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Background: Previous researchhassuggested that childrenexposed tomoreearly-life stress showworsementalhealth
outcomes and impaired cognitive performance in later life, but themechanisms subserving these relationships remain
poorly understood. Method: Using miniaturised microphones and physiological arousal monitors (electrocardiogra-
phy, heart rate variability and actigraphy), we examined for the first time infants’ autonomic reactions to environmental
stressors (noise) in the home environment, in a sample of 82 12-month-old infants from mixed demographic
backgrounds. The same infants also attended a laboratory testing battery where attention- and emotion-eliciting
stimuli were presented. We examined how children’s environmental noise exposure levels at home related to their
autonomic reactivity and to their behavioural performance in the laboratory. Results: Individual differences in total
noise exposurewere independent of other socioeconomic andparenting variables. Children exposed tohigher andmore
rapidly fluctuating environmental noise showedmore unstable autonomic arousal patterns overall in home settings. In
the laboratory testing battery, this group showed more labile and short-lived autonomic changes in response to novel
attention-eliciting stimuli, alongwith reducedvisual sustainedattention.Theyalso showed increasedarousal lability in
response to an emotional stressor. Conclusions: Our results offer new insights into the mechanisms by which
environmental noise exposuremay confer increased risk of adversemental health and impaired cognitive performance
during later life. Keywords: Environmental noise; autonomic nervous system; arousal; infant; attention.

Introduction
One well-replicated finding within psychology and
psychiatry is that early exposure to stressful envi-
ronments increases the risk of adverse long-term
outcomes, including mental disorder (Businelle
et al., 2013; Felitti et al., 1998) and cognitive impair-
ment (Blair, 2010; Evans & Schamberg, 2009).
Recent research has suggested that the increased
mental health risk conferred by early-life stress is
transdiagnostic, and not disorder-specific (Conway,
Raposa, Hammen, & Brennan, 2018), offering some
vital clues as to aetiological pathways (Karmiloff-
Smith, 1998). Early-developing impairments in
brainstem-mediated arousal and regulation circuits
may act as a common pathway, causing develop-
mental impairments in domains such as socioemo-
tional self-regulation, inhibitory control, executive,
verbal and motor functions, and cognitive processing
(Geva & Feldman, 2008). Even minor alterations in
responses to daily stressors may trigger a cascade of
changes which cumulatively constitute a vulnerabil-
ity to or risk factor for later psychopathology (Bors-
boom & Cramer, 2013; Charles, Piazza, Mogle,
Sliwinski, & Almeida, 2013; Sonuga-Barke, Koert-
ing, Smith, McCann, & Thompson, 2011; Trull,

Lane, Koval, & Ebner-Priemer, 2015; Wichers, Wig-
man, & Myin-Germeys, 2015).

Stress is an umbrella term used to refer to actual
life events or situations (‘stressors’) and to the
cognitive and biological responses that such situa-
tions evoke (‘stress responses’) (Epel et al., 2018).
Both aspects can be studied over multiple time-
scales. Stressors range from lifelong factors (e.g.
poverty) to short-term ones (e.g. a cup of tea spilled
on a laptop); stress responses diversely include both
long- and slow-acting changes in diverse endocrine
and nervous systems designed to help an organism
maintain homeostasis and allostasis in the face of
change (Cannon, 1915; McCall et al., 2015; Selye,
1951).

Within psychology and psychiatry, researchers
generally measure early-life stress using question-
naire assessments that identify lifelong stressors,
such as parental conflict and emotional abuse (Felitti
et al., 1998). Over recent years, we are increasingly
becoming aware that short-term factors, such as
environmental noise, also cause stress responses.
Understanding these is particularly important given
our current rapid urbanisation as a species, with
concomitant increase in noisy and cramped living
environments (Evans, 2004).

Nonauditory effects of noise are known to occur at
levels far below those required to damage hearingConflict of interest statement: No conflicts declared.
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(Basner et al., 2014; P�erez-Valenzuela, Terreros, &
Dagnino-Subiabre, 2018). Loud noise increases cor-
tisol levels in several species (Kight & Swaddle,
2011), including humans (Evans, Lercher, Meis,
Ising, & Kofler, 2001). In 10-year-old children, high
levels of environmental noise exposure are associ-
ated with elevated resting systolic blood pressure
and increased heart rate reactivity in response to the
presentation of a novel stressor (Evans et al., 2001).
Infants exposed to high levels of noise in neonatal
intensive care units show increased heart and res-
piratory rates and decreased oxygen saturation
(Bremmer, Byers, & Kiehl, 2003) – factors also
commonly reported in adults (Basner et al., 2014).

Other research has used parent report to assess
household chaos using questionnaires such as the
Confusion, Hubbub and Order Scale (CHAOS;
Matheny, Wachs, Ludwig, & Phillips, 1995). Chil-
dren who are chronically exposed to ambient noise
exhibit poorer reading and language skills than
matched samples (Evans, 2006; Haines, Stansfeld,
Job, Berglund, & Head, 2001). Previous research
has suggested that this may be because they learn to
routinely screen out auditory stimuli, even those
that are useful.

Virtually all previous research has, however, taken
time-invariant snapshots to measure the average
levels of noise to which individuals are exposed. This
means that several vital questions remain unan-
swered. For example, we understand little about
whether fluctuations in environmental noise associ-
ate with immediate changes in physiological stress,
and whether individuals exposed to more rapidly
fluctuating environmental noise show altered phys-
iological stress responses. Relatedly, we understand
little about how individuals exposed to more noise
overall become hyper- or hyposensitised to noise
(although see Basner, M€uller, & Elmenhorst, 2011;
Pearsons, Barber, Tabachnick, & Fidell, 1995). As a
result of this, we understand little of the mecha-
nisms through which noise exposure affects emo-
tional and cognitive performance. Further, most
previous research into household noise has exam-
ined children and adults – rather than infants, who
potentially are highly sensitive to environmental
influences during early development (Frankenhuis,
Nettle, & McNamara, 2018).

We used miniaturised microphones and video
cameras, along with wearable physiological stress
monitors, to study infants’ responsivity to real-world
auditory events. The same participating infants were
also brought into the laboratory where we measured
their reactivity while administering an attention task
to measure visual sustained attention, and a beha-
vioural task (still-face protocol) to measure emotion
reactivity. Early atypical performance on both of
these tasks has been linked to a range of later
psychopathologies (Johnson, Gliga, Jones, & Char-
man, 2015; Jones, Gliga, Bedford, Charman, &
Johnson, 2014; Kahle, Miller, Helm, & Hastings,

2018; Santucci et al., 2008). Autonomic arousal was
assessed using a combination of electrocardiography
(ECG), heart rate variability and actigraphy
(Cacioppo, Tassinary, & Berntson, 2000).

Because autonomic responsivity mediates both
our cognitive responses to novel, attention-eliciting
stimuli and our affective responses to unexpected or
stressful events (Aston-Jones & Cohen, 2005; Geva
& Feldman, 2008), we were interested to examine
how environmental noise affects infants’ responses
both to attention- and emotion-eliciting stimuli in
the laboratory battery. Relatively little previous
research has, however, examined infants’ reactivity
to attention-eliciting and emotion-eliciting stimuli
within a single data set (see Wass, 2018 for review;
see also Aston-Jones & Cohen, 2005; Beauchaine &
Thayer, 2015). Therefore, we were agnostic as to
whether noise-related atypicalities in autonomic
function would most affect infants’ laboratory-based
performance in cognitive or affective domains, or
both.

Method
Participants

Participants consisted of 82 infants recruited from the London,
Essex, Hertfordshire and Cambridge regions of the United
Kingdom. Exclusion criteria and demographic details are given
in Table S1.

Home battery

Participating parents selected a day for which they would be
spending the entire day with their child but that was otherwise,
as far as possible, typical. The researcher visited the partici-
pants’ homes in the morning (between 7.30 and 10 am) to fit
the equipment and explain its use, and then returned in the
late afternoon (between 4 and 7 pm) to remove it. Mean (std)
recording time per day was 7.3 (1.4) hours.

The equipment consisted of two wearable layers (see Fig-
ure S1). A specially designed baby-grow was worn next to the
skin, containing a built-in ECG recording device, accelerom-
eter, GPS and microphone. A T-shirt, worn on top of the device,
contained a pocket to hold the microphone and a miniature
video camera. The clothes were comfortable when worn, and,
other than a request to keep the equipment dry, participants
could behave exactly as they would on a normal day. No
discomfort in wearing the equipment was reported. To ensure
good quality recordings, the ECG was attached using standard
Ag-Cl electrodes, placed in a modified lead II position.

Details of the criteria through which sleeping and waking
segments were identified are given in the Supporting Informa-
tion (Appendix S1, section 1.2). Details of parsing of the
autonomic data, including details of the motivation for col-
lapsing the different autonomic indices into a single composite
measure, are given in Appendix S1, section 1.3. Details of the
recording and coding of the infant microphone data are given
in the Appendix S1, section 1.4.

Questionnaires were also administered to assess: household
income, maternal education, stressful events around birth
(medical complications, preterm birth, and drink or drugs
while pregnant or previous miscarriage), adverse life events
since birth (serious illness, death in family, abuse/attacks/
threats to family, unemployment in family, financial difficul-
ties, committing or being victim of a crime, and moving house)
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(Felitti et al., 1998), parental anxiety (GAD-7 – Spitzer,
Kroenke, Williams, & L€owe, 2006), depression (PHQ-9 –
Kroenke, Spitzer, & Williams, 2001), parental overinvolvement
(Hudson & Rapee, 2002) and the number of people living at
home (Felitti et al., 1998). In addition, parent report of
household order was assessed using the CHAOS (Matheny
et al., 1995).

Laboratory battery

The laboratory battery was conducted within median (st err) of
17.5 (3.5) days of the home battery. Details of participant
dropout for different individual tasks in the laboratory battery
are given in Appendix S1, section 1.5.

For Tests 1 and 2, ECG was recorded using the same devices
as for the home battery. For Test 3, ECG was recorded using
BioNomadix BN-ECG2 and BM-ACCL3 units, along with an
MP160 amp, fromBiopac. For all ECG recordings, standard Ag-
Cl electrodes placed in a modified lead II position were used.

Test 1: Still-face protocol. Parent and child were seated
across an 80-cm-wide table and instructed to play naturally
with four toys positioned on the table. After 4 min, on an
instruction from the experimenter, the parent was instructed
not to respond to the infant and to hold a neutral face for
2 min. On a further instruction from the experimenter, the
play resumed for a further 2 min. If the infant becomes
distressed during the still-face period, as judged using the
standard guidelines (Weinberg & Tronick, 1996), the experi-
ment was curtailed.

Test 2: Repetitive, static audio–visual stimuli were presented
to elicit a baseline; these were followed immediately by
attention-eliciting videos, lasting c. 30 s each. The baseline
stimuli were short auditory sounds and static pictures of
animals; the attention-eliciting videos were videos of the BBC
children’s presenter Mr Tumble singing nursery rhymes. Four
blocks were presented and averaged. Infants’ visual attention
towards the stimulus presentation area was recorded and

coded post hoc, and their heart rate (RR intervals) was
recorded.

Test 3: In addition, a secondary test of visual sustained
attention was also administered. For reasons of space, the
method for this is given in Appendix S1, section 1.6.

Results
The Results section is in five parts. In part 1, we
present descriptive analyses of the home data. In
part 2, we examine infants’ autonomic reactions to
naturally occurring environmental noise in the home
data. In part 3, we present analyses examining
sustained attention and autonomic responsivity to
attention-eliciting stimuli in the laboratory battery.
In part 4, we present analyses examining negative
affect and autonomic lability in the home data. In
part 5, we examine infants’ stress reactivity and
arousal lability to an emotional stressor in the
laboratory battery.

Kolmogorov–Smirnov results indicated that not all
test results observed for all variables were paramet-
rically distributed. Because of this,more conservative
nonparametric statistical analyses have been used
throughout, for consistency (Figure 1).

Part 1 – Descriptive analyses

Figure 1 shows a raw data sample of the home data,
and Figure 2 shows the results of the descriptive
statistical analyses. Figure 2A illustrates how the
average noise levels varied across different

Figure 1 Data sample illustrating the raw data collected from a single participant. Six and a half hours’ data are presented (see time axis
at the bottom). From top to bottom: the RR (interbeat) intervals derived from the electrocardiography recording, indexed as beats per
minute (BPM); the heart rate variability [indexed as the root mean square of successive differences (RMSSD); actigraphy (indexed as
microvolts); the sound levels on the infant microphone (indexed as decibels (dB)]; the results of the coding for microphone vocalisations,
microphone ambient and infant vocal affect (see Appendix S1, section 1.4). For microphone ambient, only those categories that were
present in the data sample are shown

© 2019 Association for Child and Adolescent Mental Health

Environmental noise and infant ANS 3



individual data samples recorded. For the five par-
ticipants who were lowest overall on noise, the
average levels of waking noise are lower, and there
is also a clear differentiation between the asleep and
awake samples. For the participants who scored
higher overall on noise, this is not the case. See
Figure S3 in Appendix S2 for the same plot showing
all data, and see here1 for a list showing average
decibel levels across different categories of real-world
noise.

For subsequent analyses, participants were split
into ‘low noise’ and ‘high noise’ using a median split,
based on the average decibel levels observed in the

microphone data recorded while infants were asleep.
In Appendix S2, section 2.3, we also include identi-
cal analyses based on quartile splits. We used
sleeping data because we judged that this was likely
to be more free of possible self-generated microphone
artefacts and thus to be an accurate measure of
background noise. Sleeping noise also showed pos-
itive bivariate associations with waking microphone
noise rs = .33, p = .005 and with the CHAOS ques-
tionnaire rs = .29, p = .02.

We also examined bivariate associations between
noise and other socioeconomic variables. Full results
are given in Appendix S1, section 1.7. In brief,

Figure 2 (A) Illustrative data samples. Each column shows the microphone data recorded from an individual participant. Within each
column, each dot shows the average noise level for an individual sample (recorded once per minute). The five participants who scored
lowest on overall noise levels are shown on the left; those who scored highest are shown on the right. Samples recorded while the infant
was sleeping are shown in purple; those recorded while the infant was awake are in orange. Full data are shown in Appendix S2,
Figure S3. (B) Poincar�e plots, calculated as described in Appendix S1, section 1.8. Noise levels were averaged into 60-s epochs and sorted
into equal-sized bins on a per-participant basis to control for interindividual differences in mean noise level. Noise at time t is shown on
the y-axis and time t + 1 on the x-axis. Data more tightly clustered on the identity line show greater consistency across time. It can be seen
that the high-noise group shows more abrupt changes in noise (e.g. from bin 1 at time t to bin 5 at time t + 1). Statistical analyses
described in Appendix S1 (section 1.8) confirm this as a significant pattern in the data. (C) Mean volumes (in dB) recorded from the high-
noise group (blue) and low-noise group (red), sorted by vocalisation/ambient category and sleeping/waking (see Appendix S1, section 1.4
for more details). Error bars show the standard error of the means. (D) The proportion of total samples that each vocalisation/ambient
category was present for. For (C) and (D), independent samples t-tests were conducted to examine the significance of group differences
between the high- and low-noise groups. Where significant, these have been indicated with (*) in the legends on the x-axis
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sleeping microphone noise showed bivariate associ-
ations with the number of other people living at
home (p = .02), but did not associate with maternal
education, household income, birth stressors,
adverse life events, parent anxiety or depression
and parental overinvolvement. There was no rela-
tionship between noise and the proportion of the
recording spent sleeping.

In addition to total noise levels, we also examined
the change in noise across time, by calculating
Poincar�e plots (see Figure 2B; see further details in
Appendix S1, section 1.8). Analyses presented in
Appendix S1 indicate that the high-noise group
showed significantly more sudden changes in noise
between consecutive 60-s epochs (Wilcoxon p = .01),
when differences in mean noise are controlled for.

Figure 2C shows the average noise levels by cat-
egory of vocal/ambient noise (see Appendix S1,
section 1.4), and Figure 2D shows the proportion of
audio samples in each category. The high-noise
group shows consistent trends towards higher deci-
bel levels across different vocal/ambient categories.
Between-group differences are larger for the sleeping
relative to the waking sections, which is expected
given that groups were defined by sleeping noise.
Other differences can also be seen: for example,

infants in the high-noise group were exposed to
significantly less speech where the adult was talking
directly to the infant and more speech where the
adult was talking to another adult.

Part 2 – Autonomic sensitivity to environmental
noise in home data

To examine how external noise in the home data
related to autonomic changes in the child, we
calculated the cross-correlation function between
auditory noise and autonomic arousal (see
Appendix S1, section 1.9). Prior to conducting
calculations, all epochs in which the infant was
vocalising were excluded, to ensure that only exter-
nal noise sources were considered. Analyses only
included segments in which infants were at home,
because in these segments infants were generally
free-roaming (i.e. not strapped in a buggy or car
seat), allowing more accurate estimation of auto-
nomic arousal. Subsequent analyses found that
outdoor segments showed similar relationships. At
time lag = 0 (i.e. examining the concurrent cofluctu-
ation of autonomic arousal and external noise across
the day), Wilcoxon tests indicated that both groups
were significantly above the chance value of 0: low-

Figure 3 (A) Cross-correlation plot showing the relationship between auditory noise and autonomic arousal in the home data. For all
plots, red shows the low-noise group and blue the high-noise group. Shaded areas show the standard error of the means. (B) Histograms
showing the cross-correlation values for time lag = 0 only from (A). (C) RR interval changes to a novel attention-eliciting event in the
laboratory battery. Shaded areas show the S.E. Star indicates the area of significant difference identified by the permutation test
*p < .05. (D) Look durations during the period �5 to 0, 0 to 15 and 15 to 30 s relative to stimulus change. Stars indicate areas of
significant difference – *p < .05; (*) p < .10. (E) Look durations during the secondary sustained attention task (described Appendix S1,
section 1.6)
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noise group: Z = 6.2, p < .001; high-noise group:
Z = 6.1, p < .001. Zero-lag correlations were also
higher in the low-noise group than the high-noise
group Z = 3.2, p = .004. This indicates that for both
groups, autonomic arousal was increased at times
when external noise was higher, but that the asso-
ciation between external noise and autonomic arou-
sal was lower in the group exposed to higher average
levels of noise.

Part 3 – Visual sustained attention in laboratory
battery

To examine infants’ responses to attention-eliciting
stimuli in the laboratory battery, infants were habit-
uated to repetitive, static stimuli before an attractive,
novel stimulus was presented. Figure 3C shows
infants’ autonomic responsiveness (indexed as RR
interval change) to the novel stimuli. Data were z-
scored to control for individual differences, and RR
intervalchangesrelative totheappearanceof thenovel
stimuluswereassessed.Thepermutation-basedclus-
tering analyses (Appendix S1, section 1.10) indicated
that infants in the high-noise group showed signifi-
cantlymoreshort-liveddecreasesinarousal (p = .004)
relative to the appearance of the novel stimulus.

Next, we examined the change in infants’ visual
attention. Both groups showed an increase in visual
attention in response to the novel stimulus (Fig-
ure 3D). Immediately following the stimulus, Wil-
coxon tests indicated no group differences in
attention (p = .38), but at later time intervals a
significant difference emerges (p = .024). In addition,
we also administered a separate test of visual
sustained attention (see Figure 3E and
Appendix S1, section 1.6) which showed results
consistent with this. Overall, these results suggest
that infants from the high-noise group showed
reduced visual sustained attention, along with more
short-lived autonomic changes following the appear-
ance of novel attention-eliciting stimuli.

Part 4 – Arousal lability in home data

Next, we examined whether the rate of change of
autonomic arousal differed between the high-noise
and low-noise groups in the home data, by calculat-
ing the autocorrelation function (ACF) and partial
autocorrelation function (PACF) of arousal (see Fig-
ure 4A). The ACF indexes the relationship between a
variable and itself, considered at varied time inter-
vals. Cases where the ACF shows a faster fall-off

Figure 4 (A) Autocorrelation function (ACF) for arousal in the home data. Red shows the low-noise group; blue shows the high-noise
group. (B) Partial autocorrelation function (PACF) for arousal in the home data. Dashed red line indicates cut-off for significant PACF
coefficients. Star indicates significant results of Wilcoxon test to examine between-group differences. *p < .05. (C) Arousal changes to
moments of naturally occurring negative affect in the home data. Shaded areas show the S.E. Red shows the low-noise group; blue shows
the high-noise group. Star indicates the area of significant difference identified by the permutation-based temporal clustering analyses.
*p < .05. (D) RR interval change during the still-face procedure, and recovery afterwards in the laboratory battery. Red shows the low-
noise group; blue shows the high-noise group. *p < .05
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indicate that the relationship between a variable at
time t and the same variable at time t + x is lower –
that is that the rate of change of that variable overall
is higher. The PACF indexes the autocorrelation of a
measure, but at each lag it controls for the effect of
previous autocorrelations at smaller lags (Chatfield,
2004). PACFs presented in the main text are calcu-
lated based on 10-min bins (see Figure 4B); in
Appendix S2, section 2.2, we present the results of
identical analyses using different epoch sizes. The
first- and second-lag terms were both strongly
significant (~=0) in both groups, indicating a sec-
ond-order autoregressive model; the first term was
highly positive, but the second term was negative
(arousal levels at time t were negatively associated
with arousal levels c. 15 min after time t). Wilcoxon
tests were conducted to assess how the PACF terms
differed between the high- and low-noise groups,
controlling for multiple comparisons using the Ben-
jamini–Hochberg procedure (Benjamini & Hochberg,
1995). The first-order term was greater in the low-
noise group Z = 3.1, p = .002, but no significant
difference was observed for the second-order term. In
Appendix S2, section 2.2, we present analyses
suggesting that the same pattern is consistently
observed at epoch sizes greater than 10 min, but not
at smaller epoch sizes. Overall, these results indicate
a faster rate of change between consecutive epochs
of 10 min (and upwards) in the high-noise group.

Figure 4C shows infants’ autonomic responsivity to
naturally occurring negative affect in the home data.
We identified (see Appendix S1, section 1.4) moments
where infants showed peak negative affect in their
vocalisations [<=3 on a scale from 1 (most negative
affect) to 9 (most positive)]. A mean (SE) of 13.6 (1.2)
such instances was identified per infant. Infants’
arousal was z-scored (to control for between-partici-
pant differences in average arousal) and averaged
during the period from �10 min relative to each
instance (see Figure 4C). Although the arousal
increase at the timeof thenegative affect vocalisations
is equivalent, the high-noise group shows faster
decreases in autonomic arousal in the period c. 1–
5 min after the vocalisation, as indicated by a signif-
icant difference on the permutation-based temporal
clustering analyses (p = .042; see Appendix S1, sec-
tion 1.10). This suggests that the high-noise group
showed faster physiological recovery following
moments of naturally occurring negative affect.

Part 5 – Arousal lability to emotional stressor in
laboratory battery

We also examined infants’ autonomic responsiveness
toexperimentally inducednegativeaffect,usingastill-
face procedure (Weinberg & Tronick, 1996; see Fig-
ure 4D). Data were windowed in 30-s windows.
Changeduring the still facewas calculatedas thefinal
windowduringthestill faceminusthe initialwindowof
free play; recovery was calculated as the final window

ofresumedfreeplayminusthefinalwindowduringthe
still face. A nonsignificant bivariate correlation was
observedbetweenhomenoise andHR increaseduring
the still face rs = .49, p = .15; a significant bivariate
correlationwas observed between homenoise andHR
recovery following the still face rs = �.65, p = .049.
This indicates that, in the laboratory battery, children
with noisier home backgrounds showed both (non-
significantly) greater HR increase during the still face
and greater recovery after.

Discussion
We measured infants’ exposure to environmental
noise and autonomic reactivity in a cohort of 12-
month-old infants from diverse socioeconomic back-
grounds. Our noise recordings indicated consistent
individual differences in mean levels of noise expo-
sure across sleeping and waking; microphone noise
data also associated with parent report via question-
naire (the CHAOS – Matheny et al., 1995). Noise
associated with the number of people living in the
home, but did not associate with other socioeco-
nomic variables such as maternal education and
household income, parenting or lifelong stressors
such as adverse childhood experiences. Mean levels
of noise exposure also associated with variability in
noise, such that children exposed to higher average
levels of noise also experienced a faster-changing
noise profile (Figure 2B).

Our results pointed to a strong phasic association
between environmental noise and arousal: at times
during the day when environmental noise was
higher, infants’ autonomic arousal was elevated
(Figure 3A). To our knowledge, this is the first time
that such a relationship has been documented. Our
analyses examined externally generated noise,
excluding sections in which the infants were them-
selves vocalising. The same pattern was observed in
samples recorded at home and outdoors.

We also found that, in infants who experienced
higher levels of noise at home, their autonomic
responsiveness to noise was lower. This is consistent
with previous research suggesting that adults
exposed to more noise at home are less likely to show
noise-induced arousal-based awakenings (Pearsons
et al., 1995), and a previous study in which adults
were exposed to noise across eight successive nights
in a sleep laboratory (Basner et al., 2011).

When we examined the same infants in controlled
experimental settings, we found that infants exposed
to noisier home environments showed more labile
patterns of responses in both cognitive and affective
domains. First, on the sustained attention task, we
observed similar autonomic and behavioural
responses to the ‘low-noise’ group immediately
following the appearance of an attention-eliciting
stimulus, but found that these changes were more
short-lived (Figure 3C–E, and Figure S5). Visual sus-
tained attention was also lower in the ‘high-noise’
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group. The close correspondence we observed
between our autonomic and behavioural findings on
this measure is expected, given extensive previous
research that has identified strong associations
between attention-elicited autonomic changes and
sustained attention in infants (de Barbaro, Clackson,
& Wass, 2016; Richards, 1985, 2010; Winterer &
Weinberger, 2004).

Second, we examined infants’ reactivity to labora-
tory-based experimental stressors, by administering a
still-face procedure (Figure 4D) (Weinberg & Tronick,
1996). Here, consistent with the pattern of increased
lability, we observed nonsignificantly greater increases
in arousal in response to the still face and significantly
greater recoveryafter thestill face (Figure 4D).However,
our results were not exactly as predicted, based on
previous research. Evans and colleagues found that
children exposed to more environmental noise showed
increased reactivity to an experimental stressor (Evans
et al.,2001),andourpresentfindingsweredirectionally
consistent with that. However, whereas most previous
researchhas found increased reactivity tobeassociated
with slower recovery (Beauchaine & Thayer, 2015), we
observedboth increasedreactivityand faster recovery in
the high-noise group. This may be because we used a
more fine-grained temporal measure than in previous
studies that allows reactivity and regulation to be
differentiated (cf Obradovi�c & Finch, 2016; see also
Fox, 1989; Gottman & Katz, 2002 for consistent
results). Our finding that the high-noise group showed
a generally more labile profile of change in autonomic
arousal was also observed in the home data, where we
alsoobserved faster recovery frommomentsofnaturally
occurring negative affect (Figure 4C) and greater vari-
ability (more change in autonomic arousal) over longer
timescales (see furtherdiscussionbelowandFigure 4A,
B). Thus, we found that children exposed to higher and
morevariable levelsofnoiseathomeshowedautonomic
responses that were more labile across both the labo-
ratory and the home battery and, within the laboratory
battery, in both cognitive and affective domains.

Brainstem-mediated autonomic reactivity is
involved in maintaining allostasis and homeostasis
in the face of external environmental change
(Cacioppo et al., 2000). It also mediates cognitive
responses, such as reactions to a novel, unexpected
external stimulus (Sechenov, 1965), and affective
processes such as reactions to an experimental
stressor (Aston-Jones & Cohen, 2005; Geva & Feld-
man, 2008; McCall et al., 2015; Wass, 2018). Early
research identified the orienting response (Pavlov,
1927; Sechenov, 1965; Sokolov, 1963), which is
elicited by stimuli that are novel, complex or incon-
gruous, and which is now thought to be mediated
largely by the parasympathetic branch of the auto-
nomic nervous system (ANS; Sokolov, 1963). This
was differentiated from the defensive reaction (Pav-
lov, 1927), which is elicited by stimuli that are
intense or unexpected (Sechenov, 1965), and which
is thought to be mediated largely by the sympathetic

branch of the ANS (Cacioppo et al., 2000; although
see, e.g., Porges & Furman, 2011).

Extensive previous research has suggested that
children raised in noisy and unpredictable home
environments show atypical responses within both
subdivisions of the ANS (Basner et al., 2014; Brem-
mer et al., 2003; Evans & Wachs, 2010). Our finding
that these relationships can be identified earlier in
development than had previously been appreciated
is novel, but unsurprising: extensive evidence sug-
gests that early development is highly sensitive to
environmental influence (Frankenhuis et al., 2018).
Similarly novel, but theoretically predicted (Wass,
2018), is our finding that environmental influences
on autonomic function affect performance in both
cognitive, and affective, domains. Consistent with
this, other research has shown that brainstem
integrity even shortly after birth can influence both
cognitive and social developmental outcomes over
longer time frames (Geva & Feldman, 2008; Geva,
Schreiber, Segal-Caspi, & Markys-Shiffman, 2013a).

Neural control over theANS isgovernedbya rangeof
brain areas centred on the locus coeruleus and
reticular pathways in the brainstem, communicating
via thalamic and cortical projections (Amaral & Sin-
namon, 1977; Arnsten & Goldman-Rakic, 1984);
partially discrete neural substrates control the
parasympathetic and sympathetic subdivisions
(Samuels & Szabadi, 2008). Recent research has
argued that these different subdivisions cannot,
however, reliably be differentiated in humans by
comparing change in peripheral ANS indicators such
asheart rateoverdifferent timescales (Billman,2013),
as others had previously claimed.Here, we report that
infants who show more long-term autonomic fluctu-
ations on a >10 min scale (but not on shorter time-
scales – see Wass, de Barbaro, Clackson, & Leong,
2018 and Appendix S2, section 2.2) show superior
sustained attention and that these differences asso-
ciatedwithmore labile response patterns over shorter
time frames in our laboratory testing battery. Tenta-
tively, these findings might be attributed more to the
sympathetic subdivision of the ANS (see Wass et al.,
2018). This is plausible, given extensive previous
research suggesting that both parasympathetic and
sympathetic subdivisions influence cognitive func-
tions such as sustained attention in infants (Wass,
2018). However, future research should investigate
this in more detail.

Our findings may, therefore, give insight into how
noisy home environments can adversely affect long-
term affective and cognitive outcomes. However, fur-
ther work remains to elucidate the mechanisms
underlying this relationship. For example, we found
that average autonomic arousal did not differ between
our high- and low-noise groups, but that the rate of
change of arousal did. This begs the question of
whether the differences we observed were due to
repeated stimulation of the sympathetic nervous
system (excessive long-term levels of chronic noise)
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or due to unpredictability in noise levels (excessive
short-term phasic variability in noise). Both types of
difference were present in our data (Figure 2A,B).

In order further to investigate how autonomic lability
during early developmentmay, for example, disrupt the
developmentof interpersonal emotion regulatorymech-
anisms, longitudinal studies would also be useful
(Beatty & Lucero-Wagoner, 2000; Cacioppo et al.,
2000; Feldman, 2006; Geva et al., 2013b). Animal
research has also suggested that early-life stress can
act as a risk factor in suboptimal home environments,
but an opportunity factor in supportive home environ-
ments (Hartman,Freeman,Bales,&Belsky,2018).One
possibility is that increased arousal lability may be a
physiological mechanism subserving these bivalent
effects (Boyce&Ellis, 2005;Feldman,2006;Obradovic,
2016; Weinberg & Tronick, 1996).

Causative pathways are hard to untangle, and it
may also be that the relationships we observed are
mediated by other, unobserved factors. For example,
in our high-noise group, parents spent less time
talking to the infant and more time talking to other
adults (Figure 2D), and it is possible that factors
such as parental engagement may influence the
relationships observed. Another potential factor is
the duration or quality of infant sleep (Brink, 2012;
Pearsons et al., 1995), although we found no asso-
ciation between noise and time sleeping.

Intervention studies that examine how minimising
environmental noise affects infants’ autonomic reac-
tivity may further improve our understanding of
these pathways of causation.

Supporting information
Additional supporting information may be found online
in the Supporting Information section at the end of the
article:

Appendix S1. Supplementary methods.

Appendix S2. Supplementary results.
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Key points

� Early-life stress is known to confer increased transdiagnostic risk of adverse mental health outcomes.
� For the first time, we examined how fluctuations in external environmental noise affect the developing ANS.
� We found that children exposed to more noisy environments showed reduced autonomic responsiveness to

novel stimuli and more fast-changing profiles of autonomic arousal.
� Our results suggest new mechanisms through which high exposure to environmental noise stressors can

confer increased risk of transdiagnostic impairment during later life.

Note

1http://www.industrialnoisecontrol.com/compar
ative-noise-examples.htm.
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