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The ability to form long-term memories begins in early infancy. However, little is known about the specific
mechanisms that guide memory formation during this developmental stage. We demonstrate the emergence of a
long-term memory for a novel voice in three-month-old infants using the EEG mismatch response (MMR) to the
word “baby”. In an oddball-paradigm, a frequent standard, and two rare deviant voices (novel and mother) were
presented before (baseline), and after (test) familiarizing the infants with the novel voice and a subsequent nap.
Only the mother deviant but not the novel deviant elicited a late frontal MMR (~850 ms) at baseline, possibly
reflecting a long-term memory representation for the mother’s voice. Yet, MMRs to the novel and mother deviant
significantly increased in similarity after voice familiarization and sleep. Moreover, both MMRs showed an
additional early (~250 ms) frontal negative component that is potentially related to deviance processing in
short-term memory. Enhanced spindle activity during the nap predicted an increase in late MMR amplitude to
the novel deviant and increased MMR similarity between novel and mother deviant. Our findings indicate that
the late positive MMR in infants might reflect emergent long-term memory that benefits from sleep spindles.

1. Introduction

presentation of frequent “standard” stimuli and rare “deviant“ stimuli.
The difference between the ERPs to the rarely presented deviant and

The infant brain is highly plastic and capable of forming long-term
memories (DeCasper & Fifer, 1980). Infants as young as three months
can demonstrate associative learning and retention after receiving re-
minders across different delays (Alberini & Travaglia, 2017; Hayne
et al., 2000). However, the mechanisms by which the infant brain forms
such long-term representations and the role of sleep in this process
(Huber & Born, 2014) is still poorly understood. Neural correlates of
long-term memory representations have been investigated through
event-related potentials (ERPs) in EEG recordings with so-called oddball
paradigms. These paradigms involve the repeated and intermixed

frequently presented standard stimuli is typically calculated to deter-
mine the Mismatch Response (MMR).

The MMR is modulated by the familiarity of the deviant stimulus and
has thus been implicated in long-term memory-based processing. For
example, newborns express an increased MMR to familiarized stimuli
during sleep and wake states (Beauchemin et al., 2011; Cheour et al.,
2000; Cheour et al., 2002; Partanen et al., 2013). At three months, in-
fants show a late positive MMR that was distinctly increased to words
spoken by the mother compared to a stranger (Zinke et al., 2018). These
findings highlight the involvement of long-term memory-based
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processes shortly after birth and increased processing of socially rele-
vant stimuli at this early age. While previous studies largely focused on
the MMRs associated with established memory representations, it re-
mains unclear whether the MMR can also map the process of forming
new long-term memory.

It is well known that sleep benefits the formation of long-term
memories (Brodt et al., 2023; Diekelmann & Born, 2010). Sleep spin-
dles have been identified as mechanisms that support memory consoli-
dation and underlying synaptic plasticity in cortical circuits (Bastian
et al., 2022; Gais et al., 2002; Klinzing et al., 2019; Latchoumane et al.,
2017; Timofeev et al., 2002). Spindles are also suspected of supporting
memory consolidation and plasticity during infancy (Huber & Born,
2014). Although rare, spindle activity is already present in infants
younger than one month and increases until around four months,
reaching a rate of 2-3 events per minute with a frequency of around 13
Hz over frontopolar and central regions (Kwon et al., 2023). Numerous
studies have shown that sleep spindles are associated with indicators of
long-term memory processing as early as six months of age (Friedrich
et al., 2022; Friedrich et al., 2019, 2020; Friedrich et al., 2015; Friedrich
et al., 2017; Kurdziel et al., 2013). However, it is still unclear whether
the mechanisms by which sleep spindles aid memory are consistent
between infants and adults (Mason et al., 2021; Seehagen, 2019).

In this study, we used the MMR to explore how three-month-old
infants form long-term memories of an initially unknown voice. Our
research builds on Zinke et al. (2018), who demonstrated infants’ dif-
ferential processing of their mother’s voice versus a novel voice. Both
voices were infrequently presented deviant stimuli in a mismatch
paradigm. Specifically, Zinke et al. (2018) found that the novel voice
elicited a negative deflection in the MMR in an early latency range
(200-300 ms post-stimulus) indicating novelty processing in short-term
memory. In contrast, the mother’s voice elicited an increased MMR in a
later latency range (300-400 ms), suggesting long-term memory pro-
cessing due to the high familiarity of the voice to the infant. We seek to
extend the findings by Zinke et al. (2018) by investigating the process of
long-term memory formation. In addition to the initial voice mismatch
task, we incorporated a familiarization phase for the novel voice, sub-
sequent sleep, and a second presentation of the voice mismatch task in
this study (cf. Fig. 1a for the experimental design). We hypothesized that
(1) the late MMR to the mother’s voice would remain consistent from the
initial to the subsequent presentation of the voice mismatch task, indi-
cating stable long-term memory processing of the mother’s voice.
Additionally, we expected (2) the formation of a long-term memory
representation for the novel voice after voice familiarization and sleep.
To test this, we directly compared the MMRs to the mother’s and novel
voices at baseline and test to assess the change in similarity of the two
MMRs following familiarization and sleep. Assuming that sleep partic-
ularly facilitates long-term memory formation, we also hypothesized (3)
that neural correlates of long-term memory in the MMR would correlate
with spindle activity during sleep.

In line with our three hypotheses, we show that infants develop an
MMR to the novel voice after a period of voice familiarization and
subsequent sleep. The MMR exhibits a robust late positive shift and an
early transient negativity, strikingly similar to the MMR in response to
the mother’s voice. Crucially, the emergence of a late positive shift in the
MMR was positively associated with the number of sleep spindles during
the nap that followed the voice familiarization. Additionally, the
enhanced similarity between the MMRs to the novel voice and mother’s
voice after familiarization and sleep was positively associated with
spindle amplitude.

2. Materials and methods
2.1. Participants

The initial sample consisted of 35 infants aged between 10 and 18
weeks, of which 31 participants had already been included in the
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previous publication by Zinke et al. (2018), partially comprising the
data of our baseline session. However, we excluded a total of fifteen
infants from our data analysis because of poor signal quality (n = 7),
falling asleep during familiarization (n = 1), falling asleep during the
second presentation of the voice mismatch task (n = 1), no toleration of
the EEG cap (n = 2), insufficient sleep (<10 min) or not falling asleep
within 30 min during the post-familiarization sleep period (n = 4).
Twenty infants (12 females, mean age 99.8 + 3.5 days; range: 74 to 129
days) remained in the final sample. All infants in the final sample slept at
least 20 min during the break, i.e. after voice familiarization, and
adhered to the study protocol. All infants were born singleton at full-
term (mean gestational age: 39.85 + 0.2 weeks) with normal neonatal
outcome (birth weight >2500 g, mean birth weight: 3530 + 98 g, mean
birth height 52 + 0.4 cm), were healthy according to parental report,
and had no severe complications during pregnancy or delivery. The
whole sample had an Apgar score above 9 at 10 min after birth (median
9/9/10 for the 1/5/10 min Apgar score). Parents of infants were
recruited via email advertisements across the university’s mailing sys-
tem, flyers, and through mothers who had already participated in
another study during pregnancy with their child. Participating families
received monetary compensation for their time and effort. The study
was approved by the ethics committee of the Medical Faculty of the
University of Tiibingen.

2.2. Voice mismatch task and voice familiarization

Our voice mismatch task is a variant of the classical oddball para-
digm and was adapted from previous studies that investigated the
discrimination of familiar and unfamiliar voices in newborns
(Beauchemin et al., 2011; Mai et al., 2012). Thus, the task was not
developed for investigating discrimination ability of different words, but
different voices saying the same word. The recordings of the word
“baby” (400 ms, ISI = 600 ms) were repeatedly presented and pro-
nounced by three different female speakers: an unfamiliar one speaking
the frequently presented “standard” voice (85 % of the trials, n = 510),
the infant’s own mother pronouncing the infrequently presented
“mother deviant” voice (7.5 % of the trials, n = 45), and a second un-
familiar voice pronouncing the rarely presented “novel deviant” (7.5 %
of the trials, n = 45). For each infant, the standard and novel deviant
voices were chosen from a pool of four female voice recordings with the
allocation of voices being balanced across participants. Stimuli were
presented in a pseudorandomized order using the software Presentation
(Neurobehavioral Systems, Berkeley, USA). Stimulus presentation lasted
for a total of 10 min (600 trials total) and was played to the awake in-
fant. The stimuli were presented through loudspeakers at a constant
volume of ~75 dB SPL to avoid differences in ERPs due to differences in
intensity of the stimuli. For recording the task stimuli, the infants’
mothers and the four other female speakers were instructed to pro-
nounce the word “baby” with a German pronunciation as naturally as
possible while avoiding any emotional connotations. The voices were
recorded with a portable USB Condensor Microphone (Go Mic by
Samson Technologies ®) and a custom-made pop filter using the soft-
ware Audacity 2.0.5 for recording and post-processing. Minimal pro-
cessing was applied to produce stimuli of comparable length and
loudness using noise removal, amplifying, cutting recordings and
minimally changing tempo where necessary.

To familiarize the infants with the voice of the rarely presented novel
deviant, they listened to a recording of this novel deviant reading a
children’s story for 10 min after the baseline session. These recordings
were made before the study began and were chosen based on the voice
used as the novel deviant in the mismatch voice paradigm. While the
mother and novel deviant voices were the same during test and baseline,
a new standard stimulus was used to avoid habituation effects to this
voice across sessions.
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2.3. Procedures

Briefly, the experimental procedure consisted of a baseline session of
the voice mismatch task, followed by voice familiarization with the
novel voice, then a period of sleep, and finally a test session of the voice
mismatch task (cf. Fig. 1a). Note that we did not introduce a wake
control group due to ethical concerns regarding the administration of a
sleep deprivation in these young infants. Experimental sessions were
scheduled at a time when the infant was expected to be in a calm but
alert state. After arrival at the lab, the infant adapted to the new envi-
ronment. Meanwhile, the mother answered screening questionnaires we
recorded her voice to create the individual mother deviant stimulus for
the mismatch paradigm.

We administered EEG, electrooculography (EOG), electromyography
(EMG) and electrocardiography (ECG). After setting up the EEG re-
cordings the alert and comfortable infant was positioned on a diaper
changing unit on its back with the head between two loudspeakers
(distance of approx. 45 cm each). The mother stood in front of the unit
and interacted with the infant (e.g., presenting hand puppets, blowing
bubbles, changing facial expressions, etc.) to keep the infants calm and
alert according to guidelines (Hoehl & Wahl, 2012). They were
instructed not to talk to their child or make any kind of noises during the
voice paradigm. The mothers did not wear noise canceling headphones
or earplugs for them to appropriately react to any sounds their child
might make and to keep the situation as natural as possible for the in-
fant. If the infant was uncomfortable in this position, the mother held the
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infant in her arm during the recordings, with the position of loud-
speakers adjusted accordingly. Most infants were fed right before the
baseline session (n = 18) and test session (n = 13).

The first presentation of the mismatch voice paradigm, i.e., the
baseline session (cf. Fig. 1a) started. For one infant in the baseline ses-
sion and three infants in the test session, the presentation of the task
stimuli was paused due to fussiness or changes in alertness. The baseline
session was followed by the 10 min familiarization period during which
the infant was familiarized with the voice of the novel deviant by
listening to the prerecorded children’s story. The infants were either
lying on the diaper changing unit or held by their mother. During this
time, electrodes were checked for the (mobile) polysomnographic re-
cordings which started after the familiarization. In the following sleep
interval (~60 min), the parent moved around freely with the infant in
the lab or took a walk with a stroller so the infant could fall asleep. The
test session with the second presentation of the voice mismatch para-
digm started when the infant work up spontaneously and had been
awake for at least 15 min to allow for sleep inertia to fade away.
Additional ratings of the infants’ level of sleepiness on a 10-point scale
(from 1, “very awake”, to 10, “asleep”) were obtained from the mothers
before and after the baseline session and before the test session.

2.4. Data acquisition

EEG was recorded using soft Ag/Cl electrodes attached to an infant-
suitable cap (EASYCAP GmbH, Herrsching, Germany) at electrode
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Fig. 1. Experimental design and ERP responses at baseline and test. a, Experimental procedure: Infants (n = 20) were tested on an auditory voice mismatch task
twice, at an initial baseline and a final test session. On the voice mismatch task, the infants listened for 10 min to 3 types of voice stimuli presented in random order, i.
e., the word “baby” was spoken by the mother voice (mother deviant; n = 45), by a novel voice (novel deviant; n = 45) and by a standard voice (standard; n = 510).
The baseline session was followed by a 10 min familiarization period during which the infant listened to a story read by the novel deviant voice, and then had the
opportunity to nap (for ~ 60 min). Around 15 min after awakening the test session took place. Different female voices were used as standard stimuli during baseline
and test session. b, Grand-average ERPs from frontal (including F3, Fz, F4) and central (C3, Cz, C4) channels at baseline and test. Colored lines indicate the time
windows in which the ERP response to the mother deviant voice and novel deviant voice, respectively, differed from the ERP to the standard voice (cluster-based
permutation test, cluster « < 0.05). Grey shadings indicate time windows of interest used in the analysis in c). ¢, Results of a linear mixed-effects model for the early
(190-304 ms) and late (708-1020 ms) ERP time window with channel (frontal/ central), stimulus (mother deviant/ novel deviant/ standard) and session (baseline/
test) as fixed factors and participant x session as random factor. (* p < 0.05; **p < 0.01). Boxplots indicate group means (horizontal bars) and the inter-quartile
ranges. Results in c) are displayed collapsed over frontal and central channels.
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positions F3, Fz, F4, FCz, C3, Cz, C4, Pz, and mastoids, with reference to
M2, and Fp2 as ground. Electrode impedances were mostly below 10 kQ,
but always below 20 kQ, which is considered acceptable for infant ERPs
(Hoehl & Wahl, 2012). EOG recordings included one electrode below
the left eye and one at the Fp1 position. The EMG was recorded from two
electrodes on the chin. Signals were digitized at a rate of 500 Hz using a
standard amplifier (BrainAmps, Brain Products GmbH, Gilching, Ger-
many), and with a portable amplifier and recording system (SOMNO-
screen™ plus Neuro+, SOMNOmedics GmbH, sampling rate: 256 Hz)
for polysomnographic recordings. EEG recordings from Pz had to be
excluded from all analyses as this channel contained too many artifacts
in most participants (since most infants were lying on the back of their
heads).

2.5. Data processing

2.5.1. EEG processing for ERP analyses

EEG data of the mismatch voice paradigm was preprocessed using
EEP V3.2.1. (available as EEProbe, MPI for Human Cognitive and Brain
Sciences, Leipzig, Germany) software. The EEG was offline re-referenced
to linked mastoid electrodes and the signal was band-pass filtered be-
tween 0.44-20 Hz using a digital zero-phase Butterworth filter (—3 dB
cut-off at 0.54 and 19.90 Hz). The strong DC-suppression of this filter
(—80 dB) allowed the calculation of ERPs without baseline correction.
In seven infants, one channel with longer periods of artifacts was mean-
interpolated based on the two adjacent channels. The signal was then
segmented into epochs of 1300 ms from 200 ms pre-stimulus to 1100
ms post-stimulus. Trials exceeding a standard deviation of 100 uV within
a sliding window of 300 ms at any channel were rejected. ERPs were
averaged time-locked to the onset of the word stimulus. A minimum of
15 artifact-free trials per condition was required for the inclusion of an
individual in further analyses. For the baseline session, the mean (+SD)
number of trials was 35.75 (+5.44) for the rarely presented mother
deviant voice, and 35.45 (£5.20) for the rarely presented novel deviant
voice, and 401.95 (£+55.64) for the frequently presented standard
stimulus. The respective number for the test session were 31.60 (£7.29),
31.65 (£8.31), and 349.90 (+82.07). Trial numbers were higher in the
baseline than the test session (F(1,19) = 5.00, p = 0.037). Within ses-
sions, trial numbers did not differ between the two deviant conditions
(baseline: t(19) = 0.413, p = 0.684, test: t(19) = -0.63, p = 0.951). For
illustrative purposes, ERPs shown in the figures were additionally
filtered using a 7 Hz low-pass filter (zero-phase, Butterworth, order 4).

2.5.2. Sleep EEG processing

Offline processing of sleep EEG data was done using Brain Vision
Analyzer 2.0 Software (Brain Products GmbH, Gilching, Germany), and
consisted of re-referencing of EEG recordings to the linked mastoid
electrodes, and filtering of EEG and EOG channels (band-pass,0.3-35
Hz) and of the EMG (band-pass,10-100 Hz). To remove line noise, a 50
Hz notch filter was applied to all channels. Sleep stages were determined
for subsequent 30-sec epochs, using standard criteria recommended for
children by the American Association of Sleep Medicine (AASM, Berry
et al., 2017). Beforehand, each recording was screened for the necessary
sleep characteristics to differentiate NonREM sleep into N1 to N3 sleep.
Recordings were scored by two scorers with an interrater agreement of
89 %. For each infant, the total sleep time (TST) of the nap, time spent in
different sleep stages (in minutes and in percentage of TST), and wake
after sleep onset (WASO) were determined. Channels and epochs with
artifacts were manually marked during the scoring process and excluded
from further sleep-EEG analyses.

For spindle detection, we calculated for each participant the average
power spectra during NonREM sleep (i.e., N2 and N3 sleep) for frontal
and central channels. The power spectra were computed using MAT-
LAB’s pwelch function, with a window size of 5 sec (Hamming taper) and
a 50 % overlap. Frontal and central power peaks in the spindle frequency
band were separately detected and modelled as Gaussian deviations
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from the aperiodic 1/f components (Donoghue et al., 2020). One infant
did not exhibit a clear spindle frequency peak and was excluded from
further analyses of sleep spindles. If a participant had a slow and a fast
spindle peak, the frequency peak with the higher power was used for
detection (cf. Table S6). Nine of the 20 participants exhibited two peaks
in the frontal channel, seven participants showed two peaks in the
central channel. None of the identified peaks was below 12 Hz, a typical
characteristic of spindles during infancy (e.g., Kwon et al., 2023). Sleep
spindles were detected during artifact-free NonREM sleep (N2 und N3
sleep) using SleepTrip (RRID:SCR_017318) in MATLAB 2022a. For
detection, the signal of each channel was bandpass filtered (zero-phase,
Butterworth, order 4) + 1.5 Hz around the individually determined
frontal and central spindle frequency peak, respectively. The root mean
square (RMS) of the filtered signal was then calculated at each sample
point using a sliding 200-ms window, which was further smoothed by a
200 ms moving average window. A spindle was detected, whenever the
smoothed RMS signal exceeded a threshold of 1.5 times the SD of the
filtered signal in the respective channel for a duration of 0.5 to 3 sec. For
each participant and channel, spindle density, duration and amplitude
(max. trough to max. peak potential, in uV) were determined and then
averaged across frontal (F3, Fz, F4) and central (C3, Cz, C4) channels.
Because previous studies showed a difference in occurrence (Clawson
et al., 2016; Kwon et al., 2023) and relevance for memory formation
(Friedrich et al., 2017) between frontal and central spindles in three-
months-old infants, we analyzed frontal and central spindles separately.

2.6. Data analysis

Further analyses were conducted using Fieldtrip (Oostenveld et al.,
2011) in MATLAB R2022a (Mathworks Inc., Sherbom, Massachusetts), R
version 4.1.2 (R Core Team, 2021) in RStudio V2021.09.1 (RStudio Inc.,
Boston, Massachusetts), and the pyRiemann package for covariance-
based clustering (https://doi.org/10.5281/zenodo.593816) in Python
3.10.6. A p-value of < 0.05 was considered significant and results are
reported as means (+SEM). Akaike Information Criterion (Akaike,
1973), Bayesian Information Criterion (Schwarz, 1978) and log-
likelihood were used to assess the model fit of the linear models using
a stepwise backward elimination procedure. When appropriate, p-values
were corrected for multiple comparisons using Bonferroni correction.

2.6.1. ERP analysis

First, we computed averages of the individual ERPs per condition
and channel, i.e., standard voice, mother deviant and novel deviant
voice in the baseline and test session. Next, time windows were deter-
mined in which the ERP responses to the mother deviant and to the
novel deviant voice, differed significantly from that to the standard
voice in frontal and central channels. For this, dependent samples t-tests
were computed for each timepoint in the entire 0-1100 ms post-
stimulus interval. We controlled for multiple comparisons through
cluster-corrected permutation tests with 5000 permutations (Maris &
Oostenveld, 2007). To reduce noise-related variance, the group-level
ERPs were further averaged over frontal and central channels. On the
frontal and central average ERP waveforms we repeated the time win-
dow analysis to determine response differences between each deviant
and the standard voice. Two ERP time windows were identified (early:
190-304 ms; late: 704-1010 ms) related to previous MMR findings on
early-latency saliency detection in neonates (Dehaene-Lambertz & Pena,
2001; Kushnerenko et al., 2007; Leppanen et al., 2004) and late-latency
memory representations for word stimuli in infants (Friedrich et al.,
2009; for a review, see Kushnerenko et al., 2013). For each time win-
dow, average ERP amplitudes were analyzed as dependent variables
using a linear mixed-effects model. Model predictors included session
(baseline, test) and stimulus (standard, mother deviant, novel deviant)
and channel (frontal, central) as fixed effects. For each participant,
random intercepts and slopes were included in the model.
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2.6.2. MMR similarity analysis

Building on the ERP analysis, MMRs were computed as a measure for
long-term memory-based processing of deviant stimuli. MMRs were
calculated for each participant as the difference ERP waveforms be-
tween the respective deviant voice (mother, novel) and the standard
voice, for frontal and central channels at baseline and test sessions. This
resulted in two MMRs for each session, i.e., one for the mother deviant
and one for the novel deviant. The subsequent similarity analysis
focused on frontal MMRs. For this, the MMRs of each participant were
averaged over channels F3, Fz and F4. We performed the MMR similarity
analysis over the average frontal channels, since we only found a
consistent MMR for the mother as well as the novel deviant in both la-
tency windows at the frontal sites.

A comprehensive analysis of global similarity across the entire 1100
ms post-stimulus interval for frontal MMR waveforms was executed
through covariance matrix clustering. We evaluated the similarity across
various conditions and sessions (including mother deviant and novel
deviant, both at baseline and test) by inspecting the distances between
channel-covariance matrices of the MMR waveforms. We used the
PyRiemann package (dev0.5) to compute regularized covariance
matrices for frontal EEG channels. To increase the number of data points
for subsequent clustering, the MMRs were bootstrapped at the partici-
pant level, yielding 100 covariance matrices. Clusters of MMR similarity
(n = 2, width: 2.5 SD) were then discerned using K-means. Given that
covariance matrices are positive symmetric definite and hence reside on
a no-Euclidean Riemannian manifold, we utilized the Riemannian dis-
tance between matrices as the K-means algorithm’s distance metric.
High-dimensional covariance matrices were then rendered in a two-
dimensional Euclidean space wusing Laplacian Eigenmaps for
visualization.

A local similarity examination of average frontal MMR waveforms
was performed within two delineated time windows (early: 220-382
ms, late: 686-918 ms) of the MMR. These time windows corresponded
to clusters where the MMRs of each session exhibited significant cor-
relations. Pearson correlations were computed for each MMR waveform
timepoint across participants, separately for baseline and test sessions,
ensuring the control for multiple comparisons through cluster-corrected
permutation testing with 5000 permutations. For each identified time
window and condition, we calculated the mean MMR amplitude across
timepoints. The similarity was then assessed as the pairwise Euclidean
distance between the mean MMR amplitudes across all conditions.
Finally, dependent samples t-tests were performed for each time window
to assess whether the distances between mother-deviant MMR ampli-
tude and novel-deviant MMR amplitude differed significantly between
the baseline and test sessions.

2.6.3. Statistical analyses of sleep spindles

Sleep spindle measures (frequency, count, density, amplitude, and
duration) were analyzed using linear mixed-effects models in the Ime4
package (Bates et al., 2015). Each model consisted of the predictors age
(continuous) and channel (frontal vs central), as well as random in-
tercepts for each participant. Satterthwaite’s approximation as imple-
mented in the parameters package (Liidecke, 2020) was used to
determine the significance of fixed effects. Fixed effects were modeled
additively and not as interaction, due to a better model fit of the simpler
model.

2.6.4. Associations between changes in MMRs and sleep parameters

First, we tested whether the baseline-to-test change in MMR ampli-
tude to the novel deviant and the mother deviant voices was linked to
spindle activity during NonREM-sleep. We computed linear models for
the critical late (novel: 708-1020 ms, mother: 668-1022 ms) and early
(novel: 130-332 ms, mother: 109-304 ms) latency windows for both
deviants. Based on previous literature (Friedrich et al., 2022; Friedrich
et al., 2019; Horvath et al., 2018) and our own sleep analysis, model
predictors included spindle frequency, amplitude, count, density, and
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duration. Since we observed an effect of age on sleep spindle amplitude
and duration (Fig. S3), we also included age, age x spindle amplitude and
age x spindle duration as nuisance predictors. In a stepwise backward-
elimination procedure the most parsimonious model was determined
for each deviant x latency window combination. The models were
computed for frontal and central spindle parameters separately based on
our effect of recording site (frontal vs. central) on almost all spindle
parameters. Considering evidence for the relevance specifically of
frontal spindle activity for memory formation in infancy (Friedrich,
Molle, Born, & Friederici, 2022), we expected the changes in MMRs over
frontal channels to be most strongly correlated with frontal spindle
parameters.

In addition, we tested for an association between changes in MMR
similarity and NonREM-sleep parameters for the two obtained time
windows from the MMR local similarity analysis (early: 220-382 ms,
late: 686-918 ms). For each time window, we computed an MMR
Similarity Index as the negative difference between MMR similarity (d)
at baseline and test session:

MMRSI = — [dtest (MMRnovehMMRmother) - dba.seline (MMRnavel-,MMRmother)]-,

where d represents the pairwise Euclidean distances between the MMRs
to the novel and the mother deviant voice. The MMR Similarity Index
was then included as dependent variable using a linear model defined by
a stepwise backward-elimination procedure. Model predictors were
again all relevant spindle parameters (amplitude, count, density frequency
and duration), age, age x spindle amplitude, and age x spindle duration.

2.7. Control analysis

Mother-based sleepiness ratings before and after the baseline session
and before the test session were compared using a linear mixed effects
model to control for confounding effects of sleepiness. A one-way
ANOVA for ERPs and dependent sample t-tests for MMRs were
computed for the whole interval over frontal and central channels
separately to exclude differences in the 200 ms pre-stimulus interval of
ERP responses between stimulus conditions at the baseline and test
sessions.

3. Results
3.1. ERP differences at baseline and at test

First, we investigated ERP differences in response to each rarely
presented deviant stimulus — the mother’s voice and a novel voice — and
the frequently presented standard voice during the baseline session and
the test session (cf. Fig. 1a for details of the experimental design). The
respective changes in ERPs were analysed across the average frontal and
average central electrodes (Fig. 1b; cf. Fig. S1 for comparisons at indi-
vidual channels).

At baseline session, the ERP to the rarely presented mother deviant
voice was positively shifted compared to the response to the frequently
presented standard voice in a late latency range. This positive shift was
more pronounced over frontal than central channels (frontal: 584-948
ms, cluster p = 0.01; central: 746-898 ms, cluster p = 0.03). Impor-
tantly, the ERP to the rarely presented novel deviant voice did not differ
from the ERP to the standard voice at baseline. This pattern changed at
test (after voice familiarization and sleep): Here, the response to the
mother deviant voice as well as to the novel deviant voice (which the
infant had encountered during voice familiarization) differed from the
ERP to the standard voice. Specifically, the deviant MMRs were both
positively shifted in the late time window over frontal channels (mother
deviant voice: 668-1022 ms, cluster p = 0.01; novel deviant voice:
708-1020 ms, cluster p < 0.01). In addition, both mother- and novel-
deviant ERPs showed a more transient negative potential shift in an
early latency window at frontal sites, in comparison with the response to
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the standard stimulus (mother’s voice: 190-304 ms, cluster p = 0.03;
deviant voice: 130-332 ms, cluster p = 0.08). Over central channels,
these potential shifts were weaker and only the difference between novel
deviant and standard voice in the late latency window reached signifi-
cance (718-1016 ms, cluster p = 0.02). The overlapping timestamps of
the significant clusters over frontal channels at the test session (early:
190-304 ms; late: 708-1020 ms) were used as latency windows of in-
terest for further testing (Fig. 1c). Similar time windows have previously
been identified to be involved in memory-based processing in infants
(Beauchemin et al., 2011; Friedrich et al., 2009).

For the two latency windows of interest, we compared the standard
voice, mother deviant, and novel deviant ERPs directly across sessions
(baseline vs. test) and channels (frontal vs. central) using a linear-mixed
effects model. For the late window, these analyses confirmed that the
positive potential shift in the ERP to the mother deviant voice (relative
to the standard voice) was present irrespective of the session, i.e., at
baseline and at test (main effect Session: b = 2.77, SEM=0.91, t(215) =
3.04,p < 0.01). In contrast, the late positive shift in the ERP to the novel
deviant voice emerged only at the test session but was absent at baseline
(Stimulus x Session interaction: b = -2.99, SEM=1.29, t(215) = -2.32,p
= 0.02). For the early latency window, the analyses revealed parallel
Stimulus x Session interaction effects reaching significance for the
negative potential shift to the mother deviant (b = 2.74, SEM=1.32, t
(215) = 2.08, p = 0.04) and approaching significance for the novel
deviant voice (b = 2.44, SEM=1.32, t(215) = 1.85, p = 0.06), thus,
supporting that this early negative potential shift only emerged at the
test session. Channel (frontal vs. central) did not affect the ERP ampli-
tude differences (all p > 0.05).

3.2. Increased global and local MMR similarity at test

MMRs were defined by the difference amplitude of the ERPs to each
rarely presented deviant voice and the frequently presented standard
voice. Given that MMRs to both the mother’s voice and the novel deviant
voice were most pronounced at frontal channels, the subsequent simi-
larity analyses concentrated on these recording sites (Fig. 2; cf. Fig. 52
for MMRs at each frontal and central channel). We hypothesized that the
MMR waveform of the two deviant voice stimuli becomes more similar
through voice familiarization and subsequent sleep. Therefore, we
compared the two MMRs across the baseline and test sessions. Specif-
ically, we analysed the global shape (over the entire 1100 ms post-
stimulus latency window) and local shape (in the identified early and
late MMR windows) of the two kinds of MMRs.

On the global level, we detected increased similarity between the
frontal responses to the mother deviant at baseline, the mother deviant
at test, and the novel deviant at test. These three conditions formed one
similarity cluster identified with k-means clustering following channel
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covariance-based similarity analyses (cf. Methods for details). Within
this cluster, MMRs to the mother deviant and the novel deviant at the
test session overlapped most strongly. A second cluster that was
orthogonal to the first in the latent embedding space, comprised only the
frontal response to the novel deviant at baseline (Fig. 3a). The observed
clustering highlights a change in the MMR to the novel deviant voice
which is unrelated to the MMR to the mother’s voice at baseline but
shows distinctly increased similarity to the mother’s voice at the test
session after the infant had been familiarized with the novel deviant
voice and subsequent sleep.

Next, we tested whether this increased global similarity between
responses to the mother deviant and the novel deviant voices was driven
by effects in local MMR-related latency windows. We again detected a
late (686-918 ms post-stimulus) and an early (220-382 ms) time
window in which the MMR waveforms to the mother deviant and the
novel deviant voices were correlated (late cluster: p = 0.01, early clus-
ter: p = 0.03). These clusters, again, were only significant at the test
session (Fig. 2b) but not at the baseline session (Fig. 2a). The latency
windows of significant clusters closely matched with the latency win-
dows obtained for significant positive and negative ERP potential shifts
(cf. Fig. 1b). Both MMRs to the mother deviant voice and to the novel
deviant voice showed a temporally sustained positive deflection in the
late latency window and a transient negative deflection in the early la-
tency window. MMR amplitudes between the early and late time win-
dow were negatively correlated only at the test session (mother deviant:
r = —0.54, p = 0.02; novel deviant: r = —0.42p = 0.07), but not at the
baseline session (mother deviant: r = —0.03, p = 0.89; novel deviant: r =
—0.25, p = 0.31). This pattern suggests a link between the cognitive
processes underlying the MMR waveforms in the two time windows at
test (Fig. 2c).

To quantify the similarities of the MMRs in the two latency windows,
we computed the average pairwise Euclidean distances between the
MMR amplitudes to the two deviants at baseline and test at each time-
point in the early and late latency window, respectively. The analysis
confirmed that for both time windows, MMRs to mother deviant and
novel deviant voice were most similar at the test session (late: M=2.38,
SD=2.18, early: M=1.55, SD=1.17) and least similar at the baseline
session (late: M=3.63, SD=4.42; early: M=3.73, SD=3.46, Fig. 3b). The
decrease in distance (i.e., an increase in similarity) between MMRs to
mother and novel deviant voice stimuli from baseline to test session was
significant for both time windows (late: #(19) = 2.16, SEM=0.47, p =
0.04; early: t(19) = 2.49, SEM=0.53, p = 0.02).

3.3. Sleep after voice familiarization and age-dependent changes

Participants slept on average 64 min (SEM=6.84, cf. Table S1 for
sleep macroarchitecture). Results of a linear mixed-effects model
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Fig. 2. Increased similarity at the test between mother and novel voice MMRs for the early and late latency windows. a, MMRs, (i.e., ERP difference
waveforms between responses to each deviant and the response to the standard voice) to the mother deviant (green) and novel deviant (orange) at baseline and b,
test sessions. Colored bars indicate time windows in which the MMR between mother deviant and novel deviant voices significantly correlated (cluster-based
permutation test, cluster a < 0.05, one-sided, positive clusters only). Grey shadings indicate time windows of interest used in the analysis in Fig. 2c and 3b. (* p <
0.05). ¢, Pearson correlations of average MMR amplitudes for each deviant (mother, left, novel, right) between the early (220-382 ms) and late (686-918 ms)
latency windows of the MMR shown in b. Left panel: Results for the baseline session in which the MMR amplitudes were not correlated (n = 20). Right panel: Results
for the test session, in which MMR amplitude correlations between the time windows were significant for the mother deviant, and marginally significant for the novel
deviant (n = 20). Light green/orange colours pertain to the baseline session and dark orange/green colours to the test session. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Comparison of global and local MMR similarity between baseline and test sessions. a, Similarity analysis of the global MMR waveforms (i.e., the whole
1100 ms post-stimulus interval) showing MMR similarity clusters across deviant voices (mother deviant, novel deviant) and sessions (baseline, test). Clusters were
obtained using K-means clustering of the bootstrapped (n = 100) sample covariance matrix across conditions. Asterisks indicate centroids of the clusters that each
have a width of 2.5 SD. Mother deviant at baseline and test, as well as the novel deviant at test formed one similarity cluster. The other distinct cluster only comprised
the novel deviant MMRSs at baseline. Phis represent normalized latent variables of the 2D embedding space. b, Similarity analysis of the local MMR latency windows.
The lower triangle of the distance matrices shows mean pairwise Euclidean distances as a measure of similarity, between MMR amplitudes across all conditions, for
the identified early (220-382 ms) and late latency window (686-918 ms; cf. Fig. 1b). Histograms display the sample distribution of MMR amplitudes for each
condition. Black frames indicate the MMR distances between mother and novel deviant which differed significantly between baseline and test for both latency

windows (p < 0.05).

revealed that spindle density and amplitude were higher and spindle
duration was longer at central than frontal channels (all p < 0.02),
whereas spindle frequency was generally higher at frontal than central
channels (p = 0.027, Table S2). There was no effect of channel (p = 0.1)
on spindle count. Although the age range of our sample was rather
narrow, we detected several age-related changes in spindle character-
istics (Table S3, Fig. S3). Spindle density tended to increase with age (p
= 0.09). For spindle amplitude and duration, the age-related increases
were significant (p < 0.001, and p = 0.01, cf. Table S3 for the whole
model output, Fig. S3).

3.4. Spindle activity predicts the emergence of MMRs

We used hypotheses-informed correlational analyses to assess
possible contributions of sleep to MMR dynamics. Duration of the nap
was positively correlated with the emergence of the late MMR to the
novel deviant voice (r = 0.52, p = 0.02, uncorrected for multiple com-
parisons). Based on evidence for an involvement of sleep spindles in
memory formation during sleep in infants (e.g., Friedrich et al., 2022;
Friedrich et al., 2019), we further hypothesized that the emergence of an
MMR to the novel deviant voice at the test session similar to that to the
mother deviant is linked to signs of increased spindle activity during
sleep following the familiarization period. To test this, we assessed the
relationship between relevant measures of spindle activity (i.e., spindle
count, density, frequency, duration, and amplitude) and the change
from baseline to test for the MMR amplitude to the novel deviant for the
critical late (708-1020 ms) and early (130-332 ms) latency window
(cf. Fig. 1c). Corresponding analyses were performed for the MMR
amplitude changes to the mother deviant (in the respective late
668-1022 ms and early 190-304 ms latency windows). As spindle
amplitude and duration depended on the infant’s age, we also included
these parameters in our analysis. The analysis focused on the frontal
cortical MMR where this response to the novel deviant at the test session
was found to be most robust and significant. Analyses were restricted to
19 participants, because spindles were detected in all but one infant (cf.
Methods section on sleep-EEG processing).

We found that frontal cortical spindle counts predicted the late
(positive) MMR, i.e., the more spindles occurred over frontal regions
during the post-familiarization nap the stronger the increase was in the
late MMR to the novel deviant from the baseline to the test session (t
(15) = 2.86, p = 0.04; Fig. 4a, Table S4). This effect of spindle count
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Fig. 4. Spindle activity predicts change in late positive MMR from base-
line to test session. a, MMR amplitude increase in response to the novel
deviant in the late latency window is positively associated with spindle count
over frontal cortical channels during the post-familiarization nap (n = 19) b,
Increased similarity between MMRs to mother and novel deviant voice stimuli
in the late latency window is associated with higher frontal spindle amplitude
during the post-familiarization nap (n = 19). MMR similarity is indicated by the
Euclidian distance. p-values are corrected for multiple comparisons.

could partly be linked to the time the infants spent in NonREM sleep as
in additional exploratory analyses, the late MMR to the novel deviant
was found to be similarly correlated with time in NonREM sleep.
However, this correlation only approached significance (r = 0.45, p =
0.06). We did not observe an effect of spindle parameters on the early
(negative) MMR to the novel deviant (all p > 0.50). Spindle parameters
over central channels were not associated with changes in MMRs to the
novel deviant or mother deviant (novel deviant: late window all p >
0.12, early window all p > 0.56; mother deviant: late window all p >
0.10, early window all p > 0.25).

In addition, we investigated whether the detected similarity increase
of the MMRs to the novel deviant and the mother deviant voices from
baseline to test was linked to spindle activity during sleep based on an
MMR Similarity Index (cf. Methods section) of the Euclidean distance
between both types of MMRs for the critical late (686-918 ms) and early
(220-382 ms) latency window (cf. Fig. 3b). This analysis revealed
spindle amplitude in frontal cortical recordings to be a significant pre-
dictor of the increase in MMR similarity between mother deviant and
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novel deviant from the baseline to the test session in the late latency
window (t(14) = 2.94, p = 0.01; Fig. 4b, Table S5). For the early time
window, the increase in MMR similarity across sessions was not corre-
lated with measures of spindle activity (all p > 0.25).

3.5. Control measures

During the 24 h prior to the experimental session infants slept on
average 13.26 h (£ 0.37). Mothers’ ratings of their children’s sleepiness
before and after the baseline session and before the test session did not
significantly differ (all p > 0.44). Trends in the 200 ms pre-stimulus
interval of ERP responses at baseline and test sessions revealed no dif-
ferences between mean amplitudes across conditions for both, MMRs or
ERPs (all p > 0.05), excluding pre-stimulus-baseline confounds in our
results.

4. Discussion

We employed a mismatch voice paradigm to demonstrate how long-
term memory representations of an initially unfamiliar voice emerge in
three-month-old infants after a period of familiarization and subsequent
sleep. ERP responses to the mother deviant voice, compared to those to
the standard stimuli, revealed a distinct late (708-1020 ms post-
stimulus) positive potential shift over the frontal cortex at both the
baseline and the test session, likely indicating the representation of the
mother’s voice in long-term memory. Similarly, a late positive potential
shift over frontal cortical areas was observed in the ERP response to the
novel deviant voice only at the test session, following the infant’s
familiarization with this novel deviant and subsequent nap. Addition-
ally, at the test session, both ERP responses to the mother deviant and
novel deviant voices exhibited a transient frontocortical negative po-
tential shift in an earlier time window (190-304 ms) compared to the
ERP to the standard voices. This shift may reflect the immediate
discrimination of stimulus deviance in short-term memory for both types
of stimuli, which were presented rarely in comparison to the frequently-
presented standard stimulus. Quantitative analysis of the MMRs
(defined by the difference waveform between the ERP to the deviant
voices and the ERP to the standard stimuli, for both mother and novel
deviants) supported these observations. This analysis indicated that the
MMR to the novel deviant at the test session after voice familiarization
notably increased in similarity to that of the mother’s voice. This in-
crease in similarity was prominent in frontal cortical recordings for both
the global MMR waveform and the local late (around 850 ms), and early
(around 250 ms) latency windows, covering the respective positive and
negative potential shifts observed in the ERPs to mother deviant and
novel deviant voices at the test session. Intriguingly, the magnitude of
the late positive MMR to the novel deviant voice at the test session
increased with the number of spindles during the post-familiarization
nap. Moreover, higher spindle amplitude was associated with higher
MMR similarity between the novel deviant and mother deviant voices in
this late latency window, suggesting a role of sleep spindle activity
during NonREM sleep in the formation of long-term memory in infants.

4.1. Late positivity in the MMR reflects long-term memory

To assess long-term memory processing, our mismatch voice task
used the infant’s mother’s voice as a second rarely presented stimulus,
deviating from the frequently presented standard stimulus. Compared to
responses to the standard stimulus, the ERP to the mother deviant
stimulus featured a marked positive potential shift over frontal cortical
regions starting around 700 ms after stimulus onset. More positive ERPs
to rarely presented deviant stimuli compared to frequently presented
standard stimuli have been consistently observed in a variety of infant
studies (Dehaene-Lambertz & Pena, 2001; Friederici et al., 2007; Frie-
drich et al., 2009; Friedrich et al., 2004; Jing & Benasich, 2006; Morr
et al., 2002; Trainor et al., 2003). Consistent with the view on long-term
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memory processing being reflected by the positive shift, it was already
evident during baseline session for the familiar mother’s voice, for
which a distinct representation already existed in long-term memory.
The positive ERP shift to the mother’s voice at baseline could alterna-
tively be explained by an adaptation to the frequent standard stimulus
and a novelty effect for the rare deviant stimulus. However, it did not
occur in response to the novel deviant voice, which was still unfamiliar
at that time and had not yet established its own distinct representation in
long-term memory, likely activating the same (voice-independent)
representation of the spoken word “baby” as the standard voice. Previ-
ous infant research on voice processing has also observed a similar late
positive potential shift, showing that long-term memory of a familiar
deviant is associated with a more pronounced positive deflection
compared to responses to an unfamiliar voice (Beauchemin et al., 2011;
Zinke et al., 2018). Unlike these previous studies where the positive shift
started around 364 and 300 ms post-stimulus, in our study, the shift
emerged somewhat later. This discrepancy might be attributed to minor
differences between the studies in the age of the infants, in stimulus
duration, discriminability of the voices, or technical processing of the
EEG signals (Friederici et al., 2007; Friedrich et al., 2009; Jing &
Benasich, 2006; Morr et al., 2002).

Building on this research, we show for the first time that the positive
MMR in infants signifies not only established memory representations
like the mother voice, but also the formation of a new long-term mem-
ory. Specifically, our findings reveal that the MMR to the novel deviant
voice lacked the late positive potential shift at the baseline session.
However, this shift emerged exclusively at the test session, following the
infants’ familiarization with this voice through a children’s story and
subsequent sleep. We demonstrated that at the test session, the MMR to
the now-familiar novel deviant stimuli not only included a late positive
potential shift but also that this shift closely resembled that observed in
response to the mother deviant, both globally across the entire wave-
form at frontal channels and specifically in the late latency window
around 850 ms post-stimulus. This pattern suggests that familiarization
followed by sleep facilitated the successful consolidation of the novel
deviant voice representation into long-term memory.

It is noteworthy that the late positive MMR predominates over the
frontal cortex indicative of a distinctly rapid developmental trajectory in
this region (Kolk & Rakic, 2022). Despite its structural immaturity at this
age, neuroimaging evidence has identified the prefrontal cortex as a
functionally rapidly developing region (for a review, see Hodel, 2018).
The pronounced MMR shift over the frontal cortex is also consistent with
findings in developing rodents demonstrating that especially medial
prefrontal cortex regions like the prelimbic region are causally involved
in the formation and retrieval of long-term memory from early life on (e.
g., Bock et al., 2014; Contreras et al., 2023; Shan et al., 2022). The
prefrontal networks may support the coordinate activation of long-term
representations residing in distributed networks in more posterior
cortical and subcortical regions.

4.2. Early negativity in the MMR reflects short-term memory processing

In addition to the late positive potential shift, the MMR to both
mother deviant voice and novel deviant voice comprised a more tran-
sient negative potential shift in an earlier time window around 250 ms
post-stimulus. This shift was only observed at test, but not at the baseline
session. Similar early negative MMRs have previously been reported in
infants, although less consistently than the positive MMRs (Cheour et al.,
2002; Friedrich et al., 2009; Jing & Benasich, 2006; Morr et al., 2002;
Trainor et al., 2003). This negative infant MMR depends on the strength
of the difference between deviant and standard (Morr et al., 2002) and
becomes more stable with increasing age (Jing & Benasich, 2006;
Trainor et al., 2003). For prosodic characteristics at the word level, the
negative MMR did not occur for a non-native language deviant, but only
for the native language deviant, where it was related to the individual
infant’s language outcome two years later (Friedrich et al., 2009).
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Interestingly, in a previous study examining infant ERP responses during
a single session with the same voice mismatch paradigm as in the present
study, we observed an early negative potential shift that appeared to
specifically characterize the MMR to the unfamiliar novel deviant voice,
suggesting that this early negative MMR is linked to the processing of
deviance (from the frequently presented standard stimulus) in short-
term memory (Zinke et al., 2018). Diverging from this study, we could
not identify such an early negative MMR during the baseline session,
although the infants and, accordingly, the data at baseline represented a
subsample of that foregoing study. Indeed, the lack of detectability of
the early negative MMR in a diminished sample size (from 31 in Zinke
et al. to 20 infants in the present study), indicates that the occurrence of
such a negative potential shift, at a first presentation of the voice
mismatch paradigm, is not a robust phenomenon. However, we did
observe such early negative MMR at the second presentation, i.e., the
test session of the task, suggesting that the formation of long-term
memory for the rarely presented novel voice (as reflected by the late
positive MMR) simultaneously supports the occurrence of the early
MMR as a reflection of an enhanced processing of the deviance of these
stimuli in short-term memory (Beauchemin et al., 2011). This view is
supported by our analyses indicating that the larger the late positive
MMR to the novel deviant voice was at the test session the larger was the
early negative MMR.

Together, these studies support the view of differential memory
processes reflected by the early negative and late positive MMR.
Although both being maximal over the frontal cortex, their different
latency windows, polarity, and occurrence point to qualitatively distinct
cognitive processes and underlying neural mechanisms. The late posi-
tivity was consistently found to be associated with the activation of long-
term memory representations of the voice stimuli, whereas the early
negativity appears to be more linked to task-related deviant processing,
like the detection of a mismatch between the rarely presented deviant
stimuli and the anticipated frequent standard stimulus. This early
negative MMR resembles the mismatch negativity observed in adults
that has been implicated in the detection of sensory change (Cowan
et al., 1993; Titova & Naatanen, 2001).

4.3. Does sleep play a role?

Sleep is recognized as crucial for long-term memory formation in
adults, with increasing evidence suggesting even greater importance
during early development (Brodt et al., 2023; Gomez & Edgin, 2015;
Seehagen, 2019). In both adults and older children, sleep spindles serve
as a fundamental mechanism for plastic processes during sleep. Starting
from six months of age, spindles have been associated with the forma-
tion of new memories (Friedrich et al., 2022; Friedrich et al., 2019,
2020; Friedrich et al., 2015; Friedrich et al., 2017; Kurdziel et al., 2013).
Yet, in infants younger than four months, sleep spindles are less mature,
though reliably detectable as early as one month of age, with their
density and duration increasing from birth to around four months (Kwon
et al., 2023). Our study also observed similar age-related increases in
spindle parameters, albeit within a narrower age range of 10-18 weeks.

By demonstrating a link between spindle activity and memory for-
mation in three-month-olds, our findings extend previous results from
six-month-olds to an even earlier age. A key finding of our study is that
the emergence of a late positive MMR to the novel deviant voice, indi-
cating long-term memory formation for this voice, was predicted by the
quantity and amplitude of spindles during the nap following voice
familiarization. The more spindles an infant displayed during the post-
familiarization nap, the stronger was the increase in the late MMR
positive potential shift from the baseline to the test session. Further-
more, the higher the spindle amplitude, the greater the increase in
similarity between the late positive MMR responses to the novel and
mother deviant voices. Notably, we found a consistent link to the frontal
cortical late MMR only for spindles identified in frontal cortical re-
cordings, while correlations with spindles identified in central recording
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channels were not significant. This topographical match of predictive
spindle activity and changes in the late MMR across sleep well agrees
with findings in older infants (Friedrich, Molle, Born, & Friederici, 2022;
Friedrich, Molle, Friederici, & Born, 2019, 2020; Friedrich et al., 2017)
and adults (Fernandez & Luthi, 2020; Rasch & Born, 2013) where the
formation of specific memories is often linked to more local increases in
spindle activity. Finally, we found sleep duration and sleep spindle ac-
tivity to be selectively associated with the emergence in the late positive
MMR to novel voice stimuli, while associations of spindles with the early
negative MMR were not significant, corroborating the view that sleep in
general (Hanron et al., 2023), and sleep spindles specifically promote
plasticity underlying the formation of long-term memory, as reflected
here by the emergent late positive MMR.

Our study has clear limitations. We could not establish a wake con-
trol condition because all infants fell asleep during the break, and due to
ethical concerns, we did not force the infants to stay awake. Conse-
quently, we were unable to determine if sleep is crucial for the observed
effects on indicators of long-term memory formation for an unfamiliar
voice. Additionally, we could not directly manipulate sleep spindle ac-
tivity to investigate its causal role in long-term memory formation.
Given findings in older children suggesting that long-term memory can
also be formed during wakefulness (e.g., Kurz et al., 2023), we cannot
exclude that wakefulness likewise supports memory consolidation in
infants although in this case through mechanisms different from spindle-
related processes that are specific to sleep. In exploratory analyses we
added data from two infants who were excluded from the main analyses
as they remained awake throughout the post-familiarization sleep
period. Including these infants (with a 0-value for respective sleep pa-
rameters) in these analyses did not change the observed correlation
between frontal spindle count and the late MMR, which is in line with
the view that sleep spindle-associated processes are indeed of particular
importance for long-term memory formation in infancy.

In addition to these sleep-specific considerations, general methodo-
logical limitations may have impacted our findings. Firstly, the rela-
tively modest sample size poses inherent constraints to our correlational
approach. Nevertheless, our sample size aligns with comparable studies
in early infancy. Another limitation pertains to the absence of noise
canceling headphones for the mothers during the task, potentially
introducing a bias in maternal responses during the interaction with the
infant. Although the mothers were instructed not to talk to their child,
we cannot exclude that any facial expressions in response to the stimuli
might have influenced our findings. However, this deliberate choice
aimed at preserving the natural dynamics of mother—child interactions,
enhancing ecological validity. Lastly, the spatial resolution of our sleep
and MMR analyses was confined to three frontal and central electrodes,
limiting the precision of our findings. Six channels were used mainly for
pragmatic reasonsconsidering the challenges posed by the young age of
participants. The division into frontal and central channels, though a
compromise, reflects a well-established distinction in the sleep and
memory literature. Despite these limitations, our results are well in line
with a body of evidence in adults, children, and infants up to an age of
six months, and thus extend the view of a memory function of sleep
spindles to very early infancy as a period characterized by marked dy-
namics in the development of sleep in general and spindles in particular.
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