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Abstract 

Study Objectives: This study was designed to test the utility of cardiovascular responses as 

markers of potentially different environmental noise disruption effects of wind farm 

compared to traffic noise exposure during sleep.  

Methods: Twenty participants underwent polysomnography. In random order, and at six 

sound pressure levels from 33 dBA to 48 dBA in 3 dB increments, three types of wind farm 

and two types of road traffic noise recordings of 20-sec duration were played during 

established N2 or deeper sleep, each separated by 20 seconds without noise. Each noise 

sequence also included a no-noise control. Electrocardiogram and finger pulse oximeter 

recorded pulse wave amplitude changes from the pre-noise onset baseline following each 

noise exposure and were assessed algorithmically to quantify the magnitude of heart rate and 

finger vasoconstriction responses to noise exposure.  

Results: Higher sound pressure levels were more likely to induce drops in pulse wave 

amplitude. Sound pressure levels as low as 39 dBA evoked a pulse wave amplitude response 

(Odds ratio [95% confidence interval]; 1.52 [1.15, 2.02]). Wind farm noise with amplitude 

modulation was less likely to evoke a pulse wave amplitude response than the other noise 

types, but warrants cautious interpretation given low numbers of replications within each 

noise type.  

Conclusion: These preliminary data support that drops in pulse wave amplitude are a 

particularly sensitive marker of noise-induced cardiovascular responses during. Larger trials 

are clearly warranted to further assess relationships between recurrent cardiovascular 

activation responses to environmental noise and potential long-term health effects. 

Keywords: Vasoconstriction; Sleep fragmentation; Arousals; K-complexes; ECG; Pulse 

arrival time; noise disturbances 
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Statement of significance 

Understanding the impact of environmental noise disturbance on the cardiovascular system 

during sleep is critical towards establishing evidence-based public policy and guidelines 

around noise exposure levels during sleep. In this study, pulse wave amplitude responses, a 

subtle marker of cardiovascular disturbances during sleep, were observed at sound pressure 

levels below the recommended limit of nighttime sound level exposure set by the World 

Health Organization. Pulse wave amplitude responses were often accompanied with other 

cardiovascular responses, such as an acceleration in heart rate. Further work is needed to 

clarify if cardiovascular responses consistently differ between environmental noise exposure 

types and to assess potential relationships with long-term health effects. 
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Introduction 

The potential long term effects of chronic environmental noise exposure include increased 

risks of cardiovascular disease such as hypertension, ischemic heart disease, atherosclerosis, 

myocardial infarction, and stroke
1, 2

 and other chronic disorders such as diabetes.
1-5

 The 

World Health Organization
6
 estimated that at least one million healthy life years are lost 

every year due to environmental noise in Europe alone, with sleep disturbance as one of the 

main contributing factors to reduced quality of life and ill effects of chronic noise exposure.  

Sleep is normally a period of relative rest and recovery for the cardiovascular system. 

Recurrent activation of the autonomic nervous system during sleep due to environmental 

noise is one of the key plausible cardiovascular stressors potentially contributing to increased 

risks of adverse health effects.
3
 Increased autonomic activity during sleep due to traffic noise 

is relatively well established.
7
 However, the relative impacts of other types of environmental 

noise, such as wind farm noise, on autonomic activity is unknown and clearly warrants 

further investigation.
8-10

 Autonomic responses are subtle changes that do not necessarily elicit 

more substantial cortical arousal or awakening responses, and include heart-rate acceleration, 

peripheral vasoconstriction and elevated blood pressure,
7, 11, 12

 likely in preparation for 

increased cardiometabolic demands potentially needed to defend against threats presenting 

during sleep. Even without cortical arousal or awakening, frequent autonomic activation 

responses could potentially have detrimental effects on the cardiovascular system and a range 

of physiologically recuperative processes during sleep.  

Vasoconstriction measured in the finger is mainly due to skin sympathetic activation, 

resulting in a large drop in pulse wave amplitude (PWA); one of the key signals recorded 

using finger photoplethysmography.13 Algorithms developed to automatically score PWA 

drops
14

 and applied to large-scale studies, have shown significant associations between PWA 

drop features and a higher prevalence of cardio-metabolic conditions.
15

 Furthermore, PWA 

shows particularly marked sound pressure level dependent vasoconstriction responses 

following noise-onset, especially when accompanied by cortical arousal from sleep.
11

 These 

responses are more prominent compared to other cardiovascular markers such as changes in 

heart rate or pulse arrival time. Two studies have tested vasoconstriction response to traffic 

noise at a relatively high sound pressure level,
16, 17

 but evidence of possible vasoconstriction 

D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/advance-article/doi/10.1093/sleep/zsab302/6489046 by Serials C

entral Library user on 21 January 2022



Acc
ep

ted
 M

an
us

cri
pt

 

5 
 

responses to wind farm and other environmental noises at lower sound pressure levels more 

relevant to real-world exposure settings remain lacking. 

Heart rate and vasoconstriction responses to noise during sleep are usually of greater 

magnitude when co-occurring with cortical EEG responses (e.g., arousals and awakenings) or 

sub-cortical EEG responses (e.g., K-complexes) than alone.
11, 18

 These findings suggest an 

inter-play between the autonomic nervous system and central nervous system noise 

sensitivity during sleep.
19

 Thus, sleep disruption to noise may be heightened when both 

autonomic and cortical responses are evoked compared to either response alone. We recently 

showed that K-complex responses are sensitive to both traffic noise and wind farm noise
20

 at 

sound pressure levels as low as 33 dBA; supporting the need to further study autonomic 

responses to environmental noise occurring with and without discernible EEG responses. 

Thus, the primary aim of this study was to investigate potential noise type and sound pressure 

level dependent effects on finger vasoconstriction responses to wind farm compared to traffic 

noise. A secondary aim was to investigate co-occurrences of PWA drops and other autonomic 

markers of activation, such as heart rate and pulse arrival time, as well as cortical markers of 

sensory processing during sleep, including K-complexes and arousals/awakenings. 

Methods 

This study used data collected from a previous study that examined windfarm compared to 

traffic noise effects on EEG markers of sleep.
20

 The key methods and participant information 

relevant to the current study are outlined below, with further details available elsewhere.
20

 

Participants  

Twenty-five healthy individuals (11 males, mean ± SD aged 26.5   16.4 years; 14 females, 

aged 24.1   9 years) were recruited for an overnight polysomnography sleep study. Hearing 

acuity was assessed by a qualified audiologist. Individuals with insomnia, excessive daytime 

sleepiness and any co-morbidities thought to affect sleep were excluded. Participants were 

excluded if they were taking any prescription medications for any medical disorder. 

Participants provided informed written consent to study participation and were reimbursed 

for their time. The study was approved by the Flinders University Social and Behavioral 

Research Committee (project number: 7536). 
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Experimental procedure 

Participants were exposed to block-randomized 20-second environmental noise and 

background noise (control) samples during consolidated sleep (N2, N3 and REM sleep). 

Wind farm and road traffic noise samples were played at six SPLs ranging from 33 to 48 

dBA in 3 dBA increments. Control samples consisted of quiet background noise at 23 dBA. 

The inter-stimulus interval between noise samples was 20 seconds.  

Noise stimuli were pre-recorded and consisted of two types of road traffic noise and three 

types of wind farm noise. The two traffic noise samples were recorded near (< 100 m) and far 

(> 700 m) from a busy road. One wind farm noise sample, commonly referred to as a ‘swish’, 

was measured close to a wind turbine (  700 m). Another wind farm noise sample was 

recorded further away from a wind farm (  3 km) and contained low frequency amplitude 

modulation at 46 Hz. For comparison, the third wind farm noise sample was a modified 

version of the long-range sample with amplitude modulation removed via filtering (sixth 

degree notch filter centered at 46 Hz). Noise characteristics and spectra are presented in 

Supplementary Figure 1. Environmental noise was reproduced using an RME Babyface Pro 

sound card, LabGruppen C 10:4X amplifier and a Krix Pheonik V2.1 loudspeaker.  

Sleep recordings 

Participants underwent full in-laboratory polysomnography recording, including 

electroencephalography (EEG) at the F3, F4, C3, C4, Cz, O1 and O2 locations; referenced to 

contralateral leads at M1 and M2. Left and right electro-oculograms (EOG), chin 

electromyogram (EMG), limb movements, electrocardiogram (ECG) and finger pulse 

oximetry measurements were also recorded. Electrodes were fitted and refitted to achieve 

impedances <5 kΩ where possible (group mean ± SD; 3 ± 2 kΩ), although the values were 6 

and 9 kΩ for 2 participants despite careful lead preparation. Signals were amplified and 

recorded using a Grael 4K Polysomnography device and Profusion 4 EEG acquisition 

software (Compumedics Ltd., Melbourne Victoria) at a sampling frequency of 512 Hz.  
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Signal processing 

EEG scoring 

Sleep stages, awakenings and arousals were scored according to the American Academy of 

Sleep Medicine (AASM) manual sleep scoring guidelines
21

 by a single registered 

polysomnographic technologist blinded to noise conditions. An arousal or awakening was 

considered to have been evoked by a noise if it occurred any time during the noise 

presentation (i.e., within the 20 second window from noise onset). Arousals and awakenings 

responses were subsequently combined, given their low incidence (See Supplementary Table 

2). K-complexes were scored using an automated algorithm
22

 and were considered to have 

been evoked by noise if they occurred within 2 seconds after noise onset.
20

 

Pulse wave amplitude drop scoring 

Drops in pulse wave amplitude were detected using an algorithm previously published
14

. Briefly, the 

algorithm detects local pulse wave amplitude peaks, exclude potential artefactual segments, and 

defines a PWA-drop response according to predefined criteria (eg, timing, amplitude, slopes, duration, 

etc.). The algorithm demonstrates good performance with 90.8% sensitivity, 99.6% specificity, and 

95.2% precision compared to a consensus of 2 human scorer. For each pulse wave amplitude drop the 

duration, area under the curve of the drop and the sleep stage in which it occurred were recorded. 

Further information about the algorithm and the validation is available elsewhere.
14

 The algorithm is 

also freely available for download in the Open Science Framework (OSF) repository 

(https://osf.io/c2eup/?view_only=a2890a0f06704cf1a281eee5727d8790 ). A drop in pulse 

wave amplitude was considered as evoked by noise if the onset of the drop occurred within five 

seconds after noise onset.
11

 

Heart rate scoring 

Single channel ECG was used to extract heart rate variability parameters. The R-peaks in the ECG 

series were identified using published methodology.
23, 24

 Briefly, the ECG time-series were 

decomposed using a stationary wavelet transform (PyWavelets package 
25

) and a second order 

Daubechies wavelet at 3 different scales. The second scale decomposition was squared, and a moving 

average window was then used to determine the location of the R-peaks. In-house validation of the 

algorithm on the MIT-BIT arrhythmia database
26

 from PhysioNet
27

 yielded a sensitivity of 97% (SD, 

3.7%) and a specificity of 99% (SD, 2%). Normal-to-Normal (NN) time series (the time difference 

between two R-peaks) were then extracted from the original R–peak interval time series. NN intervals 
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less than 0.35 sec and more than 2.5 sec were considered as noise artifact and excluded to follow 

current guidelines on ECG analyses.
28

 

Pulse arrival time 

The pulse arrival time (PAT) is a noninvasive marker inversely related to transient changes in pulse 

wave velocity and systemic blood pressure.
29

 PAT is usually determined from the relative timing 

between each ECG R-wave and the arrival of the arterial pressure pulse at a peripheral site (e.g., at the 

finger via plethysmography). In this study, finger PATs were determined as the time interval, in 

milliseconds, between the ECG R-wave and the maximum rate of change (local maxima of the first 

derivative) of the subsequent pulse wave arrival at the finger (Figure 1).  

Evoked responses to noise 

The primary analysis examined the dose-response relationships between algorithm scored 

PWA-drops and environmental sound pressure level and noise type to test for effects of 

sound pressure level and noise type on PWA drop responses. As a secondary analysis, we 

studied latencies and differences in amplitude in heart rate and pulse arrival time when PWA 

drops were present versus absent. The 5 beats (PAT and HR) preceding the noise onset were 

considered as a baseline, while the next 15 beats were considered as the response. The choice 

of a beats windows rather than a time-window was based on previous literature,
18

 and 

expected heart-rate responses irrespective of the baseline heart rate. An example of an 

analysis window (from beat -2 to beat 3) is shown in Figure 1. The percentage change from 

baseline (response beat divide by baseline beats) was then calculated to examine relative 

changes from baseline in each outcome measure.  

<Figure 1 around here> 

Statistical analysis 

The association between PWA-drop occurrence and SPL was examined using mixed effects 

logistic regression with a random intercept for each participant (Model 1). The interaction 

between noise type and sound pressure level was evaluated to test noise type effects on 

PWA-drop probability (Model 2). Results are reported as odds ratios (ORs) for PWA-drop 

occurrence with their respective 95% confidence intervals (CI). Summary graphs for each 

model are presented with marginal probabilities and ORs.  
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The effect of sound pressure level and noise type on PWA-drop characteristics (area under 

the curve and duration of drop) were examined using linear mixed effects models with a 

random intercept for each participant. Pulse wave amplitude drops longer than 25 seconds (N 

= 5, 0.05% of all PWA-drops) or with an area-under the curve greater than 1400 (arbitrary 

units, N = 2, <0.01% of all PWA-drops) were considered as outliers and removed from the 

statistical models.  

Linear mixed models were also conducted to assess PWA, HR and PAT signal amplitudes at 

times where noise did versus did not evoke a PWA-drop. Specifically, the models for each 

outcome included a 2-way (time by sound pressure level) and 3-way (time by sound pressure 

level by absence versus presence of PWA-drop) interaction. Similarly, we studied the effect 

of the presence/absence of a K-complex and/or an arousal on pulse wave amplitude responses 

using a linear mixed model with a 3-way interaction (time by sound pressure level by 

presence vs absence of PWA-drop). Statistical analysis was performed using the computing 

environment R 
30

 with lme4 package for linear mixed effect modeling.
31

 

Results 

Participant characteristics 

The analysis included 20 participants (Table 1) following exclusion of two participants due to 

technical PSG failure (noise versus sleep recording time synchronisation system failure, 

meaning that noise onsets could not be determined accurately), two whose ages were more 

than double the group mean, and one missing the plethysmography signal. All participants 

had normal hearing thresholds. 

<Table 1 around here> 

The mean number of noise presentations was approximately 27 in N2, 21 in N3 and 9 

samples per SPL in REM sleep (see Supplementary Table 1). However, during REM sleep 

four participants received no noise exposures and 10 participants received < 5 noise 

presentations in REM sleep. Between 4 and 5% of all noise presentations evoked an EEG 

arousal (EEG changes > 3-sec) and approximately 1% of all noise presentations evoked an 

awakening (EEG changes ≥ 15-sec) in N2 sleep. Results for noise presentations in other sleep 

stages are available in Supplementary Table 2. 
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Pulse wave amplitude drop 

The likelihood of a noise-evoked pulse wave amplitude drop increased with rising SPL (   = 141,    

= 6,     0.001). During N2, N3 and REM sleep (combined), the probability of a PWA drop occurring 

during control (background) noise exposures was 7% (Mean [95% CI]; 0.07 [0.05, 0.09]) compared to 

19% (0.19, [0.16, 0.24]) for noise (of all types combined) at 48 dBA (Figure 2A). Consequently, a 

noise at 48 dBA was 3.4 (OR [95% CI], 3.4 [2.6, 4.4]) times more likely to evoke a pulse wave 

amplitude response compared to quiet background noise (Figure 2B).  

<Figure 2 around here> 

Exposure-response curve between sound pressure levels and PWA-drop probability was stronger in 

N2 than in N3 or REM sleep. Evoked pulse wave amplitude responses were only significantly 

different from background noise for noises at 45 and 48 dBA in slow wave sleep. Noise played in 

REM sleep significantly increased the probability of a PWA-drop compared to background noise only 

at 42 and 48 dBA (Table 2). 

<Table 2 around here> 

Wind farm noise with amplitude modulation evoked significantly fewer PWA-drop responses 

compared to other noise types at 42 (p = 0.029) and 45 dBA (p = 0.009) in sleep stage N2, as shown 

in Supplementary Figure 2. Given the low number of noise presentations per SPL when sub-

categorized by noise type, these analyses were repeated by grouping noise played from 33dBA to 39 

dBA to <40 dBA, and noise from 42 to 48 dBA as >40 dBA categories. Similar findings were 

observed (see supplementary Table 3) where wind farm noise >40 dBA with amplitude modulation 

was significantly less likely to evoke pulse wave amplitude responses compared to all the other noise 

types >40 dBA. 

Noise type did not affect PWA-drop responses in REM sleep. Only a difference between WFN AM 

versus TFN short range was observed with <40 dBA noise during slow wave sleep (β = -1.4, z = -3.2, 

p = 0.01), such that WFN AM was less likely to evoke a PWA-response compared to TFN. 

Pulse wave drop characteristics 

There was a significant association (   = 15.3,    = 6,     0.018) between sound pressure levels and 

the area under the pulse wave drop in N2 sleep (Table 3). Specifically, noise played at 33, 45 and 48 

dBA elicited a significantly greater area under the PWA-response curve compared to control 

background noise (Table 3). Similarly, longer pulse wave arousal responses were observed in 

response to noise at higher sound pressure levels (   = 15.9,    = 6,     0.019) in N2 sleep. All 

sound pressure levels, except 36 dBA and 42 dBA, were associated with longer arousals than control 
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background noise (Table 3). There was no association between duration, area under the pulse wave 

amplitude drop curve or sound pressure level in REM or N3 sleep (all p> 0.40). No associations were 

observed between different noise types and pulse wave drop area or duration in N2, N3 or REM sleep 

(all p-values>0.3). 

<Table 3 around here> 

Cardiovascular response profile to environmental noise 

The relative change from baseline of cardiovascular responses to environmental noise was greater for 

pulse wave amplitude compared to heart rate or pulse arrival time responses and for higher sound 

pressure levels (Figure 3). There was a significant heart rate response to environmental noise >40 

dBA played in N2 sleep, with an increase in heart rate from beat 2 through 5 (all p-values < 0.02) 

followed by a significant drop at beats 7 through 10 (all p-values < 0.05) relative to noise onset 

(Figure 4). 

<Figure 3 around here> 

The rise in heart rate in response to environmental noise appeared to co-occur with a drop in pulse 

wave amplitude (three way interaction, p < 0.001). Accelerations in heart rate were stronger in both 

the >40 and <40 dBA SPL categories when a PWA-drop was present (as shown in Figure 4A and 4B). 

The magnitude of the increase was significantly greater (5 to 8% greater, all p-values < 0.01) when a 

PWA-drop was detected, as shown in Figure 4A and 4B. The same effect was observed in pulse 

arrival time (three way interaction, p = 0.035), such that a greater response was observed when a 

PWA-drop was present. The PAT response occurred between beat 1 and 5 (all p-values ≤ 0.03) 

relative to noise onset (Figure 4C and D). 

<Figure 4 around here> 

Co-occuring EEG changes and pulse wave amplitude 

The number of co-occuring PWA-drop, K-complexes and arousals to noise sound pressure levels 

greater than background noise in available in Supplementary Table 4. Amongst noises that evoked a 

PWA-drop response, 19% also evoked a K-complex and 3% evoked an arousal/awakening 

(Supplementary Table 4). The occurrence of micro-arousals or K-complexes in response to noise 

appeared to influence the pulse wave amplitude response following noise occurrence in N2 sleep, as 

shown in Figure 5. With noise samples >40 dBA, the amplitude of the PWA-drop reponse with a co-

occuring K-complex was 10 to 15% greater on the second, third and fourth beats (all p-values ≤ 0.05) 

compared to noise without evoked K-complexes. The presence of an evoked K-complex in response 

to any given noise was associated with a 32% (ORs, [95% CI]; 1.32 [1.02, 1.70]) increase in 
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likelihood of noise evoking a PWA-drop, irrespective of the SPL. The same effect was not observed 

in N3 sleep. Similarly, the presence of an arousal was associated with a significant decrease in the 

amplitude of pulse wave beats 4 to 8 (all p-values ≤ 0.03) following >40 dBA noise samples presented 

in N2 sleep. However, there was no significant increase and/or decrease in the likelihood of evoking a 

PWA-drop with a co-occuring arousal, although there were very few arousals available for this 

analysis (Supplementary Table 2 and 4). 

<Figure 5 around here> 

Discussion 

This study further supports that pulse wave amplitude responses are a particularly sensitive 

marker of human cardiovascular responses to environmental noise exposure onsets during 

sleep. >40 dBA sound pressure levels were consistently associated with an increased 

likelihood of evoking a PWA-drop and an increased area under the curve and duration of the 

PWA-drop and thus more intense cardiovascular activation responses. Wind farm noise with 

amplitude modulation was less likely to evoke a PWA-drop compared to all other noise 

types. The PWA-drop likelihood in response to environmental noise was highest with a co-

occurrence of K-complexes. Finally, PWA-drops were associated with other autonomic 

responses, such as an increase in heart rate and a decrease in pulse arrival time. 

The reduced likelihood of a PWA-drop in response to wind farm noise with amplitude 

modulation compared to other noise types is surprising. Amplitude modulation has previously 

been shown to be associated with a higher rate of annoyance and self-reported sleep 

disturbances compared to other noise types,
32-34

 suggesting that amplitude modulated noise is 

more intrusive compared to other noise types of equivalent sound pressure levels. 

Furthermore, our previous research using the same data set did not find any difference 

between noise types in terms of K-complex response probabilities. These findings could 

reflect false positive findings from low numbers of noise repetitions within noise categories, 

or more complex interactions with sensory processes operating during sleep, such as auditory 

processing mechanisms that potentially help to suppress unnecessary activation responses to 

heart-beat like sounds. Replication in future studies is warranted to investigate these findings 

in more detail and to rule out potential false positive findings. 
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Autonomic activation to environmental noise is usually assessed using heart rate responses 
7, 

12
 although two studies have tested vasoconstriction response to traffic noise at relatively high 

sound pressure levels (> 45 dBA).
16, 17

 In this study, we observed PWA-drop responses at 

sound pressure levels as low as 39 dBA, well below the World health organization 

recommendation of a night-time indoor SPL of <45 dBA. Therefore, pulse wave amplitude 

drops appear to be a particularly sensitive and thus useful marker of autonomic activation 

responses during sleep. As previously reported,
16, 17

 we observed a reduced rate of PWA-

drops in REM sleep compared to N2 sleep. However, contrary to these studies, we also 

observed a reduced rate of PWA-drops in N3 sleep compared to N2 sleep. This might be 

partly explained by an increased arousal threshold in N3 sleep compared to N2 sleep, 

consistent with previous reports of a reduced number of evoked awakenings and micro-

arousals in response to noise of equivalent acoustic characteristics played in N3 compared to 

N2
12, 35-37

.Our results are also in accordance with previous studies showing an increased 

likelihood of autonomic responses with increased sound pressure levels.
7, 11, 16

 Furthermore, 

our results are also concordant with previous literature showing greater magnitude and 

likelihood of autonomic responses with K-complex or arousal/awakening co-occurrence.
11, 18

 

However, these previous studies used pure tones at much higher sound pressure levels (~80 

dBA) compared to the much more relevant and realistic environmental noise exposure levels 

during sleep used in this study. 

Plethysmography signals have been used to derive markers informative of sleep and 

cardiovascular disturbances associated obstructive sleep apnea and its potential downstream 

effects on health. Promising results have shown that pulse-wave amplitude related markers 

are associated with cardiovascular events and hypertension.
15, 38, 39

Large and recurrent heart 

rate responses to apneic events have also been associated with all-cause mortality and fatal 

cardiovascular events.
40

 Furthermore, the biphasic heart rate response to environmental 

noises is consistent with a baroflex response arising from a combination of rapid withdrawal 

of vagal tone and a somewhat slower sympathetic response dominating skin vasoconstriction 

and increased venous return to the heart 
41

. Given these associations and clear evidence for 

noise-evoked autonomic responses, frequent environmental noise exposure during sleep 

could potentially be causally related to negative cardiovascular health outcomes.
3
 However, 

appropriately designed and powered large-scale longitudinal trials including a range of health 

endpoints and cardiovascular measurements during sleep clearly remain needed to 

definitively test that hypothesis. 
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Although studying young and healthy individuals has several advantages, such as reducing 

the risk of confounding through co-morbidities or age effects on sleep EEG and the 

cardiovascular system, this limits generalizability of study findings to the broader population. 

In addition, first night effects from sleeping in the laboratory could to some extent confound 

the findings, although this appears to be unlikely given the within-subjects randomized nature 

of noise exposures in this study. The smaller proportions of noise-evoked micro-arousals and 

awakenings may be explained, at least in part, by inter-scorer variability of micro-arousal 

scoring
42

, although the arousal probability in this study was very similar to previous reports 

43-45
. Furthermore, it remains to be determined how more realistic noise exposure in the home 

environment, such as several hours of noise exposure instead of 20 second samples, affects 

pulse wave amplitude and other cardiovascular responses and this should be investigated in 

future research.  

Previous literature has suggested that more fine-grained metrics and analysis of 

polysomnography, such as K-complexes, quantitative EEG and the odds-ratio product may 

provide a better understanding of the impact of sensory disturbances on sleep physiology than 

traditional methods.
20, 37, 46-50

 Despite some limitations, such as small sample size, the 

preliminary findings from this study strongly support the utility of pulse wave amplitude 

responses as a sensitive marker of noise disruption during sleep. Thus, larger scale 

longitudinal trials in the home environment using similar techniques are clearly warranted to 

further assess relationships between recurrent cardiovascular activation responses to 

environmental noise or other forms of sleep disruption in clinical populations and potential 

long-term health effects. Further and larger in-laboratory controlled trials are also needed to 

clarify if cardiovascular activation responses differ between noise exposure types.  
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Data sharing 

Deidentified data that support the findings of this study, including individual data, are 

available from the corresponding author upon reasonable request, subject to ethical approval 

for de-identified data release. 
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Figures:  

Figure 1: An example demonstrating the analysis of noise-evoked cardiovascular responses 

from finger photoplethysmography pulse wave amplitude (PWA) and electrocardiogram 

(ECG) signals. Pulse arrival time was defined as the difference between the R-wave and the 

maximum value of the 1
st
 derivate of the subsequent pulse wave arrival on the pulse wave 

amplitude (PWA) signal. The RR interval was defined as the time difference between two 

successive R waves. The RR, PAT and PWA maxima were calculated for the 15 beats 

following noise onset and scaled according to the baseline mean of the 5 beats before noise 

onset. 

Figure 2: The probability of a pulse wave amplitude drop (A) and odds ratio (OR and 95% CI, B) 

compared to control background noise (23 dBA) as a function of SPL noise played during sleep (N2, 

N3 and REM sleep combined). 

Figure 3: Relative changes in pulse wave amplitude, heart rate and pulse transit time in response to 

environmental noise at different sound pressure levels. Shaded area represents 95% confidence 

interval. Note smaller ordinate scales for heart rate and pulse arrival time compared to pulse wave 

amplitude. 

Figure 4: Changes in heart rate and pulse transit time in response to environmental sound pressure 

levels of 23 dBA (blue), < 40 dBA (black) and > 40 dBA (red) when a pulse wave amplitude drop was 

detected (A, C) or not detected (B, D). Shaded area represents 95% confidence interval.  

Figure 5: Changes in pulse wave amplitude in response to environmental sound pressure level with 

co-occuring EEG K complexes or arousals events. A) SPL < 40 dBA B) SPL > 40 dBA. Shaded area 

represents 90% confidence interval. 
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Tables:  

 

Table 1: Baseline characteristics of participants. 

Parameter Value 

n 20 

Age, years 22.0 [21.0, 22.3] 

Sex, female  12 (60 %) 

Sex, male 8 (40 %) 

Hearing threshold, dB HL 4.0 [2.7, 7.4] 

Weinstein noise sensitivity score 50.0 [43.0, 59.0] 

Total sleep time, hours 7.55 [7.0, 7.8] 

% of total sleep time in REM 18 [15, 21] 

% of total sleep time in N1 sleep 7 [5, 8] 

% of total sleep time in N2 sleep 44 [40, 47] 

% of total sleep time in N3 sleep 23 [20, 26] 

Arousal index, events/hours 5.1 [2.8, 6.4] 

Categorical data are reported as n (%) and continuous data as median [IQR]. 
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Table 2: Odds ratio and 95% CI of the association between SPL and pulse wave amplitude drop 

response in N2, N3 and REM sleep. 

SPL (dBA) N2 sleep N3 sleep REM sleep 

33  0.89 (0.57, 1.39) 0.95 (0.53, 1.70) 1.42 (0.75, 2.69) 

36  1.38 (0.92, 2.07) 1.26 (0.73, 2.17) 0.77 (0.38, 1.59) 

39  1.58 (1.06, 2.35) 1.25 (0.73, 2.17) 1.73 (0.93, 3.22) 

42  1.98 (1.35, 2.90) 1.55 (0.91, 2.62) 1.79 (0.97, 3.32) 

45  2.33 (1.60, 3.40) 3.36 (2.10, 5.37) 1.72 (0.92, 3.20) 

48  3.50 (2.44, 5.01) 3.45 (2.16, 5.53) 3.45 (1.93, 6.17) 
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Table 3: Mean (95% CI) of pulse wave amplitude (PWA) drop area under the curve (AUC) and 

duration in N2 sleep. p-values were obtained for the comparison between the control condition (no 

noise) and noise played at a given sound pressure level. 

 

Sound pressure level (dBA) PWA AUC, arbitrary units PWA duration, sec 

23 332 (261, 404) 6.5 (5.3, 7.6) 

33 452 (373, 531)* 9.3 (8.0, 10.6)
 #
 

36 366 (298, 434) 7.3 (6.2, 8.4) 

39 371 (306, 437) 8.1 (7.1, 9.1)* 

42 364 (303, 425) 7.4 (6.4, 8.3) 

45 430 (372, 489)* 8.3 (7.4, 9.2)
 #
 

48 431 (378, 485)
#
 8.3 (7.5, 9.1)

 #
 

* p<0.05 
# 
p < 0.01 
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