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This paper evaluates the relative contribution of vibration and noise from railway on physiological

sleep outcomes. Vibration from railway freight often accompanies airborne noise, yet is almost

totally absent in the existing literature. In an experimental investigation, 23 participants, each sleep-

ing for six nights in the laboratory, were exposed to 36 simulated railway freight pass-bys per night

with vibration alone (aWd,max¼ 0.0204 ms�2), noise alone (LAF,max¼ 49.8 dB), or both vibration

and noise simultaneously. A fourth exposure night involved 52 pass-bys with concurrent vibration

and noise. Sleep was measured with polysomnography. Cardiac activity was measured with electro-

cardiography. The probability of cortical arousals or awakenings was greater following all expo-

sures, including vibration alone, than spontaneous reaction probability (p< 0.05). The effects of

vibration exposure and noise exposure on changes of sleep stage and arousals were directly addi-

tive. Vibration and noise exposure both induced heart rate acceleration above spontaneously

expected fluctuations at baseline. The results indicate that vibration and noise are processed in the

brain separately yet in parallel, with both contributing towards the likelihood of sleep disruption.

The findings show that vibration is of importance when considering the impact of railway freight

on sleep. VC 2017 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4983302]

[JFL] Pages: 3262–3269

I. INTRODUCTION

Sleep is a vital biological event that is required by all ani-

mals.1 Sleep can be disrupted by environmental noise, and

nighttime noise exposure from traffic can contribute to

impaired endothelial function and adrenaline release,2

increased awakenings and arousals,3 increased wakefulness

and reduced REM sleep,4 disrupted sleep architecture,5

changes in cardiovascular activity and blood pressure,6

increased morning tiredness,7 and decreased self-reported

sleep quality.8 Such noise-induced sleep disturbance accounts

for the annual loss of almost 1� 106 healthy life years in

Western Europe alone.9,10 Railway noise in particular has

been suggested to cause more deleterious effects than other

traffic sources,11 with freight trains having a greater impact on

sleep than other train types.12

With respect to exposure from railways, and railway lines

carrying freight in particular, noise is often accompanied by

vibration. While much previous research has investigated both

the psychological and physiological effects of railway noise on

sleep,3,4,11–15 the impact of vibration is less well understood.

Previous work, both with laboratory and cross-sectional study

designs, has reported adverse effects of nocturnal vibration,

including both self-reported sleep disturbances and objectively

measured sleep disruption.16–20 Nocturnal railway freight

vibration has been shown to be particularly problematic, with

increasing vibration levels resulting in a greater likelihood of

cortical arousals, awakenings and sleep stage changes,20 stron-

ger cardiac activations,21 and negative effects on self-reported

sleep parameters.19 However, studies on railway vibration typ-

ically include concurrent nocturnal noise exposure, and as

such they are limited in the conclusions regarding vibration

per se. To the author’s knowledge, only one previous small

study has examined the effect of unaccompanied traffic vibra-

tion on sleep, in which four study subjects were exposed to

simulated heavy road traffic, with exposures comprised of

vibration only, noise only, and vibration and noise simulta-

neously.22 Arousals were found to occur more frequently

when the noise was accompanied with vibration than when the

noise was presented alone. Interestingly, vibration-only was

found to elicit more sleep stage changes than when accompa-

nied by noise, with the authors suggesting that vibration alone

may be perceived as more threatening without the noise pro-

viding a source identification cue. This study is, however, lim-

ited by its small sample size and furthermore does not address

the particular case of railway vibration. Other experimental

studies investigating vibration and noise on sleep have gener-

ally not focused on whole-body vibration, nor specifically on

traffic-induced vibration exposure, but have, nevertheless,

reported that vibration and noise exposure during sleep induce

more arousals and awakenings than noise alone, and that

responsiveness increases with stimulus intensity.23

Noise is received via the auditory system, and vibration

is received via the somatosensory system. Although the bodya)Electronic mail: chomgun@ucsd.edu
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uses these disparate systems, as well as the separate channels

involved with other sensory inputs (e.g., visual, olfactory,

and gustatory), at higher brain levels the inputs interact and

are merged together to create a coherent perception of the

external environment.24 For instance, it has been shown that

neural response to visual input is modulated by auditory

stimuli as early as 46 ms after stimulus onset.25 Such cross-

modal interactions also exist between audition and mechano-

reception and at optimal sound levels, the presence of

auditory noise enhances the perceptual sensitivity to vibra-

tory stimuli.26 Previous investigations in monkeys have

found that neuronal oscillations in response to low intensity

combined auditory and somatosensory stimulation are super-

additive, whereby the response amplitude was greater than

the sum of the responses to each individual stimulus. At

sound intensities higher than 50 dB, however, the effect was

directly additive.24 Processing of environmental cues contin-

ues during sleep,27 and in studies involving concurrent envi-

ronmental exposures it is, therefore, problematic to identify

the contribution that each separate exposure makes towards

effects on sleep. Knowledge of such mechanisms, hence,

requires measuring sleep when the sleeping body is reacting

to noise alone, vibration alone, and noise and vibration

together.

In summary, there is evidence that environmental vibra-

tion contributes to sleep disturbance, but the mechanisms

involved are unclear. Residents living in close proximity to

freight railway lines are frequently subjected to both the

associated vibration and noise, yet previous work into result-

ing physiological outcomes has almost exclusively focused

on the noise component of the exposure. Railway vibration,

therefore, represents a significantly neglected yet potentially

deleterious exposure in the existing literature. Furthermore,

the effect of increasing the number of nocturnal events rela-

tive to previous work20 will be examined, since the fre-

quency of trains has been shown to influence physiological

reaction probability.3 The aim of the present laboratory study

was, therefore, to investigate the effect of separate and com-

bined vibration and noise exposure on sleep.

II. METHODS AND MATERIALS

A. Experimental procedure

1. Study subjects and setting

Twenty-four young healthy adults were initially

recruited via advertisement posters in public areas of univer-

sity campuses throughout Gothenburg. One volunteer

dropped out due to illness before the start of the study. Of the

remaining 23 participants (age range 19–30, mean 23.7 SD 6

3.1 yr), 13 were female and 10 were male. All applicants

were screened prior to acceptance on the study, with self-

reported information collected on: age; sex; tobacco use; caf-

feine consumption; noise sensitivity and vibration tolerance,

both measured on a five-point semantic scale (Not at all sen-

sitive/tolerant–Extremely sensitive/tolerant); habitual sleep

and wake times during normal and free (e.g., weekends, holi-

days) periods; hearing acuity; sleep quality; snoring; restless

legs; breathing; allergies; medicine use; and body mass index

(BMI). Participants reporting noise sensitivity as 3–5 on the

response scale (i.e., Quite, Very, or Extremely sensitive)

were classed as being sensitive to noise. The exclusion crite-

ria were self-reported sleep problems, medication that might

affect sleep, tobacco use or caffeine dependence and a BMI

<18.5 or >25. If an applicant was suitable, their hearing was

tested with pure tone audiometry to a level of �20 dB hearing

level (HL). During the trial, they were prohibited from caf-

feine after 15:00 and alcohol at all times. All volunteers pro-

vided informed written consent and were financially

compensated for participation.

One female participant left the study after three nights

for personal reasons. Data are available for this person dur-

ing the control and V36 nights. Due to a technical fault, data

are not available for one female participant during V36.

Our sound environment laboratory was furnished to

resemble a residential apartment.28 The communal space

included a private entrance, kitchenette, living area, and

washing facilities. Three private noise and vibration isolated

rooms (background LAEq � 13 dB) were equipped as bed-

rooms with a bed, small chest of drawers, desk, and chairs.

Each bedroom had eighty-eight 10 in. loudspeakers con-

cealed within the ceiling to reproduce low frequencies, and

two loudspeaker cabinets in the upper corners of the room

for higher frequencies (crossover frequency 250 Hz). Band-

pass filtered pink noise (LAEq¼ 25 dB) with a spectrum

resembling ventilation sound was introduced throughout the

study periods. Electrodynamic shakers (Quake Q10B) driven

by 1000 W power amplifiers (BKA1000–4 A) were mounted

directly to the underside of the bed frames. Enclosures for

the vibration transducers were designed and installed to

ensure minimal airborne operational noise, and the head-

boards of the beds were removed to prevent re-radiation of

structurally transmitted noise.

2. Vibration and noise exposure

Individuals slept between 23:00 and 07:00 for six con-

secutive nights. The first night allowed for adaptation to the

environment and sleep measurement apparatus. The second

night served as a quiet control night, allowing a baseline

measurement of normal sleep in the absence of noise or

vibration. Night time noise and/or vibration were introduced

during nights 3–6, which were arranged in a Latin square

design to minimize ordering effects. Exposure nights could

involve either 36 trains with corresponding noise and vibra-

tion (NV36), 36 trains with noise exposure only (N36), 36

trains with vibration exposure only (V36), or 52 trains with

both noise and vibration (NV52). Audio recordings of freight

train pass-bys filtered to represent a closed window (ISO

717–1:1997)29 were used as noise exposure (Table I).19

Train vibration was synthesized using an amplitude modu-

lated 10 Hz sinusoid horizontally along the length of the bed

with maximum amplitude 0.0204 ms�2 (Wd weighted).30

Vibration began when the noise level of the train reached 35

dBA, corresponding to a delay tvib start of between 2.9 and

7.8 s from the noise onset (Table I). The vibration rise time

did not vary between the different trains, with the first peak

occurring 5.6 s after vibration onset.
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Trains were arranged to minimize differences in noise

levels between different hours while maintaining distribution

patterns typical similar to those in the field (Fig. 1). The low-

est level was between 02 and 03 (LAEq,1h¼ 29.7 dB) and the

highest was between 00 and 01 (LAEq,1h¼ 32.8 dB). These

values correspond to �1.8 to þ1.3 dB relative to the 8-h

noise level. The maximum noise level was the same across

all hours, LAFmax¼ 49.8 dB.

3. Sleep measurement

Sleep was measured using ambulatory polysomnography

(PSG) devices (SOMNOscreen plus, SOMNOmedics GmbH,

Germany). Electroencephalogram (EEG) surface electrodes

were positioned according to the international 10–20 system

at CZ, F3, F4, C3, C4, O1, O2, M1, and M2. Electrooculogram

(EOG) and submental electromyogram (EMG) electrodes

were positioned as per the American Academy of Sleep

Medicine specifications.31 All electrode impedances were

�5 kX following attachment. Data were downloaded offline

each morning after sleep cessation. EEG, EOG, and EMG sig-

nals were used to determine sleep stage throughout each mea-

surement period in 30 s epochs, manually scored by a trained

sleep technologist according to pertinent criteria.31 The tech-

nologist was blind to the study design, and blind to the experi-

mental intervention status (control or exposure) of any of the

sleep recordings. Arousals were identified using appropriate

guidance.32 Arousals of >15 s duration were classified as

awakenings.33 Cardiac activity was recorded using torso elec-

trode placement electrocardiogram (ECG) lead II. Respiratory

movements were recorded with thorax and abdomen effort

belts, and pulse, plethysmogram and peripheral oxygen satu-

ration were recorded with a finger pulse oximeter, but these

data are not reported here.

B. Analysis

Sleep macrostructure was determined from the scored

PSG data. Time in “light” sleep (stage N1), “intermediate”

sleep (stage N2), “deep” sleep (stage N3), and rapid eye

movement (REM) sleep were determined from the respec-

tive sum of the 30 s epochs scored for each stage. A sleep

stage change (SSC) was defined as transferring to a “lighter”

sleep stage, excluding wake. REM sleep was defined as

occupying the sleep depth position between Wake and N1.6

Sleep onset latency (SOL) is the time taken to enter the first

non-wake sleep stage from lights out at 23:00. N3 latency

and REM latency are the first occurrence of a N3 and REM

epoch, respectively, following sleep onset. Wakefulness

after sleep onset (WASO) is the total time spent in wake

stages following sleep onset. Sleep period time (SPT) is the

time between sleep onset and the final awakening, which at

the latest corresponds to the 0700 alarm call. Sleep effi-

ciency (SE) is the percentage of time asleep relative to the

time in bed. Macrostructure effects were statistically ana-

lyzed using a linear mixed model with study night (five lev-

els) as the explanatory variable and individuals included as a

random effect, accounting for repeated measurements on the

same participants. Each macrostructure outcome was in a

preliminary step analyzed using logarithmic, square root and

untransformed data. The transformation that gave the best

compliance with the model assumptions of normality was

used for further analysis.34

PSG data were analyzed to determine the probabilities

of event-related physiological outcomes of SSCs, EEG

arousals (3–15 s), EEG awakenings (>15 s) and combined

EEG reactions (arousals and awakenings together) in a man-

ner described previously20 using a time window following

noise onset, or the point where noise would have started had

it accompanied vibration in the night with vibration only.

The time window length was 60 s in duration, as used previ-

ously in analysis of event-related analysis of nocturnal rail-

way vibration and noise.3,20 Furthermore, in line with

previous recommendations,35 empirical analysis revealed

that a 60 s window length maximized the reaction probabil-

ity.34 The probability of EEG reactions and SSCs occurring

spontaneously was obtained by analyzing the quiet control

nights at times corresponding to trains in the exposure

nights. The spontaneous probabilities were found to be inde-

pendent of the frequency of these “phantom trains” by com-

paring 52 phantom trains with 36 phantom trains (paired

sample t-test, combined EEG p¼ 0.660; SSC: p¼ 0.901).

Analysis of these phantom trains thus yields the proba-

bilities of reactions occurring spontaneously, independently

of the presence of stimulus (Pspontaneous). The probabilities

obtained from analysis of events in the exposure nights could

conceivably include such spontaneous reactions, and are,

TABLE I. Acoustic and temporal characteristics of the individual trains.

Measured at the pillow.

Train LAEq,pb (dB) LAFmax,pb (dB) t> 35 dB (s) t10%-90% (s) tvib start (s)

1 44.0 48.4 11.5 8.9 7.7

2 42.7 47.2 46.2 9.8 7.3

3 44.5 49.8 23.7 8.4 7.8

4 45.6 49.8 29.2 7.9 2.9

5 42.4 47.2 56.9 9.2 6.3

LAEq,pb Equivalent A-weighted noise level for the train pass-by. LAFmax,pb

Maximum A-weighted noise level for the train pass-by. t> 35 dB Time that

the noise level exceeded 35 dB, here used as the train duration. t10%�90%

Time for the noise level to progress from 10% of the maximum to 90% of

the maximum, here used as the noise rise time. tvib start Time between noise

onset and vibration onset.

FIG. 1. Distribution of different events throughout 36 and 52 train nights.
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therefore, only the probability of observing a reaction in the

time window (Pobserved). Hence, the additional reaction proba-

bility Padditional attributable to the event is given by Eq. (1)35

Padditional ¼ Pobserved � Pspontaneous: (1)

Differences in probabilities between study nights were statis-

tically analyzed within the general linear mixed model

(GLMM) framework with participants included as a random

effect and assuming a binomial distribution. If main effects

were observed, the following post hoc comparisons were

tested: Control:N36, V36, NV36, and NV52; N36:V36 and

NV36; V36:N36 and NV36; NV36:NV52, N36, and V36.

Tukey corrections were used for sleep macro- and micro-

structure objective data to account for multiple hypothesis

testing.

Event-related heart rate amplitude (HRA) analysis was

performed by determining the difference between maxi-

mum heart rate acceleration and deceleration in the 60 s

time window starting at noise onset or the point where noise

would have started had it accompanied vibration in the

night with vibration only. Spontaneous HRA variation was

obtained by analyzing phantom trains in the control night.

HRA data were positively skewed and, therefore, log-

transformed before analysis.34 The results were analyzed in

a mixed model with a random intercept with experiment

night as the predictor variable, a random effect variable

accounting for repeated measurements on the same individ-

uals, and a repeated effect variable accounting for multiple

measurements within each night. A number of different

models including sex, noise sensitivity and with variations

of covariance structure were built, and subsequently com-

pared using the Akaike’s information criterion36 to deter-

mine the model best describing the data.34 Post hoc
comparisons between different nights were performed with

Bonferroni corrections applied.

III. RESULTS

A. Polysomnogram data

1. Macrostructure

No statistically significant effects were observed for

SOL, N3 latency, number of SSCs, arousals or awakenings,

SPT, WASO, sleep efficiency, first awakening time, REM or

N3 continuity, or total time spent in N1, N2, N3, or REM.

Sleep macrostructure results are presented in Supplemental

Table S2.34

2. Event related data

The total number of event-related reactions across all

participants in each night is presented in Table II, and the

additional probabilities of EEG reactions or sleep stage

change during an individual event relative to the spontane-

ous reaction probability are presented in Fig. 2.34 EEG reac-

tion probability was significantly higher in all exposure

nights than the spontaneous probability determined from the

control night to at least the p< 0.05 level (GLMM). Across

all nights with 36 trains, the highest number of event-related

awakenings occurred in the vibration-only condition, corre-

sponding to an increased awakening probability of around

0.05 compared to the spontaneous awakening frequency.

The additional awakening probability in V36 was not, how-

ever, significantly different from other exposure nights.

The pattern of increased awakenings in V36 was not

mirrored by an increase in arousals. Here, the combined con-

ditions induced more arousals than with vibration alone.

This was especially true in the NV36 night, where the

arousal probability was around 0.08 higher than in V36

(p¼ 0.003). Arousal probabilities did not significantly differ

between NV36 and NV52, where trains occurred more

frequently.

Since event-related arousals, with the exception of V36,

occurred more than twice as frequently as awakenings, the

combined EEG reaction additional probability followed a

similar pattern to arousals, in that the combined vibration

and noise exposure had a higher probability than vibration

alone. However, none of the observed differences in com-

bined EEG reaction probability between exposure nights

were statistically significant.

For sleep stage changes, again the combined vibration

and noise stimulation showed the greatest effect, and SSC

probabilities were higher in N36, NV36, and NV52 nights

relative to the spontaneous probability to at least the

p< 0.01 level. Although SSC probability was higher in both

nights with noise and vibration than vibration-only

(p< 0.05), as seen in Fig. 3 the vibration component of the

exposure nevertheless contributed to an increased likelihood

of sleep stage changes. Furthermore, changes to a wake stage

were not included in the calculation of SSCs, so it is unsur-

prising that nights with the highest awakening probability, in

this case the vibration-only condition, partially contributes

to a slightly lower probability of sleep stage change.

The additional probabilities are presented in Fig. 3 along

with the sum of the noise-only and vibration-only nights.

The difference between this sum and the probabilities from

the dual stimuli night (NV36) is calculated according to Eq.

(2). For sleep stage change and arousal probabilities, the

sum of Padditional from the noise-only and vibration-only

nights is close to the probability from the combined exposure

night, agreeing to within 0.4 percentage points. This close

agreement is not observed for awakenings or consequently

combined EEG reactions, which have differences of

DP¼ 0.054 and 0.055, respectively:

TABLE II. Total number of event-related shifts to lighter sleep stage,

arousals, and awakenings across all participants each study night.

Response

“Phantom” trains (52) Event-related reactions

Control N36 V36 NV36 NV52

Total arousals (n) 124 132 101 159 190

Total awakenings (n) 36 48 59 47 72

Total EEG reactions (n) 160 180 160 206 262

Total SSCs (n) 129 127 109 155 207

SSC: Sleep stage changes. V36: Vibration only, 36 trains. N36: Noise only,

36 trains. NV36: Noise and vibration, 36 trains. NV52: Noise and vibration,

52 trains.
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DP ¼ N36þ V36½ � � NV36ð Þ: (2)

B. Heart rate data

HRA was greater when the participants were awake

before the train onset, or awoke during the train pass-by

itself, than when they continued to sleep [F(1,4096)¼ 368,

p< 0.001]. Data where participants were awake were subse-

quently excluded from the analysis. The mixed model with

random intercept that best described the data used a first

order autoregressive covariance matrix structure, which

accounts for the time-varying nature of the data.34 A first

model included experiment night, sex and sensitivity. Sex

(p¼ 0.159) and sensitivity (p¼ 0.153) were found to be non-

significant and were thus excluded from analysis. The final

model, therefore, included experimental night as the predic-

tor variable and the intercept and the repeated effect terms

(participant and event number within night), and employed a

first order autoregressive covariance structure. A significant

main effect of night was found [p< 0.001, F(4,852)¼ 5.13,

see Fig. 4]. Post hoc tests revealed that HRA was higher in

all exposure nights (N36, V36, NV36, NV52) than in the

control night (p< 0.05). HRA did not differ significantly

between the exposure nights.

IV. DISCUSSION

For the first time, this study has investigated how noise

and vibration from railway traffic interact regarding their

effects on human sleep. The controlled laboratory design

allowed for nights with simultaneous noise and vibration,

and nights with only noise or vibration. The comparisons of

physiological reactions between nights, therefore, enables

determination of the degree of response attributable to each

separate exposure stimulus, and the interactions thereof. In

summary, both vibration and noise contributed to event-

related EEG reactions, sleep stage changes and increases in

cardiac activity. The effects of vibration and noise were

directly additive for EEG arousals and SSCs. Heart rate

accelerated following vibration, noise, and combined expo-

sure, but the degree of acceleration did not differ between

these different exposure scenarios. No effects on overall

sleep architecture were observed between 36-event nights

with noise only, vibration only, or combined noise and vibra-

tion. Increasing nocturnal noise and vibration exposure from

36 trains to 52 trains had no significant effect on sleep mac-

rostructure or event-related cortical or autonomic response.

FIG. 2. (Color online) Event-related EEG reaction probabilities for each

study night. (A) Arousals. (B) Awakenings. (C) Combined EEG reactions.

(D) Sleep stage changes (SSC). Probabilities were calculated with the

pooled data from all participants using all events within the full study night.

V36: Vibration only, 36 trains. N36: Noise only, 36 trains. NV36: Noise and

vibration, 36 trains. NV52: Noise and vibration, 52 trains. Error bars indi-

cate 95% confidence intervals.
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FIG. 3. (Color online) Contributions of

noise and vibration exposure to differ-

ent physiological reaction probabili-

ties. (A) Arousals. (B) Awakenings.

(C) Combined EEG reactions. (D)

Sleep stage changes (SSC). N36: Noise

only, 36 trains. V36: Vibration only,

36 trains. NV36: Noise and vibration,

36 trains.
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A. Effects on sleep physiology

The effects of noise and vibration were directly additive

for event-related EEG arousals and SSCs. This has previ-

ously only been observed in monkeys for sound intensities

above 50 dB.24 In contrast, a very small study had previously

reported that changes of sleep depth were more frequent fol-

lowing exposure to heavy road traffic vibration-only than

when noise was presented alongside.22 The probability for

awakenings, which are the strongest form of activation dur-

ing sleep,37 was slightly higher during vibration-only than

noise-only or noise and vibration together in the present

study, although the difference was not statistically signifi-

cant. Nevertheless, taken together with the fact that the

effect on awakenings within V36 differed from the effect on

arousals and SSCs, we assume that the absence of acoustic

information hinders classification of the specific nature of

the exposure source. Auditory information continues to be

processed during sleep,27 and could enable identification of

the exposure as railway vibration. An unidentified exposure,

hence, could indicate a potential threat, with the sleeping

brain preparing the body to react by waking up. The sleeping

brain’s spontaneous rhythms preclude its ability to maintain

stable sleep in the presence of noise.38 The brain may, how-

ever, be less resilient to vibration than noise, and, hence,

may more readily awaken from sleep following vibration, as

seen here, although the effect was modest. In the opposite

direction to awakenings, arousal probability was lower dur-

ing vibration-only trains than noise-only or combined vibra-

tion and noise. These EEG arousals are a mechanism by

which the body maintains vigilance towards the external

environment even while maintaining a sleeping state,39 so

the lower arousal probability implies that the brain is less

able to evaluate the vibration and maintain sleep, being more

likely instead to lead to an awakening. However, if vibration

does not lead to an awakening, it still contributes towards

the overall impact of exposure on sleep fragmentation,

reflected by the additive effect on arousals and SSCs.

The only exposure night where SSC probability was not

significantly higher than the baseline was the vibration-only

condition. However, in this V36 night, awakening

probability was greatest, and such awakenings were not

included in SSC derivation. Therefore, in the exposure

nights involving noise, the exposure had a significant proba-

bility to lead to a reduction of sleep depth, while maintaining

a sleeping state. In the vibration-only night, however, rather

than sleep purely becoming more shallow, the body was

more likely to fully awaken.

Increasing the number of events with both vibration and

noise from 36 to 52 resulted in a decrease of around 0.04 in

additional arousal probability, and subsequently combined

EEG reaction probability, although this decrease was not sta-

tistically significant. Within-night habituation to railway

noise, whereby reaction probability decreased with an

increasing number of nocturnal events, has been reported

previously,3 but this habituation was not observed when

investigating 20 and 36 nocturnal vibration and noise expo-

sures.20 It is, therefore, possible that when traffic frequency

exceeds a certain threshold, a slight habituation to the

repeated exposure manifests. However, compared to noise

exposure, any such habituation effects in the present work

are rather small when vibration and noise are presented

simultaneously, supporting the notions that vibration may be

more indicative of threat than identifiable noise, that sleep

stability is less effectively maintained following vibration

than noise, or indeed a combination of the two.

Whereas, noise and vibration were found to lead to

event-related EEG reactions, overall sleep architecture was

found to be generally unaffected during the full night. These

biological responses are, therefore, occurring at the expense

of spontaneous changes in sleep microstructure, as has been

observed previously for noise3 and combined noise and

vibration.20 It is, however, unclear whether these disruptions

of the natural rhythm of sleep are relevant for negative out-

comes associated with interference of vital processes includ-

ing memory consolidation,40 daytime sleepiness,41 hormone

regulation42 and clearance of toxins that accumulate during

wakefulness.43

B. Effects on cardiac activity

Heart rate amplitude was higher during trains in all

exposure nights relative to changes occurring spontaneously,

indicating that vibration, noise, or a combination thereof are

capable of inducing autonomic activations. Increased heart

rate has previously been shown to occur following exposure

to air, road and railway noise,3,44 and simultaneous railway

noise and vibration,21 but to our knowledge this is the first

time such a response has been shown for vibration alone.

Scenarios where vibration, but not noise, occur are uncom-

mon, but homes in the vicinity of railway tunnels represent

such a situation if the ground properties are such that

ground-borne noise is not generated simultaneously.

Although not statistically significant, HRA was somewhat

higher in the NV36 night than either of the N36 and V36

nights, suggesting that the degree of autonomic response is

related to multiple salient sensory inputs, rather than to the

brains reaction to a single preponderant stimulus.

The current study found that increases of HRA were

lower during sleep than when an individual awoke or was

FIG. 4. (Color online) Mean HRA in all study nights. Error bars indicated

95% confidence intervals.
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awake prior to stimulus onset, as expected. Some previous

work has reported that HRA in response to traffic noise was

lower during sleep than wakefulness,45 but such studies do

not account for the large heart rate elevations that accom-

pany awakenings.46 Furthermore, the HRA did not differ

between nights with 36 and 52 trains. If autonomic habitua-

tion following repeated exposure were to occur within the

night, as has been reported previously for railway noise,3

then it would be expected that HRA would be lower in the

52-train night. The data in the present study, therefore, do

not suggest that there is a habituation to vibration exposure.

The relevance of such cardiac activations in the long term,

either with or without awakenings, is not known, but has

been suggested to be a risk factor for the development of car-

diovascular disease, including arterial hypertension.13

C. Relevance for situation in the field

In areas with strong vibration, self-reported annoyance

to railway noise was higher than in areas with no or low

vibration levels,47 with the authors proposing that vibration

may modulate the psychological response to noise, rather

than evoking a response itself. In the present work we were

intrigued by the possibility of effects on sleep following sim-

ilar cross-modal mechanisms. Stochastic resonance is the

phenomenon whereby the addition of random signal noise,

in this instance not necessarily auditory noise, to a signal

causes it to move above threshold, evoking a response.48 For

instance, low level auditory noise increases vibration percep-

tion.26 We found instead that rather than the introduction of

a second modality increasing the response to a first, vibration

and auditory noise were, at least in terms of arousal and

sleep stage changes, directly additive. Annoyance, such as

that reported to be modulated by exposure to vibration,47 is

by definition a psychological phenomenon, and physiologi-

cal reactions to noise during sleep occur independently of

annoyance.49 The additive effects of vibration and noise do

not, therefore, necessarily disagree with the cross-modal

field findings.

Since both environmental noise and vibration contribute

separately to physiological response, reducing one single

exposure, typically noise, may not be sufficient to provide

adequate protection for exposed populations. The vibration

amplitudes used in the current work correspond to the expo-

sure of around 7300 individuals in Sweden alone.50 Sleep

disturbance following nighttime environmental noise can be

highly variable between individuals,51 and care should,

therefore, be taken when considering the implications of the

present work in the context of response in the field.

V. CONCLUDING REMARKS

Vibration and noise from railway freight, both differen-

tially and coincidentally, contributed towards sleep distur-

bance, reflected by cardiac activations, EEG arousals and

awakenings, and changes of sleep depth. The effects of noise

and vibration were directly additive for EEG arousals and

sleep stage changes, indicating that both inputs are processed

in the brain separately yet in parallel, with both contributing

towards the likelihood of arousal. There was no indication

that either cardiac or autonomic habituation occurred within

nights. However, the rather homogeneous age distribution in

the present work limits the conclusions that can be drawn

regarding older or younger populations. With increasing age,

there is a monotonic increase in arousal frequency and a

decrease in the proportion of deep sleep.52,53 Arousal from

sleep following environmental noise intrusion is more likely

during shallower sleep stages,37 so it follows that an older

population may be more reactive to noise and vibration than

is demonstrated in the present study. Further work could,

therefore, seek to examine response to vibration in noise

among not only older but also younger populations, with

children requiring more sleep and as such representing a

potentially vulnerable group.
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