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Abstract

Initiating and maintaining sleep requires gating of sensory input. Sensory processing differences, such as elevated sensory reactivity,
have emerged as a potential driver of sleep difficulties in autism. Both sensory and sleep difficulties are prevalent in autistic individuals
and emerge early in development. Here, we use polysomnography to understand how infant sensory reactivity affects the ability to
maintain sleep in a quiet or noisy environment. Forty-four 8- to 11-month-old infants at typical and elevated likelihood for autism
participated in a lab-based nap study consisting of two counterbalanced visits, a baseline and an auditory stimulation condition. In the
stimulation condition, 60 dB pure tones were played during sleep. We measured slow waves and sleep spindles, electroencephalogram
features previously linked to the ability to protect sleep from sensory disturbance. We show that higher caregiver-reported sensory reac-
tivity was significantly associated with lower slow wave activity and density, across both nap conditions. In the stimulation condition,
infants with elevated sensory reactivity had even further decreased slow wave density and lower sleep spindle density. Comparisons of
pre- and poststimulus windows showed that, rather than triggering immediate event-related disruptions, auditory input and sensory
reactivity alter sleep microstructure across the longer timescale of the entire nap. Thus, highly reactive infants experience disruptions
in their ability to enter or maintain periods of sensory disconnection, accentuated by the presence of auditory noise.
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Statement of Significance

Good sleep relies on a (at least partial) disconnection from the sensory environment and the ability to gate irrelevant sensory input.
Infants who tend to be highly reactive to sensory input during wakefulness, a common early emerging symptom of autism, often also
have sleep difficulties. Here we inquired whether sleep difficulties have a sensory origin by experimentally testing the effects of auditory
input on the sleeping brain of infants with a variety of sensory profiles. We show that infants with high sensory reactivity experience
disruptions in their ability to enter or maintain periods of sensory disconnection, accentuated by the presence of auditory noise.

Introduction

Sleep is important at every stage of life, but may be especially
important during early development because of the role it plays in
regulating cortical plasticity [1, 2]. Early sleep predicts behavioural
outcomes and mental health later in life 3, 4] and sleep diffi-
culties are prevalent in neurodevelopmental conditions [5-7]. As
early as the first year of life, infants at an elevated likelihood
(EL) of developing autism—because they have an older autistic
sibling—take longer to fall asleep and wake up more frequently
than peers at typical likelihood (TL) for autism [8-10].

There is an emerging understanding that sensory processing
differences, a core diagnostic feature of autism, may contribute
to sleep difficulties [11]. Sensory differences are a core diagnos-
tic feature of autism, but also common in other neurodevelop-
mental conditions [12], and include phenotypic manifestations
such as heightened (hyperreactive) and diminished (hyporeac-
tive) responses to everyday sensory stimuli. They are among the
earliest traits of autism predictive of later diagnosis [13, 14].
Sensory processing differences associate with sleep difficulties in
autistic adults and children (see review by Lane et al. [15]), as
well as in nonautistic individuals [16], and are evident as early
as the first year of life [9]. One possibility is that sensory process-
ing differences lead to sleep difficulties via ineffective gating of
sensory input during sleep. Effective gating of sensory input is
critical to establish and maintain sleep [17, 18]. Certain features of
sleep electroencephalograms (EEG) or sleep microarchitecture are
associated with sensory “decoupling” from the environment [19].
In particular, hallmark oscillations of non-rapid eye movement
(NREM) sleep, such as slow waves (large-amplitude oscillations
in the 0.5-4 Hz range) and sleep spindles (waxing and waning
phasic oscillations in the 9-16 Hz range), are thought to protect
the sleeper from incoming sensory input [20-22]. Active upregu-
lation of slow waves and spindles was documented in response to
sensory input [23-25]. These measures of sensory decoupling are
altered in autistic individuals. Reduced sleep spindle density [26—
28] and decreased slow wave activity have been reported in autis-
tic children and adolescents relative to nonautistic individuals [29,
30] (but see studies [31, 32]). Autistic children aged 6-13 years
also have fewer K-complexes, a distinct type of slow wave in
sleep stage N2 [33]. K-complexes are thought to reflect a cortical
response to sensory input, while simultaneously contributing to
sleep protection by preventing stimulus-induced awakenings [34,
35].

A recent study in 10-month-old infants at typical and elevated
likelihood for autism showed that a neural measure of sensory
gating, measured as the suppression of repeated tactile input
during wakefulness, is associated with prolonged sleep onset [9],
suggesting that poor sensory gating interferes with the establish-
ment of sleep. The current study aimed to investigate how sensory
reactivity affects sleep architecture, by capturing neural measures
of sensory gating during sleep. First, we ascertained whether alter-
ations in sleep microarchitecture relate to phenotypic measures

of sensory differences. Second, we aimed to test whether gating of
sensory input is responsible for sleep disturbance in infants with
high sensory reactivity, by experimentally manipulating sensory
input, during sleep.

To address these aims, we measured the impact of auditory
input during a nap, in 8- to 10-month-old infants, a key age at
which sleep differences emerge between EL and TL infants [9]. We
captured sleep macroarchitecture and microarchitecture using
EEG and measured sensory reactivity through caregiver report.
The latter captures an infant’s typical affective and behavioural
responses to sensory input [36] by combining a range of items
across sensory modalities (e.g., “My child startles easily at sound
compared to same-age children”). If poor gating of sensory input
causes sleep difficulties in highly reactive infants, we expect
markers of sensory decoupling to be affected, i.e., lower slow
waves or spindles, particularly when sleep is challenged by sen-
sory input.

Materials and Methods

The analysis of this study was preregistered on the Open Science
Framework (osf.io/xkpz9). Deviations from the preregistration are
described in Table S1.

Participants

Forty-four infants, aged 8-11 months, participated in a nap study,
consisting of two visits (baseline and stimulation condition, coun-
terbalanced) in the Sleep and Brain Research Unit at the Uni-
versity of East Anglia, United Kingdom. Three infants did not
fall asleep at the initial visit and did not return for subsequent
attempts, leaving 41 infants (female = 18) who contributed at least
one nap. One infant failed to nap initially, but returned for two
successful naps. Thirty-one infants completed both visits. Data
from infants who completed at least one visit were included in the
analysis, resulting in a total of 72 nap recordings (baseline =38,
stimulation =34). Sample sizes vary depending on the measures
used, and the exact sample size for each model is provided in
the results table. To ensure infants in the study sample had a
variety of sensory profiles, the study recruited infants with an
older sibling with or without an autism diagnosis, as sensory
processing differences are prevalent in the majority of autistic
people, estimated up to 90% [37, 38]. Infants were classified as
being at elevated likelihood for autism (EL; n =8, female = 3) if they
had an older sibling diagnosed with autism (n=7) or undergoing
diagnosis (n=1), based on parental report. The autism traits of
the older siblings were also assessed using the Social Commu-
nication Questionnaire (mean score=19, SD=28.5) [39]. Five sib-
lings scored above the cutoff score (>11; [40, 41]); two siblings
scored below the cutoff (scores of 9 and 10) despite having an
autism diagnosis and an SCQ score was missing for one sibling.
Infants without an autistic first-degree relative were considered
at typical likelihood for autism (TL; n=33, female=15). Within
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the participant sample, a pair of monozygotic twins (TLs) and
a pair of siblings (ELs) took part in the study. Participants were
recruited on a voluntary basis through the participant database of
the University of East Anglia and ads on social media. Additionally,
organizations and autism charities were contacted to advertise
the study. Participants received a £10 shopping voucher for each
visit and reimbursement for travel and accommodation if needed.
In addition, they received a book at the first visit and a T-shirt at
the second visit. Written consent by the caregiver was acquired
before the onset of the study. Ethical approval was given by the
Ethics Committee of the School of Psychology of the University of
East Anglia (ethics reference code: ETH2324-0296).

Experimental protocol

Families arrived at the lab just before the infant’s usual nap-
time and returned at the same time on their second visit. When
comparing the lights-off time between visits, 74% of infants who
completed both visits had less than 1 hour difference across
visits (median difference=19 minutes, range=1-203 minutes).
Most infants took part in a morning visit, between 8 am and
1 pm. Five infants visited the lab in the afternoon, between 1
and 5 pm. No significant differences on micro- and macroarchi-
tecture were found between morning and afternoon naps (see
online supplementary materials and Table S2). The average time
between visits was 15 days (SD =14 days; range 2-61 days). Care-
givers were encouraged to settle their infant as they typically
would at home. Infants either slept in the caregiver’'s arms on
an armchair (n=29), or separate from the caregiver in a cot or
on a bed (n=12). These sleeping arrangements in the sleep lab
were consistent across the two visits for each infant. The sleeping
arrangement did not significantly affect any micro- or macroar-
chitecture variables, except sleep stage distributions (see online
supplementary materials and Table S3). When possible, caregivers
filled out questionnaires during the nap; otherwise they were
completed at home. An experimenter stayed in the room with the
caregiver and infant, making notes during the session. Caregivers
were encouraged to let their child nap until they woke up nat-
urally. However, on four occasions caregivers woke the infant up
prematurely for practical reasons (e.g., picking up the older sibling
from the nursery). These sessions were excluded from the analysis
of sleep duration.

Infants napped in two different conditions: baseline and stim-
ulation. The order of conditions was randomly counterbalanced
across the study (see Table 1). In the stimulation condition, audi-
tory stimulation was played from two speakers that were posi-
tioned approximately 50 cm from the child’s head. An experi-
menter was always in the room with the parent and infant, mon-
itoring the recording. The experimenter started the stimulation
once the infant was asleep for a couple of minutes, as confirmed
by the caregiver and clearly visible on the EEG signal. The stim-
ulation was only stopped when infants awoke from the nap and
showed no sign of falling back asleep. Auditory input was applied
in the form of 60 dBA (measured at the infant’s head) 225 Hz pure
tones, lasting 1 s each and presented in pairs (henceforth S1 and
S2; Figure 1, A). The volume was set at 60 dB to ensure this was
below the arousal threshold while still being noticeable. Previous
studies in infants show that the arousal threshold for auditory
stimuli tends to be between 70 and 100+dB [42, 43]. Keeping
the volume constant across participants, rather than adjusting
it to individual arousal levels, was part of the design to avoid
obscuring variability due to differences in sensory reactivity. The
intrastimulus interval was 700 ms and the interval between pairs
varied randomly between 12 and 18 seconds. This interstimulus
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interval and jitter were chosen to minimize habituation to and
anticipation of the stimulus. The total number of pairs of stimuli
depended on the nap length. On average 175 pairs of stimuli were
presented, ranging from 89 to 325.

EEG data acquisition

Brain activity was recorded using a wearable LiveAmp with
32 channels (Brain Products GmbH, Gilching, Germany) placed
within an EEG sensor cap according to the 10-20 system. Different
cap sizes were available, sized to the infant’s head circumference
(actiCap snap, Brain Products GmbH, Gilching, Germany). Four
out of thirty-two electrodes (FT9, P7, P8, and FT10) were used to
measure electro-oculography (EOG) and electromyography (EMG).
The EEG cap was turned inside out and all the electrodes were pre-
gelled to minimize the capping time, and caregivers were briefed
about the study. An experimenter applied the cap while the infant
was distracted. The EOG and EMG electrodes were then applied
on the face using stickers. The whole procedure lasted around
5 minutes. The sampling rate during data acquisition was 500 Hz
and the online reference was FCz.

EEG pre-processing and sleep staging

All the pre-processing steps were performed in MNE Python
[44]. Data were filtered between 0.2 and 40 Hz using a first-
order Butterworth bandpass filter. Notch filters at 50, 100,
150, and 200 Hz were added to exclude line noise. Data were
re-referenced offline to the contralateral mastoids for sleep
staging and visual arousal detection. Manual sleep staging
was performed using the graphical user interface Sleep from
Visbrain, a Python-based package [45, 46]. Sleep staging was
done on 30 second epochs by two individual scorers based
on the AASM criteria and guidelines from the Pediatric Task
Force [47, 48]. All the hypnograms were compared between the
two scorers. Where the hypnograms deviated from each other,
the scorers discussed them until an agreement was reached.
Visually detected arousals—of 3 s minimally—were marked on
the hypnograms. Arousal detection was based on guidelines
from the International Paediatric Work Group [49] and The
Pediatric Task Force [47], but slightly adapted due to the absence
of equipment measuring heart rate or breathing patterns. An
arousal was marked when two of the following criteria were
present: (1) a gross body movement; (2) an increase in chin EMG
amplitude (unless associated with sucking); and (3) an abrupt
change in the EEG background frequency (of at least 1 Hz) for
a minimum of 3 seconds. Arousal detection in three recordings
was compared and discussed by two raters (ADL and HF), and
100% agreement was reached on event level. Subsequent arousal
detection was done independently by each rater. On average, 5.4
arousals (4.0 SD) were detected per nap. Summary statistics of
arousals are also provided per sleep stage and per condition in
Table S4. After arousal detection, automatic artifact rejection was
performed in all sleep stages using the artefact rejection function
from YASA on 1 second windows [50]. On average, 2.1 minutes
of a nap (SD=1.3) were identified as artifacts and excluded
from analyses, equivalent to 3.6%. The percentage of artifacts
was not significantly different between the baseline (mean=3.7,
SD=1.7) and stimulation (mean =3.4, SD=1.9) conditions (t=0.67,
p=.51). The mean durations and percentages of artifacts per
sleep stage and condition are presented in Table S5. Arousal
density was measured as the total number of arousals divided
by the total sleep period (sleep onset—sleep offset) excluding
arousal time. Arousals were excluded if they were caused by a
known external factor other than the auditory stimulation, such
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Table 1. Descriptive statistics per nap condition

Baseline nap

Stimulation nap

n
M:F

EL:TL

Visit 1:visit 2

Age (in days)

Sleep macroarchitecture

Sleep onset latency (minutes)
Nap duration (minutes)

Wake after sleep onset (minutes)
Sleep efficiency (%)

Sleep stages (minutes)

N1

N2

N3

REM

38 34
21:17 17:17

7:31 7:27

22:16 19:15

303 (34) 300 (32)
10.3 (6.6) 11.5 (7.2)
62.2 (23.5) 50.9 (16.7)
0.9 (1.6) 0.6 (1.6)
96.9 (3.7) 97.5 (3.1)
12.1 (9.7) 10.0 (4.6)
21.5 (11.4) 17.1 (10.4)
20.8 (9.1) 20.8 (8.4)
58(6.7) 41(5.9)

Sleep onset latency was measured as the time from the lights off moment to the start of the first epoch of sleep (including N1). Sleep efficiency is calculated as
the total sleep time (N1+ N2+ N3 + REM) divided by the duration from the first to last period of sleep. Mean (SD). M =male; F = female.
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Figure 1. (A) Stimulus design. Time is represented in seconds. (B) Evoked responses averaged across the central channels across N2 and N3 (n=28).

(C) Counts of the negative peaks of slow waves are time-locked to S1 and S2. Clear increases in detected SWs are seen in the 450-700 ms window after
stimulus onset (highlighted in blue). In artifact-free N2 segments from 32 nap recordings, 3571 slow waves were detected. On average the recordings
had 41 pairs of stimuli in artifact-free N2. (D) A representative example of automatically detected slow waves in N3. (E) A representative example of an
automatically detected sleep spindle in N2. (F) Associations between visually and automatically detected sleep spindles using the default parameters
(purple) and the optimized parameters (green). Data from the training dataset are shown.

as the caregiver moving the baby. These events were observed
and noted down during testing sessions by an experimenter in
the room. Arousal density was not calculated in 10 recordings,
due to bad-quality chin electrodes, which prevented the reliable
detection of arousals. Arousals and artifacts were excluded

from further analyses to avoid confounders. Additionally, data
were re-referenced to the linked mastoids for any further
analysis. As pre-registered, recordings which had one or two
bad-quality mastoid channels were excluded (n=6). Although
alternative reference methods, such as an average reference or
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contralateral mastoid reference, could retain more data, reliable
average referencing requires a high-density electrode montage
[51] and varying reference choices can affect spindle amplitudes
(and therefore spindle detection) and topographical patterns.
Consistent use of linked mastoids thus ensured interpretability
across recordings, which was prioritized over sample size.

Sleep microarchitecture

Slow waves. Slow waves were captured in two distinct ways:
as the average activity in the slow-wave frequency band and as
discrete events. Additionally, evoked K-complexes were measured
time-locked to the stimulation.

Slow wave activity (SWA; 0.5-2 Hz) was measured in sleep
stages N2 and N3 in electrodes F3, Fz, F4, FC1, FC2, C3, Cz, C4,
01, and Oz. This region of interest was based on SWA patterns
in a similar age group [52] and was confirmed in a subsample of
recordings as detailed in the pre-registration. The absolute power
spectral density was calculated using Welch’s method and a Hann
window with a length of 4 s. The median was used when averaging
periodograms. Next, SWA was averaged across the electrodes,
using the median.

Discrete slow wave events were detected using the automated
slow wave detection algorithm of the YASA package. A repre-
sentative example of automatically detected slow waves in sleep
stage N3 is shown in Figure 1, D. The default settings were used
for the frequency band (0.5-2 Hz), negative peak duration (0.3
1.5 seconds), and positive peak duration (0.1-1 seconds). Due to
the higher amplitude of infant slow waves relative to adults (Frey
et al. 2016), the default upper amplitude limits were removed, and
only the lower thresholds were applied: greater than 40 uV for the
negative peaks, greater than 10 uV for positive peaks, and greater
than 75 uV for the peak-to-peak amplitude. Slow wave density was
calculated as the number of detected SWs in artifact-free N2 and
N3 divided by the time in N2 and N3 in the same ROI as the SWA.
The median SW density was then taken across these electrodes,
resulting in one value for SW density per participant per nap.

Given that central areas exhibit the largest K-complex ampli-
tudes in children [53], K-complexes were detected in channel
Cz. Detection was performed on 16-second-long artifact-free N2
segments, starting at —4.15 seconds and ending at 12.35 seconds
time-locked to S1. This length was chosen to meet the minimum
length requirement for the algorithm to detect SWs. In adults,
K-complexes, evoked by sensory input, appear in a reliable and
well-defined time window. Specifically, the negative peak of an
evoked K-complex occurs between 450 and 700 ms after stimulus
onset [54]. However, it is unclear whether these timings are the
same in infants. To determine this, we plotted the timings of the
negative peaks of automatically detected SWs relative to stimulus
onset. As shown in Figure 1, B and C, there was a clear increase
in the production of SWs following S1 and S2 in the expected
time window. We therefore proceeded to quantify the evoked K-
complexes by counting the number of SWs with a negative peak in
the 450-700 ms time window—called “the stimulus ON window"—
in artifact-free N2 segments. To account for differences in N2
length between nap recordings, the total number was divided
by the number of stimuli, resulting in the K-complex likelihood.
Because of a refractory period after an evoked K-complex [55],
only the responses to S1 were considered, but not those to S2.

These counts likely reflect a mix of both evoked and sponta-
neous K-complexes. To account for this, we included a control
condition by comparing counts in a prestimulus window (stimu-
lus OFF) of equal length, ranging from —1250 to —1000 ms relative
to S1 onset (see time-locked analyses below).
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Sleep spindles. Similarly to SWs, sleep spindles were captured
in two distinct ways: (1) as the average activity in the sigma fre-
quency band and (2) as discrete events. Additionally, evoked sleep
spindles were measured time-locked to the stimulation. Sigma
power (9-16 Hz) was calculated in artifact-free N2 in channels
F3, Fz, F4, FC1, FC2, C3, Cz, and C4. This ROI is based on Sokoloff
et al. [52] and was confirmed in a subsample of recordings in
the pre-registration. Absolute power was calculated using Welch’s
method and a Hann window with a length of 4 s. Median sigma
activity was calculated across the electrodes in the ROI.

Sleep spindle detection

Sleep spindles were detected using YASA's automated spindle
detection function [S0]. The algorithm has parameters and
thresholds that can be adjusted. The default settings of YASA
are based on sleep recordings of 2-80-year-olds (not including
the age range of this study). Sleep spindles undergo significant
developmental changes, especially in the first year of life, and we
therefore modified some parameters based on previous infant
literature. Given that infant sleep spindles often have lower
amplitudes [56, 57] and longer durations, and do not have their
typical waxing and waning shape, sleep spindle duration was
set to 0.5-4 seconds and the minimum distance between sleep
spindles to 750 ms. We also opted for a wider frequency range
(9-16 Hz) to maximize the inclusion of sleep spindles [58, 59].

Additionally, the YASA algorithm detects sleep spindles based
on three thresholds, which largely determine the sensitivity of the
algorithm: the root mean square (RMS), the relative power, and
the moving correlation. For more information on these thresholds,
see the YASAwebsite. Using the default threshold settings, the
algorithm did not perform as well on this dataset (F; score=0.4)
as on adult recordings (F; score=0.7) [60]. The default settings
gave particularly bad recall scores—meaning they missed many
sleep spindles but had good precision scores. The sleep spindles
they detected tended to be true sleep spindles (see Table S6). We
therefore systematically adjusted these thresholds to optimize
the algorithm performance on this particular dataset. Using com-
mon principles for algorithm validation, we optimized threshold
settings based on a training dataset (a random selection of 29
recordings) to maximize agreement with a ground truth—here
the manually annotated sleep spindles in artifact-free N2 and N3
in channel C4. Performance was evaluated based on F; scores,
the weighted mean of precision, and recall scores [61, 62]. The
best-performing adjusted algorithm was then tested on a separate
validation dataset (n=29) and should perform similarly to the
training dataset.

Algorithm adaptation

See the supplemental materials for a full description of the
approach and results. Python scripts are available on the Open
Science Framework (osf.io/3ujr4).

The best-performing algorithm in the training datasets had
an F; score of 0.59 using thresholds set to the following: RMS
85% =1.275, correlation 80%=0.52, and relative power 65%=0.13.
These threshold settings were used on the validation set and
yielded similar performance metrics (F; =0.55; see Table S6).

As F; scores are dependent on the number of detected spindles,
we also tested whether the best-performing algorithm showed an
improvement compared to the default algorithm in the estimated
sleep spindle density (number per minute), a measure that adjusts
for sleep recording length. Sleep spindle densities were calculated
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for the default algorithm, the best-performing adjusted algo-
rithm, and manual detection. Pearson correlations between man-
ual detection and both the default and adjusted algorithms were
significant (r=0.61, p <.001; r=0.73, p <.001, respectively). The
correlation with the adjusted algorithm was significantly higher
than the correlation with the default algorithm (z=-1.97,p =.049),
supporting the choice for the adjusted algorithm (see Figure 1, F).
Figure 1, E shows a representative example of an automatically
detected sleep spindle with the adjusted thresholds.

Sleep spindle density was calculated as the number of sleep
spindles in artifact-free N2 divided by the time in N2 and averaged
across the ROI (F3, Fz, F4, FC1, FC2, C3, Cz, and C4).

To test whether sleep spindles were evoked by stimulation,
sleep spindles were counted immediately after the stimulus
presentation. While the adult literature defines the timing of
evoked K-complexes, there is less consensus about the timing—
or even the existence—of evoked sleep spindles [25, 63, 64]. When
evoked sleep spindles have been reported, the majority of them
started around 2 seconds after stimulus onset [23]. Because
evoked responses in infant EEG tend to be delayed compared
to adults [65], we opted for a longer poststimulus time window in
our analyses. Sleep spindles that started within 0-3.4 seconds of
S1 onset—referred to as the “ON window’—were classified as in
response to the stimulation. This window included S1 (1 second),
the S1-S2 interval (700 ms), S2 (1 second), and a post-S2 window
of the same length as S1 (700 ms). Due to the stimulus design,
the maximum window length was constrained to 3.4 seconds to
ensure S1 and S2 were included and poststimulus intervals of
equal lengths for S1 and S2. Exploratory time frequency plots
up to 5 seconds post S1 onset show no significant clusters of
altered activity in the sigma range beyond 3.4 seconds (see
Figure S1), suggesting no large average evoked responses were
missed due to the window choice. Sleep spindles that started
in the 3.4 seconds before S1 onset (—3.4 to 0)—called the
OFF window—were considered the control condition. For these
analyses, artifact-free N2 segments of 8.8 seconds were selected,
ranging from —4.4 to +4.4 relative to S1 onset. This allowed
for a buffer zone of 1 second at each end of the segment to
avoid interference of edge artifacts with sleep spindle detection.
From these counts, the sleep spindle likelihood was calculated
by dividing the total number of sleep spindles per recording by
the number of stimuli. On average there were 48 stimuli per
recording in artifact-free N2. The number ranged from 14 to 108.
For these analyses, sleep spindles were automatically detected in
channel Cz.

Sensory reactivity

Sensory processing differences were measured with the Sensory
Profile 2 (SP-2 [66]) questionnaire for ages 7-36 months. Caregivers
indicate the frequency of their child’s behaviour on a five-point
scale ranging from almost always to almost never. The SP-2 groups
items into four quadrants: low registration, sensation seeking,
sensory sensitivity, and sensation avoidance. For this study, items
from the sensory sensitivity (13 items, e.g., “My child startles
easily at sound compared to same-age children”) and sensation
avoidance quadrant (11 items, e.g. “My child withdraws from
unexpected touch”) were combined and averaged to obtain one
composite score per participant for which we use the term sensory
reactivity. Both quadrants contain questions from the general,
auditory, oral, touch, and behavioural modality. Sensory sensi-
tivity additionally consists of one question from the movement

modality. These two quadrants are chosen because they are con-
sistently correlated with sleep difficulties [67],including in infants
[9]. Items were reverse-scored, so high scores represent greater
affective and behavioural reactivity to sensory input. Items on
the combined quadrants demonstrated good internal consistency
with a Cronbach’s alpha of 0.85. On the SP-2, caregivers have the
option to respond with “not applicable,” in contrast to the first
version of the questionnaire. Sensory reactivity was calculated by
taking the average score of all the questions not marked as “not
applicable.” Forty-nine percent of caregivers completed all the
questions of the sensory reactivity subscale. However, 20% of the
participants answered “not applicable” to more than 25% of the
questions. The high frequencies of “not applicable” likely reflect
a high variability in developmental milestones in 8-11-month-
olds and the inappropriateness of some questions for infants at
the lower end of the age range covered by the SP-2 (7-36-month-
olds). For example, one of the questions that were answered “non-
applicable” by 23% of the responders was “My child prefers one
texture of food (for example, smooth, crunchy).” It is possible that
not all the infants were having a variety of solid foods yet at
8 months, when invited to our study. Whether the number of non-
applicable responses falls within the typical range is uncertain,
as to our knowledge no studies have reported this missingness in
their samples. Out of 24 questions, respondents had a median of
1 not applicable response (min = 0, max =19). The rate of missing
responses was not related to the average scores (r=-0.2, p=.22)
and therefore no participants were removed based on the amount
of not-applicable answers.

Statistical analysis

As a first step, the distribution of the variables was checked for
the presence of outliers. Any outlier above 4 SD from the mean
was Winsorized to one unit above the highest nonoutlier value.
Values between 3 and 4 SD were visually checked on a scatterplot
in relation to other variables. As a result, two values for sleep
spindle density in N2 (1 EL and 1 TL) and one value for arousal
density (TL) were Winsorized. To ensure results were not affected
by this practice, a robustness check was run by removing outliers
for the relevant analyses, which is included in the supplemental
materials (Table S7).

Linear mixed effect models (LMMs) were used to account for
the within-person variance using the R package ImerTest [68].
Parameter estimates were obtained by maximum likelihood esti-
mation, and degrees of freedom and p-values for fixed effects were
derived using the Satterthwaite approximation, which has been
shown to be more robust for a small sample [69].

LMMs were run separately for all the outcome variables of
interest: sleep macro-architecture variables (nap duration and
sleep stage distribution), arousal density, SWA, slow wave density,
sigma activity, sleep spindle density, and sleep spindle and K-
complex likelihood. Studies often also report on other spindle
characteristics such as sleep spindle duration, frequency, and
absolute power; the results for these can be found in the supple-
mental materials (Table S8). In all the models, participants were
added as a random intercept, and stimulation, sensory reactivity,
sex, and age as fixed effects. Depending on the model, the variable
stimulation was defined either as the nap condition (baseline=0
vs stimulation=1) or as the stimulus window (OFF=0 vs ON=1).
Stimulus window was used when comparing event occurrence—
sleep spindle and K-complex likelihood—before and after the
stimuli (OFF vs ON windows) within the stimulation naps only.
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Equation 1: mixed effect model. The base model includes the
main effects (a), and the interaction model includes the interac-
tion term (b). y =sleep variable of interest.

y ~ stimulation + sensory reactivity + sex+age+ (1|subject) (1a)

y ~ stimulation + sensory reactivity + sex + age

+condition x sensory reactivity + (1|subject) (1b)

First the models were run with the main effects only (Equa-
tion 1a); then the interaction effect between stimulation and
sensory reactivity was added (Equation 1b). Estimates and sig-
nificance values for the main effects were taken from the first
model, while those for the interaction effect were taken from the
second. As a sensitivity check, autism likelihood status was added
as a control variable to the models (see equations 2a and 2b).
Although not all the continuous outcome variables were normally
distributed, LMMs are fairly robust to non-normality (Schielzeth
et al., 2020).

Equation 2: sensitivity analyses. Autism likelihood status is
added to the base model (a) as well as the interaction model (b).

y ~ stimulation + sensory reactivity + sex + age

+autism likelihood + (1|subject) (2a)
y ~ stimulation + sensory reactivity + sex + age
+autism likelihood + condition * sensory reactivity

+ (1/subject) (2b)

Results
Effects of stimulation on sleep macroarchitecture

Sleep onset times in the sleep lab (see Table 1) were comparable
to typical nap onset times reported by caregivers in sleep diaries
a week prior to the sleep lab visit (11.7 £ 5.7 minutes), suggesting
sleep onset was similar despite the unfamiliar environment and
wearing an EEG cap. On average, infants slept 60.2 +23.5 minutes
in the baseline condition. In 4- to 5-month-olds, Ventura et al.
[70] report a mean sleep cycle length of 42.8 minutes in daytime
naps, suggesting infants in the current study completed 1-2 sleep
cycles. Auditory stimulation significantly affected the duration of
the nap (Est. = —12.2, p=.018), with shorter nap durations in the
stimulation condition (50.9 + 16.7 minutes) compared to the base-
line (62.2+£23.5) (Figure 2, B). Nap duration was not significantly
associated with sensory reactivity (Est. = -0.4, p=.949), nor was
there a significant interaction between sensory reactivity and nap
condition (Est.= 7.1, p=.577).

A generalized LMM with a zero-inflated beta regression and
logit link function was run to assess the effects of condition
and sensory reactivity on the distribution of sleep stages. As
expected, different sleep stages took up varying proportions of
the nap (reference category N1; N2: Est. = 0.70, p <.001; N3: Est.
= 0.91, p<.001; REM: Est. = —0.39, p=.007). The distribution of
sleep stages did not significantly differ between the baseline and
stimulation nap (Cond.xN2: Est. = —0.20, p=.35; Cond.xN3: Est.
= 0.17, p=.44; Cond.xREM: Est. = —0.13, p=.65), nor did sensory
reactivity moderate this effect (CondxN2xsens: Est. = 0.85,p=.12;
CondxN3xsens: Est. = —0.70, p=.21; CondxREMxsens: Est. = —0.71,
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p=.39), indicating that time spent in each sleep stage did not
vary across nap conditions depending on an infant’s sensory
profile.

Higher sensory reactivity predicts fewer and weaker
slow waves

We measured both discrete slow wave events as well as slow wave
activity (0.5-2 Hz) to strengthen the robustness of our findings and
to better understand mechanisms of sensory interference during
sleep. Slow wave activity (SWA) was not significantly different
between the baseline and stimulation nap (Est. = —130, p=.138)
but higher scores on sensory reactivity associated with lower
SWA (Est.=—382, p=.033; see Figure 3, A). However, there was
no significant interaction effect between sensory reactivity and
condition (Est. = —165, p=.45), indicating that infants who score
higher on sensory reactivity tend to have lower SWA, regardless of
the sensory environment. Nap condition did not have a significant
effect on SW density (Est. = —0.47, p=.598). Similarly to SWA,
higher sensory reactivity scores predicted lower SW density (Est.
= —3.67, p=.033; see Figure 3, B). In contrast to SWA, there was
also a significant interaction effect of sensory reactivity and
condition on SW density (Est. = —4.34, p=.046). The SW density
of infants with high sensory reactivity scores was decreased
in the stimulation condition, but not that of infants with
lower sensory reactivity scores. See the results summarized in
Table 2.

Sleep spindle density 1s decreased by stimulation in
highly reactive infants

Similarly to SWs, we analysed sleep spindle density and sigma
power (9-16 Hz) to understand whether our results are inde-
pendent of measurement method and how sensory input inter-
feres with different sleep spindle characteristics. Sleep spindle
density was not significantly different between the baseline and
stimulation nap (Est. = —0.19, p=.302). There was no significant
main effect of sensory reactivity on sleep spindle density (Est.
= 0.44, p=.097). However, when there was stimulation, infants
with higher scores on sensory reactivity showed a reduction in
sleep spindle density compared to the baseline nap (Est. = —1.28,
p=.003; see Figure 3, D).

To confirm whether these differences are also reflected in
sigma power, we ran an exploratory analysis on sigma power.
There was no significant difference in sigma power between the
baseline and stimulation nap (Est. = 0.87, p=.590), nor was there a
significant main effect of sensory reactivity on sigma power (Est. =
1.00, p=.664; see Figure 3, C). In contrast to sleep spindle density,
there was no significant interaction effect between nap condition
and sensory reactivity scores (Est. = —3.84, p=.346). The results of
both models are summarized in Table 2. Both sleep spindle mea-
sures were positively correlated in the baseline naps, although not
strongly (rs =.457, p=.011). See Table S9 for correlations between
all the measures at baseline.

Are the effects of stimulation time-locked to stimulus
onset?

To explore whether these decreases in sleep spindle and SW
densities in the stimulation nap resulted from an immediate
disruptive effect of the stimuli on these events, we compared the
likelihood of sleep spindles and slow waves in response to stimula-
tion (stimulus ON window) versus in a control time window before
stimulation (stimulus OFF window). Further, we tested whether
these evoked responses were related to an infant’s sensory profile.
These analyses were performed in the stimulation naps only. If
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and nap condition on slow wave density. (C) Sigma activity. There is no significant main effect or interaction effect of sensory reactivity on sigma
activity. (D) Sleep spindle density. There is a significant interaction effect of sensory reactivity and nap condition on sleep spindle density, but no main

effect.

an infant’s sensory profile predicts responses in ON but not OFF
windows, this suggests that the previously described differences
between stimulation and baseline naps, in infants with high

sensory reactivity scores, may have resulted from stimulus-locked

interference with spindles and SW generation. In contrast, if sleep

spindle and SW occurrence varied with sensory profile across
both windows, this would indicate that stimulation disrupted the
overall microarchitecture of naps.

A total of 34 stimulation naps were recorded. Five nap record-

ings were excluded from the analysis due to technical failure
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Table 2. Results from the mixed effect models of sleep microarchitecture

Standardized B 95% CI Unstandardized B SE torz P-value
Y =arousal density
56 nap recordings, 31 participants
Condition (B vs ) 0.04 —0.32t0 0.39 0.002 0.011 0.208 .837
Sensory reactivity -0.02 —0.351t00.32 —0.003 0.028 —0.094 926
Sex (0=M, 1=F) 0.02 —0.68 t0 0.72 0.001 0.022 0.051 .959
Age —0.04 —0.34t0 0.26 0.000 0.000 —0.283 779
Sleep arrangement —0.36 —0.95 t0 0.24 —0.023 0.019 —1.205 234
Sensory reactivityx cond. —0.04 —0.40t0 0.32 —0.007 0.030 —0.225 .824
Y =SW density
58 nap recordings, 35 participants
Condition (B vs S) —0.10 —0.49 t0 0.28 —0.473 0.886 —0.534 .598
Sensory reactivity —0.32 —0.60 to —0.03 —3.672 1.649 —2.227 .033
Sex (0=M, 1=F) —0.46 —1.04t0 0.11 —2.118 1.317 —-1.609 117
Age —0.05 —0.32t00.22 —0.007 0.020 —0.361 719
Sensory reactivityx cond. —-0.37 —0.73t0 -0.01 —4.335 2.074 —2.090 .046
Y =SWA
58 nap recordings, 35 participants
Condition (B vs S) 0.28 —0.09 to 0.65 129.65 84.68 1.531 138
Sensory reactivity —0.33 —0.62 to —0.03 —381.79 170.35 —2.241 .032
Sex (0=M, 1=F) —0.32 —0.92t0 0.27 —148.79 135.95 —1.094 282
Age 0.03 —0.25t00.31 0.422 2.08 0.203 .840
Sensory reactivityx cond. —0.14 —0.51t00.23 —164.85 212.44 —0.776 445
Y =sleep spindle density
57 nap recordings, 35 participants
Condition (B vs S) —-0.26 —0.74t00.23 —0.193 0.183 —1.054 302
Sensory reactivity 0.23 —0.04 t0 0.50 0.436 0.253 1.723 .097
Sex (0=M, 1=F) 0.31 —0.24t0 0.85 0.230 0.203 1.135 .266
Age 0.11 —0.16 t0 0.38 0.003 0.003 0.802 428
Sensory reactivityx cond. —-0.67 —1.08 to —0.27 -1.279 0.383 —3.337 .003
Y =sigma activity
58 nap recordings, 35 participants
Condition (B vs S) 0.13 —0.36 t0 0.63 0.873 1.604 0.544 .590
Sensory reactivity 0.06 —0.22t0 0.34 1.000 2.283 0.438 .664
Sex (0=M, 1=F) 0.09 —0.48 to 0.65 0.567 1.829 0.310 759
Age 0.11 —0.17 t0 0.39 0.024 0.030 0.815 420
Sensory reactivityx Cond -0.23 —0.721t00.26 —3.839 4.007 —0.958 346
Y =K-complex likelihood
29 stimulation naps, 29 participants
Stim. window (OFF vs ON) 0.38 0.09 to 0.67 0.380 0.150 2.527 .011
Sensory reactivity -0.21 —0.39 to —0.03 —0.557 0.247 —2.259 .024
Sex (0=M, 1=F) -0.12 —0.45t00.22 —0.118 0.172 —0.688 491
Age —0.13 —0.30 t0 0.03 —0.004 0.003 —1.522 128
Sens. reactivity*Stim. window 0.13 —0.24t00.49 0.335 0.502 0.666 .505
Y =sleep spindle likelihood
29 stimulation naps, 29 participants
Stim window (OFF vs ON) —0.05 —0.34t0 0.23 —0.054 0.145 —0.370 712
Sensory reactivity 0.13 —0.09 to 0.34 0.336 0.295 1.139 255
Sex (0=M, 1=F) —0.10 —0.62 t0 0.42] —0.101 0.263 —0.385 701
Age -0.14 —-0.39t00.11 —0.004 0.004 —-1.069 .285
Sens. reactivityxStim. window 0.07 -0.18t0 0.31 0.176 0.336 0.525 .600

Abbreviations: CI, confidence interval; SE, standard error; Y, outcome variable. In bold: p-values < 0.05.

during the recording session (n=1), bad-quality Cz channels
(n=2), and missing responses on Sensory Profile 2 (n=2), resulting
in 29 nap recordings for these analyses.

Sensory stimulation can induce K-complexes—isolated SWs
most easily visible in N2—which are thought to index stimulus
detection as well as further suppression of that stimulus in an
attempt to preserve sleep. In infancy, K-complexes are not eas-
ily discernible from the high-amplitude background activity in
the EEG signal [71]. This is the first time that we show evoked
K-complexes can be automatically detected in infant EEG. K-
complex likelihood was measured in windows of 250 ms before

and after a stimulus (see Figure 4, A, and more details in the
Methods section). The ON window spans 450-700 ms, time-locked
to S1. The results show a significant effect of the stimulus window
(OFF vs ON) on K-complex likelihood, with more K-complexes
in the window after than before S1 (Est. = 0.38, p=.011; see
Figure 4, B and Table 2). High scores on sensory reactivity also
significantly predicted a lower likelihood of a K-complex occur-
rence, irrespective of the presence or absence of stimulation
(Est. = —=0.56, p=.024; see Figure 4, C). There was no interaction
effect of sensory reactivity and the stimulus window (Est. = 0.34,
p=.505).
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(C) K-complex likelihood across both stimulus windows was significantly associated with sensory reactivity scores. There was no significant
interaction effect. (D) Detection windows of sleep spindles. A sleep spindle was counted if the start of the sleep spindle was in the OFF (—3400 to 0 ms
relative to S1 onset) or ON (0-3400 ms relative to S1 onset). Note that the OFF window contains both S1 and S2. (E) Sleep spindle likelihood in the OFF
and ON windows. There was no significant difference between the stimulus windows in sleep spindle likelihood. (F) Sensory reactivity did not
significantly predict sleep spindle likelihood across the two stimulus window, nor was there a significant interaction effect between stimulus and

sensory reactivity on sleep spindle likelihood.

Sleep spindle likelihood was measured in a 3400 ms window
time-locked to S1 onset (ON window) and a control window of
the same length before S1 onset (OFF window; see Figure 4, D).
Sleep spindle likelihood did not differ significantly in ON and OFF
windows (Est=-0.05, p=.712; see Figure 4, E). Sensory reactivity
did not have a significant effect on sleep spindle likelihood (Est.
= 0.34, p=.255; see Figure 4, F), nor did the interaction between
sensory reactivity and stimulus windows (Est. = 0.18, p=.600).

Arousals are not affected by stimulation or sensory
reactivity

Infants in this sample slept well in the sleep lab with average sleep
efficiencies of more than 95% in both nap conditions (see Table 1).
Notably, 65% of nap recordings showed no wake periods at all.
While infants may not fully wake up, they may have arousals—
short and transient periods of increased sensory coupling to the
environment, which can be detected behaviorally and in the EEG
[72,73]. Unlike full awakenings, arousals provide a more granular
measure of sleep disturbance, especially relevant for naps, which
are typically characterized by short or absent wake periods.

As pre-registered, the sleep arrangement (whether the infant
slept alone or on the caregiver) was included as a covariate in
the mixed model predicting arousal density, but did not have
a significant effect on arousals (Est. = 0.023, p=.233). This was
to account for potential confounds from parental movements
that could affect the visual identification of arousals in the EEG
signal. There was no significant effect of condition on arousal

density (Est. = 0.002, p=.837). Neither was there a significant
effect of sensory reactivity (Est. = —0.003, p=.926), nor was there
a significant effect of the interaction between sensory reactivity
and condition (Est. = —0.007, p =.824). Results are summarized in
Table 2.

As a sensitivity analysis, all the models were rerun controlling
for autism likelihood (see equation 2). All the results remained
similar after autism likelihood status was added (see Table S10).

Discussion

We found evidence for both associative effects—high sensory
reactivity scores associated with reduced sensory decoupling dur-
ing sleep, regardless of the sensory environment—and a causal
role of sensory processing in driving sleep disturbance in highly
reactive infants; in the presence of auditory stimulation, infants
with high sensory reactivity scores had fewer periods of sensory
decoupling, marked by high SW and sleep spindle density.

Noise or no noise, slow waves are decreased in highly
reactive infants

Aninfant’s sensory profile significantly associates with SWA, both
with the power in the SW frequency band and with the number
of discrete SWs per minute. Higher sensory reactivity scores
predict lower SWA and lower SW densities in a nap, irrespective
of the presence or absence of auditory stimulation. Similarly,
when looking at K-complexes in sleep stage N2, higher sensory
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reactivity scores are associated with lower K-complex likelihood,
both before and after auditory stimuli. This is in line with one
previous study that showed higher self-reported noise sensitivity
in nonautistic adults associated with fewer evoked K-complexes
to sound [74].

SW activity and/or occurrence are often used as a proxy for
homeostatic sleep pressure, as SWA increases after sleep depri-
vation and dissipates over the course of the night [75-78]. The
synaptic homeostasis hypothesis [79] could explain why sensory
processing differences and SW properties are associated, unaf-
fected by the sensory environment an infant sleeps in. According
to this hypothesis, learning experiences during wakefulness result
in an overall increase in synaptic strength and synaptic coupling,
which results in large SWs at the start of sleep. The sensory
processes underlying high sensory reactivity may interfere with
the accumulation of sleep pressure/SWA. Lower SWA in autism
mouse models [80] and humans [30]—particularly at the start
of the night—suggests the build-up of sleep pressure is weaker
in autistic individuals. This could reflect either altered synaptic
function and/or potential learning differences, as according to
the synaptic homeostasis hypothesis, it is not just neuronal firing
that causes an overall increase in synaptic strength but learning
specifically [81]. Learning difficulties are common in autism [82,
83] and individuals who feel overwhelmed by sensory input may
particularly show disrupted learning [84]. Ineffective learning may
result in decreased upscaling of synapses, which may in turn
lead to lower SWA at night. Disrupted synaptic plasticity has also
been proposed as a potential cause of autism [85, 86], and recent
research suggests that synaptic dysfunction may drive both sleep
difficulties and other symptoms of autism [87, 88].

The synaptic homeostasis hypothesis also proposes that the
decrease of SWA and SWs over the course of sleep reflects the
weakening of synapses, essential to facilitate new learning the
next day. SWs therefore depend on and drive healthy synaptic
functioning. Thus, it is also possible that the association we find
between sensory reactivity and SWA results from the fact that
reduced SWA, indexing atypical synaptic plasticity during sleep,
drives subsequent higher sensory reactivity. In the short term, one
night of sleep deprivation has been shown to induce increased
reactivity in the somatosensory cortex and decreased sensory
gating responses the next day [89, 90]. However, previous work did
not assess whether it was SW deprivation that was responsible for
these effects, something future studies will have to investigate.

Auditory input decreases the occurrence of sleep
microelements in highly reactive infants

We found that both sleep spindle and SW density were reduced
in highly reactive infants during naps with auditory stimulation
compared to naps without stimulation. This is not driven by
immediate interference from single auditory stimuli since we
did not observe a decrease in the likelihood of sleep spindles
or K-complexes in highly reactive infants in the poststimulus
compared to prestimulus windows. One alternative explanation
is that sustained sensory input across a nap may prevent infants
with higher sensory reactivity from entering periods of sensory
disconnection such as deep sleep. In their comprehensive review
on sleep spindles, Fernandez and Liithi [91] suggest that it is
not individual sleep spindles that gate sensory input, but rather
periods of increased sleep spindle activity might reflect a period of
sensory disconnection. Recently, it has been shown that humans
and mice show infraslow fluctuations during sleep of around
50 seconds [92], with phases more and less vulnerable to external
perturbation [93, 94]. Periods of less vulnerability are rich in
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sleep spindles compared to highly vulnerable periods. That we
do not find an immediate effect of stimulation on sleep spindle
likelihood, but rather a broad influence on sleep spindle density
across a nap, may suggest infants with high sensory reactivity are
less likely to exhibit these periods of sensory disconnection in the
presence of noise.

While we did not observe more arousals in highly reactive
infants in the stimulation nap, decreased periods of sensory dis-
connection may have effects on functions of sleep such as mem-
ory consolidation [93, 95].

Discrepancies between power and density measures

Interestingly, stimulation affected the occurrence of SW or spindle
events but not the overall power in the corresponding frequency
ranges. One explanation for this is that the activity measures
also capture sleep spindles and SWs of lower amplitudes below
the detection thresholds of the algorithms. Indeed our study and
others show that sleep spindles and sigma activity are not per-
fectly correlated [59]. Using an alternative method of sleep spindle
detection based on time-frequency representation of the signal
rather than just time representations, Dimitrov et al. [96] show
that while increases in sigma activity often overlap with visually
detected sleep spindles, more increases in sigma activity are
presentin the signal. Another recent study measured the “quality”
of a sleep spindle using a metric that captures the decay in ampli-
tude of the sigma oscillation—reflecting its strength and stabil-
ity—called o-quality [97]. The o-quality of a sleep spindle is related
to its distribution across the brain and reflects the degree of net-
work synchronization. The quality (rather than overall amount)
of sleep spindles may decrease in infants with high sensory
reactivity scores. Low-quality sleep spindles are not coupled as
often to slow waves—which is important for effective memory
consolidation [98]—and provide less sleep protection [97].

Another explanation is that the discrepancy between density
and activity measures reflects the imperfect automated detection
of SWs and sleep spindles. As shown for sleep spindles, automated
event detection scores in our infant sample were acceptable (F;
score =0.55) and similar to other automated detection algorithms
in the field [99], but still not as effective as the original A7
algorithm in adults (F; =0.7) [60].

Infants have shorter naps in noisy environments

The auditory stimulation used in this study (60 dB pure tones)
had a minimal effect on sleep macroarchitecture and arousals. We
found that sleep duration rather than arousals was most affected
by auditory stimulation across all infants, independent of sensory
reactivity scores. Using actigraphy at home, Blume et al. [100] also
found infants (without an older sibling) had shorter nighttime
sleep duration when traffic noise was higher, but not more night
awakenings. Therefore, while infants may not seem disturbed by
auditory input overtly, their nap may still be significantly shorter
in a noisy environment.

Limitations and considerations for future infant sleep
and sensory studies

When measuring behavioural and affective reactivity to sen-
sory input, the age-appropriateness of the tasks and questions is
essential. For our sample of 8-11-month-olds, we used the 7-36-
month-old age-appropriate version of the Sensory Profile 2 (SP-2
[66]). Notably, a nonapplicable option was added in this second
version of the Infant Sensory Toddler Profile. Likely caregivers
chose this option when an item was not age-appropriate for their
child, but additional qualitative research is needed to confirm this.
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These could help inform adaptations needed for a third version of
the Sensory Profile.

As our aim was to recruit infants with a range of sensory
profiles, it is important to consider whether the sensory reac-
tivity scores captured atypical, in particular increased, sensory
reactivity. Sensory Profile 2 provides cutoffs for scores below or
above the typical range. In our sample, averaged sensory reactivity
scores ranged from 1.14 to 2.78. Six infants scored above 1.9, being
classified by SP-2 as “more reactive” than the typical range, and
two infants scored above 2.5, corresponding to “much more reac-
tive” than expected based on the normal curves. No infant was
classified as “less reactive.” Our recruitment strategy therefore
successfully captured infants with elevated sensory reactivity.

In the current study, caregivers were encouraged to recreate
typical sleep arrangements as much as possible in the lab, as long
as it was consistent across visits. Most caregivers opted to hold
their baby during the entire nap (29 out of 41), while the remainder
of caregivers laid their infant down once asleep. Some infant
studies standardize the sleeping arrangement, e.g. all infants
sleep in a car seat [52] but these tend to be much younger infants
(i.e. 3 month olds in reference [52]), who do not yet have clear
sleep arrangements and routines. We therefore aimed to increase
ecological validity by preserving infants’ typical routines, but
this may have caused slight variations in the perceived loudness
of the auditory input. When comparing sleep arrangements
(in caregiver's arms vs alone), we found no effects on sleep
microarchitecture, arousals, or sleep duration, but did find infants
who were held who had proportionally less N3 and more N1, than
those who slept alone. This suggests sleep stage distributions may
be affected by differences in sleeping arrangements, while other
aspects of sleep are more robust. However, whether standardizing
sleeping arrangements outweighs potential effects of altering
an infant’s typical sleep remains untested. It is also possible that
poor sleepers, likely underrepresented in infant EEG sleep studies,
may be unintentionally excluded when only one type of sleeping
arrangement is allowed. Balancing these opposing needs for high-
quality infant sleep research remains a challenge for infant sleep
research.

Conclusion

Our findings suggest that higher sensory reactivity, an early
emerging trait of autism, interferes with the accumulation of
sleep pressure, as indexed by decreased SWA during sleep. In
addition, auditory input disturbs sleep microstructure in highly
reactive infants. Rather than triggering immediate event-related
disruptions, auditory input seems to alter microstructure more
broadly across longer timescales, reflected by overall reduced
sleep spindle and slow wave densities. Thus, we provide new
mechanistic understanding by establishing specific links between
behavioral and neural phenotypic traits that span typical and
atypical development.

Supplementary material

Supplementary material is available at SLEEP online.
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