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Abstract: This systematic review assesses the quality of the evidence across individual studies on
the effect of environmental noise (road traffic, aircraft, and train and railway noise) on cognition.
Quantitative non-experimental studies of the association between environmental noise exposure
on child and adult cognitive performance published up to June 2015 were reviewed: no limit was
placed on the start date for the search. A total of 34 papers were identified, all of which were of child
populations. 82% of the papers were of cross-sectional design, with fewer studies of longitudinal
or intervention design. A range of cognitive outcomes were examined. The quality of the evidence
across the studies for each individual noise source and cognitive outcome was assessed using an
adaptation of GRADE methodology. This review found, given the predominance of cross-sectional
studies, that the quality of the evidence across studies ranged from being of moderate quality for
an effect for some outcomes, e.g., aircraft noise effects on reading comprehension and on long-term
memory, to no effect for other outcomes such as attention and executive function and for some noise
sources such as road traffic noise and railway noise. The GRADE evaluation of low quality evidence
across studies for some cognitive domains and for some noise sources does not necessarily mean that
there are no effects: rather, that more robust and a greater number of studies are required.

Keywords: road traffic noise; aircraft noise; railway noise; children; cognition; reading comprehension;
memory; attention

1. Introduction

Recent years have seen an increase in the strength of the evidence linking environmental noise
exposure, such as aircraft noise and road traffic noise, to health [1–3]. Evidence for effects on children’s
wellbeing and learning has also increased in the last decade [4–9]. The World Health Organization [10]
recently estimated that between 1 and 1.6 million healthy life years (Disability-Adjusted Life Years or
DALYs) are lost annually because of environmental noise exposure in high income western European
Countries. The World Health Organization estimated that each year 45,000 DALYs are lost due to
cognitive impairment in children [10]. The development of cognitive abilities such as reading are
important not only in terms of educational achievement but also for subsequent life chances and adult
health [11]. Children are often posited to be a group ‘vulnerable’ to the effects of noise [4,12] as this is
a time of rapid growth and cognitive development and children might have less developed coping
repertoires than adults to deal with environmental noise and less control over noise [4].

Whilst evidence has been increasing, the most influential guidelines for children’s environmental
noise exposure, the World Health Organization Guidelines for Community Noise were first published
in 1999 [13], prior to much of the available evidence. Focusing on children’s environmental noise
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exposure, the existing guidelines suggest that school playgrounds outdoors should not exceed 55 dB
LAeq during play to protect from annoyance and that school classrooms should not exceed 35 dB LAeq

during class to protect from speech intelligibility and, disturbance of information extraction. It should
however be noted, that 35 dB LAeq is a very low level of noise exposure, considered unachievable by
some stakeholders. These guidelines are currently being revised and updated by the World Health
Organization Regional Office for Europe (WHO Europe), specifically for the European Region, who
commissioned this systematic review of the evidence to inform their guideline development.

Several plausible pathways and mechanisms for the effects of noise on children’s cognition have
been put forward. It has been suggested that noise may directly affect children’s cognitive abilities such
as reading comprehension, but effects could also be accounted for by other mechanisms such as teacher
and pupil frustration [14]; learned helplessness (low motivation to learn resulting from lack of control
over one’s environment) [15]; and increased arousal which can impact task performance. Experimental
studies of acute exposure show negative effects on speech perception and listening comprehension [6].
Noise most likely interferes with the interactions between teachers and pupils: teachers may have to
stop teaching whilst noise events occur which may contribute to a reduction of morale and motivation
in teachers. Another pathway is impaired attention [14,16]. It has also been suggested that children
exposed to environmental noise at school may cope with noise exposure by ‘tuning out’ the noise: this
strategy may then be over-generalized resulting in poorer learning experiences [17]. Noise exposure
causes annoyance, which may lead to physiological and psychological stress responses in some
individuals: stress responses are associated with lower mood and performance. Where catchment
areas for schools are small, there is a strong correlation between home and school noise exposure [18]:
night-time noise might interfere with children’s sleep, which can cause low mood, fatigue and impaired
task performance the next day [19].

2. Materials and Methods

2.1. Scope of the Review

The review sought to identify original research papers of quantitative design, on the effect
of environmental noise on cognition published up to June 2015. No restriction on the start date
for the search was implemented. Search terms covering different sources of environmental noise
(aircraft, road traffic, railway, wind-turbine), different study designs (cross-sectional, longitudinal),
and different cognitive outcomes (reading, memory, attention) were included in database searches of
Medline/PubMed; Scopus (includes Embase); PsycInfo, Web of Science Database and ScienceDirect.
See Web Appendix in Appendix A for the complete list of search terms included. Experimental studies
were not included within the scope of the review, as the review focused on the long-term effects of
chronic environmental noise exposure on cognition, as opposed to effects of acute environmental noise
exposure in the laboratory. For a review of the experimental literature see Klatte et al. (2013) [6].

Several types of cognition were included in the search. Tests of reading and oral comprehension
assess various aspects of children’s ability to recognize and use words, literacy, and language. Tests
of memory included tests of long-term memory, which is responsible for storage of material for an
extended period and has unlimited capacity, and tests of short-term memory, which has a limited
capacity and is responsible for the storage of material for a short-time period of time without
manipulating it (e.g., verbally repeating a phone number). Tests of working memory and executive
function assess being able to keep information in the short-term memory and to manipulate or use it
immediately. Standardized assessment tests are used in educational settings to assess a child’s ability
in key skills such as English or Maths in relation to their peers or in relation to typical development.

2.2. Search Strategy

Quantitative papers in all languages were sought but due to time constraints, conference
proceedings were not additionally searched. The reference lists of identified papers were also checked
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for further relevant citations. Grey-literature, already known to the authors was also included in
the review.

2.3. Review Process

Papers were reviewed in two stages. First, all the titles and abstracts of the identified papers
were reviewed by two reviewers (CC, NS) separately to assess eligibility for inclusion in the review.
Second, the full text of eligible papers was retrieved and two reviewers (CC, KP) read the paper
and re-assessed eligibility for inclusion. At both stages, where there was disagreement between the
reviewers discussion was held until consensus reached.

2.4. Data Extraction

Data extraction was undertaken by two reviewers (CC, KP) identifying key features of the study
including design (e.g., cross-sectional, longitudinal, intervention), population/setting (e.g., children
or adults/home or school), exposure (source, range of exposure, comparison groups), confounding
(other factors adjusted for), outcome examined (e.g., which test and which cognitive skill), findings
(estimated effect on cognition per 1 dB increase in exposure, where possible) (see supplementary
tables). Data extraction tables were compared across the two reviewers and discussed where there was
disagreement until consensus was reached.

Each paper was subsequently assessed for the following types of bias:

1. Noise exposure assessment leading to information bias: evaluating whether the paper used
established noise metrics in dB; the time-frame of noise measurements, if applicable; quality of
noise modelling, if applicable.

2. Bias due to confounding: evaluating whether the study used matching or adjustment in the
analysis for potential confounding factors, such as socioeconomic status, which can influence
both noise exposure and cognitive performance.

3. Bias due to selection of participants: whether participants are randomly sampled from a known
population and whether the response rate was higher than 60%. Consideration of bias associated
with drop out for longitudinal studies.

4. Outcome assessment leading to information bias I: whether the cognitive test is objectively
measured using a known scale or validated measure.

5. Outcome assessment leading to information bias II: whether the assessment is blinded for
exposure information in cohort.

Bias was also considered present for each aspect noted above, if this information was omitted
from the paper.

2.5. Evaluating the Quality of the Evidence

The study design and methods used within each cognitive ability domain varied widely in terms
of noise exposure (and how defined) and in terms of which test of cognition had been employed and
how effects had been estimated. For these reasons, this is a narrative systematic review, rather than a
systematic review including meta-analyses. Unfortunately, the studies are not uniform in how they
define exposure or in how they measure specific cognitive abilities to enable meta-analyses within
each cognitive ability domain.

In order to assess the quality of the evidence for each health outcome required for appropriate
recommendations, we used the GRADE methodology which ranks the quality of evidence as high,
moderate, low, or very low [20]. GRADE is the methodology recommended by the WHO Handbook
for Guideline Development [21]. This review adapted the GRADE methodology, which traditionally
assigns high quality evidence only to evidence from studies of a randomized control study design:
this is inappropriate for this field where the authors felt that studies of a longitudinal design should be
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assigned the highest quality of evidence available. Where only cross-sectional studies were available
the evidence was initially judged as being of low quality.

The GRADE methodology allows for these initial evidence ratings to be further upgraded or
downgraded according to specific criteria [21]. Upgrades can be made based on the availability of
evidence for an exposure-response relationship between noise and cognition; the magnitude of the
relative risk being >2; or there being evidence for an effect in spite of confounding working towards
the null. Downgrades can be made based on most of the studies being of low quality (study design);
inconsistent findings between studies (inconsistency); studies not comparing the same outcomes
(indirectness); effect estimate confidence interval containing 25% harm or benefit (precision); or
publication bias, as assessed by a funnel plot. Unfortunately it is not possible to assess precision and
publication bias when undertaking a narrative review.

3. Results

3.1. Papers Identified

In total, 1006 citations were identified from a search of the databases. Following this systematic
process of searching for papers, the authors felt that some key older papers from the field had not
been retrieved by the database searches and added a further 26 papers to the data extraction process.
These papers were identified from reference lists of existing narrative reviews and were papers
identified by the authors undertaking the review, relating to older or very recent studies and reports in
the field. The authors have published previous narrative reviews of the field [1–4,22] so were familiar
with the existing literature. It is thought that the database searches missed some of these papers as
they were older or because they were reports not published in peer-reviewed journals. After removing
duplicates, 1012 papers were identified from the database search and the additional papers. Screening
of the citations identified 77 that were potentially relevant, of which 34 were included and 43 were
excluded after full text retrieval. Reasons for exclusions included that the study did not measure noise
exposure or cognition, that it was a review paper, or an experimental study. This led to a total of
34 primary research papers for inclusion in the review (see Figure 1).
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3.2. Summary of Papers

Table 1 summarizes the key features of the papers identified in terms of study design, noise
exposure characterization, and cognitive outcomes. The majority of the studies were of cross-sectional
design (82%); there were far fewer studies of more robust quantitative design such as longitudinal
studies (21%) and intervention studies (15%). All of the studies were of children, with most studies
sampling in mid-childhood (aged 8–12 years).

Most studies examined aircraft noise exposure (74%), with a further 11 studies examining road
traffic noise exposure (32%). Few studies examined rail noise or ambient or background noise exposure,
and there were few studies of noise and co-occurring air pollution exposure. The majority of studies
focused on noise exposure in the school environment (88%), as opposed to the home environment
(35%), using annual average noise exposure metrics (LAeq− 79% or Ldn 12%). Few studies examined
other metrics such as LAmax.

A range of cognitive abilities had been examined. The most commonly reported were tests of
reading and oral comprehension as assessed by direct testing (41%) or Standardised Achievement Test
(SATs) data (38%). Studies had also assessed short-term and long-term memory (35%); attention (38%);
and working memory/executive function (26%).

Table 1. Summary of key features of studies on cognition.

Number of Papers Out of 34 % of Papers Out of 34

Noise Exposure
Road noise 11 32
Aircraft noise 25 74
Rail noise 3 9
Combined or ambient noise 3 9
Co-exposures, e.g., air pollution 2 6

Noise Metric
LAeq 27 79
Ldn 4 12
% time above 3 9
LAmax or no of events above LAmax 7 21

Study Design
Cross-sectional 28 82
Longitudinal 7 21
Intervention 5 15

Setting
School 30 88
Home 12 35

Population
Children 34 100
Adults 0 0

Outcome
Reading and oral comprehension 14 41
Short-term and long-term memory 12 35
Attention 13 38
Impairment assessed through standardized assessments
such as SATs 13 38

Executive function deficit (working memory capacity,
reasoning, task flexibility, problem solving) 9 26

Most of the studies took adequate account of sociodemographic confounding between noise
exposure and cognitive performance, but it should be borne in mind that older studies from the 1970s
and 1980s are considerably less likely to have taken socioeconomic confounding into account. Also, the
studies included in this review, are not always independent: for example, there are several publications
of the RANCH data, making use of the same data, but examining noise exposure at different times of
the day or making further adjustments for air pollution or examining sub-samples.
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3.3. Evaluating the Quality of the Evidence

The following sections summarize the quality of the evidence for environmental noise effects
on reading and oral comprehension, impairment assessed through standardized assessments such as
SATs, short-term and long-term memory, attention, and executive function deficit (working memory,
capacity etc.). The GRADE methodology is used to assess the quality of the evidence across the
evidence base for each environmental noise source and outcome. Initially, each individual study
is assessed for several types of bias associated with the study design; noise exposure assessment;
confounding/adjustment; selection of participants; and the outcome assessment. GRADE then reviews
the number of studies in the field; the findings for different noise sources; the consistency of findings
across studies; the study design (e.g., whether there is longitudinal evidence or intervention evidence
versus cross-sectional evidence); whether there is evidence for exposure-response relationships
between noise exposure and the cognitive outcome; and the presence of bias in the available evidence.
The GRADE methodology is used to assess the quality of the evidence across the available evidence
base for each environmental noise source and cognitive outcome. It is important to note that all
studies are individually assessed for the risk of bias and then evaluated using the GRADE system
for the quality of evidence; the GRADE assessment is, thus, based on the assessment across the
studies/evidence base available for the specific noise source and outcome [21]. An overview of the
ratings for the quality of the evidence for the different cognitive domains is given in Table 2.

3.4. Tests of Reading and Oral Comprehension

We identified 14 studies of noise effects on tests of reading and oral comprehension [18,23–35].
Of the studies identified, 11 were cross-sectional, with only four longitudinal [27,29,30,32] and Two
interventions studies identified [30,32] both of which examined the relocation and/or opening of a
new airport. Most studies comprised European, North American and African children, usually aged
8–12 years. The detailed data extraction for each of these studies is given in Supplementary Table S1
organised by study design.

Due to differences in language across countries, the studies often use different tests of reading
comprehension, albeit, usually nationally standardised tests within each country. Several English
speaking countries have employed the same test of reading comprehension—the Suffolk Reading Scale,
which has been used by the UK sample of the RANCH study [18], as well as in South Africa [32,33],
and in other UK studies [23,24,31].

The majority of studies were of aircraft noise exposure (n = 14), with only two papers examining
the effects of road traffic noise (this is the same study reported in two papers) and no studies examining
the effects of railway noise.

The GRADE evaluation of these papers is given in Table 3. The risk of bias was judged to be low
in these individual studies. Whilst the evidence was predominantly from studies of cross-sectional
design, with few intervention or longitudinal studies, noise exposure assessment was based upon
long-term measurement data using established metrics, airport contour data, or good quality noise
modeling. Studies made good adjustment for socioeconomic and other confounders and participants
were are usually identified by the random selection of schools within a geographical area, with good
response rates. Reading or oral comprehension was assessed using standardized and established tests.
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Table 2. Summary of quality of the evidence and assessment of effect for environmental noise effects on cognition.

Environmental Noise Exposure

Cognitive Domain Aircraft Noise: Quality of Evidence &
Assessment of Effect

Road Traffic Noise: Quality of
Evidence & Assessment of Effect

Railway Noise: Quality of Evidence &
Assessment of Effect

Reading and oral comprehension Moderate quality—harmful effect Very low quality—no effect n.a.
Standardized assessment tests Moderate quality—harmful effect Very low quality—harmful effect Moderate quality—harmful effect

Long-term and short-term memory Moderate quality—harmful effect Very low quality—harmful effect Very low quality—harmful effect
Attention Low quality—no effect Very low quality—no effect Very low quality—no effect

Executive function Very low quality—no effect Low quality—no effect n.a.

n.a. no studies available to evaluate.

Table 3. GRADE for the quality of evidence of environmental noise being associated with reading and oral comprehension.

Aircraft Noise (14 Studies) Road Traffic Noise (2 Studies)

Domains Criterion Assessment Downgrading Criterion Assessment Downgrading

Start Level Longitudinal or
Intervention 4 Longitudinal Studies High Quality Cross-Sectional Low Quality

1. Study Design Majority of studies with low
risk of bias Low risk of bias No downgrade Majority of studies

low quality Low risk of bias No downgrade

2. Inconsistency Conflicting results; high I2 Inconsistent evidence; I2

not assessed
Downgrade Conflicting results;

high I2
Unable to assess

consistency Downgrade

3. Indirectness Direct comparison;
same PECCO

Did not make indirect
comparison No downgrade Direct comparison;

same PECCO
Did not make indirect

comparison No downgrade

4. Precision Confidence interval contains
25% harm or benefit

Unable to rate for
narrative review No downgrade

Confidence interval
contains 25% harm

or benefit

Unable to rate for
narrative review No downgrade

5. Publication Bias Funnel plot indicates Suspected but unable to
rate for narrative review No downgrade Funnel plot indicates

Suspected but unable
to rate for

narrative review
No downgrade

Overall Judgement Moderate Quality Very low Quality

6. Dose-response Significant trend Yes No upgrade Significant trend Yes No upgrade

7. Magnitude of effect RR > 2 Not assessed No upgrade RR > 2 Not assessed No upgrade

8. Confounding adjusted Effect in spite of confounding
working towards the nil

Good control for
confounding No upgrade

Effect in spite of
confounding working

towards the nil

Good control for
confounding No upgrade

Overall Judgement Moderate quality Very low quality
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3.4.1. Aircraft Noise Exposure

There were 14 studies that examined aircraft noise exposure effects on reading and oral
comprehension [18,23–35]; 11 were cross-sectional, four were longitudinal, and two were intervention
studies (relocation or opening of a new airport). Of these 14 studies, 10 demonstrate a
statistically significant association between higher aircraft noise exposure and poorer reading
comprehension [18,24–26,28–30,33–35]. Two further studies suggest a trend for aircraft noise exposure
to influence reading comprehension [23,27]. Two studies found no statistically significant association
between aircraft noise exposure and reading comprehension [31,32]. Only one study has demonstrated
exposure-response relationships for aircraft noise exposure [18].

Applying the GRADE framework to assess the quality of evidence across the available studies of
aircraft noise on reading and oral comprehension (Table 3), we considered longitudinal or intervention
studies the ideal study design. We downgraded the evidence to moderate evidence based on some
inconsistency in findings across studies. We therefore concluded that there was moderate quality
evidence regarding an effect of aircraft noise on reading and oral comprehension.

3.4.2. Road Traffic Noise Exposure

Two publications of the same study [18,26] of road traffic noise and tests of reading and oral
comprehension were identified. No longitudinal or intervention studies were identified. There is no
evidence from these cross-sectional studies that road noise exposure is associated with children having
poorer performance on tests of reading and oral comprehension.

For the quality of evidence across the studies of road traffic noise and reading and oral
comprehension, adapting the GRADE approach, we considered longitudinal or intervention studies
the ideal study design. We therefore initially judged the evidence to be of low quality based on the lack
of longitudinal and intervention studies, as the only studies available were cross-sectional (Table 4).
This was further downgraded to very low quality as we were unable to assess consistency across
different studies. We found no reason to further upgrade the evidence and therefore concluded that
there was very low quality evidence for no substantial effect of road traffic noise on reading and
oral comprehension.

3.4.3. Railway Noise Exposure

We were unable to assess the evidence using the GRADE approach, as no studies of railway noise
exposure on tests of reading and oral comprehension were identified.

3.5. Impairment Assessed through Standardized Assessments (SATs)

We identified 13 studies of noise effects on impairment assessed through standardized assessments
such as SATs [16,36–46]. The studies were of European and North American samples, and covered
a range of ages from early- and mid-childhood to adolescence. See Supplementary Table S2 for the
detailed data extraction for each of these papers. The studies examined a range of noise exposures:
seven were of aircraft noise exposure; four were of road traffic noise; and two were of railway noise.
The results of the GRADE evaluation in terms of the overall quality of evidence is given in Table 4.

The risk of bias in these individual studies was judged to be high. Whilst noise exposure
assessment, selection of participants and outcome assessment were judged to be of good quality, bias
due to confounding is likely due to the study design. Whilst, the studies either match samples or
make adjustment for socioeconomic and other confounders, these confounders are from data at the
school-level, not the individual-level, meaning that residual confounding by socioeconomic factors may
remain. Further, some of the older studies, from the 1970s, fail to make any or adequate adjustment
for confounding.
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Table 4. GRADE for the quality of evidence of environmental noise associated with standardized assessment tests.

Aircraft Noise (7 Studies) Road Traffic Noise (4 Studies) Railway Noise (2 Studies)

Domains Criterion Assessment Downgrading Criterion Assessment Downgrading Criterion Assessment Downgrading

Start Level Intervention/Longitudinal 2 Longitudinal
Studies High Quality Cross-Sectional Low Quality Intervention 1 Longitudinal

Study High Quality

1. Study Design Majority of studies with
low risk of bias High risk of bias Downgrade

Majority of
studies low

quality
High risk of bias Downgrade

Majority of
studies low

quality
High risk of bias Downgrade

2. Inconsistency Conflicting results; high I2
Consistent

evidence; I2 not
assessed

No downgrade Conflicting
results; high I2

Consistent
evidence; I2 not

assessed
No downgrade Conflicting

results; high I2

Consistent
evidence; I2 not

assessed
No downgrade

3. Indirectness Direct comparison; same
PECCO

Did not make
indirect

comparison
No downgrade

Direct
comparison; same

PECCO

Did not make
indirect

comparison
No downgrade

Direct
comparison; same

PECCO

Did not make
indirect

comparison
No downgrade

4. Precision
Confidence interval

contains 25% harm or
benefit

Unable to rate for
narrative review No downgrade

Confidence
interval contains

25% harm or
benefit

Unable to rate for
narrative review No downgrade

Confidence
interval contains

25% harm or
benefit

Unable to rate for
narrative review No downgrade

5. Publication Bias Funnel plot indicates
Suspected but

unable to rate for
narrative review

No downgrade Funnel plot
indicates

Suspected but
unable to rate for
narrative review

No downgrade Funnel plot
indicates

Suspected but
unable to rate for
narrative review

No downgrade

Overall Judgement Moderate quality Very Low quality Moderate quality

6. Dose-response Significant trend Not assessed No upgrade Significant trend Not assessed No upgrade Significant trend Not assessed No upgrade

7. Magnitude of effect RR > 2 Not assessed No upgrade RR > 2 Not assessed No upgrade RR > 2 Not assessed No upgrade

8. Confounding
adjusted

Effect in spite of
confounding working

towards the nil

Omits control for
individual level
socioeconomic
confounding

No upgrade

Effect in spite of
confounding

working towards
the nil

Omits control for
individual level
socioeconomic
confounding

No upgrade

Effect in spite of
confounding

working towards
the nil

Omits control for
individual level
socioeconomic
confounding

No upgrade

Overall Judgement Moderate quality Low quality Moderate quality
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3.5.1. Aircraft Noise Exposure

We identified seven studies of aircraft noise exposure and national standardized test scores (SATs),
of which three were intervention studies [39,40,43] of sound insulation or airport relocation, two were
longitudinal [17,38] and two were cross-sectional [42,46]. Of these seven studies, four studies suggest
a significant association between higher aircraft noise at school and poorer SATs scores [39,40,42,43],
and three studies suggest no significant association between higher aircraft noise exposure at school
and SATs scores [17,38,46]. Two studies, of the same data, provide equivocal evidence, with evidence
for a negative association, for no association, and for a positive association between higher aircraft
noise exposure and SATs scores all demonstrated within the same study [39,40]: these findings may be
explained by the small sample and low power in this study. The two intervention studies both suggest
that sound insulation is associated with an improvement in SATs scores [39,40,43].

For the quality of evidence across the available studies of aircraft noise effects on standardized
assessment tests, adapting the GRADE approach, we considered longitudinal or intervention studies
the ideal study design and designated such evidence as high quality (Table 4). However, this was
downgraded to moderate quality, due to the rating of high risk of bias associated with residual
socioeconomic confounding. We therefore concluded that there was moderate quality evidence for an
effect of aircraft noise on standardized assessment tests.

3.5.2. Road Traffic Noise Exposure

We identified four cross-sectional studies of road traffic noise exposure and national standardized
test scores (SATs) [16,41,44,45]. No studies were intervention or longitudinal studies. All four studies
suggest associations between road traffic noise exposure at school or at home and performance on
SATs. One study, included assessments of both external and internal road traffic noise exposure in the
classroom, finding associations of external and internal road traffic noise in relation to national test
scores for primary school children aged 7–11 years, even after adjustment for socioeconomic status [41].
The study also found the strongest associations for test scores was with LAmax metrics for road traffic
noise, which suggests that individual noise events may be important.

For the quality of evidence across the available studies of road traffic noise effects on standardized
assessment tests, as we only had evidence from cross-sectional studies, we started with a rating of
low quality evidence (Table 4). This was downgraded to very low quality based on potential bias
associated with residual confounding by socioeconomic status at the individual level. We therefore
concluded that there was very low quality evidence for an effect of road traffic noise on standardized
assessment tests.

3.5.3. Railway Noise Exposure

We identified two studies which examined the association between railway noise exposure and
SATs scores [36,37]: one of these was an intervention study of sound insulation [36]: and one was a
cross-sectional study [37]. Both studies suggest an association of railway noise exposure at school on
SATs scores, with the intervention study suggesting that the effect disappeared once noise abatement
work had been undertaken.

For the quality of evidence across the available studies of railway noise effects on standardized
assessment tests, we evidence from one intervention study, we would designate the start level for
this evidence as high quality (Table 4). As there was a high risk of bias across the individual studies
associated with residual socioeconomic confounding, we downgraded this rating to moderate quality
evidence. We therefore concluded that there was moderate quality evidence for an effect of railway
noise on standardized assessment tests.
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3.6. Short-Term and Long-Term (Episodic) Memory

We identified 12 studies of noise effects on tests of short-term and long-term (episodic)
memory [23–26,28,30,31,35,47–50]. The studies were of European and North American samples.
11 studies were cross-sectional. Only one study was longitudinal and of an intervention of an airport
closure/relocation [30]. Most studies examine long-term (episodic) memory, with a range of different
outcome measures being used across the studies. These tests not only often differ between studies but
can also differ in terms of what specific aspect of memory was being assessed. Many studies focus
on children’s recall of material presented via stories: such tests of memory assess either intentional
memory—where the child is informed that they will be tested on the content of the story (e.g.,
recognition memory, information recall), or incidental memory—where the child is unaware that they
will later be subsequently tested on the material [48]. The studies examined a range of noise exposures
including aircraft noise exposure, road traffic noise and railway noise. The data extraction for these
studies is in Supplementary Table S3. The GRADE evaluation of these papers is given in Table 5.

The risk of bias was judged to be low for these individual studies. Whilst the evidence was
predominantly cross-sectional, with few intervention or longitudinal studies, noise exposure was
based on long-term measurement data using established metrics, airport contour data, or good quality
noise modeling, the studies made good adjustment for socioeconomic confounding, and were selected
randomly from schools or homes within a geographical area, with good response rates. Established,
age-appropriate tests of memory had been employed.

3.6.1. Aircraft Noise Exposure

We identified 11 studies that examined the association of aircraft noise exposure on children’s
long-term or short-term memory [23–26,28,30,31,35,47–50]. Only one study was of an intervention and
was longitudinal [30] assessing airport closure/relocation. Of these 11 studies, six found an association
of aircraft noise exposure on children’s memory [23,25,26,28,30,49], whilst five studies found no
statistically significant association [24,31,35,47,50]. Of the five studies finding an association, only one
was an intervention and longitudinal study [30]. Several of these studies analyzed the RANCH project
data [25,26,28,49], finding significant associations for some types of long-term memory tasks but not
demonstrating statistically significant associations uniformly across different memory tasks.

For the quality of the evidence available across the studies of aircraft noise effects on long-term
and short-term memory, having identified one intervention study, we started by designating the
evidence as high quality (Table 5). The evidence was downgraded to moderate quality considering the
inconsistent findings across the studies. We found no reason to upgrade the evidence. We therefore
concluded that there was moderate quality evidence for an effect of aircraft noise on long-term and
short-term memory.

3.6.2. Road Traffic Noise Exposure

We identified five cross-sectional studies reported on associations between road traffic noise
exposure and children’s long-term memory [26,28,47,49,50]. These studies all report on the RANCH
study data. Three of these five studies suggest no association between road traffic noise exposure and
children’s long-term memory [28,47,50]: the other two suggest no associations for some long-term
memory outcomes, but positive associations for some long-term memory outcomes [26,49].

For the quality of the evidence available across the studies of road traffic noise effects on long-term
and short-term memory, as only cross-sectional evidence was identified, the evidence was designated
low quality (Table 5). The evidence was downgraded further to very low quality considering the
inconsistent findings. We found no reasons to upgrade the evidence. We therefore concluded that there
was very low quality evidence for an effect of road traffic noise on long-term and short-term memory.
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Table 5. GRADE for the quality of evidence of environmental noise being associated with short-term and long-term memory.

Aircraft Noise (11 Studies) Road Traffic Noise (5 Studies) Railway Noise (1 Study)

Domains Criterion Assessment Downgrading Criterion Assessment Downgrading Criterion Assessment Downgrading

Start Level Intervention/Longitudinal 1 Longitudinal
Study High Quality Cross-Sectional Low Quality Cross-Sectional Low Quality

1. Study Design Majority of studies with
low risk of bias Low risk of bias No downgrade

Majority of
studies low

quality
Low risk of bias No downgrade

Majority of
studies low

quality
Low risk of bias No downgrade

2. Inconsistency Conflicting results; high I2 I2 not assessed Downgrade Conflicting
results; high I2

Inconsistent
evidence; I2 not

assessed
Downgrade Conflicting

results; high I2 I2 not assessed Downgrade

3. Indirectness Direct comparison; same
PECCO

Did not make
indirect

comparison
No downgrade

Direct
comparison; same

PECCO

Did not make
indirect

comparison
No downgrade

Direct
comparison; same

PECCO

Did not make
indirect

comparison
No downgrade

4. Precision
Confidence interval

contains 25% harm or
benefit

Unable to rate for
narrative review No downgrade

Confidence
interval contains

25% harm or
benefit

Unable to rate for
narrative review No downgrade

Confidence
interval contains

25% harm or
benefit

Unable to rate for
narrative review No downgrade

5. Publication Bias Funnel plot indicates
Suspected but

unable to rate for
narrative review

No downgrade Funnel plot
indicates

Suspected but
unable to rate for
narrative review

No downgrade Funnel plot
indicates

Suspected but
unable to rate for
narrative review

No downgrade

Overall Judgement Moderate quality Very low quality Very low quality

6. Dose-response Significant trend

Assessed in some
studies but
inconsistent

findings

No upgrade Significant trend

Assessed in some
studies but
inconsistent

findings

No upgrade Significant trend

Assessed in some
studies but
inconsistent

findings

No upgrade

7. Magnitude of effect RR > 2 Not assessed No upgrade RR > 2 Not assessed No upgrade RR > 2 Not assessed No upgrade

8. Confounding
adjusted

Effect in spite of
confounding working

towards the nil
Fine No upgrade

Effect in spite of
confounding

working towards
the nil

Fine No upgrade

Effect in spite of
confounding

working towards
the nil

Fine No upgrade

Overall Judgement Moderate quality Very low quality Very low quality



Int. J. Environ. Res. Public Health 2018, 15, 285 13 of 23

3.6.3. Railway Noise Exposure

One cross-sectional study reported on railway noise exposure associations with children’s
long-term memory [48]: this study suggested a significant association of railway noise with long-term
memory performance.

For the quality of the evidence available across the studies of railway noise effects on long-term
and short-term memory, one cross-sectional study was identified so the evidence was graded as low
quality (Table 5). This rating was downgraded to very low quality evidence since we cannot assess
consistency of findings, as there is only one study. No further reasons to downgrade or upgrade the
evidence were identified. However, this conclusion should be tempered by the fact that it is drawn
from the findings of only one study. We therefore concluded that there was very low quality evidence
for an effect of railway noise on long-term and short-term memory.

3.7. Attention

We identified 13 studies which examined the association of environmental noise exposure on
tests of attention [16,17,24–26,29–31,38,47,48,50]. One of these studies was an intervention study
of airport closure/relocation [30] but the majority were cross-sectional studies. The studies were
predominantly of children in mid-childhood (8–11 years). The studies use a range of different tests of
attention. The majority of studies assessed aircraft noise (n = 10), with only five studies examining
road traffic noise and one study examining railway noise. Supplementary Table S4 gives the detailed
data extraction for these studies. The results of the GRADE evaluation in terms of the overall quality
of evidence is given in Table 6.

The risk of bias was judged to be high for some of these individual studies for aircraft and
road traffic noise: these were older studies that did not adjust for confounding and potentially had
information bias associated with noise assessment. The risk of bias was rated as low for railway
noise, where only one more recent study was available. Whilst the evidence was predominantly
cross-sectional, noise exposure was based on long-term measurement data using established metrics,
airport contour data, or good quality noise modeling, the studies made good adjustment for
socioeconomic confounding, and were selected randomly from schools or homes within a geographical
area, with good response rates. Established, age-appropriate tests of attention had been employed.
However, bias was judged to be high for aircraft and road traffic noise studies given potential
information assessment leading to bias. Further, many of the studies, which compare a ‘high’ exposure
with a ‘low’ exposure group, use different thresholds, so ‘high’ noise exposure in the studies covers a
range of different exposures.

3.7.1. Aircraft Noise Exposure

We identified 10 studies which examined associations of aircraft noise exposure with
tests of attention [17,24–26,29–31,38,47,50]. There was one intervention study of an airport
closure/relocation [30] and two longitudinal studies [29,30]: leaving eight cross-sectional studies.
Of these 10 studies, five, including one longitudinal study, found a statistically significant association
between aircraft noise exposure and tests of attention [17,29,38,47,50], whilst five studies, including
the only intervention study, found no statistically significant association between aircraft noise and
attention [24–26,30,31].

For the quality of the evidence available across the studies of aircraft noise effects on attention,
given the evidence from longitudinal or intervention studies, the evidence was initially designated as
high quality (Table 6). This was downgraded to low quality evidence given the inconsistent findings
across the studies. We therefore concluded that there was low quality evidence for no substantial effect
of aircraft noise on attention.
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Table 6. GRADE for the quality of evidence of environmental noise being associated with attention.

Aircraft Noise (10 Studies) Road Traffic Noise (5 Studies) Railway Noise (1 Study)

Domains Criterion Assessment Downgrading Criterion Assessment Downgrading Criterion Assessment Downgrading

Start Level Longitudinal/Intervention
1 Intervention and

2 Longitudinal
Studies

High Quality Cross-Sectional Low Quality Cross-Sectional Low Quality

1. Study Design Majority of studies with
low risk of bias High risk of bias Downgrade

Majority of
studies low

quality
High risk of bias Downgrade

Majority of
studies low

quality
Low risk of bias No downgrade

2. Inconsistency Conflicting results; high I2
Inconsistent

evidence; I2 not
assessed

Downgrade Conflicting
results; high I2

Inconsistent
evidence; I2 not

assessed
Downgrade Conflicting

results; high I2 I2 not assessed Downgrade

3. Indirectness Direct comparison; same
PECCO Indirect comparison No downgrade

Direct
comparison; same

PECCO

Indirect
comparison No downgrade

Direct
comparison; same

PECCO

Did not make
indirect

comparison
No downgrade

4. Precision
Confidence interval

contains 25% harm or
benefit

Unable to rate for
narrative review No downgrade

Confidence
interval contains

25% harm or
benefit

Unable to rate for
narrative review No downgrade

Confidence
interval contains

25% harm or
benefit

Unable to rate for
narrative review No downgrade

5. Publication Bias Funnel plot indicates
Suspected but

unable to rate for
narrative review

No downgrade Funnel plot
indicates

Suspected but
unable to rate for
narrative review

No downgrade Funnel plot
indicates

Suspected but
unable to rate for
narrative review

No downgrade

Overall Judgement Low Quality Very low Quality Very low quality

6. Dose-response Significant trend
Examined in

limited number of
studies

No upgrade Significant trend
Examined in

limited number of
studies

No upgrade Significant trend

Assessed in some
studies but
inconsistent

findings

No upgrade

7. Magnitude of effect RR > 2 Not assessed No upgrade RR > 2 Not assessed No upgrade RR > 2 Not assessed No upgrade

8. Confounding
adjusted

Effect in spite of
confounding working

towards the nil
Fine No upgrade

Effect in spite of
confounding

working towards
the nil

Fine No upgrade

Effect in spite of
confounding

working towards
the nil

Fine No upgrade

Overall Judgement Low quality Very low quality Very low quality
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3.7.2. Road Traffic Noise Exposure

We identified five studies that examined the association of road traffic noise exposure with tests
of attention [16,26,47,50,51]. All of these studies were cross-sectional. Of these five studies, two studies
found a statistically significant association between road traffic noise exposure and attention, albeit on
the same data [47,50]; one study found mixed evidence for an association (one assessment showed
an association, whilst another assessment did not) [51]; two studies found no statistical association
between road traffic noise and attention [16,26].

For the quality of the evidence available across the studies of road traffic noise effects on attention,
as only cross-sectional evidence was available, the evidence was initially designated as low quality
(Table 6). This was further downgraded to very low quality evidence given the inconsistent findings
across the studies. We therefore concluded that there was very low quality evidence for no substantial
effect of road traffic noise on attention.

3.7.3. Railway Noise Exposure

We identified one cross-sectional study that reported on railway noise exposure associations with
children’s attention [48]. Examining modest levels of ambient community noise (mainly train and rail
noise) this study found no difference in 9–10 years old children’s performance on a visual search test
of attention for children exposed to noise levels above 60 dBA, compared with children exposed to
ambient noise levels below 50 dBA [48].

For the quality of the evidence available across the studies of railway noise effects on attention,
as only one cross-sectional study was identified, the evidence was initially designated as low quality
(Table 6). This was further downgraded to very low quality evidence as consistency in results cannot
be assessed. No reasons to upgrade the evidence were identified. However, this conclusion should be
tempered by the fact that it is drawn from the findings of only one study. We therefore concluded that
there was very low quality evidence for no substantial effect of railway traffic noise on attention.

3.8. Executive Function Deficit (Working Memory Capacity)

We identified nine studies that examined the association of environmental noise exposure on
tests of executive function deficit [23–26,28,35,47,49,50]. These studies mainly use tests of working
memory. All the studies were cross-sectional. The studies used a range of different tests of executive
function—mainly assessing working memory function.

All nine studies examined aircraft noise exposure, with five of these studies also examining road
traffic noise (albeit, all using the same data) [26,28,47,49,50]. No studies were identified of railway noise
exposure. Supplementary Table S5 gives the detailed data extraction for these studies. The GRADE
evaluation of these studies is in Table 7.

Despite there being no intervention or longitudinal studies, noise characterization was based
on long-term measurement or modeling, with sample selection and adjustment for socioeconomic
confounding. Age appropriate, established tests of executive function were used. However, noise
characterization was more problematic for the aircraft studies, as the studies used different thresholds
to define ‘high’ aircraft noise exposure.

3.8.1. Aircraft Noise Exposure

Of the nine cross-sectional studies examining the association of aircraft noise exposure on tests of
executive function deficit none report a significant association [23–26,28,35,47,49,50].

For the quality of the evidence available across the studies of aircraft noise effects on executive
funding, we considered longitudinal or intervention studies the ideal study design and would
designate such evidence as high quality. However, only cross-sectional studies were available, so the
start point for the GRADE evaluation was low quality evidence (Table 7).
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Table 7. GRADE for the quality of evidence of environmental noise being associated with executive function.

Aircraft Noise (9 Studies) Road Traffic Noise (5 Studies)

Domains Criterion Assessment Downgrading Criterion Assessment Downgrading

Start Level Cross-Sectional Low Quality Cross-Sectional Low Quality

1. Study Design Majority of studies with low
risk of bias Low risk of bias No downgrade Majority of studies

low quality Low risk of bias No downgrade

2. Inconsistency Conflicting results; high I2 Consistent; I2 not assessed Downgrade Conflicting results; high I2 Consistent; I2 not
assessed

No downgrade

3. Indirectness Direct comparison;
same PECCO Indirect comparison No downgrade Direct comparison;

same PECCO Indirect comparison No downgrade

4. Precision Confidence interval contains
25% harm or benefit

Unable to rate for
narrative review No downgrade Confidence interval contains

25% harm or benefit
Unable to rate for
narrative review No downgrade

5. Publication Bias Funnel plot indicates Suspected but unable to
rate for narrative review No downgrade Funnel plot indicates

Suspected but unable
to rate for

narrative review
No downgrade

Overall Judgement Very low quality Low quality

6. Dose-response Significant trend Not demonstrated No upgrade Significant trend Not demonstrated No upgrade

7. Magnitude of effect RR > 2 Not assessed No upgrade RR > 2 Not assessed No upgrade

8. Confounding adjusted Effect in spite of confounding
working towards the nil Fine No upgrade Effect in spite of confounding

working towards the nil Fine No upgrade

Overall Judgement Very low quality Low quality
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This was downgraded to very low quality evidence given the bias associated inconsistency from
the use of different thresholds to define ‘high’ noise exposure in the different studies. We found no
reasons to upgrade the evidence. We therefore concluded that there was very low quality evidence for
no substantial effect of aircraft noise on executive function.

3.8.2. Road Traffic Noise Exposure

We identified five cross-sectional studies that examined associations of road traffic noise exposure
on executive function: however, these studies all report on the same data from the RANCH
study [26,28,47,49,50]. None of the studies report a significant association.

For the quality of the evidence available across the studies of road traffic noise effects on executive
functioning, adapting the GRADE approach, we considered longitudinal or intervention studies the
ideal study design and would designate such evidence as high quality. However, only cross-sectional
studies were available, so the start point for the GRADE evaluation was low quality evidence (Table 7).
No reasons to further downgrade or upgrade the evidence were identified. We therefore concluded
that there was low quality evidence for no substantial effect of road traffic noise on executive function.

3.8.3. Railway Noise Exposure

We were unable to assess the evidence using the GRADE approach, as no studies of railway noise
exposure on tests of executive function were identified.

4. Discussion

This systematic review has assessed the quality of the evidence across the available studies for
aircraft noise exposure, road traffic noise exposure, and railway noise exposure on a range of children’s
cognitive abilities. The review has also enabled the identification of gaps in knowledge and important
areas for further research. Overall, in assessing the quality of the evidence across the available studies
we drew the following conclusions from this review based on using the GRADE methodology.

There was moderate quality evidence across the available studies for an effect of aircraft noise on
children’s reading and oral comprehension. There was very low quality evidence for no substantial
effect of road traffic noise on children’s reading and oral comprehension. Studies of other noise sources,
such as railway noise, on children’s reading and oral comprehension are lacking. Further studies of
road traffic noise exposure would also prove useful.

There was moderate quality evidence across the available studies regarding an association of
aircraft noise and railway noise, and very low quality evidence regarding an association of road traffic
noise exposure with poorer performance on standardized assessment tests.

There was moderate quality evidence across the available studies regarding aircraft noise being
associated with children having poorer long-term memory. Evidence for an effect of road traffic noise
and for railway noise was rated as very low quality. There was a lack of studies examining effects on
short-term memory.

There was low quality evidence across the available studies for no substantial effect of aircraft
noise on children’s attention. Evidence for no substantial effect of road traffic noise and railway noise
was rated as very low quality. However, across the studies there is equivocal evidence for and against
an effect of aircraft noise, road traffic and railway noise being associated with children’s attention.

There was very low quality evidence across the available studies for aircraft noise and low quality
evidence for road traffic noise for no substantial effect on executive function (working memory), with
studies consistently suggesting no association for aircraft noise or road traffic noise. No studies of
railway noise were identified.

It is important to appreciate that the GRADE methodology assesses the quality of the evidence
available across the evidence base identified: a GRADE rating of no effect or low quality evidence does
not directly apply to individual studies. An individual study may show an association of a specific
noise exposure with a specific outcome, but evaluating the association across a number of studies, a
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different conclusion may be reached using the GRADE methodology. There may and are differences
between evidence available at an individual study level and evidence available across the field for a
specific noise source and cognitive outcome. It is also important to appreciate that a GRADE rating of
‘low quality evidence’ is given by default to all studies with a cross-sectional study design. It in no
way implies that the authors of this systematic review consider the study to be of ‘low quality’.

Key limitations of the available evidence include a lack of evidence from longitudinal and
intervention studies across all of the cognitive outcomes. The field of research would benefit from
research investment in these study designs, to further knowledge about the long-term consequences of
environmental noise exposure for children and to inform the design of effective interventions to reduce
noise exposure for children. There is also a lack of studies examining exposure-response relationships
across the different cognitive domains. Most studies tend to examine children in middle childhood
(aged 8–12 years) and future studies would benefit from examining the effect of environmental
noise exposure on the cognition of younger children including infants, and adolescents. Further, we
identified no epidemiological studies of adult populations and this remains a research priority for
future research.

The papers identified almost all focus on using noise metrics based on average sound pressure
levels over a given period of time, such as the day-time or night-time period. There is debate within the
field as to about whether aggregated noise measures such as these LAeq measures best represent how
human’s respond to noise and about how best to conceptualise the ‘dose’ of exposure in community
studies of noise exposure. Other noise metrics need to be explored in relation to cognitive outcomes
but some recent studies have found effects on cognition using metrics such as LAmax (the highest
sound pressure level in a given time-period) as well as with LAeq measures [41,43].

A major limitation to this systematic review is the lack of studies in many of the domains studied.
It is difficult to draw conclusions specifically about the quality of the evidence across the evidence base
when there are few studies. We were unable to assess the strength of the association or the effect size
due to the narrative way the study results were combined. The GRADE conclusions regarding very
low quality or low quality evidence for noise effects across studies in some cognitive domains does not
necessarily mean that there are no effects: rather, that more studies are required. The conclusions of
this systematic review broadly agree with recent narrative reviews of environmental noise effects on
children’s cognition [1,2,4] which have concluded that there is evidence for an effect of noise exposure at
school on children’s cognitive skills such as reading and memory, as well as on standardised academic
test scores. However, this current systematic review, which differs in considering the evidence for
each noise source (aircraft, road, railway) separately, identifies that the quality of the evidence is
currently stronger for some noise sources and outcomes than for others. In particular, previous reviews
have relied on evidence from studies of aircraft noise exposure to support the conclusion of effects
of environmental noise exposure, per se. This is not unreasonable, given that there are few studies
available of railway and road traffic noise exposure for some cognitive outcomes. This approach is
often taken in health impact assessments when evidence for a specific noise source is lacking.

The review does not take into account evidence published after July 2015. As with any review,
additional publications for some sources and outcomes have the potential to alter some of the
conclusions of the current review, particularly for fields where there are currently relatively few papers.
Further, given that the authors’ added 26 papers to the review after a database search, it remains
possible that further papers may have been omitted from this systematic review [52]. Several studies of
adults have been published whilst this review has been ongoing which would have made an important
addition to the review [53–55].

It is important to note that the different cognitive domains underpinning this review were
provided at the outset to the authors by the Guideline Development Group (GDG) undertaking the
revision of the WHO Community Guidelines. The domains were not reorganized or amended or
added to as part of the review process. The review is not able to address the complex relationship that
exists between the different cognitive domains under consideration. For example, we may have been
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justified in combining the studies identified within the domain of reading comprehension and oral
comprehension, with those identified in the domain of SATs that also assessed reading or literacy skills.
Further, the review makes a false dichotomy between different cognitive skills that are likely to be
related such as attention and short-term memory, and reading and executive function. Cognitive skills
do not exist, nor are they employed, in isolation. See the following papers for further useful discussion
of these issues [56–58].

Community studies of environmental noise effects on cognition conceive of the effects on cognition
to be an after-effect of exposure to environmental noise over a certain ‘chronic’ period of time. They do
not focus on immediate effects of environmental noise exposure on cognition: i.e., how noise might
immediately influence cognitive performance. Immediate effects of noise might be particularly
important for attentional outcomes and the scope of this review has meant that these immediate
effects have not been taken this into account. We have not assessed the strength of the evidence for
immediate effects of noise on cognition, which is examined using an experimental approach.

Another major limitation to the review is the lack of homogeneity of methods and reporting
between the studies, even within cognitive domains, which has meant that it has not been possible to
conduct meta-analyses across the studies. Such meta-analyses would enable the effect across studies
to be estimated, which would inform uncertainty relating to the study findings. Unfortunately, this
is not yet possible for several reasons. Studies often use different tests of the same cognitive ability:
combining estimates across studies that use different outcomes is challenging and often not possible.
Further, many studies group exposure into high and low, using different thresholds for high and
low, which again makes combining study data challenging as the range of noise exposure within the
high and low categories is often unknown and cannot be estimated reliably from the data provided.
The potential to be able to conduct meta-analyses within this field will be greatly enhanced if future
studies report effect estimates for a 1 dB and 5 dB increment in noise exposure and if studies report
the range of noise exposure in their population even if their design involves selecting samples based
on high and low noise exposure. Standardized scoring of cognitive assessments, such as by the use
of Z-scores would also help with future aggregation of data. This review has identified few studies
that take both noise and air pollution into account [28,50] and future studies need to consider both
exposures, as evidence is emerging that air pollution may impact on cognitive functioning across the
life course [59,60]: exposure to air pollution during the prenatal period has also been shown to impact
on early childhood cognition [60]. We identified no studies of wind farm noise on children’s cognition.

5. Conclusions

In terms of environmental noise effects on cognition, this review has found that the quality of the
evidence when considered across studies, ranges from being of moderate quality for an effect for some
outcomes, e.g., reading comprehension, long-term memory, but is indicative of no substantial effect for
other outcomes such as attention and executive function. These conclusions are limited by the low
number of studies for some outcomes, and in particular for some environmental noise exposures such
as road traffic noise and railway noise. The low quality evidence across studies for noise effects in
some cognitive domains does not necessarily mean that there are no effects: rather, that more robust
studies and a greater number of studies are required.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/15/2/285/s1,
Table S1: Characteristics of included studies for environmental noise effects on reading and oral comprehension,
Table S2: Characteristics of included studies for environmental noise effects on standardized assessment test scores,
Table S3: Characteristics of included studies for environmental §noise effects on long-term & short-term memory,
Table S4: Characteristics of included studies for environmental noise effects on attention, Table S5: Characteristics
of included studies for environmental noise effects on executive function deficit (working memory).
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Appendix

Web Appendix: Search string

Search Terms: (note wind noise terms were included in initial search for systematic reviews but not in
second search for individual papers)

environmental noise; community noise; traffic noise; wind turbine noise; wind farm noise; wind turbine
sound; wind farm sound; aircraft noise; airport noise; railway noise; road traffic noise; transportation
noise; train noise; leisure noise; leisure-time noise; neighbourhood noise; neighborhood noise;
household noise; low frequency noise; classroom noise; school noise; high-volume music; high-volume
noise; noise from personal electronic devices; noise from mp3 players; noise from children’s toys;
hospital noise; combined noise exposure; noise nuisance; noise exposure; truck noise; motor vehicle
noise; noise load; entertainment noise; noise from mobile phones; noise from personal audio devices;
noise from personal music players; combined exposure to noise and vibration; combined exposure
to noise and air pollution; prospective; retrospective; cohort studies; case-control; observational;
experimental; cross-sectional; learning impairment; reading and oral comprehension; short-term
memory; long-term memory; attention; impairment assessed through standardized assessments;
children; cognitive impairment in the elderly and working age population: concentration; speech
intelligibility; executive function deficit; working memory; memory capacity; reasoning; task flexibility;
problem solving; hyperactivity.

References

1. Basner, M.; Babisch, W.; Davis, A.; Brink, M.; Clark, C.; Janssen, S.; Stansfeld, S. Auditory and non-auditory
effects of noise on health. Lancet 2014, 383, 1325–1332. [CrossRef]

2. Basner, M.; Clark, C.; Hansell, A.; Hileman, J.; Janssen, S.; Shepherd, K.; Sparrow, V. Aviation Noise Impacts: State
of the Science; International Civil Aviation Organision, Impacts & Science Group: Montreal, QC, Canada, 2015.

3. Clark, C. Aircraft Noise Effects on Health (Prepared for the UK Airports Commission); Queen Mary University of
London: London, UK, 2015.

4. Stansfeld, S.; Clark, C. Health effects of noise exposure in children. Curr. Environ. Health Rep. 2015, 2, 171–178.
[CrossRef] [PubMed]

5. Clark, C.; Sorqvist, P. A 3 year update on the influence of noise on performance and behavior. Noise Health
2012, 14, 292–296. [CrossRef] [PubMed]

6. Klatte, M.; Bergström, K.; Lachmann, T. Does noise affect learning? A short review on noise effects on
cognitive performance in children. Front. Psychol. 2013, 4, 578. [CrossRef] [PubMed]

7. Hygge, S. Noise and Cognition in Children; Elsevier: Burlington, ON, Canada, 2011; Volume 4.
8. Evans, G.W.; Hygge, S. Noise and cognitive performance in children and adults. In Noise and Its Effects;

Luxon, L.M., Prasher, D., Eds.; John Wiley: Chichester, UK, 2007; pp. 549–566.
9. Hygge, S.; Kjellberg, A. Editorial commentary—Special issue on noise, memory and learning. Noise Health

2010, 12, 199. [CrossRef] [PubMed]
10. WHO. Burden of Disease from Environmental Noise; World Health Organization Europe: Geneva, Switzerland, 2011.
11. Kuh, D.; Ben-Shlomo, Y. A Lifecourse Approach to Chronic Disease Epidemiology; Oxford University Press:

Oxford, UK, 2004.

http://dx.doi.org/10.1016/S0140-6736(13)61613-X
http://dx.doi.org/10.1007/s40572-015-0044-1
http://www.ncbi.nlm.nih.gov/pubmed/26231366
http://dx.doi.org/10.4103/1463-1741.104896
http://www.ncbi.nlm.nih.gov/pubmed/23257580
http://dx.doi.org/10.3389/fpsyg.2013.00578
http://www.ncbi.nlm.nih.gov/pubmed/24009598
http://dx.doi.org/10.4103/1463-1741.70495
http://www.ncbi.nlm.nih.gov/pubmed/20871173


Int. J. Environ. Res. Public Health 2018, 15, 285 21 of 23

12. Van Kamp, I.; Davies, H. Noise and health in vulnerable groups: A review. Noise Health 2013, 15, 153–159.
[CrossRef] [PubMed]

13. WHO. Guidelines for Community Noise; World Health Organization Europe: Geneva, Switzerland, 2000.
14. Evans, G.; Lepore, S. Non-auditory effects of noise on children: A critical review. Child. Environ. 1993, 10,

42–72.
15. Evans, G.W.; Stecker, R. Motivational consequences of environmental stress. J. Environ. Psychol. 2004, 24,

143–165. [CrossRef]
16. Cohen, S.; Glass, D.C.; Singer, J.E. Apartment noise, auditory discrimination, and reading ability in children.

J. Exp. Soc. Psychol. 1973, 9, 407–422. [CrossRef]
17. Cohen, S.; Krantz, D.S.; Evans, G.W.; Stokols, D.; Kelly, S. Aircraft noise and children: Longitudinal and

cross-sectional evidence on adaptation to noise and the effectiveness of noise abatement. J. Pers. Soc. Psychol.
1981, 40, 331–345. [CrossRef]

18. Clark, C.; Martin, R.; van Kempen, E.; Alfred, T.; Head, J.; Davies, H.W.; Haines, M.M.; Barrio, I.L.;
Matheson, M.; Stansfeld, S.A. Exposure-effect relations between aircraft and road traffic noise exposure at
school and reading comprehension—The RANCH project. Am. J. Epidemiol. 2006, 163, 27–37. [CrossRef]
[PubMed]

19. Health Council of the Netherlands. Noise and Health; Committee Noise and Health; Health Council of the
Netherlands: The Hague, The Netherlands, 1994.

20. Guyatt, G.H.; Oxman, A.D.; Vist, G.; Kunz, R.; Falck-Ytter, Y.; Alonso-Coello, P.; Schünemann, H.J. Rating
quality of evidence and of recommendations GRADE: An emerging consensus on rating quality of evidence
and strength of recommendations. Br. Med. J. 2008, 336, 924–926. [CrossRef] [PubMed]

21. WHO. WHO Handbook for Guideline Development; World Health Organization: Geneva, Switzerland, 2012.
22. Clark, C.; Stansfeld, S.A. The effect of transportation noise on health and cognitive development: A review

of recent evidence. Int. J. Comp. Psychol. 2007, 20, 145–158.
23. Haines, M.M.; Stansfeld, S.A.; Job, R.F.; Berglund, B.; Head, J. Chronic aircraft noise exposure, stress

responses, mental health and cognitive performance in school children. Psychol. Med. 2001, 31, 265–277.
[CrossRef] [PubMed]

24. Haines, M.M.; Stansfeld, S.A.; Brentnall, S.; Head, J.; Berry, B.; Jiggins, M.; Hygge, S. The West London Schools
Study: The effects of chronic aircraft noise exposure on child health. Psychol. Med. 2001, 31, 1385–1396.
[CrossRef] [PubMed]

25. Stansfeld, S.A.; Hygge, S.; Clark, C.; Alfred, T. Night time aircraft noise exposure and children’s cognitive
performance. Noise Health 2010, 12, 255–262. [CrossRef] [PubMed]

26. Stansfeld, S.A.; Berglund, B.; Clark, C.; Lopez-Barrio, I.; Fischer, P.; Ohrstrom, E.; Haines, M.M.; Head, J.;
Hygge, S.; van Kamp, I.; et al. Aircraft and road traffic noise and children’s cognition and health:
A cross-national study. Lancet 2005, 365, 1942–1949. [CrossRef]

27. Clark, C.; Head, J.; Stansfeld, S.A. Longitudinal effects of aircraft noise exposure on children’s health and
cognition: A six-year follow-up of the UK RANCH cohort. J. Environ. Psychol. 2013, 35, 1–9. [CrossRef]

28. Clark, C.; Crombie, R.; Head, J.; van Kamp, I.; van Kempen, E.; Stansfeld, S.A. Does traffic-related air
pollution explain associations of aircraft and road traffic noise exposure on children’s health and cognition?
A secondary analysis of the United Kingdom sample from the RANCH project. Am. J. Epidemiol. 2012, 176,
327–337. [CrossRef] [PubMed]

29. Haines, M.M.; Stansfeld, S.A.; Job, R.F.; Berglund, B.; Head, J. A follow-up study of effects of chronic aircraft
noise exposure on child stress responses and cognition. Int. J. Epidemiol. 2001, 30, 839–845. [CrossRef]
[PubMed]

30. Hygge, S.; Evans, G.W.; Bullinger, M. A prospective study of some effects of aircraft noise on cognitive
performance in schoolchildren. Psychol. Sci. 2002, 13, 469–474. [CrossRef] [PubMed]

31. Matsui, T.; Stansfeld, S.; Haines, M.; Head, J. Children’s cognition and aircraft noise exposure at home—The
West London Schools Study. Noise Health 2004, 7, 49–58. [PubMed]

32. Seabi, J.; Cockcroft, K.; Goldschagg, P.; Greyling, M. A prospective follow-up study of the effects of chronic
aircraft noise exposure on learners’ reading comprehension in South Africa. J. Expo. Sci. Environ. Epidemiol.
2013, 25, 84–88. [CrossRef] [PubMed]

http://dx.doi.org/10.4103/1463-1741.112361
http://www.ncbi.nlm.nih.gov/pubmed/23689296
http://dx.doi.org/10.1016/S0272-4944(03)00076-8
http://dx.doi.org/10.1016/S0022-1031(73)80005-8
http://dx.doi.org/10.1037/0022-3514.40.2.331
http://dx.doi.org/10.1093/aje/kwj001
http://www.ncbi.nlm.nih.gov/pubmed/16306314
http://dx.doi.org/10.1136/bmj.39489.470347.AD
http://www.ncbi.nlm.nih.gov/pubmed/18436948
http://dx.doi.org/10.1017/S0033291701003282
http://www.ncbi.nlm.nih.gov/pubmed/11232914
http://dx.doi.org/10.1017/S003329170100469X
http://www.ncbi.nlm.nih.gov/pubmed/11722153
http://dx.doi.org/10.4103/1463-1741.70504
http://www.ncbi.nlm.nih.gov/pubmed/20871180
http://dx.doi.org/10.1016/S0140-6736(05)66660-3
http://dx.doi.org/10.1016/j.jenvp.2013.03.002
http://dx.doi.org/10.1093/aje/kws012
http://www.ncbi.nlm.nih.gov/pubmed/22842719
http://dx.doi.org/10.1093/ije/30.4.839
http://www.ncbi.nlm.nih.gov/pubmed/11511614
http://dx.doi.org/10.1111/1467-9280.00483
http://www.ncbi.nlm.nih.gov/pubmed/12219816
http://www.ncbi.nlm.nih.gov/pubmed/15703149
http://dx.doi.org/10.1038/jes.2013.71
http://www.ncbi.nlm.nih.gov/pubmed/24169877


Int. J. Environ. Res. Public Health 2018, 15, 285 22 of 23

33. Seabi, J.; Cockcroft, K.; Goldschagg, P.; Greyling, M. The impact of aircraft noise exposure on South African
children’s reading comprehension: The moderating effect of home language. Noise Health 2012, 14, 244–252.
[CrossRef] [PubMed]

34. Evans, G.; Maxwell, L. Chronic noise exposure and reading deficits: The mediating effects of language
acquisition. Environ. Behav. 1997, 29, 638–656. [CrossRef]

35. Klatte, M.; Bergström, K.; Spilski, M.; Mayerl, J.; Meis, M. NORAH Noise-Related Annoyance, Cognition,
and Health (Wirkungen Chronischer Fluglärmbelastung auf Kognitive Leistungen und Lebensqualität bei
Grundschulkindern); Technische Universität Kaiserslautern: Kaiserslautern, Germany, 2014.

36. Bronzaft, A.L. The effect of a noise abatement program on reading ability. J. Environ. Psychol. 1981, 1, 215–222.
[CrossRef]

37. Bronzaft, A.L.; McCarthy, D.P. The effects of elevated train noise on reading ability. Environ. Behav. 1975, 7,
517–527. [CrossRef]

38. Cohen, S.; Krantz, D.S.; Evans, G.W.; Stokols, D. Cardiovascular and behavioral effects of community noise.
Am. Sci. 1981, 69, 528–535. [PubMed]

39. FICAN. Findings of the FICAN Pilot Study on the Relationship between Aircraft Noise Reduction and Changes in
Standardised Test Scores; FICAN: Washington, DC, USA, 2007.

40. Eagan, M.E.; Anderson, G.; Nicholas, B.; Horonjeff, R.; Tivnan, T. Relation between Aircraft Noise Reduction in
Schools and Standardized Test Scores; FICAN: Washington, DC, USA, 2004.

41. Shield, B.M.; Dockrell, J.E. The effects of environmental and classroom noise on the academic attainments of
primary school children. J. Acoust. Soc. Am. 2008, 123, 133–144. [CrossRef] [PubMed]

42. Green, K.B.; Pasternack, B.S.; Shore, R.E. Effects of aircraft noise on reading ability of school-age children.
Arch. Environ. Health 1982, 37, 24–31. [CrossRef] [PubMed]

43. Sharp, B.; Connor, T.L.; McLaughlin, D.; Clark, C.; Stansfeld, S.A.; Hervey, J. Assessing Aircraft Noise Conditions
Affecting Student Learning; The National Academies Press: Washington, DC, USA, 2014; Volume 2.

44. Pujol, S.; Levain, J.-P.; Houot, H.; Petit, R.; Berthillier, M.; Defrance, J.; Lardies, J.; Masselot, C.; Mauny, F.
Association between Ambient Noise Exposure and School Performance of Children Living in an Urban
Area: A Cross-Sectional Population-Based Study. J. Urban Health-Bull. N. Y. Acad. Med. 2014, 91, 256–271.
[CrossRef] [PubMed]

45. Lukas, J.S.; DuPree, R.B.; Swing, J.W. Report of a Study on the Effects of Freeway Noise on Academic Achievement
of Elementary School Children, and a Recommendation for a Criterion Level for a School Noise Abatement Program;
California Department of Health Services: Sacramento, CA, USA, 1981.

46. Haines, M.M.; Stansfeld, S.A.; Head, J.; Job, R.F.S. Multilevel modelling of aircraft noise on performance tests
in schools around Heathrow Airport London. J. Epidemiol. Community Health 2002, 56, 139–144. [CrossRef]
[PubMed]

47. Van Kempen, E.; van Kamp, I.; Lebret, E.; Lammers, J.; Emmen, H.; Stansfeld, S. Neurobehavioral effects
of transportation noise in primary schoolchildren: A cross-sectional study. Environ. Health A Glob. Access
Sci. Sour. 2010, 9, 25. [CrossRef] [PubMed]

48. Lercher, P.; Evans, G.W.; Meis, M. Ambient noise and cognitive processes among primary school children.
Environ. Behav. 2003, 35, 725–735. [CrossRef]

49. Matheson, M.; Clark, C.; Martin, R.; van Kempen, E.; Haines, M.; Barrio, I.L.; Hygge, S.; Stansfeld, S.
The effects of road traffic and aircraft noise exposure on children’s episodic memory: The RANCH project.
Noise Health 2010, 12, 244–254. [PubMed]

50. Van Kempen, E.; Fischer, P.; Janssen, N.; Houthuijs, D.; van Kamp, I.; Stansfeld, S.; Cassee, F. Neurobehavioral
effects of exposure to traffic-related air pollution and transportation noise in primary schoolchildren.
Environ. Res. 2012, 115, 18–25. [CrossRef] [PubMed]

51. Sanz, S.A.; Garcia, A.M.; Garcia, A. Road traffic noise around schools: A risk for pupil’s performance?
Int. Arch. Occup. Environ. Health 1993, 65, 205–207. [CrossRef] [PubMed]

52. Xie, H.; Kang, J.; Tompsett, R. The impacts of environmental noise on the academic achievements of secondary
school students in Greater London. Appl. Acoust. 2011, 72, 551–555. [CrossRef]

53. Tzivian, L.; Dlugaj, M.; Winkler, A.; Hennig, F.; Fuks, K.; Sugiri, D.; Schikowski, T.; Jakobs, H.;
Erbel, R.; Jöckel, K.H.; et al. Long-term air pollution and traffic noise exposures and cognitive function:
A cross-sectional analysis of the Heinz Nixdorf Recall study. J. Toxicol. Environ. Health Part A 2016, 79,
1057–1069. [CrossRef] [PubMed]

http://dx.doi.org/10.4103/1463-1741.102963
http://www.ncbi.nlm.nih.gov/pubmed/23117540
http://dx.doi.org/10.1177/0013916597295003
http://dx.doi.org/10.1016/S0272-4944(81)80040-0
http://dx.doi.org/10.1177/001391657500700406
http://www.ncbi.nlm.nih.gov/pubmed/7294497
http://dx.doi.org/10.1121/1.2812596
http://www.ncbi.nlm.nih.gov/pubmed/18177145
http://dx.doi.org/10.1080/00039896.1982.10667528
http://www.ncbi.nlm.nih.gov/pubmed/7059228
http://dx.doi.org/10.1007/s11524-013-9843-6
http://www.ncbi.nlm.nih.gov/pubmed/24190106
http://dx.doi.org/10.1136/jech.56.2.139
http://www.ncbi.nlm.nih.gov/pubmed/11812814
http://dx.doi.org/10.1186/1476-069X-9-25
http://www.ncbi.nlm.nih.gov/pubmed/20515466
http://dx.doi.org/10.1177/0013916503256260
http://www.ncbi.nlm.nih.gov/pubmed/20871179
http://dx.doi.org/10.1016/j.envres.2012.03.002
http://www.ncbi.nlm.nih.gov/pubmed/22483436
http://dx.doi.org/10.1007/BF00381157
http://www.ncbi.nlm.nih.gov/pubmed/8282419
http://dx.doi.org/10.1016/j.apacoust.2010.10.013
http://dx.doi.org/10.1080/15287394.2016.1219570
http://www.ncbi.nlm.nih.gov/pubmed/27924705


Int. J. Environ. Res. Public Health 2018, 15, 285 23 of 23

54. Tzivian, L.; Winkler, A.; Dlugaj, M.; Schikowski, T.; Vossoughi, M.; Fuks, K.; Weinmayr, G.; Hoffmann, B.
Effect of long-term outdoor air pollution and noise on cognitive and psychological functions in adults. Int. J.
Hyg. Environ. Health 2015, 218, 1–11. [CrossRef] [PubMed]

55. Tzivian, L.; Dlugai, M.; winkler, A.; Weinmayr, G.; Henning, F.; Fuks, K.B.; Vossoughi, M.; Schikowski, T.;
Weimar, C.; Erbel, R.; et al. Long-term air pollution and traffic noise exposure and mild cognitive impairment
in older adults: A cross-sectional analysis of the Heinz Nixdorf Recall Study. Environ. Health Perspect. 2016,
124, 1361–1368. [CrossRef] [PubMed]

56. Sorqvist, P. On interpretation of the effects of noise on cognitive performance: The fallacy of confusing the
definition of an effect with the explanation of that effect. Front. Psychol. 2015, 6, 754. [PubMed]

57. Sorqvist, P. On interpretation and task selection: The sub-component hypothesis of cognitive noise effects.
Front. Psychol. 2015, 5, 1598. [PubMed]

58. Sorqvist, P. On interpretation and task selection in studies on the effects of noise on cognitive performance.
Front. Psychol. 2014, 5, 1249. [PubMed]

59. Clifford, A.; Lang, L.; Chen, R.; Anstey, K.J.; Seaton, A. Exposure to air pollution and cognitive functioning
across the life course—A systematic literature review. Environ. Res. 2016, 147, 383–398. [CrossRef] [PubMed]

60. Sentís, A.; Sunyer, J.; Dalmau-Bueno, A.; Andiarena, A.; Ballester, F.; Cirach, M.; Estarlich, M.;
Fernández-Somoano, A.; Ibarluzea, J.; Iñiguez, C.; et al. Prenatal and postnatal exposure to NO2 and
child attentional function at 4–5 years of age. Environ. Int. 2017, 106, 170–177. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ijheh.2014.08.002
http://www.ncbi.nlm.nih.gov/pubmed/25242804
http://dx.doi.org/10.1289/ehp.1509824
http://www.ncbi.nlm.nih.gov/pubmed/26863687
http://www.ncbi.nlm.nih.gov/pubmed/26082748
http://www.ncbi.nlm.nih.gov/pubmed/25642207
http://www.ncbi.nlm.nih.gov/pubmed/25400615
http://dx.doi.org/10.1016/j.envres.2016.01.018
http://www.ncbi.nlm.nih.gov/pubmed/26945620
http://dx.doi.org/10.1016/j.envint.2017.05.021
http://www.ncbi.nlm.nih.gov/pubmed/28689118
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Scope of the Review 
	Search Strategy 
	Review Process 
	Data Extraction 
	Evaluating the Quality of the Evidence 

	Results 
	Papers Identified 
	Summary of Papers 
	Evaluating the Quality of the Evidence 
	Tests of Reading and Oral Comprehension 
	Aircraft Noise Exposure 
	Road Traffic Noise Exposure 
	Railway Noise Exposure 

	Impairment Assessed through Standardized Assessments (SATs) 
	Aircraft Noise Exposure 
	Road Traffic Noise Exposure 
	Railway Noise Exposure 

	Short-Term and Long-Term (Episodic) Memory 
	Aircraft Noise Exposure 
	Road Traffic Noise Exposure 
	Railway Noise Exposure 

	Attention 
	Aircraft Noise Exposure 
	Road Traffic Noise Exposure 
	Railway Noise Exposure 

	Executive Function Deficit (Working Memory Capacity) 
	Aircraft Noise Exposure 
	Road Traffic Noise Exposure 
	Railway Noise Exposure 


	Discussion 
	Conclusions 
	
	References

