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Infants preferentially process familiar social signals, but the neural mechanisms underlying continuous processing of maternal
speech remain unclear. Using EEG-based neural encoding models based on temporal response functions, we investigated how
7-month-old human infants track maternal versus unfamiliar speech and whether this affects simultaneous face processing.
Infants (13 boys, 12 girls) showed stronger neural tracking of their mother’s voice, independent of acoustic properties, suggesting
an early neural signature of voice familiarity. Furthermore, central encoding of unfamiliar faces was diminished when infants heard
their mother’s voice and face tracking accuracy at central electrodes increased with earlier occipital face tracking, suggesting height-
ened attentional engagement. However, we found no evidence for differential processing of happy versus fearful faces, contrasting
previous findings on early emotion discrimination. Our results reveal interactive effects of voice familiarity on multimodal process-
ing in infancy: while maternal speech enhances neural tracking, it may also alter how other social cues, such as faces, are processed.
The findings suggest that early auditory experiences shape how infants allocate cognitive resources to social stimuli, emphasizing the
need to consider cross-modal influences in early development.
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Significance Statement

How infants continuously process familiar social signals and how this familiarity shapes perception has remained unknown.
Here we demonstrate that infants’ brains preferentially track maternal speech over unfamiliar voices, highlighting the early
tuning of the auditory system to socially relevant signals. Moreover, the maternal voice modulates the neural encoding of
concurrently presented faces without eliciting emotion-specific differences. These findings underscore the role of caregiver
signals in shaping multisensory integration during early development.

Introduction
Infants are born into a social environment and, within their first
year, develop a range of abilities which allow them to interact
with their environment with increasing competence.

One fundamental aspect is the ability to recognize familiar
people, most importantly their primary caregivers. A number
of studies suggest that newborns quickly learn to recognize their
mother’s face (Sai, 2005) and voice (DeCasper and Fifer, 1980)
and in the first months of life show a preference for such mater-
nal signals (DeCasper and Fifer, 1980; Sai, 2005). Furthermore,
social signals like speech elicit differential brain activation

when originating from the mother versus an unfamiliar person
(Dehaene-Lambertz et al., 2010; Naoi et al., 2012).

While these studies suggest a preferential orientation toward
the maternal voice, it is unclear (1) whether infants preferentially
process maternal speech over a longer duration and (2) whether
this affects other social processes. To investigate these questions,
we examined neural tracking of a continuous stream of maternal
versus unfamiliar speech. Neural tracking reflects the neural rep-
resentation of a continuous signal and is increasingly used to
investigate infant speech processing (Kalashnikova et al., 2018;
Jessen et al., 2019; Ortiz Barajas et al., 2021; Menn et al., 2022).

In particular, several studies have investigated which features of
an auditory signal infants track most effectively. For example,
infants show stronger tracking of infant-directed versus adult-
directed speech (Kalashnikova et al., 2018; Menn et al., 2022) and
intelligible versus unintelligible speech (Florea et al., 2024).
Furthermore, infants’ neural tracking reflects their attunement to
their native language; while newborns showequal tracking of famil-
iar and unfamiliar language input, by 6 months, they show weaker
amplitude but not phase tracking of their native language (Ortiz
Barajas et al., 2021). Auditory tracking in infants is also found for
variants of speech input, such as songs (Nguyen et al., 2023) and
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nursery rhymes (Attaheri et al., 2022), where increased tracking can
be found depending on song type (Nguyen et al., 2023). In sum-
mary, most previous studies compare infants’ tracking of speech
signals with different acoustic properties (infant-directed speech
vs adult-directed speech, familiar vs unfamiliar language, play
song vs lullaby).

However, maternal and unfamiliar speech do not systemati-
cally differ in acoustic properties; the same speech signal can
be familiar to one infant and unfamiliar to the next. Hence,
potential differences in neural tracking cannot arise from low-
level stimulus properties but must arise from familiarity with
the voice as such, or from increased attention due to personal
significance. While in adults, voice familiarity indeed enhances
neural tracking (Har-Shai Yahav et al., 2024), it is unknown
whether similar effects can be observed in infancy.

In addition to investigating the differential processing ofmater-
nal compared with an unfamiliar voice, we were interested in
whether hearing themother’s voice influences unrelated social pro-
cesses, as seenwith other signals ofmaternal presence. Recentwork
for instance shows that maternal odor influences face categoriza-
tion (Leleu et al., 2020) and emotional face processing (Jessen,
2020). However, social odor is a more subtle social signal and often
not consciously processed (Loos et al., 2025). Hence, hearing the
mother’s voicemight bemore attention grabbing, potentially inter-
feringwith the processing of other social signals. For instance, it has
been observed in adults that hearing a task-irrelevant voice in the
background impairs face memory (Bell et al., 2019).

To investigate these questions, we studied 7-month-old
infants in two sessions. In one, they listened to a recording of
their mother reading a children’s story; in the other, they heard
another infant’s mother reading the same story. While listening,
infants viewed photos of happy and fearful facial expressions. We
analyzed event-related potentials (ERPs) linked to attention (Nc;
Guy et al., 2016; Xie et al., 2019) and face processing (N290, P400;
Guy et al., 2016; Xie et al., 2019), as well as neural tracking of faces
and voices, which allowed us to directly link voice and face
tracking.

Materials and Methods
Preregistration. Rationale, sampling plan, and major analyses were

preregistered prior to data acquisition at https://aspredicted.org/x4xc-
rwbt.pdf. In what follows we will refer to this and indicate which analyses
deviated from the preregistered analyses.

Participants. A total of 39 7-month-old infants were invited to par-
ticipate in the study. Five additional infants participated only in the first
appointment and were therefore excluded from further analysis. The
exact composition of the analysis sample differs for the two analysis
tracks we will present (see below).

Infants were recruited via the maternity unit of the local hospital
(Universitätsklinikum Schleswig-Holstein). All infants were born full-
term (at least 37 weeks gestational age) with a birthweight of at least
2,500 g and had no known neurological deficits or visual or hearing
impairments. The study was approved by the local ethics committee,
conducted according to the Declaration of Helsinki, and parents pro-
vided written informed consent prior to the infant’s participation.

For the evoked-potentials averaging (ERP) analysis, the final sample
includedN= 25 infants [age at first appointment: 214 ± 7 d (mean ± stan-
dard deviation), age at second appointment: 223 ± 8 d; 13 boys, 12 girls].
The remaining 14 infants were excluded from the analysis because they
did not contribute at least 10 trials per Emotion condition at one of the
appointments (n= 9); had an overall mean Nc amplitude >2 SDs from
the mean (n= 3); or continued to cry at one of the appointments (n= 2).

For the encoding model analysis using multivariate temporal
response functions (mTRFs), the final sample included N= 30 7-month-

old infants (15 boys, 15 girls, age at first appointment: 214 ± 7 d, age at
second appointment: 221 ± 7 d). The remaining nine infants were
excluded because they did not contribute at least 100 artifact-free data
segments at one of the appointments (n= 6); continued to cry at one
of the appointments (n= 2); or because the trigger for the sound onset
was not recorded (n= 1). All but one infant included in the ERP analysis
were also included in the mTRF analysis.

We aimed for a sample size of N= 25 in the ERP analysis based on
our preregistration. A sample size of N= 25 allowed us to detect
effects of at least medium size ( f= 0.25) in a 2 × 2 within-subjects
ANOVA with a typical type I error rate of 0.05 with a power of 0.8
(assuming a correlation of 0.5 of the repeated measures, G*Power 3.1),
which seemed sufficient given the large effect observed in Jessen (2020)
for the interaction between Emotion and Familiarity in a very similar
paradigm ( f= 0.39).

Stimuli. As visual stimuli, we used photographs of Caucasian female
faces displaying happy and fearful facial expressions from the FACES
database (Ebner et al., 2010; ID 54, 63, 85, 90, 115, 173). Faces were
cropped to an oval shape so that as little of the hair as possible was visible.

As auditory stimuli, we used an ∼1-min-long recording of a chil-
dren’s story, read and recorded by each infant’s mother. The story was
identical for all participants and the recording was made at the first
appointment prior to the actual experiment. The mother was given a
printout of the story and instructed to read the story “as if you were read-
ing it to your child.” No other restrictions or instructions were given
regarding speaking style or speed. The recording wasmade via a standard
headset using Audacity and normalized to −23 RMS dBFS (dB full scale)
after recording. Each audio recording was used twice in the study: once as
a familiar stimulus for the mother’s own infant and once as an unfamiliar
stimulus for a different infant.

Experimental design. To investigate the impact of a familiar voice on
the processing of emotional faces, we followed a 2 × 2 design with the fac-
tors Emotion (happy, fearful) and Voice (familiar, unfamiliar), in which
infants heard a voice over loudspeakers while simultaneously viewing
photographs of faces presented on a screen (Fig. 1).

Infants were invited to two appointments, ideally within 2 weeks. At
one appointment, infants would hear their mother’s voice, while at the
other appointment, they would hear the unfamiliar voice of a different
infant’s mother. The order of Familiarity condition was counterbalanced
across infants.

Otherwise, the experimental design was identical for both appoint-
ments. A maximum of 216 pictures were presented (18 per emotion
and actress) arranged in blocks of 24 pictures (12 happy, 12 fearful),
which were played consecutively without interruption. Pictures were pre-
sented in a pseudorandomized order, ensuring that no picture was
repeated more than once. Each picture was presented for 800 ms, pre-
ceded by a fixation cross shown for 300 ms and followed by an intertrial
interval jittered between 700 and 1,100 ms. The audio recording (familiar
or unfamiliar voice, depending on the appointment) was played without
interruption in a loop throughout the entire experiment in parallel to the
visual presentation.

Procedure. Prior to the first appointment, parents were sent a set of
questionnaires which they were asked to complete at home and bring
along to the lab appointment [EPDS (Cox et al., 1987), IBQ-R
(Gartstein and Rothbart, 2003; Vonderlin et al., 2012), and a lab-internal
questionnaire assessing demographic information as well as feeding and
sleeping routines of the infant]. Questionnaire data are not considered
further in the present analysis.

Upon arrival at the lab, parents and infants were familiarized with the
new environment and parents were again explained the procedure and
had the opportunity to ask any remaining questions, before signing the
informed consent form. The EEG recording was prepared while the
infant was sitting on their parent’s lap. An elastic cap (BrainCap,
EasyCap GmbH) containing 27 AgAgCl electrodes according to the
international 10–20 system was used for recording. The EEG signal
was recorded at a sampling rate of 500 Hz using a BrainAmp amplifier
and the software BrainVision Recorder (both Brain Products).
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During the experiment, the infant was seated in an age-appropriate
car seat (Maxi Cosi) placed on the floor ∼70 cm in front of a 24 inch
monitor on which the visual stimuli were presented. The face height
was ∼28 cm. Auditory stimuli were presented via loudspeakers posi-
tioned left and right of the monitor set at the same volume for all partic-
ipants. Matlab (The MathWorks) and the toolbox Psychtoolbox
(Brainard, 1997) were used to run the experiment. The parents remained
in the room with the infant but were instructed to maintain a distance of
at least 1 m behind the infant.

The infant was observed and videotaped throughout the experiment by
a small camera mounted on top of the monitor. If necessary, the experi-
menter could interrupt the experiment to play short video clips containing
colorful moving shapes and ringtones to redirect the infant’s attention to
the screen. The experiment continued until all 216 trials had been pre-
sented (∼8 min) or the infant became too fussy to continue the experiment.

Data analysis. EEG data were analyzed using Matlab 2023b (The
MathWorks), using custom-made scripts as well as the toolbox
FieldTrip (Oostenveld et al., 2011). Jamovi (version 2.6.26) was used
for the correlation analysis and mixed models for the ERP results using
the GAMLj package (version 2.4.0).

As preregistered, we analyzed the data focusing on differences in the
ERP response to emotional faces, neural tracking of familiar versus unfa-
miliar voices, as well as the relation between bothmeasures. Exploratorily
and in addition to the preregistered analyses, we also included the
responses to emotional faces in the encoding model.

EEG preprocessing. In a first step, we computed an independent
component analysis (ICA) to identify artifactual components. To do
so, data were offline rereferenced to the average reference; filtered using
a 1 Hz high-pass and 40 Hz low-pass filter; and segmented in 1 s epochs.
Epochs in which the standard deviation exceeded 100 μV in a sliding
window of 200 ms at any electrode were removed from further analysis.
On the remaining data, we computed an ICA; on average, 5 ± 2 compo-
nents (range, 0–9) were identified based on visual inspection of time
courses and topographies of the components.

For the ERP analysis, the raw EEG data were filtered between 0.2 and
20 Hz, rereferenced to the linkedmastoids; previously identified ICA com-
ponents were removed; and data were epoched into trials ranging from
200 ms before to 800 ms after the picture onset. Any trials in which the
standard deviation exceeded 80 μV in a sliding window of 200 ms at any
electrode were removed, and the data were inspected visually for any
remaining artifacts. Finally, trials in which the infants did not attend to
the screen based on the video recording were removed from further
analysis.

Infants who contributed fewer than 10 trials per condition were
excluded from further analysis (n= 9). Infants in the final sample con-
tributed an average of 37 ± 19 trials per condition [mother-happy: 34 ±
18; mother-fearful: 33 ± 16; stranger-happy: 42 ± 22; stranger-fearful:
41 ± 20; since infants contributed more trials when they heard a

stranger’s as opposed to their mother’s voice (F(1,24) = 3.99, p= 0.057),
we exploratorily included number of trials as a covariate in the GLM,
which had no effect on the observed results].

For the neural encoding model analysis, artifactual ICA components
were removed and data were filtered between 1 and 10 Hz, but no further
visual inspection was carried out (Fiedler et al., 2019; Jessen et al., 2019;
Orf et al., 2023).

Encoding model analysis. A temporal response function (TRF) serves
as a simplified model of brain activity, illustrating how the brain pro-
cesses a given stimulus feature to generate the observed EEG signal,
assuming a linear filter mechanism. To compute the TRF, we utilized a
multiple linear regression approach (Crosse et al., 2016). To predict
the recorded EEG response, we trained a forwardmodel per EEG channel
using the envelopes of the mothers and stranger streams (Fiedler et al.,
2019). In this framework, we examined delays between envelope changes
and brain responses of between −200 and 800 ms.

To account for EEG variance associated with the processing of pre-
sented faces and their corresponding evoked responses, we incorporated
triggers for face presentations as regressors using stick functions. A stick
function is a modeling vector in which nonevent times are denoted by
zeros, while events, such as the onset of a face, are marked with a value
of one.

To prevent overfitting, we used ridge regression to estimate the TRF
and determined the optimal ridge parameter through leave-one-out
cross-validation for each participant. We predefined a range of ridge val-
ues, calculated a separate model for each value, and averaged across trials
to predict the neural response for each test set. The ridge parameter with
the lowest mean squared error (MSE) was selected as the optimal value
specific to each subject. One model was trained using predictor variables
for the envelopes of mother and stranger streams, as well as stick func-
tions for presented faces (Orf et al., 2023). Hence, the model contained
three regressors: the speech envelope (which was either the mother’s
or the stranger’s voice), one regressor coding for the onset of the happy
faces, and one regressor coding for the onset of the fearful faces. These
regressors were modeled jointly (same regressor matrix) using the
same regularization.

Neural speech tracking quantifies the representation of a single
stream within the EEG signal by using TRFs to predict the EEG response.
The neural trackingmetric (r) was computed by correlating the predicted
EEG response with the actual EEG signal using Pearson’s correlation. A
leave-one-out cross-validation approach was used to predict the EEG sig-
nal. To assess neural tracking accuracy over TRF time lags, we used a slid-
ing time window (48 ms, 6 samples, 24 ms overlap), resulting in a
time-resolved measure of neural tracking (O’Sullivan et al., 2015;
Hausfeld et al., 2018; Fiedler et al., 2019; Kraus et al., 2021).

ERP analysis. For the ERP analysis, we computed single-subject
averages for all four conditions (mother-happy, mother-fearful, stranger-
happy, stranger-fearful).

Figure 1. Experimental setup and design. Infants were seated in a car seat in front of a screen with speakers on both sides of the screen. While the recording of the mother or the stranger
reading the same story was played continuously in the background, infants viewed photographs of happy and fearful faces. Each recording was used twice in the study, once as a familiar voice for
the mother’s own child and once as a stranger’s voice for a different child.
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We computed the Nc response as the mean value in a time window of
400–800 ms after picture onset averaged across F3, Fz, F4, C3, Cz, C4,
and the N290 and P400 as the mean value in a time window of 200–
300 ms, respectively, 300–500 ms after picture onset averaged across
O1 and O2. These time windows and electrodes correspond to those pre-
registered and are based on prior studies (Quadrelli et al., 2019; Jessen,
2020). Exploratorily, we also computed the Nc in a time window from
350 to 600 ms, as inspection of the average across all conditions revealed
an Nc peak in this earlier time window.

Participants whose Nc amplitude was >2 SDs from the average across
all conditions between 400 and 800 ms were excluded from further
analysis (n= 3).

Statistical analysis. We statistically evaluated both, conventional
ERP results and encoding model outcomes, using linear mixed-effects
models. These models account for the hierarchical structure in multicon-
dition, within-subject designs by combining fixed effects and random
effects. Predictors were centered and scaled as needed. Random inter-
cepts were included where appropriate to account for interindividual
differences.

The mTRFs were analyzed in Matlab using the fitlme function and
the following model:

Audio EncodingAccuracy � 1+ VoiceFamiliarity + Session

+ Face EncodingAccuracy central

+ BaselinePower+ (1|SubjectID),

where VoiceFamiliarity was the voice heard (mother or stranger).
We additionally included Session (1 or 2) to account for potential
order effects and SubjectID to account for interindividual variance.
Furthermore, BaselinePower (log-transformed) served as a measure
of noise in the infant data, while Face_EncodingAccuracy_central
at central electrodes (C3, Cz, C4) was included to control for the
impact of the visual stimuli (faces viewed by the infant) on encoding
accuracy.

We also computed the following model to the assess impact of voice
encoding on central face processing:

Face EncodingAccuracy central � 1+ VoiceFamiliarity + Emotion

+ Audio EncodingAccuracy+
Face EncodingAccuracy occipital+ Session+ (1|SubjectID).

Here, we additionally included Emotion, accounting for the emotion
expressed in the picture seen (happiness or fear) and face encoding at
occipital electrodes (O1, O2) in an earlier, common time window
(200–300 ms) as Face_EncodingAccuracy_occipital to account for visual
processing. Including BaselinePower in the model did not further
improve the model fit. Not shown in the pseudo-formula above are all
two-way interaction terms of the regressors of interest, which we
included in the model as well.

We analyzed the ERP data in Jamovi using the following model for
each ERP component separately:

ERP amplitude � 1+ VoiceFamiliarity ∗Emotion+ VoiceFamiliarity

+ Emotion+ Session+ (1|SubjectID).

Models additionally including Trialnumber (reflecting the number of tri-
als in each condition) and/or Breastfeeding (whether the infant was still
breastfed or not) yielded the same results as reported below.

Finally, to link our two EEG analysis approaches and for complete-
ness, we also report a simple Pearson’s correlation between
Audio_EncodingAccuracy and the ensuing difference in Nc response
to happy and fearful faces.

For the preregistered hypotheses (see below) and substantive null
effects of interest (i.e., the absence of effects of Emotion in face encoding
models), we report Bayes factors in favor of the null effect derived from
the Jamovi model output using Equation 6 in Faulkenberry (2018) (see
also Wagenmakers, 2007).

Data availability. Data and analysis scripts can be found at https://
osf.io/g27xc/.

Results
Infants’ neural speech tracking is sensitive to voice familiarity
The TRF showed clear signatures of the infant brain neurally
tracking both, the mother’s as well as the stranger’s voice. The
frontocentral bilateral distribution (Fig. 3A) of this neural track-
ing is expected and well in line with the adult neural tracking lit-
erature, broadly commensurate with bilateral auditory (i.e.,
perisylvian cortical) origins.

However, tracking of the mother’s voice was consistently
stronger than tracking of a stranger’s voice (Fig. 3), despite
both having comparable acoustic properties (Fig. 2). This is high-
lighted in Figure 3C, which compares the encoding accuracy
within the time window with the highest TRF and time-shifted
neural tracking (200–300 ms). A statistically significant enhance-
ment in neural tracking for the mother’s voice compared with the
stranger’s voice is evident (b=−0.004, SE = 0.001, t(84.8) =−4.72,
p < 0.001; for full results, see Table S1).

Infant encoding models of faces are sensitive to voice
familiarity
Furthermore, we clearly observed neural tracking of faces at both,
central and occipital electrodes (i.e., face encoding accuracies
greater than zero; Fig. 4). This neural face encoding, however,
was modulated by the concurrent presence or absence of the
mother’s familiar voice.

When infants heard a stranger as opposed to their mother,
central electrodes showed an enhanced face encoding (effect
of VoiceFamiliarity on Face_EncodingAccuracy_central;
b= 0.008, SE = 0.003, t(90.9) = 2.98, p= 0.004; for full results, see
Table S2). This can also be expressed as a relatively diminished
encoding of (unknown) faces when the mother’s voice is present
(Fig. 4A).

Independent of the heard voice identity, the strength
of an infant’s central face tracking was robustly predictable
from a preceding encoding accuracy at occipital electrodes
(Face_EncodingAccuracy_occipital; b= 0.010, SE = 0.001,
t(105.9) = 6.67, p < 0.001). This lends plausibility to the overall
results of the forward encoding model (which establishes
encoding accuracies per electrode): It confirms that infants
who showed stronger tracking at occipital electrodes in an
earlier time window also showed stronger tracking at central
electrodes.

Absence of facial emotion effects
We did not find an effect of Emotion expressed in the face stimuli
on the TRF or the resulting encoding accuracy at either central or
occipital electrodes (both Bayes Factors >10 in favor of the null
hypothesis). Neither of the Emotion differences discernable in
some time windows and electrodes did surpass conventional lev-
els of statistical significance. This speaks to a generally reduced
impact of Emotion on infants’ neural responses in this paradigm
with a spoken-language backing track, compared with many pre-
vious infant studies on face processing without such auditory
input.

Infant evoked responses to faces do not yield effects of voice
familiarity or emotion content
We did not find significant main effects of VoiceFamiliarity or
Emotion, nor an interaction between the two on any of the
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ERP components investigated (all p > 0.1, all BF10 < 0.35; Fig. 5
for ERP response at central and occipital electrodes and
Table S3 for the full statistical results).

The difference in Nc response to fearful and happy faces,
as obtained in the conventional ERP analysis and often reported
in infant ERP studies, was mildly yet nonsignificantly positively
correlated with the strength of auditory tracking of the ongoing
voice, as derived from the encoding model (r=0.24, p=0.10;
Table S4).

Discussion
Can we trace infants’ neural processing of familiar versus unfa-
miliar voices and its potential impact on the processing emo-
tional faces? In doing so, we have leveraged neural encoding
models of the infant EEG and have contrasted themwith conven-
tional evoked-response analyses (ERP).

Infants showed a stronger neural tracking of their mother’s
compared with a stranger’s voice. Furthermore, infants’ face pro-
cessing was affected by the concurrently heard voice; infants
hearing a stranger showed a stronger increase in central face
tracking. In addition, central face tracking increase with previous
occipital tracking. While infants thus successfully encode faces,
we found no difference in processing between fearful and happy
faces.

Neural encoding of maternal versus unfamiliar voices
The robust tracking of voice information and the enhanced track-
ing ofmaternal over an unfamiliar voices adds to a growing body of
literature investigating the continuous tuning of the developing
brain to relevant auditory social signals (Kalashnikova et al.,
2018; Jessen et al., 2019; Menn et al., 2022; Nguyen et al., 2023).

For the first time, we show that enhanced tracking occurs not
only for auditory signals that are either specifically tailored to
infants (e.g., infant-directed speech or nursery rhymes;
Kalashnikova et al., 2018; Menn et al., 2022; Nguyen et al.,
2023) or native language input (Ortiz Barajas et al., 2021), but
also for voices carrying distinct signals for an individual infant.
This enables the infant to attend to personally relevant social
cues, facilitating bonding and social learning.

One explanation for stronger tracking of maternal voice is
better predictability due to the high familiarity. Such an explana-
tion would be comparable to the mechanisms observed in the
case of infant-directed speech or lullabies, both of which are char-
acterized by a high degree of rhythmicity, large modulations in
pitch, and simplified structure, all features that increase predict-
ability and thereby facilitate processing (Kalashnikova et al.,
2018). For maternal speech, increased predictability is more
subtle and individualized, resulting from the idiosyncrasies of
each speaker. A similar effect is seen in adults, where speaker
familiarity improves comprehension for hearing-impaired listen-
ers (Souza et al., 2013) and even brief familiarization benefits lis-
teners with intact hearing (Nygaard and Pisoni, 1998).

Figure 3. Temporal response functions (TRFs) and neural speech tracking. A, TRF weights
are averaged across infants and channels of interest (Cz, C3, C4). The shaded areas show the
standard error for each time lag across infants. The inset displays the topographical distribu-
tion of TRF weights for a time window between 200 and 300 ms (gray bar). Blue colors indi-
cate TRFs for the mother’s voice, while orange colors indicate TRFs for the stranger’s voice. B,
Neural tracking unfolds over time lags (−200 to 800 ms). Solid lines show the averaged pre-
dictive accuracy (r) across subjects and channels of interest (topographic map). Shaded areas
represent the standard error for each time lag across infants. C, Unadjusted neural tracking (r)
refers to the encoding accuracy (200–300 ms), calculated by multiplying the estimated TRFs
by the presented audio envelope. The line plot shows single-infants data (N= 30), averaged
over channels of interest (Cz, C3, C4). Connecting lines between dots indicate the same sub-
ject. Blue dots represent tracking of the mother’s voice, while orange dots represent tracking
of the stranger’s voice. The inset shows adjusted neural tracking based on predictive model
results, including covariates such as baseline power and face tracking.

Figure 2. Acoustic properties of voice signals. As regressor for auditory neural tracking, we used the voice envelope, as shown in the left panel. The envelope was extracted from both the
mother and stranger condition audio signal, and the peak frequency was identified from the spectrum using the fast Fourier transform (FFT). Since the same recordings were used once as a
stranger and once as a familiar (mother’s) voice, they showed very similar acoustic properties, as can be seen in the right panel. Histograms and Kernel density estimates (KDE) with a bandwidth
of 0.5 were used to visualize the distribution of peak frequencies across subjects for both conditions (note that the two stimulus distributions are not identical as not all infants could be included
in the final sample, so that for a small number of infants the recording was only included in one of the conditions).
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While such an explanation is primarily based on perceptual
facilitation, another explanation could be derived from attention-
related processes. Since maternal signals are highly salient and of
particular importance to the infant, infants allocate more atten-
tional resources to maternal signals (DeCasper and Fifer, 1980;
Rigato et al., 2023). As has been extensively studied in
adults, increased attention allocation leads to increased neural
tracking (Mesgarani and Chang, 2012; Fiedler et al., 2019;
Reetzke et al., 2021; Orf et al., 2023), which is likely to be the
case also in infancy.

Neural encoding of faces is influenced by voice familiarity
While an increasing number of studies investigate auditory track-
ing, visual tracking is less commonly investigated. However, ini-
tial studies suggest neural tracking also of continuous visual
signals (Jessen et al., 2019; Ki et al., 2021). In our study, we
did not investigate the tracking of a continuous visual signal
but of discrete visual events optimized for an ERP design.
Nevertheless, we observed clear visual tracking at both central
and occipital electrodes, corresponding in both, topography
and latency, to well-known infant ERP components typically
observed in face processing (occipital N290-P400 and central
Nc; Xie et al., 2019; Conte et al., 2020). This observation is
confirmed by the more traditional ERP analysis. Thus, infants
successfully encode faces even when listening to unrelated voice

information in parallel, and such a processing is observed not
only in the ERP response but also in neural tracking.

Moreover, the encoding of faces is not independent of voice
processing. Voice information modulated the relation between
occipital and central encoding; when hearing an unfamiliar voice,
faces were encoded stronger as reflected by central encoding
accuracy (Fig. 4). Here, using mTRFs to analyze face processing
offers a distinct advantage: Note that these face encoding accura-
cies result from a forward encoding model that allowed us to
directly control for simultaneous auditory tracking within in
the same model (Orf et al., 2023).

While purely speculative at this point, these data might sug-
gest that an unfamiliar voice causes infants to attend more closely
to other types of social information. Conversely, maternal pres-
ence might reduce the infants’ need to attend to unfamiliar faces
[see Jessen (2020) for a qualitatively similar effect of maternal
odor]. It is also possible that infants attempt to match the unfa-
miliar voice to one of the unfamiliar faces, while the familiar
mother’s voice clearly does not match any of the faces (since
the infants were not presented with pictures of their mother).
In such a scenario, an increased face response when hearing an
unfamiliar voice might reflect an increased effort to match the
voice to one of the faces.

Lastly, and independent ofmaternal voice, better central encod-
ing of faces in the typicalNc-like timewindowwas precededbybet-
ter occipital encoding in the N290 time window (i.e., a “gating
effect”; Fig. 4B). While linear models per se can rarely be inter-
preted causally, these results may provide putative evidence that
Nc-like central face tracking processes is “gated by” (i.e., statisti-
cally dependent on) the relative strength of a more “upstream”
occipital encoding of these faces. The result clearly calls for a
more elaborate neuroimaging approach to sensory–occipital ver-
sus attentional–frontocentral processes in the infant brain.

In sum, the analyses of neural tracking revealed that infants
track faces effectively even while hearing an unrelated voice,
and voice familiarity influences how faces are processed.

Absence of emotion effect in facial processing
Contrary to our prediction, we found no evidence that maternal
voice influenced emotion processing, nor did we find evidence
for emotion processing per se. This is surprising, given the vast
body of literature showing that 7-month-old infants reliably dis-
criminate emotions at the neural level (Leppanen et al., 2007;
Peltola et al., 2009; Xie et al., 2019; Bowman et al., 2022; Aran
et al., 2023), and our own previous work, which found robust evi-
dence for emotion discrimination in a very similar setup using
the same visual stimuli (Jessen, 2020). At this point, we can
only speculate about possible explanations.

Note that the absence of an emotion effect for infants exposed
to maternal signals aligns with our previous findings, where
infants showed evidence of emotion discrimination only when
exposed to social signals from a stranger (Jessen, 2020).
Though not significant, on a descriptive level, this is also
observed in the present study at later occipital responses, which
show emotion-related differences when the infant is hearing a
stranger’s voice but not when they are hearing their mother (in
both ERP and mTRF).

However, the question remains as to why no significant differ-
ence was observed.While infants at this age typically show neural
emotion differentiation, not all studies report emotion differen-
tiation in all three ERP components. For example, both Aran
et al. (2023) and Xie et al. (2019) only found a differential pro-
cessing of happy and fearful faces on the N290 but not on the

Figure 4. Temporal response function and neural face tracking. A, Clear tracking was found
at central (C3, Cz, C4) and occipital (O1, O2) electrodes, which was lower when infants heard
their mother (left panel; blue/green) compared with a stranger (right panel; red/orange). We
did not find an impact of face emotion, suggesting that happy (green/red) and fearful faces
(blue/orange) were tracked to a similar extent. Faces were encoded at both, central and occip-
ital electrodes, as can be seen in the topographic representations (350–500 ms). B, Encoding
at central electrodes (300–500 ms) was modulated by both, voice identity (blue, mother;
orange, stranger) and preceding occipital encoding (250–300 ms). Central face encoding
was high when a stranger’s voice was heard (p= 0.004, see text for details) and was inde-
pendently modulated by preceding occipital face encoding (p< 0.001; interaction n.s.). As can
be seen from the topographic representations, differences where focused on central and occip-
ital electrodes as can be expected for face processing. Topographical representation shows face
encoding accuracy between 350 and 500 ms.
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P400 or Nc, while Leppanen et al. (2007) report no difference on
the N290 but rather the P400 and Nc. Hence, while emotion pro-
cessing in infancy has been extensively studied, it is still unclear
under which conditions which neural processes are affected by
affective content.

One possibility is that while background voices did not dis-
rupt face processing, they may have hindered detailed extraction
of emotional cues. To our knowledge, no EEG study so far has
investigated emotional face processing with concurrent, unre-
lated voice signals. Infants might, for instance, have been dis-
tracted by attending to the voice; an indicator of such an effect
might be the fact that infants contributedmore trials when listen-
ing to a stranger versus their mother (although this effect was
only marginally significant). Other potential indicators, such as
an interaction between auditory encoding accuracy and emotion
or a correlation between auditory encoding accuracy and differ-
ence in Nc amplitude, were not observed. On the contrary, on a
descriptive level, we found a nonsignificant association between
increasing auditory encoding accuracy and increasing Nc ampli-
tude for fearful compared with happy faces (r= 0.24, p= 0.1),
which would suggest an improved discrimination with increasing
encoding accuracy.

Future studies are clearly necessary to further explore this
issue and examine the robustness of infants’ emotion processing
under conditions of potential distraction.

Conclusion
Infants are exposed to a wide variety of social signals in their daily
lives. We investigated the interplay between two different types of
signals, voice and faces, providing unrelated information. Infants
showed a stronger tracking of their mother’s than of a stranger’s
voice, and this tracking impacted how well unrelated faces were
encoded. Surprisingly, we found no evidence for more

sophisticated face processing, such as emotion discrimination.
Our results further highlight the potential of using neural track-
ing to uncover the complex relationship between different types
of social processes in early development.
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