill. Science 1994: 265: 679-682.

Stickgold R, James L, Hobson JA. Visual discrimination learning requires sleep after training. Nat Neurosci

2000: 3( 12): 1237-1238

Stickgold R, Whidbee D. Schirmer B, Patel V, Hobson JA. Visual discrimination task improvement: A

multi-step process occurring during sleep. J Cogn Neurosci 2000; 12(2): 246-254.

Stickgold R. Watching the sleeping brain watch us - sensory processing during sleep. Trends Neurosci 2001 :

24(6): 307-309

Stickgold R, Malta A, Fosse R, Propper R, Hobson JA. Brain-mind states: I. Longitudinal field study of

sleep/wake factors influencing mentation report length. Sleep 2001 ; 24(2): 171-1 79

14

15

16

17

18

19

20

21

9)

23

24

25

26

110 The Influence of Night-time Noise on Sleep and Health



27

28

29

30

31

32

33

Stickgold R. Hobson JA. Fosse R. Fosse M. Sleep. learning. and dreams: off-line memory reprocessing

Science 2001 : 294(5544): 1052-1057.

Stickgold R. Finding the Stuff that Dreams are Made Of, ScientificWorldJournal 2001: 1(5): 211-2 12

Stickgold R. Toward a cognitive neuroscience of sleep. Sleep Med Rev 2001: 5(6): 417-42 1.

Stickgold R. Fosse R. Walker MP. Linking brain and behavior in sleep-dependent learning and memory

consolidation. Proc Natl Acad Sci U S A 2002: 99(26): 165 1 9-16521

Stickgold R. EMDR: a putative neurobiological mechanism of action. J Clin Psychol 2002; 58(1): 61-75.

Hollander de AEM. Assessing and evaluating the health impact of environmental exposures. Deaths.

DALY's or Dollars. Universiteit van Utrecht, 2004,

Rijksinstituut voor Volksgezondheid en Milieu. van Oers JAM. eds. Gezondheid op koers?

Volksgezondheid Tockomst Verkenning 2002. Bilthoven: Rijksinstituut voor Volksgezondheid en Milieu;

2002: RIVM-rapportnurnmer 27055100 1 . Internet : http://www.d\’m.nl/bibIiotheeIdrapporten/

270551001.pdf , geraadpleegd op 19-6-2003

Rijksinstituut voor Volksgezondheid en Milieu. Milieubalans 2003. Het Nederlandse milieu verklaard.

Alphen aan de RUn: Samson H.D. Tjecnk Willink bv; 2003.. geraadpleegd op 18-4-2003

Rijksinstituut \’oor Volksgezondheid en Milieu. Milieubalans 2004. Alphen aan de Rijn: Samson H.D

Tjeenk Willink bv; 2004.

Murrav JC. Quantifyjng the burden ofdesease: the technical basis for disability-adjusted life years. Bull

World Health Organ 1994: 72(3): 429-445

Stolk E. Poley M. Brouwer W. van Busschbach J. Proeftoetsing van het iMTA-model. Identificatie van

aandoeningen met minimale ziekte]ast en proefloetsing van de vcior zicktelast gecorrigecrde

doelmatigheidstoets. In: Toenders \\’GM. editor. Ven'olgonderzoek breedte geneesrniddelenpakket.

Amstelveen: College \'oor zorgverzekeringen, 2002

Gezondhcidsraad. Gezondheid cn milieu: Kennis voor beleid. Den Haag: Gezondheidsraad; 1 4- 1 0-2003 :

Publicatie nr 2003/20

Campen van C. Hessing-Wagner J. Gezondheid en zorg. In: Roes T. editor. De sociale staat van Nederland

2003. Den Haag: Sociaal en Cultureel Planbureau, 2003: 107-128

Gezondheidsraad: Comnrissie Risiconraten en risicobeoordeling. Niet alle risico's zijn gelijk. Den Haag=

Gezondheidsraad: 1995: Rapport 1995,“06

IARC IAfRoC. 12-6- 1 997. Preamble to the IARC Monographs. Internet: http: “193 51 164 11/monoe\’al

preamble html. geraadpleegd op 1-11-2003 2004

Wiedemann PM. Mertens J. schatz H. Hennings W. Kallfass Nl. Risikopotenziale elektromagnetischer

Feider: Bewertungsansatze und Vorsorgeoptionen. Band 1. Endbericht thr das Bayerische Staatsministerium

fLr Landesentwicklung und Umweltfragen. JQlich: Forschungszentrum Jalich GmbH Programmgruppe

Mensch. Umwelt, Technik: 2001; D 52425 2001-5. Internet: Internet: http://u-\\w'.emf-dsiko.de/pdf/

heft_8 ] .pdf, geraadpleegd op 3-3-2004

Hill AB. The environment and disease: association or causation? Proceedings R Soc Med 1 965: 58: 295-

300

34

35

36

37

38

39

40

41

42

References 111



44

45

46

47

48

Weed DL. Interpreting epidemiological evidence: ho\\' meta-analysis and causal inference methods are

related. Int .T Epidemic)1 2000: 29(3): 387-390.

Weed DL. Underdetermination and Incommensurability in Contemporary Epidemiology. Kennedy Institute

of Ethics Journal 2004; 7(2): 107-127

Thiessen GJ. Habituation of behavioural awakening and EEG measures of response to noise. In

Proceedings ICBEN 1980. 10. Rockville. Maryland: 1980: 397-400

Maschke C, Harder J. Ising H, Hecht K, Thierfelder W. Stress hormone changes in persons exposed to

simulated night noise. Noise & Health 2002: 5( 17): 35-45

Pearsons KS, Barber DS, Tabachnick BG, Fidell S. Predicting noise-induced sleep disturbance. J Acoust

Soc Am 1995: 97:331-338

Fidell S, Pearsons K. Tabachnick B, Howe R, Silvati L, Barber DS. Field study of noise-induced sleep

disturbance. J Acoust Soc Am 1995; 98(2 Pt 1): 1025-1033

Fidell S, Pearsons K, Tabachnick BU Flower R. Effects of sleep disturbance of changes in aircraft noise

near three airports. J Acoust Soc Am 2000: 107(5:1 ): 2535-2547

Ollcrhead JB, Jones CJ, Cadoux RE. Report of field study on aircraft noise and sleep disturbance. London:

Civil Aviation Authority: 1992

Passchier-Vermeer W. Night-time noise events and awakening. Delft: TNO Inro: 2003: 2003.023

Carter NL. Job RFS, editors. Awakening and motility effects of aircraft noise, Proceedings of the 7th

International Congress on Noise as a Public Health Problem; Sydney: University of Sydney. 1998

Horne JA, Pankhurst FL, Reyner LA. Hume Kl. Diamond ID. A field of sleep disturbance: effects of

aircraft noise and other factors on 5.742 nights of actimeaically monitored sleep in a large subject sample.

Sleep 1994: 17: 146-159.

Busby K, Pivik RT. Auditory arousal thresholds during sleep in hyperkinetic children. Sleep 1985; 8(4)

332-341

Eberhardt JL. Berglund B. Lind\-all L. eds. The disturbance by road traffic noise on the sleep of prepubeKal

children as studied in the home, Stockholm: Building Research Sweden; 1988; Proceedings of Noise as a

public health problem.

Lukas JS. Effects of aircraft noise on human sleep. Am Ind Hyg Assoc J 1972: 33(5):298-303.

Hofman WF, Kumar A, TuIen JHM. Cardiac reactivity to traffic noise during sleep in man. J Sound Vib

1995: 179(4): 577-589.

Griefahn B, Gros E. Noise and sleep at home, a Held study on primary and after-effects. J Sound Vib 1986;

105(3): 373-383.

Ghefahn B, Schuemer-Kohrs A, Schuemer R, Moehler U, Mehnert P. Physiological, subjective, and

behavioural responses during sleep to noise from rail and road traffic. Noise Health 2000: 3(9): 59-71

Relationship between subjective and physiological assessments of noise-disturbed sleep.: 1973

Muzet A. Habituation and age differences ofcariovascular responses to noise during sleep. Sleep 1981: 212-

215

Spreng M. Central nervous system activation by noise. Noise & Health 2000: 49-57

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

112 The Influence of Night-time Noise on Sleep and Health



64 Di Nisi J. Muzet A, Ehrharl J. Libert JP. Comparison of cardiovascular responses to noise during waking

and sleeping in humans. Sleep 1990; 13(2): 108-120.

Griefahn B. Die Wirkung von Schiessgerauschen auf die Herzfrequenz im Schlaf. Z Larmbekampfung

1989: 36: 61-65

Ohrstr6m E. Rylander R. Bj6rkman M. Effects of night time road traffic noise - An overview of laboratory

and field studies on noise dose and subjective sensitivity. J Sound Vib 1988; 127(3): 441-448

Carter NL. Henderson R, Lal S, Hart M, Booth S, Hunyor S. Cardiovascular and Autonomic responses to

environmental noise during sleep in night shift workers. Sleep 2002: 25(4): 457-464.

Smezcuk B. Studies on the influence of acoustic stimuli on respiratory movements. Polish Med J 1967; 7

1090-1100

Franssen EAM, Kwekkeboom JMI. EITecten van geluid door wegverkeer op de slaap. Een systematisch

review van studies in de woonomgeving. Bilthoven: RIVM; 2003 ; Report 715120010/2003

Jurriens AA, Griefahn B. Kumar A, Wallet M, Wilkinson RT. An essay in european research collaboration:

common results from the project on traffic noise and sleep in the home. In: Proceedings of the 4th

International Congress on Noise as a Public Health Problem. Torino: 1983: 929-937

Kumar A, Tulen JHM, Hofman WF, van Diest R, Jurd6ns AA. Does double-glazing reduce sleep

dis{urbancc during sleep? In: Proceedings of the 4th International Congress on Noise as a Public Health

Problem, Torino: ] 983: 939-949

Va11et M, Gagneux JM. Blanchet V. Long term sleep disturbance due to traffic noise. J Sound \qb 1983: 90

173-191

Wilkinson RT, Campbell KT. Effects of traffic noise on quality of s]cep: assessment by EEG. subjective

report, or performance next day. J Acoust Soc Am 1983; 75(2): 468-475

Ohrstr6m E. Sleep disturbance. psycho-social and medical symptoms - a pilot survey among persons

exposed to high levels of road traffic noise. J Sound Vib 1989: 133( 1 ): 117-128

Ohrstr6m E. Agge A. Bj6rkman M. S]eep disturbances before and after reduction of road traffic noise. In

Carter NL. Job RFS. editors. Proceedings of the 7th International Congress on Noise as a Public Health

Problem. Sydney: University of Sydney. 1998: 45 1-454.

Ohrstr6m E. Svensson A. Effects of road traffic noise on sleep. In: Proceedings of the 8th International

Congress on the Biological Effects of Noise ICBEN2003. 2003

Griefahn B. M6hler U, SchOmer R.(Hrsg). Vergleichende Untersuchung aber die Lamrwirkung bei

Strassen- und Schienenverkehr (Hauptbericht-Textteil, Kurzfassung. Abbildungen und

Tabellen.Dokumentationsanhang). Manchen: SGS: 1999

N4oehler U, Liepert M, schamer R.(Hrsg), Grief’ahn B. Differences between Railway and Road Traffic

Noise. J Sound Vib 2000: 231(3): 853-864

Passchier-Vermeer \V. Vos H. Griefahn B. Moehler U. Motility and road and rail traffic noise. Delft: TNO-

Imo: 2004: TNO Report m 2004.xxx

Smith AP. Nutt D, Wilson S. Noise and insomnia: a study of community noise. sleep disturbance. noise

sensitivity and subjective reports of health. Cardiff: Centre for Occupational and Health Psychology, Cardiff

University: 2001. Internet: http:,“/wul\’,doh,go\',uk/hef/airpol/insomnia.pdf (217 pag)

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

References 113



81 Babisch \V. Stress Hormones in the Research on Cardiovascular Effects of Noise. Noise Health 2003: 5( 18):

1-1]

Babisch W, Frc)mme H, Beyer A, Ising H, Increased catecholamine levels in urine in subjects exposed to

road traffic noise: the role of stress hormones in noise research. Environ Int 2001 ; 26(7-8): 475-48 1

Ising H. Braun C. Acute and chronic endocrine effects of noise: Re\’iw of the research conducted at the

Institute for Water. Soil, and Air Hygiene. Noise & Health 2000; 7: 7-24.

Osada Y. Tsunashima S, Yoshida K, Asano M, Ogawa S, er a/. Experimental study on the influence of noise

on sleep. Bull Inst Public Health (Tokyo) 1968: 17(3): 208-2 17.

Osada Y, Tsunashima S, Yoshida K, Asano M, Ogawa S, et al. Sleep impairment caused by short time

exposure to continuous and intermittent noise. Bull Inst Public Health (Tokyo) 19691 18: 1-9

Osada Y, Tsunashima S, Yoshida K, Asano M, Ohokubo C. EtTects of train and jet aircraft noise on sleep

Bull Inst Public Health (Tokyo) 1972: 21(3): 133-138

Osada Y, C)gan'a S, Ohokubo C, Mizunami S. Experimental study on the sleep interference by train noise

Bull Inst Public Health (Tokyo) 1974: 23(3): 171-177

Bom J, Fehm HL. The Neuroendocrine Recovery Function of Sleep. Noise & Health 2000: 7: 25-37.

Kageyama T, Kabuto M, Nina H, Kurokawa Y, Taira K, Suzuki S ct al. A population study on risk factors

for insomnia among adult Japanese women: a possible effect of road traffic volume. Sleep 1997; 20( 11 )

963-97 1

WHO. The ICD- 1 0 classification of mental and behavioral disorders: clinical descripTion and diagnostic

guidelines. Geneva: World Healt Organization; 1992

Stolk EA. Poley M, Brouwer W. Busschbach JJV. WGM.Toenders. eds. Proeftoetsing van het iMTA-model

Identificatie van aandoeningen met minimale ziektelast en proeftoetsing van de voor ziektelast

gecorrigeerde doelmatigheidstoets. In Vewolgonderzoek breedte geneesmiddelenpakket. Amstelveen:

College voor Zorgverzekeringen: 2002.

Stolk EA. Busschbach J.TV. Economics and ethics in health care. Where can they meet?. In: C.Gastmans.

editor. Between Technology and Humanity. Leuven: University Press, 2002: 49-66

Langdon FJ, Buller IB. Road traffic noise and disturbance to sleep. J Sound Vib 1977: 50( 1 ): 13-28.

Belojevic (I Jakov, Jakovljevic B. Traffic noise and sleep disturbances with regard to age. In: Carter NL.

Job RFS. editors. Proceedings of the 7th International Congress on Noise as a Public Health Problem

Sydney: University of Sydney, 1998: 451-454.

Maschke C. Wolf U. Lehmann T. Epidemiologische Untersuchungen zum Eintluss von Larmstress auf das

Immunsystem und die Entstehung \'on Arteriosklerose. Berlin: Umweltbundesambt; 2003;

Forschungsbericht 298 62 5 15 UBA-FB 000387.

Horne JA, Reyner LA, Pankhurst FL, Hume KI. Patterns of spontaneous and evoked body movements

during sleep. Sleep 1995; 18(3): 209-211

Miedema HME, Passchier-Vermeer W, Vos H. Elements for a position paper on night-time transportation

noise and sleep disturbance. Delft: TNO Imo; 2003: 2002.59

Miedema HME. Self-reported sleep disturbance caused by aircraft noise. Delft: TNO Inro: 2004; 2004-15

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

114 The Influence of Night-time Noise on Sleep and Health



99

100

101

102

Leidelmeijer K, Marsman G. Geluid van buren. Horen. hinder en sociale normen. Amsterdam: RiGO: 1997

97 ’65

Kranendonk F, Gerretsen E. Luxemburg van LC.T. Akoestische kwaliteit van woningen versus de beleving

van burengeluid. TINO-BOUW, TUE-Bouwkunde; 1993; 93-CBO-R3 185

Dongen JEFv, Vos H. Luxemburg LCJx Raijnrakers TMJ. TNO PG. eds. Dosis-effect relaties voor geluid

van buren. Leiden: 3-1998; 98.002

Rijksinstituut voor Volksgezondheid en Milieu. Nationale Milieuverkenning 5: 2000 - 2030. Alphen aan de

Ri.jn: Samson H.D. Tjeenk Willink bv: 2000. Internet: http://www.ri\’m.nl/milieu/milieubalans verkenning,

nrilieuverkenning/ , geraadpleegd op 1 8-4-2003

Kageyama T, Nishikido N, Kobayashi T. Oga J. Kawashima M. Cross-sectional survey on risk factors for

insomnia in Japanese female hospital nurses working rapidly rotating shift systems. J Hum Ergol (Tokyo)

2001 : 30( 1-2): 149-154

Hollander de AEM, Melse JM, Lebret E. Kramers PG. An aggregate public health indicator to represent the

impact of multiple environmental exposures. Epidemiology 1999; 10(5): 606-617

Miedcma HNIE, Passchier-Vermeer W. Beoordeling van geluidpieken in de woonomgeving. Leiden: TNt)-

PG: 1999; Report PG VGZ, 99,023

Passchier-Vermcer W. Sleep disturbance due to nighttime aircraft noise, Leiden: 1994: Report nr 94.077

Peutz & Associes. Eerste fase Inventarisatie Conectiefactor laagfrequcnt geluid. 2003; R 842- 1

ISO. Acoustics - Description. measurement and assessment of environmental noise - Part 1 : Basic quantities

and assessment. Geneva: Intemationa1 Standards Organization: 2002: ISO/FDIS 1996-1,

ANSI. Quantities and procedures for the description and measurement of environmental sound - Part 4

Noise assessment and prediction of long-term community response. Washington: ANSI: 1996; Draft 6b

ANSI S;12.9- 1996-Part 4

V&W en VROM. Aanpak geluid spoorcmplacementen. Den Haag: V&W en VROM: 22-12-2003

Vos J. On the relevance of shooting-noise-induced sleep disturbance to noise zoning. In: Proceedings of the

8th International Congress on the Biological Effects of Noise ICBEN2003. 2003.

Miedenla HME. Jong de RG. CLeij J. Steenbelders JHM. Vos H. Oudshoorn CG. Relaties tussen

geluidbelasting en hinder \’oor industrie- en rangeerteneinen. Delft: TNO Inro; 2002: 2002.53

Micdenla HME. Oudshoorn GCM. Annoyance from Transportation Noise: Relationships u’ith Exposure

Metrics DNL and DENL and Their Confidence Inter\;als. J Acoust Soc Am 2001 : 109(4): 409-416.

Bitter C. Kaper JP. Pinkse WAH. Bele\'ing geluidu-erende voorzieningen in de woonsituatie langs Rijksweg

16 in Dordrecht. Leidschendam: Ministerie van Volksgezonheid en Milieuhygiene: 1978; VL-DR- 14-01

Bitter C, Holst JHK, Kandelaar HAC, Schoonderbeek \V. Beleving geluidwerende voorzieningen in de

woonsituatie langs Rijksweg 10 in Amsterdam. Leidschendam: Ministerie \’an Volksgezonheid en

Milieuhygidne; 1982: VL-DR- 14-02

Dongen van JEF, Vos H. N4iedema HME. De zelf-gerapporteerde slaapkwaliteit in geluid-geTsoleerde

woningen rond Schiphol. Leiden: TNO-PG: 1995: Report PG/VGZ/95.018

103

104

105

106

107

1 08

109

110

111

1]2

113

114

115

116

References 115



117 Dongen van JEF. Steenbekkers JHM, Miedema HME, Waardering van geluidwerende voorzieningen in

u'oningen rond Schiphol. Evaluatie door bewoners van voorzieningen in de eerste fase van her isolatieplan

veer Schiphol. Leiden: TIVO-PG: 1994; Report PG£VGZ /94.084.

Dongen van JEF. Miedema HME. De beleving van geluidwerende voorzieningen aan woningen rond

Schiphol v66r en na een beleidswijziging. Leiden: TNO-PG: 1996; Report PG'VGZ/96.026.

Luxemburg van LCJ. Geluidisolatie woningen nabij Amsterdam Airport Schiphol. fase 3 een ’'satisfier for

all" benadering. Eindhoven: TNO Bou\v; 1999: 99-CBO-R037 LGL/DNA

Fidell S. Silvati L. An assessment of the effect of residential acoustic insulation on-prevalence of annoyance

in an airport community. J Acoust Soc Am 1991: 89(1 ): 244-247.

Utley WA. Buller IB, Keighley EC, Sargent JW. The effectiveness and acceptibility of measures for

insulating dwellings against tratTic noise. J Sound Vib 1986; 109( 1 ): 1-18.

Carter NL, Job RPS. editors. Sleep disturbance reporled around Kaneda U.S, airfield in the Ryukyus,

Proceedings of the 7th International Congress on Noise as a Public Health Problem: Sydney: University of

Sydney. 1998

ICAO. Convention on International Civil Aviation, signed at Chicago, on 7 December 1944 (Chicago

Convention). Montreal, Canada_: International Ci\’ial Aviation Organization; 7- 12-1944. Internet: http://

w\vw.iasl,mcgill.ca/airlaw /public,Mn#chicago , geraadpleegd op 29-2-2004.

ICAO. Convention on International Civi] Aviation. signed at Chicago, on 7 December 1944 (Chicago

Convention), Annex 16. volumes 1 and ll. Environmental Protection, Montreal, Canada : International

Civial Aviation Organizationi 1971,. geraadpleegd op 29-2-2004

Gezondheidsraad. Ongerustheid over lokale milieufactoren: risicocommunicatie. blootstellingsbeoordeling

en clusteronderzoek, Den Haag: Gezondheidsraad= 3-4-2001 : Publicatie nr 2001/10

Minister van Volkshuisvesting Ruimtelijke Ordening en Milieubeheer. Gezondheid en milieu

(Actieprogramnra gezondheid en milieu. Uitwerking van een beleidsversterking). Den Haag: SDU

Uitgevers: 25-4-2002: Tweede Kamen Vergaderjaar 2001-2002, 28 089, nr. 2.

Minister van Volkshuisvesting RC)eM. Gezondheid en Milieu (Actiepmgramma gezondheid en milieu.

Uitu'erking van een beleidsversterking). Den Haag: SDU Uitgevers: 2002; Tweede Kamen Vergaderjaar

2001-2002. 28 089. nr. 2

Babisch W. The Noise/stress concept, risk assessment and research needs. Noise Health 2002; 4( 16): 1- 11

Carter NL. Inham P, Tran K, Hunyor S. A Held study of the effects of traffic noise on heart rate and cardiac

arrhythmia during sleep. J Sound Vib 1994: 169: 211-227

Pearsons K. Bennett R. Fidell S. Effects of cessation of late-night landings on behavioral awakening

Canoga Park: BNN Systems and Technologies Corporation; 1973; Report m 2439

Vallet M, Gagneux JM, Simonnet F. Effects of aircraft noise on sleep: an in situ experience, 1983: ASHA

Reports (no 10).

Vernet M. Effects of train noise on sleep for people living in houses bordering the railway line. J Sound Vib

1979: 66(3 ): 483-492

118

119

1 )0

121

122

123

124

125

126

127

128

129

130

131

132

116 The Influence of Night-time Noise on Sleep and Health



133 Fidell S. Howe R. Tabachnic,k B. Silvati L. Sneddon M, Fletcher E. Field studies of habituation to change in

nighttime aircraft noise and of sleep motility measurement methods. California: BBN Technologies; 1998;

report no. 8195

Fidell S. Ho\ve R. Tabachnick BG, Pearsons K. Silvati L. Sneddon M. er at, Field studies of habituation to

change in nighttime aircraft noise and of sleep motility measurement methods. Canoga Park California:

BBN; 1998: 8195

Finegold LS, Elias B. A predictive model of noise induced awakenings from transportation noise sources

Dearborn (MI): 2002.

Thiessen GJ. Disturbance of sleep by noise. J Acoust Soc Am 1978; 64( 1 ): 216-222

Thiessen GJ. Effect oftrafnc noise on the cyclical nature of sleep. J Acoust Soc Am 1988: 84(5): 1741-

1743

Griefahn B, Jansen G. Disturbance of sleep by sonic booms. Sci Total Environ 1975; 4( 1 ): 107- 112.

Griefahn B, Jansen G. EEG-responses caused by environmental noise during sleep their relationships to

exogenic and endogenic influences. Sci Total Environ 1978: 10(2): 187-199.

Carter NL. Inham P. A laboratory study of the effects of background noise level and number of truck noise

events on sleep. Sydney National Acoustic Laboratories; 1995; Report 124

Basner M, Buess H, Luks N, N4aass H. Man’et L. er al , Nachtfluglarmwirkungen - cine Teilauswirkung von

64 Versuchspersoncn in 832 Schlaflaborn5chten, K61n: Deutsches Zentrum fUr Luft- und Raumfahrt e.v. i

2001 : Forschungsbericht 2001-26

Bonnet MH. Differentiating sleep continuity effects from sleep stage effects (Letter to the editor). i Sleep

Res 2001 : 9: 403-406.

Ka\rada T. Kiryu Y. Aoki S, Suzuki S. [Changes in the hypnograms of subjects exposed to repeated truck-

passing sounds of 45, 50 and 55 dB ( A)], Nippon Eiseigaku Zasshi 1993; 48(5): 932-938

Ka\rada T. Suzuki S. Transient and all-night effects of passing truck noise on the number of sleep spindle.

Jpn J Psychiatry Neuro] 1994: 48(3): 629-634.

Ka\rada T. Suzuki S. Instantaneous change in sleep stage with noise of a passing truck. Percept Mot Skills

1995 : 80( 3 Pt 1 ): l031- l040.

Kawada T. Suzuki S. Change in rapid eye movement (REM) sleep in response to exposure to all-night noise

and transient noise. Arch Environ Health 1999: 54(5): 336-340,

Tsing H, Stressreactionen und Gesundheitsrisiko bei VerkehIslarmbelastung. Berlin: Institut far Wasser-.

Boden- und Lufthygiene des Bundesgesundheitsamtes: 1983

Born J. Kern W. Bieber K. Fehm-Wolfsdorf G Schiebe M. Fehm HL. Night time plasma cortisol secretion is

associated with specific sleep stages. Biol Psychiatry 1986; 1415-1424

C-artcr NL, Some issues in noise-induced sleept disturbance. Acoustics Australia 1998: 26(2): 49-52

Harder J, Maschke C. Ising H. Langsschnittstudie zum Verlauf von Stressreaktionen unter Einfluss von

nachtlichem FlugJamr. Berlin: Umweltbundesambt: 1999

Carter NL. Hunyor S. Crawford G, Kelly D. Smith AJM. Environmental noise and sleep - a study of

arousals, cardiac arrhythmia and urinary catecholamines. Sleep 1994: 17(4): 298-307

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

References 117



152

153

Babisch W. lsing H. Langschnittstudie zu gesundheitlichen Auswirkungen des Linus. Caerphilly

(Wales)Traffic noise as a risk factor for nryocardial infarction. Berlin: Umweltbundesambt: 1986

Evans GW, Lercher P. Mds M. Ising H. Kofler WW. Community noise exposure and stress in children. J

Acoust Soc Am 2001; 109(3): 1023-1027

Ising H, Ising M. Chronic cortisol increase in the first half of the night caused by road traffic noise. Noise

Health 2002: 4( 16): 13-21

Lercher P, Evans GW. Mds M, Kofler WW. Ambient neighbourhood noise and children's mental health.

Occup Environ Med 2002: 59(6): 380-386.

Evans A. Hygge S, Bullinger M. Chronic noise exposure and physiological stress. Psychological Science

1995: 6: 333-338

Evans GW, Bullinger M, Hygge S. Chronic noise exposure and physiological response: a prospective study

of children living under environmental stress. Psychological Science 1998; 9: 75-77

Haines MM, Stansfeld SA, Head J, Berglund B, Job RF. A follow-up study of effects of chronic aircraft

noise exposure on child stress responses and cognition. Int Epidemiological Association 2001; 30: 839-845

Haines MM. Stansfeld SA, Brentnall S, Head J, Berry B, Jiggins M, er a/. The West London School Study

the effects of chronic aircraft noise exposure on child health. Psychological Medicine 2001: 31: 1385-1396

Kastka J. Faust M, Weber K, Losberg S. Borsch-Galetke E. Cortisolausscheidung als Nachweis einer

Stressreaktion von Anwohnem eines Grossflughafens. In: Rettenmeier AW, Feldhaua C, editors. Rindt.

Fulda. 1999: 655-657

Schutte W. Otten H, Ergebnisse einer Tieffluglarmstudie in der Bundesrepublik Deutschland: Extraaurale

Langzeitwirkungen. In: tsing H, Kruppa B. editors. Proceedings of the International Symposium Berlin.

Stuttgart: Gustav Fisher Verlag. 1993

Stansfeld SA. Brentnall S, Haines MM. Investigating the effects of noise exposure on stress hormone

responses in children. In: Boone R. editor. Proceedings Internoise 200 1 . The Hague: NAG 2001

Ising H. Peines F. Meis M. Beeinflussung der Lebensqualitat von Kindern durch militarischen Fluglamr

Berlin: Umweltbundesambt : 2002

Eberhart JL. Akselsson KR. The disturbance by road traffic noise on the sleep of young male adults as

recorded in the home. J Sound Vib 1987; 114(3): 417-434.

C)hrstr6m E. Bj6rkman M. Sleep disturbance before and after traffic noise attenuation in an apartment

building. J Acoust Soc Am 1983; 73(3): 877-879

Labiale G. Vallet M. Comparatative study ofeffeccts of noise on sleep in the laboratory and at home. Travail

Humaine 1984: 47(2): 143-154

Schnelle JF, Alessi CA, Nahla R, Al-Samanai MA, Frickler RD, Ouslander JG. The Nursing Home at Night

EfFects of an Intervention on Noise, Light, and Sleep. J Am Geriatrics Soc 1999: 47: 430-438

Reyner LA, Sleep disturbance and daytime sleepiness in normal subjects. Loughborough: Loughborough

University of Technology; 1995

Reyner LA, Home JA. Gender- and age-related differences in sleep determined by home-recorded sleep

logs and actimetry from 400 adults. Sleep 1995: 18(2): 127-134

154

155

156

157

158

159

160

161

162

163

164

165

1 66

167

168

169

118 The Influence of Night-time Noise on Sleep and Health



170

171

172

173

Maschke C, Wolf U. Lehmann T. Epidemiological examinations to the influence of noise stress on the

immune s\'stem and the emergence of arteriosclerosis. Berlin: Robert Koch-Institut: 2002

Carter NL, Job RFS. editors. Cardiovascular response to environmental noise during sleep. Proceedings of

the 7th International Congress on Noise as a Public Health Problem: Sydney: University of Sydney. 1998

RyIander R, Berglund K. Sorensen S. [Human reactions after sonic boom exposure–experience from

Swedish field studies]. Nord Hyg Tidskr 1973; 54( 1): 1-5

Flindell IH. Bullmore AJ. Robertson KA. Aircraft Noise and Sleep. 1999 UK Trial Methodology Study.

Southampton: ISVR: 2000; Report 6131 R01.

Passchier-Vermeer W. Aricraft noise and sleep: study in the Netherlands. In: Proceedings of the 8th

International Congress on the Biological Effects of Noise ICBEN2003. 2003.

Bullen R, Hede A, Williams T. Sleep disturbance due to environmental noise: a proposed assessment index.

Acoustics Australia 1996: 24(3): 91-96.

Carter NL. Job RFS, editors. A practical index for assessment of sleep disturbance. Proceedings of the 7th

International Congress on Noise as a Public Health Problem; Sydney: University of Sydney, 1998

Fican. Effects of Aviation Noise on Awakenings from Sleep. 6- 1997. Internet: http://wu-w.fican.org/pages/

sleepdst.html

Finegold LS, Harris S, von Gicrke HE. Community Annoyance and Sleep Disturbance: Updated Criteria for

Assessing the Impacts of General Transportation Noise on People. Noise Control Eng J 1994: 42( 1 ): 25-30

Finegold LS. Sleep disturbance due to transportation noise. In: Proceedings of the 8th International

Congress on the Biological Effects of Noise ICBEN2003, 2003

Wiechen CMAGv. Franssen E AM. Jong R(3d. Lebret E. Aircraft noise exposure from Schiphol Airport: A

relation with complaints. Noise & Health 2002: 5( 17): 23-34.

Wiechen CMAGv. Complaining about aircraft noise. State-of-the-art around Amsterdam Airport Schiphol

In: Proceedings of the 8th International Congress on the Biological Effects of Noise ICBEN2003. 2003

TNO-PG en RIVM. Hinder.slaapverstoring,gezondheids- en belevingsaspecten in de regio Schiphol

resultaten van een vragenlijstonderzoek (Annoyance. sleep disturbance. health and experience aspects in the

Schiphol region: results of a survey ). Leiden/Bilthoven: 10- 1998: TNO:98.039 RIVM: 441520010.,

geraadpleegd op

DGL Milieu. Nacht\'luchten en Schipho1. Den Haag: DGL: 2004: un’w.luchtvaanbeleid.nl/dgi/milieu

bkginfo/nachtvluchten I .asp.

DCMR Milieudienst Rijnmond. Geluidklachten Rijnmond. 2004.

Miedema HME. Geluidmaten voor vliegverkeer. Leiden: NIPG TNO: 1993; 93.085

Kok Md. GGD Noord-Kermemerland, eds. Geluidhinder en slaapverstoring in Noord-Kennemerland;

Omnibusonderzoek 2000. Alkmaar: 10-2000; 2000. Internet: http://www.ggd-alkmaar.nl.

American Psychiatric Association, Quick reference to the diagnostic criteria from DSM-IV. Washington

D.C.: American Psychiatric Association: 1994

Nederlandse Vereniging voor Psychiatrie, Beknopte handleiding bij de Diagnostischc Criteria van de DSM-

IV. Lisse: Swets & Zeitlinger: 2004

174

175

176

177

178

1 79

180

181

1 82

1 83

1 84

185

186

187

188

References 119



189

190

191

Monroe LJ. Psychological and physiological differences between good and poor sleepers. J Abnormal

Psychology 1967: 72(255): 264

Spielman AJ. Assessment of insomnia. C]inical Psychology Review 1986: 6: 11-26

Vgontzas AN, Bixler EO, Lin HM, Prc)lo P. Mastorakos (J, Vela B, er a/. Chronic insomnia is associated

with nyctohemeral activation of the h\'pothalamic-pituitary-adrenal axis: clinical implications. J Clin

Endocrinol Metab 2001: 86(8-): 3787-3794,

Ohayon MM. Epidemiology of insomnia: u'hat we know and what we still need to learn. Sleep Med Rev

2002: 6(2): 97-111

L6ger D. Public Health and Insomnia: Economic Impact. Sleep 2000; 23(supplement 3): S69-S76

Ha.jak G. Epidemiology of severe insomnia and its consequences in Germany. Eur Arch Psychiatry Clin

Neurosci 2001 : 251(2): 49-56.

Kim K, Uchiyama M, Oka\\’a M, Liu X, Ogihara R. An epidemiological study of insomnia among the

Japanese general population. Sleep 2000: 23(1): 41-47.

Wilson KG, Eriksson MY. D'Eon JL, Mikail SF, Emery PC. Major depression and insomnia in chronic pain

Clin J Pain 2002; 18(2): 77-83

Tachibana H, Izumi T, Honda S, Takemoto Tl. The prevalence and pattern of insomnia in Japanese

industrial workers: relationship between psychosocial stress and t)pe of insolnnia. Psychiatry Clin Neurosci

1998: 52(4): 397-402.

Sukying C. Bhokakul V. Udolnsubpayakul U. An epidemiological study on insomnia in an elderly Thai

population. J Med Assoc Thai 2003: 86(4): 316-324

Simon GE. \bnKorff M. Prevalence. burden. and treatment of insomnia in primary care, Am J Psychiatry

1 92

193

194

195

196

197

198

199

1997: 154( 10): 1417-1423

Shochat T, Umphress J. Israel AG. Ancoli-Israel S. Insomnia in primary care patients. Sleep 1999: 22 Suppl

2:S359nS365

Shaver JL. Johnston SK. Lentz MJ, Landis CA. Stress exposure. psychological distress, and physiological

stress activation in midlife women with insomnia. Psychosom Med 2002; 64(5): 793-802

Seppala M. Hyyppa MT. Impivaara O. Knuts LR. Sourander L. Subjective quality of sleep and use of

hypnotics in an elderly urban population. Aging (Milano ) 1997: 9(5): 327-334

Schubert CR. Cruickshanks KJ. Dalton DS. Klein BE. Klein R. Nondahl DM. Prevalence of sleep problems

and quality of life in an older population. Sleep 2002: 25(8): 889-893

Savard J. Simard S. Blanchet J. h’ers H, Morin CM. Prevalence, clinical characteristics. and risk factors for

insomnia in the context of breast cancer. Sleep 2001: 24(5): 583-590

Sangi-Haghpeykar H, Poindexter AN, Ill. Epidemiology of endometriosis among parous women. Obstet

Gynecol 1995; 85(6): 983-992.

Sales EC, Santana VS. Depressive and anxiety symptoms among housemaids. Am J Ind Med 2003: 44(6)

85-691

Rubinstein ML, Selwyn PA. High prevalence of insomnia in an outpatient population with HIV infection. J

Acquir Immune Dene Syndr Hum Retrovirol 1998: 19(3): 260-265

200

201

20)

203

204

205

206

207

120 The Influence of Night-time Noise on Sleep and Health



208 Rocha FL. Uchoa E, Guerra HL. Firmo JO. Vidigal PG, Lima-Costa MF. Prevalence of sleep complaints and

associated factors in community-dwelling older people in Brazil: the Bambui Health and Ageing Study

(BHAS). Sleep Med 2002: 3(3): 231-238.

Roberts RE. Shema SJ. Kaplan GA. Prospective data on sleep complaints and associated risk factors in an

older cohort. Psych i)som Med 1999; 61(2): 188- 196.

Redondo-Martinez MP, Salcedo-Aguilar F, Garcia-Jimenez MA, Monterde-Aznar ML, Rodriguez-

Almonacid FM, Marcos-Navarro AI. [Prevalence of insomnia and use ofpsychodrugs among elderly in a

basic health area in Cuenca]. Aten Primaria 2000: 25(6): 400-404

Redeker NS, Lev EL, Ruggiero J. Insomnia, fatigue. anxiety. depression, and quality of life of cancer

patients undergoing chemotherapy. Sch Ing Nurs Pract 2000: 14(4): 275-290,

Paivarinta A, Verkkoniemi A, Niinisto L, Kivela SL, Sulkava R. The prevalence and associates of

depressive disorders in the oldest-old Finns. Soc Psychiatry Psychiatr Epidemiol 1999: 34(7): 352-359.

Ohayon MM, Zulley J. Correlates of global sleep dissatisfaction in the German population. Sleep 2001 :

24(7): 780-787

Ohayon MM. Morselli PL. Guilleminault C. Prevalence of nightmares and their relationship to

psychopathology and daytime functioning in insomnia subjects. Sleep 1997: 20(5): 340-348.

Nakata A, Haratani T, Takahashi VI. Kau'akalni N. Arito H, Fujioka Y. er ul. Job stress. social support at

work, and insomnia in Japanese shift workers. J Hum Ergol (Tokyo) 2001: 30( 1-2): 203-209.

Muscatello DJ. Rissel C. Szonyi G. Urinary symptoms and incontinence in an urban community: prevalence

and associated factors in older men and women, Intern Med J 2001: 31(3): 151-160.

Menezes AM. Victora CG, Rigatto M. Prevalence and risk factors for chronic bronchitis in Pelotas. RS,

Brazil: a population-based study. Thorax 1994: 49( 1 2): 12] 7-1221.

McCall \VV. Reboussin BA. Cohen W. Subjective measurement of insomnia and quality of life in depressed

inpatients. J Sleep Res 2000: 9( 1 ): 43-48

Martikainen K, Partinen M. Hasan J. Laippa Ia P. Urponen H. Vuori I. The impact of somatic health

problems on insomnia in middle age. Sleep Med 2003; 4(3): 201-206

Mallon L. Brc)man JE. Hetta J. Relationship betu'een insomnia. depression, and mortality: a 12-year follow-

up of older adults in the community. Int Psychogeriatr 2000: 12(3): 295-306.

Chiu HF. Leung T. Lam LC. Wing TK. Chung DW. Li SW. d a/. Sleep problems in Chinese elderly in Hong

Kong. Sleep 1999: 22(6): 717-726

Moline ML. Brc)ch L. Zak R. Gross V. Sleep in women across the life cycle from adulthood through

209

210

211

212

213

214

21 S

216

217

218

219

220

291

111

223

menopaus. Clinical Review. Sleep Medicine Reviews 2003: 7( 155): 177

Chevalier H, Los F, Boichut D, Bianchi M. Nutt DJ, Hajak G er a/. Evaluation of severe insomnia in the

general population: results of a European multinational survey. J Psychopharmacol 1999: 13(4 Suppl

I):S21-S24

Hatoum HT. Kong SX, Kania CM, \\'ong JM. Mendelson WB, Insomnia, health-related quality of life and

healthcare resource consumption. A study of managed-care organisation enrollees. Pharmacoeconomics

19981 14(6): 629-637

224

References 121



225

226

227

228

Katz DA. McHorney CA. The relationship between insomnia and health-related quality of life in patients

with chronic illness. J Fam Pract 2002: 51 (3): 229-235

Zammit GK. Weiner J. Damato N. Sillup GP. McMillan CA. Quality of life in people with insomnia. Sleep

1999i 22 Suppl 2: S379-S385

Gallup Organization. Sleep in America. Princeton NJ: The Gallup Organization: 1991

Schwartz S, McDowell Anderson W. Cole SR. Comoni-Huntley J, Hays JC. Blazer D. Insomnia and heart

disease: A review of epidemiologic studies. Journal of Psychosomatic Research 1999; 47 (4): 313-333

Janson C, Lindberg E, Gislason T. Elmasry A. Boman G. Insomnia in men-a 10-year prospective population

based study. Sleep 2001 : 24(4): 425-430

Kales A, Bixler EO. Soltados CR. Vela-Bueno A. er al. Biopsychobehavioral correlates of insomnia, Part 1

Role of sleep apnea and nocturnal myoclonus. Psychosomatics 1982; 23(589): 600

C)hayon MM, Zulley J, Guilleminault C, Smirne S, Priest RG. How age and daytime activities are related to

insomnia in the general population: consequences for older people. J Am Geriatr Soc 2001 ; 49(4): 360-366.

Suka M, Yoshida K, Sugimori H. Persistent insomnia is a predictor of hypertension in Japanese male

workers. J Occup Health 2003; 45(6): 344-350.

Barbar Sl, Enright PL, Boyle P. Foley D, Sharp DS, Petrovitch H, er a/. Sleep disturbances and their

correlates in elderly Japanese American men residing in Hawaii. JGeronto1 A Biol Sci Med Sci 2000i

55(7): M406-M411

Bardage C. Isacson DG, Self-reported side-effects of antihypertensive drugs: an epidemiologica1 study on

prevalence and impact on health-state utility. Blood Press 2000: 9(6): 328-334.

Bixler EO. Vgontzas AN. Lin IIM. Vela-Bucno A. Kales A. Insomnia in centra1 Pennsylvania. J Psvchosom

Res 2002: 53( 1 ): 589-592

Blais FC. Morin CM. Boisclair A. Grenier V. Guay B. [Insomnia. Prevalence and treatment of patients in

general practice]. Can Fam Physician 200 1 : 47: 759-767.

Bro\\-er KJ. Aldrich MS. Robinson EA. Zucker RA. Greden JF. Insomnia. self-medication. and relapse to

alcoholism, Am J Psychiatry 2001 : 158(3): 399-404.

Cricco Nl, Simonsick EM. Foley DJ. The impact of insomnia on cognitive functioning in older adults. J Am

Geriatr Soc 2001 : 49(9): 1185-11 89

Fichten CS, Creti L. Amsel R. Brender W, Weinstein N. Libman E. Poor sleepers u’ho do not complain of

insomnia: myths and realities about psychological and lifestyle characteristics of older good and poor

sleepers. J Behav Med 1995; 18(2): 189-223

Foley DJ. Monjan AA, lzmirlian q Hays JC. Blazer DG Incidence and remission of insomnia among

elderly adults in a biracial cohort. Sleep 1999; 22 Suppl 2: S373-S378

Han SY. Yoon JW, Jo SK, Shin JH. Shin C, Lee JB, et a/. Insomnia in diabetic hemodialysis patients.

Prevalence and risk factors by a multicenter study. Nephron 2002; 92( 1): 127- 132

Maggi S. Langlois JA, Minicuci N, Grigoletto F, Pavan M, Foley D,J a at . Sleep complaints in community-

dwelling older persons: prevalence, associated factors, and reported causes, J Am Geriatr Soc 1998; 46(2)

161-168

229

230

23 1

232

233

234

235

236

237

238

239

240

24 1

242

122 The Influence of Night-time Noise on Sleep and Health



243 Morin CM, Rodrigue S, lvers H, Role of stress. arousal. and coping skills in primary insomnia. Psychosom

Med 2003: 65(2): 259-267.

Ohayon MM. Schatzberg AF. Prevalence of depressive episodes u’ith psychotic features in the general

population. Am J Psychiatry 2002; 159( 1 1 ): 1 855-1861.

Whooley MA, Grady D. Cauley JA. Postmenopausal estrogen therapy and depressive symptoms in older

women. J Gen Intern Med 2000: 15(8): 535-541.

Ohayon MM, Hong SC. Prevalence of insomnia and associated factors in South Korea. J Psychosom Res

2002: 53( 1 ): 593-600

Ohayon MM. Caulet M. Priest R(I Guilleminault C. DSM-IV and ICSD-90 insomnia symptoms and sleep

dissatisfaction. Br J Psychiatry 1997: 171 : 382-388

Ohayon MM, Roth T. \\’hat are the contributing factors for insomnia in the general population? J

Psychosom Res 2001: 51(6): 745-755

Ohayon MM, Priest RG Zulley J. Smime S, Pan'a T. Prevalence ofnarcolepsy symptomatology and

diagnosis in the European general population. Neurology 2002; 58(12): 1 826- 1833

Ohayon MM. Hong SC. Prevalence of insomnia and associated factors in South Korea. J Psychosom Res

2002; 53( 1 ): 593-600.

Ohayon MM, Lemoine P, [A connection between insomnia and psychiatric disorders in the French general

population]. Encephale 2002: 28(5 Pt 1 ): 420-428

Ohavon MM. Roth T. Preva]ence of restless legs svndrome and periodic limb movement disorder in the

general population. J Psychosom Res 2002: 53( 1 ): 547-554.

Ohavon MM, Smime S. Prevalence and consequences of insomnia disorders in the general population of

Italy. Sleep Med 2002: 3(2): 115-120.

Ohavcin MM, Partinen M, Insomnia and global sleep dissatisfaction in Finland. J Sleep Res 2002: 11(4)

339-346

Ohayon MM. Roth T. Place of chronic insomnia in the course of depressive and anxiety disorders. .T

Psvchiatr Res 2003: 37( 1 ): 9- 15

Webb WB, The cost of sleep-related accidients: A reanajysjs. Sleep: J of Sleep Research and Sleep

Medicine 1 995: 1 8(4): 276-280.

Connor J. Whitlock G. Norton R. Jackson R. The role of driver sleepiness in car crashes: a systenratic

review of epidemiological studies. Accid Anal Prev 2001 : 33( 1 ): 31-41.

Lloberes P, Levy G. Descals C, Sampol G Roca A. Sagales T. cr a/. Self-reported sleepiness while driving as

a risk factor for traffic accidents in patients with obstructive sleep apnoea syndrome and in non-apnoeic

snorers. Respir Med 2000; 94( 10): 971-976.

Akerstedt T, Fredlund P. A prospective study of fatal occupational accidents - relationship to sleeping

difficulties and occupational factors. J Sleep Res 2002; 11( 1 ): 69-71

Chau N. Gauchard GC. Relationships of job, age. and life conditions with the causes and severity of

occupational injuries in construction workers. Int Arch Occup Environ Health 2004: 77( 1 ): 60-66

Gauchard GC, Chau N, Individual characteristics in occupational accidents due to imbalance: a case-control

study of the employees of a rai]\ray company. Occup Environ Med 2003: 60(5): 330-335

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

References 123



262

263

Lindberg E. Carter N. Role of snoring and daytime sleepiness in occupational accidents. Am J Respir Crit

Care Med 2001: 164( 1 1 ): 2031-2035

Melamed S, Oksenberg A. Excessive daytime sleepiness and risk of occupational injuries in non-shift

daytime workers. Sleep 2002: 25(3): 315-322

124 The Influence of Night-time Noise on Sleep and Health



A

B

C

D

E

F

G

Request for advice

The Committee

Individuals and bodies who responded to the request for information

Research into the consequences of night-time exposure to environmental noise
when sleeping

Sleep disorders and sleeping problems

Health Council Advisory Report Assessing Noise Exposure for Public Health
Purposes (1997/23)

The distribution of traffic-related noise exposure in the Netherlands

Annexes

125



126 The Influence of Night-time Noise on Sleep and Health



Annex A

The State Secretary’s letter

The President of the Health Council received the following request from the State Secre-

tary for Housing. Spatial Planning and the Environment in a letter dated 3 February
2003, reference no. LMV 2003003076.

I am writing to ask the Health Council to prepare an advisory report on exposure to night-time noise. The

background to this request is outlined below, Following the outline, you will find a list of the specific ques-

tions that I would like the Council's advisory report to address

Background

In several earlier reports. the Council has directly or indirectly addressed the issue of night-time noise. To a

certain extent. therefore. this request is prompted by the possibility that new information may have become

available, which can confirm or shed ne\\' light on advice given in the past,

In its fIrst report on this topic in 1972, the Council unequivocally stated that 'Sufficient undisturbed

sleep is extremely important to health.' in 1991, the Council turned its focus specifically to the question of

aircraft noise in a report that was prompted by the heated debate then in progress concerning the proposed

expansion of Maastricht Airport (Airplane noise and sleep, Sleep disturbance b.I' airplane noise ar nighr\

The conclusion of the latter report was that ' Although not all the results lend themselves to clear interpreta-

tion, the indications are that the regular disturbance of sleep by noise has an adverse effect on health and

well-being

The very thorough advisory report Noise and Health ( 1 994) stated that there was sufficient evidence to

attribute a number of phenomena to exposure to noise when sleeping. The phenomena in question were
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changes in heart rate, changes in sleeping pattern. awakening. sleep stage changes and changes in the sub-

jective quality of sleep. In relation to each of these efTects. 'observed effects levels' – exposure levels at and

above which effects were demonstrable – were calculated from the published data. Where other phenomena

were concerned, the evidence for a causal relationship was less convincing. or an observation threshold

could not be calculated

The advisory report Assessing Noise Exposllre for Puhlic llealth Purposes ( 1997) recommended that

the index LAeq (covering an eight-hour overnight period) should be used when assessing (the seriousness

of) night-time exposure to noise. However, the exposure-response relationships presented in the report for

sleep disturbance and awakening attributable to traffic noise and noise from stationary sources were quan-

fied as 'provisional

Finally. the advisory report entitled Public Health Impact of- Large Airports (1999) devoted consider-

able attention to the question of sleep disturbance. Although on the basis of recent research the Council

described the evidence for a causal relationship between exposure to night-time noise and changes in stress

hormone levels as limited, it was felt that there was sufficient reason to view sleep disturbance as a 'moder-

ately serious’ effect on health, similar to increasing respiratory illness, it was estimated that 'a considerable

proportion of exposed individuals’ \vere affected.

Recent developments

This request leads on directly or indirectly from a number of recent developments

' The European Directive 2002/49 relating to the assessment and management of environmental noise

(2002)* has been published. defining a separate index of night-time exposure to noise: the LAcy for an

eight-hour period (Lnighl\. This index should at least be used for the compulsory strategic noise maps

The European Commission has completed a study of dose-effect relationships for the Lnight .

The question of how best to quantify night-time exposure has also become topical in the context of the

modernisation of the noise regulation policy tool set

In November 2002. the results of the field study of aviation noise-related sleep disturbance in the vicin-

ity of Schipho1 Airport** was published: a number of relevant studies have been reported by research-

ers in other countries

•

+

++

+++

Position paper on dose response relationships between transportation noise and annoyance. Luxembourg: Office for Offi-
cial Publications of the European Communities. 2002. ISBN 92-894-3894-0. European Communities. 2002

Sleep disturbance by aviation noise, TNO/RIVNI, 2002

Epidemiological research on stress caused by road traffic noise and its effects on health 1 - Results for hypertension, Mas-
chke, UBA. 2002
Nachffluglarmwirkungen, Forschungsbericht 26, DLR, Grezner, 2001##
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Specific questions

In view of the matters outlined above. I would like the Council to respond to the following questions in its

advisory report:

1 What are the effects (expressed in quantitative terms as far as possible) of exposure to noise when

sleeping?

How do such effects compare with other effects on health. in terms of seriousness and magnitude?

Is it necessary to take special account of any population groups that are at particular risk?

In view of the effects referred to. would it be advisable to introduce special rules, similar to those con-

tained in Directive 2002/49 and the Aviation Act. for night-time noise from sources other than air traf-

fic?

If so, is it sufficient for such rules to be based on bright . or are additional indexes of exposure required,

with a view to regulating impulse-like noises and situations involving relatively infrequent but high-

lntenslty noise events

Could the public be protected by the use of a. performance-related or design requirements for residen-

tial buildings. b. personal protective gear, c. rules regarding sound pressure levels outside buildings, d

rules relating to vehicles and machinery. or e. a combination of these measures?

l

3

4

5

6

Timetable

I would be very grateful if the Council could present its advisory report in autumn 2003 or thereabouts

Yours sincerely.

(signed)

PLBA van Geel.

State Secretary for Housing, Spatial Pldrming and the Environment
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Annex C

Individuals and bodies who responded to
the request for information

A letter was sent to more than fifty bodies with an interest in the subject matter concern-

ing which the State Secretaly had asked for advice. In addition, an advertisement was

placed in the Government Gazette of 22 July 2003, inviting interested parties to submit

any information that might be of value in the compilation of the advisory reporl.

Written responses were received from the following individuals and bodies:
• Greater Rotterdam Regional Health Service, General Healthcare Sector, Environ-

ment & Hygiene Department, R van Doorn
Achterhoek Regional Health Service, CH Capel

JJIVI Veraart. in a private capacity

Kop van Noord-Holland Regional Health Service, JE de Leeuw den Bouter
Noord-Kennemerland Regional Health Service, J Paulisse. enclosing a report end-

tled Geluidhinder en slaap\erstoring in Noord-Kennemertand kNoise-Related

.4 nllo\'ance and Sleep Disturbance fn Noord-Kelrnelnerlanch, ON41NIBUSONDER-
ZOEK 2000

Amsterdam Airport Schiphol, Business Unit Airlines, M Bouwmeester, enclosing a
final draft report entitled Non-auditors' Health Effects of Aircraft Noise With Special

Reference to Sleep DistuTbance .

•

•

•

•

E-mail responses were received from the following bodies:
• Northern South Holland Regional Health Service, M Mood
• IPO BOAG, J Witteman
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Groningen Municipal Health Service, M Denekamp

DCMR Rijnmond Environmental Service, Noise Bureau. RG de Jong
ANWB, Department for Members' General Interests, P Clausing, enclosing a report

entitled Geluidbelasting in het Centraat Velu\vs gebied LNoise Exposure in the Cen-
tral Yeluve Area)
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Annex D

Research into the consequences of
night-time exposure to environmental
noise when sleeping

D.I Introduction

This annex contains a more in-depth review of studies that have been conducted into the

effects of night-time noise. The annex’s division into sections reflects the structure of

the main body of the report. Thus, the annex deals in turn with research into the acute

biological effects of exposure to noise when sleeping. research into biological effects

over the course of a night (before, while and after sleeping) and research into the conse-

quences for health and well-being of chronic exposure to night-time noise.

Tables 12 to 14 list the effect parameters, the technique used to measure them and a

selection of references to research reports. Where biological effects are concerned. dis-

tinction is made in the references between field research and laboratory research.

Research into the consequences of night-time exposure to environmental noise when sleeping 135



Table /2 Acute biological effect parameters.
research

Variable

the technique used to measure them and a selection of references to field and laboratory

Measurement technique Field research references Laboratory research

references (selection)

64-67Probability of acute cardiovascular changes

Probability of acute changes in stress hon
mone concentrations in the blood

Probability of sleep stage change. from

deeper to less deep sleep, including EEG
an'akening

Probability of motility (onset)

Probability of subject-registered awakening

ECG, plethysmography 58,129

Immediate blood sampling

Polygraphy (EEG, EMG,
EOG)

48,130- 132 48

Actimetry

Pressing a button

12.50.5 1 ,77-79,96, 1 33

12,49,50,52.134.135

Table /3 Biological effect parameters relating to the course of a night (before. while and after sleeping). the technique used to measure
them and a selection of references to field and laboratory research

Variable Measurement technique Field research references Laboratory research
references (selection)

Prolongation of the sleep inception period,

difficulty getting to sleep

Changes in cardiovascular activity

Change in average motility during the sleep
period

Changes in the duration of the various stages

of sleep. in sleep structure. fragmentation of

sleep

Changes in (stress) hormone concentrations

Polygraphy (EEG, EMG,

EOG ). actimetry, journal

ECG, plethysmography

Actimetry

12,75 136, 137

141-14670.131.132.138-140

12.66.75.79

Polygraphy (EEG, EMG
EOG ), actimetry

59.70-73 136.137, 140.141

Blood, saliva and urine sam- 82.82,140, 147-154 153.

pling 155-163

Changes in immunological parameters

Recalled frequency of awakening and prema-

ture awakening by noise

Self-reported sleep quality, self-reported

sleep disturbance

Drowsiness/tiredness during the day and
evenlrlg

Cognitive performance

Irritability

Annoyance

84-87

74.129.164- 166,75,76.167,

47.150
Journal and actimetry 12.51.66.75.96

Journal 12,17.147,168.169

Test. journal 12,17,147

Test

Test, journal

Journal

12.17.147,70

17,147

12,17,147
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Table /4 Parameters studied in field and questionnaire-based research into the influence of chronic exposure to night-time noise on
health and well-being.

Variable Measurement technique

Slc,'p qualin I reduced perceived sleep quality, diffi- Questionnaire. journals, actimetry
culty getting to sleep, difficulty staying asleep, sleep

fragmentation, reduced sleeping time, increased motiF
ity u'hen sleeping

lyell-being: self-reported sleep disturbance, self-
reporled health problems, use ofsomnifacient drugs

and sedatives, daytime irritability

St)cial contacts and ct)ncelrtralic)n : impaired social con- Questionnaire, test

tacts. impaired cognitive performance

Medical conditions-. insomnia, other investigated ill-
nesses and medical conditions

Field research references

12.12,17,51 ,66,75.79,80,96.96, 147.

168, 169

Questionnaire, test 12,51 ,66,75,97.168, 169

12,17,66,70,147

]\4edical exanlination, questionnaire 12,89.170

D.2

D.2. 7

Acute biological effects

Autonomous cardiovascular responses to noise events

Acute cardiovascular responses include raised (systolic) blood pressure, constriction of
the blood vessels in the limbs and elsewhere, and accelerated heart rate. In this review,

the Committee has restricted itself to acute heart rate accelerations in response to noise.

The Committee is aware of only two field studies, both relating to road traffic

noise58'129. Laboratory research has been taken into consideration because it sheds light
on

• Possible differences between the effects of exposure to road traffic noise and the

effects of exposure to noise from other sources

• Possible differences between the effects of exposure when sleeping and exposure

during the day
• Personal characteristics that influence the effects

Field research

The Dutch researchers Hofman er al carried out a field study with twelve subjects who

lived beside a motorway58. They studied each subject in two situations. each for ten

nights. The two situations differed in terms of the acoustic insulation provided by the
fabric of the building, relating to the presence of double glazing. which provided an

average attenuation of 9 dB(A). On each of the twenty nights that each subject was mon-
itored. an EEG. two EOGs and an ECG were made and respiration was monitored. The
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noise situation was described by the researchers as a gradually varying background level

with superimposed noise peaks (when particularly noisy vehicles passed). A noise peak

was defined as a noise event with an L,4llrax i of at least 10 dB(A) above the prevailing

background level over a ten-minute interval (L90) . In each of the two study situations,

there were approximately ninety-three noise peaks per night. L/imax i was generally
between 30 and 65 dB(A). The variation in ECG-determined heart rate over time was

compared with the distribution of noise peaks over time. For each noise peak, the maxi-

mum change in the heart rate (ECR: Event-related Cardiac Response) was determined

from eight heart rate figures (four before and four after occurrence of the noise peak).

For the purposes of comparison, a 'pseudo-ECR’ was calculated for a peak-free interval
immediately prior to the noise peak. In 80 per cent of cases, the ECR was greater than
the pseudo-ECR. Analysis revealed that the ECR was not dependent on L,Amal i, on the

subject's sleep stage at the time of the noise peak, or on whether the bedroom had double

glazing. However, the speed at which the noise increased in intensity did influence the

ECR: faster rises in intensity were associated with higher ECRs. Figure 15 shows the

results relating to noise peaks occurring while the subject was in sleep stage 3 or 4
(SWS). If it is assumed that, of the 80 per cent of ECRs that exceeded the associated

pseudo-ECR, 20 per cent were higher purely by chance, just as 20 per cent of all ECRs

were lower purely by chance, it follows that subjects’ heart rates rose in response to
60 per cent of noise peaks, irrespective of sleep stage or L,4 max_ / value.

Difference between ECR and pseudo-EC;R (in beats per minute)

Figure /5 Percentage of cases in which the ECR (ECR: Event-related Cardiac
Response) was higher than the pseudo-ECR, as a function of heart rate change
involved in the ECR and pseudo-ECR. The various columns add up to a total of

80 per cent; in 20 per cent of cases, the difference between the ECR and pseudo-

ECR was zero or negative.
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A team led by Carter, a leading researcher in the field of the effects of noise on

sleep, studied the effect of road traffic noise on seven older men, four of whom suffered

from slight arrhythmia (simple premature ventricular contractions)1:9. They observed
that in two of the four men with arrhythmia, noise peaks (L.4max _ i of more than

70 dB( A) associated with lorries) induced a premature contraction 20 to 40 seconds
later, especially if the men were in sleep stage 4 at the time. However, the researchers

were unable to replicate this effect in a laboratory study involving road traffic noiset51
In this context, Carter recounted an incident in which the sound of an alarm clock con-

sistently induced ventricular fibrillation in a patient with a heart condition171. Carter

argued that it was important that more research was done into the effects of noise on

people with heart problems, since he anticipated that they were likely to be more than

averagely sensitive to noise.

Laboratory research

Ohrstr6m er at studied the acute effects of road traffic noise on heall rate in twenty-four

subjects. Fifty-seven times a night for nine nights, subjects were exposed to the noise of

a passing car or lorry with an L.4 max / of between 58 and 60 dB( A)66. The average

increase in heart rate during the noise events was 1.5 beats per minute; among subjects

who considered themselves sensitive to noise, the average increase was 1.8 beats per

minute, while among subjects with no such self-perception, the increase was ] .1 beats

per nrlnute.

A French research team led by Muzet carried out a study in which twenty subjects
were monitored for three nights. on one of which they were exposed to aircraft. lorry,

moped and train noises64. The L,4 nIa.x_ / and noise event duration values were, for air-

craft, 71 dB(A) and 21 seconds; for lorries, 66 dB(A) and 20 seconds; for mopeds.
56 dB( A) and 10 seconds; and, for trains, 62 dB( A) and 17 seconds. Over the course of

the night. the noises were introduced randomly eight times per hour. In addition, sub-
jects were exposed to similar noises of 15 dB(A) louder during the day. The results are

presented in Figure 16. The increase in heart rate was not calculated in the same way as
in the other publications referred to in this annex. Di Nisi er al worked on the basis of

the difference between the highest heart rate and the slowest subsequent heart rate dun

ing a noise event (the latter rate generally being much lower than the average rate over
an interval before or after the noise event).

The conclusion drawn by the researchers, which is illustrated by Figure 16, was that
the response at night was much greater than that during the day. Furthermore, the day-

time effects barely differed from one source to another. In addition to monitoring heart
rate, the French team also used a finger plethysmograph to measure blood flow through

subjects’ finger tips. The plethysmography data also indicated that the most common
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Figure /6 Comparison of the increase in heart rate during exposure to a noise

event during the daytime and when sleeping. The da)lime noises were 15 dB( A)

louder than the noises subjects were exposed to when sleeping. From laboratory

research by a French team64

response to the noise events, namely vasoconsthction, was also much more pronounced

when sleeping than during the day. The subjects’ score on a noise sensitivity scale did

not appear to influence the magnitude of the heart rate response either during the day or

at night. but was related to the degree ofvasoconstdction during the day.
According to the data presented in Figure 16, aviation noise and lorry noise had a

broadly similar effect on the sleeping heart rate. Because the train noise quickly rose to a

maximum and remained at this level for almost the entire time until the train had passed,

the SEL _7 of the train noise was probably about the same as that of the aircraft and lorry
noises. It is therefore plausible that, at a given SEL_ i, the effect of train noise character-

ised by a rapid initial increase in intensity is slightly greater than the effect of noise from

a passing aircraft or lorry. Comparing the data for the different sources, it is striking that

mopeds – with a maximal level 10 to 15 dB(A) lower than the maximums of the other
noise sources, and with the shortest duration – register quite high scores. The research-

ers did not investigate whether this was due, for example, to the faster rise in the inten-
sity of moped noise or to aversion to the noise on the part of the subjects.

In view of the much greater heart rate responses observed in subjects exposed to

noise when sleeping than in the same subjects during the day, the researchers suggested

that more attention should be paid to protecting the general public against higher night-
tIme noIse exposures.

An Australian research team exposed nine subjects over three sleep periods to van-

ous types of noise: low-flying military jets, lorries, landing civil aircraft, and a five-sec-
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ond 1000-Hz sound67. Each type of noise event was generated at E.4/77ax / values of 55,

65 and 75 dB(A). The time taken to reach maximum intensity (build-up period) and the
overall duration of the noise event varied with the L,4ntax_ / value; the values are given
in Table 15

Tublc /5 Details of the noise events featured in the research by Carter d a/'7.

Noise event Build-up period (seconds)

Llnl al f (dB( A)) 55 M 75

Overall duration ( seconds)

55 65 75

Low-flying military jet
Civil aircraft

Lorry
1000-Hz sound

1

13

10

0

1

14

19

0

]

16

20

0

’)

18

20

5

6

25

27

5

10

5

Subjects were exposed to a total of approximately 1300 noise events. The increase

in heart rate during the noise events did not appear to be related to the type of noise
involved. At LAnlaI / values of 55 and 65 dB( A), the increase in heart rate averaged 1.5

beats per minute, while at 75 dB( A) it was approximately three beats per minute.

Expressed in the form of SEL_ / values, the civil aircraft and low noise events were very

similar at each of the three exposure levels. At the lowest exposure, the SEL / value of

the 1000 Hz sound was approximately the same as those of the lorry and civil aircraft
noises, while at the higher exposures it was roughly 3 to 5 dB( A) lower. Because of its

short duration, the military jet noise had an SEL_ i value approximately 10 dB( A) lower

than those of the lorry and civil aircraft noises at the two lower exposures. and about

5 dB( A) lower at the highest exposure. It follows that, at a given SEL_ i, the increase in

heart rate induced by the 1000 Hz sound and the military jet noise is greater than that

induced by the lorry and civil aircraft noises.

In Gennany, GHefahn carried out an experiment in which twenty subjects were

exposed in their sleep to a reproduction of the noise of shots from a tank, with an

L/4nlax_ / value of between 78 and 82 dB(A)65. A total of 1209 impulses were distributed

over sixty-eight person-nights. On average, subjects’ heart rates rose from 66 to 77 beats

per minute, measured three seconds after the 'shot’. This increase by an average of

eleven beats per minute was greater than the increase induced by road traffic noise under
similar circumstances, albeit at lower L.4 max / values

In 1 967, Semczuk investigated the effects of exposure to noise when sleeping. by

using thoraxgraphy to monitor breathing in a study group of fifty children (five to seven

years old) and a hundred adults68. The trigger level for respiratory changes associated

with an aural stimulus (sound of a particular pitch) was 10 to 15 dB(A) lower in children
than in adults. The researcher accordingly concluded that a child's autonomous nervous
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system is more readily activated by noise when sleeping than an adult’s, and that chil-
dren are therefore physiologically more sensitive to night-time noise than adults.

D.2.2 Acute changes in hormone levels

The lower four graphs in Figure 17 show how the concentrations in the blood of the

stress hormones cortisol, adrenaline and noradrenaline and of the growth hormone

(GH)88 normally change in the course of a night.
The Committee is not aware of any field or laboratory research into acute changes in

hormone concentrations in response to exposure to noise.

D.2.3 Sleep stage change, including EEG awakening

Reference has already been made in the main body of the report to the meta-analysis

performed by Pearsons ef a/48; see Figure 7. The relationships between exposure and the

probability of EEG awakening and the probability of sleep stage change were presented
by Pearsons, using both L.4 maI i and SEL i as indexes of exposure. Only three of the

five field studies reviewed by Pearsons involved EEG scans130-132; one other was a ques-

tionnaire-based study(’6 and another involved monitoring movements of the bed in which

subjects slept172. The latter two studies entailed very few observations, so their results

had only a marginal influence on the outcome ofPearsons’ meta-analysis. The relation-
ships defined from the field study data were based on a total of 213 subject-nights with
EEG scans and 2770 noise events. The noise sources in the three studies were civil air
traffic and rail traffic

The Committee traced only three reported studies that had looked at the effect of

night-time noise on children’s sleep EEG55-57. Lukas exposed twenty-two people, six of
them children (five to seven years old) to aviation noise and sonic booms once they had

entered stage 3 or 4, as registered on an EEG. He observed that the children’s EEGs

showed less response to noise while in deep sleep than the adults’ EEGs. Eberhardt56

reported the effects of exposure to road traffic noise on thirteen children. Eight of the
children lived on a quiet street, but on several nights during the study period were

exposed to recorded lorry noise (sixty-eight times per night); the other five children
slept beside a busy road. EEG awakening occurred in the first group of eight children in

response to 0.2, 0.8 and 2.1 per cent of noises with LAmm_ / values of, respectively, 45.
55 and 65 dB( A). The only other statistically significant difference revealed by the EEG

analysis was a six-minute increase in the time spent in a waking state (W) on the nights

with the higher noise exposures. The children also reported that, on the nights when they

were exposed to road traffic noise, they found it harder to go to sleep, found that they
woke up more often, recalled being awoken more often by road traffic noise, felt less
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Figure /7 Sleep EEG and changes in the concentrations of cortisol, growth hor-
mone (GH), epinephrine (adrenaline), and norepinephrine (noradrenaline) in the
blood, as a function of the time from 8pm to 12 noon; typical patterns for healthy

young adults88

well rested the following day and perceived the quality of their sleep to have been
diminished

Double glazing was fitted to the bedroom windows of the second group of just five
children, thus attenuating the noise by an average of 10 dB( A). The only statistically sig-

nificant effect of this intervention observed in the very small study group was a seven-
minute reduction in sleep inception period. Eberhardt concluded that children exhibited
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less strong responses to noise when sleeping than adults; he estimated that a noise

needed to be about 10 dB( A) louder to induce a given EEG response in a child than was
necessary to induce the same response in an adult.

In a laboratory study, Busby exposed twenty-four boys (eight to eleven years old) to
three-second bursts of sound of successively increased volume (each sound being 2 to

5 dB(A) louder than the last), until EEG awakening occurred. It was possible to repro-
duce the sound at up to approximately 95 dB(A) above the perception threshold. The

percentages of EEG awakenings from SWS, stage 2 and REM sleep were, respectively.

4.5, 34 and 50 per cent. When the night was divided into three phases, the percentages of

awakenings and arousals in the first phase (characterised mainly by SWS) were 12 and

14 per cent, respectively; the corresponding fIgures in the second phase of the night

were 30 and 20 per cent. respectively, and in the third phase (mainly REM sleep) 50 and

8 per cent, respectively. Comparing responses to noise in hyperactive children, hyperac-

tive children on medication and non-hyperactive children, Busby observed no differ-
ences. From the findings, Busby concluded that, in the latter phase of the sleep period,

children were very sensitive to noise, and that much more research was needed to build
up a full picture of how children responded to noise when sleeping.

D.2.4 Motility

Over the last ten years, various large-scale field studies have been carried out, in which

subjects wore actimeters when sleeping in order to record motility. In the USA, there

have been two studies focusing on aviation noise49'5c)’134, in Germany there has been one
study concerned with road and rail traffic noise60'77'78, in the UK there have been a fur-

ther three studies on aviation noises 1'54-8cy173, and finally one study into aviation noise

has taken place in the NetherIands12'13'174. In several studies, noise events were linked
over time with motility, as indicated by the actimeter data, in order to shed light on the
acute motility responses. In four of the studies, it was thus possible to define the rela-

tionship between LAmax i or SEL_ land acute motility during and attributable to aircraft

noise events12-49’51-134. In the other studies, the researchers focused on average motility
during the sleep period.

Figure 18 shows the increase in the probability of acute motility attributable to avia-
tion noise in the fifteen-second interval with LAnl ax i as deduced from the Dutch

research. Acute motility was induced by the noise of a passing aeroplane from an
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figure /8 Probability (as a percentage) of acute motility being induced by an air-

craft passage, as function a of the LXnlar _ I of the noise event, in the fifteen-second
interval with LA nla.I f. The figure also shows the so-called '95 per cent prediction-
intervals' 12' 1 3

LAnlax i of 32 dB( A)*; an LAmax_ / of 32 dB(A) is therefore the observation threshold
for motility

The curve shown in Figure 18 represents the average effect. The effect is strongly
dependent on Lil as Li increases, so the probability of acute motility being induced by

aviation noise decreases. In other words, people who are exposed to the sound of a pass-
ing aircraft numerous times while sleeping respond less to a single passage than people

who are exposed to the sound only occasionally. The relationship between the probabil-
ity of aviation noise-induced nrotility and exposure to aviation noise was not found to be

gender-dependent and was barely age-dependent. The study findings also indicated that,

at a given L.4lnax_ i value, the type of aircraft manoeuvre (landing or taking off) did not
affect the probability of aviation noise-induced motility. The researchers also asked sub-

jects about their attitude to air traffic and to the expansion ofSchiphol Airport. Attitude
was found to have no influence on the probability of acute motility induced by aviation
1101 se

In the Dutch study, LAmar i was not measured in fast mode; rather L.4 mal_ i was the maximum indoor equivalent sound
pressure level measured over a one-second interval during an aircraft passage. Theory suggests that LI max i measured in
fast mode should be 0.2 to 1 dB( A) higher than the maximum indoor equivalent sound pressure level measured over a

one-second interval. The observation threshold for acute motility is therefore an LA max / in fast mode of 33 dB( A)
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Probability of
acute motility

(in %)

+ 68 dB(A)
50 dB(A)
32 dB(A)

15-s interval (L is at its maximum in interval 0)

figure /9 Probability of acute motility in three fifteen-second intervals before the
interval in which the L.4 nt cu i of an aircraft noise event occurred, in the interval of

occurrence, and in five fifteen-second intervals after the interval of occurrence, for

three night passages with L,4lnax / values of 68. 50. and 32 dB( A).

The Dutch researchers additionally calculated the probability of motility onset by
aviation noise in the fifteen-second interval with L.4 nI ax f. The observation threshold

for motility onset also worked out at an L.4 nta.x_ / for the aircraft passage of 32 dB( A).
Increased probability of acute aircraft noise-induced motility was sometimes

observed both before and after the fifteen-second interval in which the LAm ax /

occurred. This phenomenon is illustrated in Figure 19. Overall, the probability ofmotil-

ity being induced by aviation noise in any fifteen-second interval was more than four
times that probability in the fifteen-second interval in which LAnra.\_ i occurred.

The Dutch study’s findings are consistent with those of the first US study, by Fidell
et a/49. This study focused exclusively on people exposed to (very) high night-time air-

craft noise exposures. The researchers established that the observation threshold for

motility was 45 dB( A). This figure is broadly in line with the 42 dB( A) calculated by the
Dutch research team for subjects with an Ll of 40 dB(A). In the second US study, which
was much smaller-scale than the one just referred to, no statistically significant relation-

ship could be demonstrated134,

The relationship established in the British study between motility onset in a thirty-

second interval and the LIm ax of an aircraft passage differed considerably from the pat-
tern illustrated in Figure 18, even allowing for the facts that the British researchers

looked at the probability ofmotility in thirty-second intervals and that the relationship
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motility onset

(in %)

noise upper
–b noise average

noise loper
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Figure :0 The relationship between the average probability of motility onset in the

thirry-second interval in which L.4nlax occurs during an aircraft passage

(noise average) and L.4 nt LII of the passage. with the probability ofmotility onset out-
side these intervals a]so illustrated (quiet average). based on research by Ollerhead51

The 95 per cent prediction inter\'al (fronr noise_lower to noise_upper) is also given
for each value.

between the probability ofmotility onset and the LAnl al of an aircraft noise event is

based on outdoor L.4 max values. Various TNO reports have looked at this point12'13'79'97

Some of the findings of the British study are illustrated in Figure 20.
The British researchers came to the conclusion that the probability ofmotility onset

by an aircraft passage began to increase from an L.4lIIax of 82 dB( A)51. Even when this
outdoor value is reduced by 25 dB( A) (the figure quoted by the researchers54 as the dif-
ference between outdoor and indoor levels), the observation threshold works out at an

LHllrax_ i of 57 dB(A). This is 25 dB( A) higher than the corresponding figure estab-

lished by the Dutch team for the probability of aircraft noise-induced motility or motility
onset. The Committee believes that the main reasons for the differences in the findings
of the British and Dutch studies are as follows:

• in the British study, aviation noise levels were established on the basis of outdoor

measurements only. The instruments used by the researchers were positioned so as

to be directly exposed to the noise. The outdoor sound pressure levels on subjects’
bedroom walls will in some cases have been (much) lower, particularly where there

was screening in the form of objects such as other buildings and trees. The outdoor
measurements therefore represent the upper values in a wide range of outdoor sound

pressure levels on subjects’ bedroom walls. The distribution of indoor values will
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have been even greater, since the sound attenuating characteristics of each room will

have differed, and the window aperture status will have varied from subject to sub-

ject and from night to night. In the Dutch research, where the average difference

between the outdoor and indoor L/Imax values of more than 63,000 aircraft passages

during subjects’ sleep periods was 21 dB(A), outdoor values as high as 82 dB( A)

were sometimes associated with indoor values as low as 32 dB( A). These consider-

ations suggest that, at a measured outdoor noise exposure of 82 dB(A), the actual

exposure inside the subject’s bedroom may well have been much lower. The Dutch

study, by contrast. made use of measured indoor values.

The British researchers considered whether there had been an aircraft passage only

if their instruments registered a noise event with a sound pressure level of more than

60 dB( A) lasting for at least two seconds. If the timing of such a noise event coin-

cided with the timing of a registered aircraft passage, the event was 'recognised’ as
an aircraft passage. FurThermore. any aircraft passage occurTing within five minutes

of the previous passage was excluded from the analyses. Then 'noise’ was defined

as any thirty-second interval in which the L.4 max of a recognised aircraft passage
occurred, and 'quiet’ as all other thirty-second intervals. In other words, quiet

included all intervals in which relatively quiet aircraft passages occurred, all inter-

vals in which there were aircraft passages within five minutes of a previous passage,

and all intervals during an aircraft passage before and after the interval of LIn lax

occurrence. The researchers then worked out the average probability ofmotility
onset during 'quiet’ periods (see Figure 20). However, this average will have been

higher than a typical value for a genuinely quiet thirty-second interval, since all non-
aircraft noises, all aviation noise outside the thirty-second intervals of £Jn7a,I occur-

renee and all 'quieter’ and 'non-recognised’ passages, plus the associated motility,

were ignored. In consequence, the probability ofmotility onset bl' aviation noise
(noise – quiet) was underestimated. In the Dutch study, an aircraft passage was

included if its LAlrrax was 40 dB( A) or higher. Furthermore, distinction was made in

the analyses between intervals characterised by the background sound pressure level

only and intervals characterised by the presence of the background sound pressure

level plus a non-aviation noise. Hence, the model takes account of the additional
chance of motility or motility onset attributable to non-aviation noise, so that only

the probability of extra motility caused by aviation noise is attributed to this source.
The British study focused exclusively on motilit\' onset, whereas monitoring nrotilitv

would also have taken account of the duration of the effect. Furthermore, the Dutch

researchers found that the probability ofmotility was more closely related to the

LAura\ f (and SEL i) than the probability ofmotility onset was.

The British study looked only at the thirty-second itrtelx’als of LAurax occtlrl-ellce ,

However. it was found in the Dutch study that, overall, motility onset was more
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likely in the inteln’ats before and after the interval of LAmax occurrence than in the
interval of occurrence itself

The scope for performing calculations was more limited in 1992, with the result that

not all the British team’s data could be analysed. Hence, the relationship between
the probability ofmotility onset and exposure to aviation noise was defined on the

basis of data concerning the period 11.30pm to 5.30am only. However, it is apparent
from both the Dutch study and the British study that aircraft passages became more

likely to be associated with motility or motility onset as the subject’s sleeping time
progressed and the absolute time got later. Furthermore, limited calculation capacity

obliged the British team to group aircraft passages into noise categories (see

Figure 20). For each category, the average probability ofmotility onset was then cal-

culated and a check made to establish whether there was a statistically significant

difference between the calculated value and the average probability ofmotility onset

during quiet. An analysis method involving the processing of all the data at once

would undoubtedly have led to the definition of a much lower threshold value.

The original purpose of the German study was not to establish acute-level exposure-

effect relationships. so the data from the study has recently been re-analysed with a view

to defining such relationships for road and rail traffic noise79. Where rail traffic noise is
concerned, the relationship has been defined between the probability of acute concurrent

motility or motility onset and the SEL of a rail traffic noise event lasting up to two min-
utes. From these calculations. it appears that exposure to rail traffic noise does not

increase the probability of acute motility or motility onset as much as exposure to avia-
tion noise. After conversion of the German data to fifteen-second interval values, a

40 dB( A) SEL increase, from 60 to 100 dB( A), was estimated to be associated with

roughly a 2.5 per cent increase in the probability ofmotility or motility onset. The cone-

sponding figure for aviation noise is approximately 7 per cent.

In the German study, the exposure patterns for road traffic noise proved to be very
different from the patterns for rail and aviation noise. Rail and aviation noise both

involve distinct noise events, with an aircraft passage rarely lasting more than one
minute and a train passage rarely longer than three minutes. (in the German study,

2,6 per cent of the nearly 69,000 train passages lasted longer than three minutes.) in
total, nearly 17 per cent of thirty-second intervals included train noise. By contrast,

nearly 53 per cent of thirty-second intervals involved road traffic noise in excess of the

background level (i.e. three times the percentage for rail traffic noise).
In addition, a relationship has been established between acute motility during a

thirty-second interval featuring road traffic noise and the equivalent sound pressure level
during the interval79. The probability of acute motility during a given thirty-second

interval featuring road traffic noise was found to rise to a small but statistically signifi-

Research into the consequences of night-time exposure to environmental noise when sleeping 149



cant extent as noise exposure increased: a rise in the equivalent sound pressure level

over a thirty-second interval from 40 to 70 dB(A) was associated with a 0.3 per cent
increase in the probability ofmotility. However, in the first thirty-second interval of a
period featuring road traffic noise, the probability of acute motility was on average

3.4 per cent higher than in a given thirty-second interval without road traffic noise or in
another thirty-second interval during a period featuring road traffic noise. In other

words, the effect at the start of a period featuring road traffic noise is quite strong.

D. 2. 5 Subject-registered awakening

Over the last ten years, various meta-analyses have been performed on data from eight

or nine field studies. with a view to establishing the relationship between the probability

of noise-induced subject-registered awakening (awakening recorded by the subject dun

ing his/her sleep period, by pressing a button-) and a noise index LSEL_ f) for the

event52'134’135'175-179. Two of the analyses – those by Finegold and Elias135 in 2002 and

Passchier-Verrneer52 in 2003 – used the same database, previously assembled by

Fidell134. Passchier-Vermeer additionally included in her analysis data from the Dutch

study into sleep disturbance caused by aviation noise. In contrast to Finegold’s meta-
analysis, the secondary analysis performed by Passchier-Vermeer took account of the

following:
• The type of noise source: civil aircraft, military jets, trains, other environmental

norse events

Differences in the probability of subject-registered awakening, EEG awakening and

motility onset associated with a noise event of a given intensity (see Figure 8)

The number of observations per subgroup (with subgroups formed on the basis of

the SEL_ i of the noise event, with the result thatthe number of observations per sub-

group varied by a factor of 1 00)
Differences in the time windows around a noise event within which the different

researchers looked for evidence of awakening or arousal

The probability of waking up in a period without noise events.

•

•

•

From the analyses, it was apparent that a statistically significant relationship was

demonstrable between civil and military aircraft noise and subject-registered awaken-

ing, but not between rail traffic noise or 'other environmental noise events’ and such

awakening52. Since the relationship between the noise of military jets and subject-regis-

tered awakening is based purely on data relating to people living near to a single military

air base. the findings should be verified by further research.

The database used by Passchier-Vermeer for her analyses included data on noise

levels in the bedrooms of more than a thousand subjects in seven studies into the effects
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of civil air traffic noise, involving more than 170,000 aircraft passages. In these seven

field studies, the data on the aircraft passages was aggregated to seventy-eight points on

the basis of SEE_f. This data was cross-referenced to the data on subject-registered

awakenings to determine whether subjects recorded waking up within a five-minute
window around an aircraft passage (from one minute before to four minutes after the

LAnl ax_ / of the passage).
The frequency of subject-registered awakening was also established for five-minute

time windows in which no aircraft noise events occurred. The probability at subject-reg-
istered a\rake ning attributable to a noise event was then calculated by subtracting the

probability of awakening in time windows \vithout noise events from the probability of
awakening in time windows \Nth noise events .

The average probability of subject-registered awakening in a five-minute interval

without aviation noise was 1.73 per cent. Figure 21 shows the probability (as a percent-
age) of subject-registered awakening attributable TO aviation noise during a five-minute

interval. as well as the probability at awakening fdr any reason during a five-minute
interval in which an aviation noise event occulved. The observation threshold for avia-

tion noise-induced subject-registered awakening is an SEL_ f of 54 dB( A). This is esti-

mated to correspond with an LA nlax i (measured in fast mode) of 42 dB( A).

In principle. a noise with a \’ely low sound pressure level can be audible in a very

quiet environment. In young people, the binaural perception threshold (the threshold for

the perception of a sound using both ears) is close to 0 dB( A). Although the threshold

3,0
Probability of
awakening

(in %) 2,5

– – during aviation
noIse exposure

as a result of
aviation noise
exposure

SEL i in dB(A)

Figure :/ Percentage of subject-registered awakenings during a five-minute interval
in \which aviation noise occurs and percentage of subject-registered awakenings due
to aviation noise as a function of indoor measured SEL (in dB( A))52,
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Figure 2: The probability of noise-induced subject-registered awakening associated
with civil aircraft and military jets, as a function of indoor measured SEL

{in dB(A))52

for the perception of higher frequencies (above about 2000 Hz) increases as a result of

normal age-related loss of acuity, the ability to hear lower-frequency noises, such as air-

craft noise, does not decline nearly as much. Not many people’s bedrooms are so quiet

that special sounds of close to 0 dB( A) can be heard, since such sounds are liable to be

masked by normal background noise. Generally speaking, aviation noise can be heard in

an otherwise quite bedroom when the level is more than about 15 to 20 dB( A). This

implies that, when a person is awake, the noise of a distant aircraft can be heard if it is
more than about 15 to 20 dB( A), provided that the bedroom is otherwise sufficiently

quret

Figure 22 shows the probability of noise-induced subject-registered awakening associ-

ated with civil aircraft and military jets52. Although the data relating to military jets

requires further verification, the Committee considers it appropriate to highlight the
data, as it illustrates the effect of exposure to noise events characterised by a rapid initial

nse in IntensIty.

D.2.6 Acute annoyance and inconvenience

The Committee is not aware of any field or laboratory research into acute annoyance or

other acute problems due to night-time noise.
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D. 2. 7 Summary

The results of the research into the acute biological effects of exposure to night-time
noise described in this section can be summarised as follows:

Acute heart rate change
• in people who had been exposed to road traffic noise for years, heart rate accelera-

tions occurred in response to road traffic noise peaks with LAnrux i values typically

in excess of 30 dB( A). The observation threshold for heart rate acceleration is there-

fore likely to be below an LAnl al_ i of 30 dB(A).
Noise is much more likely to induce heart rate acceleration at night than during the
da)

People with cardiovascular problems and people who consider themselves to be par-

ticularly sensitive to noise may well be more liable to experience noise-induced
heart rate accelerations

The field research carried out by Hofman indicates that there is a cardiac response to

roughly 60 per cent of motorway traffic noise peaks, in'espective of the hearer’s

sleep stage or the L.4nlax i value of the noise peak (lorry).
From laboratory research data, one can deduce that lorry passages and aircraft pas-

sages with similar SEL_ i values have approximately the same effect on the heart
rate

The results of the various laboratory studies referred to all indicate that, at a given

SEL_ /, a noise event characterised by a (very) rapid initial rise in intensity is more
likely to affect the heart rate than a noise event that rises in intensity more gradually

at the beginning. It is not possible to quantify this effect. however.
Data from the only study involving children ( five to seven years old) suggests that
children's physiological responses to noise events during sleep are indicative of a
10 dB( A) higher sensitivity to noise.

•

•

Acute changes in hormone levels

Not investigated.

Sleep stage change, including EEG awakening
• Among people who are accustomed to exposure to night-time aviation noise, the

observation threshold for EEG awakening is an SEL / of 40 dB( A); the observation

threshold for sleep stage change is probably slightly lower.
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• The effect of night-time noise on children has been studied in the context oflabora-

tory studies with just twenty-four, eight and six children, and in one field study of

five children in a domestic setting. One of the researchers indicated that children
were less sensitive than adults to the onset of acute EEG-registered changes by

night-time noise. Another researcher who studied children observed that, in the last

phase of the sleep period, noise peaks of up to 95 dB( A) induced EEG awakenings
(excluding EEG arousals) 50 per cent of the time and EEG arousals 8 per cent of the
tIme

Motility, motility onset
• Among people who are accustomed to exposure to night-time aviation noise, the

average observation threshold is an LAlna,I _/ of 32 dB(A) both for acute motility
and for acute motility onset (with SEL / values of 38 and 40 dB( A)). The observa,

tion threshold for acute motility is comparatively high among people who have been

habitually exposed to higher levels of night-time aviation noise, and comparatively
low among people who are only occasionally exposed to the sound of night-time air-

craft passages. People in the latter group consequently respond more to a single air-

craft passage.

Among people who are accustomed to exposure to night-time rail traffic noise, the•

observation threshold for motility is estimated to be an L,4nlax_ i of about 30 to
35 dB(A).

Among people who are accustomed to exposure to night-time road traffic noise, the
probability of acute motility during a given thirty-second interval featuring road

traffic noise barely increases at higher noise exposures. However, in the first thirty-

second interval of a period featuring road traffic noise, the probability of acute

motility is higher than in a given thirty-second interval without road traffic noise or
in another thirty-second interval during a period featuring road traffic noise.

•

Subject-registered awakening
• Among people who are accustomed to exposure to night-time aviation noise, the

average observation threshold for subject-registered awakening is an SEL_ i of

54 dB(A), which corresponds to an LAlnax_ i of 42 dB(A)

The one study into the relationship between noise from military jets and subject-reg-

istered awakening indicated that, at higher exposures, military jets are much more

likely to induce subject-registered awakening than civil aircraft.

•

Acute annoyance and other acute problems

Not investigated.
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D.3

D.3. 7

Biological effects over the course of a night (before,
while and after sleeping)

Introduction

Very few field studies have looked specifically at the relationship between an effect
measured over the course of or following a sleep period and the noise exposure during

sleep. Furthermore, data from the studies of acute noise-induced changes described in

D.2 has not in most cases been aggregated to provide full-night figures.

In 2003, the RIVM performed a review of field studies that had specifically sought

to shed light on the effects of night-time road traffic noise on sleep69. For this review. the
researchers collated literature published since 1970. The reviewers found thirty-four
field studies. of which twenty-three focused entirely on self-reported effects over an

extended assessment period (e.g. a year). The results of these twenty-three studies are

considered in the section of this annex devoted to the chronic consequences of exposure

to (road traffic) noise. Ten of the other eleven studies used EEG, ECG or actimetry mon-

itoring of sleeping subjects, sometimes supported by journal entries, to investigate

effects over the course of a single night. In most cases, noise levels were also measured

(in subjects’ bedrooms) during the study nights. The eleventh study monitored effects on

the basis of journal entries only. These eleven studies are considered in D.3.2.

In an article published in 2003, Babisch81 provided an overview of research into

stress hormone levels associated with exposure to noise, both in a domestic setting and

in an occupational setting. He referred to approximately a hundred studies. twenty-three

of them epidemiological. Eleven of these twenty-three studies were concerned with the

effects of occupational exposure to noise. while twelve studies looked at the effects of

exposure to noise in the domestic environment. In eight of these studies (three of which

focused on exposure to road traffic noise and five on exposure to aviation noise), stress

hormone levels were determined by analysing urine samples collected during and after

sleep, or saliva samples collected after the subjects had waken up. These eight studies
are considered below

The eleven field studies mentioned in the RIVM report69 and the eight field studies

referred to in Babisch’s article81 were concerned almost exclusively with road and air
traffic noise; just one of the studies looked at both road and rail traffic. No similar stud-

ies into the effects of stationary noise sources were traced. In the following subsections,
first the results of the field studies of road traffic noise are dealt with, then the field stud-

ies of aviation noise, and finally the one field study of rail traffic noise. The subsection
on aviation noise field studies also takes account of data from one quasi-field study.
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This section concludes with an inventory of (laboratory) studies into the influence of
night-time noise on the immunological properties of blood cells.

D.3.2 Road traffic noise

The eleven field studies referred to in the RIVM reportF’9 were as follows:

1 Four very small studies. These studies involved very small numbers of subjects and
subject-nights (three, six. seven. and twelve people) and do not lend themselves to

generalisation. They are not therefore considered further here129'164-166,

2 Research from the USA49. This research into the effects of aviation noise included

only a control group that was exposed to road traffic noise. The report does not
include any aggregated single-night data relating to this group.

3 Four European studies conducted around 1980 in the Netherlands. Germany, France

and the UK on behalf of the European Commission58’59’7c)-73.

4 Research carried out in Gerrnany77’78. This is the same research referred to in D.2.4.

into the differences between the effects of night-time exposure to road traffic noise
and rail traffic noise

5 Research undertaken in Sweden by 6hrstr6m74, which monitored effects purely on

the basis of journal entries.

The four European studies mentioned in list item 3 were intervention studies. in which
road traffic-related noise exposure was reduced by approximately 10 dB( A) by various

means: double glazing of bedroom windows, gap sealing, use of personal hearing pro.

tection, and temporary bedroom relocation to the quiet side of the house58’59'70-73. The
four studies involved a total of seventy subjects and 922 subject-nights. Juniens drew

the following conclusions regarding the effects observed in relatively noisy situations
(compared with quieter situations):
• The average duration of REM sleep is 6.5 minutes shorter

• in reaction time tests, the average reaction time is twelve milliseconds (12 ms)
longer than the overall average reaction time of 350 ms, and more mistakes are
made (8 per cent)

Self-reported quality of sleep is less (7 per cent)

The W (waking) time recorded by EEG is 7 minutes longer (determined in two of
the four studies)

The average heart rate when sleeping is higher. In the Dutch research, the rate was

3.2 beats per minute higher (71.5 bpm, compared with 68.3 bpm)58

•

•

In the German research referred to in list item 477'78, 188 subjects were exposed mainly
to road traffic noise and a similar number mainly to noise from passing trains. The num-
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ber of subject-nights with usable data on motility was 1710 in the road traffic group. A
recent analysis79 of the data indicated that, among people exposed to road traffic noise,

average motility for a single sleep period increased as the equivalent indoor or outdoor
traffic sound pressure level was higher during the period in question.

The research by e>hrstr6m referred to in list item 574 involved 106 subjects. Analysis
of their journal entries revealed the following: 37 per cent of subjects in noisy environ-

ments had difficulty getting to sleep, compared with 8 per cent in quiet environments;

the percentages of subjects in the two types of environment who were woken in the
night by road traffic noise were 57 per cent and 4 per cent; average sleep quality, as

rated on an eleven-point scale (where 0 equals very poor and 10 equals very good) was

6.2 for the noisy environments and 8.2 for the quiet ones; morning fatigue/alertness
scores, as rated on an eleven-point scale (where 0 equals very tired and 10 equals not at

all tired) were 5.0 and 7.0; the average scores for morning irritability, as rated on an
eleven-point scale (where 0 equals very irritable and 10 equals not at all irritable) were

6.5 and 7.8. In other words, all parameters values were less favourable in the noisy situ-
atlon

Swedish researcher Ohrstr6m recently made a longitudinal study of the change in
noise-induced effects on sleep following realisation of a scheme designed to reduce road

traffic noise by the enclosure of a road in a tunnel. The report on elements of the study75
will shortly be followed by two publications in J Sound Yi b** . The forthcoming data will

show that the study was modest in scale: at each of two locations (one noisy. one qui-

eter), thirteen subjects were monitored on each of three occasions, once before and twice
after completion of the tunnel, which has reduced indoor noise by 10 dB( A) at the noisy

location. Within the exposed group, no statistically significant change was detected in
various parameters monitored before and after completion of the tunnel, the parameters

in question being average lnotility, minutes spent in bed. sleep inception period, sleep
duration, number of 'awakenings’, and number of waking intervals of more than five

minutes. Not surprisingly, in view of the small number of subjects, there is considerable
variation in the average values; notably, there was an increase in the values of various

parameters – i.e. a deterioration – in the third monitoring round, a year after completion
of the tunnel, relative to the values measured in the second phase.

At the ICBEN2003 Congress, Ohrstr6m presented a provisional report on those

results from the international RANCH study that related to night-time noise. The sub-
jects were seventy-nine children between the ages of nine and twelve, plus one parent of

each child7(’. The equivalent sound pressure level of the road traffic over a twenty-four-

hour period, as determined on the outside of the most heavily exposed wall , varied from
less than 55 to more than 64 dB(A). The sleep parameters monitored were sleep quality

# Ohrstr6m, personal communication
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(overall quality, as established by questionnaire, and nightly quality, as recorded in a
journal), sleep inception period and average motility. Although marked differences were

observed between the parameter changes in children and those in their parents, the

changes did not appear to be dependent on the noise exposure.

Table 16 summarises data from the three field studies82’1 52-154 referred to by Babisch81,
which sought to establish the effects of noise on hormone concentrations, as determined

from urine samples collected over the course of a night or blood samples collected after

awakening. Strictly speaking, the results do not show whether the observed changes are
the result of exposure to road traffic noise during the night in question, or (at least

partly) the result of exposure the previous day. or the result of chronic daytime or night-
tIme exposure

Tahle /6 Summary of data from the three field studies referred to by Babisch81
nrone concentrationsa

Publication Outdoor noise exposure (L.4cq

in dB(A))

Babisch. 200182 45-75. during the night

Subjects Adrenaline Noradrenaline Cortisol

234 women + X Urine collection dtlr-

ing the night

Urine collection dur-

ing the night

Evans, 200 11 53 Less than 50 or more than 60

over the twenty-four-hour

period

Lmax= 40 or Lmax= 66 dB(C )

over the twenty-four-hour

period

Relative effect at higher noise exposure: + statistically significant change in the anticipated direction, = no significant change in the
anticipated direction, x not monitored

115 children +

Ising. 2002154 56 children X X + Urine collection dtlr-

ing the night

Working at the Berlin Environmental Department, Babisch ef at studied the effect of

road traffic noise on the excretion of adrenaline and noradrenaline in the night-time

urine of 234 women (thirty to forty-five years old)82, some of whom lived in homes with
the bedroom on the street side, and some in homes with the living room on the street
side. The volume of passing road traffic varied considerably from dwelling to dwelling.

The analyses took account of numerous distorting variables. Among the women with
bedrooms on the street side. a statistically significant increase was observed in noradren-

anne levels as the logarithm of the traffic volume rose. (The logarithm of the traffic vol-
tIme is approximately proportional to the equivalent sound pressure level.) Changes in

adrenaline level were not associated with changes in traffic volume, however. Among
women with the living room on the street side, no effect was observed on either adrena-

line or noradrenaline levels. The fact that it was mainly noradrenaline concentrations

that were raised is consistent with Ising’s model, which predicts that the noradrenaline
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concentration is particularly likely to increase in response to noises to which a person is

exposed for a long time83. The effect of road traffic noise on noradrenaline concentration

was particularly pronounced in women who indicated that they slept with the bedroom

window closed to prevent their sleep being disturbed by road traffic noise, and neverthe-

less experienced noise-related annoyance. Among women who experienced no noise-

related annoyance when their windows were closed, no statistically significant increase

in noradrenaline concentrations was observed. The researchers explain these findings as

the result of a coping mechanism: among women who are able to prevent noise-related

sleep disturbance by closing their windows. noradrenaline levels are not affected, but

among women who are not able to cope in this way, they rise. If a raised noradrenaline

level may be regarded as predictive of cardiovascular problems. the authors argue that

only those people who are highly sleep disturbed due to environmental noise and are not
able to take corrective action are at increased risk of developing cardiovascular prob-

lems. However, the research results do not exclude the possibility that the observed

effect is a reversible change.

Evans and Lercher studied 115 children around the age of seven who were exposed
to road and rail traffic in Austria153'] 55. Half of the children lived in an environment with

relatively little road and rail traffic noise (Lden less than 50 dB( A), average 46 dB(A)),
while the other half lived in an environment where noise levels were typically more than

60 dB(A) (average 62 dB( A)). The researchers compared various endocrine and cardio-

vascular functions: daytime diastolic and systolic blood pressure and heart rate, plus
adrenaline, noradrenaline, cortisol and 20A-dihydrocortisol levels, as determined from

urine samples collected in the course of the night. A statistically significant difference of
more than 25 per cent was observed between the cortisol and 20A-dihydrocortisol con-

centrations of the two groups. In a test that involved asking the children to solve impos-
sible puzzles, girls exposed to higher noise exposures performed less well than girls in

the low-exposure group.

D.3.3 Aviation noise

D.3.3.1 Field research

Table 17 summarises the findings ofBabisch’s review81 of research into aviation noise-
related changes in hormone levels over the course of a night.
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Table /7 The findings ofresearch156-159'162'163 into changes and differencesa in stress hormone levels. as reviewed by Babisch81.

Publication Noise exposure (LAeq Subjects Adrenaline Noradrenaline Cortisol Monitoring technique
in dB( A))

59-65 24 hoursEvans, 1995156 Urine collection during the
night

Urine collection during the
night

Urine collection during the
night

Urine collection during the
night
Saliva collected in the morn-

Ing

Relative effect at higher noise exposure: + statistically significant increase, = no significant change. x not monitored

135 children + +

Evans, 1998157 53-62 24 hours 217 children + +

lsing, 1999163 56-70 over the day 40 children

Haines, 2001158’159 53-62 24 hours 204 children

Stansfeld, 200 1162 <57--’66 over the day 238 children x X

The Bristol-based team of Smith er a/80 made a phased investigation of the interrela-

tionships between aviation noise, sleep disturbance and health.

In the final phase, the modlity of ninety people (folly-five couples) was monitored

using actimeters for three nights, during which sound pressure levels were measured in

the subjects’ bedrooms. The sources of the noises audible in the subjects’ bedrooms

were not determined using an external identification system. nor were any outdoor
sound pressure levels measured. Noise events were divided into two groups: prolonged

noise events (more than one minute above the background level) and brief noise events

(less than one minute above the background level, with an equivalent sound pressure

level of more than 50 dB( A) over at least one five-second interval). The number of brief

noise events averaged 8.2 per night (with an average SEL _i of 59 dB( A)), and the num-

ber of prolonged noise events averaged 6.4 per night (with an average SELf of

65 dB( A)). No association was found between noise exposure and actimetric activity.

The researchers suggested that this was due to the low noise exposures that subjects

were exposed to, even though there was considerable inter-individual variation in expo-

sure values. The team reported having nevertheless observed statistically significant

associations between noise exposure and motility among subjects on board a ship. The
observed associations were:

• between the number ofnoise events and an index of sleep disturbance derived from

several variables;

between higher sound pressure levels during the sleep latency period and difficulty
getting to sleep; and
between higher sound pressure levels towards the end of a subject’s sleeping time

and premature awakening.

•

•
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However, because the sources of the noises were not identified, the researchers could

not exclude the possibility that the increased disturbance levels were related to the sub-

jects’ waking activities and were not therefore the effects of noise on sleeping patterns.

Passchier-Vermeer12 identified four functions that she considered indicative of the effect

of aviation noise over the course of a sleep period. The functions in question (see

Figure 23) were:

• High average motility during sleep. This was quantified as follows. The data was
analysed to calculate a level ofmotility as a function of age, which was exceeded by

5 per cent of subjects when not exposed to aviation noise when sleeping. A figure

was then worked out for the percentage of subjects who on a given research night
exhibited higher average motility than the 'normal' value for their age; the percent-

age of people who would exceed the normal motility value in the absence of avia-

tion noise (approximately 5 per cent) was then deducted from the percentage for the

night. The analysis revealed that average motility increased with rising night-time

noise exposure, but this is not illustrated in Figure 23.

Recalled awakening. In the journal that they were asked to write each morning. sub-

jects indicated whether they had been woken by aviation noise in the night

Subject-registered awakening at least three times a night. Awakenings were

recorded by the subject pressing a button on his or her actimeter.

Use ofsomnifacient drugs. In their journals, subjects indicated each morning

whether they had taken any sleeping pills the night before. The use ofsomnifacient

drugs proved to be strongly age-related. Up to the age of about sixty, the use of som-

nifacient drugs was quite modest; above that age. use increased sharply with rising

exposure to avlatlon norse.

•

•

Figure 23 shows night-time noise exposures in the form of Lnight values. The noise

exposure was originally expressed as the equivalent sound pressure level during the
sleep period. However, the equivalent sound pressure level data was converted to Lnighl

values on the basis of what is known about the relationship between equivalent sound

pressure and bright . Because some effects are age-related, Figure 23 is based on the age

profile of the adult Dutch population.

D.3.3.2 Quasi-field research

A research team at Berlin's Robert Koch Institute performed a quasi-field study with

sixteen subjects living in the vicinity ofFuhlsbtittel Airport near Hamburg. The study

involved observation of the effects induced by aviation noise reproduced in subjects ’

bedrooms using loudspeakers47’150. There were almost no night flights into or out of the
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Figure 23 Prevalence of four effects of aviation noise. as a function of L/7fg/l/. The
prevalence values express the following percentages, as attributable to exposure to

aviation noise: percentage of people exhibiting high motility levels for their age,

percentage of people who recalled being awoken by aviation noise. percentage of

people who registered awakening at least three times in a night. and percentage of

people who recorded using somnifacient drugs12.

airport, so at the start of the study the subjects were unused to night-time aviation noise.

After two nights without the introduction of any artificial noise, the subjects were
exposed to recorded aviation noise with an LA imax i of 65 dB( A) thirty-two times a

night for thirty-eight nights. During and immediately after each sleep period, urine sam-
pIes were collected and the total amount of cortisol present was determined. The

researchers distinguished three adaptation patterns over the thirty-eight nights: total cor-

tisol almost stable (observed mainly in female subjects); a large initial rise in total corti-

sol to a peak on the third night of exposure, followed by a gradual decline for the

remainder of the study period; an initial decline in total cortisol, followed by a large
peak on the third night of exposure, followed by a gradual increase for the remainder of

the study period. With all three patterns, there were fluctuations in the course of the

week, which were more pronounced in men than in women.

It is particularly interesting to note how the well-being scores recorded each day

using a questionnaire changed over the study period. The scores were given using a

scale, designed so that the average for the general population is zero, and 95 per cent of
recorded values are between –3 and +3 . Before the recorded aviation noise was intro-

duced, in each of the three subsequent adaptation pattern groups the average well-being
score was approximately 0.5 (i.e. a little better than normal for the population as a
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whole). In the stable cortisol group, well-being during the first fourteen days of the

study fell from 0.5 to zero, where it remained. In both the other groups, well-being
scores continued to fall. from 0.5 to –1 in the increasing cortisol group and from 0.5 to –

2.5 in the declining cortisol group.

D.3.4 Field research rail traffic noise

In the above-mentioned German research77'78 188 subjects were exposed mainly to noise

from passing trains. The number of subject-nights characterised by motility was 1581. A

recent analysis79 of the data indicated that, among people exposed to rail trafDc noise .

average motility for a single sleep period was unrelated to the equivalent indoor or out-
door traffic sound pressure level during the period in question.

Evans153 reported that the noise measurements included not only the road traffic

noise exposure experienced by children, but also the train noise exposure. Although the
article does not indicate the breakdown between road and rail traffic noise, it seems rea-

sonable to assume that road traffic noise was predominant.

D.3.5 Laboratory research into changes in immunological parameters

Between 1968 and 1974, Osada er aIF~+-$'1 investigated the relationship between exposure

to noise and changes in the ntlltlber of cells in the blood with roles in the body’s immune

functions. They performed four laboratory experiments with twenty-one subjects, in
which they monitored changes in leukocyte and (eosinophilic and basophilic) granulo-

cyte levels in the blood associated with exposure to various types of noise ( road, air and
rail traffic noise, industrial noise, white noise and pink noise). When data from noise

exposure nights was compared with data from non-exposure nights, major differences
were observed in the average values and wide distributions around the average changes.

However, shortcomings have subsequently been highlighted in the study design**,

which almost certainly explains the observed changes.

In their survey article 7/7e Neul-oendocrine RecoverT Function of Sleep, Born and

Fehm devoted a section to the possibility that night-time exposure to noise might affect

the immune system88. In two experiments, subjects were either deprived of sleep or

allowed to sleep 'normally', then certain blood cells (monocytes) were examined to
determine whether they exhibited an immune response to a particular stimulus (produc-

tion ofinterleukin-1 and TNF-a (tumour necrosis factor a), which affect the production

ofT-cells, which in turn are important for the production ofinterleukin-2). Contrary to

what had been expected, the immune response of the monocytes was much stronger

+ Marth. personal communication
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after a sleepless night than after an ordinary night. On the other hand, there were far

fewer monocytes present in the blood after a sleepless night, and production of inter-
leukin-2 by T-cells was much more vigorous after a normal night than after a night of

sleep deprivation. On the basis of their findings, the two authors postulate that night-
time noise exposure may have a negative influence on the immune system. They add,

however, that a great deal more research would be necessary to confirm such a hypothe-
SIS

D.4 Effects on health and well-being

The first two subsections below (D.4.1 and D.4.2) deal with research into the association

between chronic exposure to traffIC noise and medical conditions, sleep quality and
well-being. Subsection D.4.3 is concerned with data on (the effects of) noise from neigh-

hours and the associated topic of acoustic insulation between dwellings. Finally,
subsection D.4.4 described a Dutch inventory study of traffic noise, industrial noise,

neighbourhood noise and noise from neighbours.

D.4. 1 Medical conditions

D.4.1.1 Insomnia

A group of Japanese researchers carried out a questionnaire-based survey of 3600 adult

Japanese women (aged between twenty and eighty) living on eight study sites to gather

information about the factors that contribute to insomnia89, Some 1 1 per cent of subjects
were found to be affected by insomnia. (The researchers adopted a definition ofinsom-
nia based on the ICD- 10 classifIcation of mental and behavioral disorders: clinical

description and diagnostic guidelines 90.) One of the factors whose relationship with

insomnia was investigated was the volume of traffic on the road where the subject lived.
It was found that a high traffic volume (a nightly average of more than two thousand
vehicles per hour, with a lorry counting as ten vehicles) was an insomnia risk factor.

Women living on busy roads were considerably more likely to suffer from insomnia than

the other women. Analysis of the survey data took account of various distorting vari-
abIes, such as age, number of (small) children in the family, social status, receipt of
medical treatment, regularity ofbedtimes, apnoea-like problems and serious unpleasant

experiences in the six months prior to completing the questionnaire. When the percent-
age of insomniacs in each of the three areas with the highest exposures was compared

with the percentage in the low-exposure areas, the ratios worked out at, respectively, 1.4

(2100 vehicles per hour, Lnight of around 65 dB( A)), 2.1 (2400 vehicles per hour,
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Ltright of around 67 dB(A)) and 2.8 (6000 vehicles per hour, Ln ight of around

70 dB( A)). The most frequently reported problem was difficulty getting to sleep.

D.4.1.2 Health diminution

A research team at Berlin’s Robert-Koch Institute produced a 400-page report on the

findings of the Spandauer Gesundheits Survey95: a longitudinal study, in the context of
which the health of adults in Berlin’s Spandau district has been surveyed every two

years since 1982. The ninth survey round involved 2015 subjects, of whom 1714 were

participating for at least the HRh time. In addition to going through the usual tests and
questionnaires. these subjects were asked about noise-related annoyance from road, rail

and air traffic, as well as from industrial sources. Noise maps were also produced show-

ing the road traffic-related noise exposure on the homes of the 1718 people subjects who

chose to complete the questionnaire on noise-related annoyance. The research into the

effects of traffic noise was therefore essentially a cross-sectional cohort study. FurTher-

more, outdoor sound pressure levels were measured in front of ninety-six homes. How-

ever, it was not possible to take recent aircraft noise exposures into account. Most

aircraft flying over the area were going to or from Tegel Airfield. which is closed at
night (from 10pm for takeoffs and 1 1 pm for landings, to 5am for both takeoffs and land-

lngs)
The analyses took account of twelve variables with the potential to distort the

results. The presence and treatment of illnesses and medical conditions in the two years

since the previous survey round (period prevalence), and in the research period as a
whole (total prevalence) were investigated. The probability of a subject receiving medi-

cal treatment for a given illness or condition was determined for subjects whose road
traffic-related Lnight n’as less than 50 dB(A) and expressed as an odds ratio (OR); in

addition. 95 per cent confidence intervals (CIs) were stated in the report. The statisti-
cally significant results for subjects with a road traffic-related Lnight of more than
55 dB(A) were as follows:

• Treatlnent for h\'pel'teusioll'. OR = 1.9 (Cl = 1.1 – 3.2) (period prevalence)

• Treatment for hypertension if bedroom window was normally open: OR = 6.1 (Cl =

1.3 – 29.2) (period prevalence)

• Treatment .fol' h\pel'tension'. OR = 1.8 (CI = 1.1 – 2.9) (total prevalence)

• Asthmatic bronchitis: OR = 1.5 (Cl = 0.9 – 2.5) (total prevalence)

With regard to people who were annoyed by road traffic noise, the following statistically

significant association was found with daytime road traffic noise:

• Tl-eatnrentfol' psychological problenrs'. OR = 2.7 (CI = 1.3 – 5.6) (period preva-
lence)
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Comparison of people exposed to a high exposure of aviation noise over a twenty-four-
hour period with people exposed to a lower exposure revealed the following statistically

significant association:

• Treatment for thyroid problems: OR = 3.8 (Cl = 1.3 – 11.3) (period prevalence)

The researchers warn that their findings regarding non-cardiovascular illnesses and

medical conditions (asthmatic bronchitis, thyroid problems) are potentially liable to dis-
tortion by variables other than the twelve that have been taken into account. Hence, the

only conclusion that may be drawn regarding medical conditions is that, within the stud-
ied population, night-time exposure to road traffic noise is associated with treatment for

hypertension.
The researchers also point out that the study population was made up largely ofpeo-

pIe who were very conscious of their health. If this population was more or less than
averagely prone to hypertension, or inclined towards a lifestyle that increased or

decreased the probability of hypertension, the association between hypertension and

night-time noise exposure might not be reflective of the population at large.

Where the above-mentioned findings regarding hypertension and night-time road

traffic noise were concerned. the OR for people exposed to a noise exposure of between

50 and 55 dB( A) was calculated to be between 1.0 and the PR given in the summary for
road traffic noise exposures of more than 55 dB(A).

The researchers were not surprised to find that hypertension was demonstrably asso-

ciated with night-time noise, but not with daytime noise, partly because people are often

elsewhere during the day and partly because people are more sensitive to noise at night

than during the day.
A methodological assessment of the research is made in the main body of this

report.

D.4.2 Sleep quality and well-being

D.4.2.1 Increased motility

The British field study into the effect of aviation noise on sleep found that, over a sleep

period, average motility and motility onset increased with rising exposure to aviation
noise96. Horne reported that there was a strong inverse relationship between average

motility and perceived quality of sleep, The Dutch field study into the effect of aviation
noise on sleep and the German study regarding the effect of road traffic noise also found

that average motility increased with noise exposure when sleeping12’13. The researchers

found that average motility over the course of a night was strongly associated with the

number of times that a subject recalled waking during his/her sleeping time, with the
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number of times that a subject registered awakening during his/her sleeping time, and

with the following variables regarding which subjects provided information by complet-

ing a questionnaire at the beginning of the study: number of medicines used, sleep qual-
ity, number of sleeping problems, frequency of aviation noise-induced awakening,

weekly frequency of aviation noise-induced averse effects on sleep, and number of

health problems. The secondary analysis of the German research into road and rail traf-

fic noise (involving 1710 subject-nights characterised by motility in the road traffic sub-
ject group and 1581 such subject-nights in the rail traffic group) also indicated that

average motility increased with rising road traffic noise exposure79. Exposure to rail

traffic noise had no demonstrable effect on average motility. Where both aviation noise

and road traffic noise were concerned, the increase in motility with Li (the equivalent

sound pressure level during sleeping time over an extended period) was much greater

than would have been expected solely on the basis of the increase in the probability of

noise-induced acute motility. The average increase in motility per dB(A) increase in

noise exposure appeared to be between 1.3 and 1.5 times greater for road traffic noise
than for aviation noise79

In the first main phase of a British study of aviation noise, sleep disturbance and health

conducted by Smith er a/80, 543 subjects from Bristol were asked to answer a question-

naire. Due to lack of information about the noise exposure experienced by respondents,

their subjective perceptions of the problems they had experienced getting to sleep were

used to estimate levels of exposure to aviation noise when sleeping. Questions were

posed regarding health (based on the abbreviated version of the General Health Ques-

tionnaire), self-reported health, sensitivity to noise. sleep disturbance and negative
affectivity (utilising the Neuroticism Scale in Eysenck's Personality Inventory). Signifi-

cant health differences and differences in sleep disturbance experience were detected

between the subjectively defined high-exposure and low-exposure groups. However,

once adjustment was made for the influence of age and degree ofneuroticism on health

and sleep disturbance, no statistically significant difference was found to exist between

the two groups.

In a follow-up survey, some of the respondents from the first main phase completed

a further questionnaire. When the findings from the second questionnaire were com-

pared with information regarding the same subjects gathered from the first question-

naire, it was found that diminished health, increased sleep disturbance and increased

sensitivity to noise were all associated with an increase between the survey dates in the

noise exposure perceived by the respondents. However, no link was found between

change in sleep disturbance and change in health. The researchers explained the findings

of the follow-up study as follows. If the original effect measured during the first main

phase is eliminated (by concentrating on the differences) and there is little situational
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change between the time of the first survey and the time of the second, (minor) changes
will not be correlated

A further survey with an improved design was subsequently carried out. For this

survey, a number of locations in the vicinity of four airports were selected, some with a

relatively high aviation noise exposure, and some with a lower exposure. A total of 1 121

subjects were questioned orally and a further 658 subjects completed a written postal

questionnaire. Differences between the higher exposure and lower-exposure subjects

were detected in relation to the following parameters: perceived level of aviation noise

when trying to get to sleep, sleep disturbance, physical health and well-being, particu-

larly in terms of irritability, anxiety, depression and sadness. Even after making allow-

ance for other variables, sleep disturbance and health remained closely related. From

their findings, the researchers concluded that they were unable to demonstrate a causal
relationship between sleep disturbance and health. They added that it was also possible

that sleep disturbance was symptomatic of poor health.

D.4.2.2 Self-reported sleep disturbance, self-reported sleep quality diminution, and
other self-reported effects of exposure to noise

On the basis of TNO’s Disturbance Knowledge Base. exposure-response relationships

have been defined for self-reporled sleep disturbance by road, rail and air traffic97’98 for
use in an EU position paper. The main body of this report gives details of the relation-

ships involving self-reported high sleep disturbance and includes a discussion of the
findings.

The RIVM produced a report69 which considered the question of whether a quantitative

meta-analysis could be made of the results of research into the influence of road traffic
noise on perceived sleep quality and difficulty staying asleep. Although the RIVM

described several studies as being good quality, the researchers decided that it was not
possible to perform a meta-analysis because of discrepancies in the studies’ nomencla-

ture, methods, exposure determination techniques and approaches to adjustment for dis-

toNing variables. Nevertheless, the Dutch researchers were of the opinion that there

were qualitative indications that road traffic noise was associated with diminished per-
ceived sleep quality and more difficulty staying asleep.

At the ICBEN2003 congress, the Dutch researcher Vos presented data from a question-

naire-based study of effects of gunshot noise on sleep 111. Some of the findings are i11us-
hated in Figure 24. The graph shows the percentage of people who indicated they were

woken by gunshot noise (as established in Germany by Buchta) as a function of the
average SEL (in dB(C)) of the noise discernible in the domestic environment. Informa-
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fIgure 24 The percentage of people who in a questionnaire-based study indicated

being frequently awoken by gunshot noise, as a function of the average SEL (in
dB(C)) of the noise events111

tion about the number of noise events per night was not given, so it has not been possi-

ble to convert the data to LII ight values to enable comparison with the dose-response

relationships for other noise sources. Vos was not (yet) able to make dose-response data
other than that illustrated in Figure 24 available*.

D.4.2.3 Health problems

The Dutch field research into the effects of aviation noise on sleep established a rela-

tionship between personal noise exposure when sleeping (Li) and the frequency of

health problems included on the abbreviated Health Perceptions Questionnaire12-13.

Compiled on the basis of stress research, the Health Perceptions Questionnaire identifies

thirteen health-related problems, such as headache, stomach-ache, tiredness and diges-

tive problems. It will be apparent that these are not life-threatening conditions. A rise in
aviation noise-related if from 0 to 35 dB( A) is associated with a two-fold increase in the

frequency of problems. The researchers considered whether a causal relationship

existed, or merely a relationship. The latter might be the case if, for example, people

with health problems were liable to get up later and were therefore exposed to the higher

high aircraft noise exposures that occur in the morning, resulting in relatively high El

+ Vos. personal communication
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values. However, analysis revealed that neither the moment of awakening nor any of the

other possible sources of bias investigated by the team had any influence on the relation-

ship between the frequency of health problems and Zi.

D.4.2.4 Making official complaints about noise

The submission of a complaint about noise may be regarded as symptomatic of reduced

well-being. Numerous factors influence a person’s inclination in a given situation to
make an 'official’ complaint about a noise-related problem. These factors include not
only the level of annoyance or inconvenience experienced, but also to some extent

whether the person knows who to complain to, how easy it is to make a complaint.
whether the person believes his/her complaint is likely to be acted upon, and if it is

known or suspected that other people are also making complaints. In the Netherlands,
people who have experienced problems caused by the noise from aircraft on their way to

or from Amsterdam’s Schiphol Airport used to be able to complain to the Problem Desk
at the Schiphol Airport Committee on Noise-Related Annoyance (now superseded by

the Problem Desk at Cros. the Schiphol Airport Liaison Body). The RIVM performed an

analysis of complaints to the Problem Desk1 80'181 and linked the data to the findings of a
questionnaire-based study182. Figure 25 illustrates the position between 1986 and 2001.
showing the number of problems, the number of complainants and the number of air-

craft movements. Approximately 15 per cent of problems were found to relate to noise
during the night ( 11 pm to 7am). From the data in Figure 25, it is also apparent that some

people complain repeatedly in the course of a year; in 2001, for example, the average
number of problems per complainant was thirty-seven.

The number of problems per thousand aircraft movements was 680 in 1997 and 410

in 2001. In 2003, the so-called 'Polder Runway’ came into use, despite considerable

opposition from people living near the airport. Provisional figures indicate that the num-
ber of problems in 2003 was double the number reported the previous year.

Approximately 15 per cent of all problems involved noise during the night (llpm to
7am). Night flights (llpm to 6am) accounted for 4 per cent of the total number of

flights, and it is estimated that the number of aircraft movements occurring between
llpm and 7am was 8 per cent of the total183. It follows that night flights were linked to

approximately twice as many problems as flights during the day and evening, even
though the noisiest aircraft are not allowed to take off at night, so that night flights

should on average be a little quieter than flights during the day and evening.

In Figure 26, the prevalence of problems is shown as a function of Lden . Notably,

problems are less prevalent at the highest noise exposure than at a noise exposure of 61
to 62 dB(A). The researchers attribute this to the extra acoustic insulation fitted to

homes in the most heavily exposed areas. Below an Ld en of 50 dB(A), hardly any
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omes have extra insulation; at an exposure of less than 60 dB(A), 20 per cent of homes

have better insulation; at 61 and 62 dB(A), the figure rises to approximately 55 and

70 per cent, and from 63 dB( A), approximately 90 per cent of homes are well insulated.

A questionnaire-based study182 has shown that the inclination to complain about

aviation noise is linked to levels of annoyance, sleep disturbance, health worries and
worry about air crashes.

DCN4R runs a problem desk for people in the Rijnmond area who are experiencing
problems due to environmental noise associated with industrial activities, road, rail and

air traffic, etct 84. Data on the complaints received in 2003 is presented in Table 18.

A total of 8303 problems were reported. of which 1265 ( 15 per cent) related to noise

during the night (midnight to 7am). The heading 'Other noise’ covers low and high-fre-
quency machinery noise from unknown sources. Air traffic was the biggest cause of

problems during the day and over a twenty-four-hour period. Although there were no
regular scheduled night flights into or out of Rotterdam Airport, night-time aviation

noise accounted for 25 per cent of all problems during the night. Industrial noise caused

the fewest problems. It is interesting to note that relatively few complainants were con-
cerned about (road and rail) traffic, but a lot of people complained about noise from

events and bars, clubs and the like.

Tahle /8 Inventory of noise-related problems in the Rijnmond area reported to the DCMR Problem Desk in 2003 184.

Number of prob]ems per year Percentage of problems

Day and Night: midnight Twenty-four- Day and Night: midnight Twenty-four-
evening: 7am to 7am hour period evening: 7am to 7am hour period
to midnight to midnight

539 1 44 683 7,7

3423 3 ] 6 3739 48.6

310 78 388 4,4

892 342 1234 12.7

1 874 385 2259 26,6

7038 1265 8303 100

Traffic & transport
Air traffic

Industrial acti\’ities, etc

Bars. clubs. events. etc

Other noise

Total

1 1 .4

25.0

6,2

27.0

30.4

100

8,2

45.0

4,7

14.9

2792

100

D.4.3 Domestic acoustic insulation and influence on the effects of traffic noise

D.4.3.1 Domestic acoustic insulation

The Building Decree makes requirements regarding the sound attenuating characteris-

tics of new homes and other noise-sensitive buildings14. For protection against indus-

trial, road and rail traffic noise, each type of noise has to be limited to a twenty-four-
hour value of 55 dB(A). This implies an outdoor night-time equivalent sound pressure
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level of no more than 45 dB(A). If the characteristic attenuation provided by the build-

ing’s outside wall is 20 dB( A), in relation to the spectrum of the noise source in ques-
tion, this equates to an blight i value of no more than 25 dB(A). If the outdoor twenty-

four-hour value is higher than 55 dB( A), more stringent requirements apply. For protec-

tion against air traffic noise, requirements are made regarding the sound attenuating
characteristics of new homes and other noise-sensitive buildings exposed to aviation

noise exposures of more than 35 Ke*. The characteristic attenuation required depends on

the 'sensitivity class’ of the building and on the noise exposure in Ke, but is always at
least 27 dB(A)**

D.4.3.2 The influence of additional acoustic insulation on the effects of traffic noise

In the Netherlands. there have only been a small number of isolated studies into the effi-

ciency and effectiveness of acoustic insulation in the reduction of perceived road and
aviation noise levels, or into people’s views regarding such insulation114-119. Bitter er al

looked at the effects of fitting additional acoustic insulation to flats beside busy motor-

ways carrying 70,000 vehicles per twenty-four-hours in Dordrecht114 and Amsterdam 115

In the Amsterdam study. 347 people completed an extensive questionnaire 2.5 years
after extra insulation had been fitted to their homes to protect against road traftlc noise

(average additional attenuation 9 dB( A)). The questionnaire addressed matters such as

the levels of noise-related annoyance being experienced at the time and previously expe-
rienced before the extra insulation was fitted. The findings confirmed that the insulation

did reduce annoyance. Feedback regarding non-acoustic matters (humidity, ventilation
and ease of cleaning) indicated dissatisfaction with the new insulation, however.

Respondents were also asked about annoyance at different times during the twenty-four-

hour period. The findings are illustrated in Figure 27. +
From Figure 27, it is clear that, while night-time noise-related annoyance was

reduced by the fitting of extra acoustic insulation, the final outcome is less than ideal. A
similar picture emerged from the Dordrecht study114

Van Dongen er a/116 carried out an exploratory study into sleep quality in homes fit-
ted with additional acoustic insulation in the vicinity of Amsterdam’s Schiphol Airport.

The team determined the relationships between the percentages of people 'sleep dis-

turbed’ and 'highly sleep disturbed’ and the outdoor noise exposure; the data was then

compared with the provisional relationships185 at the time for homes without special

+ Ke stands for 'Kosteneenheid’ (Kosten Unit. named after the Committee with professor Kosten as president ). the standard
unit of air traffic noise exposure in the Netherlands until recently.

The Building Decree also makes requirements regarding acoustic insulation to protect against noise from installations in

the same or adjoining premises, regarding resonant sounds, and regarding inter-dwellings sound attenuation, expressed in
terms of IIu ;k. IIu. and Ico.
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figure 27 Percentage of people who. 2.5 years after the fitting of extra acoustic insula-

tion to their homes, were highly annoyed by daytime and night-time noise at the time of

questioning ('after’) and prior to the fitting of extra acoustic insulation ('before’),
attributable to four classes of noise (c14 being the highest road traffic noise exposure.
and cII the lowest)

insulation. From this comparison, it emerged that percentages sleep disturbed and highly
sleep disturbed were slightly lower in the better-insulated dwellings than in 'ordinary

dwellings. However, the design of the study precluded the drawing of definitive conclu-

Three reports were published between 1994 and 1999117-119 regarding people’s gen-

eral views concerning modifications made to homes near Schiphol with a view to reduc-

ing aircraft noise-related problems. In 1994, opinion was gauged regarding the

additional insulation fitted in the first phase of the Schiphol Insulation Plan. The modifi-

cations were made before introduction of the Building Decree of 01-10- 1992117. In
1996, a comparison was made between satisfaction with the insulation packages

installed before the Building Decree, and satisfaction with the 'scaled down’ packages

installed since the Building Decree118. The third report recounted the proceedings of an

experts’ workshop at which the problems associated with the insulation plan were
addressed with a view to framing more flexible rules regarding acoustic insulation

options119. General feelings about acoustic insulation fitted before and after implemen-

tation of the 1992 Building Decree were broadly similar: 75 per cent of subjects felt the

insulation was good, 20 per cent rated it moderate, and 5 per cent thought it was poor.

Some 85 per cent of subjects reported that the insulation had reduced noise-related

annoyance indoors. Nevertheless, people in more than 55 per cent of the homes contin-

Sl ons
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ucd to experience at least slight noise-related annoyance, and people in 15 per cent of

the homes reported to be highly annoyed since the modifications were made. The distri-
bution patterns of both overall and night-time levels of aircraft noise-related annoyance
were clearly seasonal: on (cold) winter nights, 10 per cent of subjects often or always

experienced annoyance during the sleep period, compared with 40 per cent on (warm)
summer nights. The differences were closely related to the use of windows: only 25 per

cent of respondents said they slept with the bedroom window at least slightly ajar in the
winter. whereas 70 per cent did so in the summer.

Fidell and Silvati120 investigated what effect the fitting of insulation to attenuate avi-
ation noise had on levels of being annoyed and being highly annoyed. However. they did

not look specifically at annoyance during the sleep period.
In the UK, an extensive study was done to establish how effective extra acoustic

insulation was in reducing exposure to road traffic noise121. The average sound attenua-

tion achieved was 34 dB(A). Subjects whose bedrooms were adjacent to busy roads
experienced night-time noise exposures with an Lnight value of between 57 and

77 dB( A). In the specially insulated homes. 23 per cent of subjects whose bedrooms

faced the street reported being very highly or highly annoyed by night-time road traffic
noise; 25 per cent had diftlculty getting to sleep because of the noise, and 30 per cent

said they were woken up at night by road traffic noise. The results proved to be intlu-
enced to a considerable extent by whether the subject felt that, without the window

open. his or her bedroom was too hot in the summer: 37 per cent of those who felt
unable to sleep with the window closed in warm weather were very highly or highly
annoyed by night-time road traffic noise, whereas only 15 per cent of those who didn't

mind having the window closed experienced similar problems. Some 85 per cent of sub-
jects who said their bedrooms were too hot in the summer felt it necessary to sleep with

the window open.
In Japan 122, people living in the vicinity of Kaneda Air Base and consequently

exposed to very high night-time noise exposures caused by military jets were asked

about the effectiveness of the additional acoustic insulation fitted to approximately
60 per cent of homes in the area, and about their satisfaction with the insulation. Scores

for both effectiveness and satisfaction declined as noise exposures rose. from 80 and

60 per cent at a noise exposure with an estimated Lden of 65 dB(A). to 30 and 13 per

cent at an estimated Lden of 85 dB( A). The seven investigated aspects of sleep distur-

bance (difficulty getting to sleep, waking up, difficulty getting to sleep after waking up,

inconvenience caused by being woken too early in the morning, sense of having slept

badly. and doubt about the prospects for a good following night’s sleep) all proved to be

related to outdoor noise exposure, but no difference was found between people living in

specially insulated homes and people living in 'ordinary’ homes. The researchers took

the view that other forms of intervention, such as reducing night flying and switching to
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alternative flight paths, were necessary to reduce the impact of noise on the sleep ofpeo-

pIe living in highly affected areas near the base.

D.4.4 Inter-dwelling acoustic insulation and noise from neighbours

D.4.4.1 Inter-dwelling acoustic insulation

The Building Decree makes requirements regarding the ability of new homes to attenu-
ate sound from adjoining dwe11ings14. Sound attenuation between dwellings can be

expressed using an index for the attenuation of airborne noise (11, iy. where account is
taken of the volume of the reception room and the area of the common screening struc-

ture, it can be expressed using an index of characteristic sound attenuation (//„. k). The

attenuation of contact noise between two dwellings is expressed using the contact noise

index (/c,). For new homes, an airborne sound attenuation requirement (//„,k) of at least

0 dB applies. At an 1 1,„k of 0 dB, ordinary conversation in an adjoining home is audible,
but incomprehensible. The quality of airborne sound attenuation is rated on a three-level
scale

• Minimum: I h„k of 0 to +5 dB (normal conversation in an adjoining home is audible,
but not comprehensible)

Good: Ih„k of +5 to + 10 dB(A) (normal conversation in an adjoining home is not
audible. the footsteps of a person in hard-soled shoes on a hard floor are readily

audible and sometimes annoying)

Very good: 1 1,„k greater than + 10 dB( A) (musical instruments, parties and the foot-
steps of a person in hard-soled shoes on a hard floor may be audible but are not

annoyIng)

•

D.4.4.2 Noise from neighbours

Leidelmeij er and Marsman99 published a report entitled Geluid vail buren : hol'en , hinder
en sociate normen (Noise from Neighbours : Audibility, Annoyance and Social Norms)

regarding the findings of an interview-based study of 1242 households in the Nether-

lands, designed to shed light on the audibility of and annoyance associated with noise

from neighbours during the day and at night. As a follow-up to the questionnaire, noise
measurements were made in fifty homes. The researchers distinguished between five

types of noise:

• Noise from sanitary and heating systems
• Contact noise

• Noise from audio equipment

• DIY (Do-It-Yourself) noise
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• Noise from pets.

Distinction was also made according to the part of the house where the noise was audi-

ble or caused annoyance. The results are summarised in Table 19. 'Percentage for whom

audible’ is the percentage of respondents who reported hearing the type of noise in ques-
tion. 'Percentage tolerant’ is the percentage of the respondents for whom the given noise

was audible who did not report being annoyed by it.

Tuhle /9 Percentage of survey respondents able to hear and tolerant of each of five types of noise (where 'tolerant of’ means able to

hear but not annoyed by. i.e. 100 - percentage of hearers reporting annoyance)99.

Part of house Sanitary and central Contact noise Noise from audio

heating systems equipment

Ob for o/o tolerant % for % tolerant % for % tolerant % for % tolerant c:’'o for
u'hom \\,hom u,hom whom u,horn

audible audible audible audible audible

18 80 37 86 35 85 15 67 12

12 93 16 87 12 91 8 80 5
19 76 22 73 1 2 74 8 65 6
5 88 8 75 3 57 2 75 2
1 3 97 6 83 3 1 00 2 89 1
4 95 3 87 1 80 1 100 0
9 80 8 1 00 5 1 00 2 100 2
10 91 14 71 5 73 28 89 8

DIY noise Pets

% tolerant

Li\’ing roonr
Kitchen

Master bedroom

Other bedrooms

Bathroom

Other rooms

Landing/hall/stairs

Throughout house

88

88

76

7()

100

100

100

86

Clearly, respondents were least tolerant of noise from their neighbours that was

audible in the master bedroom. Subjects were also asked whether they considered it
acceptable for the various noises to be audible by day, by evening or by night. Where

each of the five investigated types of noise were concerned, roughly 10 to 15 per cent of

subjects indicated that they felt it was unacceptable for the noise to be audible during the

day (for pets. the figure was 20 per cent; DIY noise n'as rated unacceptable on weekdays

by 5 per cent of respondents and on Sundays by 17 per cent; for noise from audio equip-

ment, the figure u-as 1 5 per cent). In each case. a higher percentage said the noise should

not be audible in the evening, and a still higher percentage did not want to hear the noise

at night (between 1 1 pm and 7am). Overall, nearly 30 per cent of subjects said that sani-

tary fittings should not be audible at night, while approximately 50 per cent felt each of

the other four types of noise was unacceptable by night.

The researchers concluded that audible noise from neighbours was by no means

always perceived to be annoying. Whether annoyance is caused depends on the timing,
the part of the house where the noise is audible, the volume, whether the noise is

expected. how often the noise is audible, the duration of the noise, whether the noise is
considered avoidable, and the number of sources.
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Subjects were also asked whether they could hear voices in neighbouring homes.

While the percentage of affirmative answers varied according to the type of dwelling,
ordinary speech was to some extent audiblc in an average of 35 per cent of dwellings,

and partially or readily comprehensible in approximately 8 per cent of dwellings. Raised
voices could be heard, at least some to extent, in approximately 65 per cent of dwellings;

they were at least partially comprehensible in 27 per cent of homes and readily compre-

hensible in approximately 10 per cent.

The results of the acoustic insulation tests in fifty homes indicated no statistically

significant relationship between the airborne and contact sound attenuation indexes and

the audibility of (airborne) noise from neighbouring dwellings.

In 1993, Kranendonk er at produced a synthesis of the research conducted up to that
point in time into the annoyance associated with noise from neighbourslc>o. Their synthe-
sis covered four Dutch, one Swedish, one British and one French study. The various

studies used a variety of effect indexes (annoyance scoring systems) and a variety of

means of determining airborne and contact sound attenuation. Although it was, the

researchers reported. difficult to assess all the data on the same basis, they were able to

produce a table of synthesised findings (see Table 20). The average annoyance score
was detennined on a seven-point scale, where 7 equated to not annoyed and 1 to highly

annoyed. As will be apparent from Table 20, an //„ of zero corresponds to an average
annoyance score of 5. to 10 per cent of people experiencing to be highly annoyed and to

25 per cent of people experiencing some annoyance.

Table :a Acoustic performance of a dwelling (in terms of //„ and Ico\ and the corresponding average

annoyance scores and percentages of people experiencing to be annoyed or highly annoyed1 (x1.

//„ h Average annoyance % people highly % people annoyed

score annoyed (including highly
annoyed)

75

50

25

10

2,5

-13

-7

0

+7

-13

-5

0

+6

+11

+17

3

4

5

6

7

50

25

10

2.5

0.5

TNO produced a reportl01 on the relationship between noise from neighbouring

dwellings and the airborne and contact noise attenuating indices 11,„ lh„k, and IL.,. draw-

ing on data from a questionnaire-based survey of the residents of six hundred dwellings,
whose acoustic quality was determined in 202 cases. It was established that nearly half

of the respondents heard at least some noise from neighbouring dwellings every day.
Approximately 10 per cent of subjects found their neighbours’ noise highly annoying.
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• highly annoyed
[] annoyed
[] slightly annoyed

IIu=-5

figure :8 Percentages of subjects slightly annoyed, moderately annoyed and highly

annoyed by noise from neighbouring dwellingsl01

The chief causes of annoyance were loud radios, hi-fis and TVs. the slamming of doors

and footsteps on floors and staircases. Nearly all respondents said that in their own

behaviour they were considerate of their neighbours and 80 per cent regarded them-
selves very tolerant of noise from their neighbours.

No relationship was established between contact noise-related annoyance and /,

value. This was not considered surprising by the researchers. because there was not a

great deal of spread in the contact noise index values of the dwellings.

The correlation between the percentages of people experiencing annoyance and 1 I"
value is illustrated in Figure 28.

The percentages of people identified by the team as experiencing being annoyed and

highly annoyed at a given II„ value are broadly in line with the findings of Kranendonk

et a/loo . At an Ih, of zero, the percentages are identical. while at higher and lower 1l„ val-
ues there is a small difference.

D.4.5 Data from inventory studies

The national inventory study9 carried out in 1998 asked respondents to indicate the
extent to which their sleep was disturbed by noise from various sources, by giving a

number between 0 and 10, where 0 = not disturbed at all and 10 = very highly disturbed.
A standardised method was then used to calculate the percentage of respondents report-

ing sleep disturbance and high sleep disturbance. This involved transforming the eleven-
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point scale into a continuous scale from 0 to 100. Respondents who scored 50 or more

on this scale were deemed to suffer from self-reported sleep disturbance, and those who

scored 72 or more to suffer from high self-reported sleep disturbance. This implies that

the number of respondents affected by sleep disturbance includes the number affected

by high sleep disturbance.

Table 2 1 gives the percentage of respondents reporting sleep disturbance and high sleep
disturbance due to each noise source. It is not possible to make comparisons between

source groups by simply aggregating the source group percentages, because it is not rea-

sonable to assume that the percentage of people affected by (high) sleep disturbance due

to a particular group of sources is the sum of the percentages for the individual sources
within that group. Where road, rail and air traffic is concerned, passenger cars, lorries

and mopeds are the sources to which most sleep disturbance is attributable (affecting,

respectively, 7, 6, and 10 per cent of respondents). Where neighbour noise and neigh-

bourhood noise are concerned, the predominant sources are contact noise (footsteps on

stairs, slamming of doors), radio, hi-fi & TV, and the noise from other human activities.

which were referred to by, respectively, 8, 6, and 8 per cent of respondents. Sleep distur-

bance due to noise from air or rail traffic, or to industrial noise is (much) less common
than sleep disturbance due to the above-mentioned sources.

Tubte 2/ Noise-related sleep disTurbance associated with sources of various types9

Source group Noise source Percentage ofrespon-

dents reporting sleep

disturbance

7

3

6

I

5

10

4

0

4

O

I

1

2

0

0

Percentage ofrespon-

dents reporting to be

highly sleep disturbed
l

1

3

Road traffic Passenger cars and taxis

Delivery vans

Lorries

Buses

Motor cycles and motocross cycles

Mopeds

Motor-assisted bicycles

Military vehicles

Passenger and cargo aircraft

Recreational, executive and advertising aircraft

Military aircraft (other than helicopters)

Helicopters

Trains

Trams

Light rail vehicles

I

4

0

I
0

1

O

1

O

Air traffic

Rail traffic
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Shipping Commercial shipping

Pleasure craft

Retail areas

0

0

O

0

0

0

0

1

0

0

0

0

0

0

0

1

1

0

0

Commercial, industrial and

professional activities

Factories and business premises

Loading/unloading sites. etc

Lorry parks

Shunting yards and rail yards

Building and demolition sites

Road building

Agricultural tractors

Civilian shooting ranges

Military exercise areas, shooting ranges, etc

Fairs. circuses. amusement parks, etc

Discos. dance ha]Is. ctc

Musical practice facilities

Sports fields. stadiums. sports halls, swimming baths, ten-
nls courts

Racing. motocross and carting circuits

Ultra-light aircraft
Model aircraft

Mass-participation open-air events

Noises from sanitarv and heating systems

1

1

1

I

1

1

1

0

0

3

I

0

I

Recreational activities

0

0

0

a

3

0

0

0

Noises from neighbouring
dwellings

Contact noise (footsteps on stairs. slamming of doors)

Radio. hi-fi. TV

DIY equipment

Pets

Neighbours gardening noises

8

6

4

5

1

1

a

3

8

5

3

1

3

3

I

a

0

O

]

1

3

l
l

0

Other noises in the residential

en\’lron111elr t

Noise from public spaces around one’s home

Noise from children playing outside

Noise from street/public greenery maintenance

Other human noises

Noise from neighbours' pets animals

Church bells. mosques

Bottle banks
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In 2000, the Noord-Kennemerland Regional Health Authority carried out a written

inventory study186. in which 7728 people were invited to participate. The response rate

was 68 per cent, meaning that approximately 5250 people completed the questionnaire.

The subjects came from nine municipalities in the Noord-Kennemerland region (Aker-
sloot, Alkmaar, Bergen, Egmond, Graft de Rijp, Heiloo, Limmen, Schermer and
Schoorl). The questionnaire included a number of questions identical to those used for

the national inventory study9. The levels of high sleep disturbance reported by the

respondents are given in Table 22. along with the corresponding data from the national

study (for comparison). The percentages of people reporting high sleep disturbance in
Noord-Kennemerland are twice the corresponding national figures. Since no noise expo-
sure data is available for Noord-Kennemerland, it is not possible to establish whether the

high levels of disturbance are. at least to some extent, the result of noise exposures that

are above the national averages. Data from 2000/2001 for the province of North Holland
as a whole indicates that 6.3 per cent of homes in the province have an air traffic-related

Lnight value of 40 dB(A) or higher, compared with 1.9 per cent nationwide15. Where

noise from motorways, municipal roads and rail traffic is concerned, exposures in North

Holland are close to the national averages. The collection of an RIVM report released

on 24-05-2004 does not contain a provincial breakdown of urban road traffic levels (i.e.
the largest source of noise exposure in the Netherlands)15, so it is not possible to deter-

mine how the noise exposure due to urban road traffic in NoITh Holland compares with
that in the country as a whole.

Table :2 Noise-related sleep disturbance in Noord-Kennemerland186.

Source Percentage of Noord-Kenne-

lnerland respondents reporling

to be highly sleep disturbed

10

7

6

5

S

4

3

Percentage of national survey

respondents reporting to be

highly sleep disturbed

4

3

l

3
l

2

b4opeds

Noise from neighbours

Motor cycles

Lorries

Passenger cars

Aircraft

Other
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Annex E

Sleep disorders and sleeping problems

In this annex, the Committee presents an overview of sleep disorders and sleeping prob-

lems. Particular attention is paid to insomnia, but other sleep disorders are also consid-
ered, albeit in less detail.

E.1 What is insomnia?

Insomnia can occur without being triggered by a particular illness or condition; such

insomnia is known as primary insomnia. Secondary insomnia, on the other hand, is a

consequence of some other illness or condition. Definitions of primary insomnia are
given in the ICD-10 classiDcation of mental and behavioral disorders: clinical descrip-

tion and diagnostic guidelines published by the WHO90. in the Diagnostic and Stutisti-

cal Manual of Mental Disorders (DSM-IV ) of' the American Psychiatric Association\81
and in the Beknopte handleiding bij de Diagnostische Criteria van de DSM-IV (Guid-

once Notes to AccompanY the Diagnostic Criteria of the DSM-IV) produced by the
Netherlands Association for Psychiatry (NVvP)188. In the latter publication, primary

psycho-physiological insomnia is defined as a condition that satisfies the following cri-
terla

• The principal complaint is difficulty getting to sleep or staying asleep, or not feeling

refreshed after sleep, persisting for at least a month.

• The sleep disorder (or the associated daytime tiredness) causes significant suffering

or impairment of the sufferer’s social or occupational performance or ability to func-

tion in some other important field.
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The sleep disorder does not only occur in the context ofnarcolepsy, sleep-related

respiratory disorder, circadian rhythm-related sleep disorder or parasomnia.
The sleep disorder is not a consequence of the direct physiological effects of a sub-
stance (narcotic, medication) or a somatic condition.

The sleep disorder does not only occur in the context of another psychological disor-

der (such as a depressive disorder, generalised anxiety disorder, or delirium).

The occurrence of chronic primary psycho-physiological insomnia is seen as the coinci-

dence ofendogenic causal factors, initiatory factors and sustaining factors189. Endogenic

causal factors are physiological factors such as raised heart rate, increased muscle ten-

sion and raised body temperature. together constituting a raised physiological state of

arousal. and psychological factors such as anxiety, nervousness and the inability to clear
the mind190

Factors that sustain insomnia and therefore act as obstacles to recovery include poor

(non-adapted) sleeping habits (inappropriate use of somnifacient drugs, staying in bed

too long, keeping irregular hours, excessive mapping during the day) and worrying about

the possible consequences of not getting enough sleep (anxiety about failure during the
day, anxiety about losing control over situations, acquired sense of helplessness).

According to Vgontzas er a/191, their epidemiological research supports the hypoth-

esis that primary insomnia mainly involves chronic hyper-arousal, which is evident not

merely at night, but around the clock. They take the view that relatively little research
has been carried out into the effects of primary insomnia on the cardiovascular system.

They argue that their results indicate that people with primary insomnia are not only

more likely to suffer from psychological conditions, but also from physical conditions
such as hypertension and obesity (plus the associated metabolic abnormalities). Accord-

ingly, the researchers argue that the focus of treatment should be the hyper-arousal,

rather than the insomnia, which is merely a consequence of the hyper-arousal.
According to the Diagnostic and Statistical Manual of Mental Disorders (DSM-

IV)187 and the NVvP’s Guidance Notes\m . secondary insomnia (insomnia in association
with another psychological disorder) is a condition that satisfies the first four criteria

given above for primary insomnia, is additionally associated with a so-called ' Axis I’ or
' Axis II’ disorder (such as a depressive disorder, a generalised anxiety disorder, or an

adjustment disorder accompanied by anxiety), and is sufficiently serious to warrant sep-
arate medical attention.

Secondary insomnia can also be a consequence of other medical conditions, such as
pain, depression, night-time restless legs syndrome and alcoholism. Working variable

shifts, including night shifts, can induce or aggravate chronic insomnia.
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E.2 How prevalent is insomnia?

Ohayon describes more than fifty studies concerned with the prevalence of insomnia in

a broad sense (i.e. not merely primary psycho-physiological insomnia) in the population
at large192. The reviewed studies include estimates of the prevalence of insomnia, based
on four distinct criteria: difficulty getting to sleep or staying asleep, night-time manifes-

tations of insomnia accompanied by daytime problems arising from lack of sleep, self-
reported dissatisfaction with sleep quality, and insomnia diagnosed on the basis of

DSM-IV. Approximately a third of the general populace is sometimes affected by

insomnia satisfying the first criterion. When the second definition is applied. 9 to 15 per
cent of the population are reckoned to be affected. Under the third definition, 8 to 18 per

cent of the population suffer from insomnia. By application of the DSM-IV classifica-
tion, one arrives at a figure of 6 per cent for the average prevalence of insomnia in the

population at large. However insomnia is defined, it is more prevalent among women

than among men. Furthermore, insomnia becomes more common with increasing age,

except when defined on the basis of self-reported dissatisfaction with sleep quality.
Prevalence can also be expressed in tenns of the estimated probability of suffering a

significant sleep disorder at some time in one’s life. On this basis, the prevalence of

insomnia is put at roughly 30 per cent193; in other words, the average Dutch person has

approximately a one-in-three chance of falling victim to a significant sleep disorder at
some time or other

A German study involving two thousand adult subjects looked at the possibility of a

link between insomnia (as defined in the DSM-IV) and quality of life (as measured

using the abbreviated SF-36 questionnaire)194. Some 22 per cent ofinsomniacs rated

their quality of life as 'poor’ and 28 per cent as 'good’, while the corresponding figures

for subjects without sleeping problems were, respectively, 3 and 68 per cent. These fig-

ures must be treated with caution, however, since subjects’ quality of life will have been
influenced not only by their insomnia, but also by other illnesses and conditions.

Sleeping problems are not confined to adults. Kim er a/195 asked 1365 Chinese

youngsters aged twelve to eighteen about any sleeping problems they might have.

Nearly 17 per cent reported symptoms of insomnia, including difficulty getting to sleep

( 11 per cent), waking up in the night (6 per cent) and waking up too early in the morning

(2 per cent).

A great deal of research has been carried out into the prevalence of insomnia not

only in the population at large, but also in particular groups. Hence. insomnia is known
to be much more common among people affected by certain illnesses and medical con-

ditions than in the overall population] 96-221. For example, women who are pregnant or

have been pregnant in the last twelve months or so are at increased risk ofinsomnia222
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E.3

E.3. 1

The consequences of insomnia and sleeping problems; association with
other illnesses and medical conditions

The direct consequences of insomnia

According to Stolk ef aP\ , insomnia has a substantial negative effect on quality of life.

In the quality-of-life weighting system developed by this team, insomnia, as diagnosed

by a GP. has a quality-of-life weighting of 0.83. In other words, a year suffering from

insomnia 'costs’ 0.17 years of healthy life. Various other authors have also reported neg-

ative effects of insomnia on quality of life18'194’223-226. People with chronic insomnia of
any kind also tend to perform less well at work and suffer memory and concentration

problems227. Insomniacs make disproportionately great use of healthcare facilities and

medications, including sornnifacient drugs and sedatives18-194'223-224.

E. 3. 2 Association of insomnia with other medical conditions and illnesses

When considering the relationships between insomnia and other medical conditions and

illnesses, it is important to distinguish between an association and a causal relationship.

Many researchers have reporled an association between cerlain abnormalities, but have
failed to demonstrate the link between cause and effect. Schwartz er at made an exten-

sive survey of insomnia, cardiovascular disease and mortal itv risk on the basis of epide-

miological research data228. They consider it likely that insomnia and the associated

daytime tiredness are part of a more general syndrome that is associated with chronic

stress, causes autonomous dysfunction and brings an increased risk of cardiovascular

disease. Shaver er a/201 drew a similar conclusion on the basis of a study of middle-aged
woITlerl.

Hge is not in itself a determining factor in the occurrence of insomnia209-225'229-231

which is attributable more to age-related phenomena, such as increasing lack of physical

activity, changes involving other lifestyle factors (obesity, use of alcohol), dissatisfac-
tion with the social environment, and illnesses and abnormalities

With a view to establishing whether chronic insomnia increased the risk at hvper-
tension. Suka er at conducted a five-year longitudinal study involving 4,800 Japanese

workers232. Their conclusion was that people who have difficulty getting to sleep and

people who have difficulty staying asleep are more likely to develop hypertension (OR

respectively 1.9 and 2.0).
Numerous studies have been carried out into the link between depression and

(sometimes ill-defined) insomnia196'198'201 ’2c)6'207'2 11'212'215'2 18'220’221'224-226’233-246. In most
of these studies, a statistically significant association was found. but no causal relation-
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ship demonstrated. One exception in this regard was the twelve-year longitudinal study

by Manon er a/220. Among women, insomnia at the start of the research period proved to

be a statistically significant predictor of the development of depression during the

course of the study (odds ratio = 4.1). Insomnia was not found to be a predictor of sub-
sequent depression in men, however.

E.3.3 Association of sleep disorders and sleeping problems with road traffic accidents

Ohayon er al, who have carried out a large number of epidemiological

studies192'213'214’231'2+4'247-255, take the view that dissatisfaction with sleep qualit\ is

much more closely related to sleep pathology than the phenomena of insomnia as such.

It is often assumed that sleeping problems play a role in road trafnc accidents

(RTAs). In this context, it is important to distinguish between sleeping problems and
incidental sleep deprivation. Having analysed data from the 1985 CARnIe studv.

Webb256 concluded that drowsiness was the primary cause of 1 .6 per cent of accidents.

Connor257 produced an extensive survey of the significance of sleep disorders in

RTAs. Analysis of data from the cross-sectional studies produced no evidence of an

association between insomnia and the probability of involvement an RTA. However, the

case-control study258 did show up a statistically significant association between sleep

apnoea and the probability of injury in an RTA.

E.3.4 Association of sleep disorders and sleeping problems with occupational acci-
dents

A number of studies indicate that sleeping problems increase the probability of involve-
ment in a ( fatal) occupational accident256'259-263. Over a twenty-year period, Akerstedt er

a/259 interviewed 47.860 people (men and women) by phone regarding sleep and health

factors and regarding specific work-related factors. By studying a register of deaths

(from which cases of suicide were excluded), the researchers identified 166 fatal occu-
pational accidents. Analysis found the following to be statistically significant predictors

of involvement: gender, sleeping problems in the two weeks prior to the interview (rela-

five risk 1.6, 95 per cent confidence interval 1.2 to 2,9) and working outside normal day-

time working hours (relative risk 1.9, 95 per cent confidence interval 1.1 to 2.5).

A study of 880 construction workers by Chau and Gauchard2€’o revealed that sleep-

ing problems increased the probability of involvement in an accident with a moving
object on site (odds ratio 2.3, 95 per cent confidence interval 1.3 to 4.1).

The same researchers2(’1 made a comparison between 427 women who had taken

sick leave as a result of falling at work after (physically) losing their balance, and a con-

trol group of 427 women. On the basis of interviews conducted by industrial doctors. it
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was concluded that there was an association between sleeping problems and the risk of

falling at work.

Lindberg er a/262 undertook a prospective study, in which 2,874 men completed a

questionnaire at the outset, and 2,009 completed a follow-up questionnaire ten years

later. Information about occupational accidents was obtained from a national register; it

was found that 247 of the 2009 men who completed both questionnaires had been

involved in a total of 345 accidents. Men who at the beginning of the study reported
both 'napping’ and feeling sleepy during the day proved to have been involved in more

occupational accidents; the link was statistically significantly, even after correcting for
numerous other factors capable of influencing the association between sleeping prob-

lems and occupational accidents (odds ratio 2.2, 95 per cent confidence interval 1.3 to

3.8). No statistically significant association was found involving men who napped but
did not feel sleepy during the day, or involving men who felt drowsy during the day but
did not take naps.

Melamed and Oksenberg263 interviewed 532 industrial workers in order to gather

information on the influence of drowsiness on the probability of involvement in an acci-
dent at work. By asking numerous questions, the number of accidents in the two years

prior to the interviews was deteITnined. Analysis of the responses revealed that the prob-

ability of involvement in an occupational accident was higher, to a statistically signifi-

Hypertension

Depression in women

Accidents at work

Reduced quality of life

Reduced cognitive
functioning

Use of health services
and/or somnifacient drugs

Difficulty getting
to sleep and/or

aslee Insomnia
sleeping

>lems

Chronic stress

Dissatisfaction

with sleep

sleeping
-oblems Heart disease

Hypertension

figure 29 Causes and backgrounds of insomnia and s]eeping problems (chronic stress, dissatisfaction with

sleep. difficulty getting to sleep and/or staying asleep), consequences of insomnia/sleeping problems (indi-

cated with s) and the associations between insomnia/sleeping problems and other illnesses and medical con-
ditions (indicated with s).
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cant extent, among workers who reported feeling drowsy at work than among those who

did not (odds ratio 2.2, 95 per cent confidence interval 1.3 to 3.8).

Figure 29 illustrates the causes and consequences of insomnia and sleeping problems, as

well as the association that insomnia and sleeping problems have with other illnesses
and medical conditions.

E 3. 5 Conclusions

On the basis of the foregoing, the following conclusions may be drawn:

• Insomnia has a negative effect on quality of life. People with chronic insomnia per-
form less well at work and experience memory and concentration problems. Insom-

nia increases usage of healthcare facilities and the consumption of medications, such

as somnifacient drugs and sedatives. Insomnia and the associated daytime tiredness

are part of a more general syndrome that is associated with chronic stress and causes

autonomous dysfunction.
People who are affected by insomnia are more likely to suffer depression (women).

obesity (plus the associated metabolic abnormalities) and cardiovascular disease
People with sleeping problems are more likely to develop hypertension

People with general sleeping problems (difficulty getting to sleep, difficulty staying
asleep, waking spells at night) are more likely to be involved in occupational acci-

•

dents

•

In addition, the following conclusions may be drawn regarding heightened sensitivity to
lnsonlnla :

• Because of the association of insomnia with depression. hypertension, obesity and

cardiovascular disease, people with these conditions may be regarded as particularly

sensitive to insomnia. Women who are pregnant or have been pregnant in the last

twelve months or so are also more likely than the average person to experience a

period of insomnia.

Age is not in itself a determining factor in the occurrence ofinsomnia209'225’229-231

which is attributable more to age-related phenomena, such as increasing lack of

physical activity, changes involving other lifestyle factors (obesity, use of alcohol),
dissatisfaction with the social environment, and illnesses and abnormalities. As a

result, older people may also be regarded as particularly sensitive to insomnia and

sleeping problems.

•
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Annex F

Health Council Advisory Report
Assessing Noise Exposure for Public
Health Purposes (1997/23)

Methodology

In the Health Council’s 1997 advisory report Assessing Noise Exposure f-or Public

Health Purpose? , the 'Uniform environmental noise exposure metric’ Committee of the
Health Council proposed a system for determining noise exposures representative of the
twenty-four-hour daily cycle (EEL) and the overnight period (ENEL). This method

involves five steps:
\ Frequency \veighting of acute sound pressure levels

The Committee opted for A-weighting, i.e. sound pressure levels expressed
in dB( A), for both the twenty-four-hour daily cycle and the overnight period

2 Adjustment for special characteristics and combinations of sound pressure levels

The Committee assigned adjustment factors, as described below, to noises and noise

situations involving characteristics a, b, and c in a twenty-four-hour daily cycle or
an overnight period:

a Exposure to low-level industrial noise without impulse components: adjustment

factor above 60 dB( A), 0 dB(A); at 40 dB(A), 10 dB( A); in the range between,

calculated by linear interpolation

b Situations in which the noise includes audible tones: adjustment factor between

0 and 5 dB(A), depending on the frequency of the tone and the difference

Health Council Advisory Report Assessing Noise Exposure for Public Health Purposes ( 1997/23)



between the sound pressure level of the tone and the prevailing background

sound pressure level

Situations in which the noise includes (strong) impulse components: adjustment

factor 5 dB( A) for impulse noise (such as the sound of a low-flying military jet,

a car door slamming or church bells ringing) and 12 dB(A) for very impulse-like
(such as gunshot noise, metal beating, pneumatic hammering, shunting of rail

rolling stock).

C

The Committee attached certain qualifications to its proposal of the adjustment factors
for use in the assessment of a situation over a twenty-four-hour daily cycle. With regard

to assessment of the overnight period, the Committee indicated that consideration
should be given to farther adjustments to take account of the possibility of sleep distur-

bance. “Although scientific evidence is lacking, the Committee considers it likely that
night-time exposure to noise with the characteristics listed above would result in

increased sleep disturbance. It therefore considers it prudent to provisionally apply these

adjustments also in deriving the ENEL metric, and recommends further research on this
matter

For the combination of sound pressure levels for parts of a day, including the appli-

cation of adjustment factors for intervals in which sound with special characteristics
occurs, the Committee recommended working on the basis of the equivalent sound pres-

sure level over a given period.
3 The combination of (corrected) equivalent sound pressure levels for parts of a day to

give a value that is representative for a twenty-four-hour daily cycle
The Committee recommends adjustment factors of 0 dB( A) for the daytime (7am to

7pm), 5 dB( A) for the evening (7pm to 11 pm) and 10 dB( A) for the night (11 pm to
7am). The corrected equivalent sound pressure levels are exponentially averaged.
Step 3 is not necessary when calculating an ENEL, since the combination of day,

evening and night values is clearly not relevant in relation to a night-only metric.

4 The combination of ddI\' exposure values to give a value that is representative .for a
veal'

No seasonal or weekday/weekend adjustment factors are proposed. The equivalent
I +kuo anna sePa 1 nb vrml a fan rb n nhl +vIr nb nt hr fnbx qe is

OU C year are exponenSO1111

tially averaged. This results in a Ladjusted,den value. For Ladjusted,night, the Com-
mittee also recommends the exponential averaging of equivalent sound pressure

levels for the overnight period
Noise source-related adjustnrents

The final step in the construction of uniform exposure metrics for the twenty-four-

hour daily cycle and the night involves adjusting Ladj IIsted .den and Ladjust ed,night
so that the exposure-response relationships of the various noise sources are in line

+ A nil XI xrnbl rb nl fn

5
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with that of a selected source. The particular reference source selected by the Com-

mittee was road traffic. The proposed effect metric for the twenty-four-hour expo-
sure was the percentage of people experiencing high annoyance. However, other

effect metrics are generally used in other countries (in Germany for example, the
percentage of people experiencing annoyance is used). Consequently, the Commit-

tee, being made up of experts from various countries, developed the EEL on the
basis of the high annoyance percentage merely as an example. Using road traffic

noise as the reference source, differences between EEL and Ladjusted,den are given

for aviation and rail traffic noise. Depending on the noise exposure involved. these

differences are between +3 and +5 dB(A) for air traffic, and between -1 and -

8 dB( A) for rail traffic. The effect metrics given by the Committee for the night are

the percentage of people reporting high sleep disturbance and the annual frequency

of awakening due to a noise source. Because the information available at the time

regarding the exposure-response relationships for road, rail and air traffic noise was

not considered sufficiently reliable, the Committee decided against constructing an
ENEL

Applicability

The 'Uniform environmental noise exposure metric’ Committee considered the method-
ology valid for the assessment of noise in most more or less stable situations. but not for
the assessment of changes in noise situations over the short term. The Committee also

pointed out that the method was not designed for use in relation to low-frequency noise,
noise from incidental sources (such as rescue helicopters, ultra-light aircraft and adver-

Using aircraft), neighbourhood noise or noise from neighbours.

Health Council Advisory Report Assessing Noise Exposure for Public Health Purposes (1997/23 )
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Annex G

The distribution of traffic-related noise

exposure in the Netherlands

Enclosure accompanying letter (reference 1034/04 LOK/HD/wh) from HSMA Died-

eren, Environmental and Nature Planning Office, RIVM, dated 23 June 2004 to the
Health Council.

Updated distributions for Lden and Lnight

Table / Ldc11 ? b of dwellings per noise category. cumulative distribution of road traffic. rail traffic and air
traffic

0-50 dB 51-55 dB 56-60 dB 61-65 dB

32 31 25 9
37 31 22 8 2

Corrected memorandum Nachteli ike B:ootsteiling Getuid (Nighl-tinre Exposure to Noise). dated 24-
5-2004; noise maps 100 m resolution
Noise maps 25 m resolution,

66-100 dB

3NBG200 I a

20036

h

Table : Lnight qb of dwellings per noise category. cumulative distribution of road traffic. rail traffic and
air traffic

0-40 dB 41-45 dB 46-50 dB 51-55 dB 56-60 dB 61-100 dB

23 27 30 15 4 1
29 29 26 12 3 1

Corrected memorandum Nuchtctijke Blootste tting Gcluid kNight-time Exposure to Noise). dated 24-

5-2004; noise maps 100 m resolution

Noise maps 25 m resolution

NBG200 I ’
2003b

a

b
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With regard to Lden and bright , we advise adhering to the distributions given for

2003 in Tables 1 and 2 above. These figures are the best estimate we can currently make,

on the basis of the most recent information and modelling.

Explanatory notes

The distributions given above are based on noise maps plotted using RIVM’s EMPARA
model. This model makes use of data files with information on the positions of roads

and railways, from which the associated noise exposures are calculated for grid squares
using standard mathematics techniques. Noise maps for air traffic have also been
obtained from NLR

Since the start of 2004, noise exposures have been calculated for grid squares of 25 by

25 metres (as opposed to the old 100 by 100 metre squares). The finer resolution allows

for more accurate reflection of the spatial variation in sound pressure levels actually
occurring in the vicinity of roads and railways. The updated distribution data therefore

differs from the distribution data published in 2001. but not to a particularly great extent.

The method we have used is described in the Ministry of Housing, Spatial Planning

and the Environment’s publication Naar een Landelijk Beeld \’an \’ersTol'ing (To\t ards a
National Picture of Disturbancel. publication no. 12, 1997. The accumulated noise

exposure includes the values for road traffic, rail traffic and air traffic.

The reliability of the distribution data in Tables 1 and 2 depends not only on the scale

used, but also on the current validity of the traffic data. Hence, it is worth stating that the

data for motorways (obtained from AVV), railways (obtained from ASWIN), provincial
roads (obtained from ERC) and air traffic (obtained from NLR) was updated for the

2004 Environmental Balance (based on the situation in 2003) and are therefore up to
date

The basic data that we used for municipal roads, however, was incomplete and some-

what out of date. To enable us to nevertheless obtain a full picture, we estimated the eur-
rent traffic volumes on the majority of municipal roads using information about road

types and a limited set of data from recent traffic counts. Because the municipal traffic

data is to a large extent not based on recent volumetric figures and takes no account of

features such as screens and quiet asphalt, the calculated noise exposures for a given
location may differ considerably from the values that proper acoustic tests would return.

However, it is assumed that any anomalies will, statistically speaking, balance one
another out, so that the picture for the country as a whole and the associated distribution

pattern constitute a reasonable approximation of the actual situation.
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Address

Fingal County Council
Planning Enforcement
County Hall
Main Street
Swords
Co Dublin
K67 X8Y2

June 28th, 2023

Re: Dublin Airport Northern Runway

Dear Sir/Madam,

Please find attached a copy of a filled out complaint form regarding alleged
Unauthorised Development with respect to the daa and the operation of Night time
flights at Dublin Airport.

We note that the North Runway became operational on August 24th, 2022.

An Bord Pleanala granted planning permission for the North Runway in 2007
(F04A/1 755). Condition 5 of the planning permission states that:

On completion of construction of the runway hereby permitted. the average
nunlber of night time aircraft movements dt the airport shall not exceed
65/night (tktween 2300 hours; and 0700 hours) when measured over the 92
day modelling period as set out in the reply to the further information request
received by An Bord PleaniJa on the 5th day of March, 2007.

Reason: To control the frequency of night nights at the airport so as to protect
residential amenitY having regard to the information submitted concerning
future night time use of the existing pardllel runway.

92 day Summer period
Since August 2022, the average daily number of night-time flights per month has
exceeded 65 for each month. From analysis of the further information requests
during the Oral Hearing in 2006, it is clear that the intention of An Bord Pleanala was
for a 65 movement limit once the North Runway had completed construction.
The daa have stated that the fact that Condition 5 specifies the 92 day Summer
average allows them flexibility not to enforce it until the Summer period. We are now
in this Summer period and the daa continue to ignore Condition 5. Below is the
average daily number of night-time flights per month since the North Runway
opened .There are in excess of 100 flights since June 15th.



AVERAGE DAILY NUMBER OF NIGHT FLIGHTS PER MONTH

bED 22 O 22 V 2 : tO 2N APR 223MAAN22 IPA

To avoid any confusion regarding the wording of Condition 5, below are flights that
occurred over the night of June 25th/26th inside the 92 day summer period.
There were 106 aircraft movements between 23:00 and 07:00.

The list of aircraft and their arrival and departure times are as follows:

4CA280

4CA4EB

4CA217

4CAFD2

4CA4F2

4CA214

4CA5C8

4CA76A

4CA63B

4A4D79

4A1921

4CA814

4CA245

EIN3LG

RYR9SJ

EIN33W

RYR7BW

RYR3KR

EIN34Y

EIN40W

RYR19YK

EIN529

HYS252

FIA711

RYR60YF

RYRICG

El-DEJ

El-DPG

El-DEF

El-GXM

El-DPN

El-DEE

El-DVE

El-EFO

El-FNJ

YR-SKY

YR-FIA

El-EKV

El-DCO

Airbus A320-214

Boeing 737-8AS

Airbus A320-214

Boeing 737-800WL

Boeing 737-8AS

Airbus A320-214

Airbus A320-214

Boeing 737-8AS

Airbus A320-216

Airbus A320-232

Airbus A320-233

Boeing 737-8AS

Boeing 737-8AS

6/25/2023 23:00

6/25/2023 23:02

6/25/2023 23:04

6/25/2023 23:09

6/25/2023 23:11

6/25/2023 23:13

6/25/2023 23:15

6/25/2023 23:18

6/25/2023 23:23

6/25/2023 23:25

6/25/2023 23:26

6/25/2023 23:33

6/25/2023 23:40



4CADFE

4CAC55

4CAC89

4CA251

4CA854

RYR3JM

RYR94GT

RYR47 HR

RYR4W

RYR2WK

EIN4VM

EIN63K

EIN24K

RYR5TC

EIN7VT

EIN497

RYR80RR

RYR3TD

RYR1443

RYR30U E

EIN737

FIA712

RYRIIYP

RYR2BY

RYR9YZ

EIN56V

TAP26T

RYR733K

EIN4RL

TOM71D

RYR52CV

RYR45HY

RYR9PR

TOM2YE

RYR930J

RYR7AN

RYR7EH

RYR275Y

RYR3ZV

EIN799

BCS5QC

6/25/2023 23:42

6/25/2023 23:44

6/25/2023 23:46

6/25/2023 23:50

6/25/2023 23:57

6/26/2023 0:00

6/26/2023 0:10

6/26/2023 0:13

6/26/2023 0:20

6/26/2023 0:22

6/26/2023 0:24

6/26/2023 0:28

6/26/2023 0:31

6/26/2023 0:33

6/26/2023 0:35

6/26/2023 0:38

6/26/2023 0:40

6/26/2023 0:40

6/26/2023 0:42

6/26/2023 0:44

6/26/2023 0:46

6/26/2023 0:53

6/26/2023 0:59

6/26/2023 1:04

6/26/2023 1:14

6/26/2023 1:16

6/26/2023 1:18

6/26/2023 1:22

6/26/2023 1:24

6/26/2023 1:27

6/26/2023 1:32

6/26/2023 1:43

6/26/2023 1:55

6/26/2023 1:58

6/26/2023 2:00

6/26/2023 2:03

El-HGR

El-IFS

El-DCR

El-EML

El-EDS

El-DER

El-DVI

El-HEZ

El-DEG

El-GAM

El-DHP

El-DPV

El-IFR

El-IGY

EC-H DS

YR-FIA

9H-QCU

El-HGO

El-HMY

El-DVM

CS-TPO

El-EVS

El-DEM

9H-G KJ

El-HGX

El-EFC

El-DLF

9H-GKK

El-EKD

El-EFO

El-DPN

El-HMZ

El-IFV

El-DEP

Boeing 737-8200

Boeing 737-8200

Boeing 737-8AS

Boeing 737-8AS

Airbus A320-214

Airbus A320-214

Airbus A320-214

Boeing 737-8200

Airbus A320-214

Airbus A320-214

Boeing 737-8AS

Boeing 737-8AS

Boeing 737-8200

Boeing 737-8200

Boeing 757-256

Airbus A320-233

Boeing 737-8AS

Boeing 737-8200

Boeing 737-8200

Airbus A320-214

Embraer 190-100LR

Boeing 737-8AS

Airbus A320-214

Airbus A320-232

Boeing 737-8200

Boeing 737-8AS

Boeing 737-8AS

Airbus A320-232

Boeing 737-8AS

Boeing 737-8AS

Boeing 737-8AS

Boeing 737-8200

Boeing 737-8200

Airbus A320-214

4CA770

4CA2CB

4CA6C4

4CACIF

4CA215

4CA837

4CA27D

4CA4F8

4CAC88

4CADE4

3412D3

4A1921

4D225B

4CAC53

4CAD64

4CA92D

49520F

4CAA58

4CA293

4D244D

4CADIO

4CA75E

4CA2C3

4D23A4

4CA802

4CA76A

4CA4F2

4CAC86

4CADA4

4CA2C9

4D2317



4CADBF

4CAFB3

4CA15D

4CA27F

4CA281

4CADC4

440BCI

4CA15C

451D99

A48850

4CA614

40087

4CAA4F

4CA5C7

40102

4CABD2

4CA15E

4CABD4

A48850

40106

4CA7D8

40087

4CA9BB

4CA2C3

RYR8ZK

RYR4QA

EIN4GJ

EIN499

EIN5HL

RYR69SB

BCS2882

EIN58R

BCS3TW

UPS248

EIN13K

ETH518

BCS2937

EINI04

ETH574

EIN ITC

EINIMN

EIN13R

UPS248

ETH500

EIN122

ETH518

EINllP

RYR16UU

ETH574

DLH983

AAL724

RYR4KU

RYRIWZ

EIN66V

QTR56X

AFR47GQ

RYR37GR

TOM ITE

RYR62ZZ

KLM68T

El-IGrvl

El-GSG

El-CVB

El-DEK

El-DEI

El-IGG

OE-LND

El-CVC

LZ-CGS

N391UP

El-FNG

ET-ARE

El-STS

El-DUZ

ET-ASH

El-LRF

El-DAA

El-LRH

N391UP

ET-ASL

El-GAI

ET-ARE

El-LRB

El-DLF

ET-ASH

D-AIDC

N775AN

El-IGM

El-DCO

El-CVA

A7-BCR

F-HZUM

El-IGG

9H-GKK

El-IGY

PH-NXJ

Boeing 737-8200 6/26/2023 2:05

6/26/2023 2:07

6/26/2023 2:09

6/26/2023 2:11

6/26/2023 2:20

6/26/2023 2:28

6/26/2023 2:59

6/26/2023 3 :02

6/26/2023 3:58

6/26/2023 4:01

6/26/2023 4:13

6/26/2023 4:23

6/26/2023 4:26

6/26/2023 4:28

6/26/2023 4:45

6/26/2023 4:48

6/26/2023 4:50

6/26/2023 4:53

6/26/2023 5:03

6/26/2023 5:09

6/26/2023 5:11

6/26/2023 5:37

6/26/2023 5:47

2

6/26/2023 5:57

6/26/2023 6:06

6/26/2023 6:08

6/26/2023 6:10

6/26/2023 6:12

6/26/2023 6:13

6/26/2023 6:15

6/26/2023 6:17

6/26/2023 6:19

6/26/2023 6:21

6/26/2023 6:23

6/26/2023 6:24

Boeing 737-800WL

Airbus A320-214

Airbus A320-214

Airbus A320-214

Boeing 737-8

Boeing 757-223SF

Airbus A320-214

Boeing 737-4Q8F

Boeing 767-304ERSF

Airbus A330-302

Boeing 787-8

Boeing 737-48EF

Airbus A330-302

Boeing 787-8

Airbus A321-253NXVLR

Airbus A330-202

Airbus A321-253NXVLR

Boeing 767-304ERSF

Boeing 777-360ER

Airbus A330-302

Boeing 787-8

Airbus A321-253NXVLR

Boeing 737-8AS

40102

3C6483

Boeing 787-8

Airbus A321-231

hhIBNI

4CADBF

4CA245

4CA13D

06AOB6

Boeing 777-223ER

Boeing 737-8200

Boeing 737-8AS

Airbus A320-214

Boeing 787-8

Airbus A220-30039E68C

4CADC4

4D23A4

Boeing 737-8

Airbus A320-232

4CADE4

486493

Boeing 737-8200

Embraer 195-400STD-E2



4CADA4

4CAFB3

ABIOCB

4CA7B5

4CAC86

4CA251

40106

4CA2CA

4CAC84

4CA76A

4CA15C

4CA92D

4CA217

4CA640

4CAA58

4CAD7A

4CACIF

4CA280

4CAC53

4CABD4

4CA854

RYR36LU

RYR6M R

AAL722

RYR23XX

RYR12UY

RYR80CQ

ETH500

EIN23F

RYR22MD

RYR30QZ

EIN59K

EIN40G

EIN60H

EIN45F

RYR952D

EINIGT

RYR30DG

EAI05ED

RYR3CL

EIN2MW

RYR7HF

El-IFV

El-GSG

N812AA

El-EFZ

El-HMZ

El-DCR

ET-ASL

El-DES

El-HGF

El-EFO

El-CVC

El-DVM

El-DEF

El-DVH

El-EVS

El-NSA

El-HEZ

El-DEJ

El-HGO

El-LRH

El-EML

Boeing 737-8200

Boeing 737-800WL

Boeing 787-8

Boeing 737-8AS

Boeing 737-8200

Boeing 737-8AS

Boeing 777-360ER

Airbus A320-214

Boeing 737-8200

Boeing 737-8AS

Airbus A320-214

Airbus A320-214

Airbus A320-214

Airbus A320-214

Boeing 737-8AS

Airbus A320-251N

Boeing 737-8200

Airbus A320-214

Boeing 737-8200

Airbus A321-253NXVLR

Boeing 737-8AS

6/26/2023 6:26

6/26/2023 6:30

6/26/2023 6:30

6/26/2023 6:32

6/26/2023 6:34

6/26/2023 6:35

6/26/2023 6:37

6/26/2023 6:39

6/26/2023 6:41

6/26/2023 6:42

6/26/2023 6:44

6/26/2023 6:45

6/26/2023 6:46

6/26/2023 6:48

6/26/2023 6:49

6/26/2023 6:51

6/26/2023 6:52

6/26/2023 6:54

6/26/2023 6:55

6/26/2023 6:56

6/26/2023 6:58

Condition 5 is one of the two conditions that the daa are actively trying to amend via
their planning application F20A/0668. This application is currently under appeal with
An Bord Pleanala. The planning notice clearly states that it’s the daa’s intention to
replace Condition 5 with a Noise Quota System (NQS).

The accompanying documentation for application F20A/0668 clearly states that the
daa believe that flights will be lost once the North Runway commences operations. In



section 3.2.10 of the revised EIAFt, the daa provide figures for 2022-2025 and the
projected lost passengers:

3.2.10 Table :>1 presents the assessed knpact of the Permitted Scwlario is a cumulative loss over the 4-year
penod 2022-2025 of 6.3m pasengers when compared WIth the Proposed Scenano

Table 3-1 . Annual Traffic Impact Summary (mIllions of passengers)

2022 2023 2024 2025 2022.2025 Total

Prof)oSOd

P8rrrytted

21.0

19.6

26. 7

24.9

30.8

29. 3

32.0

30.4

110.5

104.2

Dlft6r6noe .1 .4 . 1 .8 -1 .6 -1 .6 6.31

SaFC8. Qu8nbftcabon of Impacts on Future Gmwfn, upaato 2022 - 2025 PBntxl rMa a MacDonald, 2021y

The daa predicted a loss of 1 .4m passengers in 2022 due to Conditions 3(d) and 5.
But the daa are currently ignoring Condition 5 and lost no passengers.

So the daa have used Condition 5 to mislead Fingal County Council into granting
them permission for F20A/0668 and yet they are ignoring Condition 5.

The daa have stated in correspondence that they are relying on the advice of the
Commission for Aviation Regulation (CAR) who is responsible for slots at Dublin
Airport, for their non-compliance with Condition 5. The CAR is not the planning
authority, Fingal County Council is.

In a document received via FOI titled ' 20171017_ 388690 - DAA Operating
Restrictions - 2017 report v1 .2 Final_ Redacted.pdf , the daa’s consultants Mott
MacDonald, clearly state that ' Although the night restriction compliance is measured
over the 92 day period, spirit of the restrictions would require night period
scheduling limits to be applied on a year-round basis’.
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As current operations at Dublin Airport breach Condition 5 of planning application
F04A/1755 and of An Bord Pleanala permission PL 06F.217429, we request that
Fingal County Council immediately enforce compliance with the limit of 65 flights at
night. The current operations are putting the health of residents at risk.

Yours Sincerely

Signature

Name



Planning Enforcement Fingal County Council

Complaint Form Regarding Alleged Unauthorised Development

(Please read the notes before completing this form)

1. Address of where the alleged
unauthorised development is
being carried out:

Dublin Airport and surrounding
cornrnunltles

2. Full description of the alleged
unauthorised development:

daa operating greater than 65 flights at
night contravening Condition 5 of the 2007
Planning Permission for the North Runway
(F04A/1 755)

3. Date work/use commenced: 1 2023

4. Name and Address of Property
Owner/Occupier:

Dublin Airport Authority, Fingal, Co Dublin

5. Name and Address of person
carrying out alleged
unauthorised development:

Dublin Airport Authority and airlines arriving
and departing from the airport

6. Name and Address of Developer: Dublin Airport Authority, Fingal, Co Dublin

7. Any other relevant information
regarding the location. previous
use. etc.

Please see additional information above

8. Your name and address (this
information will be kept
confidential)

Name

Address

9. Your telephone number: Phone number

10. your Email address: email



I HAVE READ THE NOTES RELATING TO THIS FORM AND UNDERSTAND THE
IMPLICATIONS OF SAME

Signature: Signed:

Date:

Note: Complaints will not be investigated
unless name and address are given
and the form is signed

PLEASE COMPLETE THIS FORM AND EMAIL TO: planning.enforcement@fingal.ie
OR POST TO ADDRESS BELOW

Fingal County Council
Planning Enforcement
County Hall
Main Street
Swords
Co Dublin
K67 X8Y2
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CE Order Reference P£NF/0133/2023

COMHAIRLE CONTAE FHINE GALL
ENF No

23/100B FTNGAL COUNTY COUNCIL

RECORD OF CHIEF EXECUTIVE’S ORDER

IN THE MATTER OF THE LOCAL GOVEILINIENT ACT 2001 (AS AMENDED)

AND IN THE MATTER OF THE PLANNING AND DE\T:LOPNIENT ACT 2000 {4§, AbIENDED)

SECTION 153 OF THE PLANNING AND DEVELOPMENT ACT 2000_ (AS AMENDEPJ

Section 153 – Decision on Enforcement

SUBJECT
Whether to issue an Enforcement Notice

Lands: Dublin Airport, Co. Dublin

Planning Permission : Planning Authority Reg. Ref No: F04/V 1755
ABP Ref. No: PL 06F.217429

North Runway Permission - Condition 5

Enforcement Complaint: Unauthorised development comprising development carried out in non-
conformity with Condition 5 of the North Runway Permission (Planning

Authority Reg. Ref No: F04A/ 1755 / ABP Ref. No: PL 06F.217429)

\THERE AS Dublin Airport Authority plc (“daa'’) obtained a grant of planning permission, following an

appeal to An Bord Pleanala, for development comprising, inter alia, the development of the North

Runway (''the North Runway Pertnission’- - Planning Authority Reg. Ref No: F04zV1755 / ABP Ref. No:

PI, 06F,217429) - the said grant of permission was subject to 31 Conditions, including Condition 5 which

provides :

“On completion of construction of the runway hereby permitted, the average number of night time

aircraft movements at the airport shall not exceed 65/night (between 2300 hours and 0700 hours)

when measured over the 92 day modelling period as set out in the reply to the further information

request received by An Bord Pleanala on the 5th day of March, 2007.

Reason: To control the frequency of night flights at the airport so as to protect residential amenity

having regard to the information submitted concerning future night time use of the existing parallel

Iunway.
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CE Order Reference PENF/0133/2023

The application documentation, including the EIS and information provided by way of further

information, the Inspector’s Report and the Board Order provide the context to the imposition of

Condition 5;

AND WHEREAS a complaint was received by Fingal County Council (“Me CourrciP’), on 24th March

2023, and subsequent complaints followed, in relation to alleged unauthorised development at the Lands

– being non-compliance/non 40nforndty with Condition 5 of the North Runway Permission (Planning

Authority Reg. Ref No: F04A/1755 / ABP Ref. No: PL 06F.217429) and including an alleged exceedance

over the permitted number of night time aircraft movements;

AND WHEREAS pursuant to s. 152( 1)(a) of the Planning and Development Act 2000 (as amended) C'the

2000 act ’), having considered the said complaint, the Council issued a Warning Letter, dated 25th April

2023, to the dm in respect of the alleged unauthorised development – being alleged non-compliance/non-

conformity with Condition 5 of the North Runway Permission (Planning Authority Reg. Ref No:

F04A/1755 / ABP Ref. No: PL 06F.217429);

AND FURTHER WHERE the daa responded to the said Warning Letter, pursuant to s_152(4)(b) of the

2000 Act, setting out its response to the allegation of unauthorised development by way of

correspondence, dated 23“1 May 2023 – which included support documentation;

AND WHERE, as part of the Council’s investigation into the matter, further information/clarification

was sought from the dm by way of correspondence, dated 9th June 2023 and 15th June 2023, and the daa

responded to same by way of correspondence, dated 14th June 2023 and 19th June 2023 :

HAVING CONSIDERED, inter alia, the complaint received and the responses from the dda, including

supporting documentation (including the aforesaid) and having considered the Council’s Planning Report,

dated 1881 July 2023, together with the Appendices to same, prepared as part of the Council’s investigation

into the alleged unauthorised development and the recommendation therein;

AND NOTING that the Council’s Planning Report, dated 18th July 2023, provides, inter alia: a summary

of the relevant planning history to the Lands – including matters relevant to Condition 5; a summary of

the complaint received per s.152; details on the Warning Letter issued pursuant to s.152; outlines and

considers the various responses/arguments made by daa in response to the said Warning Letter; a response
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CE Order Reference PENF/0133/2023

to the said responses/arguments made by daa; outlines an interpretation of Condition 5 of the Planning

Permission;

AND HAVING NOTED AND CONSIDERED the requirements of section 153 of the 2000 Act,

including inter alia the following provisions which provide, inter alia-.

( 1) As soon as may be after the issue of a warning letter under section 152. the planning authority

shall make such investigation as it considers necessaw to enable it to make a decision on whether

to issue an enforcement notice or make an application under section 160

(3) A planning authority, in decidIng whether to issue an enforcement notice shall consider any

representatIons made to it. . . and any other material considerations.

(7) Where a planning authority establishes, following an investigation under this section that

unauthorised dcvelopment (other than development that is of a trivial or minor nature) has been or

is being carried out and the person who has carried out or is carrying out the development has not

proceeded to remedy ,the position, then the authority shall issue an enforccmcnt notice under section

154 or make an application pursuant to section 160, or shall both issue such a notice and make such

an application, unless there are compelling reasons for not doing so...’'i

RECOMMENDATION of the SENIOR EXECUTIVE PLANNER: Accordingly, in accordance with

section 153(1) of the 2000 Act. havIng considered the proper planning and sustainable development of

the adnrinistrative area of Fingal County Council including the preservation and improvement of the

amenities thereof, and having carried out an investigation such as to enable it to make a decision in

accordance with section 153(1) of the 2000 Act and having considered representations made to it

under section 152(1)(a) and submissions or observations made under section 152(4)(b) and any other

material considerations, I recommend that an enforcement notice issue pursuant to section 154 of the

Planning and Development Act for the following reasons:

• The use of the airport for night-time aircraft movements was, for the reason of protecting

residential amenity, limited by An Bord Piean£la in the consent of the North Runway. Night-time

use of the airport was limited by Condition 5 to levels of activity subndtted by the daa in the course

of the application:
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• Residential amenity is protected by Condition 5 by way of mitigation of an identified significant

impact through the control of the frequency of that impact, to an intensity of use forecast by the

dm at the time of the application to extend the airfield by construction of the North Runway. An

Bord Pleanala confirmed and determined the magnitude of night-time flights acceptable in its

consideration of proper planning and sustainable development. The night-time use was limited in

this manner by An Bord Pleanala to address concerns regarding the cumulative impact of the

proposal in combination with existing development;

• The North Runway has been constructed and became operational on the 24 August 2022. A

scheduling and slot allocation process was undertaken and a summer 2023 operating schedule was

determined and is currently in operation;

• The summer schedule which is being carried out is in breach of the limit applied in Condition 5;

• Taking account of the foregoing, it is therefore concluded that by virtue of the scheduled and actual

operations reported, the frequency of night flights in Dublin Airport is not in conformity with

Condition 5 of the North Runway permission and is for that reason unauthorised development.

The 2000 Act, including s.154(5)(a)(ii) provides that the planning authority can issue an

Enforcement notice to require the daa, to proceed with a development in conformity with

Condition 5 ;

• Unauthorised development is occurring and will continue to occur in non-conformity with

Condition 5 and that unauthorised development is occurring at the Lands and development is not

being carried out in conformity with Condition 5 of the North Runway Permission (Planning

Authority Reg. Ref No: F04A/1755 / ABP Ref. No: PL C}6F.217429);

' The daa has not sought to remedy the said unauthorised development, there are no compelling

reasons for not taking enforcement action, having regard to the nature of the unauthorised

development at issue and the nature of Condition 5, including the reason/puQose of same;

• in circumstances where unauthorised development is occurring and will continue to occur at

Dublin Airport, contrary to Condition 5 of the North Runway Permission (Planning Authority Reg.

Ref No: F04A/1755 / ABP Ref. No: PL 06F.217429) comprising the continued and ongoing

exceedance of the permitted average number of night-time (between 2300 hours and 0700 hours)
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aircraft movements at the airport – being a permitted average of 65 aircraft movements per night

when measured over the 92-day modelling period;

• Noting the nature of the unauthorised development and the evidence presented and matters

discussed in the aforesaid Report dated 18th July 2023 and appendices thereto, it is considered that

a period of 6 weeks for compliance with the terms of the Enforcement Notice is reasonable and

appropriate in the circumstances.

G/ , in .ar)
e Jeili

Senior Executive Planner

ORDER:

The report entitled infbrming a “decision on enforcement“ under Section 153 Qf the Planning and

Development Act :000 (as amended) from the Senior Executive Planner dated the 18lt1 July 2023 and thc

appendices attached thereto have been considered. The findings and recommendations and the reasons set

out therein to issue an enforcement notice pursuant to section 154 of the Planning and Development Act

are hereby ACCEPFED and ADOPTED in this decision.

In accordance with section 1 53(1 ) of the 2000 Act, having considered the proper planning and sustainable

development of the administrative area of Fingal County Council including the preservation and

improvement of the amenities thereof, and having carried out an investigation such as to enable it to make

a decision in accordance with section 153(1) of the 2000 Act and having considered representations made

to it under section 152(1)(a) and submissions or observations made under section 152(4)(b) and any other

material considerations the Planning Authority hereby DECIDES and SO ORDERS that an enforcement

notice issue pursuant to section 154 of the Planning and Development Act for the following reasons:

• The use of the airport for night-time aircraft movements was, for the reason of protecting

residential amenity, limited by An Bord Pleanala in the consent of the North Runway. Night-time

use of the airport was limited by Condition 5 to levels of activity submitted by the daa in the course

of the application;

• Residential amenity is protected by Condition 5 by way of mitigation of an identified significant

impact through the control of the frequency of that impact, to an intensity of use forecast by the
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daz at the time of the application to extend the airfield by construction of the North Runway. An

Bord Pleanila confirmed and deterrrrined the magnitude of night-time flights acceptable in its

consideration of proper planning and sustainable development. The night-time use was limited in

this manner by An Bord Pleanala to address concerns regarding the cumulative impact of the

proposal in combination with existing development;

• The North Runway has been constructed and became operational on the 24 August 2022. A

scheduling and slot allocation process was undertaken and a summer 2023 operating schedule was

determined and is currently in operation;

e The summer schedule which is being carried out is in breach of the limit applied in Condition 5;

• Taking account of the foregoing, it is therefore concluded that by virtue of the scheduled and actual

operations reported, the frequency of night flights in Dublin Airport is not in conformity with

Condition 5 of the North Runway permission and is for that reason unauthorised development.

The 2000 Act, including s.154(5)(a)(ii) provides that the planning authority can issue an

Enforcement notice to require the dm, to proceed with a development in conformity with

Condition 5;

• Unauthorised development is occurring and will continue to occur in non-conformity with

Condition 5 and that unauthorised development is occurring at the Lands and development is not

being carried out in conformity with Condition 5 of the North Runway Permission (Planning

Authority Reg. Ref No: F04A/ 1755 / ABP Ref. No: PL 06F.217429);

' The daa has not sought to remedy the said unauthorised development, there are no compelling

reasons for not taking enforcement action, having regard to the nature of the unauthorised

development at issue and the nature of Condition 5, including the reason/purpose of same;

• In circumstances where unauthorised development is occurring and will continue to occur at

Dublin Airport, contrary to Condition 5 of the North Runway Pennission (Planning Authority Reg.

Ref No: F(HA/1755 / ABP Ref. No: PL 06F.217429) comprising the continued and ongoing

exceedance of the permitted average number of night-time (between 2300 hours and 0700 hours)

aircraft movements at the airport – being a permitted average of 65 aircraft movements per night

when measured over the 92-day modelling period;
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, Noting the nature of the unauthorised development and the evidence presented and matters

discussed in the aforesaid Report dated 18lh July 2023 and appendices thereto, it is considered that

a period of 6 weeks for compliance with the terms of the Enforcement Notice is reasonable and

appropriate in the circumstances.

Apd’rover Malachy Bradley

Senior Planner

eg/67 / zoZ3 Dated

thereunto empowered by order of the Chief Executive, Fingal CountY Council C.E
No 8539 delegating to me all powers, functions and duties in relation to the
Council of the County of F;ngal in respect of thIS matter.
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Fingal County Council

An RobIn um Plean6il agus
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Planning and Strategic
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ENF No: 23/100B

s.r53cE N„ PEhT/O\\3,/2023

S.154 CE No: PENF/D \Bq /2023

CONIHAIRLE CONTAE FHIN E CALL

FINGAL COUNTY COUNCIL

IN TIIE MATTER OF THE LOCAL GOVERNMENT ACT 2001 (AS

AMENDED)
AND IN THE MATTER OF THE PLANNING AND DEVELOPMENT ACT

2000 (AS AMENDED)

ENFORCEMENT NOTICE
Section 154 of the Planning and Development Act 2000 (as amended)

DEVELOPMENT CARRIED OUT IN NON-CONFORMITY WITH A GRANT
OF PLANNING PERMISSION INCI.L'DIiV(] CONDITIONS

daa Public l'imited Company,
Three. The Green.

Dublin Airport Central,
Dublin Airport,
Swords, Co. Dublin K67 X4X5

Re: Lands at Dublin Airport, Co. Dublin (“the Lands”).
Planning Permission for the North Runway - Planning Authority Reg.
Ref No: F04A/1 755 / ABP Ref. No: PL 06F.217429

Condition 5

WHEREAS Fingal County Council (- the C'otlncii’'). being the Planning Authority
for the functional area in which the above mentioned Lands are located, having
considered only the proper planning and sustainable development of the
administrative area of Fingal County Council. including the preservation and
improvement of the amenities thereof. any representations made to the Council under
section 152(1)(a) of the Planning and Development Act 2000 (as amended). any

1 .’3
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FinEd County Calncil
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submissions or observations made under section 152(4)(b) of the Planning and
Development Act 2000 (as amended) and any other material considerations. and
having investigated the matter, has, in accordance with section 153 of the Planning
and Development Act 2000 (as amended) decided to issue this Enforcement Notice.

AND WHEREAS subsequent to the lst day of October 1964 and -wIthin seven years

immediately preceding the date of this Notice, the following development is being
carried out, and will continue to be carried out, in non-conformity with Condition 5 of

the Planning Permission for the North Runway (Planning Authority Reg. Ref No:
F04A/1755 / ABP Ref. No: PL 06F.217429) being the continued and ongoing
exceedance of the permitted average number of night time aircraft movements at the
airport being 65 aircraft movements per night namely between 2300 hours and 0700

hours (when measured over the 92 day modelling period as set out in the reply to the
further ihformation request received by An Bord Pleanala on the 5th day of March,
2007)

AND WHEREAS the reason for Condition 5 was to control the frequency of night

flights at the airport so as to protect residential amenity having regard to the
information submitted concerning future night time use of the existing parallel
runway.

YOU ARE HEREBY REQUIRED, pursuant to section 154 of the Planning and
Development Act 2000 (as amended) within 6 weeks of the date of the service this
Notice to proceed with the development in conformity with Condition 5 of the
Planning Permission for the North Runway (Planning Authority Reg. Ref No:
F04A/1755 / ABP Ref. No: PL 06F.217429) so that the average number of night-time
(between 2300 hourS and 0700 hours) aircraft movements at the airport is 65 aircraft

movements per night or less - when measured over the 92-day modelling period;

AND TAKE NOTICE that you are further required to refund the Council the sum of

€350.00 being the sum of costs and expenses reasonably incurred by it in relation to

the investigation, detection and issue of this Enforcement Notice and any Warning
Letter issued under s.152 of the Planning and D.evelopment Act 2000, as amended,
including costs incurred in respect of the renumeration and other expenses of its

employees. consultants and/or advisors pursuant to s.154(5)(d) of the Planning and
Development Act 2000, as amended.

AND TAKE NOTICE that, if within the period specified above, or within such
extended period (not being more than 6 months) as the Council may allow, the steps
specified in this Notice to be taken are not taken, the Council may, insofar as same is

relevant/applicable to the unauthorised development complained of herein, enter on
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Comhairfe Cont3e Fhine Gall
Fingal County Council

An Roinn um Plean4il agus
Infrastruchtdr Stratt6iseach
Planning and Suategic
Infrastructure Department

B),
Z---–-

the land and take such steps. including the removal, demolition or alteration of any

structure, and may recover any expenses reasonably incurred by them in that behalf.

AND TAKE FURTHER NOTICE that if, within the said period above, or within
such extended period as may be allowed by the Council (not being more than six
months'). the steps in this Notice to be taken by you, have not been so taken, you may

be guilty of an offence.

If the Council decides to prosecute you for non-compliance with this Notice and you
are found guilty of an offence by the Courts, you may be liable on summary

conviction to a fine not exceeding C5,000 and/or imprisonment for a term not
exceeding 6 months or both or on conviction following trial on indictment to a fine

not exceeding €12.697,381 an#or a term of imprisonment not exceeding 2 years or
both

You will further be liable on conviction for the costs and expenses of such
prosecutlon.

Dated :

Signed :

The Z it day at _5&d/_ 2023

#tAZA P1) 2

To whom the

S£3 q
appropriate powers have been delegated by

of the Chief Executive, Fingal County Council

Order of CE

To be Served On: daa Public Limited Company,

Three, The Green,
Dublin Airport Central,
Dublin Airport,
Swords, Co. Dublin K67 X4X5

being the owner and person carrying out the unauthorised development.

3/3



12/23/24, 3:03 PM Mail - Liam O'Gradaigh - Outlook

a Outlook

RE: ENF 24/263 - Dublin Airport 32 Million Cap

From Planning Enforcement <Planning.Enforcement@fingal.ie>
Date Mon 23/1 2/2024 05:14

Dear Sir/Madam,

I wish to inform you that a Warning Letter pursuant to Section 152 of the Planning and Development Act 2000, as

amended, issued on the 17th December 2024, in relation to your complaint regarding the above.
The particulars of the Warning Letter are as follows:

This alleged unauthorised development comprises:

• Exceedance/breach of the 32 million per annum passenger capacity restriction for the year 2024 (January
2024.December 2024) contrary to Condition No. 3 of Planning Permission F06A/1248 (PL 06F.220670)
and Condition No. 2 of Planning Permission of F06A/1843 (PL 06F.223469).

Please be advised that this matter is receiving the full attention of the Planning Enforcement section.

When an update is available to you, you will be notified in writing.

Kind regards,
E. H.

On behalf of
Fearghal McSweeney Administrative Officer Planning & Strategic Infrastructure Department
County Council County Hall Main Street Swords Co. Dublin K67 X8Y2
Ph : (01 ) 8905000
Email: planning.enforcement@fingal.ie

Fingal

Caveun Cor&n
rtWBGla
hIrO Cow+y
(QUKI

This email and any files transmitted with it are confidential and may be legally privileged. It is intended
solely for the addressee. If you are not the intended recipient, any disclosure, copying, distribution or
any action taken or omitted to be taken in reliance on it, is prohibited and may be unlawful. If you
have received this electronic message in error, please notify the sender or itservicedesk@fingal.ie.
Internet communications cannot be guaranteed to be secure or error-free as information could be
intercepted, corrupted, lost, destroyed, arrive late or incomplete. Therefore, we do not accept
responsibility for any errors or omissions that are present in this message, or any attachment, that
have arisen as a result of e-mail transmission. This message has been swept by Anti-Virus software. Ta
an riomhphost seo agus aon chomhad a ghabhann leis faoi ran agus d'fh6adfadh s6 a bheith faoi
phribh16id dhlithli6il. Is ar an seolai amh6in ata s6 dirithe. Mura tCl an faighteoir beartaithe, ta cosc ar
aon nochtadh, c6ipe6il, daileadh, n6 aon ghniomh a dh6anamh n6 a fh6giil ar 16r i dtaca lets an
riomhphost agus d'fh6adfadh sin a bheith midhleathach. Ma ta an riomhphost seo faighte agat tri
dhearmad, cuir an seolt6ir n6 itservicedesk@fingal.ie ar an eolas. Ni f6idir cumarsaid idirlin a ratha a
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12/23/24, 3:03 PM Mail - Liam O'Gradaigh - Outlook

bheith s16n n6 saor 6 earr6idi mar d'fh6adfadh faisn6is a bheith idircheaptha, truaillithe, caillte ,
scriosta, n6 teacht d6anach n6 neamhiom16n . Da bhri sin , ni f6idir linn glacadh le freagracht as aon
earraidi n6 easnaimh at6 sa teachtaireacht seo , n6 aon iat6n , a th6inig chun cinn mar thoradh ar an
tarchur riomhphoist . Ta an teachtaireacht cuardaithe ag bogearrai Frithvireas.
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SUMMARY

Overview

The potential health risks of environmental noise are gaining increasing attention.

With increasing urban populations and changes in urban development, a growing number of
people in Australia are being exposed to environmental noise.

The research literature has grown substantially, providing new insights into how people are being
exposed to noise and potential health risks.

This review intends to inform noise policy and regulation in Australia by evaluating the evidence
of the health effects of environmental noise. It also highlights specific areas for further research.

The review concludes that although the evidence is still emerging, it is sufficient to show that
noise adversely affects health. Actions to reduce environmental noise exposure should be
considered where feasible.

Scope of this review
This review updates and revises a 2004 enHealth Australia report on the non–auditory effects of
environmental noise. It evaluates more than 200 research papers, publications and policies from
January 1994 to March 2014.

It includes a systematic review of international evidence on the influence of environmental noise
on sleep, cardiovascular disease and cognitive outcomes.

For each outcome, the review considers evidence for the relationship between levels of
environmental noise exposure and health outcomes, the influence of different noise sources, and
impact on vulnerable populations.

It considers annoyance as a mediating factor between environmental noise exposure and health
outcomes, rather than a separate factor. The auditory impacts of noise are excluded as most of
these studies are in the context of occupational noise.

Chapter 1 in this document defines noise and common noise measurements, and introduces the
effects of noise on health.

Chapter 2 identifies sources of environmental noise and reviews current Australian regulatory
approaches to managing community exposures. It draws on the European Union’s experience in
implementing its environmental directive. This framework allows for reliable and strategic noise
mapping and action planning and may prove useful in an Australian context.

Chapters 3, 4 and 5 systematically review studies on the effect of noise on sleep disturbance,
cardiovascular disease and cognition.

Chapter 6 includes discussion on the highest quality studies examining these health effects. It
aims to give further guidance to assist regulatory authorities and public health professionals by
providing insight into causal probability, identifying threshold boundaries for health effects and
the magnitude of these effects.

Chapter 7 details the review’s recommendations for policy review and further research, and
actions for state health, environment and planning authorities.

The objectives and methodology for this review are further defined in appendix A.
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Summary of findings
There is sufficient evidence of a causal relationship between environmental noise and both sleep
disturbance and cardiovascular disease to warrant health based limits for residential land uses:

• During the night-time, an evidence based limit of 55 dB(A) at the facade using the L,q,„ight

or similar metric and eight-hour night-time period is suggested .

• During the day-time, an evidence based limit of 60 dB(A) outside measured using the
L,q.d,y, or similar metric and a 16 hour day-time period is suggested.

There is some evidence that environmental noise is associated with poorer cognitive
performance. However findings were mixed and this relationship requires further investigation.

It is plausible that aircraft, rail and road traffic noise have differential effects on sleep quality and
cardiovascular health, but the evidence is not conclusive.

It is possible that health impacts may be greater among certain vulnerable groups, but further
investigation is needed before making conclusions.

Research on the health impacts of environmental noise in the Australian context should be a
priority. There is a particular lack of research on environmental noise exposure and health
impacts in rural areas. Intervention studies examining the effects of change in noise exposure on
changes in population health are also needed.

Key recommendations of this review
This review makes four overarching recommendations for measures to address the health
impacts of environmental noise.
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Recommendation 1: Recognise that environmental noise is a health risk

Policy

• consider this review when developing national environmental noise goals

• include noise as an important environmental health issue for strategic and local planning
at a state and national level

• review the adequacy of existing health guidelines in state and territory legislation

Interventions

• promote awareness of the impacts of environmental noise on health

Information

• inform communities and stakeholders of national and international standards and

guidelines

Recommendation 2: Promote measures to reduce environmental noise and associated
health impacts

Policy

• review consistency of existing legislation across all levels of government

Interventions

• review noise arising from transportation, including noise criteria for areas adjacent to
transport infrastructure

• promote noise mitigation measures such as acoustic barriers or noise insulation in
residential buildings and licensing controls to limit noise impacts

Information

• develop a national environmental noise reduction education program, which could be
supplemented with additional state-specific campaigns
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Recommendation 3: Address environmental noise in planning and development activities

Policy

• include environmental noise in the health impact assessment of proposed developments,
where warranted

• determine baseline environmental noise levels to inform planning actions
(noise mapping)

• review noise control practices and how to further integrate noise control into planning
processes, for all levels of government (with attention to future noise research findings)

• foster national consistency on guidelines to minimise or prevent environmental noise
from developments, limiting noise from major sources, and methods to set noise limits

Interventions

• carry out baseline monitoring of environmental noise levels to ascertain existing ambient
levels across a broad range of populations and land use areas

• apply appropriate controls where noise is known to have an effect

• develop national and state action plans for both the long and short term to integrate
planning and research at all levels of government

• develop guidelines for noise sensitive developments for layout, design and construction
for planning authorities

Information

• develop state information strategies to keep communities informed of advances in
measures to improve noise

Recommendation 4: Foster research to support policymaking and action

Policy

• identify factors giving rise to sensitivity to noise and vulnerability to non-auditory health
effects to inform environmental, plannIng and health policies

Interventions

• conduct a rigorous evaluation of national, state and city population exposures to each
major noise source

•

•

•

support noise mapping projects to determine community noise exposures to each major
noise source that could be used to inform land use planning or burden of disease studies

conduct evaluations of noise reduction schemes on community health

promote further research on the effects of noise on learning performance in children,
sleep disturbance, annoyance and cardiovascular health and mental wellbeing to
establish threshold levels

Information

• translate research findings into useful information for community and relevant
stakeholders
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1 SOUND, NOISE, HEARING AND HEALTH

1.1 Noise, environmental noise and health
Noise can be defined as unwanted sound. Environmental noise, or community noise, is defined
by the World Health Organisation (WHO) as 'noise emitted from all sources except noise at the
industrial workplace’ (Berglund et al., 1999).

The main sources of community noise include: transport (road, rail and air traffic), industries,
construction, public works, and the neighbourhood.

The potential health risks of environmental noise are gaining increasing attention. WHO defines
health as 'a state of complete physical, mental and social wellbeing and not merely the absence
of disease or infirmity’ (WHO, 1946). This broad definition enables us to consider not only the
direct impacts environmental noise has on health, but also its impacts on sleep disturbance,
cognitive effects and annoyance. In 2011, WHO quantified the burden of disease due to
environmental noise exposure. Health end points included cardiovascular disease, cognitive
impairment, sleep disturbance, tinnitus and annoyance. In one example of this, WHO estimates
that at least 1 million healthy life years are lost every year from traffic-related noise in western
Europe (WHO, 201 1 ).

Table 1-1 : Definitions and acronyms

Term Definition

A-weighting i.e. dB(A) A frequency weighting devised to attempt to take into account the fact that
human response to sound is not equally sensitive to all frequencies

Amplitude A measurement of the energy carried by a wave – the greater the amplitude of
the wave, the higher the level of energy carried; for a sound wave, the greater
the amplitude, the louder the sound

Audibility threshold Also known as the absolute threshold of hearing, it is the minimum sound level
across the frequency spectrum that an average ear with normal hearing can
register with no other sound present

Broadband sound When a sound is produced by a broad range of frequencies, it is generally
called broadband (such as sound from a waterfall)

Decibel (dB) A unit of measure used to express the level of sound, calculated as the
logarithmic ratio of sound pressure level against a reference pressure

Environmental noise A term to describe unwanted outdoor noise generated by human activity

Frequency (hertz, Hz) The number of sound waves or cycles passing a given point per second; 1 cycle
per second ; 1 hertz (Hz)

Noise Unwanted sound or an unwanted combination of sounds.

Presbycusis

Sound

Age-related hearing loss. The cumulative effect of ageing on hearing

An energy form that travels from a source in the form of waves or pressure
fluctuations, transmitted through a medium and received by a receiver (e.g.
human ear)

Sound frequency ranges Infrasound <20 Hz

Low-frequency sound 20 – 200 Hz
Mid-frequency sound 200 – 2000 Hz
High-frequency sound 2000 – 20,000 Hz

Sound intensity (1) A measure of the sound power per unit area of a sound wave; alternatively, the
product of the sound pressure and the particle velocity
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Term Definition

Sound power (watt, W) A measure of the sonic energy per unit of time of a sound wave; alternatively
called acoustic power; calculated by the sound intensity times the unit area of
the wave; the total acoustic power emitted in all directions by the source

Sound pressure A measure of the sound power at a given observer location; can be measured at
the specific point by a single microphone or receiver

Sound pressure level
(SPL)

A logarithmic measure of the sound pressure of a sound relative to a reference
value, measured in decibels (dB) above a standard reference level using the
formula SPL = 101oglo[p2/p„f2] where p„t is the reference pressure or 'zero’
reference for airborne sound (20x104 Pascals)

Syscusis

Unspecified noise

Lowering of the threshold of aural discomfort and pain

Noise for which study authors have not specified a frequency range or
decibel level

Vibration Vibration refers to the oscillating movement of any object and can be used to
describe what a person feels

Tinnitus

Tonal sound

The conscious perception of sound in the absence of an external sound

Sound containing audible discrete frequencies

1.2 Basics of noise measurement
In scientific terms, sound is energy that travels from a source in the form of waves or pressure
fluctuations. It is transmitted through a medium and picked up by the human ear or another
receIver

Sound has several important properties:

• level or amplitude (loudness) of sound – the sound pressure level (SPL) relative to a
reference sound pressure level, which is measured in decibels (dB) using a
logarithmic scale

• duration or time period – how sound is distributed over time (continuous, intermittent
or impulsive)

• frequency (pitch) – the number of sound waves or cycles passing a given point per
second; measured in cycles per second (1 cycle per second = 1 hertz (Hz)).

Humans can hear a wide range of sound frequencies, from 20 to 20 000 Hz and over a wide
range of amplitudes, from a whisper to the point of pain.

Noise definitions vary slightly in different countries. In general, noise is classified in three broad
frequency ranges:

• low frequency range: 20 – 200 Hz

• medium frequency range: 200 – 2,000 Hz

• high frequency range: 2,000 – 20,000 Hz.

Frequencies below 20 Hz are infrasonic. As the frequency below 200 Hz faIls to about 16 Hz and
less, the hearing sensation changes to a feeling of pressure.

Low frequency noise is part of urban background noise. Examples include noise from road
vehicle and aircraft emissions, industrial and construction activities, ventilation and air-
conditioning units, and compressors. Low frequency noise also occurs in nature. Examples
include noise from wind or waves at a beach.
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Very high frequencies (above 20,000 Hz) are ultrasonic and cannot be heard by the human ear.

Figure 1-1 gives examples of familiar sounds at their noise level dB(A). It shows that the risk of
hearing loss depends on the noise level and length of exposure.
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Figure 1-1 : Noise levels of familiar sounds and the risk of hearing loss (Australian Hearing,
2014; image adapted by The Sydney Morning Herald, 2011).

Humans hear some frequencies more acutely than others and sound measurements are often
filtered to reflect this sensitivity. The most common example is the 'A-weighting’. This focuses on
the mid and high-range frequencies we hear and has less emphasis on low frequencies to which
our hearing is less sensitive. However, it should be noted that although humans are less
sensitive to low frequencies, that does not mean we should give less emphasis to low
frequencies. Many complaints arise from low-frequency noise.
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As sound is emitted from a source, it spreads in the air and its level decreases as it travels
further. According to the WHO (1990) this attenuatIon is due to several factors:

• the distribution of acoustic energy over a geometrically expanding area with
increasing distance

• sound absorption by the air

• interference with the ground surface

• physical barriers between noise sources and receivers

• meteorological factors such as wind, temperature gradients and humidity.

When interpreting acoustical data, different metrics are often used for different classifications or
types of noise.

A knowledge of sound, noise and human response leads to a selection of noise descriptors,
frequency and time weightings to describe and replicate human responses to sound and its
impact. Table 1-2 lists common descriptors used to quantify the noise environment.

Table 1-2: Common noise descriptors

Descriptor

LAeq,T

Definition

The equivalent continuous A-weighted sound pressure level measured over a period T – that
level of constant noise equivalent to the varying noise levels occurring over a measurement
period T, often termed the energy-average noise level. It is often used to measure road and rai
noise, industrial noise, noise from heating, ventilation and air conditioning and occupational
noise exposure. Time periods can include LA,q,„,ght and LA,q,d,y. Similarly, periods can vary from
1 minute to 24 hours and are recorded as LAeq,1 min and LA,q,24 hr'

Lpeak

(linear)

LAr,T

Used in setting hearing conservation limits for impulsive noise

The time average A-weighted sound pressure level of a sound source during a specified time
interval, plus specified adjustments for tonal and impulsive character of the sound (time
weighting may be 'F’ or 'S’ t)

Ldn Day-night sound leve1 is the equivalent A-weighted sound level during a 24-hour period with a
10 dB weighting appIIed to LA,q during the hours of 1 Opm to 7am to reflect greater annoyance
experienced during night time

Ld," The day-evening-night leve1 is the equivalent A-weighted sound level during a 24-hour period
with a 5 dB weighting for evening and a 10 dB weighting for night. Day is 12 hours, the evening
4 hours and the night 8 hours and is determined over a year

Lnight The night-time noise indicator is the A-weighted long-term average sound level determined over
all the nights of a year and in which the night is 8 hours. The definition of L„ight does not Include
an addition of 1 0 dB

L,,, LAE or
SEL

Sound exposure level of a discrete noise event is the Instantaneous A-weighted sound pressure
level integrated over the duration of the noise event and referenced to a duration of one second.
SEL is used for measuring noise from individual pass-bys of transportation. A cumulative LA,q
over a reference period can be determined from this. SEL is also sometimes used for sleep
disturbance criteria

LAmax The maximum instantaneous sound pressure level measured on 'F’ time weighting or 'S’ time
weighting

* Local regulatory requirements may define varying periods for LA,q,T.

t F and S are defined in relevant Australian Standards.
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Definition

The A-weighted sound pressure leve1 obtained by using 'F' or 'S’ time weighting that is equalled
or exceeded for a percentage of the time interval considered. Common examples are

LAro,T: the A-weighted sound pressure level which is exceeded 10% of the time; T
often used to represent the average of the maximum noise levels during a
measurement period

LA90,T: the A-weighted sound pressure level which is exceeded 90% of the time; T
often used to represent the average of minimum noise levels during a measurement
period or the background noise level in the absence of the noise under investigation

Other noise descriptors are used in some circumstances. This includes N70 (number of aircraft
events >70 dB(A) over any specifIed period), which is used to describe over-flight noise
exposures. The 70 dB(A) sound level is chosen because an aircraft noise event of this, or
louder, magnitude is likely to disturb conversation or interfere with listening to the radio or
television inside a house with an open window

1.3 Tranquillity, quiet areas and potential positive health effects of sound
environments

The absence of unwanted sound (noise) is not necessarily quietness. In fact, natural background
sounds in certain contexts can be seen as enjoyable or wanted. For example: wind rustling in
trees, waves crashing on a beach, waterfalls and birds singing. Some human sounds may also
be comforting, such as the burble of voices or the sound of children playing.

Tranquillity is a term used globally. It is defined as: 'the quality or state of being tranquil;
calmness, serenity, a disposition free from stress or emotion and a state of peace and quiet’. It
can also be defined as: 'a sense of calm or quietude’. It is often understood in terms of
engagement with the natural environment (Jones, 2012).

Related concepts include soundscapes and quiet areas. Soundscape is a complementary
concept to environmental noise management, where sound is seen as a resource to be
managed. Soundscapes focus on sounds of preference rather than sounds that cause
discomfort. The metric is listener-centred rather than an objective-based energy metric.

Quiet areas are referred to in the European Union's Environmental Noise Directive. These are
defined for an urban agglomeration as 'an area which is not exposed to a value of Ld,., or of
another separate indicator greater than a certain value set by the member state, from any noise
source’ (European Union, 2002). This definition of quiet, put more simply, is 'not noisy’. The
directive legislates for the identification and protection of quiet areas throughout the European
Union

The benefits of quiet or tranquil places are not usually considered in terms of health but rather in
ideas of amenity, attractiveness, pleasantness, calmness, restfulness and restoration. While
there are plausible grounds for considering some acoustic environments as conducive to health
benefits, there is a lack of substantive evidence on the issue. This is an emerging field. Aiming to
achieve tranquillity may encourage broader interest in managing the acoustic environment.

1.4 Theoretical models to account for how noise affects human response
Several theoretical models explain the complex relationship between noise and the human
response to it. Some of these models are outlined below. However, a detailed discussion is
outside the scope of this document.

1.4.1 The noise/stress concept and general stress model
The noise/stress concept (Babisch, 2002) considers noise in terms of its physiological response:
a psychosocial stressor that stimulates the sympathetic and endocrine systems. Noise activates
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the hypothalamo-pituitary-adrenal axis and the sympathetic-adrenal-medullary axis producing
catecholamines and steroid hormones that affect metabolism. Changes in adrenalin,
noradrenalin and cortisol levels are frequently observed in acute and chronic noise experiments.

According to the general stress model, neuroendocrine arousal suppresses the immune system,
influences the metabolic state of the organism, and acts as a mediator along the pathway from
the perceived sound to the stress-related disease. Some established risk factors may be
affected. For example, risk factors for ischemic heart disease, including blood lipids, glucose
level, haemodynamic and haemostatic factors, can be elevated by neuroendocrine arousal
(Babisch, 2002).

1.4.2 Theory of the four primary interferences
In this theory, Miedema (2007) proposes four primary interferences caused by environmental
noise, which may be accompanied by acute stress responses. These primary effects can lead to
long-term effects, and chronic stress is proposed to play an important role.

Sound masking route (communication disturbance)
Sound masking reduces speech comprehension, which may limit speech and human interaction
in noisier environments.

Attention route (concentration disturbance)
Attention involves selection of elements such as visual impressions, acoustical impressions or
mental representations and selecting, ending or redirecting attention to each. Attention can be
focused, or it may be divided over more elements. Noise can negatively affect processes
requiring attention.

Arousal route (sleep disturbance)
Higher levels of arousal lower the probability of falling asleep or continuing sleep. Because of its
arousal potential, sound can prevent a person falling asleep, affect sleep quality and cause
awakening .

Affective–emotional route (fear and anger)
Many sounds are neutral. However, some types of noise can cause affective–emotional
responses. Examples include fear and anger.

1.4.3 Effect modifiers
Other factors considered include social and psychological effect modifiers. There is a growing
body of literature on the psychological and psychosocial modifiers of annoyance and
dissatisfaction due to noise (Guski, 1999; Hatfield et al., 2001; Kroesen et al., 2010; Nitschke et
al., 2014; Schreckenberg et al., 2010).

Annoyance
Annoyance is defined as 'a feeling of displeasure associated with any agent or condition, known
or believed by any individual or group to adversely affect them’ (Berglund et al. 1999). Noise
annoyance is a feeling of resentment, displeasure, discomfort, dissatisfaction or offence caused
by noise interference. It is a well-established construct in the study of environmental noise and is
considered an important end point for measuring the impact of noise in exposed populations.



However, its relationship with health remains uncertain. In Australia annoyance is often
considered an issue of amenity. But it forms an important part of the regulatory framework
for noise.

It is not yet possible to predict noise annoyance on an individual level, given the many
exogenous and endogenous factors that affect it. However, relationships between noise
exposure and annoyance can be understood together with several effect-modifying factors. To
assess noise-induced annoyance at the population level, a standardised questionnaire can be
used. The percentage of respondents who report being highly annoyed can then be used as a
prevalence indicator for annoyance in the population (WHO, 2011 ).

Several theoretical models, including those described above (Babisch, 2002; Miedema, 2007)
consider annoyance on a causal pathway to health effects such as stress, cardiovascular effects
and sleep disturbance.

1.5 Effects of environmental noise on health and related outcomes
Early research on the health effects of noise is from research into occupational health, and
subsequently environmental health, in the 1960s and 1970s in Scandinavia, Europe and the US,
as well as Australia. Environmental noise has become an increasingly important issue and many
more studies on the health effects of noise have been done over the past few decades. The
focus of these studies has shifted from the effect of noise on hearing and cardiovascular health
to its broader effect on wellbeing, quality of life and amenity.

While environmental noise is generally recognised as a problem, the extent to which noise
adversely affects health, particularly where subjective measures are used, is the subject of
continued discussion. This section provides a brief overview of the effects of noise on health.

1.5.1 Effects on hearing
A person who is not able to hear as well as someone with normal hearing (hearing thresholds of
greater than 25 dB in both ears) is said to have hearing loss. Around 2.1 million Australians are
affected by complete or partial hearing loss (ABS, 2012).

Prevalence of hearing loss is age related: less than 1 per cent of people under the age of 15 are
affected by hearing loss, while three in every four people over the age of 70 are affected. In
about one-third of people with hearing loss, exposure to excessive noise was reported to be at
least partially responsible.

The most common sources of noise injury are workplace noise and recreational noise (Wilson,
1998). Further consideration of exposure to occupational or recreational noise-induced hearing
loss is outside the scope of this document.

1.5.2 Effects on health and human response other than hearing loss

Sleep
Sleep is essential for human function. A good night’s sleep is also considered essential for
quality of life. Sleep disturbance is a common complaint of noise-exposed populations and has
the potential to affect health and quality of life.

Sleep parameters can be measured in terms of immediate effects, after-effects and long-term
effects. Immediate effects include arousal, sleep stage changes, awakenings, body movements,
total wake time and autonomic responses. After-effects include sleepiness, daytime performance
and cognitive deterioration. Long-term effects include self-reported chronic sleep disturbance.
Chapter 3 addresses noise and sleep disturbance.
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Cardiovascular disease
Cardiovascular disease includes ischaemic heart disease, myocardial infarction, hypertension
(high blood pressure) and stroke. The number of epidemiological studies on the association
between exposure to road traffic and aircraft noise and hypertension and ischaemic heart
disease has increased in recent years. Very few studies have investigated the cardiovascular
effects of exposure to rail noise (WHO, 2011 ). Chapter 4 addresses noise and cardiovascular
disease

Cognitive performance
Most observational studies examining cognitive performance are done in children, with
experimental studies often involving young adults. Few studies investigate the effects of
environmental noise on older adults.

Outcomes investigated include attention, memory, reading comprehension and
mathematical tasks.

Chapter 5 addresses noise and cognition.

1.5.3 Other reported health effects and outcomes

Mental health
Environmental noise is not believed to be a direct cause of mental illness, but it is thought to
accelerate and intensify the development of latent mental disorders (Berglund et al., 1999).

The effect of noise is complicated. Research suggests that poor psychological health is
associated with greater annoyance responses. Studies in adults have found that noise exposure
relates to an increase in reported psychological symptoms such as anxiety and depression,
rather than to clinically diagnosable psychiatric disorders.

Overall, evidence suggests that in adults and children, noise exposure is unlikely to be
associated with serious psychological illness. However, there may be effects on wellbeing and
quality of life (Clark and Stansfield, 2007).

Birth outcomes

Ristovska et al. (2014) conducted a systematic review looking at the association between
exposure to noise and birth outcomes. The evidence suggests an adverse effect on birth weight.
Only a small number of studies have looked at other reproductive outcomes, and no clear links
have yet been established.

Vulnerable groups
Particular sub-groups of the population are more vulnerable to experiencing annoyance or
adverse health effects from noise.

Vulnerable groups include people with particular diseases or medical problems; people in
hospital or rehabilitating at home; people dealing with complex cognitive tasks; those who have a
visual or hearing impairment; babies and children; and the elderly.

These groups should be considered when recommending noise regulation or protection,
including types of noise effects and specific environment and lifestyle factors (Berglund et al.,
1999)



2 NoISE EXPOSURE AND REGULATORY APPROACHES IN

AUSTRALIA

This chapter examines the noise environment in Australia. While most of Europe has been able
to build a picture of the types and extent of noise exposure across the continent, a lack of
systematic data for the Australian context makes understanding and quantifying our noise
environment difficult.

In the absence of information that reliably and systematically maps noise exposure and affected
populations, researchers use modelled or measured information from significant sources such as
aircraft and road traffic.

Complaints information and social surveys may provide some insight into the impact noise
has on communities and individuals. These may or may not be typical of how the general
population responds.

Both types of information are useful. Modelled and measured data provides an objective
measure of noise levels. Complaints and social surveys provide further insight into people’s
subjective or physical responses to noise. However, complaints data does not always correspond
to areas with the highest recorded noise levels. This underscores the subjective nature of noise
and suggests other factors such as habituation are important.

The availability of different types of noise data varies, and information is available for some
jurisdictions but not others. For example, Airservices Australia provides online summaries of
noise monitoring data from major airports that are updated quarterly. Information on road and rail
traffic may be available for major developments but obtaining this data is togistically difficult. This
information and other data are needed if we are to build a picture of noise exposure across
Australia (Airservices Australia, 2015a, b).

This chapter describes some of the common environmental noise sources and provides
examples of the types of data available. It summarises the regulatory response to major sources
and examines noise mapping in the European context under European Noise Directive (END)
2002/49/EC relating to the assessment and management of environmental noise (European
Union, 2002).

A significant portion of this chapter focuses on road, aircraft and rail noise, which are
characterised by lower, intermittent and higher frequencies respectively. Most research is done
on road, aircraft and rail noise because their characteristics are similar to other noises.

2.1 Sources of noise exposure

2.1.1 Road traffic noise

Road traffic noise is mainly generated from the engine and from frictional contact between the
wheels, the ground and the air. Road contact noise exceeds engine noise at speeds higher than
35km/hour. However, the physical principle responsible for generating noise from contact
between the tyre and the road is less well understood (Berglund et al., 1999). It is estimated that
more than 70 per cent of environmental noise (unwanted sound) in urban Australia is due to road
traffic (Marquez et al., 2005).

Noise levels from traffic can be predicted from the traffic flow rate, the speed of the vehicle, the
proportion of heavy vehicles, and the nature of the road surface. Vehicle noise is related to traffic
speed. As speed-changing traffic is noisier than steady traffic, congestion may add to noise.
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Congestion typically reduces traffic noise due to lower vehicle speeds. An indirect consequence
of congestion is an increase in night-time freight as freight operators, encouraged by government
agencies, try to avoid daytime congestion. Noise from heavy truck exhaust and gear changes as
well as engine noise and braking, is a particular problem. Rising traffic levels and growing freight
movements lead to increasing violations of transport noise level guidelines (Marquez et al., ZI>5).

In highly urbanised Australia, the population exposed to noise is mostly concentrated in
metropolitan areas (Brown and Bullen, 2003). Most noise impacts of traffic occur when people
are in their homes. Estimating community exposure requires estimating the levels of road traffic
noise at the facades of dwellings in Australian cities.

A survey of road traffic noise in five capital cities by Brown and Bullen (2003) shows the
proportion of dwellings affected by road traffic noise. The study was done in 1997–98. At the
time, it provided the best available estimate of road traffic noise exposure in urban Australia. The
study drew a random sample of dwellings from the urban centres in each capital and estimated
road traffic noise exposure at each dwelling.

The results show that 8 to 20 per cent of dwellings are exposed to LAlo.18h levels above 63 dB
and 5 to 1 1 per cent above LAlo,18h 68 dB. LAlo is the noise level exceeded for 10 per cent of the
measurement period. LAlo,18h is the average of LAlo noise levels from 6am to midnight.

Sydney was significantly different to the other cities with a higher proportion of dwellings subject
to external noise between LAlo,18h, 60 and 70 dB. The study suggested this might be due to a
different pattern of road use and Sydney’s physical location.

Figure 2-1 shows an estimate of the proportion of dwellings in the urban centres of Sydney,
Melbourne, Brisbane, Perth and Adelaide where calculated traffic noise exceeds values on the
LAlo.18h scale.
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Figure 2-1 : Cumulative noise exposure of dwellings in Australian capital cities, LAlo,18h

(Adapted from Brown and Bullen 2003)
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Since that survey, vehicle fleet mix has changed. The ABS Motor Vehicle Census (2014) shows
a slight decrease in the proportion of passenger vehicles in Australia with these accounting for
about 75.4 per cent of all registered vehicles in 2014 as opposed to about 80 per cent in 1999.
This has been offset by a rise in the proportion of light commercial vehicles, heavy rigid trucks,
buses and motorcycles in each jurisdiction. The total number of vehicles increased from about
12.3 million in 1999 to about 17.6 million in 2014. The passenger vehicle fleet rose from about
9.7 million to about 13.3 million in the same period.

These changes will have an impact on the noise environment and the characteristics of the noise
experienced. A noise measurement survey by Victoria’s Environment Protection Authority (EPA)
compared noise measurements in 2007 with data collected in 1978 (EPA Victoria, 2007). It
measured noise levels at 50 sites across the inner, middle and outer suburbs of Melbourne and
showed that despite the growth in traffic volumes, noise levels across Melbourne were similar to
those in 1978 (Figure 2-2). This graph depicts noise levels in terms of the LA,q,1h.„.

These results suggest that while traffic volumes have grown and the mix has changed, quieter
vehicles and other factors may be offsetting any rise in noise. Examples include improvements in
road surface and better policies for new and upgraded roads. However, increasing residential
densities along major urban roads means a greater percentage of the population is likely to be
exposed to higher traffic noise.
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Figure 2-2: Average noise levels for each hour on weekdays for 1978 and 2007 in Melbourne
(Adapted from EPA Victoria, 2007)

Following EPA Victoria’s noise measurements in 2007, WSP Acoustics did environmental noise
modelling for the authority on the greater Melbourne area in 2013. It provided estimates of the
population exposed to a range of noise levels. Using Sound PLAN, it constructed a three
dimensional representation of the environment of greater Melbourne. This provided noise maps
to visualise noise exposure. These maps can inform EPA Victoria’s input into activities such as
land use planning, transport planning and design standards that change the community’s
exposure to noise. Modelling for each scenario considered ground contours, road and traffic
data, locations of sensitive receptors, noise barriers and other inputs affecting the road traffic
noise environment (WSP, 2014).
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Mitigation of road traffic noise
Noise mitigation of road traffic tends to focus on controlling noise at the source, between the
source and the receiver (noise pathway), and at the receiver location. Effective noise
management may use a combination of mitigation techniques to reduce noise. Effectiveness is
the degree of reduction achieved and perceptions of change in the noise environment. It also
includes practical considerations such as feasibility of construction and if these measures are
reasonable.

Noise mitigation techniques include vehicle noise control (Department of Infrastructure and
Regional Development, Australian Design Rules) and controlling traffic (reducing volumes,
controlling speed or decreasing flow).

Construction techniques include road alignments (vertical and horizontal), low noise road
surfaces and noise barriers (NSW Environment Protection Authority Road Noise Policy, 2011 ).

Urban planning controls and acoustic insulation for new buildings next to busy roads are also
used to reduce noise (Australian Building Codes Board and some state planning departments).

The results of these different options vary.

Controlling vehicle noise and traffic can reduce noise by 1 to 5 dB(A).

Noise barriers can cut up to a 10 dB(A) although effectiveness depends on barrier height, length,
material density and distance from noise source. However, barriers can only be fitted along no-
access roadways and many urban roadways have road frontages from properties. Extra height in
barriers can reduce noise further, although these are restricted by structural elements and
aesthetics. Retrofitting noise walls to existing roads is expensive (Austroads, 2005).

2.1.2 Aircraft noise
Aircraft operations generate substantial noise, exposure to which is concentrated around
airports. Take-off produces intense noise, including vibration and rattle, while landings generate
noise in long low-altitude flight corridors. For the most part, larger and heavier aircraft are
responsible for more noise than lighter aircraft (Berglund et al., 1999).

In older, turbojet-powered aircraft, the main mechanism of noise generation was turbulence
created by the jet exhaust mixing with surrounding air. In more modern aircraft this noise source
is significantly reduced by using high by-pass ratIo turbo-fan engines that surround the high
velocity jet exhaust with lower velocity airflow generated by the fan. Noise can also be generated
by the fan itself, particularly during landing and taxiing. Multi-bladed turbo prop engines can
produce relatively high levels of tonal noise (Berglund et al., 1999).

The overall sound pressure levels from airports can be determined from the number and types of
aircraft, their flight paths, the proportions of take-offs and landings, and the atmospheric
conditions. Airports hosting helicopters or smaller aircraft used for private business, flight training
and leisure purposes may also contribute to significant noise associated with flight paths.

Over the past three decades, Australia has seen a substantial increase in aircraft numbers and
movements. Kingsford Smith airport in Sydney has experienced the greatest growth in flight
movements (BITRE, 2014). This increase, seen in Figure 2-3, has resulted in continued
exposure to aircraft noise, particularly on communities close to airports and underneath flight
paths. This is despite reduced noise emissions from newer types of aircraft.
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Figure 2-3: Aircraft movements at Australian airports 1985-2013 (Data sourced from Bureau of
Infrastructure, Transport and Regional Economics (BITRE) 2014a)

Australian Noise Exposure Forecast
Information about aircraft noise in Australia is provided through the Australian Noise Exposure
Forecast (ANEF). This forecast system is based on findings from a major socio-acoustic survey
done near several Australian airports (Hede et al., 1982).

The study shows that a weighting period from 7pm to 7am gives the best correlation between
noise dose and community reaction. The contours relate to the total noise energy received by
locations on the ground near an airport on an annual average day. They show predicted future
aircraft noise levels.

While ANEF is an effective land use planning tool, it does not convey information about the
actual aircraft noise levels experienced at a given location. This means other noise descriptors
are often used as supplements to ANEF contours.

ANEF is the officially endorsed chart for an aerodrome.

N contours
N contours are designed to supplement ANEF and better describe aircraft noise levels to the
public. They were developed by the Commonwealth Department of Infrastructure and Transport
in consultation with industry and the community. N contours measure the number of noise events
per day exceeding 60, 65 or 70 dB (see Table 2-1 ) and show the expected noise levels in a
particular area (Department of Transport and Regional Services, 2000).
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Table 2-1 : Description of N contours

N contour

N60

N65

N70

Night contours

Definition

Number of events exceeding 60 decibels per day

Number of events exceeding 65 decibels per day

Number of events exceeding 70 decibels per day

For example: 6 or more events exceeding 60 decibels per day

Australian Noise Exposure Index
The Australian Noise Exposure Index (ANEI) is similar to ANEF but based on historical data,
where flight paths and aircraft movements are known rather than forecast. It uses an integrated
noise model comprising data for the flight path, aircraft type, runway used and time of day
(weighted for 7pm to 7am).

ANEI contours are plotted on a map using geographic information systems (GIS) software. The
contours are consistent with flight tracks and aircraft operations for the period.

Figure 24 shows ANEI contours for Sydney airport. The population beneath the ANEI contours
is estimated using the latest census data and suburb boundary information.

The Australian Noise Exposure Concept (ANEC) is an illustration of aircraft noise exposure at a
site, using data that may bear no relationship to actual or future situations.
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Figure 24: ANEI contours for Sydney Airport, January to March 2014 (Airservices Australia
2015)

Aircraft noise monitoring
Noise monitoring is done at major airports including Adelaide, Brisbane, Cairns, Canberra, Gold
Coast, Melbourne, Perth and Sydney. Information includes the identity, flight path and altitude of
each aircraft operating to and from the airport, and the noise levels produced by individual
aircraft. The information is collected for each 24-hour period per week by fixed noise monitors or
environmental monitoring units along the flight path.

This data can be used in several ways to show average noise during a period, background noise
levels or the number of noise events over a certain threshold.
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Airservices Australia provides online summaries of noise monitoring data from major airports that
are updated quarterly (Airservices Australia, 2018a). It also displays historical and near real-time
noise data from each monitoring unit in WebTrak (Airservices Australia, 2018b).

Mitigation of aircraft noise
Aircraft operating in Australia are required to adhere to noise standards set out by the
International Civil Aviation Organisation in Annex 76 – Environmental Protection , Volume / –
Aircraft Noise to the Convention on International Civil Aviation (ICAO, 2008).

Some airlines seek to reduce noise by buying quieter aircraft or organising their fleet so quieter
aircraft fly at sensitive times. Airlines can also take a continuous descent approach, using
technology to glide into the airport in one smooth descent.

Airports and airlines work together to minimise noise exposure during night hours. This includes
procedures such as preferred runways and flight paths and reducing engine thrust when safe to
do so (Airservices Australia and Australian Airports Association).

Curfews attempt to balance airport commercial operations and safety requirements with the need
to reduce night-time aircraft noise. They do not stop all aircraft movements, but they limit take-
offs and landings by restricting the type of aircraft that can operate, the runways they can use
and the number of flights. Curfews usually operate from 11 pm to 6am, with most commercial
aircraft prohibited from flying during that time. The exceptions to this are shoulder movements,
which occur from 5am to 6am and 11 pm to midnight. These are permitted on a quota basis to
account for differences during the northern hemisphere’s summer, which affects flying schedules
(Airservices Australia and Australian Airports Association). Curfews are in place at Sydney,
Adelaide, Coolangatta and Essendon airports (Department of Infrastructure and Regional
Development, 2016).

2.1.3 Rail noise
Rail noise depends on many factors, including the speed at which the train is travelling. Noise
characteristics vary depending on the type of engine, wagons, the rails and their foundations, as
well as the roughness of the wheels and the rail. Small radius curves in the track can lead to very
high frequency sound, often called 'wheel squeal’. Noise is also generated by running engines,
whistles and loudspeakers, and shunting operations in marshalling yards.

High-speed trains have been associated with sudden, but not impulsive, rises in noise. At speeds
greater than 250 km/hour, the proportion of high frequency sound energy increases with the
sound similar to an overflying jet aircraft (Berglund et al., 1999).

The Cooperative Research Centre (CRC) for Rail Innovation (CRC for Rail Innovation, 2011 )
classifies rail noise as:

1.

2

3.

4.

5

Rolling noise: the vertical excitation of the rail and wheel generated by variations or
roughness of the wheel or the rail surfaces

Impact noise: the result of discontinuities in the running surfaces of the rail and wheel

Traction noise: generated by power units of any kind including diesel or electrical
power sources. It covers possible mechanisms associated with the function of
converting the supply energy to mechanical work

Friction braking noise: generated by the interaction between the friction material and
the rotating element. In some cases this is seen as a subset of traction noise

Curving noise: caused by friction induced self-excitation of the wheel and rail in the
lateral direction on low radius curves, including flanging noise and curve squeal noise
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6. Aerodynamic noise: caused by disturbance of air flow over the train, becoming
significant at high speeds (greater than 20 C)km/hour)

7. Other noise sources: including wagon 'bunching’, coupler noise, warning signals,
communication systems noise, stabling and yard noise, maintenance noise, and
internal noise such as air conditioning and gangway noise.

Growth in rail sector
The use of rail freight (rolling stock or fleet) is expected to grow 1 .9 times the 2010 level by 2030
(BITRE, 2014b) .

Rail is competitive for long distance non-bulk freight, such as from Sydney to Perth. This
expanded use of rail for freight may increase noise in metropolitan areas and in rural areas that
have not been previously affected .

Figure 2-5 shows the increase in sending freight by road and rail to 2013, with rail freight set to
increase significantly (BITRE, 2014c).
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Figure 2-5: Domestic freight transport activity by mode (Adapted from BITRE 2014c)
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Growth of passenger rail
Rail passenger transport is not expected to increase as much as freight, due to the dominance of
private cars. Very high speed trains have been proposed to connect Brisbane, Sydney and
Melbourne, with the first link between Sydney and Canberra operational by 2035 (Department of
Infrastructure and Regional Development, 2013). If high-speed rail is a genuine possibility in
Australia, its health impact should be considered now.

Proportion of the population exposed to rail noise
Estimates from Europe indicate the noise contribution from railways is around 10 per cent of the
total noise burden from both roads and railways (EPA, 2014). There are no estimates for
Australia, but an example of rail noise exposure is shown below.

In 2002 the former NSW Rail Infrastructure Corporation undertook modelling work on five priority
lines in the Sydney metropolitan rail network. The percentage of receivers (people) exposed to
different noise levels are shown for two of these train lines in Figure 2-6. With increasing urban
density and the development of new passenger and freight lines, the number of people exposed
will have steadily increased.
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Figure 2-6: Percentage of receivers exposed to various noise categories along two major
railway lines in Sydney

Mitigation of rail noise
Several European studies confirm that measures to reduce noise at the source are more cost
effective than constructing noise barriers. Mitigation strategies tend to follow those outlined for
road traffic noise. This may be problematic for rail upgrades, as source control measures usually
provide only a small decrease in noise levels and may take significant time to be installed.

Examples of types of mitigation include: minimisation of wheel and rail roughness (for example
regular wheel and rail grinding); reduction of wheel and rail acoustical radiation; track lubrication
to reduce squeal on curves; and lessening of sound propagation using rail screens, barriers and
vehicle skirts.
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Appropriate combinations of measures applied to wheel and track design can reduce noise by
more than 10 dB(A) LA,q. However, this requires a coordinated approach between rolling stock
operators and infrastructure owners. This can prove challenging in many contexts, particularly
where responsibility for vehicles and track are segregated (CRC for Rail Innovation, 2011 ).

2.1.4 Industrial noise and other fixed noise sources

Noise from mechanised industry creates problems both for indoor and outdoor settings. The
noise is generally due to machinery and often increases with the power of the machines. The
noise generated by machinery may contain mainly low or high frequencies, tonal components, be
impulsive or have unpleasant and disruptive temporal sound patterns. Rotating and reciprocating
machines produce sound that includes tonal components.

Air-moving equipment tends to create noise with a wide frequency range. Components or gas
flows that move at high speed result in high sound pressure levels (Berglund et al., 1999).
Examples include fans and steam pressure relief valves, as well as operations involving
mechanical impacts, such as stamping, riveting and road breaking.

Fixed sources of industrial and other noise include: extractive industries – oil, gas and mining,
manufacturing, construction, agriculture, miIItary and power generation.

The National Health and Medical Research Council (NHMRC) has investigated the evidence on
wind farms and human health and concluded there is no consistent evidence that wind farms

cause adverse health effects in humans. Given the poor quality of current direct evidence and
the concern expressed by some community members, high quality research into possible health
effects of wind farms, particularly within 1500 metres, is warranted (NHMRC, 2015).

2.2 Social surveys of noise annoyance

South Australia noise perception and quality of life survey (2014)
In South Australia, a representative state-based survey interviewed 3015 people using a
standardised noise annoyance survey tool (Nitschke et al., 2014). Noise from road transport was
reported as a source of annoyance (little to extreme) by the highest proportion of respondents
(27.7 per cent), followed by noise from neighbours (22 per cent), construction noise (10.0 per
cent), air conditioner noise (5.8 per cent), rail transport noise (4.7 per cent) and industrial noise
(3.9 per cent).

The survey indicated that 25.1 per cent of people surveyed lived less than 50 metres from a
major road in South Australia. When the results were extrapolated to the state population, 6.9 per
cent of people were estimated as being highly annoyed by noise from at least one source.

Perth community noise survey (2011)
The West Australian Department of Environment and Conservation (DEC) undertook a survey in
2011 to evaluate community attitudes to and experience of local noise. A stratified random
sample of 410 respondents from the greater Perth area was surveyed. Of the respondents, 30.2
per cent considered noise a problem in their area, with 12.7 per cent considering noise a
significant problem, and 5.6 per cent considering it to be a major problem (DEC, 2011).

Victoria noise survey (2007)
A social survey of 1213 respondents by Environment Protection Authority Victoria was done in
2006 to understand the impact of noise on the community. It found that almost half of all
Victorians (49 per cent) had been disturbed or annoyed by environmental noise at some stage in
the preceding 12 months (EPA Victoria, 2007).
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2.3 Relevance of urban and built form, climate and behaviour to noise
exposure

The urban population of Australia accounts for about 70 per cent of the total population (ABS,
2014). Concerns about the growth of larger cities have placed more focus on urban design and
planning in the past five years, with most state governments producing strategic plans for their
capital cities. These include policies to minimise outer suburban sprawl and encourage higher
density residential development around major activity centres and routes served by public
transport. Policies to abate the problem of increases in external noise have also been put forward
by public and private sector agencies.

The main responses to reduce noise are through building design, public engineering works and
land use planning. Examples of good architectural design of buildings to reduce noise include
orientation of buildings and habitable rooms away from the noise source. Examples of public
engineering works include barriers and landscaping close to roads and railways as well as
quieter roads and railways. Examples of land use planning approaches include separating noisy
transport routes from noise sensitive areas, managing traffic and reducing speed, and restricting
the slope of roads and curves in railway tracks to decrease noise.

In NSW the State Environment Planning Policy (Infrastructure) 2007 sets out specific planning
provisions and controls for developments in rail corridors and near busy roads.

Legislated planning mechanisms are important at the earliest stage of the development, such as
at the zoning, subdivision or initial development design stages. This helps manage the potential
for land use conflict around noise before construction starts.

For residential dwellings near noise sources, the effectiveness of exposed fagades in attenuating
noise is another important factor. The simplest types of facades reduce sound by about 1 5 dB(A)
from outside to inside when the windows are closed. Double brick walls generally provide
adequate noise reduction. Weatherboard walls can be upgraded with in-cavity insulation,
although the effectiveness is relatively small. Insulation of roofs is also important, particularly in
areas where aircraft noise is an issue.

Due to their lightweight construction, windows are generally the weakest point in the sound
propagation path. Single and double window glazing can reduce noise by up to 30 and 35 dB(A)
when closed. However, when windows are slightly open, outside sound levels are reduced only
by 10 to 15 dB(A). This is particularly important as many Australians prefer their windows slightly
open at night for ventilation. In Western Australia state planning policies recommend fans or air
conditioning in conjunction with upgraded glazing to ensure adequate ventilation when windows
are closed to exclude noise.
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2.4 Regulatory approaches and mechanisms to limit exposure

2.4.1 Road traffic noise
The Australian Design Rules for motor vehicles are national standards for safety, anti-theft and
emissions. They are generally performance based and cover issues such as occupant protection,
structures, lighting, noise, engine exhaust emissions, braking and other items. Under the Motor
Vehicle Standards Act 1989, four rules apply to noise from vehicles. These define the limits on
external noise generated from cars, trucks, buses, motor cycles and mopeds (Department of
Infrastructure and Regional Development, Australian Design Rules). Similarly, state-based road
rules prohibit driving in a way that makes unnecessary noise. An example includes Victorian
Road Safety Rule 291 that states: “a person must not start a vehicle, or drive a vehicle, in a way
that makes unnecessary noise or smoke”.

Noise from engine brakes is the greatest source of community complaint against the heavy
vehicle industry. In November 2007, Australian transport ministers unanimously approved a
regulatory proposal and model law for an in-service engine brake noise standard and testing
procedure for heavy vehicles. The standard would provide an objective enforcement approach
that defines a limit on the noise emitted from an engine brake. However, this has not yet been
implemented across the states and territories due to technical and operational issues (National
Transport Commission, 2013). State-based vehicle standards put limits on noise from in-service
noise but these are often less stringent than Australian Design Rules.

Traffic restrictions and traffic calming measures have generally reduced traffic noise due to
changes in: traffic volume and composition, road layout and surface, vehicle speed and driving
style. The use of traffic calming and restrictions may need more attention to address urban noise
in residential areas. Transportation and town planners may need to explore freight traffic
patterns, particularly in areas with increasing urban density, and consider approaches such as
special routing, freight traffic centres and ways to encourage more environmentally friendly
freight traffic.

Efforts to reduce noise exposures through home insulation and construction of noise barriers in
communities exposed to road traffic noise have also been made. Australian Standard 3671 :1989,
Acoustics – Road traffic noise intrusion – Building siting and construction, provides guidance on
acoustic requirements for residential dwellings near roads. There are also statutory approval
processes for new and redeveloped roads.

Examples of policies used in these approval processes in NSW include the Road Noise Policy
(NSW EPA, 2011 ), which assigns acoustic design requirements. The NSW State Environment
Planning Policy (Infrastructure) requires homes built alongside busy road and rail corridors to
incorporate measures to achieve required internal noise levels. NSW Roads and Maritime
Services has a specialised noise abatement program to address road traffic noise through a
range of approaches.

2.4.2 Aircraft noise
Air Navigation (Aircraft Noise) Regulations (1984) require all aircraft operating in Australian
airspace to comply with noise standards and recommended practices under the Chicago
Convention (Convention on International Civil Aviation). These are set out in the International
Civil Aviation Organisation (ICAO) document Annex 16, Environmental Protection – Volume 1
(ICAO, 2008). Aircraft found to be compliant are issued with a noise certificate. Aircraft without a
noise certificate are not permitted to operate in Australia.
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Flight activities and aircraft curfews are the responsibility of Airservices Australia, individual
airport authorities and the Commonwealth government. The Airports Act (1 996) was passed to
cover environmental protection regulations. It governs noise and other environmental issues, but
only 21 airports are covered by this act.

The Australia Standard AS 2021 :2015 Acoustics – Aircraft noise intrusion – Building siting and
construction (Standards Australia, 2015) provides guidance on the siting and construction of
buildings near airports to minimise aircraft noise. The assessment of potential aircraft noise
exposure at a given site is based on the Australian Noise Exposure Forecast (ANEF) system.
The standard also provides guidelines for the type of building construction necessary to reduce
noise to a given level. It is widely referred to in guiding strategic land use planning near airports.
The AS 2021 :2015 specifies that it is acceptable to build noise-sensitive developments in areas
where ANEF is less than 20. Noise-sensitive developments are conditionally acceptable between
ANEF 20 and 25 provided required internal sound levels are achieved through building design.
However, some airport noise complaints come from areas beyond ANEF 20 contours.

Noise insulation programs were established around Sydney Airport in 1995 and Adelaide Airport
in 2000. Residential properties with greater than ANEF 30 contour exposure and public buildings
(schools, churches, day care centres and hospitals) with greater than ANEF 25 contour exposure
were eligible for assistance in obtaining insulation. The programs aimed to achieve a 35 dB(A)
lowering of noise levels for bedrooms, and 30 dB(A) for living rooms (Department of
Infrastructure and Regional Development, 2014). Sydney airport also has a long-term operating
plan to manage aircraft noise by directing flights over water and non-residential land and by
spreading the noise across different communities (Airservices Australia, 2015a,b).

2.4.3 Rail noise

There has been a great deal of discussion at the national government level about rail
infrastructure and ways to improve rail operations. Funds for improving track and rolling stock
might be invested in equipment with reduced noise generation. Limited information is available
on national efforts to reduce rail traffic noise in concert with rail improvements. However, a
national initiative to develop rolling stock standards is being led by the Rail Industry Safety and
Standards Board.

Individual states have developed rail noise initiatives, including standards, guidelines and noise
abatement programs. These programs include methods for assessing and prioritising requests
for mitigation from people particularly affected. Environmental planning guidelines for residential
developments near rail corridors set acceptable internal noise levels and provide advice to
developers on how to achieve them.

2.4.4 Industrial noise and other fixed noise sources

Control of industry noise affecting communities is the responsibility of planning and environment
authorities in the states and territories. Local ordinances or operation restrictions may be needed
if construction activities take place in an area with sensitive uses, such as schools or hospital
zones, or outside standard construction hours. Reductions in industrial noise can be achieved by
encouraging quieter equipment or by zoning controls to separate acoustically incompatible land
uses, such as the contrast between residential and industrial zones. Noise emissions, like other
environmental emissions, may also be licensed or regulated under relevant environmental
legislation .
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2.4.5 Other noise sources
Domestic equipment may have times-of-use restrictions, such as grass cutting machines, leaf
blowers, chainsaws, domestic air conditioners, mobile air compressors, pavement breakers, and
mobile garbage compacters. This includes the use of power tools on residential properties either
under state and territory legislation or local government regulation. The former Standing Council
on Environment and Water discussed a national policy on noise labelling for portable equipment
but this has yet to come to fruition. Noise labelling is required in some states, for example NSW,
under the revised Protection of the Environment (Noise Control) Regulation 2008.

Other noise sources of concern include that from fireworks and explosives during celebrations,
and from children’s toys. Australian Standard AS/NZS 8124.1 :2002, Safety of toys, includes
noise regulations.

2.4.6 Building requirements to protect against noise
The internal acoustic requirements for dwellings are determined by the National Construction
Code (NCC, 2016) as well as local councils. The Australian Building Codes Board administers
and maintains the code to encourage national consistency based on minimum safety and health
requirements. The code is given legal effect by relevant legislation in each state and territory.

Australian Standard 2107:2016, Acoustics–Recommended design sound levels and
reverberation times for building interiors, is the standard most commonly referred to in building
acoustics. The standard, while not mandatory, sets out recommendations for design sound levels
for building interiors. The Australian Association of Acoustical Consultants has also produced a
Guideline for Apartment and Townhouse Acoustic Rating (AAAC, 2010), a performance-based
guideline for insulation. The guideline contains a star rating corresponding to the intrusion of
external noise into bedrooms and habitable rooms as shown in Table 2-2. This has been adopted
by many in the industry.

Table 2.2: Guideline for acoustic rating of apartments (Adapted from Australian Association of
Acoustical Consultants, 2010)

Apartment rooms

Bedrooms

External noise
intrusion

Continuous noises

Intermittent noises

Continuous noises

Intermittent noises

4 star 5 star 6 star

36 dB(A)

50 dB(A)

41 dB(A)

55 dB(A)

35 dB(A)

50 dB(A)

40 dB(A)

55 dB(A)

32 dB(A)

45 dB(A)

37 dB(A)

50 dB(A)

30 dB(A)

40 dB(A)

35 dB(A)

45 dB(A)

27 dB(A)

35 dB(A)

32 dB(A)

40 dB(A)

Other habitable
rooms including
open kitchens

2.5 Best practice noise exposure information - noise mapping
Broadly defined, noise mapping is a means of presenting calculated and/or measured noise
levels in a representative manner over a particular geographic area. The European experience
may provide a basis for an Australian approach. The European Union Environmental Noise
Directive (END) (2002) applies to noise to which humans are exposed. It focuses on built-up
areas, public parks or other quiet areas in an agglomeration, quiet areas in open country, near
schools, hospitals and other noise-sensitive buildings and areas (Article 2.1 ). The END is one of
the main instruments to identify noise pollution levels and to trigger the necessary action at
member state and European Union level.
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In the context of the END, the European Commission has common noise assessment methods
(CNOSSOS–EU) for road, railway, aircraft and industrial noise to improve the reliability and
comparability of results across the European Union. This framework allows for coherent and
reliable strategic noise mapping and action planning. Assessment of noise exposure is done
using strategic noise maps with harmonised noise indicators Ld,. and L„,ght for major roads,
railways, airports and agglomerations.

In the first phase (June 2007) strategic noise maps were compiled for EU member states. These
covered agglomerations with more than 250,000 inhabitants, major roads with more than 6
million vehicle passages a year, railways with more 60,000 train passages a year and major
airports with more than 50,000 movements a year.

The second phase (June 2012) produced strategic noise maps for agglomerations with a
population of more than 100,000.

The END also determines levels of exposure to environmental noise using the above indicators.
Estimates of the number of people living in dwellings exposed to values of Ld,. and L„ight at the
most exposed building faQade are done separately for road, rail, air traffic and industrial noise.
Where possible and available, information about people living in dwellings with special insulation
against noise or with quiet faQades is also reported.

Noise maps are only as accurate as the input data and techniques used to calculate sound
levels. They may not always accurately depict sound level variations that occur locally. They can
also be expensive to produce.

Despite these limitations, noise maps have significant uses for public health in providing
estimates of exposure that can help quantify the burden of environmental noise. The European
experience provides a useful insight into how similar work might be done in Australia.
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3 NOISE AND SLEEP DISTURBANCE

3.1 Introduction and background
Sleep serves an important restorative purpose in promoting functioning and a sense of wellbeing.
Obtaining sufficient duration and quality of sleep is important for overall health and wellbeing.
Sleep problems are common in many countries, including Australia (Deloitte Access Economics,
2011 )

Poor sleep has been linked to numerous adverse consequences, including health conditions
such as cardiovascular disease, depression and obesity (Riemann et al., 2011 ), as well as
accidents and disability due to fatigue (Horne and Reyner, 1999), and lost workplace productivity
(Iverson et al., 2010; Rosekind et al., 2010). These translate into considerable social and
economic costs, with three sleep disorders alone – obstructive sleep apnoea, primary insomnia
and restless leg syndrome – estimated to cost the Australian economy $36 billion a year (Deloitte
Access Economics, 2011 ). The economic costs of sleep problems more broadly (such as
daytime sleepiness or short sleep) are estimated to be considerably higher (Deloitte Access
Economics, 2011 ).

Many genetic, lifestyle, health and environmental factors have the potential to influence the
quality and amount of sleep. Poor sleep can reflect lifestyle factors such as screen time, physical
activity, alcohol consumption and caffeine consumption. Psychological characteristics such as
stress, sensitivity and personality characteristics have also been linked to sleep quality.

Environmental noise has long been identified as a potential cause of poor sleep. Reviews
conducted to help inform guidelines show a strong basis for believing that environmental noise
during the night is a contributor to poor sleep (WHO, 2009). Many recent studies have suggested
that exposure to road, rail and aircraft noise is linked to a range of sleep disturbances, including
increased arousals (Tassi et al., 2010), insomnia symptoms (Halonen et al., 2012), and poorer
self-reported sleep quality (Kim et al., 2014).

3.2 Systematic review of the literature: environmental noise and sleep
disturbance

A systematic review of the literature was done for studies from January 1994 to March 2014 on
the relationship between environmental noise and sleep. Appendix A details the review's
objectives and methodology.

3.2.1 Search results
The results of the search process are summarised in the following PRISMA flow chart.
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Figure 3-1 : PRISMA flow chart - number of articles identified and reviewed during the
systematic review (Moher et al. 2009)

3.2.2 Overview of included studies
Although outside the scope of this review, it is obvious that loud noises disrupt sleep. Loud
noises are used throughout the world to disturb sleep as a method of studying its underlying
functions .

Of the 82 articles identified, 79 were from distinct studies as some articles reported on the same
data. Of these 79 studies, 43 were observational and 36 experimental. Most were observational
studies (31 were cross-sectional studies (NHMRC level IV) and there was one prospective cohort
study (NHMRC level II). There were eight field studies, where individuals had their sleep patterns
and noise exposure monitored in their homes for several days. These were categorised as
NHMRC level II1-2 studies. Three studies included both a cross-sectional and field study
component.

According to the NHMRC hierarchy of evidence (Table A-7), the experimental studies were either
non-randomised experimental studies (31 studies, NHMRC level II1-2) or pseudo-randomised
studies (5 studies, NHMRC level II1-1 ). Although many were non-randomised in design, several
used counterbalancing to allocate participants to conditions and were thus rated as having a
lower risk of bias (Table A-5). Most of these studies were done in temperature and sound-
controlled sleep laboratory settings (32 studies). Some were done in the participant’s home
(7 studies) for some or all of the experimental period. Simulated noise was delivered via
loudspeaker or personal music player with earphones.
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3.2.3 Noise exposure and how it was measured
Observational studies explored: road traffic noise (29 studies), aircraft noise (8), railway noise
(7), road work noise (1 ) and blast noise from a military base (1 ). Experimental studies simulated
noise from: road traffic (21 studies), aircraft (9), railways (16) and road work (1 ).

For observational studies, noise exposure was measured by direct measurement with sound
level meters in various locations (28 studies) or estimated using models or noise contour maps
(17). In experimental studies, noise was delivered in such a way as to control the noise levels
participants were exposed to.

The most common noise indicators used in the included studies were A-weighted equivalent
sound levels (LA,q) for various periods. Maximum sound pressure levels (LAm,,) were also
commonly used.

3.2.4 Types of outcomes reported
The included studies assessed a wide range of sleep outcomes. The most common were self-
reported sleep disturbance outcomes (36 observational and 28 experimental studies). These
included subjective assessments of problems falling and staying asleep, sleep duration, sleep
quality/ disturbance ratings and feelings of tiredness/feeling well rested the next day.

Objective measures of sleep disturbance include activity trackers which can be referred to as
actigraphy, actimetry or accelerometer (7 observational and 5 experimental studies) and
polysomnography (4 observational and 22 experimental studies). These measure sleep
parameters including arousals, gross bodily movement (motility) and sleep structure.

Other outcomes reported in these studies were the use of sleep medications (two observational
studies) and prevalence or incidence of insomnia using International Statistical Classification of
Diseases definitions (one observational study). One experimental study used an infrared
pupillographic sleepiness test.

3.2.5 Quality ratings
Quality ratings according to GRADE criteria are shown in Table 3-1 to Table 3-3. These indicate
that on aggregate, the quality of the evidence was rated as low.

All included studies are listed in section 8.3.

Table 3-1 : GRADE evidence profile for environmental noise and sleep - Self-reported sleep
disturbance (problems falling and staying asleep, sleep duration, quality/disturbance ratings,
feelings of tiredness/or being well rested, and symptoms of insomnia)

No of studies
(design)

Reasons for rating
quality down

Reasons for
rating quality
UP

Summary of key findings Quality
score

Thirty-two
(cross-sectional)

Serious risk of bias None Exposure to road, rai1 and aircraft
noise was associated with increased
risk of sleep disturbance

One (prospective I Serious risk of bias
cohort) One small study

Self-reported sleep quality affected
by road traffic noise, and significantly
improved through noise abatement.
Number of awakenings not affected
by noise or noise abatement.

The health effects of environmental noise 27



No of studies
(design)

Reasons for rating
quality down

Reasons for
rating quality
UP

Summary of key findings Quality
score

Six

(field studies)

Serious risk of bias

Some inconsistency
Significant decreases in sleep quality
and increased awakenings in
participants exposed to high levels of
night-time road traffic noise. Little to
no effect of aircraft and rail

0000
Low

Ten
(experimental)

Some risk of bias

Some inconsistency
Disruptions to sleep and poorer sleep
quality are greater with increasing
noise levels. Evidence was strongest
for two aircraft noise studies

0000
Moderate

Table 3-2: GRADE evidence profile - Objective sleep disturbance (actigraphy,
polysomnography, accelerometer, Infrared pupillographic sleepiness test)

No of studies
(design)

Reasons for rating
quality down

Reasons for
rating
quality up

Summary of key findings Quality
score

Eleven

(field studies)

Serious risk of bias

Serious inconsistency

None Increasing sleep stage changes and
motility with maximum levels of
aircraft and rail noise. Mixed results
for road noise

Twenty-six
(experimental)

Some risk of bias
Some inconsistency

None Noise significantly changed sleep
structure with less slow wave sleep
greater latency to slow wave sleep,
more arousals and sleep stage
changes

0000
Moderate

Table 3-3: GRADE evidence profile for environmental noise and sleep - Use of sleep
medication (self-report)

No of studies
(design)

Reasons for rating
quality down

Reasons for
rating
quality up

Summary of key findings Quality
score

Two None

(cross-sectional)

Increasing aircraft and railway noise
levels associated with increased rIsk
of sleep medication use

0000
Low

3.3 Summary of findings from the systematic review

3.3.1 What is the evidence of a causal effect of environmental noise on sleep
disturbance?

This systematic review identified 79 studies published between 1994 and 2014 examining the
relationship between environmental noise exposure and sleep disturbance. A total of 43 of these
studies were observational and 36 experimental.

A particular issue in sleep studies is the problem of blinding participants or outcomes assessors
to the condition being tested . This is coupled with the problem of defining what constitutes
disturbed sleep.

Subjective measures may provide a better indication of when sleep has been notably disturbed
but suffers from bias because of the blinding issue.
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Objective measures tend to derive from highly sensitive physiological measures such as
collected by polysomnography and it remains unclear what sized effect, if any, perturbations in
many of these measures means for people’s health, or annoyance levels.

Many of the measurements of sleep may be too sensitive for a person to even notice and may be
below their level of a just-noticeable difference.

Another issue is the heavy reliance on laboratory based experiments in sleep and noise
research. These can be designed with better scientific rigour but this always comes at a cost to
the external validity of the study as the participants are often heavily screened and do not
represent the population as a whole. The participants are also not sleeping in their own
environments, which may influence their response to noise either positively or negatively.

3.3.2 Observational studies
Several studies below examined more than one noise source.

Aircraft noise
Eight studies examined the associations between aircraft noise exposure and sleep
disturbances. All indicated that aircraft noise was associated with poorer sleep.

Road traffic noise
A total of 28 studies examined the associations between exposure to road traffic noise and sleep
disturbances. Most of these (21 of 28) indicated that higher noise levels were linked with poorer
sleep. The rest found non-significant results.

Rail noise
Seven studies examined the relationship between railway noise and sleep disturbance. Six
reported a significant relationship between rail noise and sleep disturbance, with one reporting
non-significant results. Most assessed both freight and passenger rail noise in the study.

Other noise sources
Three studies examined other relevant environmental noise sources such as general community
noise and noise from military areas. All found that higher levels of noise were linked with poorer
sleep.

Study limitations
Despite the consistency of these findings, the quality of the evidence provided by these studies
was determined to be low. This low quality rating reflects issues relating to study design (such as
predominantly cross-sectional studies), and high risk of bias (primarily due to measurement of
sleep and control of confounders). These issues are detailed below and limit our ability to draw
definitive conclusions about the effects of environmental noise on sleep.

For the study design, most of the observational studies (34 out of 43) were cross-sectional
(NHMRC level of evidence: IV). Although most of these reported significant relationships
between environmental noise and sleep, they are not able to provide insight into the causal effect
of noise on sleep. Further, 18 of the 34 cross-sectional studies had a high risk of bias and 13 had
moderate risk of bias. Only two studies were rated as having a low risk of bias (Halonen et al.,
2012; Kim et al., 2014). The large number of studies with moderate or high risk of bias was
primarily due to self-reported measures of sleep (27 out of 34 studies) and inadequate control of
relevant confounding variables (22 out of 34 cross-sectional studies). The Lundby tunnel study
(Ohrstr6m, 2004; Ohrstr6m and Skanberg, 2004) was the only prospective cohort study in this
review. It was rated as having a high risk of bias due to self-reporting measures of sleep and lack
of control for potential confounders.
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The eight field studies (NMHRC level of evidence: 111-2) give better insight into the causal nature
of the relationship between noise exposure and sleep disturbance. This is because these studies
provide an indication of the concurrent relationships between noise exposure and sleep in the
usual sleep environment. The immediate effects of noise exposure on sleep outcomes can
therefore be assessed in these studies. However, only two of the eight studies had a low risk of
bias. Of the remaining studies, three had a moderate risk of bias and three had a high risk of
bias. The main issues underlying the moderate and high risk of bias were self-reported measures
of sleep and inadequate control.

Some further issues in methodology require discussion. It was difficult to draw clear conclusions
from these studies due to the large variation in the sleep outcomes assessed. For example, the
types of sleep outcomes assessed included sleep disturbance, sleep quality, insomnia
symptoms, night-time awakenings, daytime dysfunction, and use of sleep medication, sleep
stages and sleep efficiency. This was further compounded because most sleep outcomes were
based on self-reporting measures only, with a large number of studies using single-item
measures of sleep quality. These measures lack validity compared with objective measures and
have the potential to lead to imprecise estimates on the relationship between noise and sleep.
These issues suggest that caution is needed when interpreting the results of the observational
evidence base.

The noise exposure indicator is relatively consistent across studies (usually LA,q or LAm,,).
However, studies varied considerably in how the noise exposed was estimated (such as direct
measurement or contour maps) and the site at which it was measured (such as at building
faQade or the participant’s ear). This complicates the synthesis of the evidence.

Similarly, within the studies it is important to distinguish between faQade noise levels, often used
in Australia and France, and the free field noise levels often used in other countries. Free field
noise levels account only for noise coming from a source. FaQade levels account for both noise
coming from a source and noise reflected back from a fa9ade. A faQade level is typically 2.5 to
3.0 dB higher than the corresponding free field.

Studies with a low risk of bias
Only two cross-sectional (Halonen et al., 2012; Kim et al., 2014) and two longitudinal studIes
(Basner et al., 2006; Frei et al., 2014) had a low risk of bias. The results of these are briefly
outlined below.

Halonen et al. (2012) conducted a cross-sectional study of 7019 adults and found that symptoms
of insomnia were significantly higher when road traffic noise measured at a residential fagade
exceeded L„ight 55 dB (odds ratio (OR) = 1 .32 [1.05 – 1.65]). Kim et al. (2014) examined the
relationship between exposure to aircraft noise (from a military airport) and sleep quality in a
sample of 1982 adults. The results indicated that noise levels (Weighted Equivalent Continuous
Perceived Noise Level measured externally) between 60 and 80 dB (OR = 2.61 [1.58 – 4.32])
and > 80 (OR = 3.52 [2.03 – 6.10]) were linked with disturbed sleep.

Basner et al. (2006) conducted an experimental field study of 64 adults. They found that aircraft
noise events that were above 33 dB (measured at the ear) were associated with increased
awakenings. Frei et al. (2014) conducted a study of 1 122 adults comparing sleep disturbance
using a standardised sleep disturbance score with modelled road traffic noise. This study found
that road traffic noise levels > 55 dB LA,q (measured at the residential fa9ade) were associated
with a greater prevalence of sleep disturbance.
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3.3.3 Experimental studies
There were 36 experimental studies examining the relationships between environmental noise
exposure and sleep outcomes. Several studies examined multiple noise sources, such as road,
rail and air.

Most studies indicated that exposure to environmental noise was significantly associated with
sleep disturbances.

Aircraft noise
Nine studies examined the effects of aircraft noise exposure and sleep disturbances. All
indicated that aircraft noise led to poorer sleep.

Road traffic noise
Twenty one studies examined the effect on sleep of exposure to road traffic noise. Most
(15 out of 21) indicated that higher noise levels were linked with poorer sleep. The rest reported
non-significant results.

Rail noise
Sixteen studies examined the effects of rail noise on sleep disturbance. Most (15 out of 16)
reported significant deleterious effects of noise on sleep. Most assessed both freight and
passenger rail noise within the study.

Other noise sources
Only one study investigated the effects of construction noise. It found that higher noise levels
were associated with poorer sleep.

Study limitations
The experimental studies have higher level of evidence ratings (NHMRC), and thus provide an
important insight into the effects of noise on sleep. In general, these studies had lower risk of
bias compared with the observational studies. For example, nine studies had a low risk of bias
and 14 had a moderate risk of bias. About one third of the experimental studies (13 studies) had
a high risk of bias.

The main factors underlying moderate and high risk of bias reflect the lack of randomisation to
conditions or the lack of counterbalancing. Several studies did not blind participants and outcome
assessors to the condition allocation, which could also increase the risk of bias, noting that it is
difficult to blind participants to noise conditions. Although many studies used objective measures
of sleep, several relied on self-reported measures. In combination with the issues raised above,
the often small sample sizes (such as those less than 10) contributed to an elevated risk of bias.

The wide variety of sleep outcomes examined also makes it difficult to draw clear conclusions
about the effects of noise on sleep. The lack of prospective study registration in this field makes it
impossible to gauge the extent of selective reporting of outcomes. Although most experimental
studies used polysomnography, the specific sleep parameters varied. These parameters
included sleep duration, sleep efficiency, sleep stages, sleep-stage transitions, sleep latency,
time in rapid eye movement (REM) sleep and sleep spindles.

The implications of many of these outcomes (such as sleep spindles and sleep stage transitions)
are yet to be determined. This means the implications of some findings for sleep disturbance are
not clear

Although the experimental studies generally had a lower risk of bias compared with the
observational studies, many of them may lack external validity. This is particularly the case for
those studies that assessed sleep in laboratory settings. The results of these studies may not
provide a valid indication of the effects of noise on sleep in a real world setting.
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3.3.4 Studies with a low risk of bias
All of the nine studies with a low risk of bias indicated that exposure to various sources of noise
was linked with disturbed sleep. For example, Schapkin et al. (2006a) examined the effects of rail
noise on sleep assessed via polysomnography and self-reporting in a sample of 22 adults. The
results showed that increasing rail noise (from quiet to LA,q 50 dB(A)) measured at the ear was
linearly associated with poorer subjective sleep.

Schapkin et al. (2006b) examined the effects of nocturnal aircraft noise measured at the ear on
self-reported sleep. The results indicated that subjective sleep quality linearly worsened with
increasing aircraft noise levels (from quiet to LA,q 50 dB(A)).

Basner and Samel (2005) examined sleep in 128 subjects (16 controls) across 13 consecutive
nights. Their results indicated that exposure to aircraft noise measured at the ear was
significantly associated with some indicators of disturbed sleep. This included increased
awakenings and alterations to sleep architecture resulting in less slow wave sleep and more
stage 1 light sleep.

Subsequent analysis suggested these associations became apparent only at maximum sound
pressure level (SPL) at or above 50 dB(A) (awakenings), at or above 55 dB(A) (increased stage
1 light sleep), and at or above 65 dB(A) (decreased slow wave sleep). The analysis also
suggested these associations were significant only when the number of aircraft noise events was
greater than or equal to eight (increased awakenings), 16 (reduction in slow wave sleep), and 64
(increased stage 1 light sleep).

3.3.5 Summary of the evidence
The observational and experimental studies together indicate a significant relationship between
exposures to higher levels of environmental noise and sleep disturbances. However, the issues
in method noted above and variations in study design makes it difficult to draw definitive
conclusions from the evidence base.

The quality of the evidence was rated as low for the observational studies given the large number
of cross-sectional studies and the high risk of bias. The experimental studies generally provided
better quality evidence.

Both observational and experimental studies assessed a wide range of sleep parameters using
various measures.

Many studies used both objective and subjective measures of sleep disturbance. Noise was
found to exert a larger effect on self-reported sleep compared with objectively assessed sleep.
One mediating factor may be that annoyance caused by noise may cause sleep disturbance and
extended awakening. Some individuals may therefore over-report the effects of noise on the
quality of their sleep. Some studies using a combination of objective and subjective measures
found effects for self-reported sleep but no or very weak effects for polysomnography-assessed
sleep. Examples include the study by Schapkin et al., 2006a. This suggests that the effects of
environmental noise are overestimated in those studies using self-reported sleep measures.

3.3.6 is there a dose-response relationship between environmental noise and sleep
disturbance?

Many observational studies demonstrated that sleep disturbances become more pronounced as
noise level increases (e.g. Banerjee, 2013; Bluhm et al., 2004; Boes et al., 2013; de Kluizenaar
et al., 2009; Franssen et al., 2004; Frei et al., 2014; Kim et al., 2014).

The precise measures of sleep varied considerably between studies, as did the quantification of
noise exposure. For example, Boes et al. (2013) examined the effects of a 1 dB(A) increase in
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noise, de Kluizenaar et al. (2009) broke noise exposure into 10 dB(A) categories, and Frei et al.
(2014) assessed four noise exposure groups (< 30 dB(A), 30 – 40 dB(A), > 40 – 55 dB(A), and >
55 dB(A)). This lack of consistency means it is possible to conclude that observational studies
show a dose–response relationship, but the precise nature of the relationship cannot be
determined easily.

Several experimental studies also indicated a dose–response relationship between noise
exposure and sleep disturbance (e.g. Basner and Samel, 2005; Kawada and Suzuki, 1995;
Schapkin et al., 2006a). Again, major methodological differences between studies make it difficult
to combine studies. Studies were also difficult to compare due to the varying noise metrics used.

As an example, Ld,. is a noise metric that describes a hybrid of noise over the day, evening and
night. It could be argued that the day and evening parts are irrelevant to sleep (unless the
subjects sleep during the day). A night-time level would be more helpful. Also, LA,q is a noise
metric that effectively describes noise as an average over an extended period. Particularly in
the case of aircraft and train noise, it depends on the number of noise events and their specific
noise levels.

Reported thresholds are outlined below for each of the three main noise sources.

Road traffic noise
Seven observational studies examined the effects of road traffic noise and found significant
impairments in sleep quality associated with noise levels measured at the exterior faQade above
55 dB L„ight (Banerjee, 2013; Halonen et al., 2012; Ristovska et al., 2009) and 55 dB LA,q (Frei et
al., 2014; Kristiansen et al., 2011; Lercher and Kofler, 1996; Yoshida et al., 1997)

Several experimental studies also reported significant effects of peak or equivalent noise levels
at or above 45 dB(A) (Kawada and Suzuki, 1999; Kuwano et al., 2002).

Rail noise
Two observational studies examining rail noise found significant relationships with sleep
disturbances at noise levels measured at the exterior faQade of a 60 dB LA,q (Aasvang et al.,
2008) and Z 60 dB Ld,. (Lercher et al., 2010).

Experimental studies indicated that the effects of rail noise on sleep were observed at lower
levels, with several studies finding effects above 50 dB(A) (Kaku et al., 2004; Saremi et al., 2008;
Bonnefond et al., 2008) and 54 dB(A) (Griefahn and Robens, 2010).

Aircraft noise
Two observational studies indicated that threshold effects for aircraft noise were comparatively
low at 32 dB LA,q,„lght (Passchier-Vermeer et al., 2002) and 33 dB LAs„„, (Basner et al., 2006).

Experimental studies indicated some effects of aircraft noise at 39 dB(A) (Schapkin et al., 2006b)
and 45 dB(A) (Basner et al., 2008), but effects were reported to be most evident at higher levels
(for example, > 50 dB(A) or z 65 dB(A)).

3.3.7 is there any evidence that certain populations are vulnerable to the effects of
environmental noise on sleep disturbance?

Only a small number of studies formally investigated whether the relationships between
environmental noise and sleep disturbance were more pronounced in certain populations.

Halonen et al. (2012) found the effects of road traffic noise on insomnia symptoms were more
pronounced in individuals with higher levels of self-reported anxiety traits. Bjork et al. (2006)
found the effects of road traffic noise on self-reported sleep disturbances were greater in
individuals with higher levels of annoyance and in individuals born overseas.
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This raises the possibility that some effects may be greater in certain populations, but there is not
sufficient evidence to draw strong conclusions on this.

3.3.8 Does the association between environmental noise and sleep disturbance
vary by noise source?

Few studies compared whether the influence of noise on sleep disturbance varied depending on
the source. Studies tended to examine one source, such as aircraft or road traffic noise. With
little consistency in methods, such as sample characteristics, noise levels and experimental
conditions, it is not possible to meaningfully compare results.

However, a small number of studIes did compare the effects of different sources of noise.
Griefahn et al. (2006b) compared the effects of aircraft, rail and road noise. Their results
indicated similar effects from the sources of noise, although the effects appeared greatest for rail
noise. Aasvang et al. (2011 ) compared the effects of road traffic noise with railway noise. The
results indicated that railway noise had a greater effect on rapid eye movement (REM) sleep
compared with road traffic noise. This suggests that railway noise may have a larger effect on
sleep outcomes.

Basner et al. (2011) provided further insight into the nature of these differences in an
experimental study that compared the effects of rail, road and aircraft noise on sleep parameters.
Interestingly, the nature of the differences between noise sources varied depending on whether
sleep was assessed via polysomnography or self-reported.

When polysomnography was examined, road traffic noise had the largest effects on sleep
structure and continuity. However, when self-reporting measures were used, aircraft and rail
noise were found to have a larger effect on sleep compared with road traffic noise
(Basner et al., 2011 ).

Basner et al. (2011) suggested that because road traffic noise events are relatively short they
were perceived as having less effect on sleep. In other words, the events were not long enough
for participants to consciously perceive their sleep was affected.

In contrast, rail and aircraft noise typically last longer and so may be more likely to be perceived
as having affected sleep. Basner et al. (2011 ) attributed the greater effects of road traffic noise
on polysomnography-assessed sleep parameters to the specific acoustic properties of road
traffic noise, such as faster sound pressure level rise time and greater energy in the high-
frequency octave bands compared with aircraft noise.

It is plausible that aircraft, rail and road traffic noise have differential effects on sleep quality.
However, because available data is limited it is not possible to draw definitive conclusions on the
nature and magnitude of these differences.

3.3.9 is there any evidence that annoyance is a mediator linking environmental
noise exposure to sleep disturbance?

Annoyance is discussed by a large number of studies as a likely mechanism linking
environmental noise exposure with poor sleep, particularly self-reported sleep. Some studies
examined both annoyance and sleep disturbance as an outcome, but there is no evidence that
studies have formally examined whether annoyance is a mediator linking noise exposure with
sleep disturbance.

Frei et al (2014) found that annoyance was strongly related to self-reported sleep measures;
actigraphy and diaries were used to assess sleep in a nested sub-group of this study. It was
reported that measured sleep efficiency was more strongly associated with modelled noise
exposure than with self-reported annoyance. This suggests annoyance is a mediating factor for

34



subjective sleep complaints but not an objective measure for noise. It is possible that annoyance
is a mechanism linking noise exposure with poor sleep. But it is not clear if these effects are
limited to self-reported or objective assessment of sleep. Because of the lack of formal
investigation, it is not possible to draw any definitive conclusion on the role of annoyance in the
environmental noise-sleep disturbance literature.

3.4 Conclusions
Some studies suggest a dose–response relationship between noise and physiological effects on
sleep. The systematic review identified 79 studies and sub-studies published between 1994 and
2014 that examined the associations between exposure to different forms of environmental noise
and sleep disturbances. In general, the results of these studies are consistent in indicating that
exposure to sources of environmental noise (mainly road traffic, rail and aircraft noise) are
associated with sleep disturbances.

Overall the quality of the studies in this review was low, reflecting study design, risk of bias, and
inconsistency in outcome measures. As a result, an NHMRC rating statement of C is applied to
the overall body of evidence (see rating criteria in appendix A). The body of evidence from this
systematic review has limitations and care should be taken in interpreting the findings.
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4 NOISE AND CARDIOVASCULAR DISEASE

4.1 Introduction and background
Cardiovascular disease encompasses all conditions and diseases affecting the heart and blood
vessels (AIHW, 2014a). In Australia, coronary heart disease, stroke and heart failure are the
most common forms (AIHW, 2014a).

Although the incidence of cardiovascular disease has declined in Australia over the past two
decades (AIHW, 2014a), it is estimated that 22 per cent of the adult population has some form of
the disease. It remains the major cause of death in Australia, accounting for 31 per cent of all
deaths, and second only to cancer as the largest contributor to total burden of disease (AIHW,
2014b). There are many risk factors for cardiovascular disease, including age, sex and genetics,
as well as modifiable risk factors such as overweight/obesity, sedentary lifestyles, unhealthy diet,
smoking and alcohol consumption (AIHW, 2009).

There has also been considerable interest in the role of environmental factors such as air
pollution and noise in increased risk of cardiovascular disease. The World Health Organisation
estimates that around 1.5 million ischemic heart disease deaths occur globally each year (based
on 2012 estimates) due to ambient air pollution (WHO, 2014). Although there are no global
estimates of the impacts of environmental noise on ischemic heart disease, regional estimates
for Western Europe indicate that the burden is large at 61,000 Disability Adjusted Life Years
(DALYs) a year. This is around 1.8 per cent of all ischemic heart disease DALYs attributable to
transport noise (WHO, 2011 ).

Research since the late 1960s suggests that exposure to different forms of environmental noise
is linked with a greater risk of cardiovascular disease and changes in indicators of cardiovascular
health, such as heart rate and blood pressure (Babisch et al., 1990; Knipschild, 1977). Many
subsequent studies have further examined these relationships and some reviews of the evidence
have been conducted (Babisch, 2006).

4.2 Systematic review of the literature
A systematic review of the literature was conducted for studies investigating the relationship
between environmental noise and cardiovascular disease for the period January 1994 to March
2014. This is further detailed in appendix A.

4.2.1 Search results

Details of the results of the search process are summarised in the following PRISMA flow chart.
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Figure 4-1 : PRISMA flow chart. Number of articles identified and reviewed during the
systematic review (Moher et al. 2009)

4.2.2 Overview of included studies
Of the 73 articles identified, 65 were from distinct studies (some reported on the same data); 62
were observational designs, while three were experimental. The majority of observational studies
(40) were cross-sectional studies (NHMRC level IV). Some studies had multiple components with
different methods, such as cross-sectional and prospective cohort components.

There was also a small number (10) of prospective cohort studies (NHMRC level II), ecological
studies (five) (NHMRC level IV), case-control studies (four) (NHMRC level II1-3) and field studies
(three) (NHMRC level II1-2).

All of the experimental studies were non-randomised experimental studies (three) (NHMRC level
111-2). One was conducted in a sleep laboratory, one in a sound and temperature-controlled room
and one in a park setting.

4.2.3 Noise exposure and how it was measured
Observational studies explored road traffic noise (42), aircraft noise (19), railway noise (seven),
and general environmental noise (five). Experimental studies addressed the effects of road traffic
(three), and aircraft noise (one) on cardiovascular disease. Several studies examined multiple
sources of noise.

For observational studies, noise exposure was measured by direct measurement with sound
level meters (17 studies) or estimated using models and contour maps (39 studies). Six studies
used a combination of direct measurement and models/contour maps, while three did not clearly
specify the measurement approach. Noise was measured using sound level meters in all three
experimental studies.
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The most common noise indicators used were A-weighted equivalent sound levels (LA,q) for
various periods. Maximum sound pressure levels (LAm,*) were also commonly used.

4.2.4 Types of outcomes reported
A breakdown of the cardiovascular disease outcomes in these studies is:

•

•

•

hypertension/blood pressure (45 studies)

cardiovascular disease mortality (3 studies)

ischemic heart disease and myocardial infarction (16 studies)

• stroke (6 studies)

• other relevant outcomes such as diabetes and aortic calcification (4 studies).

The measures used to assess these outcomes varied considerably. For example, a range of self-
reported diagnoses and direct measurements of blood pressure were used across studies.

Note that several studies examined multiple cardiovascular disease outcomes.

4.2.5 Quality ratings
GRADE is a structured process for rating quality of evidence in systematic reviews. Quality
ratings according to GRADE criteria are shown in Table 4-1 . This indicates that on aggregate,
the quality of the evidence was rated as low.

All included studies are listed section 8.4. GRADE criteria are detailed in appendix A.

Table 4-1 : GRADE evidence profile for environmental noise and cardiovascular diseases (65
studies)

No of studies
(design)

Reasons for I Reasons
rating quality ! for rating
down I quality UP

Key findings Quality
score

Cardiovascular
disease mortality

One (ecological) None I None Increased risk of death from myocardial
infarction in people exposed to aircraft
noise over 60 dB(A) especially those
exposed >15 y

0000
Low

Three (prospective
cohort)

None None High levels of transportation noise (2 65
dB(A)) associated with elevated risk of
mortality.

©©©C)
Moderate

Ischaemic heart
disease and
myocardial
infarction (self-
report)

Four (cross-sectional) Serious
inconsistency

None Road traffic noise may be associated with O OOO
greater self-reportec} heart qisease. and I VeT low
stroke but confounding of air pollution may 1 - -- ’
be an issue.

Ischaemic heart
disease and
myocardial
infarction (hospital
record)
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No of studies
(design)

Reasons for
rating quality
down

Reasons
for rating
quality up

Key findings Quality
score

Three (cross-sectional
and ecological)

Serious risk of
bias

None Small association found between road
traffic noise and hospitalisations for
myocardial infarction. Aircraft noise may
have small impact on hospitalisations for
cerebrovascular disease, ischaemic heart
disease and heart failure.

0000
Low

Serious
inconsistency

Three (prospective
cohort)

Some
inconsistency

None Road traffic noise not significantly
associated with ischaemic heart disease or
cerebro-vascular disease. May have a
small impact on myocardial infarction.

0000
Moderate

Four (case control) Serious
inconsistency

None Mixed results for road traffic noise. May
have small impact on hospitalisations for
myocardial infarction, particularly in males
at very high equivalent sound levels (>70
dB(A)).

0000
Moderate

Stroke (self-report)

One (cross-sectional) Serious risk of
bias

None No significant findings. 0000
Very low

Serious
inconsistency
Stroke not
analysed
separately
from other
cardiovascular
heart disease
outcomes.
One small
study

Stroke (hospita1
records)

One (ecological) Some risk of
bias

None Aircraft noise at high equivalent sound
levels may have a small effect on
hospitalisations for stroke.

0000
Very low

Only one study

One (prospective
cohort)

Only one study None Road traffic noise (Ld,.) at very high levels
may have small effect on hospitalisations
for older people (2 64 y).

©©OC)

Moderate

Hypertension
(measured)

Twelve (cross-
sectional)

None None Road traffic noise not significantly
associated with hypertension.

0000
Low

OOO C)
Low

Two (prospective
cohort)

Some risk of
bias

None Aircraft noise may be associated with
increased hypertension in older males.

Hypertension
(self-report)

Sixteen (cross-
sectional)

Serious risk of
bias

None Higher exposure to road traffic noise
associated with increased self-reported
hypertension.

0000
Low

Serious
inconsistency

The health effects of environmental noise 39



No of studies
(design)

Reasons for
rating quality
down

Reasons
for rating
quality up

Key findings Quality
score

Four (prospective
cohort)

Serious risk of
bias

None Higher exposure to road traffic noise
associated with increased self-reported
hypertension.

0000
Low

Serious
inconsistency

Type 2 diabetes
insulin levels
(hospital records)

One (prospective
cohort)

Only one study i None Road traffic noise may slightly increase risk
of hospitalisation. No effect from rail noise.

0000
Moderate

One (experimental) Serious risk of 1 None
bias

Only one small
study

Insulin levels may be sensitive to road
traffic noise,

0000
Very low

Blood pressure and
heart rate

Fifteen (cross-
sectional)

Moderate risk
of bias

None Road and aircraft noise significantly
associated with increased systolic blood
pressure, particularly in children.

0000
Low

Some
inconsistency

Four (prospective
cohort)

Serious risk of
bias

None Mixed results. Blood pressure is sensitive
to changes in noise levels.

0000
Low

Serious
inconsistency

Two (field
experimental)

None None During sleep aircraft noise events (Lm,,)
had an effect on blood pressure and
dipping in diastolic blood pressure. No
effect on heart rate. Maximum noise level
not noise type (such as road or air) was
most important.

DOC) 0

Low

One (experimenta1
studies)

Serious risk of
bias

None Walking through a noisy or quiet park made
little difference to blood pressure and heart
rate .

0000
Low

One small
study

Cardiac arrhythmia

One (experimenta1) Serious risk of
bias

None No effect of air and road traffic noise on
cardiac arrhythmia.

©OOO

Very low
One small
study

Coronary artery
atherosclerosis and
calcification

Two (cross-sectional) Serious risk of
bias

None Higher quality study suggests a small effect
of road traffic noise on atherosclerosis

DOC)C)

Low
Serious
inconsistency
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4.3 Summary of findings from the systematic review

4.3.1 What is the evidence of a causal effect of environmental noise on
cardiovascular health?

A total of 65 studies examining the relationship between environmental noise and cardiovascular
outcomes were included in this review. Most of these studies were observational (62), with only
three experimental studies identified. The findings for the observational and experimental studies
are summarised below.

4.3.2 Observational studies

Aircraft noise
A total of 1 9 observational studies examined the associations between aircraft noise and various

cardiovascular outcomes. Most studies (15) reported a significant relationship between exposure
to aircraft noise and adverse cardiovascular outcomes in the total sample (14 studies) or in sub-
groups (1 study). These studies indicated that exposure to aircraft noise was significantly
associated with hypertension, increased blood pressure, hospitalisations for cardiovascular
diseases, use of medications for hypertension and other cardiovascular disease and
cardiovascular mortality. Only three studies reported no significant associations between aircraft
noise exposure and cardiovascular health.

Road traffic noise
Forty-three observational studies examined the relationships between exposure to road traffic
noise and cardiovascular outcomes. The evidence in these studies was mixed. A total of 21
studies reported that increased road traffic noise was significantly associated with adverse
cardiovascular outcomes. One found a significant result in the opposite direction, with increased
noise associated with lower systolic blood pressure in children (van Kempen et al., 2006). A
further nine studies found no significant effect in the total sample, but evidence of associations in
sub-groups such as certain age or gender groups. Twelve studies reported no significant
associations between road traffic noise and cardiovascular outcomes.

Rail noise
The associations between rail noise and various cardiovascular outcomes were examined in

seven studies. One of these studies indicated that greater railway noise was associated with
hypertension (Dratva et al. 2012). One study indicated that railway noise was associated with
hypertension but not stroke or diabetes (HYENA; Sorensen et al., 2011a, 2011 b, 2013). One
found that rail noise was associated with self-reported hypotension in females under the age of
42 (Lercher and Widmann, 2013). Another four reported no significant association between
railway noise and cardiovascular outcomes.

General environmental noise
Five studies examined general environmental and community noise exposure. Except for one
study (Lepore et al., 2010), all indicated that greater noise exposure was associated with poorer
cardiovascular health .

Study limitations
There are some important limitations of the observational studies. A key limitation is that most of
the observational studies were cross-sectional (NHMRC level of evidence: IV) and are unable to
provide an indication of the direction of causation. Although there were several prospective,
case-control, and field studies, the results were mixed. This limits conclusions on the temporal
effect of environmental noise on cardiovascular health.
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While the type of noise exposure indicator used was relatively consistent across the studies
(usually LA,q or LAm„), there was considerable variation in how the noise exposure was
estimated, such as using direct measurement or contour maps. There was also variation in the
location at which the measurements were taken, such as at the building fa9ade or participant’s
ear, complicating the synthesis of evidence.

There were also considerable differences between studies in the types of cardiovascular
outcomes examined and the measures used to assess them. Cardiovascular outcomes

assessed included: incidence of hypertension, stroke, heart disease or diabetes; treatment of
hypertension; hospital records; mortality data; and aortic calcification. This variation makes it
difficult to draw clear conclusions about the effect of environmental noise on cardiovascular
health. These issues are compounded because the observational studies differed in whether
cardiovascular outcomes were assessed using self-reporting or objective measures. A large
number of studies examined self-reported hypertension, which is less accurate than an objective
measure of hypertension based on blood pressure measurements. Many middle and older-aged
adults may have undiagnosed hypertension, which would not be reflected in these self-reported
measures. Therefore, self-reporting measures can limit the validity of findings and contribute to
risk of bias.

There is also considerable potential for residual confounding, given that many studies did not
control for relevant covariates such as air pollution. This is important as some studies found that
an association between noise exposure and cardiovascular outcomes became non-significant
when air pollution was added as a covariate (for example, Babisch et al., 2014a). Failure to
control for these covariates could lead to false positive associations between noise exposure and
cardiovascular health.

Twenty studies were rated as having a low risk of bIas, 22 a moderate risk, and 21 a high risk.
The primary reasons for moderate and high risk related to the use of self-reported measures of
cardiovascular health and lack of control for relevant confounding variables.

Studies with a low risk of bias
The 20 studies with low risk of bias generally indicated that environmental noise exposure was
linked with poorer cardiovascular health, although some findings were mixed. For example,
several of the studies with a low risk of bias found non-significant results. Babisch et al. (1994)
conducted a prospective case-control study of 4035 male adults and found that day-time
exposure to road traffic noise (LA,q,6_22h.„,, exposure range 40 – 65 dB(A)) was not significantly
associated with myocardial infarction incidence. In a prospective study of 18,213 adults, de
Kluizenaar et al. (2013) found that road traffic noise (Ld,. at most exposed fagade, per 10 dB
increase) was not associated with cardiovascular disease hospitalisations. Foraster et al. (2011 )
found that road traffic noise (L„ight and LA,q,24h measured at the most exposed fagade, per 10 or 5
dB increase) was not associated with hypertension in a cross-sectional study of 3480 adults. De
Kluizenaar et al. (2007) found that road traffic noise (Ld,. at most exposed fagade, per 10 dB
increase) was not associated with use of antihypertensive medication. However, a significant
effect was observed in adults aged 45 to 55 (odds ratio (OR) = 1.39 [1 .08, 1.77]) at higher noise
exposure (Ld,. > 55 dB). Clark et al. (2012) found that daytime road traffic and aircraft noise
(D\eq,16 h) were not associated with measured blood pressure in a sample of 351 children.

Other studies with a low risk of bias suggest a relationship between environmental noise and
adverse cardiovascular outcomes. For example, Babisch et al. (2014a) conducted a cross-
sectional study of 4166 adults and found that noise (Ld,. at exposed fagade, per 10 dB increase)
was not associated with hypertension but was associated with higher systolic blood pressure
(OR per 10 dB(A) increase in noise = 1.43 [1.10, 1.86]). Selander et al. (2009) conducted a case
control study of 3666 adults. Road traffic noise (LA,q,24h 250 dB(A) ) was not associated with
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myocardial infarction risk in the total sample but a significant effect was observed in participants
without hearing loss and a history of exposure to other noise sources (OR = 1.38 [1.11, 1.71]).
Gan et al. (2012) conducted a prospective study of 466,727 adults and found that combined rail,
air and road noise (postcode level Ld,., range) was associated with cardiovascular disease
mortality (OR per 10 dB(A) = 1.09 [1.01, 1.18]). In the diet, cancer and health cohort study, a
prospective study of 57,053 adults, road traffic noise (Ld,„ at most exposed fagade, range) was
associated with stroke (OR = 1.14 [1 .03, 1.25]) and diabetes (OR = 1.11 [1 .05, 1.18]).

4.3.3 Experimental studies
The findings of three experimental studies were included in this systematic review. Carter et al.
(1994) examined the effects of exposure to aircraft and road traffic noise under laboratory
conditions. The results indicated noise was not significantly associated with cardiac arrhythmia.
Tomei et al. (2000) examined the effects of exposure to road traffic noise on levels of insulin
under laboratory conditions. The results indicated that higher noise levels were significantly
associated with increases in insulin levels. Finally, Janssen et al. (2012) conducted a field-based
study examining the effects of exposure to road traffic noise on heart rate and blood pressure
and did not find any significant results. The risk of bias for these studies was high, which
primarily reflected issues relating to lack of control groups.

This review identified a number of experimental studies examining cardiac-related outcomes that
were not relevant to this review because they focused on cardiac responses to noise during
sleep. Rather than indicating an adverse effect on cardiac health, these cardiac responses most
likely reflect an arousal response during sleep, perhaps indicative of awakening. These
outcomes were therefore not considered relevant to cardiovascular health. Several studies also

examined the effects of noise exposure on levels of hormones related to cardiovascular health,
such as cortisol. Although these hormones are important, they are not considered cardiovascular
disease outcomes, but rather part of the causal pathways linking noise and cardiovascular
health

4.3.4 Summary of the evidence
As noted above, most studies examining the associations between environmental noise
exposure and cardiovascular outcomes have been observational. These results suggest that
exposure to environmental noise is associated with poorer cardiovascular outcomes. The most
consistent findings were observed for aircraft noise, while several studies indicated an
association between road traffic noise and cardiovascular health. Use of self-reporting measures
of cardiovascular disease, along with lack of control for important confounders, contribute to the
low quality ratings for the identified studies. The magnitude of the reported effects across studies
is small

4.3.5 is there a dose–response relationship between environmental noise and
cardiovascular health?

A small number of studies formally examined whether there was a dose–response relationship
between noise exposure and cardiovascular outcomes. These studies suggested such a
relationship. Many studies also reported that stronger relationships with cardiovascular outcomes
were observed as noise levels increased (Babisch et al., 2012, 2014a, 2014b; Bluhm et al., 2007;
Chang et al., 2012; Dratva et al., 2012; Eriksson et al., 2010a; Gan et al., 2012; Hansell et al.,
2013; Jarup et al., 2008; Kalsch et al., 2014; Liu et al., 2013). These differed considerably in
terms of how noise exposure was quantified . For example, some examined effects per 1 dB, 5
dB, or 10 dB increases, while others examined varying categories of noise exposure.

The health effects of environmental noise 43



Very limited data was available regarding threshold effects. Given the variability in research
designs and low study quality, summary threshold effects could not be determined from the
studies in this review. Individual studies offer findings that indicate levels at which adverse
outcomes are observed. These do not indicate clear thresholds but may inform future research
that examines potential thresholds. These findings are outlined below for each of the three main
noise sources .

Aircraft noise

Some studies indicate that average day-evening-night noise levels are associated with adverse
cardiovascular outcomes: 2 50 dB Ld,. (Franssen et al., 2004), > 55 dB(A) Ld,. (Correia et al.,
2013; Rosenlund et al., 2001 ), z 55 dB(A) LA,q (Eriksson et al., 2007), z 60 dB(A) Ld,„ (Huss et
al., 2010), or > 70 dB(A) Ld,. (Matsui et al., 2001 ). In terms of specific periods, daytime levels
above 63 dB(A) have been linked with adverse cardiovascular outcomes (Hansell et al., 2013).
Focusing specifically on the period from 3am to 5am, Greiser et al. (2007) found that noise levels
z 40 dB(A) were linked with adverse cardiovascular health. In addition to averaged noise events,
Rosenlund et al. (2001 ) found that maximum noise levels > 72 dB(A) were linked with poor
cardiovascular health .

Road traffic noise

Several studies found a significant relationship above 55 or 60 dB(A) LA,q. (Bendokiene et al. ,
2011; Bluhm et al., 2007; Bodin et al., 2009; Regecova and Kellerova, 1995); Yoshida et al.
(1997) found a significant effect at noise levels z 65 dB(A) LA,q. Another study found a significant
relationship at noise levels z 60 dB(A) Ld,. (Banerjee et al., 2014). Two others indicate higher
thresholds, with effects observed at > 70 dB(A) LA,q,6_22h.„, (Babisch et al., 2005) and z 80 dB(A)
LA,q (Chang et al., 2011 ).

Rail noise

There was insufficient evidence to draw any conclusions on the relationship between rail noise
and cardiovascular health.

4.3.6 Is there any evidence that certain populations are vulnerable to the effects of
environmental noise on cardiovascular health?

Aircraft noise

Two studies indicated that the association between aircraft noise exposure and hypertension was
stronger in older individuals (Eriksson et al., 2007; Rosenlund et al., 2001 ). Eriksson et al.
(2010a) found that the association of aircraft noise with hypertension was evident in males (but
not females). Babisch et al. (2013) and Eriksson et al. (2010a) found the effects of aircraft noise
on cardiovascular outcomes were pronounced in individuals who reported high levels of noise
annoyance .

Some studies also reported that the effects of noise exposure were most pronounced in
individuals who had lived in noise-exposed areas for a longer period. For instance, Huss (2010)
found that the association between aircraft noise and myocardial infarction mortality was greatest
in individuals who had lived in the area for 1 5 years or more. This is consistent with the HYENA
study (also see Floud et al., 2013) where an association between aircraft noise and self-reported
cardiovascular disease was evident only in those who had lived in the area for more than 20
years

Road traffic noise
The relationships with cardiovascular outcomes were found to vary by several factors. Several
studies reported stronger associations between traffic noise exposure and outcomes such as
hypertension (Bluhm et al., 2007; de Kluizenaar et al., 2007), coronary heart disease (Banerjee
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et al., 2014), myocardial infarction (Grazuleviciene et al., 2004) in middle-aged adults (aged 55–
64 years). Sorensen et al. (2011 a) found the association between road traffic noise and stroke
was evident only in individuals aged over 65. Two studies indicated that the association of road
traffic noise with cardiovascular outcomes was evident in individuals who had lived in an area for

a longer period (Babisch et al., 2005; Barregard et al., 2009). Five studies reported significant
differences by gender. The associations of road traffic noise with coronary heart disease
(Banerjee et al., 2014) and hypertension (Bendokiene et al., 2011; Bjork, 2006; Lercher and
Widmann, 2013) were stronger in females. In contrast, Belojevic (2008b) found that the
relationship between road traffic noise and hypertension was stronger in males.

The effects of road traffic noise on cardiovascular outcomes were also stronger in individuals
with higher noise sensitivity (Lercher and Widmann, 2013) and in those without hearing loss
(Selander et al., 2009).

4.3.7 Does the association between environmental noise and cardiovascular health

vary by noise source?
Most studies in this review examined the effects of one noise source (see de Kluizenaar et al.
2013). Although many other studies examined multiple noise sources, direct comparisons of
effects were not made. Some studies investigating the effects of both road traffic and aircraft
noise found significant associations for aircraft noise but not for road traffic noise. This may
suggest that the effects of aircraft noise are stronger, but this is a very tentative conclusion. It is
possible that aircraft, rail and road traffic noise have differential effects on cardiovascular health,
but existing evidence is not conclusive.

4.3.8 is there any evidence that annoyance is a mediator linking environmental
noise exposure to cardiovascular health?

Many studies discussed annoyance as a potential pathway by which environmental noise
exposure could influence cardiovascular health. However, only a few studies tried to examine
whether annoyance was a mediator (see Fyhri and Klaeboe, 2009) and the evidence was
inconclusive.

4.4 Conclusion
Variation in research design, study quality, adjustment for confounders, and outcome reporting
make construction of dose–response relationships difficult for environmental noise and
cardiovascular health.

The systematic review identified 65 studies published between 1994 and 2014 investigating the
relationships between exposure to environmental noise and cardiovascular health. In general,
the results were mixed, particularly for road traffic noise; the effects of rail noise on
cardiovascular disease outcomes were not conclusive. Findings for the effects of aircraft noise
were generally more consistent. However, it is important to note that for all noise sources, the
magnitudes of the associations with cardiovascular disease were small. Small effect sizes are
not surprising given that environmental noise could be one of a multitude of risk factors for
cardiovascular disease. Other factors such as cigarette smoking and heredity probably play a
much larger role in influencing an individual’s level of risk.

It is important to note that there are some important limitations of the evidence base. These
limitations include a large number of studies using self-reported measures, variation in study
designs, quantification of noise exposure, site at which noise exposure was measured, and
differences in the scope of confounding variables controlled. These issues mean it is not possible
to identify a clear threshold where the effects on cardiovascular health emerge or worsen. As a
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result, an NHMRC rating statement of C is applied to the overall body of evidence: the body of
evidence has limitations and care should be taken in the interpretation of findings. See appendix
A for details on ratings.

Further research is needed using designs that can demonstrate causality, using objective
outcome measures. Controlling for a broad range of potential confounders is important to rule out
the possibility of residual confounding. This is particularly the case for air pollution, which may be
an important confounder but is not controlled in many studies. Based on existing research,
vulnerable groups may include older adults. There is an absence of studies investigating
annoyance as a mediator.
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5 NoISE AND COGNITION

5.1 Introduction and background
Cognition is the process of learning that includes thinking, understanding and remembering. A
large number of studies have examined the relationships between exposure to different sources
of environmental noise – road traffic, aircraft and rail – and cognition. Associations have
important implications since good cognitive performance is linked to higher quality of life,
improved mental health and better academic and job performance. However, many aspects of
the relationship between environmental noise and cognition remain unclear.

5.2 Systematic review of the literature
A systematic review of the literature was conducted for studies investigating the relationship
between environmental noise and cognition for the period January 1994 to March 2014. This is
further detailed in appendix A.

5.2.1 Search results
The flow chart below details the results of the search process.

Records after duplicates removed
(13,437)

Full text articles excluded (145)

not environmental noise (47)
not relevant outcome (53)
irrelevant study type (5)
full results reported elsewhere (16)
no comparison group (3)
insufficient detail (10)
performance after sleep disturbance
(11)

Figure 5-1 : PRISMA flow chart. Number of articles identified and reviewed during the
systematic review (Moher et al. 2009)

5.2.2 Overview of included studies

Study types and settings
Of the 36 articles identified, 29 were from distinct studies (some articles reported on the same
data); a total of 14 observational and 15 experimental studies were included in the review. Most
of the observational studies (11 ) were solely cross-sectional (NHMRC level IV), two included
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both cross-sectional and prospective cohort (NHMRC level II) components, and one was a
controlled before and after study (NHMRC level II1-3).

All of the experimental studies were either non-randomised experimental studies (8) (NHMRC
level II1-2) or pseudo-randomised studies (7) (NHMRC level II1-1 ). Most were based in sound and
temperature controlled laboratories (12), while three were conducted in classrooms.

5.2.3 Noise exposure and how it was measured
Most of the observational studies explored aircraft noise (8 studies), followed by road traffic noise
(4) and general community noise (3). Most experimental studies simulated road traffic noise (12
studies), with a small number simulating aircraft noise (3), and rail noise (1 ).

For observational studies, noise exposure was measured by direct measurement with sound
level meters in various locations (5 studies), or estimated using models (8). One study did not
clearly specify the measurement method. Experimental studies delivered noise levels in a
controlled way to participants.

The most common noise measures used were A-weighted equivalent sound levels (LA,q) for
various periods. Maximum sound pressure levels (LAm,,) were also commonly used.

All of the observational studies involved children from seven to 16 years old. Experimental
studies involved university students and young adults (7 studies), primary and secondary school
students (5), and only one involved adults aged from 35 to 65 years.

5.2.4 Types of outcomes reported
Most studies explored multiple outcomes. The most common outcomes explored in observational
studies were reading comprehension (8 studies), memory (7) and attention (6). The most
common outcomes explored in experimental studies were memory (8 studies), attention (5) and
mathematical tasks (4).

Most studies used standardised or well-known tests to assess outcomes.

5.2.5 Quality ratings
GRADE is a structured process for rating quality of evidence in systematic reviews. Quality
ratings according to the GRADE criteria are shown in Table 5-1. This indicates that on
aggregate, the quality of the evidence was rated as low.

All included studies are listed in section 8.5. GRADE criteria are detailed in appendix A.

Table 5-1 : GRADE evidence profile for environmental noise and cognition (29 studies)

No of studies
(design)

Reasons for
rating quality
down

Key findings Quality
score

Reading (skills and
comprehension)

Six (cross-sectional) Some risk of bias None Aircraft noise at school has a
detrimental effect on children’s reading
comprehension

0000
Low

Three (prospective
cohort)

Some
inconsistency

Detrimental effects of aircraft noise on
children’s reading may not persist over
time, especially if noise exposure is
changed

©©©C)

Moderate



No of studies
(design)

Reasons for
rating quality
down

Reasons
for rating
quality up

Key findings Quality
score

Two (experimental) Some risk of bias None Road traffic noise may affect reading
speed in children but no effect was
found on reading comprehension in
children

©©©C)

ModerateSome indirectness
/ applicability (see
GRADE
guidelines)

Memory (short and
long term)

Six (cross-sectional) Serious risk of
bias

None Aircraft noise may affect long term
memory in children. No effect of road
or aircraft noise on short term memory

0000
Low

Some
inconsistency

One (prospective
cohort)

Only one small
study

None Chronic exposure may have
detrimental effect on long term
memory in children which is not
immediately resolved by removing
noise

0000
Low

Six (experimental) Serious risk of 1 None
bias

Some indirectness

No effect of acute road or aircraft noise
on short term memory

©©©O
Moderate

Attention

Four (cross-
sectional)

Some risk of bias None Mixed results 0000
LowSome

inconsistency

One (prospective
cohort)

Only one small
study

None No significant findings 0000
Low

Four (experimental) Some risk of bias [ None
Some

inconsistency
Some indirectness

No effect of noise 0000
Moderate

Academic
achievement
(student, school
and borough level
measures)

Five (cross-
sectional)

Serious risk of
bias

None Noise at school may affect
achievement (one high quality study)

0000
Low

Serious
inconsistency

Mathematics tasks
(arithmetic,
mathematical
reasoning)

Four (experimental) Serious risk of 1 None
bias
Some indirectness

No effect of road traffic noise 0000
Moderate
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5.3 Summary of findings from the systematic review

5.3.1 What is the evidence of the effect of environmental noise on cognition?
This systematic review identified 29 primary studies published between 1994 and 2014
examining the relationship between environmental noise exposure and cognition. Fourteen
studies were observational and 15 were experimental. The main findings were mixed and are
summarised below.

These studies generally measured the noise exposure, or exposed the participants, within the
learning environment.

5.3.2 Observational studies
The observational studies examined the relationships between environmental noise exposure
and a range of cognitive outcomes. Eight studies examined aircraft noise and four road traffic
noise. A further three assessed general community noise, which included a combination of noise
sources but did not allow for the sources to be distinguished from one another. Most studies
were conducted on samples of children. Evidence of a relationship between environmental noise
exposure and cognition was mixed across these studies.

Aircraft noise
Six of the eight studies indicated a significant relationship between aircraft noise exposure and
cognitive outcomes. For example, they reported that exposure to aircraft noise was cross-
sectionally associated with poorer reading comprehension (Evans et al., 1995, Evans et al.,
1997; Seabi et al., 2010; Seabi et al., 2012, RANCH study and Haines et al., 2001 a, b). The
RANCH study and Haines (2001a, b) study found that the relationship did not maintain
significance when explored through a prospective cohort study. Mixed results were found for
memory and attention with four studies finding a significant relationship (Evans et al., 1995;
Haines et al., 2001; Seabie et al., 2010 and the RANCH Study). The remaining two indicated
aircraft noise exposure was not associated with reading comprehension, memory, attention and
academic achievement (Haines et al., 2001c, 2002).

Road traffic noise
Two of the four studies provided some support for an association between road traffic noise and
cognition. Belojevi6 et al. (2012) found that higher road traffic noise was associated with poorer
executive functioning in boys but not girls. The RANCH study indicated that road traffic noise was
associated with impaired recognition memory, but not reading comprehension (Clark et al., 2006;
Clark et al., 2012; Stansfeld et al., 2005; Stansfeld et al., 2010). Two studies conducted by Xie et
al. (2010, 2011 ) indicated that road traffic noise was not associated with measures of academic
achievement.

Generic environmental noise
Two of the three studies indicated that generic environmental noise (total noise levels measured
outside schools or homes) was associated with poorer cognitive outcomes. Lercher et al. (2003)
found that increased environmental noise was associated with impaired memory, while Pujol et
al. (2014) found increased environmental noise was associated with poorer academic
achievement. Another study conducted by Shield et al. (2008) found mixed support for a
relationship between environmental noise (excluding aircraft noise) and cognitive outcomes.
They found that higher levels of noise were associated with poorer academic achievement in
some, but not all, schools.
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Study limitations
The quality of the observational studies was generally low, reflecting a combination of factors
including study design and a high risk of bias. For example, most of the studies were cross-
sectional, with only two studies examining the prospective associations between environmental
noise and cognition. This is a major limitation because cross-sectional studies are not able to
provide insight into the direction of causation between noise and cognition. The RANCH study
and Haines et al. (2001a, b) also reported cross-sectional associations between noise exposure
and poorer cognition. However, these associations were not supported in the prospective
analysis. This raises further concerns on the validity of the cross-sectional findings.

Most of the studies (eight out of 1 3) had a high risk of bias, mainly reflecting the lack of control
for relevant confounding variables. This is an important consideration because significant results
reported by these studies could reflect residual confounding rather than a true relationship
between noise and cognition. Three of the nine studies had a moderate risk of bias, reflecting the
inclusion of some confounders but omission of some key confounders such as socioeconomic
status. The adjustment of confounders differed substantially between studies, particularly for
measures of socioeconomic status.

Two studies, the RANCH and the Pujol et al. (2014) studies, had a low risk of bias. Several
articles reported on the RANCH study, which demonstrated significant relationships between
exposure to aircraft noise and poorer cognition across measures of reading comprehension,
memory and attention. The RANCH study also indicated that road traffic noise was associated
with some impairments in memory. Pujol et al. (2014) examined a sample of 586 children and
found that general environmental noise was associated with impairments in standardised
measures of academic achievement.

The observational studies examined several measures of cognition. For example, articles using
data from the RANCH study used several standardised measures to assess reading
comprehension and different components of memory, such as episodic and prospective memory.
Studies also used generic indicators of overall executive functioning (Belojevi6 et al., 2012) or
standardised school performance scores (Haines et al., 2002; Shield et al., 2008; Pujol et al.,
2014; Xie et al., 2010, 2011 ). Many other studies assessed domains of cognitive performance
including reading, memory, attention, speech perception and intelligence (Haines et al., 2001a,
C)

The variations in outcome measures may partly explain the inconsistent findings and limits the
conclusions that can be drawn. Further, because most studies examine only a select range of
cognitive outcomes, they do not provide a comprehensive insight into the effects of
environmental noise on cognition.

The type of noise exposure indicator used is relatively consistent across the studies (usually LA,q
or LAm,*). However, how the noise exposed was estimated – such as direct measurement or
contour maps – and the site at which it was measured – building fagade or participant’s ear –
varied considerably. This complicates a synthesis of the evidence.

5.3.3 Experimental evidence
Fifteen experimental studies examining the effects of environmental noise on cognitive outcomes
were identified in this review. Twelve studies examined road traffic noise, three aircraft noise,
and one rail noise, although some examined more than one noise source. The findings of these
studies are summarised below
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Road traffic noise
Six of the 12 studies indicated that increased road traffic noise was associated with poorer
cognitive performance. One study (Belojevi6 et al., 2001 ) found that noise was not associated
with cognitive performance in the total sample, although a significant effect was observed in
introverts, but not extroverts. Three studies indicated that noise was not significantly associated
with cognitive outcomes. Finally, two studies reported that increased noise led to improvements
in cognitive performance. Alimohammadi et al. (2013) found that exposure to two hours of road
traffic noise (71dB(A)) led to improved attention and concentration. However, these findings
could feasibly be attributed to practice effects. White et al. (2012) reported that exposure to noise
(road traffic and aircraft noise) led to faster reaction times, but this is not necessarily indicative of
improved performance as accuracy was not affected by noise.

Aircraft noise
Two studies indicated that aircraft noise was not significantly associated with cognitive
performance. As noted above, White et al. (2012) found that road traffic and aircraft noise were
significantly associated with faster reaction times, but not differences in performance accuracy.

Rail noise

Klatte et al. (2007) found that rail noise did not lead to any differences in memory, listening
comprehension, written language acquisition or visual recall.

Study limitations
The quality of the experimental evidence was moderate, with eight studies found to have a low
risk of bias. But several other issues relating to the experimental evidence warranted
consideration. One concerned the large variation of cognitive outcomes assessed between
studies. The range of cognitive outcomes included attention, memory (short-term, long-term,
prospective, cued recall), reading comprehension, speech perception, intelligence and academic
performance. When similar outcomes were assessed, different approaches were used. For
example, several studies examining the effects of environmental noise on reading
comprehension used different measures such as the Suffolk Reading Scale (Haines et al.,
2001a) and the Woodcock Reading Mastery Test (Evans et al., 1997). The variation in types of
cognitive outcomes, and the measures used to assess them, limits comparisons between
studies

The nature of the experimental manipulation also differed considerably between studies. These
related to the duration, mean levels and peak levels of noise exposure. There were also
substantial variations in noise levels in the control or 'quiet’ conditions used as a reference in
these studies. These variations further limit comparisons that can be made between studies.

It is also important to note that these experimental studies assess the acute effects of noise on
cognition and may lack external validity. That is, while the risk of bias was low in many studies,
the results of these studies do not provide an indication of the effects of chronic noise exposure
on longer term cognitive outcomes.

5.3.4 is there a dose–response relationship between environmental noise and
cognition?

None of the studies identified formally examined dose–response relationships between
environmental noise and cognitive outcomes. However, some studies did report significant linear
associations between noise exposure and cognition, suggesting that the effects on cognition are
more pronounced at increased noise levels (Clark et al., 2006; Matheson et al., 2010).

The studies in this review did not provide a clear indication of dose–response relationships or
threshold effects. An important consideration is that there may be distinct threshold effects for
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different cognitive outcomes, such as memory versus attention. Further, many of these studies
examined the acute effects of noise on cognition and provide only a limited insight into the effects
of chronic noise exposure. Chronic exposure could have a different relationship with cognitive
outcomes.

5.3.5 is there any evidence that certain populations are vulnerable to the effects of
noise on cognition?

Most of the studies were conducted in children, with only a few on adults. For the studies
examining children, there was very limited evidence as to whether certain populations were
more vulnerable to the effects of environmental noise on cognition. Belojevie et al. (2012) found
a significant detrimental effect of road traffic noise exposure at home on teacher-rated
executive functioning in boys but not girls. However, few other studies in children examined
sub-group effects.

Similarly, there was insufficient evidence as to whether any adult sub-populations were more
vulnerable to the effects of environmental noise on cognition.

5.3.6 Does the association between environmental noise and cognition vary by
noise source?

There was limited evidence as to whether the associations between environmental noise and

cognition varied by noise sources. This is primarily because very few studies examined the
effects of multiple sources of noise. Because studies used different methods, it was not possible
to directly compare results.

Clark et al. (2006) is an example of one study that compared the effects of different noise
sources. They found that aircraft noise, but not road traffic noise, was significantly associated
with impaired reading comprehension. Clark et al. (2006) suggested that this may occur because
aircraft noise is more intense and less predictable than road traffic noise. The transient nature of
aircraft flyovers, which have short-term high noise levels, may disrupt children’s concentration
and distract them from learning tasks. The constant nature of road traffic noise may allow
children to habituate and not be distracted.

5.3.7 is there any evidence that annoyance is a mediator linking environmental
noise exposure to cognition?

Clark et al. (2006) examined whether noise annoyance was a mediator linking noise with
cognition. Their results indicated that annoyance was not a significant mediator. None of the
other studies in this review formally examined the role of annoyance as a mediator of these
relationships. However, many studies discussed annoyance as a potential mediator.

5.4 Conclusion
The systematic review identified 29 primary studies (14 observational and 15 experimental) from
35 papers published between January 1994 and March 2014 examining the associations
between environmental noise and cognitive outcomes. There is some evidence that increased
levels of environmental noise are associated with poorer cognitive performance as reflected by a
range of measures assessing reading comprehension, memory and attention. However, many of
the findings between studies were mixed, and the nature of the relationship between
environmental noise and cognition requires further investigation.

In general, the quality of the observational evidence included in this review was low, and
experimental studies were considered to have a lower risk of bias. Regardless of risk of bias, the
results were generally inconclusive. From the systematic review, it is therefore not possible to
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draw any meaningful conclusions on threshold effects, sub-group differences, or differential
effects between noise sources. There is also insufficient evidence to draw any conclusions on
the role of annoyance as a mediator. As a result, an NHMRC rating statement of D is applied to
the overall body of evidence: the body of evidence is weak and findings cannot be trusted.

It is plausible that a relationship exists between environmental noise and cognitive performance.
For example, environmental noise could be a source of distraction and thus interfere with task
performance. Environmental noise may also induce hyper-arousal and lead to deficits in
performance. It is also plausible that environmental noise has an indirect effect on cognition
through disturbed sleep. Although these mechanisms are often discussed, evidence of a strong
association is still lacking.
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6 DIscussION
With future urban population growth, a significant and increasing number of people in Australia
are likely to be adversely affected by exposure to environmental noise. The number exposed to
potentially harmful levels of environmental noise is yet to be comprehensively quantified.

Chapters 3, 4 and 5 systematically identify and appraise the evidence on the effect of exposure
to environmental noise on sleep, cardiovascular and cognitive outcomes. The systematic reviews
also considered the evidence for dose–response relationships, vulnerable groups and possible
thresholds for risk.

The expert advisory group considered an analysis of the highest quality studies – studies with a
risk of bias rating of one or two and an NHMRC higher quality study design – was important for
further interpretative guidance.

This guidance can assist regulatory authorities, public health professionals and others by:

• providing insight into the likely causal probability

• identifying if there are broad threshold boundaries for health effects

• indicating the magnitude or importance of the effects described.

The following sections provide an additional synthesis of the available evidence from higher
quality studies for sleep, cardiovascular and cognitive outcomes, along with limitations in the
current literature.

6.1 Discussion on higher level studies with sleep related outcomes

Outcomes and their importance
Sleep disturbance can be quantified objectively by the number and duration of nocturnal
awakenings, the number of sleep stage changes and modifications in their amounts.
Subjectively, disturbance can also be measured through social surveys where individuals are
asked to self-evaluate their sleep quality. Physiologically, sleep can be monitored using a sleep
polygraph that measures total sleep time, sleep efficiency, total time in various sleep stages as
well as arousals and awakenings. Motility (body movements) can be detected using
accelerometers or actimetry and are also a useful indicator of sleep disturbance. A problem for
interpretation in the systematic review was the proliferation of outcome measures. In general
electroencephalogram awakenings are an acceptable proxy measure of sleep disturbance.
However, small increases in awakenings have uncertain effects on sleep quality and uncertain
long-term health consequences.

The systematic review examined a total of 79 studies, 43 of which were observational and 36
were experimental. The evidence base, while extensive, was not rated highly in terms of overall
quality. An NHMRC rating statement of C was given. The low quality rating reflected issues
around study design (most were cross-sectional) and a high risk of bias within studies (primarily
due to measurement of sleep and control of confounders). These issues are detailed in chapter 3.

Higher quality studies
Higher quality studies included field studies with ratings of NHMRC 111-2 and risk of bias one or
two or NHMRC II and risk of bias one or two (Basner et al., 2006; Horne et al., 1994; Orhstr6m et
al., 2006; and Passchier-Vermeer, 2002). They also included experimental studies (all 111-1 or Ill-
2) with a risk of bias score one, (Basner and Samel, 2005; Basner et al., 2011 ; Griefahan et al.,
2006a; Saremi et al., 2008). See appendix A, Table A-2 for the risk rating system. These are
discussed below.
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The field studies by Basner et al. (2006) and Passchier-Vermeer (2002) measured the noise a
participant was exposed to indoors in their home and found a significant association between
noise and an impact on a sleep parameter. Outcomes included reduced rapid eye movement
(REM) sleep duration, increased sleep awakenings and increased motility as measured by
actimetry.

Basner et al. (2006) examined awakenings and sleep stage transitions in response to aircraft
noise events in a field study of 64 subjects. Sleep outcomes were measured using
polysomnography, and sound pressure levels (SPL)(LA,,m„) were recorded inside the bedroom at
the participant’s ear as well as outside at the fa9ade. Awakening probability increased with
maximum SPL of an aircraft noise event. A threshold value of 33 dB(A) was found in the study,
although it was noted that the effect was small, with only 0.2 per cent probability of awakening at
an aircraft noise event maximum SPL of 34 dB(A) ear. The study showed a dose–response
relationship with probability of awakenings increasing as maximum SPL increased. A 10 per cent
rise in awakening probability corresponded to 73.2 dB(A) ear.

The study by Passchier-Vermeer (2002) measured aircraft noise both indoors and outdoors at
the participant’s residence and found indoor noise measurements – but not outdoor – were
significantly associated with increased motility. Studies that more precisely measured the
participants’ noise exposure more clearly supported the influence of environmental noise
on sleep

Horne et al. (1994) and Orhstr6m et al. (2006) did not use indoor noise monitoring, but for
neighbourhood noise levels or modelled levels for the faQade of the house they found less clear
relationships. Horne et al. (1994) found that most aircraft noise events were not associated with
an awakening, as measured by actimetry, and that other factors such as the presence of young
children and concurrent illness, were more important. The study by Orhstr6m et al. (2006) found
mixed results, with some sleep parameters improved in high noise areas, although they were
unable to adequately control for a government noise insulation program available in the highest
noise area .

The higher quality experimental studies found similar outcomes (Basner and Samel, 2005;
Basner, 2011; Griefahan et al., 2006a; Saremi et al., 2008). All experimental studies used
polysomnography and, owing to their experimental design, tended towards better characterised
or controlled noise exposure. The results were similarly small in magnitude of effect but all found
statistically significant effects of noise on sleep. This included effects on sleep awakenings, sleep
onset latency, sleep structure and micro-arousals.

The magnitude of these effects was low and the impact on sleep uncertain. There was
insufficient evidence to determine a dose–response curve. There was also insufficient evidence
across all studies to identify a specific threshold. However, there was consistency across higher
quality studies when the threshold started at 55 dB LA„„,fagade.

Other guidance recommendations
In recent years, WHO Europe has published two reports based on extensive reviews of the
literature: the WHO Night Noise Guidelines for Europe (2009) and the Burden of Disease from
Environmental Noise (2011). The night noise guidelines report identified threshold levels for a
series of effects (biological, sleep quality, well-being and medical conditions), for which sufficient
evidence was available. It identified children, elderly people, pregnant women and shift workers
as at-risk groups. This report concluded with a proposed lowest observable adverse effect level
(LOAEL) night noise guideline level of 40 dB L„,ght,„t,id, (WHO, 2009). This is not consistent with
the threshold levels identified in the higher level studies described above.
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The burden of disease report relied on several assumptions to arrive at estimates for exposure-
response relationships. These were used to estimate the disease burden from environmental
noise, measured in Disability Adjusted Life Years (DALYs). Such estimates of dose–response
relationships and thresholds need to be interpreted with caution.

6.2 Discussion on higher level studies with cardiovascular outcomes

Outcomes and their importance
Cardiovascular outcomes reported in the studies in the systematic review are indisputably
important health effects. Outcomes reported are hypertension (56 studies), cardiovascular
disease usually comprising myocardial infarction or ischaemic heart disease (14 studies), heart
failure and stroke. A variety of studies, equivalent to chamber studies in air pollution research,
demonstrated acute effects of noise exposure on heart rate, blood pressure, insulin and
catecholamine release.

A total of 65 studies was included in the systematic review. The overall body of evidence was
given an NHMRC rating statement of C, where the body of evidence has limitations and care
should be taken in interpreting findings. Higher quality non-experimental studies (Babisch et al.,
1999; Beelen et al., 2009; Chang, 2009; de Kluizer et al., 2013; Eriksson, 2007 and 2010; Gan et
al., 2012; Sorensen et al,. 2012a) included cardiovascular outcomes with a risk of bias rating of
one or two and a prospective cohort design (NHMRC Level II evidence for aetiological
questions).

Higher quality studies
Three higher quality studies addressed the outcome of hypertension (Eriksson, 2007 and 2010;
Chang, 2009). Those by Eriksson used the Stockholm Diabetes Prevention Program Cohort to
investigate the effects of modelled aircraft noise on self-reported diagnosis of hypertension. The
earlier study found a significant association between increasing noise and escalated rates of self-
reported hypertension. The second study by Eriksson (2010), which controlled for more
confounders and had a longer follow-up period, found persistent effects only for men. Chang et
al. (2009) investigated the effect of environmental noise (measured on a personal device that
logged noise levels every five minutes) on blood pressure (measured every 30 to 60 minutes
throughout the study period). This study found an association between increasing noise and
short-term rises in blood pressure in young adults.

Five higher quality studies, all prospective cohort studies, examined cardiovascular outcomes
more generally (including coronary heart disease and cerebrovascular events) as well as
coronary heart disease specifically (Babisch et al., 1999; Beelen et al., 2009; de Kluizer et al.
2013; Gan et al., 2012; Sorensen, 2012). Effects seen were small and significant in only the
three studies that examined cohorts of more than 50,000 people (Beelen et al., 2009; Gan, 2012;
Sorensen, 2012). Sorensen et al. (2012) found a linear dose–response for traffic noise and
myocardial infarction throughout the exposure range of the study (42-84 dB). As all these
studies assessed exposure to road noise, consideration of air pollution as a potential confounder
is important. Only two studies considered both cardiovascular risk factors and air pollution in their
analysis, with the smaller cohort (Sorensen, 2012) finding a significant effect of noise, and the
larger cohort (Beelen et al., 2009) finding a non-significant trend. A trend towards increased
cardiovascular outcomes with noise was observed in all higher quality studies, be it statistically
significant or not.

Most of the higher quality studies found an effect of noise on cardiovascular outcomes including
hypertension, coronary heart disease and cerebrovascular disease. In general, effect sizes were
low. Studies with fewer subjects often found non-significant trends towards an effect, while
studies with more subjects found small but more often significant effects. Although the magnitude
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of effect was low and the impact of these effects uncertain, it is still possible to reach limited
conclusions around adverse effects on cardiovascular health.

Higher level studies suggest a general threshold for cardiovascular disease outcomes, which
may be observed as low as 52 dB(A) measured at the faQade (or 42 dB(A) at the ear using an
assumption of 10 dB loss across the fagade) but which are definitely observed as having adverse
health effects starting in the range 55–60 dB(A) fa9ade. These outcomes are for chronic
exposure to road traffic noise estimated using a standard composite noise metric (usually Ld,„).

Other guidance recommendations
WHO Europe’s Burden of Disease from Environmental Noise report (2011 ) looked at the risk of
cardiovascular disease (specifically ischemic heart disease and hypertension) from increased
noise levels. It notes that no myocardial risk is detected at noise levels under 60 dB(A). This
report relied on several assumptions to arrive at estimates for exposure-response relationships,
which in turn were used to estimate the disease burden from environmental noise, measured in
Disability Adjusted Life Years (DALYs). Such estimates of thresholds need to be Interpreted
with caution.

6.3 Discussion on higher level studies with cognitive outcomes

Outcomes and their importance
Cognitive outcomes are not commonly considered a health outcome unless they are persistent
and affect the quality of social interaction, life opportunities or activities of daily living. Many of the
cognitive outcomes considered by studies covered by the systematic review could be more
properly considered educational or learning outcomes. Generally, experimental studies are able
to report only short term cognitive deficits arising from noise interference with cognitive tasks.
They provide insight into kinds of cognitive functions that noise can interfere with and possible
thresholds for this interference. However, they cannot provide direct evidence for the level at
which noise may cause persistent cognitive deficit.

The systematic review identified 14 observational and 15 experimental studies. The body of
evidence was given an overall NHMRC rating statement of D, where the body of evidence is
weak and findings cannot be trusted.

Higher quality studies included observational studies of NHMRC study type II (prospective
cohort) and risk of bias rating one or two, or NHMRC study type IV (cross-sectional) and risk of
bias rating one, and experimental studies with NHMRC study type (all 111-1 or 111-2) (Clark, 2006,
2013; Enmarker, 2004; Hygge, 2002; Hygge, 2003a; Klatte, 2007; Ljung, 2009; Pujol, 2014;
Sandrock, 2010; S6rqvist, 2010; Stansfield, 2005; Sukowski, 2007; Trimmel, 2012). These are
discussed below.

Higher quality studies
A number of these studies (mostly experimental in design) examined the relationship between
noise and various aspects of memory. All studies that considered the effect of road or aircraft
noise on an aspect of memory found a significant relationship with at least one aspect of memory
(Enmarker, 2004; Hygge, 2003a; S6rqvist, 2010; Stansfield, 2005; Hygge, 2002). Klatte (2007),
the only study that assessed rail noise, found a non-significant effect of rail noise on short term
memory. Enmarker (2004) and Hygge (2002) considered attention in their studies but found
noise did not have a significant effect.

The four experimental studies examined a range of noise exposures and outcomes. Three of
these found an effect of noise on academic performance (Ljung, 2009; Sukowski, 2007; Trimmel,
2012). The study finding no effect of noise on academic performance (Sandrock, 2010) exposed
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participants to higher levels of noise in the control group compared to other studies, which might
have been a factor in the non-significant result.

Observational studies that examined the effect of noise on academic performance all considered
the influence of aircraft noise alone. The RANCH studies recruited students aged nine to 10 from
98 schools around airports in the Netherlands, Spain and the United Kingdom (Clark, 2006,
2012; Stansfeld, 2005). These considered outcomes related to academic performance such as
school-based tests or other academic abilities, including mathematical reasoning, grammatical
reasoning and reading comprehension. The RANCH studies found a significant effect on reading
comprehension but not attention (Clark, 2006, 2012; Stansfeld, 2005). A study by Pujol (2014)
found a significant effect of school noise on language and mathematical performance. A follow-
up study by Clark (2013) of primary school children in the London arm of the RANCH study
showed only non-significant decreases in reading comprehension persisting after six years.

In general, observational studies reported a large number of cognitive outcomes, did not report
consistent direction of effect of cognitive outcomes, and did not report consistent effects across
studies. Studies adjusted for a large range of potential confounders. However, we cannot
discount a possible residual effect from socioeconomic status or other related confounders.

The high level studies suggest that noise may acutely interfere with some aspects of cognitive
performance. Impairment may vary according to type of noise source, type of task and level of
difficulty. There was insufficient evidence of what the long-term effects from environmental noise
may be, or whether short-term effects persist over the longer term. These mixed findings may be
attributable to the quality of the study designs or absence of high quality longitudinal studies but
also reflect the inherently complex nature of cognitive processing.

Other guidance recommendations
In its report on the burden of disease from noise assessment, WHO (2011 ) proposed a
hypothetical exposure–response relationship, where it is assumed that no children are affected at
levels under 50 dB(A) Ld., and that 100 per cent were affected at levels over 95 dB(A) Ld„.
However, this report relied on several assumptions to estimate exposure-response relationships
that were then used to estimate the disease burden from environmental noise, measured in
Disability Adjusted Life Years (DALYs). Such estimates of dose–response relationships and
thresholds need to be interpreted with caution.

6.4 Limitations
Limitations imposed by the quality of the body of evidence available for the systematic reviews
have been discussed in chapters 3 to 5. Many studies did not consider the duration of exposure
to noise, particularly for cardiovascular disease, which could have an impact on findings. Most
studies were observational studies with a high risk of bias due to potential confounding, and
there are issues with external validity of experimental studies (applicability of experimental
findings to real world situations). These and the heterogeneity of measurement of both noise and
outcomes restricted any attempt at meta-analysis of results in the systematic reviews.

Causality is difficult to demonstrate without randomised controlled trials or prospective cohort
studies, and these studies are difficult or impossible to conduct in the area of environmental
noise. Sections 10 and 11 in appendix A detail the overall quality assessment process using the
GRADE guidelines (Guyatt et al., 2011 ), informed by relevant recommendations from the
NHMRC (1999).

GRADE is an accepted method of providing a structured process for rating the quality of
evidence in systematic reviews. However, it was developed primarily in the context of clinical
trials, and there are ongoing debates about its application for public health. This includes
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environmental noise health effects, where randomised control trials are often not possible. The
limitations in applying GRADE guidelines to public health evidence have been noted previously,
including in a study by two members of the GRADE working group (Rehfuess and AkI, 2013).
One issue identified was the low quality evidence grading for all observational studies – non-
epidemiological evidence, such as experimental studies, is regarded as very low quality. Other
issues included uncertainty about how to apply the GRADE criteria to narrative summaries, and
potential for policymakers to misinterpret the GRADE terminology to describe the quality of
evidence. The authors suggested the GRADE working group consider modifications to the
criteria to better suit reviews of public health interventions.

The GRADE criteria used to rate evidence in the systematic reviews cited here have been
modified to account for issues with experimental studies (see appendix A, section 7). While the
formal GRADE requirement rates all observational studies as 'low quality’, the studies we
reviewed may have adopted close to the best feasible design for many of the measured noise
outcomes.
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7 SUMMARY AND RECOMMENDATIONS

This chapter summarises the findings, identifies the gaps in the literature and considers future
priorities to protect and promote human health in relation to environmental noise.

7.1 Summary statement on environmental noise and sleep disturbance
There is consistency across higher quality studies to suggest a causal relationship between
environmental noise and sleep disturbance above 55 dB(A) (L„ight,„t,id,) at the building fa9ade.

Table 7-1 summarises the findings from the systematic review and areas of concern.

Table 7-1 : Summary of current evidence on the effect of noise on sleep disturbance and dose–
response, sources, thresholds and individual vulnerability

Concern Summary of effects on sleep disturbance

Dose-response It is likely there is a dose–response relationship between noise and physiological effects on
sleep which some studies show begins above 32 dB(A) LAm,, measured at the ear (about
equivalent to 42 dB(A) LAm„ at the fagade). While physiological effects have been observed
at these levels, this does not suggest this is the threshold for adverse health effects.

Variations by
source

The systematic review concludes it is plausible that aircraft, rail and road traffic noise have
differential effects on sleep quality. However, because available data are limited, it is not
possible to draw definitive conclusions on the nature and magnitude of these differences.

Threshold There is consistency across higher quality studies to suggest sleep disturbance above 55
dB(A) (L„,gh,.,.t,id,) at the fagade. Some studies show physiological effects below 55 dB(A)
(L„,ght,,.t,id,) but because of the studies’ limitations, the evidence was not sufficient to say
when these outcomes constitute an adverse health effect.

Vulnerable
populations

Evidence from the systematic review raises the possibility that some effects may be greater
in certain populations, but it is not strong or complete enough to draw strong conclusions on
vulnerable groups. WHO’s night noise guidelines for Europe report identifies children,
elderly people, pregnant women and shift workers as potential at-risk groups.

Gaps and
research needs

Observational research should ideally be longitudinal in design. Use of standardised sleep
measures and accurate noise exposure measures (not proxies), and appropriate control of
covariates with potential to confound the findings, would help to compare and pool studies.
Studies are needed that allow for further comparison of the effects of different noise
sources, as well as formal examination of mechanisms that may link environmental noise
and sleep (annoyance).

7.2 Summary statement on environmental noise and cardiovascular disease
The larger prospective cohort studies that more comprehensively controlled for confounders
suggested a causal relationship between chronic exposure to environmental noise and
cardiovascular outcomes above 60 dB LA,q,d,y,16h at the fagade. Note that the LA,q,d,y,16h metric
measures sound from 7 am to 11 pm and is an outdoor value.
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Table 7-2 summarises the findings from the systematic review and areas of concern.

Table 7-2: Summary of current evidence on the effects of noise on cardiovascular disease and
dose-response, sources, thresholds and individual vulnerability

Concern Summary regarding effects on cardiovascular health

Dose–response Variation in research design, study quality, adjustment for confounders, and outcome
reporting make construction of dose–response relationships difficult. A small number of
studies formally examined whether there was a dose–response relationship between noise
exposure and cardiovascular outcomes. These studies were suggestive but not conclusive
of a dose–response relationship. Many studies reported that stronger relationships with
cardiovascular outcomes were observed as noise levels increased.

Variations by
source

The systematic review concludes it is plausible that aircraft, rail and road traffic noise have
differential effects on cardiovascular health, but existing evidence is not conclusive.

Threshold The larger studies that more comprehensively controlled for confounders suggested
adverse effect on the cardiovascular system occur above 60 dB LA,q,d,y,16h at the fagade.
Note that the LA,q.d,y,16h metric measures sound from 7 am to 1 1 pm and is an outdoor
value

Given the variability in research designs and study quality, summary threshold effects could
not be determined from the studies. Some studies offer fIndings that indicate levels at which
adverse outcomes are observed, although these do not indicate clear thresholds.

Vulnerable
populations

Evidence from the systematic review suggegts the association between aircraft noise
exposure and hypertension was stronger in older individuals, in those with high levels of
annoyance and in individuals who had lived in noise exposed areas for a longer period.
Road traffic noise was found in some studies to be associated with hypertension, coronary
heart disease and myocardial infarction in middle aged adults and also in individuals who
had lived in noise exposed areas for a longer time. There were significant but inconsistent
gender differences in some studies.

Gaps and
research needs

There is a need to better identify vulnerable groups and subgroups, and those who have
lived in a high noise exposure area for a longer period (>10 years). Future studies should
investigate whether factors such as annoyance mediate the association between noise
exposure and cardiovascular health. Any further research should use study designs that
show causality and use objective outcome measures to reduce bias.
Many of the studies that considered cardiovascular outcomes did not comprehensively
control for confounding, particularly air pollution .

7.3 Summary statement on environmental noise and cognition
There is some evidence that increased levels of environmental noise are associated with poorer
cognitive performance. This is reflected in a range of measures assessing reading
comprehension, memory and attention.

Many of the findings between studies were mixed, and the nature of the relationship between
environmental noise and cognition requires further investigation.

There is insufficient evidence of a causal effect of environmental noise on persistent cognitive or
learning deficits.
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Table 7-3 below summarises the findings from the review and areas of concern.

Table 7-3: Summary of evidence on the effects of noise on cognition and dose-response,
sources, thresholds and individual vulnerability

Concern Summary regarding effects on cognition

Dose–response The systematic review did not identify studies that formally examined dose–response
relationships between environmental noise and cognitive outcomes. Some studies did
report significant linear associations between noise exposure and cognition, suggesting that
the effects on cognition are more pronounced at increased noise levels.

Variations by
source

The systematic review noted there is limited evidence as to whether the associations
between environmental noise and cognition varied by noise sources. This is primarily
because very few studies examined the effects of multiple sources of noise. Because
studies used different methods, it was not possible to directly compare results between
studies. However, it is possible that aircraft noise is more disruptive to children's
concentration .

Threshold The systematic review did not provide a clear indication of a threshold but it suggested
there may be distinct threshold effects for different cognitive outcomes.

Vulnerable

populations
Evidence from the systematic review is not sufficient to identify vulnerable groups. Most
studies were conducted on children, and it seems reasonable to suggest that children are a
vulnerable population with regards to noise and cognition. Subgroup effects among different
children groups, such as gender, are inconclusive.

Gaps and
research needs

More research is needed to clarify the nature of the relationship between environmental
noise and cognition, taking account of specific cognitive outcomes and chronic noise
exposure. These should include well-designed prospective studies and experimental
studies that involve randomisation and that compare the effects of different noise sources.
Observational studies would also be useful to identify vulnerable populations, which could
then be further examined in experimental studies. It would be valuable for studies to
examine the role of annoyance as a mediator linking environmental noise to cognition.

7.4 Overall summary statement for the effect of environmental noise on
health

There is sufficient evidence of a causal relationship between environmental noise and both sleep
disturbance and cardiovascular disease, to warrant health based limits for residential uses.

During the night-time, an evidence based limit of 55 dB(A) at the facade using the L,q,„igh,, or
similar metric and an eight-hour night-time period is suggested.

During the day-time, an evidence based limit of 60 dB(A) at the facade measured using the
L,q,d,y, or similar metric and a 16-hour day-time period is suggested.

7.5 Recommendations
It is likely that community and public health concern over environmental noise will grow. This is
particularly due to increasing urban density along busy transport corridors, growth in urban
transportation, significant shifts in inner city land use, growing residential use of rezoned
industrial areas, and greater information and evidence.

This report confirms and expands on the findings of the enHealth report on the health effects of
environmental noise published in 2004. The current evidence indicates that environmental noise
is an ongoing public health problem, and one that deserves more attention than it receives.
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Four main recommendations are presented as measures to address the health impacts of
environmental noise. They are:

1. recognise that environmental noise is a health risk

2. promote measures to reduce environmental noise and health impacts

3. address environmental noise in planning and development activities

4. foster research to assist policymaking and action.

These recommendations are not considered exhaustive and may be subject to change in light of
further evidence.

7.5.1 Recommendation 1: Recognise that environmental noise is a health risk
Policy

Recommended actions Responsibility Priority

HighConsider this review when developing national
environmental noise goals

State and territory health agencies

State and territory and Australian Government
agencies to include noise as an important
environmental health issue for strategic and local
planning

State and territory health agencies

Review adequacy of existing health guidelines in
state and territory legislation

enHealth

Interventions
Recommended actions Responsibility Priority

MediumPromote awareness of the impacts of environmental
noise on health

Relevant agencies, stakeholders and
non-government organisations

Information
Recommended actions Responsibility Priority

MediumInform communities and stakeholders of national
and international standards and guidelines

State and territory health agencies.
other relevant agencies, stakeholders
and non-government organisations



7.5.2 Recommendation 2: Promote measures to reduce environmental noise and
associated health impacts

Policy
Recommended actions Responsibility Priority

HighReview consistency of existing legislation across all
levels of government

enHealth. state health, environment
and planning authorities including the
Australian Building and Construction
Commission

Interventions
Recommended actions Responsibility Priority

MediumReview noise arising from transportation, including
noise criteria for areas adjacent to transport
infrastructure

State health, environment and planning
authorities including the Australian
Building and Construction Commission

Promote noise mitigation measures (for example
acoustic barriers or noise insulation in residential
buildings) and the use of licensing controls to limit
noise impacts

State health, environment, transport
and planning authorities including the
Australian Building and Construction
Commission

Medium

Information
Recommended actions Responsibility Priority

MediumDevelop a national environmental noise reduction
education program, which could be supplemented
with additional state-specific campaigns

enHealth, state and territory health
agencIes
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7.5.3 Recommendation 3: Address environmental noise in planning and
development activities

Policy
Recommended actions Responsibility Priority

HighInclude environmental noise in the health impact
assessment of proposed developments, where
warranted

State health, environment and planning
authorities including the Australian
Building and Construction Commission

Determine baseline environmental noise levels to
inform planning actions (noise mapping)

State health, environment, transport
and planning authorities

High

MediumReview noise control practices and how to further
integrate noise control into planning processes, for
all levels of government (with attention to future
noise research findings)

State health, environment and planning
authorities

Foster national consistency for: State health, environment and planning
authorities including the Australian
Building and Construction Commission

Medium
• guidelines on how to minimise or prevent

environmental noise arising from
developments (that is, appropriate
attention to layout, design and
construction)

limiting noise arising from major sources
methods to set noise limits

Interventions
Recommended actions Responsibility Priority

HighCarry out baseline monitoring of environmental
noise levels over time to ascertain existing ambient
levels across a broad range of populations and land
use areas. This could be used to inform land use
planning or burden of disease studies

Environment, transport and health
agencIes

Apply appropriate controls where noise is known to
have an effect

Regulatory authorities

Develop national and state action plans for both the
long and short term to integrate planning and
research at all levels of government

enHealth, State health, transport,
environment and planning authorities

Medium

Develop guidelines for noise sensitive
developments for layout, design and construction

Planning, environment and health
agencIes

Recommended actions

Information

Responsibility Priority

MediumDevelop state information strategies to keep
communities informed of advances in measures to
Improve noise

State health, environment and planning
authorities including the Australian
Building and Construction Commission



7.5.4 Recommendation 4: Foster research to support policymaking and action
Policy
Recommended actions Responsibility Priority

Highldentify factors giving rise to sensitivity to noise and
vulnerability to non-auditory health effects to inform
environmental, planning and health policies

State and territory health agencies,
enHealth, key researchers

Interventions
Recommended actions Responsibility

Conduct a rigorous evaluation of national, state and
city population exposures to each major noise

State and territory environment
agencies, health agencies, such as
National Health and Medical Research
Council enHealth, key researchers

Support noise mapping projects to determine
community noise exposures to each major noise
source. which could be used to inform land use
planning or burden of disease studies

Health, environment and transport
stakeholders

High

Conduct evaluations of noise reduction schemes on
community health

State health, environment and planning
authorities including the Australian
Building and Construction Commission
enHealth, key researchers

Promote further research on the effects of noise on
learning performance in children, sleep disturbance
annoyance and cardiovascular health and mental
wellbeing to establish threshold levels

State health, environment and planning
authorities including the Australian
Building and Construction Commission
enHealth, key researchers

Medium

Information
Recommended actions Responsibility Priority

MediumTranslate research findings into useful information
for community and relevant stakeholders

State health, environment and planning
authorities including the Australian
Building and Construction Commission
enHealth, key researchers
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Concluding remarks
Although the body of evidence is largely still emerging, there is sufficient evidence to suggest
that noise affects health. It is important to consider actions to reduce environmental noise
exposure where feasible. This would likely have a positIve impact through health benefits.

A number of areas require further investigation and particularly for the Australian context.
Environmental noise in rural areas has not been well researched because the low population
density makes it difficult to conduct studies with sufficient statistical power to confirm or refute
any hypothesis.

Lack of noise mapping and determination of population exposure by noise levels constrains
estimates of the burden of disease from noise exposure. Environmental noise therefore needs to
be prioritised on the research agenda.

Research that would have a direct impact on policy would be intervention studies examining the
effects of change in noise exposure on changes in population health. Health agencies have a
critical role to play in developing an appropriate research framework with academic institutions,
transport, environment and planning agencies.
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AppENDIX A: REVIEW OBJECTIVES AND METHODOLOGY

1. Evidence reviews
NSW Health convened an expert advisory group to assist in developing this document. It also
commissioned the Centre for Health Initiatives at the University of Wollongong to do systematic
reviews of the evidence for three health outcomes: sleep disturbance, cardiovascular diseases
and cognition.

2. Review objectives
The review identified and appraised international evidence on the influence of exposure to
environmental noise on sleep, cardiovascular and cognitive outcomes.

The primary research question was: 'What is the evidence for an effect of environmental noise on
sleep, cardiovascular and cognitive outcomes?

Four sub-questions were:

1. Is there a dose–response relationship between environmental noise and sleep,
cardiovascular and cognitive outcomes?

2. Is there any evidence that certain populations, such as children, are particularly
vulnerable to the effects of environmental noise on sleep, cardiovascular and cognitive
outcomes?

3. Does the association between environmental noise and sleep, cardiovascular or
cognitive outcomes vary by noise source, such as rail, road and aircraft?

4. Is there any evidence that annoyance is a mediator linking environmental noise
exposure to sleep, cardiovascular and cognitive outcomes?

A protocol was developed with guidance from the expert advisory group for this review. This
outlined the scope, research questions and criteria for selecting and appraising studies,
templates for extracting data, and methods for synthesising the results.

The review followed established guidelines, such as the NHMRC guidelines (1999) and the
Cochrane Collaboration guidelines (Higgins and Green, 2011 ).

It involved six steps:

1.

2.

3.

Refining the research question and scope

Conducting an extensive search of the academic literature

Searching the websites of international agencies and conducting Google searches to
identify grey literature

4. Extracting the relevant data

5. Assessing the quality of the selected studies

6. Systematically synthesising the selected studies.

This review informs chapters 3 to 7 of this document.
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3. Literature search

A comprehensive and systematic search identified all relevant studies in peer reviewed and grey
literature sources published from January 1994 to March 2014. This updates the previous
enHealth review published in 2004, which was not a systematic review.

An initial 'scoping search’ in December 2013 provided a brief overview of the evidence base and
serve as a basis for scoping decisions. The formal search was done in March to June 2014
(bibliographic database searches) and July 2014 (internet searches). The results of the database
searches and citations of relevant reports and articles identified in the grey literature search were
uploaded to an EndNote library (EndNote X7, www.endnote.com) for appraisal. Full details of the
search process are in the chapters addressing sleep, cardiovascular and cognitive outcomes.

4. Grey literature and hand searching
Primary studies published in the grey literature (not in peer reviewed journals) were identified by
searching various online sources. Websites of key organisations (identified by the expert
advisory group) and Google advanced search were searched. Full details of the search methods
and results of the grey literature search are in the chapters addressing sleep, cardiovascular and
cognitive outcomes.

Key journals, where a large proportion of included studies were published, were also hand
searched by accessing the journal online and browsing archives for the period January 1994 to
March 2014. These included:

• Noise and Health

• Journal of Sound and Vibration

• Journal of the Acoustical Society of America

• Applied Acoustics.

The reference lists of included studies and other relevant reviews were scanned for any
additional studies.

5. Study selection and appraisal
Studies were selected for inclusion using a two-stage process conducted by two research team
members (with 20 per cent random overlap to ensure consistency). The fIrst stage involved
scanning titles and abstracts in EndNote and excluding based on obvious deviations from the
inclusion criteria. Full texts were retrieved for all remaining citations. The second stage involved
reading the full text to ascertain whether the study fully met the inclusion criteria. The culmination
of stage two was a final dataset of included studies.

The criteria used to select studies for review are in Table A-1
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Table A-1 : Inclusion criteria for the systematic reviews.

Topic Details

Participants

Time periods

The review considered all studies that involve human subjects of any age.

The review was limited to articles published between January 1994 and March
2014. This time frame was chosen to include the most relevant and recent studies.
including those reviewed for the previous enHealth noise and health guidelines (2004).

Language English language articles were included.

Noise exposure
(source and how it was
measured)

Studies were included if they specifically addressed environmental sources of
noise. While this primarily means noise emitted from road, rail and air traffic, other
sources considered relevant for this review included industrial and capital works,
ventilation noise emitted from external sources in neighbouring buildings, and
general community noise (not emitted from one’s own property).
Noise sources not within scope included:
Occupational noise experienced by employees in the workplace

Domestic sources of noise and their effects (e.g. noise from within neighbouring
apartments
Infra-sound and wind farms.

A number of studies looked at classroom acoustics and cognition. Most of these
were excluded because the noise source of interest was either within the
classroom or emitted from within the school grounds. Studies were included only if
the noise source of interest was external to the school and a sufficient measure of
exposure was utilised.

Studies were also required to include a reliable measure of exposure. This
included a broad array of tools from direct measurement to estimates obtained
from models or contour maps. Studies were excluded if only proxy measures of
noise exposure were used (e.g. noise annoyance, proximity to a roadway).

Sleep outcomes Studies were included if they addressed one or more sleep disturbance outcomes.
These ranged from self-reported sleep quality to polysomnography. Studies
assessing sleep disturbance among shift workers, who may not sleep during night
time hours, were also included.

Cardiovascular
disease outcomes

The specific focus of this review was on outcomes directly relevant to
cardiovascular disease; including hypertension, heart disease, stroke and
diabetes.

Many studies examined blood pressure on a continuum – participants were not
categorised into blood pressure categories. These studies were included as they
encompass individuals with high blood pressure

Studies that focused solely on changes in hormone levels (such as
catecholamines) or stress responses were excluded. These outcomes are related
to cardiovascular health, but they do not provide a direct insight into the effects of
environmental noise on cardiovascular disease risk. Rather, these measures are
likely to be part of the causal pathway linking environmental noise with
cardiovascular disease

In addition, there are numerous studies examining the effects of environmental
noise on cardiovascular activity during sleep, such as cardiac arousals. These
studies were excluded from the review as they are unlikely to provide an indication
of risk
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Topic Details

Cognition outcomes Cognition may be defined in a number of ways but the relevant outcomes included
in this review were those that were indicators of the cognitive functIoning of healthy
children, adolescents and adults with normal hearing. These include such
functions as memory, comprehension, logical processing, attention and vigilance.
Speech perception and the way people hear sounds was the focus of a number of
studies, but not deemed relevant for this review as it is more of a mediating factor
in the association between noise and cognition, rather than a cognitive outcome in
itself. Listening and reading comprehension were considered to be cognitive
functions and were included.

A number of studies used simulated noise delivered while participants slept in a
laboratory setting to study the association between noise-disturbed sleep and
cognitive performance the next day. These were deemed to be more focused on
the effect of the sleep disturbance on cognition rather than noise exposure itself
and were therefore excluded

Study and publication
types

A broad range of study types was included. Studies were excluded if they had: no
control or comparison group (e.g. descriptive study); intervention studies, except
where relevant cross-sectional data (baseline) was available; and animal studies.

Peer reviewed articles, official reports, and conference papers were included.
Conference abstracts were included only when sufficient information was available
to extract necessary data and appraise for risk of bias. Correspondence, editorials
and reviews were excluded.

6. Quality assessment
The overall quality assessment process followed GRADE guidelines (Guyatt et al., 2011 ),
informed by relevant recommendations from NHMRC (1999).

GRADE is a structured process for rating quality of evidence in systematic reviews. This process
provides a summary of the evidence – the quality rating for each outcome and the estimate of
effect, reflecting the extent we can be confident the estimates of effect are correct.

A range of domains were used to appraise the quality of the evidence. Risk of bias is first
assessed at the individual study level. The rest are assessed by looking at the entire body of
evidence for that outcome. These domains are:

1.

2.

Risk of bias – assessed at individual study level. Used to assess limitations with the
study and degree of confidence in the findings

Inconsistency of results – inconsistency in participants, methodology and outcomes
across the body of evidence. An evaluation of the similarity of point estimates and/or
extent of overlap of confidence intervals may be used

3. Indirectness of evidence – the differences between study characteristics (such as
participants, exposures and outcomes) and those of interest (such as populations of
interest) within the body of evidence. The greater the difference, the more indirect the
evidence. May be appropriate to use interchangeably with the terms 'applicability’ and
'generalisability’

4. Imprecision – an assessment of 95 per cent confidence intervals (CI) to ascertain
whether the estimate of effect for the body of evidence is sufficiently precise. This is more
difficult if CIs are not reported and is generally only used in meta-analysis

5 Publication bias – suspected when evidence comes from a number of small studies, most
of which have been commercially funded
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6.

7.

8.

Large magnitude of effect – presence may justify increasing the rating for the quality of
the body of evidence

Plausible confounding, which would reduce a demonstrated effect

Dose–response gradient – presence may justify rating up the quality of the body of
evidence.

Quality assessment involved two main stages.

First, the risk of bias within each individual study and each individual outcome within the study
was assessed. The NHMRC level of evidence for study type was also recorded.

Second, the overall quality of the body of evidence for each individual outcome was assessed.
See 'Evidence quality’ below.

7. Risk of bias
Risk of bias is the risk that authors will overestimate or underestimate the true effect of a

particular exposure (Higgins et al., 2011 ). Risk of bias is assessed by looking at features of the
design and execution of individual studies that have the potential to affect the validity of findings.
Risk of bias is distinguished from the 'methodological quality’ of a study. The latter may refer only
to the extent to which study authors conducted their research to the highest possible standards
and not the extent to which results should be believed. A study may be performed to the highest
possible standards and yet still have an important risk of bias (Higgins et al., 2011 ).

Risk of bias assessment was conducted by two researchers, with inter-coder reliability checked
on 20 per cent of the sample to ensure consistency, and taking into account that judgements will
involve a certain level of subjectivity. Any discrepancies were reviewed by a third researcher.

Assessment of risk of bias was informed by the GRADE guidelines risk of bias criteria (Guyatt et
al., 2011 ); and the Cochrane Collaboration risk of bias tool (Higgins and Green, 2011 ). Further
information on the GRADE criteria is available in sections 10 and 11 of this appendix.

Quality assessment tools such as GRADE are typically developed for the assessment of
randomised controlled trials. Where appropriate, GRADE guidelines were modified to be suitable
for assessing the studies in this review. This applied particularly to experimental studies, as
GRADE guidelines emphasise allocation concealment and blinding in the risk of bias
assessment. These criteria may be less relevant to experimental studies that are not randomised
control trials. Therefore, we modified GRADE criteria to include a rating of 'randomisation and
counterbalancing of allocation’. Studies using an appropriate method of allocation to
experimental conditions (such as randomisation or counterbalancing) are rated as having a low
risk of bias.

Evidence rating8

Once risk of bias ratings were completed for all papers for a given outcome, a rating of the
overall body of evidence was done. GRADE offers four levels of evidence quality: high,
moderate, low and very low. These levels imply a gradient of confidence in estimates of
treatment effect, and thus a gradient in the consequent strength of inference. Randomised trials
begin as high quality evidence and observational studies as low quality evidence. Quality may be
downgraded as a result of limitations in study design or implementation, imprecision of estimates
(wide confidence intervals), variability in results, indirectness of evidence, or publication bias.
Quality may be upgraded because of a very large magnitude of effect, a dosbresponse
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gradient, and if all plausible biases would reduce an apparent treatment effect (appendix A,
sections 10 and 11 ).

To be consistent with the NHMRC, we also appraised the evidence according to NHMRC levels
of evidence ratings (Table A-7). These ratings were informed by GRADE ratings as well as study
design. Details for interpreting each rating are shown in Table A-2.

Table A.2: NHMRC evidence statements

Description

Findings from the body of evidence can be trusted

Findings from the body of evidence can be trusted in most situations

The body of evidence has limitations and care should be taken in the interpretation
of findings

The body of evidence is weak and findings cannot be trusted

9. Data synthesis
Narrative synthesis is a textual approach to synthesis to 'tell the story’ of the findings. This was
chosen as the most appropriate approach to synthesis, given the diverse range of study types
and the nature of the research questions.

Formal guidelines for narrative synthesis are not available. However, current guidelines for the
conduct of systematic reviews (CRD, 2009) suggest that synthesis should incorporate these
elements:

• developing a theory of how the intervention works, why and for whom

• developing a preliminary synthesis of findings of included studies

• exploring relationships within and between studies

• assessing the robustness of the synthesis.

These features are primarily concerned with systematic reviews of intervention studies. Only the
last three elements were therefore used to guide the data synthesis stage.

10.GRADE criteria
The GRADE criteria are different for observational and experimental studies (Table A-3). Criteria
1 for experimental trials have been modified to better suit the types of studies in this review (not
randomised controlled trials).

Table A-3: GRADE risk of bias criteria

Criteria

Risk of bias in experimental trials

1. Lack of allocation concealment
(changed in this review to
randomisation/ counterbalancing of
allocation)

2. Lack of blinding

Questions

Was there an adequate method of allocation? (randomisation or
counterbalanclng)

Were participants, personnel and outcome assessors 'blind’ to
intervention?



Criteria Questions

3. Incomplete accounting of patients
and outcome events

Was the trial stopped early?

Were patients analysed in the groups to which they were randomised?

Is there incomplete or absent reporting of some outcomes and not
others on the basis of the results?

4. Selective outcome reporting bias

5. Other limitations Were there any other limitations that could affect the validity of the
findings?

Risk of bias in observational studies

1. Failure to develop and apply
appropriate eligibility criteria (inclusion
of control population)

Cohort

Was the cohort representative of the population of interest?

Were participants in different exposure groups recruited from the same
population or matched and over the same period?
Case control

Were cases and controls recruited from the same population or
matched and over the same period?

All

Was the exposure clearly defined and accurately measured?
Were the main outcome measures used accurate (valid and reliable)?
Did they use subjective or objective measurements?
Were the measurement methods similar in different groups?
Were the statistical tests used to assess the main outcomes
appropriate?
Cohort

Do the analyses adjust for different lengths of follow-up?
Case control
Period between the intervention and outcome the same for cases and
controls?

2. Flawed measurement of both
exposure and outcome

3. Failure to adequately contro
confounding

All

Were all relevant prognostic factors measured? What was missed?
(genetic, environmental, socio-economic)

All relevant confounders addressed in design and/or analysis?

All
Was follow-up complete enough?

Was follow-up long enough?
Cohort

Anything special about people leaving or entering the cohort?
Cross-sectional NA

4. Incomplete follow-up

Each study (or outcome, where multiple outcomes were assessed in one study) was given a
score of 1 , 2 or 3 based on the risk of bias found (see Table A-4 for details of scoring). At this
stage the scores were not comparable across study types given that a randomised controlled trial
may receive a high risk of bias score and a cross-sectional study may receive a low risk of bias
score
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Table A4: Risk of bias summary scores

Definition

Low risk of bias for all key criteria

Crucia1 limitations for one criterion or some limitations for multiple criteria sufficient to lower
one’s confidence in the estimate of effect

Crucia1 limitation for one or more criteria sufficient to substantIally lower one’s confidence in the
estimate of effect

Both GRADE guidelines and the Cochrane Collaboration recommend against the use of scales
yielding a score because calculating a score inevitably involves assigning weights to particular
domains, which is not always justifiable (Higgins, Altman et al., 2011 ). However, summarising
risk of bias within individual studies is useful when grading the quality of evidence across studies,
which occurs at the data synthesis stage.

11. GRADE levels of evidence

Table A-5: Quality assessment criteria (Guyatt, Oxman et al., 2011 )

Study design

Randomised tria

Quality of evidence Lower if Higher if

High Risk of bias
-1 Serious

-2 Very serious

Large effect
+1 Large
+2 Very large

Moderate Inconsistency
-1 Serious

-2 Very serious

Indirectness
-1 Serious

-2 Very serious

Dose response
+1 Evidence of a gradient

Observational
study

Low

Very low

All plausible confounding
+1 Would reduce a demonstrated effect or

Imprecision
-1 Serious

-2 Very serious

Publication bias

-1 Likely
-2 Very likely

+1 Would suggest a spurious effect when
results show no effect
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Table A-6: Quality of evidence grades

Grade

High

Moderate

Definition

We are very confident that the true effect lies close to that of the estimate of the effect

We are moderately confident in the effect estimate: the true effect is likely to be close to the
estimate of the effect, but there is a possibility that it is substantially different

Our confidence in the effect estimate is limited: the true effect may be substantially different
from the estimate of the effect

We have very little confidence in the effect estimate: the true effect is likely to be substantially
different from the estimate of effect

Very low

Table A-7: NHMRC evidence hierarchy (NHMRC 2009)

Level 1 Intervention Diagnostic
accuracy

Prognosis Aetiology Screening
intervention

I A systematic review of
level II studies

A systematic
review of level II
studies

A systematic
review of level
II studies

A systematic
review of level
II studies

A systematic
review of level II
studies

Il 1 A randomised
controlled tria

A study of test
accuracy with: an
independent,
blinded
comparison with a
valid reference
standard, among
consecutive
persons with a
defined clinical
presentation

A prospective
cohort study

A prospective
cohort study

A randomised
controlled trial

111-1 A pseudo randomised
controlled trial
(alternate allocation or
some other method)

A study of test
accuracy with: an
independent,
blinded
comparison with a
valid reference
standard, among
non-consecutive
persons with a
defined clinical
presentation

All or none All or none A pseudo
randomised
controlled trial
(alternate allocation
or some other
method)

111-2 A comparative study
with concurrent
controls:

A comparison with
reference
standard that
does not meet the
criteria required
for Level II and Ill-
1 evidence

Analysis of
prognostic
factors among
persons in a
single-arm of a
randomised
controlled trial

A
retrospective
cohort study

A comparative
study with
concurrent controls:

Non-randomised
experimental trial
Cohort study

Case-control study
Interrupted time series
with a control group

Non-randomised
experimental trial

Cohort study

Case-control study
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Intervention Diagnostic
accuracy

Prognosis Aetiology Screening
intervention

A comparatIve study
without concurrent
controls:

Diagnostic case-
control study

A retrospective I A case-control
cohort study I study

A comparative
study without
concurrent controls

Historical control study Historical control
study
Two or more
single-arm study

Two or more single-
study
Interrupted times
series without a
parallel control group

Case series with either
post-test or pre-
test/post-test
outcomes

Study of
diagnostic yield
(no reference
standard )

Case serIes
or cohort study
of persons at
different
stages of
disease

Case seriesA cross,
sectional study
or case series
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Epidemiological studies have found that transportation noise increases the risk for

cardiovascular morbidity and mortality, with solid evidence for ischemic heart

disease, heart failure, and stroke. According to the World Health Organization, at

least 1.6 million healthy life years are lost annually from traffic-related noise in

Western Europe. Traffic noise at night causes fragmentation and shortening of sleep,

elevation of stress hormone levels, and increased oxidative stress in the vasculature

and the brain. These factors can promote vascular (endothelial) dysfunction,

inflammation, and arterial hypertension, thus elevating cardiovascular risk. The

present review focusses on the indirect, non-auditory cardiovascular health effects of

noise. We provide an updated overview of epidemiological research on the effects of

transportation noise on cardiovascular risk factors and disease, mechanistic insights

based on the latest clinical and experimental studies and propose new risk markers

to address noise-induced cardiovascular effects in the general population. Potential

effects of noise on alterations of gene networks, epigenetic pathways, circadian

rhythm, signal transduction along the neuronal-cardiovascular-axis, oxidative stress,

inflammation, and metabolism will be elaborately explained. Current and future noise

mitigation strategies will be described. Lastly, we will conduct an overall evaluation of

the status of the current evidence of noise as a significant cardiovascular risk factor.



Introduction

Extensive research has been conducted on adverse health impacts of air pollution

and cardiovascular disease (CVD), and it is well-established that air pollution

encompasses conditions like acute myocardial infarction (MI), heart failure,

arrhythmia, hypertension, and stroke (for review see1). Recent studies have identified

particulate matter with a diameter of <2.5pm (PM2.5) as a leading air pollutant

contributing to approximately 8.8 million annual excess deaths.2 Surprisingly, much

less attention has been given to another frequent environmental pollutant:

transportation noise. This is somewhat puzzling, given that urban areas experience

simultaneous exposure to high air pollution and noise levels.3’4 Noise is defined as

"unwanted and/or harmful sound " and includes transportation, occupational, leisure,

residential, and industrial noise (Figure 1 ).5

In their 2020 report, the European Environment Agency (EEA) highlighted that many

people remain exposed to high road traffic noise levels.6 EEA estimated that at least

20% of the population in the European Union (EU) resides in urban areas where

traffic noise adversely affects health, though this number is considered strongly

underestimated.6 The population's exposure to environmental noise is projected to

increase due to urban expansion and growing demand for mobility.7 Projections

indicate an apparent rise in the number of individuals exposed to road noise

exceeding 55 dB(A) in Ld,. (day-evening-night level, Supplement Table 1) by 7.8%

and railway noise by 11.8% within urban areas and 16.4% and 8.7%, respectively,

outside urban areas by 2030.7 in contrast, the exposure to aircraft noise will remain

unchanged inside and outside metropolitan area.7

In this review, our primary focus is to explore the indirect, non-auditory impacts

of transportation noise on cardiovascular health. We summarize epidemiological and

clinical findings and mechanistic and experimental data. Additionally, we shed light on

emerging indicators to better understand the cardiovascular consequences of noise

in the general population. Mechanistic data related to the adverse health effects of

noise encompass alterations in gene networks, epigenetic pathways, circadian

rhythms, signal transmission within the neuronal-cardiovascular connection, oxidative

stress, inflammation, and metabolic processes. Finally, we provide an overview of the

most promising strategies for mitigating noise-related health issues and assess the

existing body of evidence regarding noise as a risk factor for cardiovascular health.
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Noise and the Global Burden of Disease

The global health burden arising from noise is substantial. Road trafFic noise above

55 dB(A) Ld,„ affects 113 million Europeans, mainly in urban areas.8 Furthermore, 22

million are exposed to railway noise and 4 million to aircraft noise above 55 dB(A).

According to the World Health Organization (WHO), adverse health impacts are likely

at this noise level.9 Noise exposure at night is even more detrimental, and the WHO

recommends that nocturnal noise from road traffic do not exceed 45 dB(A) (L„ight).9

Annually in EU, transportation noise is estimated to result in 12,000 premature

deaths, 48,000 new cases of ischemic heart disease (IHD), 6.5 million people

experiencing chronic sleep disturbances, and 22 million individuals enduring

significant annoyance.7 Nevertheless, these statistics fail to capture the full extent of

the health burden, as adverse effects are now observed at lower noise exposure

levels than previously recognized, affecting a broader range of health outcomes.

How Noise Causes Cardiovascular Disease: The Noise Reaction Scheme

Wolfgang Babisch introduced the noise reaction model in which an indirect pathway

plays a pivotal role in the development and progression of CVD.10 A key element of

this model is the cognitive perception of noise, which triggers cortical activation and

release of stress hormones (Figure 1). Over time, this can lead to the emergence of

cardiovascular risk factors, such as diabetes, high cholesterol, and high blood

pressure, ultimately manifesting as CVD, including conditions like acute and chronic

coronary syndrome, heart failure, persistent hypertension, arrhythmias, and stroke

(for review seell). Noise also disrupts sleep, daily activities, and communication,

causing annoyance and reduced sleep quality and duration, potentially linked with

increased risk of CVD11 (Figure 1). The noise-induced activation of the
hypothalamic-pituitary-adrenal (HPA) axis and the sympathetic nervous system

triggers the release of stress hormones like cortisol and catecholamines. This, in turn,

induces inflammation, leading to increased levels of IL-6, IL-lp, and proinflammatory

monocytes, along with oxidative stress. Nighttime exposure to aircraft noise has even

been linked to stress-induced cardiomyopathy, also known as Takotsubo

Syndrome.12 Stress responses can increase blood pressure, potentially impairing

vascular function. This affects endothelial nitric oxide synthase (eNOS), increases

oxidative stress, and reduces vascular nitric oxide bioavailability, ultimately causing
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endothelial dysfunction and rendering blood vessels more sensitive to stress-induced

vasoconstriction (Figure 1).

Importantly, a recent study showed that the amygdala, a part of the limbic

system primarily involved in stress perception and emotional regulation, acts as a

"cerebral" link between noise stimuli, vascular inflammation, and adverse

cardiovascular events.13 Based on clinical imaging to measure amygdala metabolic

activity and arterial inflammation in 498 adults without preexisting CVD or active

cancer, the study found that road and aircraft noise exposure was associated with

increased amygdala activity and vascular inflammation. Furthermore, a mediation

analysis indicated that higher noise exposure was associated with significant adverse

cardiovascular events (MACE) through a sequence involving heightened amygdala

activity and arterial inflammation. This association remained robust, with a hazard

ratio (HR) of 1.34 (95% confidence interval [CI]: 1.15–1.57) per 5 dB(A) increase in

noise levels, even after multivariable adjustments.13 Accordingly, a subsequent report

demonstrated that among individuals chronically exposed to socioeconomic or

environmental stressors, a higher degree of resilience was associated with a >50%

reduction in MACE risk, potentially via reduced arterial inflammation, suggesting that

enhancing resilience may decrease the CVD burden in response to these stressors.14

Epidemiological Evidence

Transportation Noise and Cardiovascular Disease and Death

Over the past years, there has been a growing body of evidence on the effects of

environmental noise on cardiovascular health. The meta-analyses commissioned by

the WHO that were published as part of the Environmental Noise Guidelines for the

European Region from the World Health Organization (WHO ENG)15 included studies

published until 2015. Subsequent studies have been evaluated in a 2023 Umbrella+

review, including meta-analyses to obtain up-to-date exposure-response functions for

CVD and mortality.16 An Umbrella+ review summarizes results from the newest high-

quality systematic reviews combined with original studies published after the

corresponding review. Only original studies that applied reliable exposure

assessment methods and accounted for the most relevant confounding factors were

considered in the Umbrella+ review. For mortality and CVD, only cohort studies were

included. In contrast, case-control and cross-sectional studies were included for
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hypertension if they were large, population-based, and used established methods for

outcome assessment.16 Below is a summary of the Umbrella+ CVD results (Figure

2)

Cardiovascular mortality

The systematic literature search identified 61 potentially eligible cardiovascular and

IHD mortality papers. Thereof, twelve prospective cohort studies on road, railway,

and/or aircraft noise were eligible for meta-analysis (Supplementary Table 2).

Supplement Figure 1 shows the results of the meta-analysis. Based on nine studies,

the pooled effect estimate per 10 dB(A) of road traffic noise was 1.045 (95% CI:

1.017–1.073).16 For railway and aircraft noise, only two studies were available for

each exposure, suggesting either no or minimal effect of these two exposures on

cardiovascular mortality (Supplement Figure 1).

Ischemic heart disease

A systematic review published as part of the WHO ENG,15 assessed the association

between transportation noise and incidence of IHD and found a relative risk (RR) of

1.08 (95% CI: 1.01–1.15) per 10 dB(A) increase in Ld,. based on three cohort and

four case-control studies.17 The working group rated the evidence for an association

to be high. Only ecological or cross-sectional studies were identified for railway and

aircraft noise, which led to a very low certainty of evidence.

Since then, many studies have been published investigating noise and IHD

incidence. The most recent studies includes a pooled analysis of Danish and

Swedish cohorts,18 and a nationwide study with more than 2.5 million participants.19

Both studies found road traffic noise to increase IHD incidence with HRs of 1.03

(95% CI: 1.00–1.05) and 1.05 (95% CI: 1.04–1.06), respectively. For railway noise,

however, the results are inconsistent.18 19

We found that in a meta-analysis combining the WHO ENG review17 with three

new cohort studies and the pooled Scandinavian cohort (Supplement Table 3), a 10

dB(A) increase in road traffic noise was associated an RR of 1 .041 (95% CI: 1.023–

1.059) for IHD incidence (Figure 2).16 Corresponding RRs (95% CI) for aircraft and

railway noise were 1.009 (0.992–1 .026) and 0.996 (0.933–1 .062), respectively.

Stroke
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In the WHO ENG, only one cohort study on road traffic noise and incident stroke was

available, finding an HR of 1.14 (95% CI: 1.03–1 .25).15 Certainty of evidence was

thus assessed by the WHO working group to be moderate. For railway and aircraft

noise, no cohort studies were identified. Since then, nine studies on stroke were

published, mostly indicating positive associations between road traffic noise and risks

close to unity for rail and aircraft noise. Among others, a pooled analysis including

multiple cohorts from Denmark and Sweden resulted in an increased risk with a HR

of 1 .06 (95% CI: 1.03–1 .08) per 10 dB(A) higher road traffic noise.20

In the Umbrella+ review we found that based on six cohort studies

(Supplement Table 3), road traffic noise increased in the risk of incident stroke, with

an RR per 10 dB(A) of 1.046 (95% CI: 1.013–1.081).16 in contrast, aircraft and

railway noise, both based on two studies, was not associated with stroke, with pooled

RR (95% CI) of 0.995 (0.875–1 .131 ) and 0.969 (0.955–0.984), respectively.

Heart failure

Neither the WHO ENG15 nor any recent systematic review addressed heart failure in

the context of noise exposure. However, six longitudinal studies addressed this

association in recent years, all showing positive associations with an RR between

1.01 and 1.09 per 10 dB(A) increase in road traffic noise (Supplement Table 3). In an

updated meta-analysis, we found road traffic noise to increase risk of heart failure,

with a RR of 1.044 (95% CI: 1.017–1 .071 ) per 10 dB(A) increase (Figure 2).16 Two

studies assessing railway noise indicated no or a positive association. For aircraft

noise, a German study21 showed a decrease in risk, whereas a Danish nationwide

study presented a positive association with a RR of 1 .06.19 The pooled RR for railway

and aircraft noise, derived from two studies each, were 1.011 (95% CI: 0.998–1.035)

and 1.017 (95% CI: 0.934–1 .107) per 10 dB(A) Ld,., respectively.

Arrhythmia

Although a few reviews have addressed the association between noise and

arrhythmia, no meta-analyses have been conducted. Further, only a few cohort

studies exist. These studies include a Danish nationwide cohort study22 with over 3.5

million participants of whom 269,756 developed atrial fibrillation. This study reported

weak positive associations with road, railway, and aircraft noise, with risk increases

of 1–2% per 10 dB(A).
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In an updated meta-analysis for road traffic noise based on three cohort

studies, we found an RR of 1.006 (95% CI: 1.001–1 .011) per 10 dB(A), whereas the

pooled RR for aircraft noise, which was based on two studies, was 1.207 (95% CI:

0.699–2.084) per 10 dB(A).16 Only one study provided an estimate for railway noise,

which was 1 .017 (95% CI: 1.008–1 .027) per 10 dB(A).

Conclusions on cardiovascular incidence studies

Based on the Umbrella+ review, we conclude that solid evidence exists for an

association between road traffic noise and IHD, stroke, and heart failure. For all

cardiovascular diagnoses combined, the risk increased by 3.2% (95% CI: 1.1–5.2%)

per 10 dB(A) higher road traffic noise (Ld,„, Figure 2). Associations tended to be less

pronounced for railway and aircraft noise. It is conceivable that noise from railways

and aircraft is often masked by the substantially more prevalent road traffic noise,

and this may explain why the exposure-response association for these two sources

may not be as accurately estimated as for road traffic.

Lower effect threshold of noise

The lower effect threshold of noise is defined as the level below which no health

effects of noise are expected. This threshold has not been determined with certainty.

It is currently uncertain at which level this lower effect threshold is. Also, the threshold

likely varies between sources of noise. Different noise recommendation limits exist

across the world. E.g., the EU currently incorporates a noise mapping threshold of 55

dB(A) Ld,. as part of the European Noise Directive. In contrast, the WHO, in their

2018 guidelines, recommended a 53 dB(A) threshold for road traffic noise (Ld,.).9

Recently, several studies based on large cohorts have investigated the

shape of the exposure-response function for transportation noise in relation to

various outcomes with large statistical power across the entire exposure span,

starting from around 35–40 dB(A) (app. background level of noise) until 80–85

dB(A).19’20’23-25 Many of these studies suggest that the effects of noise on morbidity

and mortality start already from 35-40 dB(A), e.g., for stroke,20’23 diabetes,26 and

cardiovascular mortality.25’27 For IHD, studies have suggested a threshold between

50 and 55 dB(A).19’24

As illustrated in Table 1, correct assignment of the effect threshold level

is highly important when performing a health impact assessment, an essential tool for
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decision-makers prioritizing noise prevention. This table shows results from health

impact assessments concerning CVD mortality and incident IHD for Denmark and

Switzerland using four potential lower effect thresholds scenarios for road traffic

noise. These calculations are possible because researchers in Denmark and

Switzerland have performed estimations of road traffic noise for the entire population

throughout the exposure range.28'29 We observed that the calculated numbers of IHD

and CVD deaths due to road traffic noise were three to four times higher when using

45 dB(A) as a lower effect threshold than 55 dB(A), highlighting the importance of

identifying the correct effect threshold for noise.

Effects of Noise on Cardiovascular Risk Factors

Arterial hypertension

A 2021 review assessed hypertension in relation to transportation noise and derived

pooled estimates stratified by noise source and study type.30 While the meta-analysis

for road traffic noise showed no association for cohort and case-control studies, an

increased odds of 9% per 10 dB(A) was seen in cross-sectional studies. No

associations were observed for aircraft and railway noise. Since then, three studies

have been published on aircraft noise and hypertension, of which two studies were

based on populations from the USA, showing that comparing individuals exposed to

above 45 dB(A) versus below 45 dB(A) resulted in increased risk of 0%31 and 3%.32 A

French aircraft study found a significant risk increase of 36% per 10 dB(A).

In a meta-analysis pooling the risk estimates from cohort and cross-sectional

studies, we found an RR of 1.04 (95% CI: 0.970–1.126) per 10 dB(A) road traffic

noise and 1.031 (95% CI: 1.008–1.053) per 10 dB(A) aircraft noise.16 30 No studies

were identified for railway noise. This suggests that transportation noise may

increase the risk of hypertension, though more longitudinal studies are needed to

investigate this further.

Diabetes and obesity

Type 2 diabetes and obesity are frequent comorbidities in CVD patients,33'34 and

adverse effects of noise on these two conditions may, therefore, contribute to the link

between noise and CVD. Several recent cohort studies have consistently linked

transportation noise, especially from road traffic, with a higher risk of diabetes.26’35-41

A meta-analysis from 2023 found that a 10 dB(A) higher road traffic noise was
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associated with an RR of 1.06 (95% CI: 1.03–1 .09).42 Interestingly, two studies have

investigated effects of road traffic noise at both the most exposed faQade (standard

noise measure) and the least exposed fagade, considered to be a proxy for bedroom

noise exposure, as people often chose to sleep in a room facing away from a busy

street.26’43 These two studies found more potent effects of noise at the least exposed

fagade than the most exposed fagade, suggesting that for diabetes, the effects of

noise on sleep are an essential mechanism. Furthermore, noise-induced endothelial

dysfunction is suggested to contribute to the adverse metabolic effects noise.44 in

line, a recent study demonstrated that endothelial dysfunction can predict the onset

and progression of type 2 diabetes.45

A handful of prospective cohort studies have investigated the effects of

exposure to transportation noise on the risk of developing adiposity.46-51 The

measures of adiposity varied across the studies, with four studies investigating

effects on weight gain/BMI,46'47’49-51 two studies on waist circumference changes,46’47

and two studies on the risk of obesity/overweight.47’48 While evidence is still
emerging, the currently available research suggests an association between

exposure to road traffic noise and an increased risk of adiposity. Interestingly, this

was shown in both child cohorts,50'51 a pregnancy cohort,49 and adult and elderly

populations,4648 suggesting that exposure to road traffic noise may affect the risk of

adiposity throughout life.

Mental health

Major depression and other psychological factors are acknowledged risk factors for

CVD,52 and the effects of transportation noise on mental health could, therefore, be

an essential mediator in explaining the effects of transportation noise on CVD risk. A

2020 meta-analysis found that road traffic and aircraft noise were associated with a

higher risk of depression, with RRs (95% CI) per 10 dB(A) of 1.03 (0.99–1.06) and

1.12 (1.02–1.23), respectively.53 Since this meta-analysis, new longitudinal studies

have supported that road traffic noise may increase the risk of depression and/or

poorer mental health-being54’55 and suicide.56 One study furthermore suggested that

the effects of road traffic noise on depression seemed to be partly mediated by

annoyance towards noise,54 supported by a prospective study showing that noise

annoyance at baseline was associated with risk of depression and anxiety symptoms
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five years later.57 The observed linkage between transportation noise and depression

needs confirmation in more high-quality prospective studies.

Unhealthy behaviour

A few studies have investigated whether road traffic noise is associated with

unhealthy lifestyle habits,58-60 which seems plausible as noise is believed to exert its

harmful effects through two main pathways associated with lifestyle changes, namely

stress and sleep disturbance. Effects of noise on leisure-time physical activity have

been studied in two studies, investigating effects of estimated residential road traffic

noise and self-reported transportation noise annoyance.58'59 Both studies suggested

that road traffic noise might have a negative impact on physical activity.59 One study

investigated the effects of road traffic noise on smoking and alcohol habits.60

Although the study showed that road traffic noise was positively associated with

smoking and alcohol intake in cross-sectional analyses, longitudinal analyses

showed no associations with lifestyle changes. New, well-designed cohort studies are

highly necessary to investigate whether the effect of noise on lifestyle is an important

mediator on the pathway between noise and CVD.

Sleep disturbance

Sleep societies recommend that adults obtain 7-9 hours of high-quality sleep to

promote well-being and health.61 Conversely, sleep that is disturbed or too short has

been associated with increased mortality and several adverse health outcomes, first

and foremost CVD.62 in 2022, the American Heart Association added sleep to their

list of lifestyle factors with critical importance for cardiovascular health. Noise disrupts

sleep by causing intermittent awakenings or brief arousals, reducing continuity.63

Consequently, sleep will be shorter and lighter with less time spent in deep and REM

sleep, which is crucial for sleep recovery. This is evidenced by increased daytime

sleepiness and decreased performance after noisy nights.64 Even when sleep stages

are unaffected, noise can increase the number and intensity of autonomic arousals,

negatively affecting metabolic and cardiovascular function.63'65 in addition to the

sound level, the sleep-disturbing properties depend on other noise characteristics like

rise time and frequency content, but also the meaning of the sound to the recipient.63

Epidemiological studies suggest that nighttime noise exposure has a more

significant impact on long-term health outcomes than daytime noise exposure, likely

11



also because people are more consistently at home during the night.66 Studies have

shown that even a single night of exposure to rail or aircraft noise can impair flow-

mediated dilation of the brachial artery, a finding replicated in individuals with or at

high risk for coronary artery disease.67’68 Noise also prevents blood pressure from

dipping during the night,69 with plausible long-term effects on CVD risk. Analysis of

blood proteins showed that noise exposure induces changes indicative of a pro-

thrombotic and pro-inflammatory state, providing a biological basis for the increased

risks of CVD and other diseases like neurodegenerative disease, obesity, diabetes,

and breast and colon cancer.68 in one animal study, adverse effects on blood vessels

and composition were primarily observed if the noise exposure was intermittent

during the sleep phase, again highlighting the importance of undisturbed sleep for

health.70 A recent retrospective case-crossover study at Zurich airport revealed an

association between aircraft noise exposure levels in the two hours before an event

and cardiovascular mortality.71 Thus, nocturnal noise exposure may contribute to

physiological changes that elevate CVD risk and trigger fatal events through

physiological arousal.

Noise annoyance

Noise annoyance is a psychological response to unwanted or disturbing sounds,

encompassing cognitive, emotional, and behavioral reactions. Globally, road traffic

noise is the primary source of noise annoyance, while neighborhood noise is another

substantial but understudied contributor. ISO standards provide a framework for

assessing noise annoyance through population surveys, utilizing the "percentage

highly annoyed" (%HA) metric for clear communication.72’73

Acoustic characteristics of noise exposure, such as intensity, frequency,

complexity, and duration, do not solely determine noise annoyance reactions. They

are significantly influenced by personal, social, and situational factors, encompassing

age, sex, health status, noise sensitivity, attitude towards noise, socioeconomic

status, public perception, perceived stress, and coping abilities.74 in the WHO ENG,

exposure-response relationships for road, railway, and aircraft noise estimated in

meta-analyses, ranked aircraft noise as the most annoying.75 Recent trends showed

increased annoyance for aircraft and railway noise while remaining relatively stable

for road traffic noise, necessitating further investigation into these variations.76’77
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Noise annoyance can be an early indicator of more severe health risks due to

its rapid onset compared to physical illnesses. Historically, annoyance has been a

critical indicator for shaping noise policies, with noise protection limit values partially

based on exposure-response functions for annoyance. WHO recommends noise

level reductions to protect against adverse health effects, primarily informed by noise

annoyance surveys. However, evolving epidemiological studies are focusing on
cardiometabolic health outcomes.78

Mechanistic Noise Studies in Humans and Animals

Cardiovascular effects of noise

The concept that non-auditory effects of noise contribute substantially to health

consequences was suggested in a 1970 monography.79 The monography described

results showing that acute noise exposure had cardiovascular effects, e.g., a study

establishing that noise exposure led to constricting peripheral blood vessels in

individuals engaged in physical exercise.80 Also, a study showed that exposure to

noise or music elicited varying hemodynamic responses, including cardiac output and

minute flow, and the authors concluded that the intensity of the sound, rather than its

aversive (noise) or pleasurable (music) qualities, governed the somatic responses.81

Among 1,005 German industrial workers, it was observed in 1968 that workers

in very noisy industries exhibited more pronounced peripheral circulation problems,

heart issues, and equilibrium disturbances than workers in less noisy industries.82 in

1993, the Speedwell study reported significant associations between road traffic

noise and risk factors for IHD. These included increases in total triglycerides, platelet

count, plasma viscosity, glucose levels, and systolic and diastolic blood pressure.83

Moreover, higher noise levels were significantly linked to elevated systolic and

diastolic blood pressure and heart rate.84 Later, a study found that nighttime

transportation noise led to more pronounced increases in blood pressure compared

to daytime exposure.85 it was suggested that repeated nighttime autonomic arousals

may disrupt the natural nocturnal decline in blood pressure.69 Also, in workers

exposed to occupational noise exceeding 80 dB(A) LAeq, a significant increase in

systolic and diastolic blood pressure was observed along with elevated levels of

glutathione peroxidase and DNA damage, compared to office workers exposed to

between 40-50 dB(A) LAeq.86
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Translational Studies of Transportation Noise on Endothelial Function in
Humans

Through a series of field investigations (studies performed in the home of the

subject), the adverse effects of aircraft and railway noise on vascular (endothelial)

function, sleep quality, stress hormone release, and inflammation markers, both in

healthy individuals and CVD patients were established.67’87 Noise recorded in a

bedroom near DOsseldorf airport was played back (30 or 60 times per night; noise30

and noise60) on a standard portable audio system with a fixed speaker position

relative to the head of the subject.

These studies revealed that in healthy subjects, nighttime exposure to aircraft

noise with an equivalent sound level (Leq) of 46.3 dB(A) and a peak level of 60 dB(A)

for one night caused decreased sleep quality, elevated levels of adrenaline,

endothelial dysfunction (impaired flow-mediated dilation, a subclinical marker for

atherosclerosis), and a reduction in pulse transit time, indicating sympathetic

activation (Figure 3).87 Notably, the acute administration of vitamin C of 2g improved

endothelial dysfunction 2h after administration, indicating the involvement of reactive

oxygen species (ROS) in causing vascular dysfunction. Interestingly, a priming effect

of aircraft noise on endothelial function was observed, i.e., previous exposure to

Noise30 caused Noise60 to have a significantly larger adverse effect on endothelial
function. These data demonstrate that aircraft noise can affect endothelial function

and suggest that rather than habituation, prior noise exposure seems to amplify the

negative effect of noise on endothelial function. Further support for the oxidative

stress concept was established by the demonstration of a significant increase in

oxidative stress markers 3-nitrotyrosine [3-NT] and 8-isoprostane serum levels in

response to aircraft noise exposure (Figure 3).70

The adverse effects of aircraft noise on endothelial function were more

pronounced in patients with established coronary artery disease, suggesting that an

already compromised endothelium is more susceptible to further deterioration.67

Similar investigations were conducted in healthy subjects exposed to either 30

(Noise30) or 60 train events (Noise60) during the nighttime, with LAeq levels ranging

from 33 to 54 dB(A) for one night (Figure 3).88 This exposure decreased sleep quality

and impaired the brachial artery’s flow-mediated dilation (FMD). Once again, acute

challenges with vitamin C significantly ameliorated railway noise-induced endothelial
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dysfunction. In-depth proteomic analysis identified significant impacts on plasma

proteins involved in redox, pro-thrombotic, pro-inflammatory, and fibrotic pathways

compared to controls.88

We have furthermore explored the influence of nighttime noise event loudness

and frequency on endothelial function by exposing patients with established coronary

artery disease to two nighttime aircraft noise scenarios, with comparable mean sound

pressure levels: one with loud and infrequent noise events and one with less loud but

more frequent noise events (Leq values of 37 dB(A) for control and 45 dB(A) for

noise exposure for one night).89 Both scenarios resulted in similar worsening of

endothelial function (FMD). For the first time, we also observed a diastolic heart

dysfunction (an increase in the E/E’ ratio) as indicated by serial echocardiography.

An exploratory protein analysis through proximity extension assay revealed

significant decreases in three biomarkers (follistatin, glyoxalase I, and ACE-2)

associated with regulating heart function, oxidative stress, inflammation, and
fibrosis.89

Noise Causes Endothelial Dysfunction, Epigenetic Changes, and an Adverse

Impact on the Immune System

Cross-sectional cohort studies have found that exposure to transportation noise can

impact the immune system. Two studies observed noise to increase levels of IL-12

and high-sensitivity C-reactive protein (hsCRP) while decreasing natural killer cell

populations and activity,90’91 although these results are not consistently uniform

across all studies.65 Furthermore, alterations in the immune system have been linked

to elevated circulating cortisol levels and heightened noise sensitivity.90’91

Interestingly, a study based on the Swiss SAPALDIA cohort showed that long-term

exposure to transportation noise and air pollution led to distinct and shared DNA

methylation patterns, with enrichments in pathways related to inflammation (e.g.

CRP), cellular development, and immune responses.92 Based on the same cohort,

chronic exposure to nocturnal intermittent train or road traffic noise was suggested to

increase arterial stiffness (reflecting endothelial dysfunction), as determined by pulse

wave velocity.93 This finding is supported by a German cohort study, showing that

long-term exposure to night-time road traffic noise was associated with subclinical

atherosclerosis, especially in participants with early arterial calcification.94’95 Thus, in

summary, these findings offer pathophysiological and molecular evidence from
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human studies, shedding light on observed effects of transportation noise on incident

CVD. Notably, the results from these human studies, including stress pathways,

inflammation , oxidative stress, parameters of arterial stiffness, and

endothelial/cardiac dysfunction, align with mechanistic data derived from animal

studies (see subsequent sections).

Development of Animal Models to Study the Molecular Mechanisms of the
Cardiovascular and Cerebral Side Effects of Transportation Noise

Noise causes vascular dysfunction, oxidative stress, inflammation, and dysregulation

of gene networks

A novel animal model was established to study the molecular mechanisms underlying

noise-induced cardiovascular and cerebral adverse effects. . This involved exposing

mice to continuous aircraft noise (with a constant Leq of 72 dB(A) and peak levels of

85 dB(A) for 24 hours a day, for 1, 2, and 4d).96 This exposure significantly increased

stress hormones, blood pressure, endothelial dysfunction, and oxidative stress in

both vascular and cerebral systems, primarily from phagocytic nicotinamide adenine

dinucleotide phosphate (NADPH) oxidase (NOX-2), and secondary to inflammation

due to infiltrating immune cells, which was associated with diminished endothelial

nitric oxide bioavailability, increased vascular superoxide, enhanced endothelin-1

expression, and sensitivity to vasoconstrictors.70’96 Importantly, endothelial

dysfunction was associated with an up- rather than downregulation of the eNOS.

Further studies revealed that eNOS was uncoupled due to enhanced S-

glutathionylation of eNOS, an established mechanism of eNOS uncoupling in the

aorta.97 When mice were exposed to white noise under similar conditions

(comparable exposure time and mean sound pressure level), they did not exhibit

these cardiovascular side effects. This suggests that it is not merely the sound

pressure level itself, but rather the characteristics of the noise, such as frequency or

noise pattern, that play a determining role in exerting cardiovascular damage.96

A dysregulation of gene networks in response to noise, identifying potential

marker genes associated with noise within the vasculature was also observed. This

was accompanied by impaired endothelial and vascular signaling. Among the four

most up-regulated genes compared to controls were Zbtb44, Setad4, Ype12, and Ihh.

Conversely, the expression of Sacs, Nbea11, PTPN4, and NF{4A3 transcripts in aortic
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tissue was significantly reduced by noise. These genes are linked to TGF-beta

signaling, autophagy, growth, matrix metalloprotease regulation, and fibrosis.96

Cellular pathway analysis unveiled alterations in NF-KB and adrenergic

signaling, focal adhesion, cell cycle control, apoptosis, and kinase-mediated growth

and proliferation signaling, with Foxo transcription factors playing a central role.

Noise also adversely influenced the circadian rhythm, insulin, and calcineurin

signaling pathways.7c)’96

The central role of nighttime noise, inflammatory cells, and changes in the circadian

rhythm

As opposed to the awake phase, exposure to aircraft noise during sleep had a

substantially more detrimental impact on the cardiovascular system, leading to

endothelial dysfunction, increased blood pressure responses, higher levels of

neurohormones, the vasoconstrictor endothelin-1, and oxidative stress in the plasma,

the vasculature, and the brain (Figure 4).70 Additionally, it resulted in dysregulation of

central and peripheral Foxo3/circadian clock signaling, shown using RNA

sequencing. A crucial finding was that aircraft noise-induced vascular and cerebral

damage was strongly mitigated by knockout of the Nox2 gene, underscoring the vital

role of inflammatory cells in mediating noise-induced cardiovascular and cerebral

side effects.70 Surprisingly, within 4d of continuous noise exposure, noise also

triggered a significant downregulation and uncoupling of neuronal nitric oxide

synthase (nNOS), creating a neuroinflammatory phenotype, as indicated by markers

of inflammation and astrocyte activation.70 This enhanced formation of cerebral ROS

could partially explain the observed impairments in cognitive development, especially

in learning and memory, in children exposed to aircraft noise.98

Particularly interesting is that the molecular mechanisms underlying vascular

dysfunction in response to continuous and intermittent (nighttime) aircraft noise

closely resemble the mechanisms through which traditional cardiovascular risk

factors, such as diabetes,99 arterial hypertension,loo and smoking,l01 induce

endothelial and vascular dysfunction. This suggests that noise-induced stress and

pre-existing cardiovascular risk factors may accelerate vascular and cerebral

atherosclerosis and neurodegenerative diseases due to shared molecular

pathomechanisms.
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In line with this, we noted that the adverse cardiovascular effects of aircraft

noise were exacerbated in mice with pre-existing arterial hypertension (angiotensin-II

infused animals, exposed to a continuous Leq of 72 dB(A) and peak levels of 85

dB(A) for 24 hours a day for seven days).l02 This phenomenon was primarily driven

by increased blood pressure, vascular inflammation, and oxidative stress. Noise

further potentiated neuroinflammation and cerebral oxidative stress in hypertensive

animals.l02 in addition, noise with a mean sound pressure level of 72 dB(A) for 4d

induced oxidative DNA damage and enhanced NOX-2 expression in C57BL/6

mice.l03 in Oggl-/- mice (DNA-repair deficient 8-oxoguanine glycosylase knockout

mice), we observed additive effects of noise on the degree of oxidative burst in blood

leukocytes and other oxidative stress and inflammation markers.

To answer the question of whether microvascular endothelial/vascular

dysfunction occurs in response to noise and whether there is a connection to

inflammation, control mice and mice with genetic deletion of the phagocytic NADPH

oxidase catalytic subunit (gp91phox or NOX-2) were exposed to aircraft noise for 4d.

In vivo fluorescence microscopy established a higher number of leukocytes adhering

to the vasculature in noise-exposed wild-type mice. Microvascular diameter, red

blood cell velocity, and segmental blood flow were decreased by noise exposure,

indicating microvascular constriction. All adverse effects on functional parameters

were normalized or improved in noise-exposed gp91phox-/Y mice. Noise exposure

also induced substantial endothelial dysfunction in cerebral microvessels, associated

with higher oxidative stress burden and inflammation, demonstrating a link between a

pro-inflammatory phenotype of plasma, activation of circulating leukocytes, and

microvascular dysfunction. Again, the phagocytic NADPH oxidase was identified as a

central player in the underlying pathophysiological mechanisms.l04

No tolerance to cardiovascular side effects of noise

To test whether chronic exposure to aircraft noise results in noise habituation, we

exposed animals to noise for up to 28d, revealing a persistent endothelial dysfunction

and elevated blood pressure.l05 Additionally, there was a time-dependent increase in

formation of ROS, as observed through dihydroethidium (DHE) staining and HPLC-

based superoxide measurements in the aorta, heart, and brain. The oxidative burst in

whole blood peaked after 4-7d of noise exposure. Increased superoxide in the brain

coincided with downregulation of neuronal nitric oxide synthase (Nos3) and the
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transcription factor Foxo3 genes. Conversely, Vcam1 mRNA, a marker of

inflammation, was upregulated in all noise exposure groups. Endothelial dysfunction

and inflammation persisted throughout 28d of aircraft noise exposure. The formation

of ROS increased gradually with ongoing exposure, indicating that mice did not
habituate to chronic noise stress at moderate levels.l05

Noise preconditioning and myocardial infarction

A significant clinical question concerns whether the side effects of noise are

aggravated in vulnerable patients, e.g., patients with acute coronary syndromes. We

addressed this by exposing mice to an average sound pressure level of 72 dB and a

peak level of 85 dB for up to 4d, activating pro-inflammatory aortic gene expression

related to myeloid cell adhesion and diapedesis pathways.l06 Noise exposure

promoted adhesion and infiltration of inflammatory myeloid cells in vascular and

cardiac tissues, accompanied by increased percentage of leukocytes exhibiting a

pro-inflammatory phenotype, characterized by ROS and upregulation of NADPH

oxidase type 2 (Nox2) and phosphorylation of nuclear factor 'kappa light chain
enhancer' of activated B-cells (phospho-NFKB) in peripheral blood.l06 This pro-

inflammatory phenotypic switch of circulating immune cells and cardiac tissue

suggests a preconditioning of the heart for future ischemic heart damage.

Subsequently, ligation of the left anterior descending artery was performed to induce

MI. This resulted in a decline in cardiac function, substantial infiltration of CD11 b'

myeloid cells and Ly6Chigh monocytes into the cardiac tissue, and the induction of IL-

6, IL-l6, CCL-2, and Nox2. These effects were intensified when noise exposure had

occurred before MI (Figure 5). There was also an increase in mitochondrial O2

production due to a reduction in the oxygen consumption rate (OCR). The MI induced

more pronounced endothelial dysfunction and increased vascular ROS levels in

animals preconditioned with noise.l06 These observations are in accordance with the

previous finding that noise-mediated vascular damage was efficiently prevented

when pro-inflammatory subsets of myelomonocytic cells were ablated using a genetic

mouse model of specific depletion of LysM-positive cells based on LysM-specific

overexpression of a diphtheria toxin receptor.l07

In a translational approach, we prospectively investigated participants in the

Gutenberg Health Study Cohort. Among cases with an incident Ml during follow-up,

we observed that individuals with a history of noise exposure and annoyance
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exhibited elevated C-reactive protein levels at baseline and a more substantial

decline in left ventricular ejection fraction (LVEF) after the MI.l06 Accordingly, in a

prospective study, persons with verified acute coronary syndromes were found

particularly vulnerable to effects from aircraft noise.l08 The HR for recurrence of

cardiovascular events was 1.24 (95% CI: 0.97–1.58) per 10 dB increase in

Ld,. aircraft noise. A combined analysis of recurrence (defined as MI, stroke, bypass

surgery, or percutaneous coronary intervention with stent implantation) and all-cause

mortality yielded an HR of 1.31 (95% CI: 1.03–1.66). Similar HRs were found for

Ld,y and L„ight aircraft noise exposure. HRs for road traffic and railway noise were

above unity but insignificant. In summary, studies on humans and animals indicate

that CVD patients are highly vulnerable to noise.

How long does the cardiovascular system need to recover after noise stress?

Following a continuous exposure period lasting 4d, the cessation of noise for either 1 ,

2, or 4d proved sufficient to completely normalize noise-induced endothelial

dysfunction in the aorta (in mice).l09 This improvement was assessed through the

measurement of acetylcholine-dependent relaxation. Furthermore, vascular oxidative

stress and increased blood pressure exhibited partial correction, and markers of

inflammation, including VCAM-1, IL-6, and leukocyte oxidative burst, returned to

normal levels within 4d of noise cessation. In contrast, the endothelial dysfunction,

oxidative stress, and inflammation observed in the cerebral microvessels of noise-

exposed mice showed no improvement. These results emphasize that the recovery

process from noise-induced damage is more intricate than anticipated. While large

conductance vessel function could be completely restored, persistent endothelial

dysfunction in the microcirculation was evident. These findings suggest that, in

general, more extended periods of noise cessation are required to reverse noise-

induced vascular dysfunction, including the resistance vessels.l09

Noise-induced side effects can be modified via non-pharmacological and

pharmacological activation of the aIAMPK

Nondrug approaches, including maintaining a routine of physical activity, adopting a

well-balanced, healthy diet, and managing weight, have proven effective in

preventing and treating CVDs and diabetes.110 Also, regular exercise is considered a

mean to mitigate the impact of air pollution-induced CVD and mortality.111
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We recently explored the potential protective effects of aIAMPK activation

through exercise, intermittent fasting and pharmacological activation by AICAFR (5-

aminoimidazole-4-carboxamide riboside) in a murine model of vascular dysfunction-

induced aircraft noise.112 Mice were subjected to aircraft noise exposure, significantly

impairing endothelial function in the aorta, mesenteric arteries, and retinal arterioles.

This dysfunction was accompanied by an elevation in vascular oxidative stress and

the formation of asymmetric dimethylarginine. Importantly, activation of aIAMPK

using all three approaches effectively prevented the onset of endothelial dysfunction

and vascular oxidative stress, a conclusion supported by RNA sequencing data

(Figure 6). Notably, the absence of endothelium-specific aIAMPK worsened noise-

induced vascular damage and nullified the positive effects of exercise or intermittent

fasting.112 These outcomes substantiate that activating endothelium-specific aIAMPK

through pharmaceutical stimulation, exercise, and intermittent fasting effectively

mitigates noise-induced cardiovascular damage.

The Interplay between Noise Pollution and the Neuroendocrine Axis

When noise exposure occurs during sleep, sleep fragmentation and abbreviated

sleep periods may lead to significant life stress. This situation is known to initiate

cerebral oxidative stress, primarily driven by heightened angiotensin-II signaling and

activation of NOX-2; both have the potential to incite inflammation in the brain's

microvasculature.113 in support, noise-exposed animals exhibit elevated circulating

levels of the neurohormone angiotensin-II (Figure 7).96'114

In animals, activation of the sympathetic nervous system due to oxidative

stress induced by NADPH oxidase is the connecting link between RAAS-mediated

NOX-2 activation and subsequent release of catecholamines.115'116 Conversely,

catecholamines can incite oxidative stress in rats by modulating monoamine oxidase

activity or activating astrocytes, microglia, and NOX-2.117 Consistent with the concept

of an RAAS-ROS-SNS axis, administering NADPH oxidase inhibitors reduces blood

pressure and levels of angiotensin-II and noradrenaline in hypertensive mice.118

Furthermore, oxidative stress in the heart and vasculature is mitigated through the

blockade of the ATI receptor and inhibition of the angiotensin-converting

enzyme.119’120

Aircraft noise triggers an increase in the expression of endothelin-1 in the

aorta of mice secondary to increased oxidative stress.121 Endothelin-1 is a potent
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vasoconstrictor and activates NOX-2, which is partially dependent on the

Fms .70,96, 122

These findings put forth a comprehensive molecular and pathophysiological

framework that could account for the endothelial dysfunction and hypertension

observed in animal models of noise exposure. This framework attributes a central

role to NOX-2-induced oxidative stress and inflammation and the disruption of

circadian rhythm caused by sleep fragmentation and deprivation. Most notably, these

animal-based data strongly support the pivotal role of stress-response pathways in

inducing adverse cardiovascular and cerebral effects in humans exposed to noise.

They also provide detailed molecular mechanisms that outline the sequence of

events within the brain and along the stress-response axis (Figure 7).

Co-Exposure to Noise and Air Pollution

Comparative analyses of the disease burden reveal that air pollution is the foremost

environmental contributor to disability-adjusted life years lost (DALYs), whereas

environmental noise ranks second.123 Air and noise pollution often share common

sources, including aircrafts, trains, and road vehicles, resulting in simultaneous

exposure to noise and air pollution. Research suggests that the EU faces substantial

noise and air pollution costs, encompassing excess deaths and diseases, reaching

nearly 1 trillion EUR. In comparison, the cost related to alcohol consumption in the

EU is estimated at 50-120 billion EUR, and smoking at 544 billion EUR.124 Several

studies on transportation noise have incorporated mutual adjustment for air pollution.

A review from 2023 concluded that air pollution did not appear to confound the

association between noise and cardiovascular health, strongly indicating that

transportation noise and air pollution independently increase the risk of CVD.125 The

review also concluded that more studies on potential interactions between these two

exposures were needed.

To investigate this further, we employed an exposure system with an aerosol

generator and loudspeakers, subjecting mice to acute exposure for 3d to ambient

particulate matter and/or aircraft noise. Both stressors led separately to a significant

degree of endothelial dysfunction in arterial conductance and cerebral resistance

vessels, increased blood pressure, oxidative stress, and inflammation.126 An

additional impairment of endothelial function was observed in isolated aortic rings

and was even more pronounced in cerebral and retinal arterioles. The increase in
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oxidative stress and inflammation markers, coupled with RNA sequencing data,

pointed to noise primarily affecting the brain and PM affecting the lungs. The

combined impact of both stressors exhibited additive adverse effects on the

cardiovascular system, likely driven by PM-induced systemic inflammation and noise-

induced stress hormone signaling.126 These studies also revealed an additive

upregulation of ACE-2 in the lungs, potentially explaining the increased vulnerability

to COVID-19 infection in populations residing in highly air and noise-polluted
127areas.

These data underscore the need for further mechanistic studies to elucidate

the propagation of primary target tissue damage from the lung and brain to remote

organs, such as the aorta and heart, resulting from combined noise and PM
exposure . 126

Noise Mitigation Maneuvers

Local authorities can employ various strategies to mitigate the noise from roads,

railways, and aircraft. For road traffic, it is important to note that at speeds exceeding

30-35 km/h for cars and 55-65 km/h for heavy vehicles, emitted noise arises primarily

from the contact between tires and the road surface. Consequently, the transition

from combustion engine cars to electric vehicles will only result in minor reductions in

road traffic noise, approximately 1 dB(A). Several established strategies can be

employed to reduce road traffic noise. These include noise barriers erected along

busy roads in densely populated areas, which will significantly reduce noise levels

(up to 10 dB(A)), and noise-reducing asphalt, which can lead to noise reductions

ranging from 3 to 6 dB(A). Speed limit adjustments lead to approximately 1 dB(A)

reduction per 10 km/h reduction in the speed limit. Developing and promoting low-

noise tires can potentially reduce noise levels at a national scale by approximately 2-

3 dB(A). Since these individual abatement strategies often result in relatively small

noise reductions, combining these approaches may be needed in densely populated

For aircraft noise, strategies to reduce population exposure include the

areas

implementation of optimized air traffic routes via GPS guiding to minimize overlap

with densely populated areas. Implementing night flight bans, during which take-offs

and landings are not allowed, can significantly reduce nighttime aircraft noise. A
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continuous descend approach using steeper descents with lower and less variable

throttle settings can help to minimize noise during aircraft approaches and landings.

In the context of railway noise, preferred strategies for reducing noise include

rail grinding, meaning regular maintenance and grinding of railway tracks to reduce

wear and noise. Using brake upgrades means replacing cast-iron block brakes with

composite materials that generate less noise during train operations. Nighttime

operation bans on railway operations near residential zones are a powerful tool to

reduce nighttime noise disturbances.

Conclusions, Political, and Societal Consequences

The comprehensive compilation of preclinical, clinical, and epidemiological evidence

strongly reinforces the notion that transportation noise serves as a significant

environmental factor contributing to the development of various cardiovascular and

cerebrovascular conditions, including chronic coronary artery disease, acute

coronary syndrome, arterial hypertension, stroke, and heart failure.

The findings from recent translational studies involving animals and humans

support the idea that noise is linked to disruptions in redox balance and vascular

function and disturbances in autonomic and metabolic processes. These noise-

related effects not only exacerbate the adverse health consequences of traditional

cardiovascular risk factors, such as arterial hypertension and diabetes, but also

accelerate atherosclerotic processes and increase overall risk of CVD. Nevertheless,

it is essential to acknowledge that while preclinical animal studies provide valuable

insights, they may only sometimes be entirely applicable to human noise-related

health effects due to species-specific differences in hearing range and noise

perception. As a result, these findings should be interpreted cautiously.

Noise and air pollution are correlated as they are emitted from common

sources, most importantly aircrafts, trains, and road vehicles. The estimated costs of

co-exposure to noise and air pollution greatly surpass those associated with alcohol

and smoking.124 Consequently, numerous research gaps warrant attention, including

the assessment of the magnitude and time course of responses to co-exposure to

noise and air pollution, the exploration of the synergistic effects of both exposures on

surrogate measures like blood pressure and diabetes, and the determination of the

duration of effects and their potential for reversal. There is also a need for

investigating the impact of cardiovascular therapies, such as statins, ACE inhibitors,
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AT-1 receptor blockers, and AMP-kinase activators, on noise- and air pollution-

induced health effects and their implications for future cardiovascular risk by studying

the influence of noise on circadian rhythms and understanding the combined effects

of noise in conjunction with lifestyle factors such as diet, stress, and exercise.

Regarding political consequences, the cardiovascular community is

responsible for raising awareness of the impact of environmental pollutants. This

goes beyond promoting healthy lifestyles and diets; it also involves taking steps to

minimize the effects of noise pollution on cardiovascular health. However,

recommendations to reduce noise pollution were conspicuously absent from the

ESC110 and the ACC/AHA guidelines for prevention.128

Considering the impact of noise on the cardiovascular system, does it still

make sense to ask our patients only about traditional cardiovascular risk factors to
assess the overall cardiovascular risk? We do not believe so. Rather we must assess

the so-called exposome or individual encounters throughout life and how these

exposures impact biology and health.129 it encompasses external and internal

factors, including chemical, physical, biological, and social factors that may influence

human health. The exposome will help to predict the risk for future CVD more

precisely.
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A: Sound pressure levels (SPLs) of different noise sources.130
B: Noise reaction model for noise exposure's direct (auditory) and indirect (non-
auditory) effects.131
C: Neuronal activation (arousals) induced by noise triggers signaling via the
hypothalamic–pituitary–adrenal axis and sympathetic nervous system (SNS). This
lead to release of corticotropin-releasing hormone from the hypothalamus into the
pituitary gland, which stimulates the release of adrenocorticotropic hormone (ACTH)
into the blood. ACTH induces the production of glucocorticoids by the adrenal cortex,
and the activation of the SNS stimulates the production of catecholamines by the
adrenal medulla. The release of glucocorticoids and catecholamines, in turn, leads to
the activation of other neurohormones and pathways, such as the renin–angiotensin–
aldosterone (RAAS) system, and increased inflammation and oxidative stress. Panel
A reprinted from 130 with permission. Copyright © 2018 The Authors. Panel B and C
adapted from 11 with permission. Copyright © 2021, Springer Nature Limited.
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Figure 2

Meta-analysis of the main estimates obtained for each cardiovascular outcome

concerning road traffic noise. Relative risks refer to a 10 dB increase in Ld,..16
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Figure 3
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Key effects of noise observed in human field studies. A: effects of 30 and 60
aircraft noise events on flow-mediated dilation (FMD) of the brachial artery (noise 30
and 60) of 70 healthy subjects. Vitamin C effects were assessed in a subgroup of the
cohort. A priming effect of aircraft noise on endothelial function was observed, i.e.,
previous exposure to Noise30 caused Noise60 to have a significantly stronger
reduction of flow-mediated dilation 87. Serum adrenaline levels also increased

significantly. B. Effects of 30 and 60 railway noise events on flow-mediated brachial
artery dilation in 70 healthy subjects. Vitamin C effects were assessed in a subgroup.
C. Methodology of FMD. D. Effects of aircraft noise on oxidative stress markers (3-
nitrotyrosine [3-NT] and 8-isoprostane) in serum that were measured in the samples
of the aircraft noise study and published in 70. Adapted from 70 with permission.
Copyright ©2018, Oxford University Press.
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Figure 4 Effects of sleep and awake phase aircraft noise [mean sound pressure level
72 dB(A) for 12 h per day for 1, 2, and 4 days] on the murine vasculature. Sleep
phase noise showed a more pronounced increase in systolic and diastolic blood
pressure (A) and caused significant endothelial dysfunction (diminished response to
acetylcholine [ACh]) (B). For comparison, the impaired endothelium-dependent
relaxation in response to 24 h noise exposure is shown in dotted line. Sleep phase
noise induced more vascular oxidative stress (red fluorescence staining by oxidized
hydroethidium in aortic cryo sections) (C), eNOS uncoupling by immunostaining
against S-glutathionylated (= uncoupled) enzyme (eNOS-GSH) and endothelin-1
(ET-1) protein expression by immunohistochemistry (D). Sleep phase noise also
caused substantial dysregulation of expression of circadian clock genes in the aorta
and kidney as revealed by lllumina RNA sequencing (E). Aortic gene expression of
the transcription factor Foxo3 (regulates BMALI) and period-1 (Per1) were down-
regulated. In contrast, brain and muscle aryl hydrocarbon receptor nuclear
translocator (Arnt)-like (Bmal) 1 and cryptochrome-1 (Cry1) were up-regulated (F).
The clock core components consist of the positive regulators CLOCK and BMAL that
directly control circadian gene expression and the negative regulators PER and CRY
(G). The circadian clock regulates several essential biological functions (H). Adapted
from 70 (A-F) and 68 (G-H) with permission. Copyright ©2018, Oxford University Press
and Copyright © 2020 by Annual Reviews.
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Figure 5
B "Priming" of the

heart by noise
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Noise exposure worsens cardiac and endothelial function after acute myocardial
infarction (MI). (A) Experimental study scheme with noise exposure before
experimental Ml by LAD ligation, followed by delayed echocardiography. (B) Noise
exposure induces an inflammatory and pro-oxidative phenotype of the heart
promoting exacerbation of impaired cardiac function and decreased oxygen
consumption rate (OCR) leading to increased mitochondrial production of reactive of
reactive oxygen species after MI (C). Representative B-mode images in parasternal
long axis (PLAX) and heat map of wall displacement. (D) High-frequency small-
animal echocardiography 6d after permanent LAD-ligation or sham operation with or
without noise exposure revealed additively decreased left-ventricular ejection fraction
(LV-EF in %) and stroke volume (SV in pl). Increased cardiac IL-6 levels support the
noise-mediated “priming” of the heart. (E) Noise-induced additive endothelial
dysfunction (impaired response to acetylcholine [ACh]) of the aorta after MI. Adapted
from l06 with permission. Copyright © 2023 European Society of Cardiology.
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Figure 6

Mitigation Regimens
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Exercise, caloric restriction, and AICAFR (5-aminoimidazole-4-carboxamide riboside)
treatment prevented noise-induced elevation of blood pressure and endothelial
dysfunction. The interventions all restored noise exposure-induced blood pressure
elevation to the level of unexposed control. Also, noise-triggered endothelial
dysfunction (impaired response to acetylcholine [ACh]) in the aorta was prevented by
the three interventions. The proposed protective mechanism of the three mitigation
regimens is the activation of aIAMPK leading downstream to an increase of the
dimethylarginine dimethylaminohydrolase (DDAH), the degrading enzyme of
asymmetric dimethylarginine (ADMA), and a decrease of protein arginine
methyltransferase 1 (PRMTI ), an enzymatic source of ADMA. This will lead to lower
levels of ADMA, the most potent endogenous eNOS inhibitor, and thereby to more
efficient nitric oxide signaling, all of which prevents noise-induced endothelial
dysfunction. Activation of aIAMPK also prevents noise-triggered NOX-2 expression
/ activation and oxidative stress, in part by cross-activation of NRF2 via specific
phosphorylation and subsequent herne oxygenase-1 (HO-1) induction followed by
carbon monoxide (CO) and bilirubin (BR) production. Adapted from 112 with
permission. Copyright © 2023 European Society of Cardiology.
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Abbreviations :
HPA, hypothalamic-pituitary–adrenal; SNS, sympathetic nervous system; RAAS,
renin–angiotensin–aldosterone system; Ang-II, angiotensin-II; ETI, endothelin-1 ;
NOX2, nicotine adenine dinucleotide phosphate oxidase isoform 2 (phagocytic
NADPH oxidase); nNOS, neuronal nitric oxide synthase. FOX03, forkhead box
protein O; iNOS, inducible nitric oxide synthase; eNOS, endothelial nitric oxide
synthase; O2'-, superoxide; ONOO–, peroxynitrite; BH4, tetrahydrobiopterin; GSS-, S-
glutathionylation; GSH, glutathione; 8-OH-dG, 8-oxo-2’-deoxyguanine; GPXI,
glutathione peroxidase 1; AIOAR, 5-aminoimidazole-4-carboxamide riboside; 3-NT,
3-nitrotyrosine; 8-isoP: 8-isoprostane; IL, interleukin; CD68, cluster of differentiation
68 (macrosialin); ACTH: adrenocorticotropic hormone; BH2, dihydrobiopterin; CCL2,
CC-chemokine ligand 2; CRH, corticotropin-releasing hormone; DHFFR, dihydrofolate
reductase; GCHI, GTP cyclohydrolase 1; HO-1, herne oxygenase-1 ; NRF2, nuclear
factor erythroid 2-related factor 2; aIAMPK, alpha1 subunit of adenosine
monophosphate-activated protein kinase; GFAP, gltal fibrillary acid protein; H202,
hydrogen peroxide; hsCRP, high-sensitivity C-reactive protein ; MDA,
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malondialdehyde; NA, noradrenaline; pVASP, phosphorylated vasodilator-stimulated
phosphoprotein; L-NAME, NG-nitro-L-arginine methylester; PKC, protein kinase C;
PYK2, protein-tyrosine kinase 2; VCAMI vascular cell adhesion molecule; ROS,
reactive oxygen species. Adapted from 11 with permission. Copyright © 2021,
Springer Nature Limited.

Table 1
Estimated number of persons who died and/or had an incident ischemic heart
disease (IHD) due to exposure to road traffic noise in Denmark and Switzerland. The
lower effect threshold of road traffic noise, corresponding the level below which no
health effects of noise is expected, is presently unknown, and therefore numbers are
estimated for four “lower harmful level” scenarios. For both Denmark and
Switzerland, numbers are estimated using road traffic noise calculated for nationwide
epidemiological projects estimating noise from 35 dB and up.132’133

Lower effect e 5.75 million}
Cardiovascular IHD

mortality1
206
270
385
616

Switzerland (8.48 million)
Cardiovascular IHD

mortality1
166
234
371
688

threshold Pop
ulati

(Lden)
55 dB
53 dB
50 dB
45 dB

incidence2
256
336
478
764

incidence2
291
412
651
1207

- on
Attri
but
abI
e
Fra

ction (PAF) estimated using a relative risk of 1 .045 for CVD mortality and proportion of people in
different noise categories. Number of persons with CVD mortality calculated as PAF*CVD mortality in
Denmark (N=12,455, 2017) and Switzerland (N=19,645, 2021 ), respectively.
2 Population Attributable Fraction (PAF) estimated using a relative risk of 1 .041 for ischemic heart
disease (IHD) and proportion of people in different noise categories. Number of persons with incident
IHD calculated as PAF*IHD in Denmark (N=16,984, 2017) and Switzerland (N=37,878, 2021 ),
respectively.
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Noise causes cardiovascular disease: it’s time to act

B) Check for updates
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BACKGROUND: Chronic transportation noise is an environmental stressor affecting a substantial portion of the population. The
World Health Organization (WHO) and various studies have established associations between transportation noise and
cardiovascular disease (CVD), such as myocardial infarction, stroke, heart failure, and arrhythmia. are WHO Environmental Noise
Guidelines and recent reviews confirm a heightened risk of cardiovascular incidents with increasing transportation noise levels.
OBJECTIVE: We present a narrative review of the evidence from epidemiologic studies and translation studies on the adverse
cardiovascular effects of transportation noise.
METHODS: We describe the results of a recent Umbrella+ review that combines the evidence used in the 2018 WHO
Environmental Noise Guidelines with more recent (post-2015) highluality systematic reviews of original studies. Highquality
systematic reviews were included based on the quality of literature search, risk of bias assessment, and meta-analysis methodology
using AMSTAR 2.
RESULTS: Epidemiologic studies show that exposure to high levels of road traffic noise for several years lead to numerous adverse
health outcomes, including premature deaths, ischemic heart disease (IHD), chronic sleep disturbances, and increased annoyance.
MechanisHcally, noise exposure triggers oxidative stress, inflammation, endothelial dysfunction, and circadian rhythm disruptions.
These processes involve the activation of NADPH oxidase, mitochondrial dysfunction, and nitric oxide synthase uncoupling, leading
to vascular and cardiac damage. Studies indicate that chronic noise exposure does not result in habituation, and susceptible
individuals, such as those with pre-existing CVD, are particularly vulnerable.

Keywords: Epidemiology; Exposure assessment; Health studies; Human well-being; Meta-analysis; Noise pollution

Journal of Exposure ScIence & Environmental Epidemiology; https://doi.org/1 0.1038/541370+)24-007324

INTRODUCTION
Extensive research has established the adverse health impacts of
environmental exposures contributing to the exposome, specifi-
cally air pollution, on cardiovascular disease (CVD), including
conditions such as myocardial infarction (MD, heart failure,
arrhythmia, hypertension, and stroke [1]. Recent studies have
highlighted particulate matter with a diameter of $2.5 pm (PM2.5)
as a major air pollutant, contributing to -7.9 million annual deaths
[2]. Various studies have observed that proximity to major roads
increased cardiovascular health problems such as ischemic heart
disease (IHD) or hypertension [3, 4]. These studies cannot clarify
whether the observed adverse effects are from air pollution or
from noise.

Surprisingly, much less attention has been given to transporta-
tion noise despite urban and suburban areas experiencing high
levels of both air pollution and noise. Noise, defined as "unwanted
and/or harmful sound," comes from transportation, occupational,
leisure, residential, and industrial sources. With the present brief
review. we want to focus on cardiovascular and metabolic health
effects of transportation noise.

TRAFFIC NOISE EXPOSURE AND THE BURDEN OF DISEASE
In 2020, the European Environment Agency (EEA) reported that
many people remain exposed to high road traffIc noise levels,
estimating that at least 20% of the EU population lives in areas
where transportation noise exceeds 55 dB Ld,, (reviewed in refs
[5, 6]). The World Health Organization (WHO) indicates adverse
health impacts are likely at these noise levels, particularly at night
when noise should not exceed 45 dB(A) (Table 1). The U.S.
Department of Transportation estimated that in 2018 7.3% of the
U.S. population was exposed to road traffic noise levels above
50dB L,,q.24 (corresponding to a Ld,, of z53 dB), a number that
the authors of the present review and even the U.S. Department of
Transportation consider an underestimation of the real exposure
levels of the U,S. population. In the EU, environmental noise,
mainly from road transportation, is estimated to cause 12,000
premature deaths, 48,000 new cases of IHD, 6.5 million people
experiencing chronic sleep disturbances, and 22 million indivi-
duals enduring significant annoyance annually. In 2020, it was
estimated that 7.8 million, 5.2 million, and 7.9 million people in the
U.S. were highly annoyed by aircraft, road, and rail traffic,
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Table 1. WHO recommended limits for noise exposure levels and national legal thresholds for average noise exposure (https://www.euro.who.int/
_data/assets/pdf_file/0009/383922/noise-guidelines-exec-sum-eng.pdf)a.

Noise source Ld," Lnlght

<45 dB
<Zn dB
<40 dB

Quality of
evidence

EU/US threshold

Road noise

Railway noise

Aircraft noise

<53 dB
<54 dB
<45 dB
<45 dB

strong

strong

strong
limited

No legally binding limits for ambient noise. Legal limits for LREL8h of
85-90 dB (US) and LEX of 80-85 dB (EU) for occupational noise
sources; peak (impulse) noise limits 135-140 dB.

Leisure ambient <70 dB - limited

noise (LA,q,24 h)

adB, decibel; Ld,„, average sound pressure level over 24 h adjusted for day-evening-night with a penalty of 5 dB for the evening time (7–1 1 pm or 6–10 pm) and
a penalty of 1 OdB for the night time (1 1 pm-7am or 10pm–Mm); L„,gh. average sound pressure level for night time (1 1 pm-7am or 10pm–6am); LA,q, average
sound pressure level over 24 h (A-weighted means adjusted for the human acoustic range). The recommended limits are related to the most seriously exposed
face of the building. Strong quality of evidence requires fast action of policy makers, whereas limited quality of evidence requires substantial discussions
among the decision makers, also considering the opinion of scientists, clinicians and health care system representatives. LREL,8h, recommended exposure level
over 8 h at workplace by the US CDC-associated National Institute for Occupational Safety and Health (NIOSH). LEX, recommended exposure level over 24 h or
7 d at workplace by the European agency for occupational safety and health (EU-OSHA). Reused with permission [46].

Wind turbines

respectively [7]. Urban expansion and increasing mobility demand
are expected to raise the number of individuals exposed to road
and railway noise by 2030, while aircraft noise exposure remains
unchanged.

ENG [8, 12] with new studies found an RR of 1.04 (95% CI:
1.02–1.06) per 10 dB(A) increase in road traffic noise for IHD
incidence [9].

Stroke
The WHO ENG included one cohort study on road traffic noise and
incident stroke, finding an HR of 1 .14 (95% CI: 1.03–1.25) [81. Nine
subsequent studies mostly indicated positive associations with
road traffic noise, with risks near unity for rail and aircraft noIse. A
pooled Danish and Swedish cohort analysis found an HR of 1.06
(95% CI: 1 .03–1.08) per 10 dB(A) increase in road traffic noise [1 5].
The Umbrella+ review reported an RR of 1.05 (95% CI: 1.01–1.08)
per 10 dB(A) increase in road traffIc noise for incident stroke [9].

TRANSPORTATION NOISE AND CARDIOVASCULAR DISEASE
AND DEATH
Recent evidence highlights the impact of environmental noise on
cardiovascular health [5, 6]. The WHO Environmental Noise
Guidelines for the European Region (WHO ENG) included studies
up to 2015 [8]. A recent Umbrella+ review identified subsequent
studies, combining the newest high-quality systematic reviews
with original studies post-2015 [9]. High-quality systematic reviews
were included based on the quality of literature search, risk of bias
assessment, and meta-analysis methodology using AMSTAR 2 [10].
Eligible original studies were required to use reliable noise
exposure assessment methods and account for relevant con-
founders. For mortality and incident CVDs, only cohort studies
were included, whereas prevalent hypertension studies also
considered case-control and cross-sectional studies if they were
population-based, large, and methodologically sound [9].

Heart failure
The WHO ENG [8] did not address the effects of noise on heart
failure. A 2023 meta-analysis found road traffic noise was
associated with a 5% higher risk of heart failure per 10 dB(A)
[16]. An updated meta-analysis found an RR of 1.04 (95% CI
1.02-1.07) per 10dB(A) increase in road traffIc noise for heart
failure [9].

Cardiovascular mortality
The Umbrella+ review identified 61 cardiovascular (ICD-10: 100-
199) and IHD (120-125) mortality papers, out of which 12
prospective cohort studies on road, railway, and/or aircraft noise
were eligible for meta-analysis. The pooled effect estimate for
cardiovascular mortality per 10 dB(A) of road traffic noise was 1.05
(95% CI: 1.02-1.07) [5] based on nine studies (1.05 (95% CI:
1.03–1.08) for ischemic heart disease mortality). Only two studies
each were available for railway and aircraft noise, both finding
minimal effects on cardiovascular mortality. Figure 1 shows the
meta-analysis results. A Swiss case-crossover study found that
short-term exposure to aircraft noise was associated with CVD
mortality, particularly exposure to nighttime aircraft noise of
40-50 dB(A) and >50 dB(A) within two hours prior to a CVD
death [1 1].

Arrhythmia and/or atrial fibrillation
Few reviews and cohort studies exist on noise and arrhythmia
and/or atrial fibrillation. A Danish nationwide cohort study with
over 3.5 million participants reported weak associations between
atrial fibrillation and road, railway, and aircraft noise [17]. An
updated meta-analysis found an RR of 1 .01 (95% CI: 1.00-1.01) per
10 dB(A) increase in road traffic noise [9]. After the publication of
the Umbrella review, a pooled analysis of eleven prospective
Nordic cohorts found a RR of 1 .02 (95% CI: 1.00–1.04) per 10-dB of
5-year mean time-weighted exposure, which changed to 1.03
(1.01–l.06) when implementing a 53-dB cut-off [1 8]. It should be
mentioned that we did not identify literature on associations of
transportation noise with sudden death, out-of-hospital cardiac
arrest, or ventricular arrhythmias.

Conclusions
The Umbrella+ review confirms associations between road traffIc
noise and various CVD diagnosis groups. Combining pooled effect
estimates of IHD, stroke, hypertension, arrhythmia and heart
failure results in a global CV risk increase of 3.2% (95% CI:
1.1-5.2%) per 10 dB higher road traff\c noise (Ld,.) [9]. Evidence is
less pronounced for railway and aircraft noise, as road traffic noise
is more prevalent, many people exposed to moderate levels of
raIlway and aircraft noise may not hear it because the road traffic
noise is substantially higher. As a consequence, road traffIc noise is

Ischemic heart disease (IHD)
The WHO ENG review found a relative risk (RR) of 1.08 (95% CI:
1.01-1.15) per 10 dB increase in Ld,, for IHD incidence due to
road traffic noise [8, 12]. Recent studies, including a pooled
Danish and Swedish cohort analysis [13] and a nationwide study
from Denmark with over 2.5 million participants [14], reported
hazard ratios (HRs) of 1.03 (95% CI: 1.00–1.05) and 1.05 (95% CI:
1.04–1.06) for road traffic noise. A meta-analysis combining WHO
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Fig. 1 Meta-analysis of cohort studies on cardiovascular mortality in relation to transportation noise, stratified by source. Relative risks
refer to a 10 dB increase in Ld,,. Adapted with permission from [9].

potentially masking the effects of railway and aircraft noise in
source-specific analysis. Intervention studies are needed to
demonstrate risk reduction after noise mitigation. It would be
also important to design studies to include measures of traffic
related pollutants (NO2 and PM2.5) and proximity of residence to
roadway as complements to noise,

using a 55 dB Ld,. threshold [8, 1 2] and the WHO recommending
53 dB(A) for road traffic noise [19]. Recent large cohort studies
suggest effects starting around 45 dB Ld,, for various cardiovas-
cular diagnoses and diabetes [9].

TRANSPORTATION NOISE AND DIABETES AND OBESITY

Recent cohort studies have linked transportation noise, especially
from road traffic, with a higher risk of diabetes (reviewed in ref. [5]).
A meta-analysis found that a 10dB(A) increase in road traffic noise
was associated with a relative risk (RR) for diabetes of 1 .06 (95% CI:
1.03-1.09). Studies have suggested that noise may affect sleep
quality and contribute to metabolic changes leading to diabetes,

LOWER EFFECT THRESHOLD OF NOISE
The lower effect threshold of noise, below which no health effects
are expected, is undetermined and likely varies by noise source
and the different characteristics of noise (e.g., tonality, frequency).
Different noise recommendations exist worldwide. with the EU
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Fig. 2 Key data on health effects of noise through the brain-heart/vessel-axis. Left panel: Main results of animal studIes regarding brain-
heart/vessel interaction. Middle and right panel: Proof-of-concept translational study in humans demonstrating the association between
transport (road and aircraft) noise-induced cerebral (amygdala relative to cortical) metabolic activity and arterial inflammation increasing
major adverse cardiovascular events (MACE) [29, 30]. Reused with permission from ref. [30].

Research also indicates that noise exposure may contribute to
obesity (reviewed in ref. [5]). Several studies found associations
between road traffic noise and increased measures of adiposity,
suggesting that noise can affect weight gain throughout life.

cognitive, emotional, and behavioral reactions influenced by
personal, social, and situational factors. Recent studies have shown
that transportation noise, particularly from roads and aircraft, is
associated with increased annoyance levels, contributing to stress
and negatively impacting cardiovascular health (reviewed in refs.
[5, 6]). Annoyance from noise can lead to increased stress
hormone levels and inflammation, further contributing to
cardiovascular risk,

NOISE AND EPIGENETIC CHANGES: ADVERSE IMPACTS ON THE
IMMUNE SYSTEM AND VASCULAR FUNCTION
Cross-sectional cohort studies have found that exposure to
transportation noise can have an impact on the immune system.
Two studies observed that noise increases levels of IL-12 and high-
sensitivity CRP (C-reactive protein) while decreasing natural killer
cell populations and activity, although the extent of noise effects
on the immune system is not consistently uniform across all
studies [20-22]. Furthermore, alterations in the immune system
have been linked to elevated circulating cortisol levels and
heightened noise sensitivity [21, 22]. Higher cortisol levels may
also be related to nocturnal noise exposure and impaired
circadian rhythm [23, 24].

Interestingly, a study based on the Swiss SAPALDIA cohort
showed that long-term exposure to transportation noise and air
pollution led to distinct and shared DNA methylation patterns,
with enrichments in pathways related to inflammation (e.g., CRP),
cellular development, and immune responses [25]. Findings in the
same cohort suggested that chronic exposure to nocturnal
intermittent train or road traffic noise increases arterial stiffness
(reflecting endothelial dysfunction), as determined by pulse wave
velocity [26 1. This finding is supported by a German cohort study,
showing that long-term exposure to nighttime road traffic noise is
associated with subclinical atherosclerosis, especially in partici-
pants with early arterial calciflcation [27, 28].

In summary, these findings offer pathophysiological and
molecular evidence from human studies, highlighting the effects
of transportation noise on incident CVD. Notably, the results from
these human studies, including stress pathways, inflammation,
oxidative stress, arterial stiffness, and endothelial/cardiac dysfunc-
tion, align with mechanistic data from animal studies (reviewed in
refs. [5, 6]).

NOISE AND AMYGDALAR ACTIVATION
The link between noise exposure and major adverse cardiovas-
cular events (MACE) was observed in a 2020 study where stress-
associated neural activity was associated with arterial inflamma-
tion in 498 healthy subjects without active cancer or CVD [29].
The neural activity was determined as the ratio of amygdala
to regulatory cortical metabolic activity envisaged by the
18F-fluorodeoxyglucose positron emission tomography-
computed tomography (PET-CT) imaging. At the same time,
aortic inflammation was also determined using PET-CT to observe
18F-fluorodeoxyglucose uptake. The results indicated that the
increased noise exposure level at the individual’s home address
was linked to elevated amygdala activity, arterial inflammation,
and higher risk of MACE, independently ofconfounders such as air
pollution, socioeconomic status, and other established CVD risk
factors. The study’s authors conclude that the association between
higher noise exposure and MACE occurred via elevated amygdala
activity and arterial inflammation (Fig. 2) [29, 30]. Interestingly, a
similar pathway was previously observed to be responsible for the
association between perceived stress and socioeconomic dispa-
rities (e.g., lower education or income) and CVD [31].

MECHANISTIC INSIGHTS: TRANSLATIONAL STUDIES IN
HUMANS AND ANIMALS
Oxidative stress and endothelial dysfunction
Translational studies in humans with and without CVD have
demonstrated that exposure to transportation noise for one night
(47 dB(A) L,,) leads to a significant increase in oxidative stress
markers such as 3-nitrotyrosine and 8-isoprostane in serum and a
significant degree of endothelial dysfunction as indicated by a
reduction of now-mediated dilation (FMD) (Fig. 3) (reviewed in
refs. [5, 6]). Importantly, the deterioration of FMD was stronger in

NOISE ANNOYANCE

Noise annoyance, a psychological response to unwanted sounds,
can be an early indicator of more severe health risks. It involves
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Fig. 3 Key effects of noise observed in human field studies. A Effects of 30 and 60 aircraft noise events on the brachial artery (Noise30 and
Noise60) of 70 healthy subjects. Vitamin C effects were assessed in a subgroup of the cohort. A priming effect of aircraft noise on endothelial
function was observed, i.e., previous exposure to Noise30 caused Noise60 to have a significantly stronger reduction of flow-mediated dilation
[52]. Serum adrenaline levels also increased significantly. B Effects of 30 and 60 railway noise events on flow-mediated brachial artery dilation
in 70 healthy subjects. Vitamin C effects were assessed in a subgroup. C Methodology of FMD. D Effects of aircraft noise on oxidative stress
markers (3-nitrotyrosine [3-NT] and 8-isoprostane) in serum that were measured in the samples of the aircraft noise study and published in ref.
[32]. Adapted from [32] with permission. Copyright ©2018, Oxford University Press.

subjects with already established CVD. The acute administration of
the antioxidant vitamin C has been shown to improve endothelial
function, indicating the roll of oxidative stress in noise-induced
vascular damage.

Preclinical studies revealed that oxidative stress in noise-
exposed mice (72 dB(A) L,,, around-the-clock for 4 days) is
primarily driven by the activation of NADPH oxidase (NOX-2), a key
enzyme in inflammatory cells like leukocytes and macrophages
that produces reactive oxygen species (ROS) but is also driven by a
dysfunctional, uncoupled endothelial nitric oxide synthase [32].
Noise exposure also activates inflammatory pathways. It triggers
the hypothalamic-pituitary-adrenal axis and the sympathetic
nervous system, leading to the release of stress hormones like
cortisol and catecholamines (Fig. 4) (reviewed in refs. [5, 6]). These
hormones induce a pro-inflammatory state characterized by
elevated levels of interleukins (IL-6, IL-1 p) and proinflammatory
monocytes. This inflammation can lead to vascular changes that
contribute to the progression of atherosclerosis and other
cardiovascular conditions.

Recently we also demonstrated that noise exposure can
dysregulate gene networks within the vasculature. This includes
the upregulation of genes involved in TGF-beta signaling,
autophagy, and growth regulation and downregulation of genes
associated with cell cycle control and apoptosis [33]. These
changes in gene expression further impair endothelial and
vascular signaling, contributing to cardiovascular dysfunction.

An additional finding from our preclinical studies is that
nighttime noise exposure has a more detrimental effect than
daytime noise. We demonstrated that nighttime noise, as opposed
to daytime noise, led to significantly higher blood pressure, a
greater increase in neurohormonal release, elevated oxidative
stress in vascular tissue, increased endothelin-1 expression within

the vasculature and interestingly no endothelial dysfunction at all.
These factors may explain, at least in part, why nighttime noise
contributes to greater vascular stiffness and higher blood pressure
compared to daytime noise (for review, see [34]). Moreover, we
observed circadian clock dysregulation, primarily involving the
downregulation of FOX03, a transcription factor serving as a
central signaling hub. We tested the effect of bepridil, a FOX03
activator, calcium antagonist, anti-anginal, and class IV anti-
arrhythmic drug. Bepridil prevented noise-induced endothelial
dysfunction, increased FOX03 mRNA expression, and reduced
vascular and cerebral oxidative stress [32]. Based on these
findings, we hypothesized that the adverse effects of nighttime
noise are partly due to circadian rhythm disruption, as noise
during sleep causes sleep fragmentation and reduced sleep
quality, thereby amplifying stress responses leading to more
pronounced oxidative stress and endothelial dysfunction [32–34]

This disruption affects central and peripheral circadian docks,
contributing to metabolic and cardiovascular dysfunction. Night-
time noise exposure causes also a signifIcant downregulation and
uncoupling of neuronal nitric oxide synthase (nNOS), leading to a
neuroinflammatory phenotype [32] that probably affects cognitive
functions and increases cardiovascular risk.

Noise exposure affects the neuroendocrine system by elevating
levels of angiotensin II and endothelin-1, hormones that regulate
blood pressure and fluid balance (Fig. 4). This elevation increases
oxidative stress and inflammation in the brain’s microvasculature
and conductance vessels, contributing to hypertension and other
cardiovascular issues (reviewed in refs. [5, 6]). The sympathetic
nervous system activation due to oxidative stress further releases
catecholamines, which can exacerbate cardiovascular damage.
The following sections briefly explain how stress hormone-
mediated receptor signaling can activate sources of ROS
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Fig. 4 Oxidative stress pathways activated by noise. Noise causes stress hormone release (catecholamines and cortisol) and downstream
endocrinal activation of vasoconstrictors activating common disease pathways, such as oxidative stress. Angiotensin II (AT-II) and endothelin-1
(ET-1) lead to the formation of diacylglycerol (DAG) from phosphatidylinositol 4,5-bisphosphate (PIP2), a potent activator of protein kinase C
(PKC), via their receptors and the activation of phospholipase C (PLC). (1 ) PKC via phosphorylation of p47pn'’* at serine 328 causes activation of
the phagocytic NADPH oxidase (NOX-2) and potentially NOX-1. The expression of NOX-2 is upregulated by noise-triggered immune cell
infiltration (lysozyme M-positive (LysM*) cells) and systemic inflammatory conditions. NOX-2 (and NOX-1, especially in the brain) produces
superoxide (O;–) and via dismutation also hydrogen peroxide (H202). NOXJl was not changed by noise and NOX-5 (relevant for humans) was
not studied so far. (2) Dysfunction of endothelial nitric oxide synthase (eNOS) is mediated by noise-dependent activation of PKC and
phosphorylation of threonine 495. Alternatively, NOX-2-dependent ROS formation may activate PKC [53] and protein tyrosine kinase 2 (PYK-2)
[54, 55], causing adverse phosphorylation at tyrosine 657 and threonine 495. Uncoupling of eNOS may be induced by noise-driven oxidative
depletion of tetrahydrobiopterin (BH4) and S-glutathionylation (-SSG) of eNOS by ROS originating from NOX-2 [56]. Semi-uncoupled eNOS
may represent a potent source of peroxynitrite. (3) Noise also leads to mitochondrial ROS formation. generating both O2' and H202.
Noradrenaline (NA) and adrenaline (A) originating from sympathetic activation are substrates of monoamine oxidases (MAO) that produce
H202. NA and A can also activate PKC through adrenergic receptor (al-AR). PKC seems to activate the mitochondrial KATP channel by
phosphorylation of a threonine residue with subsequent depolarization of the mitochondrial membrane (AVm I) and O2'– formation from
respiratory complexes 1, II and Ill. Mitochondrial H202 / O2' and calcium are released to the cytosol upon the mitochondrial permeability
transition pore (mPTP) opening (e.g„ by thiol oxidation of the regulatory subunit cyclophilin D (CypD) [57]). KATP channel activation and mPTP
opening can also be stimulated by redox-crosstalk with H202 (probably also O2'– via peroxynitrite) derived from NOX-2 [58]. So far, there is no
evidence for the role of xanthine oxidase in noise's non-auditory (indirect) effects. This scheme was adapted from [35] with permission and
created using biorender.com.

(superoxide, O2' and hydrogen peroxide, H202) and lead to
oxidative stress conditions (reviewed in ref. [35]).

of NOX-2 in noise-mediated pathophysiology comes from studies
showing an additive upregulation of NOX-2 protein in noise-
exposed hypertensive and Ml mice (reviewed in ref. [5]).

NADPH oxidases
NOX-2 (gp91 phox), the phagocyte isoform of NADPH oxidases, is a
key enzyme in host defense. Whereas other NADPH oxidase
isoforms (e.g„ NOX-1, NOX-4, NOX-3, and DUOX-2) play a role in
noise-induced hearing loss, the role of NADPH oxidases in the
non-auditory (indirect) pathology is less explored. Upon noise
exposure, NOX-2 protein and NOX-2 mRNA levels are consistently
upregulated in the murine aorta and heart [32, 33]. Also, a more
pronounced activation state of NOX-2 was reported for noise-
exposed mice, which was driven by angiotensin-H or endothelin-1
dependent diacylglycerol-mediated protein kinase C (PKC) activa-
tion with subsequent Ser328 phosphorylation of p47phox, the
cytosolic regulator, and activation of NOX-2 (Fig. 4). Evidence of
oxidative stress is readily detectable in the aorta, heart, and brains
of mice exposed to noise [32, 33] and the serum of noise-exposed
healthy subjects. Importantly, mice with a genetic deletion
of NOX-2 gene or ablation of inflammatory monocytes (LysM+
cells) are protected from this oxidative stress and the subsequent
endothelial dysfunction [32, 36]. Further support for a central role

Mitochondria
MItochondria are well-known producers of ROS and are known to
contribute to oxidative damage in IHD and hypertension
(reviewed in ref. [35]). Different noise sources and patterns were
reported to cause mitochondrial damage in the form of cardiac
fibrosis, enlarged cardiac mitochondria, swelling, matrix dilution,
cristolysis, DNA damage and reduced connexin 43 contents
(reviewed in ref. [5]). These observations can be linked to high
noradrenaline levels, monoamine oxidase (MAO) activity, dis-
turbed mitophagy, potentially negatively impacting permeability
transition (e.g., mPTP), and calcium handling. Catecholamines (or
serotonin) serve as MAO substrates enabling signifIcant ROS
formation. Accordingly, an additive increase in mitochondrial
superoxide levels was seen in the hearts of noise-exposed mice
with MI in conjunction with impaired mitochondrial respiration
and oxygen handling [37]. Pathways that could be involved in
noise-dependent mitochondrial ROS formation are shown in
Fig. 4

SPRINGER NATURE Journal of Exposure Science & Environmental Epidemiology



T. MOnzel et al

Uncoupled nitric oxide synthases
Due to the excessive superoxide formation in noise-exposed
animals. endothelial NOS (eNOS) in the aorta (and neuronal -
nNOS in the brain) uncouples, which means that it transforms into
a source of O2' and H202 instead of proper synthesis of nitric
oxide (NO). NOS uncoupling was previously demonstrated in
tissues of noise-exposed mice by dihydroethidium staining in the
presence of the eNOS inhibitor NG-nitro-L-arginine methyl ester (L-
NAME) [32, 33]. eNOS is redox-sensitive because of its reliance on
a readily oxidizable cofactor, tetrahydrobiopterin (BH4). Without
BH4, eNOS cannot produce 'NO, but instead produces O2'. The
concomitant formation of 'NO and O2- by uncoupled eNOS
generates peroxynitrite, which in term reacts with proteins to
result in their tyrosine nitration as observed in noise-exposed mice
and humans [32, 33]. eNOS uncoupling diminishes 'NC) bioavail-
ability in the aortas of noise-exposed mice as determined by the
direct quantification of 'NO using electron spin resonance
spectroscopy. Adverse dysregulated phosphorylation by excessive
ROS could further aggravate eNOS dysfunction. Another redox-
dependent uncoupling mechanism is eNOS S-glutathionylation,
which was also increased in the aorta and heart of noise-exposed
mice [32, 33]. The latter effect was not observed in NOX-
2–deficient mice and was aggravated in noise-exposed hyperten-
sive mouse hearts. The noise-triggered adverse regulation of eNOS
that switches the enzyme to a peroxynitrite and superoxide source
is shown in Fig. 4.

HR of 1.31 (95%-CI: 1.03–1.66) for recurrence of cardiovascular
events and all-cause mortality, indicating high susceptibility of
CVD patients to noise,

7

RECOVERY TIME FOR CARDIOVASCULAR SYSTEM AFTER
NOISE STRESS
Recovery from noise-induced endothelial dysfunction in the aorta
was possible within 1–4 days of noise cessation in mice [40].
Acetylcholine-dependent relaxation measurements confirmed this
recovery. Partial correction of vascular oxidative stress and blood
pressure and normalization of inflammatory markers such as
VCAM-1 and IL-6 were observed. However, endothelial dysfunc-
tion and inflammation in cerebral microvessels did not improve,
suggesting that microcirculation requires longer recovery to
reverse noise-induced vascular dysfunction (reviewed in ref. [5]).

MODIFYING NOISE-INDUCED HEALTH EFFECTS THROUGH
aIAMPK ACTIVATION
Non-pharmacological approaches like physical activity, a balanced
diet, and weight management are effective in preventing and
treating CVD and diabetes [41]. It is known that exercise can
mitigate the impact of air pollution-induced CVD and mortality,
Activation of aIAMPK through exercise, intermittent fasting, and
pharmacological methods (e.g., AICAFR) was explored in mice
exposed to aircraft noise [42]. Noise exposure-impaired endothe-
lial function in the aorta, mesenteric arteries, and retinal arterioles
was accompanied by increased vascular oxidative stress and
asymmetric dimethylarginine formation. aIAMPK activation effec-
tively prevented endothelial dysfunction and oxidative stress,
supported by RNA sequencing data. Absence of endothelium-
specific aIAMPK worsened noise-induced vascular damage,
nullifying the protective effects of exercise or fasting, highlighting
the importance of aIAMPK activation in mitigating noise-induced
cardiovascular damage (reviewed in ref. [5]).

LACK OF TOLERANCE DEVELOPMENT TO CARDIOVASCULAR
HEALTH EFFECTS OF NOISE
Chronic exposure of mice to aircraft noise for 4 weeks does not
result in habituation concerning the cardiovascular side effects.
Persistent endothelial dysfunction and elevated blood pressure
were observed in studies exposing animals to noise for up to
28 days [38]. The formation of ROS increased over time,
particularly in the aorta, heart, and brain. This oxidative stress
was marked by a peak oxidative burst tn whole blood after
4–7 days. Additionally, increased superoxide in the brain was
associated with the downregulation of neuronal nitric oxide
synthase (NOS3) and FOX03 genes. Inflammatory markers like
VCAM-1 mRNA were consistently upregulated, indicating that
mice did not acclimate to chronic noise stress, and endothelial
dysfunction and inflammation persisted throughout the exposure
period.

PREVENTION AND MITIGATION STRATEGIES TO REDUCE
TRANSPORTATION NOISE
Transportation noise is a public health problem affecting large
swaths of the global population. The onus is on policymakers and
other decision makers to take action to protect the public from the
harms of environmental noise. Particular attention should be paid
to populations exposed to the highest levels of noise which, at
least in the United States. tend to affect low income communities
disproportionately [43, 44], as well as other vulnerable popula-
tions, such as those with pre-existing CVD. Professional societies,
e.g., American Heart Association, American College of Cardiology,
European Society of Cardiology, should incorporate environmental
noise into CVD prevention guidelines and educational materials.
Policymakers should incorporate environmental noise criteria into
program and policy screening tools and enact measures to
mitigate existing sources of harmful environmental noise. The US
EPA has provided a cumulative risk assessment framework that
could accommodate noise (https://www.epa.gov/risk/framework-
cumulative-riskassessment). By applying the cumulative risk
framework provided by the US EPA (Environmental Protection
Agency) [45], a more holistic approach to policy development and
mitigation is potentially achieved.

The mitigation measures proposed below were reviewed
extensively in refs. [5, 46]. Local authorities can employ several
strategies to mitigate road, railways, and aircraft noise as outlined
in a policy brief of the European Commission [47]. Priority
measures are at the source. Special noise-reducing asphalt can
decrease noise by 3 to 6 dB(A). Reducing speed limits can
decrease noise by -1 dB(A) per lO km/h reduction. Low speed
(20 miles per hour) in combination with electrification of cars,

NOISE PRECONDITIONING AND MYOCARDIAL INFARCTION
The impact of noise on susceptible patients, such as those with
acute coronary syndromes [39], was also studied on a mechanistic
basis by exposing mice to 72 dB(A) noise levels with peaks at
85 dB(A) for up to 4 days [37]. This exposure activated pro-
inflammatory gene expression related to myeloid cell adhesion
and diapedesis pathways. Noise exposure led to increased
adhesion and infiltration of inflammatory myeloid cells in vascular
and cardiac tissues, and a higher percentage of leukocytes
showed a pro-inflammatory phenotype characterized by ROS
and upregulation of NOX-2 and NF-KB phosphorylation. This
resulted in ”priming" of the heart for ischemic damage.
Subsequent Ml caused more pronounced endothelial dysfunction
and elevated vascular ROS levels in noise-preconditioned animals
(reviewed in ref. [5]).

Translational studies in the Gutenberg Health Study Cohort
found that individuals with prior noise exposure and annoyance
had elevated baseline CRP levels and a more significant decline in
left ventricular ejection fraction after an MI [37]. People with acute
coronary syndromes were particularly susceptible to aircraft noise,
with a hazard ratio (HR) of 1.24 (95%-CI: 0.97-1.58) per 10 dB
increase in Ld,, aircraft noise [39]. Combined analysis showed an
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reduces noise in urban areas to a large extent. At higher speed,
electrification is less effective as the sound generated by the
interaction of tires and pavement is the dominating noise source.
Promoting the use of low-noise tires can potentially reduce noise
by 2-3 dB(A). Investing in urban infrastructure such as bike lanes,
ride-sharing programs. and public transportation can also help to
reduce urban noise levels as well as air pollution levels. As an
ultimate measure, sound proof windows reduce indoor noise
substantially and for road and railway noise, erecting barriers
along busy lines in densely populated areas can reduce noise
levels by up to 10 dB(A).

To address aircraft noise, implementing GPS-guided routes can
help avoid densely populated areas, thus reducing noise impact.
Prohibiting take-offs and landings during nighttime hours can
significantly reduce sleep disturbances. Continuous descent
approaches with steeper descents, and lower throttle settings
can minimize noise during landings. Furthermore, promoting the
development and use of quieter aircraft technology can have a
long-term impact on reducing noise pollution from aviation.

For railway noise, regular maintenance and grinding of tracks
can help reduce noise generated by train operations. Replacing
traditional cast-iron block brakes with composite materials can
lower noise levels during braking. Prohibiting railway operations
near residential areas during nighttIme can help reduce dis-
turbances. Investing in vibration-damping track systems and
sound barriers along railway lines can also mitigate noise pollution
from trains.

By combining these strategies, authorities can substantially
reduce noise, particularly in densely populated areas. A compre-
hensive approach that includes technological advancements,
infrastructure improvements, and policy changes will most
effectively address transportation noise pollution and help to
improve public health.

Noise should be acknowledged as a significant cardiovascular
risk factor along with other environmental hazards such as
ambient air pollution and exposure to chemicals, e.g., in the CVD
prevention guidelines of professional societies. Public offIcials and
decision makers should act to reduce public exposure to harmful
levels of noise and adhere to the national limits as well as WHO
recommendations (Table 1). Further studies are needed to explore
the interactions between noise and other environmental stressors
and effective public protection interventions.
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EXTENDED ABSTRACT

INTRODUCTION

Nighttime work is a vital factor for the functioning of modern societies [1]. Around 15 % of the
population in Germany work night shifts, requiring them to sleep during the day [2]. Night
workers often work between 23:00 and 07:00 h [3] and consequently have to sleep at daytime.
Due to the circadian misalignment associated with shift work sleep is more fragile [4].

As ample evidence shows, environmental noise, including aircraft noise, can disturb sleep by
increasing sleep fragmentation and reducing sleep depth [5]. Moreover, with increasing noise
exposure, self-reported sleep quality decreases [5] and annoyance increases [6]. However,
evidence exists mostly for the healthy population, whereas less is known about noise effects
in vulnerable groups such as shift workers, the elderly and individuals with an illness who may
be more susceptible to the adverse effects of noise [7].

Up to now, the effect of noise on daytime sleep has scarcely been investigated. Research on
the specific effect of aircraft noise on daytime sleep is lacking completely. The present
laboratory study examined the effect of aircraft noise exposure during both nighttime sleep and
daytime sleep, with the latter serving as model for intrinsically more fragile sleep. To this end
we quantified objective and subjective sleep quality, sleepiness as well as short-term
annoyance.

MATERIALS AND METHODS

In the present study, 33 participants (aged 18-40 years; 18 females) slept in the laboratory
during two visits that included two consecutive sleep episodes, each. We assigned participants
randomly to either a daytime sleep group (“day sleepers”) or a nighttime sleep group (“night
sleepers”). The two laboratory visits, during one of which participants were exposed to aircraft



noise during both sleep episodes, were separated by a recovery break of at least seven days.
During the sleep episodes with aircraft noise exposure, a noise scenario composed by 81
aircraft fly-over sounds from eight different aircraft types was played back in the bedrooms.
The resulting energy-equivalent sound pressure level across the time in bed was L,q = 46.8
dB(A) representing a common indoor aircraft noise exposure near Cologne/Bonn Airport,
which is a German hub with a 24/7 operation scheme. For the purpose of a typical aircraft
noise scenario, we recorded aircraft sounds in an apartment with tilted windows located six km
away from the airport and directly under the flight path.

We measured sleep via polysomnography and derived the following sleep parameters: Sleep
efficiency, number of awakenings, time spent in sleep stages 1, 2 and slow wave sleep as well
as REM sleep. Sleep quality was also assessed via self-reports using a six-item questionnaire.

After getting up, participants rated their acute sleepiness using the Karolinska Sleepiness
Scale [8] and their annoyance due to aircraft noise using an adapted version of the 5-point

verbal ICBEN scale [9]. Sleepiness assessments were repeated after 10 to 11 hours awake
as well as shortly before the next sleep episode.

The effect of aircraft noise exposure on the selected criterion variables were analyzed
separately in the daytime sleep and the nighttime sleep group using linear mixed models. We
included noise exposure, sleep episode, and an interaction between noise exposure and sleep
episode as predictors plus a random intercept for the participants.

RESULTS

Results showed significant effects of aircraft noise exposure on subjective sleep quality and
annoyance reported after getting up in both day and night sleepers. Sleepiness averaged
across assessment times (after getting up, after 10/11 hours awake, prior to the next sleep
episode) was significantly increased after sleep under aircraft noise exposure in day sleepers,
but not in night sleepers.

An effect of aircraft noise exposure on sleep efficiency was found neither for night sleepers nor
day sleepers. Time spent in sleep stages 1 and 2 was higher under noise exposure in day
sleepers, but not in night sleepers. Likewise, the number of awakenings was increased during
noise exposure in day sleepers, but not in night sleepers. Noise exposure reduced the time
spent in REM sleep and slow wave sleep on a trend level (p < 0.1) during noise exposure in
day sleepers, but not in night sleepers.

Besides, in day sleepers, an interaction between the noise exposure and the sleep episode
was found such that slow wave sleep was reduced in the first but not in the subsequent sleep
episode with noise exposure. On a trend level, an interaction between noise exposure and the
sleep episode was found for the number of awakenings in day sleepers. Whilst the number of
awakenings was higher in the first sleep episode with noise exposure, it was not in the second
one. Similarly, we found an interaction for noise annoyance and subjective sleep quality in day
sleepers. Annoyance was increased and self-rated sleep quality was decreased in the first
noise-exposed sleep episode whilst noise exposure showed no effect in the subsequent sleep
episode

DISCUSSION AND CONCLUSION

The present findings indicate a stronger effect of aircraft noise exposure on participants
sleeping during daytime than on participants sleeping during nighttime. The data suggest that



intrinsically more fragile sleep of night workers may be more vulnerable to the effects of
transportation noise.

The significant interactions between noise exposure and the sleep episode may indicate that
a compensation takes place between the first and the second noise-exposed sleep episode in
day sleepers. The loss in slow wave sleep and the higher number of awakenings seem to have
activated homeostatic compensatory mechanisms that prevented effects of noise exposure to
become manifest during and immediately after the second sleep episode. Lower annoyance
scores and higher subjective sleep quality given after the second sleep episode may reflect
the assumed compensatory response.

Since the current study investigated the effects of aircraft noise exposure on people who are
required to sleep during daytime for the first time, a discussion of the results in the light of
previous findings is hardly feasible. However, the current findings warrant further examination
of the effect of transportation noise on sleep in night workers, preferably across a longer time
span
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Aims Aircraft noise disturbs sleep, and long-term exposure has been shown to be associated with increases in the prevalence of

hypertension and an overall increased riskfor myocardial infarction. The exact mechanisms responsible for these cardio-
vascular effects remain unclear.

Methods
and results

We performed a blinded field study in 75 healthy volunteers (mean age 26 years), who were exposed at home, in random

order, to one control pattern (no noise) and two different noise scenarios [30 or 60 aircraft noise events per night with an
average maximum sound pressure leve! (SPL) of 60 dB(A)] for one night each. We performed polygraphy during each
study night. Noise caused a worsening in sleep quality (P < 0.0001). Noise60, corresponding to equivalent continuous

SPLs of 46.3 dB (Leg) and representing environmental noise levels associated with increased cardiovascular events,

caused a blurRing in FMD (P = 0.016). As well, although a direct comparison among the FMD values in the noise
groups (control: 10.4 t 3.8%; Noise30: 9.7 t 4.1 %; Noise60: 9.5 t 4.3%, P = 0.052) did not reach significance, a mono-
tone dose-dependent effect of noise level on FMD was shown (P = 0.020). Finally, there was a priming effect of noise,

i.e. the blunting in FMD was particularly evident when subjects were exposed first to 30 and then to 60 noise
events (P = 0.006). Noise-induced endotheUal dysfunction (ED) was reversed by the administration of Vitamin C
(P = 0.0171). Morning adrenaline concentration increased from 28.3 + 10.9 to 33.2 + 16.6 and 34.1 + 19.3 ng/L

(P = 0.0099). Pulse transit time, reflecting arterial stiffness, was also shorter after exposure to noise (P = 0.003).

Conclusion In healthy adults, acute nighttime aircraft noise exposure dose-dependently impairs endothelial function and stimulates

adrenaline release. Noise-induced ED may be in part due to increased production in reactive oxygen species and may thus

be one mechanism contributing to the observed association of chronic noise exposure with cardiovascular disease.

Keywords Endothelial function • Aircraft noise • Cardiovascutar risk

Introduction outcomes of noise include annoyance,2 sleep disturbance.3 cardiovas-

cular disease,4's and impairment of cognitive performance in children.6

Aircraft noise has been shown to be more annoying than road- and

railway noise at the same equivalent noise level.7 Epidemiologic
studies have demongrated associations between long-term

The WHO estimates that in high-income Western European coun-

tries (population -340 million) at least 1 million healthy life years
are lost every year due to environmental noise.1 The negative health
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exposure to aircraft noise and an increased incidence of arterial

hypertension and therefore cardiovascular disease.7'8 The meehan-

isms underlying these adverse cardiovascular effects of aircraft
noise are not fully understood. Nocturnal noise exposure seems to

be more relevant for the genesis of cardiovascular disease than
daytime noise exposure,9 probably due to repeated autonomic arou-

sals that have been shown to habituate to a lesser degree to noise

than, e.g. cortical arousals.1c) in general. the risk increases with expos-

ure duration, and is higher in those who decide to sleep with open
windows.11'12

Undisturbed sleep of sufficient length isobligatoryforthe mainten-

ance of daytime performance and health.13 The human organism
recognizes. evaluates. and reacts to environmental sounds even
while asleep.14 These reactions are part of an integral activation
process of the organism that expresses itself. e.g. as changes in
sleep structure or increases in blood pressure and heart rate.lc>’15

Environmental noise may decrease the restorative power of sleep
by means of repeatedly occurring activations (so-called sleep fragmen-

ration) that are associated with more awakenings/arousals, less deep
sleep and rapid eye movement sleep, and early awakenings in the

morning. Although healthy subjects have been shown to habituate

to aircraft noise exposure to a certain degree,10 the habituation is
not complete, and noise-induced awakenings and, especially, activa-

dons of the autonomic nervous system can still be observed in sub-
jects that have been exposed to aircraft noise for several years.16
Sleep disturbance and especially sleep restriction in turn have

been shown to cause hormonal and metabolic changes,17-19

which could predispose to a future development of cardiovascular
disease

Circadian changes related to altered sleep may also adversely

affect the immune system2cy21 and may increase the responsiveness

of the heart to hypertrophic stimuli.22 Although plausible. the link
between polysomnographic evidence of sleep disturbance during
aircraft noise exposure and cardiovascular outcomes is not well
established. It is largely unknown which changes or indices predict

long-term risk.23

Furthermore, polysomnography (i.e. the simultaneous measure-
ment of the electroencephalogram, electrooculogram, and electro-

myogram) is a complex and cumbersome method, which is not
very well suited for larger studies in the general population.24 There-

fore, other methods. like actigraphy (a non-invasive technique to
monitor human rest/activity cycles) and behaviourally confirmed
awakenings, have been used in this context.

In the case of aircraft noise, hypertension may be a consequence of

the noise-induced release of stress hormones such as epi- and nor-

epinephrine and/or the development of vascular (endothelial) dys-
function. Endothetial dysfunction (ED) is considered an early step

in the development of atherosclerotic changes of the vasculature

(for review see25) and can be assessed non-invasively. Recent

studies indicate that in patients with coronary artery disease and
hypertension, ED assessment in the forearm may have prognostic

implications.25

Based on these considerations, the primary aim of the present

study was to test whether nocturnal exposure to aircraft noise may
induce ED. The morning plasma level of adrenaline was a secondary

endpoint. In a subgroup of noise 60 subjects, we also tested whether

acute vitamin C challenges may improve ED,

Methods
The study was approved by the ethics committee of University Medical

Center Mainz. All participants were volunteers and signed informed
consent. Anti-aircraft noise activists were excluded from the study as

were persons with high nighttime traffic noise exposure at home as
determined by noise maps available from municipal online resources

(LA.,q.22_6h > 40 dB for aircraft noise and LA,,q,22_6h > 45 dB for road
and rail traffic noise)

Study population
The study enrolled 75 healthy non-smokers between 20 and 60 years of

age. Before the study, audiometry was performed in all participants.
Persons with an age-adjusted hearing loss of 20 dB or more on one or
both ears were excluded from the study. Subjects with sleep disorders

[score >10 on the Pittsburgh Sleep Quality Index (PSQI)]26 or psychi-
atric disorders (assessed by M,I.Nl, Screen interview) were also ineligible.
Study participants were instructed to refrain from consumption of coffee.

tea. alcohol. sleep altering medications, and nicotine on the day prior to

the study night. Otherwise, they were told to continue their usual diet and
daily routines. Hormonal contraception was allowed but care was taken

to synchronize study nights with the hormonal status. Other hormonal
therapies were excluded.
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Study procedures
After inclusion, participants returned to the laboratory for three visits.
During the night preceding each visit. subjects were exposed in a rando-

mized order to one of three noise patterns. One night served as the
control night, and subjects were exposed to normal background noise.
During the other two nights, subjects were exposed to recording repro-
ducing different numbers of flights: Noise30 with playback of 30 aircraft

noise events, and Noise60 with playback of 60 aircraft noise events.
Study visits were prescheduted with at least three non-study nights

between two study nights and on the same weekday if possible. In preme-
nopausal women. the visits were scheduled to occur in the same phase of

the hormonal cycle. Supplemental vitamins. alcohol, and caffeine contain-

ing beverages were prohibited on the evening and night before the study.
Participants were randomly given one of six different sequences of

noise and control nights according to the randomization plan (C-30-60,
C-60-30, 30-C-60, 30-60-C, 60-C-30, 60-30-C). At study onset. subjects

and investigators were both blinded to the noise pattern sequence. Par-
ticipants slept in their usual home environment and were asked to main-

tain their usual steep–wake rhythm. They wore portable polygraphic
screening devices (SOMNOwatchTM plus. SOMNOmedics, Flander-

sacker. Germany) during the night with continuous recording of ECG.
SpO2, actimetry, light, and derived parameters as described in previous
studies.27– 29

In the noise exposure nights. the same aircraft noise event was played

back repeatedly. It was originally recorded in the bedroom of a resident

living in the vicinity of Dasseldorf airport (window tilted open). and was
already used in previous studies on the effects of aircraft noise on
sleep.30’31 Noise patterns were recorded as MP3 files and played back
on a standard portable audio system with a fixed speaker position relative
to the head of the subject. The playback volume was levelled at each

measurement site to guarantee similar SPLs at all study sites. During

the night, the SPL was continuously recorded in the bedroom with
class-2 sound level meters (Datalogger DL-160S, Voltcrafc. Germany;

Model 407764A Datalogger, Extech Instruments, USA) to assure
subject compliance. They were placed on the nightstand close to the par-

ticipants. All sound files were coded with a study number and were of
equal length and file size, making inadvertent unblinding less likely. All

noise patterns started with a constant tone of 30 s duration to allow
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Figure 1 Schematic representation of the noise events.

testing of equipment function. The first aircraft noise event was played

back after 39.5 min to facilitate steep onset. The last aircraft noise
event was played back after 415 min. Each noise event lasted roughly
45 s. Noise events followed a shon–long–short pattern with time
between events roughly 6:40 min and 16:40 min for Noise30 and
4:05 min and 6:40 min for Noise60 (Figure 7).

After the study night, participants returned to the study centre in a

fasting state for fuITher testing. Flow-mediated ditatation of the brachial
artery was measured at the same time in the early morning and before

10 a.m. by a technician using standardized techniques described previous-

ly.25'32'33 Briefly, brachiat artery diameter is measured with a linear ultra-
sound probe at rest and after a 5 min occlusion period with a pressure
cuf£ Changes in diameter are given in percent and reflect the endothelial

release ofvasodilatory substances such as nitric oxide (NO). To address

the role of reactive oxygen species in causing ED, FMD was also measured
in a subset of five subjects exposed to Noise60 before and afcer admin-

istration of vitamin C (2 g, p.o.) as previously described.31 After FMD
measurement, blood samples were drawn and questionnaires were

filled out. Blood samples were transported directly to a clinical laboratory

for evaluation. Part of the blood was centrifuged, aliquoted. and frozen at
below –62 C for later testing. Global noise sensitivity was measured

using the Dortmund Noise Sensitivity Questionnaire.35 The

Horne-Ostberg Morningness-Eveningness QuestIonnaire (MEQ)36 was
used to assess individual chronotype. Pulse transit time (PTT. time

between the R wave in the ECG and peak oxygen saturation measured
at the tip of the first finger of the right hand) and heart rate accelerations

(number of accelerations >20 bpm and >2 s per h) were calculated.
Interteukin-6 and cortisol were measured in serum with chemitumines-

cence immunoassay. Adrenaline was measured from NH4-heparine
anticoagulated blood drawn 30 min after puncture and cooled during
transport to the lab.

effect ofVitamin C on FMD in subjects exposed to Noise60. Data are pre-

sented as mean t standard deviation. The Kolmogorov–Smirnov test
was used to assess whether the data were normally distributed. To
address the primary endpoint, we first compared the effect of Noise60,
which reproduces the increase in night noise previously shown to be
associated with an increased incidence of cardiovascular events and

prevalence of hypertension,9 with the control visit. Further, a multi-factor
ANOVA [taking into account noise exposure, night of exposure. and

subject id (for subject-related differences)] was performed. A test for a
monotone effect of the exposure (dose of nighttime aircraft noise: 0.
30, or 60) was performed by using exposure as a pseudo-continuous
factor in the ANOVA. Further. a ( post hoc) multi-factor ANOVA was per-

formed with two additional factors: one for the comparison of FMD
values after Noise60 in all subjects allocated to control–Noise30–
Noise60 or Noise30–Noise60–control to FMD values of all other

patients. and the other for the same comparison after Noise30 in all sub-
jects exposed to Noise60 directly preceding Noise30. P-values <0.05

were considered significant. All tests were two-sided. P-values for sec-
ondary outcome variables are shown without adjustment for multiple

testing. Based on the paper by Ghiadoni et al.,37 a difference between

means of 2% could be expected (with SD of about 3%). With a sample
size of 75 and a standard deviation of FMD differences between

Noise60 and control of 3%. one may expect to detect a FMD difference
of 0.98% with a power of 80% at the alpha-level 0.05.

Results

Study population and setting
A total of 88 subjects were enrolled. Thirteen ofthem were excluded

from the final analysis. Reasons for dropouts (3 study subjects before

and 10 after the first study night) included the diagnosis ofhyperthy-

roidism, relocation to noise-affected areas, protocol violations. and
inadequate data recording quality. The study subjects included in

the final analysis were on average 26 years (range 20–54 years)
old. 61% were females. FMD data could not be analysed for one
visit in two subjects. The study population did not have relevant
sleep disorders as assessed with the PSQI. and had a moderate

Statistical analysis
The primary endpoint of the study was the change in %FMD induced by
the different levels of noise. Secondary outcomes included the changes in

all variables measured (neurohormones, PTT. inflammatory markers,

etc). the existence of a relationship between dose of noise and blunting
of FMD (dose–effect relationship), and whether Noise30 or Noise60

had a priming effect on the blunting in FMD induced by, respectively,
Noise60 or Noise30. A separate study was conducted to test the
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Table 1 Baseline characteristics of the study
population

Effects of nocturnal noise on endothelial
function
The comparison of the FMD values measured after the control
visit and the Noise60 visit demonstrated a blunting in endothelial
responses after noise (P = 0.016). When all three levels of
noise were compared, and noise exposure (0, 30, 60) was used as a

pseudo-continuous covariate in the AN(C)OVA in order to test
for a dose-dependency in the effect of noise on FMD, a linear relation-

ship between FMD values and exposure was found (P = 0,020). con-

firming that the exposure to more severe noIse causes more severe

ED. Although a standard comparison among the three noise levels

within the ANOVA, i.e. without assumIng a monotone effect for
dose as a pseudo-continuous covariate, did not reach statistical sig-

nificance (control night: 10.4 t 3.8%; after 30 noise events: 9.7 1

4.1%; after 60 noise events: 9.5 + 4.3%. P = 0.052, Figure 2/\), the
introduction of the two additional factors described in the
Methods section evidenced a priming effect of Noise30 nights on
the blunting in FMD induced by Noise60 (P = 0.006), i,e. Noise60

had the largest impact on FMD in the subjects who had already
been exposed to Noise30. Finally, there was no effect ofthe random-

ization sequence (means after each visit adjusted for the effect of
effect of noise: first visit: 9.8%, second visit: 10.0%, third visit: 9.4%.

P = 0.757).

Noise had no effect on blood flow and reactive hyperaemia
(control: 855 i 357%; Noise30: 900 1 423%; Noise60: 900 t
389%, P = 0.55). As well, baseline arterial diameter did not signifi-

cantly influence the effect of noise on FMD.

In orderto study the mechanism ofthe blunting in FMD induced by

Noise60, we tested the impact of acute challenges with vitamin C in
five control subjects. In these subjects, 2 h after the administration of
Vitamin C. FMD was markedly improved (Figure 2B, P = 0.0171). In
contrast, in a separate contro! group of subjects exposed to
Noise60 without Vitamin C, FMD did not change as an effect of

time (11.21 t 5.56%; FMD at 2 h: 11.47 + 5.80%; P = 0.842),

Age

Gender

Height

Weight
BMI

(min–max)
% female

cm

kg

kg/m2

25,7 (20–54)
61.3

174.6 + 10.2

67.7 + 11.9

22.1 + 2.4

Baseline noise sensitivity, ch ronotype, steep quality index

NoiSeQ 0–3 1.22 + 0.38

Horne–Ostberg 14–86 49.41 1 9.79

PSQI O–21 3.73 + 1.72 a0
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Laboratory values
Total cholesterol

LDL

HDL

Triglycerides

C-reactive protein
Creatinin

HbAI C

mg/dl

mg/dl

mg/dl

mg/dl

mg/L

mg/dl

%

182.9 + 32.9

104.7 + 25.6

60.7 t 15.3
87.2 + 41.9
1.3 + 1.5

1.0 + 0.5

5.3 t 0.5

Data are presented as mean f SD.

NoiSeQ, Dortmund Noise Sensitivity Questionnaire with three greatest noise

sensitivity; Horne-Ostberg, Morningness-Eveningness Questionnaire; PSQ I,

Pittsburgh Sleep Quality Index.

trend towards evening chronotype (characteristics shown in Table 7),

None reported significant diseases.

The average maximum SPL of aircraft noise events recorded in par-

ticipants’ bedrooms is presented in Table 2. Overall nighttime SPLs
had average peak levels of 49.6 dB(A) (contro1). 59.9 dB(A)

(Noise30). and 60.9 dB(A) (Noise60) (both P < 0.0001 compared
with control). Corresponding equivalent continuous SPLs Leg(3)

were 35.4 dB(A), 43.1 dB(A), and 46.3 dB(A), respectively. The
mean time between awakening and start of image acquisItion for
FMD did not differ across visits (P > 0.5).

Control and noise exposure nights did not differ significantly with

regard to outside and body temperatures, total time in bed or sub-
jective well being prior to the study night (data not shown). All
data were normally distributed.

Effects of night noise on neurohormones
and markers of inflammation (Table 2)
We found a marked increase in plasma adrenaline concentrations

between control and Noise30 and 60 exposure nights, respectively
(control: 28.3 t 10.9 ng/L; Noise30: 33.2 1 16.6; Noise60: 34.1 1

19.3 ng/L, P = 0.0099. Figure 3). In contrast. morning plasma levels
of cortisol did not increase with noise exposure. Likewise, inftamma-
tory markers IL-6 and C-reactive protein were unaffected by noise
exposure.

Haemodynamic changes in response
to night noise
As a secondary predefined endpoint, we also found a dose-dependent

decrease in minimum PTT (Table 2) after the noise nights. which was

mirrored by the changes in systolic blood pressure (P = 0.11 for the
changes among visits. Table 2). Automated heart rate analysis detected

no significant change in mean and maximum heart rate. Heart rate ac-

celeration index as detected by the polygraphic device did not differ

between noise exposure and control nights.

With increasing number of noise events, study subjects reported

deteriorating sleep quality in the morning after the respective study
night (P = 0.001).

Discussion
We demonstrate cardiovascutar effects of nighttime aircraft noise in

young and healthy individuals with low cardiovascular risk. Nighttime

aircraft noise increased plasma epinephrine levels, worsened sleep
quality, and decreased pulse transit time, a parameter of arterial stiff-

ness, which varies inversely to arterial blood pressure. A dose-
dependent decrease in endothelial function after exposure to in-
creasing levels of noise was also observed. Acute Vitamin C chal-

lenges improved endothelial function in a separate group of
subjects exposed to Noise60. We found no effect of aircraft noise
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Table 2 Effects of nighttime noise on the quality of sleep, haemodynamic parameters, cortisol levels, and inflammation
parameters

Control Noise 30 Noise 60 P (ANOVA)

PeakdB(A)

Leq3dB(A)

Sleep quality
Movement index

48.63 + 3.47
35.44 t 8.08

6.70 + 1.92

3.94 t 5.40

59.89 + 3.28

43.12 + 4.91

5.20 1 2.28
3.06 + 2.85

60.87 t 2.46

46.28 + 3.89

4.37 t 2.23
3.23 + 3.44

< 0.001

< 0.001

< 0.001

0.639

Haemodynamic parameters
HR mean

HR max

BPsys mean (mmHg)

BP rise Index

HR_accel Index

Pulse transit time (ms)

58.7 + 7.6
102.6 t 13.3

109.8 E 15.4
2.3 + 2.3

25.8 + 32.4
271.8 + 12.3

59.5 + 7.7
104.3 + 13.2

114.9 t 13.9

2.5 f 2.32
22.8 + 23.0

270.9 + 18.7

59.7 + 7.8
106.9 + 17.5
115.2 1 12.4

3.8 + 5.9
23.9 + 26.5

264.9 + 15.7

0.345

0.325

0.120

0.397

0.215

0.003
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Laboratory parameters

Adrenaline (ng/L)

Cortisol (pg/L)

Neutrophils (%)

IL-6 (pg/ml)

C-reactive protein (mg/L)

28.3 + 10.9

15.34 1 5.47
51.0 + 11.39

2.6 t 3.45
2.26 + 6.30

33.2 1 16.6

16.43 + 5.55
49.77 + 9.48

2.27 + 1.25

2.27 + 4.82

34.1 t 19.3

15.76 + 5.78
50.04 + 7.87
2.57 + 3.29
1.55 + 2.16

0.010

0.197

0.353

0.383

0.512

Data are presented as mean t SD.

Leq3 dB, long-term equivalent continuous sound level; PTT, pulse transit time; BP, blood pressure; HR accel, heart rate acceleration; IL-6, interleukin 6.

exposure on nocturnal motility, heart rate or blood cortisol, neutro-

phils, IL-6, or C-reactive protein.
Interestingly, a priming effect of aircraft noise on ED was observed,

i.e. previous exposure to Noise30 caused Noise60 to have larger
effects on endothelial function. These data demonstrate that aircraft

noise can affect endothelialfunction, and that rather than habituation.

prior exposure to noise seems to amplify the negative effect of noise

on endothelial function. Although the mechanisms ofthese observa-
tions cannot be characterized at a molecular level in vivo in humans. it

has been previously shown that other forms of mental stress lead to a

decrease in endothelial function.37-40 With regards to the molecular

mechanisms, previous studies indicate that noise leads to an
up-regulation, rather than adownregulation, oftheeNOS.41 Interest-

ingly, such an increased eNC)S activity does not necessarily result in

improved endothelial responses. For instance, in animal models of

diabetes and/or hypertension. increased expression of an uncoupted

(superoxide-producing) eNOS is associated with impaired endothe-

tial function (reviewed irt42). Since measurements of NO and/or
superoxide production in the local vascular microenvironment are

impossible to perform in humans, this question cannot be addressed

at the present time. The improvement in FMD observed in our study

2 h after application of the antioxidant vitamin C in subjects exposed

to Noise60 is compatible with this evidence, and it suggests that ex-

posure to aircraft noise might lead to ED due to increased vascular
oxidative stress.34

We also demonstrate changes in PH. a parameter that correlates
inversely with changes in blood pressure. Briefly, PTT is measured as

the time it takes a pulse wave to travel between two arterial sites.
Rises in blood pressure cause vascular tone to increase. leading to

increased arterial stiffness and a shorter PH. As mentioned above,

these data are compatible with those of the HYENA project, in
which an increase prevalence of hypertension was reported in sub-

jects exposed to nocturnal noise in the range of 50 dB (similar to
our Noise60 condition; 46.3 dB).9 Similarly. acute noise events
were associated in this study with increased systolic and dFastoltc

blood pressure by 6,2 and 7.4 mmHg, a phenomenon which. interest-
ingly, was not necessarily associated with awakenings.

With regard to the pathophysiological mechanism behind the
changes in blood pressure and vascular function, we also report ele-

vated epinephrine levels after exposure to noise. It has been demon-

strated that intermittent release of adrenaline may be implicated in

the development of hypertension.43 Epinephrine is released as a re-

sponse to different stressors such as noise44 and increases the release

and the effects ofnorepinephrine.45 fnterestingly, increased epineph-

rine levels have been found in patients with borderline hyperten-
sion,45'46 suggesting a role in the early history of hypertension.

Importantly, increased plasma catecholamines have also been
shown to correlate negatively with endothetial function as measured

by FMD.47 A recent study has linked autonomic sympathetic activa-

tion to the development of hypertension in elderly patients inde-
pendent of the cause of activation of the autonomic nervous

8
system.

Our results are congruent with the growing amount of data linking

short sleep duration or sleep disturbances of various kinds to the de-
velopment of cardiovascular disease. For example, shift work has

been shown to cause impaired endothelial function, sympathetic ac-
tivation, and metabolic changes.49'so Extensive evidence exists for the

relation between obstructive sleep apnoea, hypertension, ED, and
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Figure 3 Effects of Noise30 and Noise60 on plasma adrenaline

levels. Nighttime noise exposure significantly increases circulating
catechotamine levels. Data are mean I SD. P < 0.01, ANOVA.

this study persist after weeks or months with continued noise expos-

ure. However, biologic adaptation is often incomplete and requires

physiologic resources therefore a iso putting strain on the system as
a whole. Effects of aircraft noise in population-based studies are
likely to be mitigated by partial physiologic adaptation and avoidance

of residential areas with high levels of noise exposure by highly sen-

sittve individuals, Other environmental factors !ike air pollution,
which has also been shown to influence endothelial function,55 may

interfere with noise effects in epidemiological studies. Therefore.

data from interventional studies may be helpful in judging the effect
of nocturnal noise on cardiovascular health and disease.

&rsellne 2h
Control

BaseIIne 2h
+ VItamIn C

Figure 2 (A) Effects of Noise30 and Noise60 on flow-mediated
dilation (FMD). Data are mean t SD; P = 0.020 for a test using
the level of noise a pseudo-continuous variable, demonstrating a
linear relationship between FMD values and noise exposure.
(B) Effects of Vitamin C (2 g, p.o.) in FMD of the brachiai artery.
2 h after Vitamin C administration, the antioxidant improved signifi-

cantly FMD in five control subjects exposed to Noise6C). Date are
presented as mean + SD; P = 0.0171 for the efFect of Vitamin C

on FMD, paired t-test

Limitations of the study
The protocol was designed as a field study with minimal steep disrup-

tion due to environment and equipment, thus creating ecologically
valid conditions. We avoided on purpose a pure laboratory environ-
ment where ambient conditions, sound levels, and external stimuli

can be controlled at the expense of creating artificial rather than fa-
miliar conditions. Sleep quality is very sensitive to changes in sur-
roundings and study subjects usually show more pronounced
alterations of sleep in the laboratory than in the field.56 There were
no adaptation nights prior to study nights due to logistic constraints

and because, since subjects were not required to sleep in non-familiar

environments, our study design did not demand such adaptation. Re-
inforcing this, the analysis did not show a significant first-night effect
for our primary outcome,57 which supports the validity of our study
design and results. Study subjects were healthy, young, and with a

female majority and are therefore not representative of the whole
population. In general, younger adults usually show less sleep pro-
blems and disturbance than older persons when exposed to noise,
and the fact that noise had an impact also on such a low-risk poputa-

tion rather emphasizes the potential clinical relevance of the present

subsequently cardiovascular disease.51 Recently,the restless legs syn-

drome has been identified as another cause for sleep disruption, and

it has been shown to increase the risk for myocardial infarction in

women,52 There is ample evidence that nocturnal aircraft noise ex-

posure disturbs and fragments sleep, leads to changes in sleep struc-

ture, increases sleepiness during the following day, and leads to
impairments of cognitive performance.lo’23’53’54 The results of our
study suggest that these changes in sleep structure negatively affect

the cardiovascular system, and that these changes, in the case of long-

term exposure, may predispose to the development of hypertension
and cardiovascular disease.

The study by design eliminated noise adaptation processes, which
can often mask effects of environmental influences. Therefore, it is

unclear whether the negative cardiovascular effects observed in
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findings, Finally. endothelium-independent vasodilation was not sys-

tematically measured and the data are not presented: nitroglycerin

responses were measured initially, but these measures were discon-

tinued due to refusal by many study participants related to the side

effects of the drug.

11. Lercher P, Widmann U. Kofter W. Transporlation noise and blood pressure: the im-

portance ofmodifyingfactors, in Cassereau D. ed. Proceedings ofthe 29th InternatIonal

Congress and Exhibition on NoIse Control Engineering. Nice. France: Soci6te Francaise

d. Acoustique 2000. pp. 2071 – 2075.

12. Huss A, Spoerri A, Egger M, Roosli M. Aircraft noise. air pollution. and mortality from

myocardial infarction. Epidemiology 2010:21:829–836

13. Banks S, Dinges DF. Behavioral and physIOlogical consequences of sleep restriction,

] Clin Steep Med 2007:3:519-528
14. Oswald I. Taylor AM. Treisman M. Discriminative responses to stimulation during

human sleep. Brain 1960:83:440– 453,

15. Basner M. MaIler U. Griefahn B. Practical guidance for risk assessment oftraffic noise

effects on sleep. Appl AcoustIcs 2010:71 :5 1 8 – 522.

16. Basner M, lsermann U, Samel A. Aircraft noise effects on sleep: application of the

results of a large polysomnographic field study. J Acoust Soc Am 2006;IIP
2772 – 2784,

17. Schmld SM, Hallschmid M, Jauch-Chara K. Wllms B, LehneR H. Born J, Schultes B.

Disturbed glucoregulatory response to food intake after moderate sleep restriction.

Sleep 2009;34:371 –377.

18. Wehrens SM, Hampton SM, Finn RE, Skene DJ. Effect of total sleep deprivation on

postprandlal metabolic and insulin responses in shift workers and non-shIft
workers.f Endocrinol 2010:206:205 -215.

19. Broussard JL, Ehrmann DA, Van Cauter E, Tasali E. Brady MJ. Impaired insulin signal-

ing in human adipocytes after experimental sleep restriction: a randomized. cross-

over study. Ann Intern Med 2012: 157:549 – 557.

20. Lange T. Dimitrov S. Fehm HL. Westermann J. Born J. Shift of monocyte function

toward cellular immunity durIng sleep. Arch Intern Med 2006;166:1695 – 1 700.

21. DimFtrov S. Lange T, Nohroudi K. Born J. Number and function of circulating human
antigen presenting cells regulated by sleep. Sleep 2007:30:401 –411.

22. DuRan DJ, Tsai JY, Grenett MH. Pat BM. Ratcliffe WF. Villegas-Montoya C,
Garvey ME, Nagendran J, Dyck JR, Bray MS, Gamble KL, Gimble JM,
Young ME. Evidence suggesting that the cardiomyocyte circadian clock modulates

responsIveness of the heart to hypertrophic stimuII in mice. Chronobiol Int 2011:
28: 187–203.

23. Basner M. Van den Berg M, Griefahn B. AIrcraft noise effects on sleep: mechanIsms.

mitigation and research needs. Noise Health 2010:12:95 –109.

24. Basner M. Brink M. Elmenhorst EM. CrItical appraisal of methods for the assessment

of noise effects on sleep. NoIse Health 2012:14:321 -329.

25. Munzet T. SInnIng C, Post F, Warnholtz A. Schulz E. Pathophyslotogy. diagnosis and

prognostic implications of endothelial dysfunction. Ann Med 2008:40:180 –196.

26. Zisberg A. Gur-Yaish N, Shochat T. ContrIbutIon of routine to sleep quality in com-

munity elderly. Sleep 2010:33:509 – 514.
27. Gesche H. Grosskurth D. Kuchler G. Patzak A. ContInuous blood pressure meas-

urement by using the pulse transit Nme: comparison to a cuff-based method. Eur ]

Appl P/vsiol 2012:112:309315.
28. Bartsch S. Ostojic D. Schmalgemeier H, Bitter T. Westerheide N. Ect<en S.

Horstkotte D. Oldenburg O. Validation of continuous blood pressure measure-
ments by pulse transit time: a comparison with invasIve measurements in a cardiac
intensIve care unit. Dtsch Med Wochenschr 2010:135:2406–2412,

29. Pepin JL, Delavie N, Pin I. Deschaux C, Argod J, Bost M, Levy P. Pulse transit time
improves detection of sleep respiratory events and microarousals in children.
Chest 2005: 127:722–730.

30. Basner M. Samet A. Nocturnal aIrcraft noise effects. Noise Health 2004;6:83–93.

31. Basner M, Samel A, lsermann U. Aircraft noise effects on sleep: application of the
results of a large polysomnographlc fIeld study. J Acoust Soc Am 2006:119:
2772 – 2784.

32. Ostad MA. Eggeting S. Tschentscher P. Schwedhelm E. Boger R, Wenzet P.
Melnertz T. Munzel T. Warnholtz A. Flow-mediated dilation in patients with coron-

ary artery disease is enhanced by high dose atorvastatin compared to combined low

dose atowastatin and ezetimibe: results of the CEZAR study. Atherosclerosis 2009
205:227–232

33. Warnholtz A. Wild P. Ostad MA. EIsner V, Stieber F. Schinzel R, Walter U. Peetz D

Lackner K, Blankenberg S, Munzel T. EfFects oforainiacin ori endothelial dysfunctIon

in patients with coronary artery disease: results of the randomized. double-blind
placebo-controlled INEF study. Atherosclerosis 2009:204:216– 221

34. Gokce N, Keaney JF Jr, Fret B, Holbrook M, Olesiak M, Zachariah BJ,
Leeuwenburgh C, Heinecke JW, Vita JA. Long-term ascorbic acid administration

reverses endothelial vasomotor dysfunction in patients with coronary artery
disease. Circulation 1999:99:3234 –3240,

35. Schutte M. Marks A.Wenning E. Griefahn B. The development of the noise sensitivity

questionnaire. NoIse Health 2007:9:15–24.

36. Horne JA, Ostberg O. A self-assessment questionnaire to determine
morningness-eveningness in human circadian rhythms. Int J Chronabiol 1976:4:
97- 110

Summary and conclusions
In agroup ofyoung and healthy volunteers. we found evidence for sig-
nificant impairment ofendothelial function after only one night of air-

craft noise exposure with 60 noise events. Pointing to a significant
contribution of oxidative stress in this phenomenon, these adverse

changes of the vasculature were markedly improved by acute

Vitamin C challenges. Endothelial dysfunction was paralleled by sig-

nificant increases in circulating adrenaline levels and a substantial.

dose-dependent decrease in sleep quality and an increase in systolic

blood pressure. These findings indicate that hypertension observed

in response to nighttime exposure to noise might be explained by

increased sympathetic activation but also by the occurrence ofvascu-

lar dysfunction, Accumulating data increasingly confirms that sleep
disturbance of different causes might represent a novel, important

health risk. An undisturbed night’s sleep is important for health and

well-being and should be protected as far as possible, and reducing
nocturnal aircraft noise can therefore be regarded as a preventive
measure for cardiovascular disease. Since the present studies demon-

strate adverse effects ofendotheliat function and stress hormones in

healthy adults. the implications for patients with known cardiovascu-
lar disease will need to be tested in further studies.
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Environmental Noise and Effects on Sleep: An Update to the WHO Systematic
Review and Meta-Analysis
Michael G. Smith,1’a Maka)la Cordozal1 and Mathias Basner1

1 Unit for Experimental Psychiatry, Division of Sleep and Chronobiology. Department of Psychiatry, University of Pennsylvania Perelman School of Medicine,
Philadelphia. Pennsylvania, USA

BACKGRouND: Nighttime noise carries a significant disease burden. The World Health Organization (WHO) recently published guidelines for the reg-
ulation of environmental noise based on a review of evidence published up to the year 2f )15 on the effects of environmental noise on sleep,

OBJECTIVES: This systematic review and meta-analysis will update the WHO evidence review on the effects of environmental noise on sleep disturb-
ance to include nrore recent studies

METHODs: Investigations of self-reported sleep among residents exposed to environmental traffic noise at home u'ere identified using Scopus
PubMed. Emb,lse, and PsycIN’FO. Awakenings, falling asleep, and sleep disturbance were the three outcomes included. Extracted data were used to
derive exposure–response relationships for the probability of being highly sleep disturbed by nighttime noise [average outdoor A-weighted noise level
IL,„,hI) 23004)700 hours] for aircraft. road, and rail traftic noise, individually. The overall quality of evidence was assessed using Grading of
Recommendations. Assessment. Development. and Evaluations (GRADE) criteria.

REst;I.TS: Eleven studies (II = 109.070 responses) were included in addition to 25 studies (II =M.090 responses) from the original WHO analysis.
When sleep disturbance questions specifically mentioned noise as the source of disturbance. there was moderate quality of evidence for the probabilit)
of being highly sleep disturbed per 10-dB increase in L„ight for aircraft [odds ratio (OR) = 2.18: 95';1 confidence interval (CI): 2.01, 2.36]. road
(OR = 2.52: 95% CI: 2.28, 2.79). and railway (OR = 2.97: 95% CI: 2.57. 3.43 ) noise. When noise was not mentioned, there was low’ to very lo\\' quill-
ity of evidence fc>r being sleep disturbed per 10-dB increase in L„,HhI for aircraft (OR = 1.52: 959'; CI: 1.20, 1.93). road (OR = 1.1+; 95q CI: 1.08.
1.21 ), and railway (OR = 1.17: 95% CI: o.91, 1.49 ) noise. Compared with the original WHO review. the exposure–response relationships closely
a£reed at low (+o dB L„,„ht ) levels for all traffic types but indicated greater disturbance by aircraft traffic at high noise levels. Sleep disturbance \\-as
not significantly different between European and non-European studies

DIscussION: Available evidence suggests that transportation noise is negatively associated with self-reported sleep. Sleep disturbance in this updated
meta-analysis \\’as comparable to the original WHO review at low nighttime noise levels. These low levels correspond to the recent WHO noise limit
recommendations for njghttime noise. and so these findings do not suggest these WHO recommendations need revisiting. Deviations from the WHO
review in this updated analysis suggest that populations exposed to high levels of aircraft noise may be at greater risk of sleep disturbance than deter-
mined previously. https://doi.org/ 10. 1 289/EHP 1 0197

Introduction
Sleep is a vital component of human life that serves many critical
roles in physical and mental health and well-being.' SuffIcient
quantity and quality of sleep are requirements for optimal day-
time alertness and performance, and high quality of life.=
Experimental studies suggest that restricted sleep duration causes
blood vessel dysfunction.-' induces changes in glucose metabo-
lism+’5 and appetite regulation.' and impdirs memory consolida-
tion.7 Accordingly, epidemiological studies have consistently
found that chronic short or interrupted sleep is associated with
negative health outcomes, including obesjty,x diabetes,9 hyper-
tension,lt1 cardiovascular disease,IF all-cause mortality.1: and
poorer cognitive function.11 Chronic insufficient or disrupted
sleep is therefore of public health relevance, and sleep

disturbance is considered a major adverse consequence of expo-
sure to environmental noise

In Europe, there is a substantial burden of disease from envi:
ronmental noise. primarily from aircraft. road. and rail traffic. 15’16
In 2011. the World Health Organization (WHO) attributed the
majority of this disease burden to noise-induced sleep disturb-
ance. with 903,000 disability-adjusted life years lost annually in
Western Europe alone.1+ Environmental noise is also a problem
outside of Europe, for example, recent data from the U.S. Bureau
of Transportation Statistics estinrates that +1.7 million people in
the United States are exposed to air and road traffic noise at 24-h
average levels (LAEq,:+h) >50 dB.17 This noise level, per conver-
sion data from Brink et al.18 is equivalent to a nighttime (231)(b
0700 hours) level of 45.3 dB (L.jqht). which is around or above
the level associated with adverse effects on sleep.15 Nighttime
noise can frdgment sleep structure by inducing awakenings and
shifts to lighter, less restorative sleep.1’ Importantly, these effects
do not seem to habituate fully, and arousal s; and awakenings
induced by aircraft noise can occur even among chronically
exposed individuals.:tu: Although noise-induced sleep fragmen-
tation and reductions in total sleep time are less severe than in
sleep restriction studies, sleep disturbance by chronic noise expo-
sure may lead to the development of disease in the long term.
Experimental studies have found adverse effects of nocturnal air-
craft noise on parameters of endothelial function, oxidative stress.
and inflammation.:-'':+ This points to the importance of noise-
induced sleep disturbance for cardiovascular disease risk, and,
indeed, this is supported with epidemiological data where night-
time noise is more strongly associated with indicators of vascular
stiffness and hypertension compared with daytime noise. A The
ubiquity of exposure to environmental noise in industrialized
nations. and the chronic nature of that exposure, therefore poses a
significant threat to health.!‘
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In 2018, the WHO published recommendations for protecting
human health from exposure to environmental noise.15 These
guidelines included strong recommendations for target njghttime
noise levels to mitigate adverse effects of traffic noise on sleep.
which were 45 dB L„,ighl for road traffic, 44 dB £„ght for rail traf-
nc. and 40 dB L„i.ht for air traffic. These recommendations were
based primarily on a systematic review and meta-analysis on the
effects of noise on sleep, which included studies published up to
the year 2015 only.19 There has been continued and substantial
interest and research in the domain of noise and sleep during the
intervening years. We therefore updated the earlier systematic
review and meta-analysis to include studies published up to the
year 2021. This updated analvsis is restricted to held studies on
the effects of nocturnal traffic noise on self-reported sleep in
adults, and it has the overarching aim of synthesizing updated ex-
posure–response relationships for the probability of being highly
sleep disturbed.

the three most common outcomes of self-reported disturbance
that were identified in the orjgjnal WHO reviewIY

• Awakenings from sleep
• The process of falling asleep
• Sleep disturbance
Studies were eligible if they either explicitly mentioned noise

as the source of disturbance, for example, “How often is your
sleep disturbed by noise from aircraft?”, or included more general
sleep questions that did not explicitly mention noise, for example.
''How often do you have difficulties sleeping?'’. So that the proba-
bility of being highly sleep disturbed could be determined, eligi-
ble studies were required to include outcome scales that indicated
either the severity or the frequency of symptoms or disturbance
on a nonbinary scale. A binary response scale was. however. per-
mined if the phrasing of the question was such that a binary
response would indicate being highly sleep disturbed. for example,
“Is your sleep highly disturbed by noise from road noise?”. Studies
reporting other measures of self-reported sleep not described above
(e.g., perceived sleep quality, estimated total sleep time, morning
sleepiness), and studies on objective sleep (e.g., polysonmography.
actigraphy) or sleep medication use. were excluded.

Methods
This review and analysis was prepared following Preferred

Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) 2020 statement guidelines.:/ The completed PRISMA
checklist is given in Table Sl. The review and analysis protocol
was dellned a priori and registered in PROSPERO (record
CRD42021229587) before conducting any preliminary searches,
screening of articles. or data extraction. The University of
Pennsylvania institutional review board (IRB) determined that
the study did not meet the definition of human subjects research
gjven that no identi6able information was being obtained, and
therefore review or approval of the study by the IRB was not
required.

The analytic approach is described in detail below and was
consistent with the previous WHO review,1- with the following
exceptions: a) Exposures were limited to traffic noise from air-
craft, road, and rail traffic, and b) effects on sleep were limited to
self-reported questionnaire outcomes. These form the basis of the
highly sleep disturbed exposure–response relationships and cal-
culations of the burden of disease by noise and are. therefore. are
critical outcomes from a noise policy perspective. Studies on
acute noise-induced awakenings using objective measures. such
as actigraphy or polysomnography, were not included.

Study Selection
All studies identified in the WHO evidence reviewl- for which

data were already available for meta-analysis were included in
the updated synthesis. We ,dso identified studies published later
than the WHO review from a scoping synthesis by van Kamp
et al.:8 Because van Kamp et al.18 included studies published up
to June 2019 only, we further searched four electronic ddtabases
(Scopus, PubMed, Embase, PsycINFC)), to identify more recent
relevant studies published up to 31 December 202 1. This search
was done with the same search terms and strategy from van
K,Imp et al, 38 that were relevant for trdfhc noise and self-reported
sleep. The full electronic search strategy is given in Table S2.
Any studies of which we were aware but th,it were not identified
during the literature search were also screened for eligibility.

Two reviewers (M.G.S. and M.C.) independently and man-
ually screened the title and abstract of each identified study
against the study eligibility criteria. If eligibility could not be
determined from the title and abstract alone. the full text was
reviewed. Any differences in eligibility judgments were resolved
by discussion and consensus. with input from a third reviewer
(M.B.) if needed.Eligibility Criteria

Studies were restricted to primary investigations in humans
exposed to environmental noise from aircraft, road, and rail traffic
at home. Studies investjgating other sources. such as wind turbine
noise or hospital noise, were excluded. Studies were eligible only
if sound pressure levels were measured or predicted at the paRici-
pant’s home. Studies with subjective evaluation of the noise lev-
els, distance to the noise source as a surrogate measure of noise
level, or noise levels not specific to a participant's home address
were excluded. A minimum of two different noise level catego-
ries were required so that exposure–response relationships for
sleep disturbance could be constructed.

Studies were eligible if they employed prospective, retrospec-
tive, cohort. longitudinal, cross-sectional, or case-control study
desjgns. Ldbora{orv studies, intervention studies, or studies in
which noise was introduced artificially were excluded due to low
generalizabihty in real-world settings. Studies were restricted to
original research published or accepted for publication in the year
2000 or later. Article language was restricted to English, Dutch.
French, and German.

This review and analysis focuses on self-reported sleep dis-
turbance by traffic noise. Eligible studies included at least one of

Data Extraction and Synthesis

The following variables were ex£racted by a single investigator
from the original records for review by the authorship team: ani-
cIe title, authors. publication year, traffic mode, noise level, noise
metric' and time base, noise exposure methodology, sleep disturb-
ance question(s) and response scale(s). study design, country,
city, effective sample size, number of data points per respondent,
and sleep disturbance point estimates. If data could not be
extracted directly from the published articles and supplemental
materials, we directly contacted all study authors for whom con-
tact details were available to request data. We requested a list of
relevant questions on sleep and the response scales used, the total
number of respondents in 5-dB bins, and the percentage of
respondents reporting being highly sleep disturbed in each 5-dB
bin. We requested only these summary data, and no identifiable
information on any study respondents was requested or obtained
If the study authors did not reply after they were sent two
reminders, the contact was considered a nonresponse and the
study was excluded.
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The exposure variable of interest for the meta-analysis was av-
erage nighttime outdoor A-weighted noise level from a single traf-
nc mode (air, road. and rail) during the night, hereafter termed
L„i„ht, measured in decibels. A-weighting is a filter network that is
used to simulate the nonlinear frequency response of human hear-
ing. The night period was defined as 230(H)700 hours, in line with
EU Environmental Noise Directive 2002/49/EC.n in studies

where noise levels were reported as a different metric, we con-
verted to L„i,ht using the conversion formulae from Brink et al.1 x
given below. high, was not treated as a continuous variable but.
rather. was categorized into 5-dB bins, following the approach
used in the WHO review.1- For open-ended noise level categories.
we assjgned a noise level that was 2.5 dB above or below the cutoff,
for instance. <50 dB and >50 dB would be coded as 47.5 dB and

52.5 dB, respectively. The nidpoints of each 5-dB bin were used
as the noise exposure levels in the statistical analyses.

The pam,ny outcome of interest was the probability of self-
reporting high sleep disturbance for a given noise level. We a prit)n
defined three separate domains of questions that were used to deter-

mine sleep disturbance. First. "dwakenings from sleep,-' referring to
the period between sleep onset and final awakening. These awaken-
ings are defIned as events where a parTicipant wakes from sleep.
regains consciousness. and recalls the awakening the following mom-

ing. Second, the “process of falling asleep." defined as the transition
from wakefulness to sleep. Third, -sleep disturbance,-' defined as
the internal or external interference with sleep onset or sleep con-
[inujty. Included studies had to address at least one of these
domains in the form of at least one self-reported question, For
each of these three question types, the coding of whether a re-
spondent was highly sleep disturbed depended on the response
scale used. For responses using 5- or 1 1-point scales referring to
the seventy of the disturbance, the top two and top three categories
\vere. respectively. defined as highly sleep disturbed. following previ-
ou., conventions for the international Commission on the Biojogjcal
Effects of Noise (ICBEN) annoyance scale.In For responses that
referred to the frequency of symptoms, a frequency of '•often'’ or at
least three times per week was considered as highly sleep disturbed
because this frequency of difficulty sleeping is a diagnostic criterion
of insomnia. +1 One study used a dichotomous filter question. ''Do you
have any trouble with your sleep?-, to determine if a respondent
would answer a question on the frequency of difficulty falling
asleep.-': Any responses of ''no’' to this filter question were coded as
not highly sleep disturbed.

because Ld„ applies a 10-dB penalty to the night period. We
assume –O.7 dB given that that is the difference in Ld„ metrics
with a 1-h difference in the night period (8 vs. 9 h) for aircraft
noise.18 We then incorporated this difference into an appropriate
conversion equation to convert from LV A to L,„,h, 18

La„ = LVA –O.7 dB: £„i,h,113_u71 = Ld„ – 8.9 dB. and

.'. high,123+)7) = LVA –O.7 dB –8.9 dB = LVA –9.6 dB

One study used a noise category that was 10-dB-wide (65–75
dB LVA).3) We subdivided these data into 5-dB-wide bins.
assuming (n)/2 respondents in each bin (35 respondents per bin)
and the same prevalence of high sleep disturbance in each bin as
in the 10-dB-wide category

Two studies assessed noise exposure as both calculated long-
term outdoor noise levels and measured indoor noise levels over
3–6 njghts.zn’21 We used the calculated outdoor noise levels as
the exposure metric to be consistent with other studies in the
meta-analysis

In one study,21 sleep in the previous night \vas assessed
repeatedly over several mornings, Because of these repeated
measures, we first calculated the probability of being highly dis-
turbed using all five to six responses per respondent. We then
used these probabilities to determine the number of individuals
that would have reported being highly sleep disturbed if only one
response was obtained per person. In this \v,ly, each respondent
contributed only a single data point to the analysis

One study calculated exposure to railway traf6c as including
noise from trains, trams. and subways.-' / The questions regarding
'sleep disturbance by tram/subway noise" and ''sleep disturbance
by train noise“ in this study were therefore averaged into a single
sleep disturbance variable

Risk of Bias and Quality of Evidence
The risk of bias at the outcome level within individual studies was
assessed using the methodology developed u'ithin the WHO
review.1q with the following t\vo amendments to the assessment

criteria (Table 1 ). First, in line with recommendations for cross-
sectional studies by the National Institutes of Health.-xs a study was
considered at high risk of selection bias if the response rate was
<50tX , down from the 609 criterion in the WHO review. Second.
bias due to the sleep measurement outcome was not assessed
because our updated analysIs focused on only a single sleep mea-
surement outcome (sleep questionnaires). whereas the WHO
review included also heart rate or blood pressure. actigrdphy, poly-
somnography, and other objective physic)logic measurements. The
risk of bias in each domain was assessed independently by two
investjgators (M.G.S. and M.C.). All studies were included in the
meta-analysis regardless of the bias assessment.

To evaluate heterogeneity between studies, we calculated odds
ratios (ORs) for each outcome within each study using binary logis-
tic regression in SPSS (version 26: IBM Corp.). For consistency
with the WHO review, 1’ the range of L„,,I„ was not restricted in this
analysis. Forest plots for all outcomes across studies were generated
using RevlVlan (version 5.4.1; Cochrane Collaboration) using an
inverse-v,tdance (IV) random effects method. Heterogeneity
between studies for each outcome was assessed using the I-- statistic.

We interpreted /: values using thresholds defined by the Cochrane
Collaboration.49 Publication bias across studies was investjgated
using funnel plots of the individual study estimates.

The quality of evidence across studies for the effects of expo-
sure to aircraft, road. and rail traffic noise on self-reported sleep
outcomes where noise was speci6ed, and self-reported sleep out-
comes where noise was not specified. was assessed independently

Study-SpecifIC Exposure and Response Characterization

One study reported noise exposure as 2+-h average levels
(LAEq,141,).-'i These noise levels were converted to £„ight using the
following conversion equations'-:

Road traffic: /,„i,htrlr_u71 = tAR.2+h – 4.7 dB, and

Railway traffic: L„i,I,it :347 1 = LAEq.:+h – 0.6 dB.

One study reported road noise as the day-evening-night level
(Ld,„ ),'+ which was converted to L„i,h, as follows 1 H

Lni=hu :A)7) = hen–8.3 dB .

One study reported noise level as Livello di Valutazione del
Aeroportuale (LVA),is which is similar to the day-night level
(Ld„), except that the night period is 7 h (230CH)600 hours) rather
than 8 h.-t' Formulae to convert directly from LV A to L„,gh, are
unavailable; therefore, we made the following assumptions in
converting to L„i,I„: The 1-h shorter night when using LVA
means that the same exposure assessed as Ld„ \viII be lower
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Table 1. Criteria for assessing risk of bias of individual studies ( adapted from the WHO review 1’).

Bias domain

A. Selection bias Random sampling, areas selected based on noise exposure. 250t.I response rate.“
inclusion criteria not contingent on sleep and health conditions

a. <50% response rate,“ or
b. Non-randunr sampling, or
c. Sampling not based on noise exposure, or
d. Individuals were excluded based on sleep and health criteria
Insufficient information to make a judgment
a. Based on measurements for at least 1 wk, or
b. Based on a noise map that was verified by noise measurements. or
c. Based on a noise map that was based on actual traffic data

Criteria Risk of bias

Low

High

B. Information bias (exposure assessment )
Unclear
Lou'

a. Based on measurements of < 1 wk, or measurements \vere not continuous, or
b. Based on a noise map that was not verifIed by noise measurements, or the predic-

tions were not based on actual traffic data
Insufficient information to make a judgment
All most-important confounders accounted for in anajysjs
No accounting for important confounders
Insufficient information to make a judgment
Complete reporting of all outcomes analyzed including nonsignificant results
Not all outcomes reported. underreponing methods or statistical analysis. not

reporting contlicts of interest
Insufficient information to make a judgment

High

C. Bias due to confounding
Unclear
Lou'
High
L'nclear
I () \N r

High
D. Reporting bias

Note: WHO. Wtlrld Health Organization
f The 50Pf resplln'ie rate criterion \vas basal tIn rectlmmendutit)ns ft)r crt)ss-sectit)nal studies by the Narittnal Institutes t)f Health.’'x

Unclear

by two investigators using the Grading of Recommendations,
Assessment, Development. and Evaluations (GRADE) criteria.+n
Any differences in the risk of bias assessments for individual
studies, or in the quality of evidence across studies for each out-
come (GRADE). were resolved by consensus with input from a
third investigator if needed,

Statistical Analysis

Exposure–response relationships were generated with the follow-
ing approach: Random study effect logistic regression models with
L„„iht (midpoin£ of the noise exposure category) as the only explan-
atory variable were performed with the NLMIXED procedure in
SAS (version 9.4: SAS Institute. Inc.). This approach accounts for
the fact that respondents were clustered within studies, and the
weight of a study increases with its sample size. Analyses were re-

stricted to levels between 40 and 65 dB £„ixht because of inaccuracy
in predicting noise levels <41)dB and that the highest exposure
limit common to all three traffic modes was 65 dB £„ight. Separate
regression models were run stratified by the three traffic modes
(air, road, or rail), four sleep disturbance outcome (awakenings,
falling asleep, sleep disturbance. or combined estimate of all ques-

dons within a study), and the dichotomous noise-specificity of the
disturbance question (noise mentioned or noise not mentioned). yield-
ing a total 3 x + x 2 = 24 separate regression analyses. Estimate
statements were used to generate point estimates and 95% conn-
dence intervals (CIs). Data are reported as dose–response curves
and as ORs per 10-dB increase in L„,chI .

To investigate whether a response differed depending between
European and non-European studies location, we added study
location as a covariate to the jogjstic regression model and

repeated the analysis for the combined estimates of sleep disturb
ance. These analyses were restricted to the four outcomes where
both European and non-European data were available.

We performed a sensitivity analysis to investigate the risks of
exposure bias on sleep disturbance, We repeated the logistic
regression for the combined estimates of sleep disturbance, re-
stricted between 40–65 dB £„iHht, and stratified analysis by stud-
ies that were judged to have a low or high risk of bias in the
exposure assessnrent

Meta- Analytic Approach

The primary goal of the meta-analysis was to generate updated
exposure–response relationships for the probability of high
sleep disturbance for each of the three disturbance types (awaIt-
enings, falling asleep. and sleep disturbance) for each traffic
mode (air, road. and rail). In line with the WHO review,1’ we
also generated a combined estimate for high sleep disturbance
across the three different types of disturbance questions, using
the following approach: if a study included two or three rele-
vant sleep disturbance questions, the combined estimate was
calculated by averaging the responses to those questions for
each respondent within a study. This approach was adopted so
that each respondent would contribute only a single data point
to the analysis of each separate outcome. If a study included
only one sleep outcome, the combined estimate and the single
study outcome assessed would be the same.

Data for individual studies were provided directly by the
authors of each study, binned in 5-dB-wide noise categories. One
line of data was created for each sleep disturbance question from
each study respondent. For instance. if a study had 500
respondents in the noise category with a 47.5 dB L„tEh, mid-
point, and 10% were classified as highly sleep disturbed, we
generated 450 data lines with non-highly sleep disturbed
respondents (binary outcome = 0) and 50 data lines with highly
sleep disturbed respondents (binary outcome = 1). Each data line
also carried the midpoint of the 5-dB L„i gh,-exposure category, a
three-level categorical variable for traffic mode (air, road, and
rail). a dichotomous variable indicating whether questionnaire
data originated from questions that did or did not explicitly men-
tion noise as a source of disturbance in the question for each traf-
fic mode, dichotomous study location indicated a European or
non-European study, and a study identifIcation number,

Results

Study Selection
Study identification, screening and selection are summarized in
Figure 1. All 25 studies in the WHO review were included.19
Twenty-one studies published between January 2014 and June
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Identification of new studies via databases and registers

Records published June 2019 and
earlier identified from:

Scoping reviews (van I<amp 28
n = 21)

Records published July 2019 to
December 2021 identified from:

Databases (SCOPUS n = 46;
PubMed n = 40: PsycINFO
n = 12; Embase n = 60)

Studies included in
previous version of
review (n = 25)

Records removed before screenIng:
Duplicate records removed
(n = 76)

Studies identified from
Manual identification of
relevant scientific projects not
identified by the electronic
literature search

(n = 2)

Records screened

(n = 103)

Records excluded

(n = 69)

Reports sought for retrieva
(n = 34)

Reports not retrieved
(n = 0)

Reports sought for retrieval
(n = 2)

Reports assessed for eligibility
(n = 34)

Reports excluded:
Noise not specific to home
address (n = 8)
Daytime noise only (n = 1 )
Not self-reported sleep (n = 5)
Ineligible sleep outcome or
response scale (n = 8)
Included in previous meta-
analysis (n = 1 )

Studies assessed for eligibility
(n = 2)

New studies included in review
(n = 13)

Total studies included in review
(n = 38)

Excluded from meta-analysis,
Could not obtain data (n = 1 >
Noise exposure specific to home
address unavailable (n = 1 )

Total studies included in meta-
analysis
(n = 36)

Figure 1. Flow diagrarn of stud) identification. screening. and selection. ''Study" refers to a data collection campaign including a defined group of participants
and one or more outcomes. In one instance. a study was reported in multiple articles-1- “ and is counted as n = 1 study. "Report" is a journal article, preprint.
conference abstract. study register entry. clinical study report. dissertation. unpublished manuscript. government reptlrt. or other document supplying relevant
information about a particular study or studies.

2019 were identified by van K,imp et al.:b Our electronic search
additionally identified 82 studies published later than June 2019.
after excluding duplicates. After assessing the abstracts and, if
needed. the full texts. 11 new studies eligible for the meta-

analysis were identified. We also manually identified a further 2
studies that were not identified by the electronic literature
searches [the UK Survey of Noise Attitudes (Civil Aviation
Authority)41 and German Noise-Related Annoyance, Cognition
and Health (NORAH)= projects]. We manually extracted the
study documents from project webpages41'4: and judged both
studies to be eljgjble for inclusion after undergoing the stdndard
screening protocol.

Two studies initially deemed eligible could not be
included in the meta-analysis43'+1 because data could not be

obtained or noise exposure specific to the home address was
unavailable (Table S3). We therefore identified 1 1 studies in
total published since the WHO review to include in the meta-
analysis,:o'21’3=’3+’35'37-+1 '+='+5– 47 in addition to the 25 studies
included in the original review 19 (Tables 2– 4)

Comparison with Previous WHO Review

The effective sample size for each sleep outcome and for each
traffic mode, determined using all data in the updated analysis
(responses from the WHO analysis plus the 11 newly identified
studies) is compared against the sample sizes from the WHO
analyses in Figure 2. Sample sizes for the combined estimates
where responses to multiple questions were averaged within
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Table 2. Studies on exposure to aircraft noise and self-reported sleep outcomes (adapted from the WHO review

Outcome
Noise metric,
( level range )

L,„,I„ . 22fJ(H)60C) hours
( 32.5-42.5 dB )

A wakenings:
nt)lse lnell-
tic)ned (total
N = 4,6 1 3 )

Study

Nguyen et al.

N

559

Location

Hanoi. Vietnam

Disturbance question and responses

In daily life, how much do you feel disturbed
when an aircraft passes by in the following
cases: When you are awakened in your sleep?
Not at all. Slightly. Moderately. Very.h
Extremely/’

In daily life, when an aeroplane passes by. to
what degree are you disturbed in the follou'-
ing cases: When you are awakened in your
sleep? Not at all, Slightly. Moderately,
Very,/’ Extremely/’

Sarne as above

Nguyen et al. J- 1 ,093 Hanoi. Vietnam L„„h, . 2:00–0600 hours
( 37.5–57.5 dB )

Yano et al.+’ 776 Hanoi. Vietnam L„„h,. 23004)600 hours
1 37.5–57.5 dB )

L„„h, . 22004)600 hours
(37.5–57.5 dB)

L„„tH. 2200–0600 hours
137.5–52.5 dB )

[.„h,. 220(H)600 hours
(+2.5–62.5 dB)

L„„h,. 2200–0600 hours
( 32.5–62.5 dB )

Nguyen et al.5'’ 511

80+

870

545

Da Nang City.
Vietnam

Hanoi , Vietnam

Same as above

Nguyen et al.=1'': Same as above

Nguyen et al.'I Ho Chi Minh Cit)
Viet11anr

Hantii. Vietnarn

Same as above

Falling asleep:
noise men-
tioned ( total
N = 27,869)

Nguyen et al.-:'“ In daijy life. ho\r much do you feel disturbed
when an aircraft passes by in the following
cases: When it makes it difficult for YOU to
fall asleep? Not at all. Slightly. Moderately,
Very.b Extremelyb

In the last 12 rnonths aircraft noise has disturbed
you when falling asleep? Not at all, Slightly
Moderately. Very.I’ Extremely/’

Same as above

NORAH+-’“ 3.51)5 Frankfurt. Germany
20 1 1

L„„h, . 2200-+)600 hours
( 32.5–57.5 dB )

NORAH I :'“ 3.502

3.505

5.527

Frankfurt. Gerlnany
20 1 :

Frankfurt. Gerrnany
20 1 3

Berlin. Germany
2012

Cologne-Bonn.
Germany 20 13

Stuttgart. Germany
20 1 3

Hanoi. Vietnam

L„„I„. 22tl11-{16CI(I hours
( 32.5–67.5 dB)

L„„h, . 22004)600 hours
(32.5–63.5 dB)

L„„h,. 220Cl–0600 hours
(32.5–53.5 dB )

L„„h, . 23t XH)6tH) hours
( 32.5–67.5 dB )

L,„gIn . 2200–06M) hours
(32.5–52.5 dB )

L„„h, . 220(141600 hours
( 37.5–57.5 dB )

NOR;\H+:'’ Same as above

NORAH+='“ Sartre as above

NORAH+='“ 2.9+7

1 .970

1 .095

Same as above

NORAH+=’“ SHIUG as above

Nguyen et al.+* In daily life, when an aeroplane passes by. at
what degree are you disturbed in the follou'-
ing cases: When it makes it difficult for Vt)u
to fall asleep? Not at all, Slightly.
Moderately. Very.'’ Extremely”

Same as aboveYi\no et al.+Y 780

512

Hanoi. Vietnanr L„„h,. 2200–0600 hours
( 37.5–57.5 dB )

L„„h, . 22004)600 hours
(37.5–52.5 dB)

L„„.h,, 2200+)600 hours
( 37.5–52.5 dB )

L„„h,. 22C>0qJ600 hours
(+2.5-42.5 dB)

L„„ht . 22004)600 hours
(37.5–57.5 dB)

Nguyen et al."’ Da Nang City.
Vietnam

Hanoi. Vietnam

Sanre as above

Nguyen et al.51'5: 805

868

2,308

Same as above

Nguyen et al.) ' Ho Chi Minh Cit)
Vietnam

Germany

Sanre as above

Schreckenberg et al.' 1 How much has aircraft noise in the last 12
months disturbed falling asleep? Not at all,
Slightly. Moderately, Very,/’ Extremelyb

Thinking about the last 12 months or so. when
you \vere at home. ho\\' much was your sleep
disturbed by noise from aircraft'? Not at all.
Slightly. Moderately, Very,/’ Extremely/'

Thinking about the last twelve months at your
home, during njghttime when you want to
sleep. how much did aircraft noise bother.
disturb. or annoy you? Not at all. Slightly.
Moderately, Very,h Extremely/

Thinking about the summer. when you were
here at home, what number from 0 to 10 best
shows the degree to which your sleep was
disturbed by noise from aeroplanes? Not at
all disturbed (0) to Extremely disturbed ( it))
(HSD 8.1’ 9.b 10h)

In the last 12 months aircraft noise has disturbed

you when sleeping in the night? Not at all.
Slightly, Moderately, Very,/’ Extremely/’

Sleep disturb-
aIIce: llolse
mentioned
(total
N =2] ,11B)

Rocha et al.+5“‘ 396 Atlanta. Georgia.
USA

L„„hI . 23004)700 hours
(37.5–52.5 dB)

Brink et al.+“‘ 2,925 Switzerland L„„I,t . 2300–0700 hours
(22.54)2.5 dB)

Civil Aviation
Authority+ 1 '“

1.200 United Kingdom L„i,ht 2300q)700 hours.
summer (37.5–62.5
dB )

NORAH4='“ 3,505 Frankfurt, Germany
201 1

L,„,ht . 220fl–f)600 hours
(32.5–57.5 dB)
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Table 2. {Coltrinlted. )

Outcome Studv

NORAH+='“

N

3 ,502

Location

Frankfurt. Germany
20 1 :

Frankfurt. Germany
20 1 3

Berlin, Germany
20 1 :

Cojogne–Bonn
Germany 20 13

Stuttgart. Germany
20 1 3

Germanv

Disturbance question and responses

Same as above

Noise metric.
( level range)

[„„1„. 2200-4600 hours
( 32.5–67.5 dB )

£„,ght . 220C)–4)600 hours
(32.5–62.5 dB)

L„,Eh, . 22CXLI)6(X) hours
(32.5–52.5 dB)

L,„,h, . 22004)600 hours
( 32.5+7.5 dB )

L„„ht . 22004)600 hours
( 32.5–52.5 dB )

L,„,h, . 22CXH)600 hours
( 37.5–57.5 dB )

NORAH +:“ 3 ,505

5.519

2,939

Same as above

NORAH+='“ Same as above

NORAH +='“ Same as above

NORAH+=“‘ 1.973

2,309

Same as above

Schreckenberg et al.’+ How much has aircraft noise in the last 12
nlonths disturbed sleeping during the night?
Not at all. Slightly. Nloderately. Very.b
Extremejy/’

How often did the following occur during the
past month: You had trouble sleeping
because you u'ake up in the middle of the
night or early morning'.’ Not during the past
month. Less than once a week. Once or t\vice
a week. Three or more times a weekh

During the past month. ho\v often have you had
trouble sleeping because you \Fake up in the
middle of the night or early morning'.’ Not
during the past month. Less than once a
week. Once or twice a week. Three or more
times a week/’

Frequent nocturnal awakening (last month)?
No, Yes"

How often do you ha\'e the following symp-
toms: Problems with sleeping through?
Never. Rarely. Sometimes. Often. Very
Often.h Always/’

Same as above

Awakenings: Rocha et al.+5”
noise not nlen-
tioned ( total
N = 3.IIb)

309 Atlanta. Georgia.
USA

L„„ht . 23004)700 hours
( 37.5–52.5 dB )

Basner et al.:'““ 39 Philadelphia.
Pennsvl \ ania.
USA

L„„I„. 2301)q)700 hours
(+7.5–57.5 dB)

Carugno et al.+q'“ +00

1.450

Bergamo. Italy LV A. 23fJ(l–f16Clfl hours
( 57.5–72.5 dB )

L,„,h, . 2201)–0601) ht)urs
(27.5–62.5 dB )

Brink et al. ( 3003
study )''

Su itzerland

Brink et al. ( 1(X) 1
stu,Iv i“

Slnith et al.:1 '“

1 ,538

33

Su itzerland L,„,I„ . 2:tH A)6tH) hours
(27.5–62.5 dB )

L„„hI . 230(1–0700 hours
(37.5–57.5 dB )

Falling asleep:
nc)lsc not meir-
tioned (total
N = +,375 )

Atlanta. Georgja
USA

Please evaluate last night's sleep: falling asleep
was Very easy (0) to Very difficult ( 10)
(HSD 8.7’ 9./’ 10/’)

Do you have any trouble with your sleep?
Difficult to fall asleep? Rarely/not at all,
Once or twice a week. Three or more times
per week'

How often did the foIIo\\’ing occur during the
past month: You had trouble sleeping
because you cannot get to sleep within 30
minutes? Not during the past month. Less
than once a u'eek. Once or t\vice a \\-eek
Three or more times a week/’

During the past month. how often have you had
trouble sleeping because you cannot get to
sleep within 30 minutes? Not during the past
month. Less than once a week. Once or t\vice
a week. Three or more times a week/’

Long time to fall asleep (last month)? No. Yes/

Nguyen et al. == “ 620 Hanoi. Vietnam L,„,h, . 220CH)600 hours
(32.5–62.5 dB )

Rocha et al.+''“ 309 Atlanta. Georgja
USA

L„„h, . 2300–0700 hours
( 37.5–52.5 dB )

Ba liner et al.:' 39 Philadelphia.
Pennsyjvania,
USA

L„„h,. 230CH)700 hours
(+7.5–57.5 dB )

Carugno et al.3' “ 400

1 , 450

Bergamo. Italy LV A. 2300q)600 hours
(57.5–72.5 dB )

L,„,h, . 2200–060f) hours
(27.5–62.5 dB )

Brink et al. ( 3003
study )5‘

Switzerland How often do you have the following s)’mp-
toms: Problems falling asleep? Never.
Rarejy. Sometimes. Often. Very Often

Alwaysl
Sanle as aboveBrink et al. f 2(X) 1

study )“
Brink5‘

1.528

195

Switzerland L,„,h, . 221 XH)6( X) hours
(27.5-42.5 dB )

L„„1„. 2200+J600 hours
(32.5–52.5 dB )

Sleep disturb-
ance: nc)lse
not mentioned
(total N = 195)

Switzerland During the last 4 weeks, have you suffered from
any of the following disorders or health prob-
lems? Difficulty in sleeping or insomnia?
Not at all. Some\That. Very Much”

Note: HSD. highly sleep disturbed: L„,,h, . nighttime noise: LVA. Livcllt> di Valutazionc del Acrnportualc: NORAH. Noise-Rclatcd Annoyance. Cognition and Hcalth: \\HO. World
Health Organizatilln
“Studies ntrt included in the WHO review.1'’

/’Response alternatives designated as highly sleep disturbed
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Table 3. Studies on exposure to road traffic noise and self-reported sleep outcomes (adapted from the WHO revie\v

Outcome

A\v akenings:
rIC)lse rnerl-

tioned ( total
N = 10, 177)

Bodin et al. ' ‘

Study N

2.438 Sweden

Location

Do you experience any of the following
because of road traftlc noise? You wake
up? Never, Sometimes. Often/

How much are you disturbed by awakening
during nighttime by road traffic? Not at
all. Slightly. Moderately. Very
Extremelyh

Same as above

Disturbance question and responses Noise metric (level range )

L.\Eq,:+h (37.5–62.5 dB )

Phan et al.s'
Shimoy irma et al.-R

1.454 Hanoi. Vietnam L„„,h1 . !10CHJ60fl hours
(62.5–77.5 dB)

Phan et al.''

Shimoyama et al.'R
Phan et al.s:

Shimoyama et al.-x
Phan et al.$

Shimovanra et al.'*
Phan et al.57

Shimovama et al.-R
Sato et al.'q

1.460 Ho Chi NIinh City.
Vietnam

Da Nang, Vietnam

L„,„h,. 220CH)600 hours
(67.5–77.5 dB)

L„,Eh, . 22004)600 hours
(57.5–67.5 dB )

L„„h,. 2200–0600 hours
[ 52.5–72.5 dB )

£„„h1. 2:0(H)600 hours
( 52.5–67.5 dB )

L„„hl. 220CH)700 hours
(+2.5–72.5 dB)

+79 Same as above

680 Hue, Vietnam Sarne as above

777 Thai Nguyen
Viet nam

Gothenburg. Sweden

Same as above

1 ,29 1 Does the road traffic noise cause the foIIo\v-
ing conditions? Awakening? No. Little
Disturbed. Rather Disturbed. Very
Disturbed/’

Same as abn\’eSato et al.s’ 819 Kunramoto. Japan L,„„h, , 22L)CH)700 hours
(+7.5–77.5 dB )

[„„ht . 220t)-{J700 hours
(52.5–67.5 dB)

L„„I„ . 2:( N A)6(X ) hours
(32.5–72.5 dB )

Sato et al.“’ 779 Sapporo, Japan

3 . 162 Frankfurt. Germany
201 1

Sanre as above

Falling asleep:
rlcljsc lnerl-
tioned (total
N = 13.374)

NORAH t :'“ In the last 12 months road traffic noise has
disturbed you when falling asleep? Not at
all. Slightjy. NIoderately. Very .I'
Extreme lyh

Do you experience any of the following
because of road traffic noise? Difficulties
falling asleep. Never. Sometimes. Often‘

How much are you disturbed in falling asleep
by road traffic? Not at all. Slightly.
Moderately. VerY./’ Extremejy/’

Same as above

Bodin et al.'\ 2.+++ Sweden [ \E,I. I+h (.37.5–62.5 dB )

Phan et al.'-

Shimoyama et al.'x

1.47 1 Hanoi. Vietnam £nlght . 2200–060(1 hours
(62.5–77.5 dB )

Phan et al.'T

Shimoy lima et al.SH
Phan et al.‘

Shimoyama et al.'x
Phan et al.'-

Shimoyama et al.'x
Phan et al.'=

Shimoyama et al.-s
Sato et al.“’

1 , 458 Ho Chi Minh City.
Vietnam

Da Nang. Vietnam

L„„h, . 221 XH}6tH) hours
(67.5–77.5 dB )

L,„,h, . 220(1–0600 hours
(57.5–67.5 dB )

L,„,I„ . 2211041600 hours
(52.5–72.5 dB )

L„,£ht . 2200–0600 hours
(52.5–67.5 dB)

L„,„h, . 220fHJ700 hours
(+2.5–72.5 dB )

+8 1 Sartre as above

68)

78 1

1.302

Hue. Vietnam Same as above

Thai Nguyen.
Vietnam

Gothenburg. Su’eden

Same as above

Does the road traffic noise cause the follow-
ing conditions? Difficulty to fall asleep?
No. 1'ittle Disturbed. Rather Disturbed
Very Disturbed/’

Same as aboveSato et al.''’ 814

779

3,162

Kumamt)to. Japan L„„h, . 2200+)700 hours
(+7.5–77.5 dB)

L.„h,. 2200–0700 hours
(52.5–67.5 dB )

L,„,h, . 2200-{)600 hours
(32.5–72.5 dB)

Sato et al.'q Sapporo, Japan Sanle as above

Sleep disturb-
ance: noise
mentioned
( total
N = 30,590)

NORAH i:-'‘ Frankfurt. Germany
20 1 2

In the last 12 rnonths road traffic noise has
disturbed you when sleeping in the night?
Not at all, Slightly, Moderately. Very,b
Extremely/’

Thinking about the last twelve months at
your home. during nighttime when you
want to sleep, how much did road noise
bother. disturb. or annoy you? Not at all
Slightly. Moderately, Very, a Extrernelyb

Ho\\' disturbed have you been by noise during
the night (falling asleep and waking up)
from road noise in the last 12 months? Not
at all. Slightly, Rather. Very,/’ Extremely/’

How much is your sleep disturbed by road
traffic noise? 1 1 point scale used from 0
(not disturbed at all) to 10 (extremejy dis-
turbed) (HSD g.b q.h 10l’)

How much have you been disturbed in your
sleep by road traffic noise at night when
you are sleeping in your house over the
last 12 months'? 1 1 point scale used from t)

Brink et al.+6” 5.222 Switzerland L„„h,. 23004)700 hours
(22.5–72.5 dB)

Evandt et al. 17’“ 12,305 Norway L„i,ht . 23f10J)700 hours
(37.5–67.5 dB)

Brown et al.N1 8.8+ 1 Hong Kong L„i,h, (42.5-67.5 dB )

Hong et al.61 550 Korea L„,,h,. 220041700 hours
(50.0–73.0 dB )
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Table 3. (Colrlinlted. )

Outcome Stud) N Location Disturbance question and responses
(not disturbed at all) to 10 (extremelv dis-
turbed) (HSD 8,b 9.h 10/')

Do you think that your sleep was disturbed
due to night-time noise or noise events
during the night in the last twelve months
and more? Not at all. Very little
Moderate, High/’, Very High/’

How often during the past 4 weeks did you
awaken during your sleep time and have
trouble falling asleep again? Never.
Seldom. Sometimes. Often./’ Nlost of the
time,h Always/’

Have you noticed any of the foIIo\\’ing in the
last 12 months? Repeatedly waking with
difficulty falling back to sleep? No/rarely
Less than once a week, 1–2 times per
week. 3–5 times per u’eek.b Almost every
njghtI’

Do you wake up at night? Rarely/never. A
few times per month. A few times a week.
Almost everv davh

Ho\\' often does it happen, that you wake up
at night multiple times? Never. Rarely,
Sometimes. Often”

How many times drlring the past + weeks
have you had the fllllow-ing symptonrs'?
Frequently waking up during the night.
Never. 1 per month. 1 per week. 24 per
week.h 5–6 per week./’ nearly every night/’

During the past 1: months. ho\v ohen ha\'e
you had problems falling asleep in the eve-
ning? Never/seldom. A few times per
month. Once per week. Several times per
week.h Every day/’

Ho\\' often during the past + weeks did you
have trouble falling asleep? Never.
Seldom. Sometimes. Often.” bIosit of the
time,/’ Always/’

Have you noticed any of the follow’ing in the
last 12 months? Difficulty falling asleep?
Nt)/rarelv. Less than c)ncc a week. 1–2
times per week. 3–5 times per week./’
Almost every njght/’

Do you have problems falling asleep? Rarely/
never. A few times per month, A few
times a week. Almost every day/’

Htl\v often does it happen. that you cannot
fall asleep well? Never. Rarely
Sometimes, Often/’

Ho\v many times during the past + weeks
have you had the following symptoms?
Difficulty falling asleep? Never. 1 per
month. 1 per w'eek. 24 per week,b 5–6
per week.b Nearly every night/’

Ho\v often during the past 4 weeks did you
feel that your sleep \vas not quiet (moving
restlessly, feeling tense, speaking, etc.)
while sleeping? Never. Seldom
Sometimes. Often./’ Most of the time.b
Al \yay b'

How often does it happen that your sleep is
restless? Never. Rarely. Sometimes.
Often/’

During the last 4 weeks. have you suffered
from any of the following disorders or
health problems'.) Difficulty in sleeping. or
insomnia? Not at all. Somewhat. Very
Much/’

Noise metric ( level range )

Ristovska et al.": 5 1 0 Nlacedonia L„„h, . 230(H)700 hours
(+2.5–62.5 dB )

Awakenings:
noise not men-
tioned (total
N = 37,338 )

Martens et al.-'+“ 1 +,622 The Netherlands Ld,„ (32.5–72.5 dB )

Evandt et al.\7'“ 12, 1 13 Norway L„„ht . 230(H)700 hours,
(37.5–67.5 dB )

Bc)din et al. * \ 2.5 1 9 Sweden t \Eq. I+h (37.5–62.5 dB )

Frei et al."': 1 ,23 1 Su’itzerland L„„h,. 2200qJ600 hours
(27.5–62.5 dB )

Halt)neII et al.'+ 6.853 Finland L,„,in . 2200J)700 hours
(+2.5–57.5 dB )

Falling asleep:
nt)lse not nlcll-
tioned (total
N = 39.625)

Bartels et al.+7 2. 1 88 Su eden L,„,I„ . 2300+J600 hours
(22.5–72.5 dB )

\lartcn:'; et al. ++'“ 1 +,6 16 The Netherlands /,d.„ (33.5–72.5 dB )

Evandt et al. :7'“ 1 2.276 Norway L„,,.h1 . 2300–0700 hours,
(37.5–67.5 dB)

Bodin et al.' 2.520 Sw'eden £.\Fq.Hh (37.5–62.5 dB )

Frei et al." : 1 ,232 Switzerland L,„,I„ . 2200q)600 hours
(27.5–62.5 dB )

Halonen et al.'-+ 6.793 Finland L,„,h, . 22(X)-{J70(J hours
(+2.5–57.5 dB)

Sleep disturb-
iince: noise
not mentioned
( total
N = 24.093 )

Nlartens et al.-:+’“ 1 +.6 19 The Netherlands Ld,„ (3].5–72.5 dB)

Frei et al." : .229 Switzerland L„„h, . 2200–060Q hours
(27.5–62.5 dB )

Brink et al.“' 8.2+5 Switzerland L,„,ht . 220(b+16(XI hours
( 32.5–77.5 dB )

Note: HSD, highlv sleep disturbed: LAt'1.:+h. air and road traffic noise at 24-h average levels: Ld,„ . day-evening-night level: L,„,h, . nighttime noise: NORAH. Noise-Related
Annoyance. Cognition and Health: WHO. World Health Organization
"Studies not included in the WHO review .''’

/’Response alternatives designated as highl} sleep disturbed
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Table 4. Studies on exposure tt) railway n(lise and self-reported sleep outcomes (adapted from the WHO review
Outcome Location

Awakenings: noise
mentioned (total
N = 5,311 )

Study

Bodin et al. * *

N

)

Sweden Do you experience any of the following because of
railway noise? You wake up? Never,
Sometimes. Oftenh

Huw much are you disturbed by awakening during
nighttime by train passing? Not at all. Slightl}
Moderately. Very.h Extremely/’

Disturbance question and responses Noise metric ( level range )

LAb.:+h (37.5–62.5 dB )

Sato et al.“ 1.418 Hokkaido, Japan L„„hI . 22004)700 hours
(27.5-62.5 dB )

L„„ht. 220fH1700 hours
( 27.5–72.5 )

L„„h,. 22004)6(X) hours
( 27.5–82.5 dB )

1 .549 Kyushu, Japan

Falling asleep: noise
mentioned ( total
N = 9,786)

NOR.AH+:"‘ 3.266 Frankfurt
Germany 20 12

In the last 12 months railway noise has disturbed
you when falling asleep? Not at all. Slightl)
Ntoderately. Very./’ Extremely I’

Do you experience any of the following because ot
railway noise? Difficulties falling asleep?
Never. Sometimes, Often/’

To what extent have the following outcomes of
railway noise occurred in the past 12 mt)nths'?
Railway noise disturbs when falling asleep. Ntlt
at all. Slightly. Moderately, Very,b Extremely/’

How much are you disturbed in falling asleep by
train passing'.) Not at all. Slightly. Moderately.
Very,b Extremely/’

Bodin et al. : : Sweden L.\Eq.:+h (37.5–62.5 dB)

Schreckenberg“ 1.198 Germany L„,,h, . 220t)qJ600 hours
(+2.5–82.5 dB)

Sato et al.6’' 1 .+18 Hokkaido, Japan L„„h,. 22004)700 hours
(27.5–62.5 dB )

L„„hr . 2200–0700 hours
( 27.5–72.5 dB )

L„„hI . 22(JOqJ600 hours
(27.5–82.5 dB )

1.56: Kyushu, Japan

Sleep disturbance:
noise mentioned
(total N = 21.t)94)

NORAH+=“ 3.266 Frankfurt
Germany 20 12

In the last 12 months railway noise has disturbed
you when sleeping in the night? Not at all.
Slightly. Moderately, Very./’ Extremely/’

Thinking about the last twelve months at your
home, during nighttime when you want to sleep.
how much did railway noise bother. disturb. Ol
annoy you? Not at all. Sljghtjy. NIoderatelv.
Very ./’ Extremely/’

How disturbed ha\'e you been by noise during the
night ( falling asleep and waking up) frc)rn rail
noise in the last 12 months? Not at all. Sljghtjy
Rather. Very.b Extremely/’

To what extent have the following outcomes of
railway noise occurred in the past 12 months?
Railway disturbs when sleeping during the
night. Not at all, Slightly. Mt)derately. Very.
Extremejy

How much have you been disturbed in your sleep
by railway noise at night when you are sleeping
in your house over the last 12 months? 1 1 point
scale used from o ( not disturbed at all) to 10
( extremely disturbed) (HSD 8,/’ 9,/’ 10/’ )

Have you noticed any of the following in the last
12 months? Repeatedly waking with difficult)
falling back to sleep? No/rarely. Less than once
a week, 1–2 times per week. 3–5 times per
week,/’ Almost every night/’

Do you wake up at night? Rarely/never, A few
times per month, A few times a u'eek. Almost
every day'

How often does it happen, that you wake up at
night multiple times? Never. Rarely.
Sometimes, Often/’

Have you noticed any of the following in the last
12 months? Diftlculty falling asleep? No/rarelv.
Less than once a week. 1–2 times per week. 3–5
times per week.b Almost every night/’

Do you have problems falling asleep? Rarely/
never. A few times per month. A few times a
week. Almost every day/’

How often does it happen, that you cannot faII
asleep well? Never, Rarely. Sometimes. Often/’

How often does it happen that your sleep is rest-
less? Never. Rarely, Sometimes. Often/

During the last 4 weeks. have YOU suffered from
any of the following disorders or health prob-
lem:.i? Difficulty in sleeping. or insomnia? Not
at all, Somewhat, Very Much"

Brink et al.+' '’ 3.5+3 Switzerland L„„1„. 2300+)700 hours
(22.5–77.5 dB )

Evandt et al. *7'" 12.476 Norway L„„h, . 2300q)700 hours.
(37.5–67.5 dB )

Schreckenberg' 1.199 Germany L,„,hI . 231)t A )61 K ) hours
(+2.5–82.5 dB )

Hong et al.' 1 610 Korea L,„,I„ . 220(H)700 hours
(+7. I–70 dB )

Awakenings: noise
not mentioned
(total N = 16.383 )

Evandt et al. :7" 12.577 Norway L.,.h,. 2300qJ700 hours,
(37.5-67.5 dB )

Bodin et al." 2.575 Sw'eden tAF,I.:+h (37.5–62.5 dB )

Frei et al.'' 1 .23 1 Switzerland L,„,h, . 2200-0600 hours
( 27.5–57.5 dB )

Falling asleep: noise
not mentioned
(total N = 16.553)

Evandt et al.37“ 12..745 Norway L„„h,. 23004)700 hours.
(37.5–67.5 dB)

Bodin et al.33 2.576 Su’ eden LAEq.:+h (37.5–62.5 dB)

Frei et al.' ‘ 1 ,232 Switzerland L„i,ht . 22004)600 hotlrs
(27.5–57.5 dB)

L,„,ht , 22t)041600 hours
(27.5–57.5 dB)

L,„,hr . 2200–0600 hours
(32.5–77.5 dB)

Sleep disturbance:
nc)lse not nrerl-

Honed (total
N = 5,914)

Frei et al.'3 1 ,229 Switzerland

Brink et al.56 4.685 Switzerland

Note: HSD. highly sleep disturbed
WHO. Wtrrld Health Organizati(in.
"Studies not included in the WHO review

1 (i

/’Response alternatives designated as highly sleep disturbed

/,\Lq.IIh. air and road traffic noise at 2+-h average levels; L,„,h,. nighttinlc noise XTORAH. Noise-Related Annoyance. Cognition and Health
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WHO 2018

• Update (WHO 2018 + newly identified studies)
Figure 2. Effective sample sizes for ( A) aircraft, ( B) road. and (C) rail for each sleep disturbance question in the present updated analysis. determined from the origi-
nal WHO analysis plus the 1 1 newly included studies. compared with sample sizes from the WHO 2018 review only .' ’ Note: \VHO. World Health Organization

Environmental Health Perspectives 076001-1 1 130(7) July 2022



Study or Subqroul
Aircraft: Noise specific

Odds Ratio
IV, Random, 95% CI Year

Odds Ratio
IV, Random, 950/, Cl

Risk of Bias
ABC D

Nguyen et al. [53] 4.65 (2,96, 7.31) 2009
Schreckenberg et al. [54] 2.44 (2.05, 2'91) 2009
Nguyen et al. [51 , 52] 1 .46 (0.99, 2.16) 2011
Nguyen et al. [50] 1,14 (0.69, 1,88) 2013
NORAH [42] 2.83 (2 68, 2.98) 2015
Nguyen et al, [48] 2.70 (2.13, 3,42) 2015
Yano 2015 [49] 2.34 (1,69, 3.24) 2015
SoNA 2017 [41] 2.04 (1.47, 2.83) 2017
Brink 2019 [46] 4.48 (3.76, 5.32) 2019
Rocha 2019 [45] 3.72 (2.61, 5.31) 2019
Nguyen 2020 [32] 6.90 (4.78, 9.96) 2020
Subtotal (95% CI) 2.84 (2.32, 3,47)
Heterogeneity: Tau2 = 0.09: Chi2 = 87.86, df = 10 (P < 0.00001 ); 12 = 89%
Test for overall effect: Z = 10.16 (P < 0.00001 )

••••
ee• ?
••••
••• ?
? ? ? ?

••• ?
•e• ?ee?•
••©©eee•
••••

Aircraft: Non noise specific
Brink 2005 (2003 data) [55] 1 .20 (0.92, 1,57) 2005
Brink 2005 (2001 data) [55] 1 .22 (0.94. 1.58) 2005
Brink 2011 [56] 0.33 (0.06, 1.73) 2011
Carugno 2018 [35] 1.40 (0.79, 2.50) 2018
Basner 2019 [20] 24.43 (0.38, 1582.99) 2019
Rocha 2019 [45] 1 .49 (1.08, 2.07) 2019
Nguyen 2020 [32] 2.74 (1.99, 3.77) 2020
Subtotal (95% CI) 1.48 (1.06, 2.06)

Heterogeneity: Tau= = 0.12; Chi2 = 23,78, df = 6 (P = 0.0006); 12 = 75%
Test for overall effect: Z = 2.29 (P = 0,02)

')
? ? ?

?
? ??

••••
•?••
••••
••e©
•©••

Total (95% CI) 2.30 (1.87, 2.82) +
Heterogeneity: Tau2 = 0.15; Chi2 = 190.63, df = 17 (P < 0.00001 ): 12 = 91%
Test for overall efFect: Z = 7.91 (P < 0.00001 )
Test for subgroup differences: Chi2 = 10,85, df = 1 (P = 0.0010), 12 = 90.8%

0.05 0.2
Less disturbed

5 20
More disturbed

Figure 3. Forest plot for the odds of being highly sleep disturbed by aircraft noise per 10-dB increase in L„i,h, (combined estimate derived from all relevant
outcomes within studies). Subgroups are presented for questions that mentioned noise as the source of the disturbance, and questions that did not specify noise
as the source of the disturbance. Risk of bias: A: selection bias; B: exposure assessment: C: confounding; D: reporting bias. Green (+) denotes lo\v risk of bias.
red (–) denotes high risk of bias. yellow (?) denotes unclear risk of bias. Plots \vere generated using an inverse-variance (IV) random effects method across the
full noise range for each individual study (not restricted to +045 dB L„,,1„I. Note: Cl. confidence interval; df. degrees of freedom: L.„h,. nighttime noise:
NORAH, Noise-Related Annoyance. Cognition and Health

studies are gjven in Fjgure SI. For all three traffic modes. our
updated analysis includes a substantially higher number of
respondents for all self-reported disturbance questions

deemed unimportant (/: g +0fX ) when the sleep question did not
specifrcally mention noise.

Sleep Disturbance by Noise: Overall AnaIYsis
The ORs for the probability of being highly sleep disturbed by
njghttime noise. calculated using data from all studies and re-
stricted to 40-45 dB L„iHl„. are presented in Tdble 5. When the
question mentioned noise as the source of disturbance, there was
a higher probability of being significantly disturbed by noise for
all three outcomes, as well as for the combined estimate. When
the question did not mention noise, significant relationships were
observed only for aircraft and road noise. and for only some of
the sleep disturbance outcomes. A substantial proportion of stud-
ies into road and railway noise were judged as having a high risk
of exposure assessment bias when the question mentioned noise
We decided post hoc to perform a sensitivity analysis for these
traffic types, to elucidate the influence of these risks of bias on
sleep disturbance. There was a greater probability of being highly
sleep disturbed by noise in studies with a low risk of exposure
assessment bias compared with studies with a high risk of expo-
sure assessment bias (Table S5 )

Sleep Disturbance by Noise: Individual Studies

ORs for the probability of being highly sleep disturbed by noise for
each study are shown in Figure 3 (aircraft), Figure 4 (road traffic),
and Figure 5 (railway). Also shown is the risk of bias assessment
for each study (Table S4 for the rationale for each judgment). With
a 10-dB increase in L„uh„ there was a statistically significant proba-
bility of being sleep disturbed by noise for dll three traffic modes.
This increased probability wm independent of whether noise was
specifically mentioned in the sleep question. There were significant
differences between the subgroups for each traffic mode, and the
ORs were lower in studies that did not specifically mention noise.
There was considerable heterogeneity (/2 : 75% ) for all three traffic
modes when the sleep question mentioned noise. There was sub-
stantial heterogeneity (50% g I-- $ 90%) between studies of aircraft
and road traffic when the sleep question did not specific,IIly mention
noise. The heterogeneity between studies of railway noise was

Environmental Health Perspectives 076001-12 130(7) July 2022



Study or Subgroul
Road: Noise specific

Odds Ratio
IV, Random, 950/, Cl Year

Odds Ratio
IV, Random, 950/, Cl

Risk of Bias
ABC D

Sato et al. Sapporo [59] 2.66 (1.20, 5.89) 2002
Sato et al. Gothenburg [59] 3.50 (2.34, 5.22) 2002
Sato et al. Kumamoto [59] 1 .41 (0.94, 2.12) 2002
Ristovska et al. [62] 2.45 (1.71, 3.50) 2009
Hong et al, [61] 1.26 (0.74. 2.14) 2010
Phan et al, Da Nang [57] 12.49 (4.64, 33,60) 2010
Phan et al. Hanoi [57] 1.28 (0 86, 1.90) 2010
Phan et al. Ho Chi Minh City [57] 1 .13 (0.76, 1,70) 2010
Phan et al Hue [57] 1.49 (0 98. 2,26) 2010
Phan et al. Thai Nguyen [57] 19.93 (8.27, 48,02) 2010
Bodtn et al. [33] 2,44 (1.84, 3.24) 2015
Brown et al. [60] 2.55 (2.15, 3.02) 2015
NORAH [42] 1.92 (1.63, 2.26) 2015
Evandt et al. [37] 3.19 (2.68, 3.78) 2017
Brink et al. [46] 2.56 (2.27, 2.90) 2019
SuI)total (95% CI) 2n32 [1 ,901 2,84)
Heterogeneity: Tau2 = 0.11; Chi2 = 95.40. df = 14 (P < 0.00001 ); 12 = 85%
Test for overall effect: Z = 8.28 (P < 0.00001 )

••• ?
e•• ?
e•• ?
•••@
••• ?
••••e•••
••••
©•••
••••••e•
••••
? ? ? ?••e•
••••

Road: Non noise specIfic
Brink [56]
Halonen et al. [64]
Frel et al. [63]
Bodin et al. [33]
Evandt et al. [37]
Martens et al. [34]
Bartels et al. [47]
Subtotal (95% CI)
Heterogeneity: Tau= = 0.01 ;
Test for overall effect: Z = 3

1.43(1.18, 1.72) 2011
0.99 (0.88, 1.12) 2012
1.22 (1.03, 1.44) 2014
1.12 (0.96, 1.31) 2015
1.20(1,11.1.30) 2017
1,10 (1.02, 1.18) 2018
1.01 (0.88, 1.15) 2021
1.13 (1.05, 1.22)

Chi2 = 17.44, df = 6 (P = 0.008); 12 = 66%

14 (P = 0.002)

•e•e
? •e••ee•e•••
•••@•e••
•©©©

Total (95% CI) 1.80 (1.50, 2.17) +

Heterogeneity: Tau2 = 0,16; Chi2 = 466.45, df = 21 (P < 0.00001), 12 = 95%
Test for overall effect: Z = 6.26 (P < 0 00001 )
Test for subgroup differences: Chi2 = 43.62, df = 1 (P < 0.00001). 12 = 97.7%

0.02 0.1
Less disturbed

10 50
More disturbed

Figure 1. Forest plot for the odds of being highly sleep disturbed by road noise per 10+IB increase in L,„,h, (combined estimate derived from all relevant out-
comes within studies). Subgroups are presented for questions that mentioned noise as the source of the disturbance, and questions that did not specify noise as
the source of the disturbance. Risk of bias: A: selection bias; B: exposure assessment; C: confounding: D: reporting bias. Green (+) denotes lo\\’ risk of bias.
red (–) denotes high risk of bias. yellow ( '! ) denotes unclear risk of bias. Plots \vere generated using an inverse-variance (I\’) random etTects method across the
full noise range for each individual study (not restricted to +0+5 dB L„=ht ). Note: Cl. confidence interval; df. degrees of freedom: L„,.ht . nighttime noise:
NORAH. Noise-Related Annoyance, Cognition and Health

The ORs for the probability of being highly sleep dis-
turbed, stratified by studies performed in Europe and outside
of Europe, are given in Table S6. Analyses were restricted to
aircraft. road, and railway traffic when the question mentioned
noise, plus aircraft traffic when noise was not specifically men-
tioned, because these were the outcomes where sleep disturb-
ance data were available for both locations. Non-European
study respondents were more highly sleep disturbed by rail-
way traffic when noise was mentioned in the question and by
aircraft traffic when noise was not specifically mentioned.
Non-Europeans were also less disturbed by road traffic when
noise was mentioned. However, none of these effects were
significant.

mentioned noise, are given in Figure 6, Second-order polynomial
equations for each curve are given in Table S7. Disturbance was
substantially higher for aircraft noise for all three disturbance ques-
Hons than for road or railwav noise of the same level. Disturbance
was similar for road and rail noise at low noise levels. and it was

slightly higher for railway noise than road noise at higher noise
levels

We compared the updated exposure–response curves to
curves derived using only the 1 1 new studies published since the
WHO review19 (Figure 7). This was done for the combined esd-
mate only, given that there was a limited sample size for certain
sleep questions in these recent studies. For aircraft noise, the
recent studies indicated a higher probability of being highly sleep
disturbed compared with the analysis incorporating all available
data. For road traffic noise, the point estimates were slightly
higher at the highest noise levels in the recent studies compared
with the overall analysis (2.6% higher at 65 dB L„,phi). For rail-
way noise. the recent studies were essentially identical to the
overall analysis

Exposure-Response Curves: Questions SpeciDcall)
Mentioning Noise

The exposure–response curves for the probability of being highly
sleep disturbed, derived using data from questions that specifically
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Study or Subgrou

Railway: Noise specific
Sato et al. Kyushu [65]
Sato et al. Hokkaido [65]
Hong et al. [61]

Schreckenberg [66]
NORAH 142]
Bodin et al. [33]

Evandt et al. [37]
Brink et al. [46]
Subtotal (95% CI)

Odds Ratio
IV, Random, 95% CI Year

Odds Ratio
IV, Random, 95% CI

Risk of Bias
ABC D

1.94 (1.61, 2.34) 2004
2.36 (1.62, 3.44) 2004
2.98 (2,14, 4.17) 2010
3.00 (2.56, 3.50) 2013
2,11 (1.85, 2,40) 2015
5.18 (3.44, 7.79) 2015
4.77 (4.02. 5.66) 2017
3.43 (3.03, 3.88) 2019
3.01 (2.37, 3.83)

••• ?e•• ?
••• ?
••• ?
? ? ? ?
••••
••••
•©©•

Heterogeneity: Tau2 = 0.10: Chi2 = 88.70. df = 7 (P < o,QC)aDI ): 12 = 92%
Test for overall effect: Z = 8.97 (P < 0.00001 )

Railway: Non noise specific
Brink [56]
Frei et al. [63]
Bodin et al. [33]
Evandt et al. [37]
Subtotat (95% CI)

1.06 (0.92, 1,23) 2011
1.06 (0.73, 1.53) 2014
1.09 (0.95, 1.24) 2015
1.12 (1.00. 1.25) 2017
1.09 (1.02, 1.18)

Heterogeneity: Tau’ = 0.00; Chi’ = 0.39, df = 3 (P = 0.94); P = 0%
Test for overall effect: Z = 2.44 (P = 0,01 )

••e••ee•
••••
••••

Total (95% CI) 2.14 (1.54, 2.97)
Heterogeneity: Tau2 ; 0,32; Chi2 ; 490,79, df = 11 (P < 0.00001 ); 12 = 98%
Test for overall effect: Z = 4.55 (P < 0.00001 )
Test for subgroup differences: Chi2 = 62.31, df = 1 (P < 0,00001). 1= = 98.4%

<+
0.1 0.2 0.5 1 2 5 10

Less disturbed More disturbed

Figure 5. Forest plot for the odds of being highly sleep disturbed by railu'ay noise per 10-dB increase in L„,,I„ (ct)mbined estimate derived from all relevant
outcomes within studies). Subgroups are presented for questions that mentioned noise as the source of the disturbance, and questions that did not specify noise
as the source of the disturbance. Risk of bias: A: selection bias; B: exposure assessment: C: confounding; D: reporting bias. Green (+) denotes lo\v risk of bias.
red (–) denotes high risk of bias. yellow ( ?) denotes unclear risk of bias. Plots were generated using an inverse-variance (IV) random effects method across the
full noise range for each individual study (not restricted to +0–65 dB L,„,h,). Note: Cl. confidence interval: L,„,h, . nighttime noise; NORAH, Noise-Related
Annoyance. Cognition and Health

The exposure–response curves calculated in the original
WHO reviewlq are given in Figure 6. Relationships for the
sleep disturbance question were not calculated in the WHO
review due to an insufficient number of studies at the time
Point estimates for aircraft noise are generally slightly higher in
the present analyses compared with the previous relationships,
particularly at higher noise levels. although they still lie within
the 95% CIs of the WHO review. Point estimates for the falling

asleep and combined estimate outcomes are almost identical for
road and rail trdffic in the present analysis compared with the
WHO review. For each disturbance question and traffic mode.
all of the previous curves lie within the 95fl CIs of the updated
analyses, As expected, given that no additional studies were

included for awakenings by aircraft or road traffic, exposure–
response curves for these outcomes were identical to curves in
the WHO review

Table 5. Odds ratios per 10-dB increase in L.i,hl for the percent highly sleep disturbed by aircraft. road, and railway traffic noise.

Noise mentioned as source of disturbance Noise not mentioned as source of disturbance

Noise source

Aircraft noise Awakenings
Falling asleep
Sleep disturbance
Combined estimate
Awakenings
Falling asleep
Sleep disturbance
Combined estimate
Awakenings
Falling asleep
Sleep disturbance
Combined estirnate

Outcome Studies (Ii )''

6
8

5

11

8
9
6

14

3

5

5

8

Sample size (n )'1

J. 1 37
17, 107

15.3+5

19,488
5.355
7,754

26 372
3 1 .738
3.576
6.730
7.262

10,846

OR per 10 dB (95% CI

2.34 ( 1.87, 2.93 )
2.09 ( 1.9 1, 2.28)
2.28 (2.03, 2.56)
2. 18 (2.01, 2.36)
1.75 ( 1.24, 2.47 )
2.31 (1.85, 2.89)
2.57 (2..26, 2.93)
2.52 (2.28. 2.79)
2.54 ( 1.49, 4.33 )
2.70 (2.14, 3.42)
3.35 (2.75, 4.09)
2.97 (2.57, 3.43)

Studies (I1 )'' Sample size (11)“
5

7

1

8

5

6

3

7

3

3
I

4

2.571
3. 120

153

3.275
29.358
31.136
18.052
38.380

3. 197

3.2 1 9
1.168

4.326

OR per 10 dB (95% CI)
1.11 (0.81, 1.53)
1.67 ( 1.27. 2. 19)
1.22 (0.08. 18.20)
1 .52 (1.20. 1.93)
1.10 (1.01, 1.20)
1.15 (1.08. 1.23)
1.15 (0.93. 1.43)
1.14 (1.08. 1.21)
1.09 (0.78. 1.53)
1.27 (0.8+. 1.90)
1.27 (0.11. 15.15)
1.17 (0.91. 1.49)

Road noise

Railway noise

Note: ORs \vere calculated in Itlgistic regression mt)del 3; with L,„,h, included as the (rnly axed effect and study included as a randI)m effect. restricted ttl the noise exposure range +(b
65 dB L„, gh,. Nlodels were run separately for each traffic mode and for sleep questionnaire outcomes that did or did not mention noise. The combined estimate \\-as calculated using
average responses of the awakening. falling asleep. and sleep disturbance questions within studies. CI. confidence interval: L,„,ht . nighttime noise: OR. odds ratio
"In the L,„,h, range +1)–65 dB for which ORs were calculated
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Exposure–Response Curves: Questions Not Specifically
Mentioning Noise

The exposure–response curves for the probability of being highly
sleep disturbed. derived using data from general sleep questions
that did not specifically mention noise. are given in Figure 8.
Second-order polynomial equations for each curve are given in
Table S7. With increasing L„igt„, there was a small increase in
disturbance for all questions, although the gradient of the expo-
sure–response curves was generally smaller compared with ques-
Lions that mentioned noise (Figure 6). The differences between
the three traffic modes were also less clear compared with que b;-
dons mentioning noise (Figure 6).

road or rail traffic.67 The reasons for higher self-reported disturb-
ance by aircraft are unclear but could result from the timing of
aircraft noise events. Nighttime noise levels from aircraft are typ-
ically dominated by passenger plane takeoffbs and landings that
occur at the very start and the very end of the night period (2300–
0700 hours). The early night is a period when many people are
trying to fall asleep, and the end of the night is a period when
people may be awakened by noise more easily, or have greater
diffICUlty falling back asleep after awakenings. because sleep

pressure has been dissipated over the preceding night. Noise
around these times could therefore have a greater impact on self-
reported disturbance than at other times of night. Such an expla-
nation is supported by the higher disturbance for specific ques-
tions on awakening>; and difficulties falling asleep owing to
aircraft noise

It is also possible that the higher disturbance by aircraft is a
result of exposure misclassification. In most studies, noise was
assessed at the most exposed fagade, and the exposure levels spe-
cincallv in the bedroom are not known. Noise levels in the bed-
room for road and railway traffic are most likejy lower, on
average, than at the most exposed fagade. because bedrooms may
be located on quieter sides of the building. There is probably less
exposure misclassification for aircraft noise, especially for homes
that lie under flight paths, given that the positions of aircraft as
noise sources are more dynamic relative to the home. Finally, it
is possible that particular characteristics of air trdfnc are some-
how more disturbing than rt)ad or rail noise of the same level
Aircraft noise events have a much longer duration than the other
traffic modes, and so there are longer windows to become cogni-
zanE of the noise and attribute it as a source of sleep disturbance.
However, each of these explanations cannot be thoroughly
explored without additional temporal. spatial. and acoustical data
for the noise sources

Quality of Evidence for Being Highly Sleep Disturbed by
Noise

Funnel plots of the combined estimate for each traffic mode are
given in Figure S2. The plots were approximately symmetrical.
indicating a low likelihood of publication bias.

The GRADE profile for the assessment of the quality of evi-
dence across studies is gjven in Table 6. In the assessment. we
deemed that for the majority of studies to be considered high
quality (study limitations domain), there should be a low risk of
selection bias and also a low risk of exposure assessment bias. If
there was a high risk for one or both of these biases in the major-
ity of studies, then overall study quality was deemed low. The
overall quality of evidence for nighttime noise from aircraft,
road. and railway traffic was rated as moderate when the question
mentioned noise. When the question did not mention noise. the
quality of evidence was low for aircraft and road traffIc noise and
very low for railway noise.

Discussion

Noise-SpecifIC Sleep Disturbance

In an update to the latest WHO evidence review and meta-
analysis for the effects of traffic noise on self-reported sleep dis-
turbance,I'’ we found significant exposure–response relationships
for being highly sleep disturbed by nighttime aircraft, road. and
railway traffic when the sleep questions explicitly mentioned
noise. With increasing njghttime noise levels. and for all three
traffic modes, there were increased probabilities of reporting
awakenings. having difficulties falling asleep. or having disrupted
or disturbed sleep. When the sleep disturbance outcomes were
combined for each traffic mode separately. the resulting expo-
sure–response curves for road and railway noise were very simi-
lirr to those calculated in the WHO review (Figure 6). The
similarity in the exposure–response curves improves confidence
in the earlier estimates. which informed recent WHO recommen-
dations for nighttime noise from road (+5 dB L„i,ht) and rail
(44 dB L„ta,1 ).15 For aircraft noise, our updated estimates show
a higher probability of being highly sleep disturbed at high
L„ipl„ levels. At 40 dB L„iRb,, however. which is the WHO rec-
ommendation for nighttime aircraft noise.I' our updated esti-
mates closely match the point estimates from the previous
evidence review

The ORs for aircraft noise were lower than for both road and
railway noise. This is a consequence of the properties of ORs as a
relative measure. given that a much higher proportion of people
were sleep disturbed by aircraft noise at low reference noise lev-
eIs. The exposure–response curves show that aircraft noise was
in fact more disturbing than road or rail noise of the same level
This finding, although also seen in the orjgjnal WHO review.19 is
superficially surprising in light of experimental studies showing
that aircraft noise is less disruptive to physiological sleep than

Non-Noise-SpecifIC Sleep Disturbance

The probability of being highly sleep disturbed was less clear
when studies used general sleep questions that did not mention
noise. For those sleep outcomes. all ORs were in the same direc-
tion and > 1.0, suggesting potentially increasing disturbance with
noise level. However, the effect sizes were smaller compared
with noise-specific questions, and they were significant for only a
minority of outcomes (5 of 12) assessed across all traffic modes

Differences in sleep disturbance between studies employing
general sleep questions and studies that specifically mention
noise could result from heterogeneity between studies generally,
which is discussed in detail later. When a question mentions a
particular traffic source, a respondent may be better able to cor-
rectly attribute noise-induced sleep disturbance to that source.
which could also explain the higher etTect sizes in studies men-
Honing noise. Mlisattributing noise as the reason for an endoge-
nous sleep is also possible. for instance, if respondents awaken
spontaneously in the absence of noise, and a noise event that is
later recalled coincidentally occurs during the awakening bout. A
further important effect modifier could be noise sensitivity
Because noise-sensitive individuals may be more likejy to report
sleep disturbance than their less-sensitive counterparts,6--7'1 they
might rate themselves as more sleep disturbed to questions ex-
plicitly mentioning noise,

Risk of Bias, Quality of Evidence, and Study Heterogeneit)
Most newly included studies were rated as having a high risk of
selection bias. In most cases, this was due to response rates being
<50f7. Low survey response rates in public health research are
becoming increasingly common,71 something that can increase
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Figure 6. Probability of being highly sleep disturbed (%HSD) by nighttime noise. determined via questions that mention noise as the source of disturbance.
stratified by disturbance question and traffic mode. Exposure–response relationships were derived using all available data, from the original WHO review 19 and
the 11 newly identified studies. Results of the present updated analysis (solid purple lines with dotted 95% CIs) are compared against results of the 2018 WHO
reviewl'’ (dashed orange lines with shaded 95% CIs). Relationships for the sleep disturbance questions were not calculated previously. Asterisks (+) indicate
sleep outcomes for which no new studies have been published since the WHO review. Parameter estimates were calculated in logistic regression models with
L„,Eh, included as the only 6xed effect and study included as a random effect, restricted to the noise exposure range 40+5 dB L„lgb, . Models were run separately
for each traffic mode and disturbance question. The combined estimate was calculated using average responses of the awakening. falling asleep, and sleep dis-
turbance questions within studies. Note: Cl. confidence interval; L„i,ht , nighttime noise: WHO. World Health Organization,
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Figure 7. Exposure–resrx)nse relationships for the probability of being highly sleep disturbed (c;HSD) by nighttime noise for questions Ihat mention noise. Curves
are shot\n for the updated anajysjs that includes all available data (soLid purple lines). and for anajysjs including only newly identified studies published after the
WHO review’1’ (dashed green lines). Data are calculated as the combined response using a\'erage resFX)nses of the awakening. falling asleep. and sleep disturbance
questions within studies. determined as the within-study average of disturbance questions that explicitly mentioned noise as the source of sleep disturbance. Parameter
estimates were calculated in logistic regression models with L„„1„ included as the only fixed effect and study included as a random effect. restricted ttl the noise expo-
sure range 4CH)5 dB L„,a„ . Models \vere run separately for each traftlc mode. Note: L,„gh,. nighttime noise: WHO. World Health Organization.

the risk of nonresponse bias.7: However. nonresponse bias can
occur in studies with both low and high response rates./i More
important than response rates is that the survey responses are rep-
resentative of the target population sampled./* and surveys can
still be representative even with lower response rates. Lacking
nonresponse analyses, we cannot be certain of the representative-
ness of the exposure–response relationships, although the high
risk of selection bias in the included studies does not necessarijy
mean that the sleep outcomes are unrepresentative of the overall
population exposed to noise. Further studies with increased
response rates would decrease the likelihood of nonresponse bias.

Sensitivity analysis revealed that sleep disturbance was lower in
studies with a high risk of exposure assessment bias. One possible ex-
planation is that road and railway noise exposure in the bedroom was

overestimated in studies judged to have a high risk of bias. This
would, in effect, shift the exposure–response relationships to the right
in these studies. Alternatively, differences in sleep disturbance could
be confounded by the fact that all studies with high risk of exposure
assessment bias were published between 20(D and 201(i, whereas the

low risk of bias studies were from published more recently. between
2013 and 202 1 . It is plausible that the higher probability of high sleep
disturbance in newer studies is attrIbutable to nonacoustical factors,
such as changes in attitudes to noise. Temporal changes in self-
reported response would align with observed trends for increasing
annoyance by a given level of traffic noise, although these trends have
been observed predominantly for aircraft rather than road or mil traf-
nc.75 There have also been changes in the acoustical character of
noise, with newer vehicles being typically quieter but with noise
occurring more often as traffic flows increase. which may negatively
influence perceived sleep disturbance.

The overall quality of evidence differed between studies where
sleep disturbance questions did or did not mention noise. The
assessment of a moderate quality of evidence for sleep disturbance
when the question mentioned noise agrees with the assessment in
the WHO review.1q When the question did not specifically men-
Lion noise, we graded the quality of evidence for exposure to rail-
way noise as very low. again agreeing with the WHO review, and
the quality of evidence as low for aircraft and road traffic noise,

which is one level higher than the very low quality assessment in
the WHO review. The reason for the upgrade for aircraft and road
noise was due to the statisticaljy sjgnificant trends for awakenings
(road only). falling asleep, and the combined estimates, that were
not found previously. Since the previous review. three major
cross-sectional studies involving road traffic noise exposure. with
a combined sample size of - 29.000 respondents. were pub-
lished.-14’-17'+7 The exposure–response relationships for non-noise-
dependent disturbance are thus more representative. and with sub-
stantially greater power, than previously found.

There was substantial heterogeneity between studies for all out-
comes except studies of railway noise that employed general sleep
questionnaires. The heterogeneity could result fronl variations in
the specific phrasing of the sleep disturbance question across stud-
ies, even when ostensibly measuring the same outcome. There was
also a diverse range of response scales, with II-point numerical
and 3-. 4-. or 5-point verbal scales used to assess sleep disturbance,

further diversified by assessing either the severity or the frequency
of disturbance. These questions were administered in 14 nations.
hence. there may be linguistic difTerences in the interpretation of
certain phrases, as well as cultural differences in attitudes to sleep
or noise, as well as contextual differences generally across specific
studies. Questions also differed in the reference time frame for
sleep disturbance. varying from the last 12 months to the last 4 wk
to referencing specific noise events or no time frame at all. Finally,
self-reported response to noise can be modified by contextual fac-
tors separate from noise level alone, including lifestyle. access to
green space, access to quiet areas. social interaction, recreational
activities, and local economy of the neighbourhood.76 One or sev-
eral of these factors could have contributed to study heterogeneity
within specific sleep outcomes, across studies of different traffic
modes, or across studies that used either general sleep questions or
noise-specific disturbance questions.

Study Location

The majority of new studies originated from Europe. All newly
included studies of road3+-37'+=-+t"+7 and railway-37’ I:'+b noise were
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Figure 8. Probability of being highly sleep disturbed (%HSD) by nighttime noise, determined via questions that did not specifically mention noise as the source
of disturbance, stratified by disturbance question and traffic mode. Exposure–response relationships were derived using all available data, from the original
WHO review''’ and the 1 1 newly identified studies. Dotted lines indicate 959? CIs. Parameter estimates were calculated in logistic regression models with L„,,h,
included as the only fixed effect and study included as a random effect, restricted to the noise exposure range +(H5 dB L„,,hI . Models were run separately for
each traffic mode ,Ind disturbance question. The combined estimate was calculated using average responses of the awakening. falling asleep, and sleep disturb-
ance questions within studies. Note: CI, confidence interval: L„i,h,, nighttime noise: WHO, World Health Organization
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Table 6. GRADE Evidence profile ( adapted from the WHO review 1 ’ )

Domain Criterion

Sleep disturbance questions
noise mentioned

Start level
Study limitations

Assessment Grade change

Longitudinal = high: others = low
NIajority of studies lo\\' quality

All cross-sectional studies
Aircraft and railway: majority of studies

have low risk of selection bias (10/ 19 )
and exposure assessment bias ( 14/ 19)

Road: majority of studies have low’ risk of
selection bias ( 1 1/15) and hjgh risk of
exposure assessment bias ( 10/ 15 )

High heterogeneity between studies
\ 1: = 85ciI )

Same PECO
CIs narrower than 25'7. except for few' out-

comes at hjgh noise levels
Symmetrical plots

Low quality
Aircraft and railu’a)

downgrade

Road: downgrade one level

Inconsistency Conflicting results: high /2 Downgrade one level

Indirectness
Precision

Direct comparison; same PECO
CIs contain 25% harm or benefit

No dou'ngrade
No downgrade

Publication bias

Judgment after
downgrades

Dose–response

Indicated by funnel plot No downgrade
Aircraft. road, and railway

very low quality
Upgrade one levelSignitlcant trend Statistically significant trend for all

outcomes
OR >2 for 1 1 of 12 outcomes
Not observed

Nlagnitudc of effect
Confounding adjusted

RR >:
Effect in spite of confounding

\\-or Iiing tow'ard the null

Upgrade one level
No upgrade

Overall judgment Aircraft. road. and railway
moderate quality

Sleep disturbance questions
noise not mentioned

Start level
Study linritations

Longitudinal = high; others = low
NIajority of studies lo\\' quality

All cross-sectional studies
Majority of studies have high risk of selec-

tion bias ( 10/ 18) and low risk of expo.
sure assessment bias ( 15/18)

Raij\yay: unimpt}rtant heterogeneity
between studies (/= = Ot; a )

Aircraft and road: substantial to consider-
able heterogeneity between studies
(65L/. g II $ 75(.'T. )

Same PECO
\Vide Cls
Symmetrical plots

Low quality
Dow'ngrade one level

Inconsistency Conflicting results: high /: Railway : no downgrade

Aircraft and road: downgrade
one le\el

Indirectnes:„;

Precision
Publication bias
Judgment after

don’ngrades
Dose–response

Direct comparison; same PECO
CIs contain 25q harm or benefit
Indicated by funnel plot

No downgrade
Downgrade one level
No downgrade
Aircraft. road, and railway

very low quality
Railway: no upgradeSignificant trend Aircraft: statistically significant trend for

falling asleep and combined estimate
Railway: not sjgnifIcant
Road: statistically significant trend for

awakenings, falling asleep and combined
estImate

OR <2 for all outcomes
Not observed

Aircraft and road: upgrade
one level

I\Ia£nitude of effect
Confounding adjusted

RR >2
Effect in spite of confounding

u orking tou'ard the null

No upgrade
No upgrade

Overall judgment Railway: very low quality
Aircraft and road: low quality

(criteria); OR. odds ratio: PECO. Patient/Note: –. not applicable; Cl. conlldence interval: GRADE, Grading of Recommendations, Assessment. Development. and Evaluations
Problem. Exposure. Comparison and Outcome (framework): RR. risk ratio: WHO. World Health Organization,

European. as were the majority of respondents across the studies
of aircraft noise.35'+1’+2-46 Although there was one study of air-
craft noise from Asia,3: and three from the United States,2t’':1'+5

these studies were small, with sample sizes ranging from n = 33
to /z = 559. European studies continue to be ovenepresented
(Figure S3). However, we found no statistically significant differ-
ences in sleep disturbance between European and non-European
studies. On one hand. this suggests that there are, in fact, no dif-
ferences in response between the two locations, that the degree of
sleep disturbance by noise is rather global in nature, and that
results of the present analyses are relevant outside of Europe.
Conversely, the point estimates were rather different between
study location for several sleep disturbance outcomes. This could
indicate underlying cultural differences in attitudes to noise and
perceived sleep disturbance that have not been captured in studies
to date. Future investigations outside of Europe may uncover

relevant international differences, as well as increasing confi-
dence that existing studies are representative of noise-induced
sleep disturbance among these undeHnvestigated regions

Considerations on Self-Reported Sleep Disturbance

Our overall findings of self-reported disturbance by noise should
be treated with some caution when considering noise-induced
effects on sleep. Sleep is, by its nature, an unconscious process,
meaning that its subjective evaluation is diffIcult. Accordingly,
there can be substantial differences between self-reported and
physiologically derived measures of sleep and noise-induced
sleep disturbance.77–79 Self-report may also suffer from recall
bias. particularly when questions relate to the preceding 12
months, as was typical for questions on sleep disturbance in most
studies included in our meta-analysis. It is likely that responses to
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Table 7. Summary of meta-analytic and evidence quality findings.

Sleep outcome Noise source Studies (n )“ Respondents (n )'' Quality of evidence
1 1 19, 488 Moderate

1 + 3 1 ,738 Moderate
8 1 0,8+6 Muderate
8 2.57 1 Low
7 38,380 Low
+ 4.326 Very low

Noise metric
OR per 10-dB

increase (95% CI )

Self-reported sleep disturbance in adults
Noise specified as source of disturbance

Aircraft
Road
Railway
Aircraft
Road
Railway

£nluht

Lnluht

I'nIght

Lnl£ht

Lnluhl

£nluht

2.18 (2.01. 2.36)
2.52 (2.28, 2.79)
2.97 (2.57, 3.43)
1.52 ( 1.20, 1.93)
1.14 ( 1.08. 1.21 )
1.17 (0.91, 1.+9)

Self-reported sleep disturbance in adults
Noise not specified as source of disturbance

Notc: ORs were calculatcd in logistic regression models with L,„,I„ included as the only fixed effect and study included as a random effect. restricted to the noise exposure range +t)–
65 dB L„,HhI. Xlodcls \vere run separately for each traftlc mode and for sleep questionnaire outcomes that did or did not mention noise. Data shown are for the combined estimates
calculated using average responses of the awakening. falling asleep. and sleep disturbance questit)ns within studies. L„,qh, , nighttinle ntlise; OR. odds ratitr.
“In the L„„!hI range 4(b65 dB ftrr which ORs were calculated.

questions on these timescales are driven by noise exposure in the
more recent past. However, self-reported sleep outcomes are
methodologically convenient and inexpensive to implement in
Held studies, meaning that we could perform the meta-analysis
with a number of studies and sample size that would not have
been possible if focusing on physiologic outcomes. As such, we
have higher confidence in the accuracy and representativenelis of
the analysis. A further advantage is that self-reported disturbance
is a valuable end point per se, considered by the WHO as a pri-
mary health outcome. By focusing our analysis on these out-
comes. the results may be useful in future estimates of the
disease burden of environmental noisext1 and recommendations
for njghttime noise limits,15 both of \which derive from self-
reported sleep disturbance. Finally, self-reported outcomes cap-
lure habitual sleep quality and disturbance. unlike physiologic
measurements that capture only acute effects within single nights.
It does, however, remain unclear how long-term self-reported
sleep disturbance by noise relates to overall health.

Future large-scale Held studies with objective measurements of
noise and sleep can offer mechanistic insights linking nocturnal
noise. sleep disruption, and epidemiological observations of the
development of cardiovascular and metabolic disease associated
with exposure to environmental noise in addition to the derivation
of exposure–response relationships.81 A better understanding of
the underlying pathophysiological pathways is especially valuable
when considering vulnerable populations who may be at increased
risk of disturbance. These vulnerable groups include the elderly,
who can suffer from age-related declines in sleep quantity and
qualityl<=; populations who may have already poor sleep quality,
such as people with mental health or sleep disorders8-3; and popula-
Lions with obesity, who are at increased risk of suffering from ob-
strut_ave sleep apnea, as well as having increased risk for
cardiometabolic diseases generally.E+'85 Infants, children. and
adolescents can also be considered as vulnerable groups because
of the importance of sleep of sufficient quality and duration forf
development.}

that would have resulted from including thIS study IS unclear
because the relevant sleep-disturbance questions were single
items that formed only part of the insomnia severity index (ISI)
Because only overall results from the ISI were published, we do
not know whether the relevant items were related to noise expo-
sure. or to what extent

A limitation of the meta-anajysjs was that many studies mod-
eled noise exposure at the most exposed fagade of the residence.
and thus noise levels specifically at the bedroom fagade are
unknown. This means there is probably some exposure misclassi-
fication. with lower noise levels if the bedroom faces away from
the noise source. This is more likejy for road and railway noise
than aircraft noise, with the latter source being less fixed in posi-
tion relative to the bedroom. This would. in effect. shift the expo-
sure–response curves to the left, leading to an increased
probability of disturbance at lower noise levels. given that noise
levels at the bedrooms are. on average. probably lower than
assuming they are all positioned at the most exposed fagade. This
was supported by two studies in the meta-analysis that found thaC
a lower proportion of respondents were highly sleep disturbed by
road traffic noise+6 or reported insomnia symptoms-*7 when the
bedroom faced away from the street. Furthermore. disturbance
was lower when the difference in noise level between the bed-
room and the most exposed fagade was greater.+6 A second limP
tation of the meta-analysis is that we did not adjust for potentially
relevant effect modifiers. We adopted this approach so that results
would be directly comparable to those in the WHO review, which
also did not include such adjustments.19 Sleep, and its disturb-
ance by noise, may differ depending on age, sex. socioeconomic
status. and preexisting sleep disorders. Further. sleep disturbance
is not unique to noise exposure and may arise from other environ-
mental stressors, including air pollution,88--') vibration ( from. for
instance, freight trains on railway lines),’1 light,92 and tempera-
Cure and humidity.93'94 Future studies should consider the conse-
quences of exposure to multiple stressors, and their interactions
on sleep.

Limitations Summary of Evidence

Our main objective was to update the WHO meta-analysis on
sleep disturbance by traffic noise with evidence published after
2015.19 The main findings and quality of evidence are summar-
ized in Table 7. There was a signiflcant probability of being
highly sleep disturbed by nocturnal noise from aircraft. road, and
railway noise when the disturbance question mentioned noise,
and the quality of evidence for these outcomes was moderate
Exposure–response curves were similar to the WHO review for
road and railway noise in our updated analysis, and we found an
increased probability of being highly sleep disturbed by aircraft
noise at high noise levels, Because of the number of studies pub-
lished since 2015, for the first time. we were able to generate ex-
posure–response relationships for sleep outcomes that did not

Data could not be obtained for two studies that were initially
deemed to be eligible for inclusion, it is unlikely that including
the study of road traffic noise+ would have substantially altered
the updated relationships because the sample size was low
(n = 225) compared with the overall sample size for all road traf:
nc studies (n = 31,738), Including the study of aircraft noise,-‘
however, may have altered the sleep outcomes where noise was
not mentioned for falling asleep, sleep disturbance, and the com-
bined estimate. Compared with sample sizes of n =4,379 for
questions on falling asleep and just n = 195 for sleep disturbance
questions that were included in our analysis, the omitted study
had a sample size of n = 2,831, which would have reflected a sub-
stantial proportion of the total data set. The change in effect size
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explicitly mention noise. Point estimates for these outcomes were
smaller than questions mentioning noise, and were often not stat-
istically signihcdnt, and the quality of evidence was graded
lower, from low to very low. Our findings do not suggest that the
recent WHO recommendations for njghttime noise need to be
revisited.15 although quantitative assessments of sleep disturb-
ance by aircraft noise at high exposure levels should consider the
implications of our analysis. We did not find signinc,mt indica-
dons of international differences in sleep disturbance by noise,
but future large-scale studies in non-European nations may neces-
sita£e a reevdluation of the evidence.
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The effects on sleep play a critical role in the long-term
health consequences of noise exposure
Mathias Basnerl'*’D and Michael G. Smith„D a0
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Sleep is a very dangerous state from an evolutionary perspective
as we are unconscious and it takes time to arouse from sleep and
reacl to threats in a meaningful way Thus, it is not surprising
thal our full sensory array continues to monitor our environment
during sleep. always ready to wake us up (although wiLh different
sensitjvjty depending on sleep stage). In fact. the multiple bHef
awakenings a healthy sleeper experiences during the night [1]
can be thought of as "t)def checks" into our sleep environlnent.
As a long-range sensor, the auditory system plays a critical role
in monitoring the environment during sleep. It analyzes not only
sound levels but also sound content during sleep [2]. The thal-
amus has a gating function, shielding the cortex from sensory
content deemed irrelevant, often associated with a K-complex in
the electroencephalogram [3]. We do habituate to noise. but still
react to individual noise events during sleep even after long expo-
sure periods (i.e. years), albeit with lower probabilities. Compared
Lo cortical arousals. autonomic arousals habituate to a much
lesser degree with likely implications for long-term health conse-
quences (see below) [4].

While the watchman function of the auditory system has

served us well on our evolutionary journey. it is less relevant in
modem societies where humans sleep in solid housing structures,
safe from predators. However, there is no way to switch off biol-
ogy that has evolved over millennia, Countless studies have une-
quivocally shown that exposure to traffic noise disturbs sleep and
impairs sleep recuperation, without posing any obvious threat [5,
6]. Sensitivity to noise-induced sleep disturbance varies substan-
tia11y inter-individually [7]. Interestingly, there seems to be a “sweet
spot” for the propensity to arouse Lo internal or external SLim-
uh, with mortaLLy increasing for both very low (e.g. more severe
oxygen desaturations in OSA patients?) and very high (e.g. higher
degree of noise-induced sleep disturbance?) propensities [81.

At the same time, numerous epidemiological studies have
demonstrated associations between environmental noise expo-
sure and long-term health consequences, including cardiovascu-
Jar disease [9], diabetes [10], cancer [11], and neurodegenerative
disease [12]. It is likely no coincidence that short or low-quality

sleep has been associated with the same disease endpoints.
Recent animal research suggests that intermittent noise expo-
sure during the night is Lhe culprit for the pathophysiologira1
changes that predispose to negative health consequences, while
continuous noise exposure or exposure during the day elicited
no or much smaller effects [13], The observed changes include
oxidative stress-induced vascular and brain damage, uncoupling
of endothelial and neuronal nitric oxide synthase, vascular/brain
inflltration with inflammatory cells, and changes in circadian
rhythms [14], which all provide biologic plausibility for the associ-
ations observed in epidemiological studies Endothelial dvsfunc-
tion was also found in human participants after a single night of
noise exposure [15], with stronger effects in patients with preex-
isting cardiovascular conditions [16], and partially mediated by
Vitamin C application indicating the involvement of reactive ov-
gen species in causing vascular dysfunction. Aircraft noise can
also trigger acuLe cardiac events durIng sleep which constitutes
another mechanism of how noise exposure can contribute Lo car-
diovascular mortaliEy [17].

In a Perspectives piece published in this issue of SLEEP [18],

Ellenbogen et al. discuss the effects of wind turbine noise on
sleep. and they do a remarkable job in making their te'’t acces-
sible to laypeople including engineers with limited knowledge
of sleep and sleep researchers with limited knowledge on sound
measurement and prediction. Noise is deflned as unwanted and/
or harmful sound [19], stressing that both sound perception and
the degree of control over the noise source can affect the reac-
tion to noise. It is thus no surprise that an emotional response to
noise mediated by the Amygdala likely plays a key role in major
adverse cardiovascular events [20]. The societal discourse aboul
noise is equally emotional, stressing the importance of noise-
effects research as a “fact-deliverer" that can inform political and
legislative decision-making. The latter is not an easy task and a
balancing act, as a noise source typically also generates benefits
for a group of individuals or society at large. For example, while
aircraft generate noise, airports and airlines also create jobs and
revenue. and for many it is very convenient to live close to an
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airport. Likewise, clean energy produced by wind turbines is criLi-
cal in the fighE against climate change.

Ellenbogen et al, [131 perform a narrative review of recent
studies on the effects of wind turbine noise on sleep and sug-
gest that “noise from wind turbines measured outside the res-
idence, up to 46 dBA (or modeled up to 49 dBA using the new
standard) , poses no rIsk to human sleep." One wonders how this
suggestion compares to existing ''offlcial" limit values? Limits
exist in many countries and provinces worldwide, for example,
37-44 dBA in Denmark. 45 dBA in Victoria, Australia, and 40-51
dBA in Ontario, Canada. These limits are often contingent on
wind speed, with limits allowing for higher noise levels at higher
speeds. and also the area in which wind turbines are sited, with
limits demanding lower norse levels in quiet rural areas and
areas which are primarily residential compared with more
industrial or urban locations. In the United States, however,
limits for wind turbine noise do not exist, at least not at the fed-
eral level. The Noise Control Act of 1972 (42 U.S.C. § 4901) is sup-
posed to protect Americans from noise that jeopardizes their
health and welfare. However, the OffIce of Noise Abatement and
Control at the Environmental Protection Agency was defunded
by the Reagan administration in 1982 and continues to be with-
out funding. Since then federal guidance in developing, fund-
ing, disseminating, and coordinating information about the
serious health impacts of noise has been imperceptible despite
a continued congressional mandate. This includes the mandate
to “conduct or flnance research [ . . . ] on the effecLs. measure-
ment, and control of noise, including but not limited to
investigation of the psychological and physiological effects of
noise on humans [ , . . ] and the determination of dose/response
relationships suitable for use in decision making, with special
emphasis on the nonauditory effects" (quoted from the Noise
Control Act). These dose/response relationships have mostly
been generated in Europe and Asia, although other U.S. federal
agencies have started to step in (e.g. [21]). Noise policy should
be reviewed on a regular basis, include a review of the current
literature and various stakeholders (i.e. those affected by noise,
those generating noise, health organizations, researchers, and
federal agencies), This is even more importanl as noise is also
a justice and equity issue, disproportionally burdening under-
sen/ed and low-income groups.

The importance of the environment for sleep quality cannot
be overstated. In addition to noise, other factors like tempera-
lure and air quality play important roles [22]. Studies that inform
health impact assessments are critically needed, but we also
need to better understand whether noise mitigation strategies
work. Noise reduction at the source is the best way of addressing
noise effects, but it is sometimes either technically infeasible or
too expensive.\Ne therefore need to understand whether simpler
and less expensive noise mitigation measures (e.g. sound insu-
lation, white noise [23], and earplugs) are effective in reducing
the effects of noise on sleep. Ellenbogen et al. [18] are to be com-
mended for communicating a complex issue to a lay audience,
sleep researchers, and engineers alike, and offering a limited
value for further discussion.
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