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ABSTRACT

Previous behavioral and autonomic studies suggest that dogs are sensitive to their human emotional expressions, yet the neural
mechanisms underlying how such information is processed across modalities remain unclear. This study investigated whether
dogs exhibit differential neural responses to emotional incongruence in their owner’s multimodal expressions (face and voice)
using electroencephalography (EEG). Dogs viewed audiovisual clips in which their owner’s facial expression (happy or angry)
was paired with a congruent or incongruent vocalization. Event-related potentials (ERPs) time-locked to voice onset were
analyzed; incongruent pairings elicited significantly larger P300 and N400 responses at frontal sites than congruent pairings, a
pattern consistent with mismatch detection and increased processing demands. These findings provide electrophysiological
evidence that dogs integrate facial and vocal cues when processing their owners’ emotional expressions, supporting multimodal
emotion processing in the human—dog context. By revealing the temporal dynamics of this integration, the present study
highlights multimodal processing of emotional information as a fundamental component of socio-emotional cognition, offering a
comparative framework for investigations across species.

Introduction

Dogs are the earliest domesticated species, having coexisted with humans for approximately 30,000-40,000 years ago [1]. Over
the course of this long relationship, behavioral experiments and autonomic nervous system indicators have suggested that
dogs may recognize human emotions. In behavioral studies, dogs showed a tendency to look longer at combinations where
a human facial expression and emotional voice were congruent, suggesting that dogs integrate information across different
sensory modalities to discriminate between positive and negative emotions from humans [2]. Beyond behavior, physiological
measures such as heart rate variability (HRV) have also been investigated. In a study by Katayama et al. (2019) [3], some
dog—owner pairs showed positive correlations of R-R intervals and HRV indices under the emotional stress in the owners,
indicating physiological synchrony between dogs and their owners.

At the neural level, an fMRI study demonstrated that in dogs, as in humans, a region near the auditory cortex responds
more strongly to happy voice, indicating that dogs are neurally sensitive to vocal emotional valence expressions [4]. However,
because fMRI provides limited temporal resolution for capturing the rapid dynamics of neural processing, our understanding of
the neural mechanisms underpinning dogs’ emotional processing remains limited. Just as the temporal dynamics of audiovisual
emotional integration have been extensively investigated in humans using electroencephalography (EEG) (e.g., [5]), EEG offers
a suitable approach for examining its millisecond-level dynamics in dogs.

Dogs’ EEG research has progressed steadily since [6] established a non-invasive EEG recording protocol in awake,
unrestrained dogs using positive reinforcement. Since then, event-related potentials (ERPs) have been reported in response to
visual stimuli [6, 7] as well as auditory stimuli [8, 9], demonstrating that reliable neural responses can be obtained from awake
dogs under non-invasive EEG recording conditions for both visual and auditory sensory modalities.

With respect to multimodal incongruence, dogs have been shown to understand object words given by humans, and an
N400-like component is elicited when spoken label and visual object are mismatched [10], yet no studies have investigated
whether dogs exhibit differential neural responses to emotional incongruence in multimodal expressions. Therefore, in the
present study, we investigated neural responses in dogs while presenting emotionally congruent and incongruent pairings of
their owner’s facial and vocal expressions. By using ERPs, we aimed to capture the dynamics of emotional integration.



Human ERP studies have shown that emotional audiovisual incongruence modulates several ERP components. Mori et
al. (2021) [11] demonstrated that the interaction between facial and vocal emotional expressions appears as a modulation
of the auditory N400 amplitude in response to incongruent face—voice pairings. Moreover, enhanced N400 amplitudes for
emotional incongruence have been observed across different emotional categories (happiness, neutrality, and anger), suggesting
an automatic interaction of emotion related information across modalities [12].

Among the few ERP studies in dogs that have examined incongruence, Boros et al. (2024) [10] reported an N400-like
effect when a spoken word was incongruent with a visual object. This suggests that dogs are also neurally sensitive to semantic
incongruence. Based on these prior findings, we focused our primary analysis on the N400, where incongruence effects are
typically observed.

Human studies have also examined earlier stages of audiovisual emotional integration. In particular, they have demonstrated
that such integration occurs at early perceptual stages—within approximately 180 ms after voice onset—and that emotional
incongruence modulates early ERP components [12, 13]. Ho et al. (2015) [14] reported that emotional incongruence was
associated with reduced N100 amplitudes, whereas the P200 component exhibited bidirectional modulation depending on vocal
emotion. However, findings on early components are not entirely consistent across studies, suggesting that depending on task
demands, participants may flexibly switch between sensory-level and semantic-level integration [11, 15].

Dogs also exhibit early neural discrimination of emotional expressions: Kujala et al. (2020) [7] reported emotional
differentiation occurring at approximately 130-170 ms, indicating that early perceptual sensitivity to emotional cues is not
unique to humans. Based on this evidence, as potential indices of early multisensory integration, we examined the N100
(80-120 ms) and P200 (150-250 ms) components as supplementary analyses.

We hypothesized that emotional incongruence between facial and vocal expressions would elicit enhanced ERP responses,
specifically increased N400 amplitudes reflecting the detection of emotional incongruence. By examining these ERP responses
in dogs, this study aimed to investigate whether dogs exhibit differential neural responses to emotional incongruence in their
owner’s multimodal expressions with high temporal resolution, thereby advancing our understanding of the neural basis of
emotional cognition in dogs.

Results

To examine neural responses to emotional incongruence between owners’ facial and vocal expressions, we recorded non-invasive
EEG while dogs viewed audiovisual stimuli. Electrodes were fixed using a custom-made EEG cap (Fig. 1a), and the auditory
stimulus was synchronized with EEG via an auxiliary recording channel (Fig. 1b). The raw signals were filtered, cleaned using
independent component analysis (ICA), and reconstructed for analysis (Fig. 1c). Seven electrodes (F3, F4, T3, T4, P3, P4, Cz)
were used (Fig. 2). Dogs viewed randomized sequences of congruent and incongruent face—voice pairings (Fig. 3). ERPs were
time-locked to voice onset and analyzed within predefined time windows corresponding to canonical N100, P200, P300, and
N400 components.

Fig. 4 shows the grand-averaged ERP waveforms for the congruent and incongruent conditions across the three dogs. In the
present study, we focus on the N400; however, in both conditions, the grand-averaged waveforms exhibited a positive-going
deflection within this time window. Visually, this positivity could resemble a P300-like component, which reflects the allocation
of attentional resources. In dogs, the polarity of the N400 is not consistently negative [16], making it difficult to dissociate a
potential N40O from the sustained positivity associated with the P300. Therefore, we analyzed both the P300 (250-400 ms) and
N400 (350-500 ms) time windows, interpreting any effects within these windows as reflective of emotional incongruence-related
processing. In the approximately 250-500 ms range-corresponding to the predefined analysis windows for the P300 and N400
components-the amplitude of this positivity tended to be larger in the incongruent condition than in the congruent condition.

To statistically verify this trend, Welch’s two-sample t-tests were performed to compare the congruent and incongruent
emotional conditions. For each ERP component (N100,P200, P300, N400), we examined whether significant differences were
present and assessed the direction of amplitude changes.

1. t-test analysis
After averaging the ERP waveforms across the three dogs, comparisons revealed ERP components that are involved in the
processing of emotional incongruence.

1.1 Group-level analysis
Group-level results are summarized in Table 2.

* N100 (80-120 ms) : Voltage values were significantly lower in the incongruent condition than in the congruent condition
at Cz (t=2.33, p =.0198).
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e P200 (150-250 ms) : Voltage values were significantly higher in the incongruent condition at F3 (t = -2.43, p = .0020)
and F4 (t =-2.18, p =.0029).

* P300 (250-400 ms) : Voltage values were significantly higher in the incongruent condition at F3 (t = -3.84, p =.0001).

* N400 (350-500 ms) : Voltage values were significantly higher in the incongruent condition at F3 (t = -3.70, p =.0002)
and F4 (t=-2.10, p = .0360).

These results suggest that emotional incongruence influences both early (N100/P200) and later (P300/N400) stages of
processing in dogs.

1.2 Individual-level analysis
Individual results are summarized in Table 3.

* Dog 1: significant N40O effect at F3 (p < .05)
* Dog 2: significant N400 effect at Cz (p < .05)

* Dog 3: significant effects for N100, P200, P300, and N400, each at > 1 electrode (p < .05)

Notably, all three dogs showed a significant N400 incongruence effect, indicating consistent neural sensitivity to emotional
mismatches across individuals. At the same time, these findings also revealed individual variability among dogs; therefore, a
linear mixed-effects model (LMM) analysis was conducted to confirm whether the observed effects persisted after statistically
accounting for inter-individual differences.

2. Linear mixed-effects model analysis

The LMM incorporated Dog as a random factor to account for inter-individual variability. The analysis confirmed that the
interaction between Face and Voice remained significant for all electrode—component combinations that had shown significant
effects in the Welch'’s t-tests: P200, P300, and N400 at F3; P200 and N400 at F4; and N100 at Cz (all p < .05). This demonstrates
that the differences between congruent and incongruent conditions persisted even after statistically controlling for individual
variability among dogs.

Additionally, the main effect of Voice was significant at F3 across ERP components from N100 onward (p < .05), which
aligns with the auditory stimulus-driven nature of the paradigm. However, because significant FacexVoice interactions were
present, these main effects should be interpreted with caution as averaged effects across levels of the other factor. All statistical
results, including fixed-effect coefficients and model fit indices, are provided in Table 4. Taken together, these LMM results
converge with the t-test findings and confirm the modulation of ERP responses under emotional incongruence.

Discussion

The present study provides electrophysiological evidence that dogs exhibit differential neural responses to congruent and
incongruent audiovisual emotional expressions from their owners, suggesting multimodal integration at the neural level.
Importantly, this interpretation is supported by a clear P300-like response to the vocal stimuli, indicating attentional engagement
with the owner’s voice; accordingly, the modulation of this response likely reflects facial-vocal congruency. Taken together,
these findings support the interpretation that dogs integrate facial and vocal emotional information when processing their
owners’ expressions.

Statistical analyses further showed that the observed modulation of ERP response differences across multiple ERP
components driven by emotional congruence was statistically significant, and that the effect remained robust even after
accounting for inter-individual variability in the mixed-effects model. At the individual level, significant N400 effects were
confirmed in all dogs, suggesting that the modulation of ERP responses to audiovisual emotional incongruence was primarily
driven by N400-related processes. Below, we discuss the potential functional roles of each ERP component (N100, P200, P300,
and N400) in the processing of emotional incongruence.

With respect to semantic-level processing, the N400 component is an ERP response linked to meaning processing and is
generally observed as a larger negative deflection in response to semantically incongruent stimuli in humans [12, 17]. However,
human ERP studies have shown that a frontal positivity often follows the typical N400 negativity [18], leading to an apparent
polarity reversal at frontal electrode sites. Consistent with this, the significant difference between congruent and incongruent
conditions observed at the frontal electrodes in the present study may represent a frontal N400-like effect associated with the
detection of emotional incongruence.
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In addition, emotional prime—target pairs have been shown to modulate the N400 depending on the duration of prosodic
primes. Paulmann and Pell (2010) [19] reported that while a medium-length (400 ms) prosodic prime preceding a facial target
elicited a typical priming effect—greater negativity for unrelated than for related pairs—a short (200 ms) prime reversed
this pattern, producing greater negativity for related pairs. Although their paradigm presented the face after the voice, our
vocal stimuli (1.65 s) corresponded to the short prosodic condition, suggesting that prosodic duration might have influenced
the direction of the N400 modulation observed in the present study. In dog ERP studies, larger negative deflections have
been reported between 220-470 ms for auditory sequences with low transitional probability [16], suggesting the presence of
N400-like responses to expectancy violations in dogs, consistent with findings in humans. However, polarity differences have
also been reported: when dogs were presented with spoken words paired with visual objects, a positive-going N400 mismatch
effect was observed for incongruent object—word pairs [10]. Because scalp-recorded EEG reflects dipolar field activity, the
polarity itself is not inherently meaningful; therefore, the positive-going deflection observed in our data can reasonably be
interpreted as an N400-like response associated with the detection of semantic or emotional incongruence.

At a stage associated with attentional and contextual evaluation, the P300 component reflects the allocation of attentional
resources, while its amplitude is modulated by emotional and multimodal processing demands [20, 21, 22]. Larger P300
amplitudes have been interpreted as indexing increased cognitive workload, as the P300 is elicited when incoming stimuli
require updates to an internal environmental model [23, 24, 25]. Further evidence shows that P300 amplitude and latency
increase for incongruent conditions compared to congruent ones when visual letters and auditory sounds mismatch [26]. In
the present experiment, a clear P300-like positivity was elicited by the audiovisual emotional stimuli, and this positivity was
significantly larger for incongruent than congruent conditions. This pattern is consistent with the above interpretation that
emotional conflict increases attentional and integrative processing demands. Although the primary incongruence effect in our
study was reflected in differences in N400-related processes, the robust P300-like activity—as well as the possibility of latency
prolongation—indicates that P300 modulation may also contribute to the differentiation between congruent and incongruent
conditions.

At early stages of multisensory processing, the N100 and P200 components have been widely investigated in the context
of audiovisual integration. Their amplitudes are typically suppressed during multisensory processing relative to unimodal
stimulation, a pattern commonly interpreted as an index of facilitated audiovisual processing [27, 28, 29]. Both components
have also been linked to emotional processing [30, 31]. However, the two components differ in functional specificity: whereas
the P200 is sensitive to stimulus content and meaning and has been associated with the extraction of emotional significance
[32], the N100 appears unaffected by audiovisual semantic incongruence and is instead modulated by predictability [14, 33, 34].
Early neural responses to visual and auditory stimuli in dogs have similarly been reported around 100 ms as well [6, 7, 8].

Regarding the present findings, the P200 exhibited a trend consistent with later components, a pattern that aligns with
previous human ERP research reporting larger positive deflections for incongruent compared to congruent emotional trials at
around 180 ms after stimulus onset [12]. In contrast, no significant incongruence effects were found for the N100 at frontal
sites. This pattern suggests that semantically driven audiovisual emotional integration in dogs may emerge after the N100 time
window. Nonetheless, at Cz, a significant increase in N100 amplitude was observed, suggesting that an early stage of emotional
multisensory integration cannot be fully ruled out.

Furthermore, the enhanced P200 amplitude under incongruent conditions may be interpreted within predictive-processing ac-
counts as reflecting additional processing demands during multimodal (audiovisual) integration when cross-modal expectations
are not met. However, the opposite pattern—P200 suppression for incongruent emotional stimuli-has also been documented in
humans [35], and Knowland et al. (2014) [29] further suggested that such audiovisual P200 suppression may reflect competition
between mismatching multisensory inputs. These divergent findings underscore the need for caution when interpreting P200
modulations.

Taken together, although N100 and P200 modulations under audiovisual emotional incongruence have been investigated
in humans, the reported patterns remain inconsistent across studies [11, 14, 15, 36, 37]. One proposed explanation is that
humans may flexibly engage either semantic-level or sensory-level processing depending on task demands or stimulus features
[11]. If such flexible switching also exists in dogs—and under what conditions—remains an open question requiring further
investigation.

In addition to congruence-related effects, we also explored whether emotional valence might modulate ERP responses,
although any interpretation should be considered preliminary. LMM analysis revealed a significant interaction at electrode
F3, whereas the main effects for happy face and happy voice showed positive coefficients (8 > 0), indicating a numerical
tendency toward larger ERP amplitudes in the happy condition. These estimates were obtained in the presence of a significant
interaction and should therefore be interpreted with caution, as the apparent increase is likely to reflect incongruence-related
effects rather than a main effect of valence. Moreover, this tentative pattern differs from some human ERP findings reporting
larger amplitudes for negative relative to positive emotions [38, 39], further underscoring the need for caution in interpreting
valence-related effects in the present study.
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However, several limitations should be acknowledged. First, although the number of recording sessions did not differ
substantially across dogs, the number of trials retained after artefact rejection varied between individuals. Dog3 contributed a
larger number of analyzable trials. This imbalance may have increased the statistical weight of Dog3 in the individual-level
analyses and the linear mixed-effects models. Consequently, the observed effect sizes may have been influenced by unequal
trial numbers. Although random effects were included to account for individual variability, unequal trial numbers remain a
methodological limitation. In addition, it remains challenging to clearly disentangle the specific contributions of individual ERP
components. Higher-resolution approaches, such as source localization, time—frequency analyses, or multivariate decoding,
may help clarify the neural mechanisms underlying emotional integration.

Nevertheless, the present study also has important strengths. The main findings were supported by converging results
from both Welch’s t-tests and linear mixed-effects models, indicating that the observed effects were robust across different
analytical approaches. Moreover, the study extends canine ERP research beyond exclusively positive emotional conditions.
In canine EEG experiments, maintaining stillness during recording is critical, as even minimal muscle activity can introduce
electromyographic noise. Consequently, negatively valenced stimuli have often been avoided to minimize arousal-related
movement artifacts [9]. By successfully incorporating both positive and negative emotional expressions, the present study
represents a methodological advancement in canine ERP research and broadens the scope of emotional processing paradigms
that can be investigated using EEG in dogs.

Future research should examine a broader range of emotional combinations to further elucidate the neural mechanisms
underlying dogs’ perception of human emotions. In addition, incorporating emotional stimuli from unfamiliar individuals may
help determine whether such neural responses depend on familiarity and experience with the owner, or whether they reflect a
more generalized, evolutionarily conserved mechanism. Beyond the audiovisual domain, dogs are also known to recognize
human emotional states through olfactory cues [40]. Thus, future studies combining EEG with olfactory stimuli may allow
high—temporal-resolution investigations of emotion processing in the olfactory modality and further clarify the associated
neural mechanisms. Against this background, EEG-based approaches offer a powerful tool for investigating dogs’ emotional
perception with high temporal precision. Importantly, even when animals exhibit similar behaviors, the underlying neural
processes may not be identical [41]. Accordingly, combining behavioral and electrophysiological approaches will be essential
for a comprehensive understanding of the mechanisms supporting emotional perception.

In conclusion, the present study provides electrophysiological evidence that dogs process their owners’ emotional expres-
sions in a multimodal manner. To our knowledge, this is the first study to suggest that incongruence between facial and vocal
emotional cues elicited systematic neural modulations, particularly in late ERP components, compared with congruent pairings.
These neural differences are consistent with mismatch detection and increased processing demands, suggesting that dogs do not
merely respond to isolated sensory cues but integrate information across modalities when interpreting their owners’ emotions.
Importantly, the observed effects were consistent across individuals, despite variability in signal magnitude, indicating a shared
neural sensitivity to multimodal emotional incongruence. Although the small sample size warrants caution in generalization, the
convergence of effects across dogs supports the interpretation that multimodal processing of emotional expressions constitutes
a fundamental aspect of human—dog socio-emotional communication. By providing millisecond-level access to the temporal
dynamics of such processing, ERP-based approaches offer a valuable framework for future comparative studies of emotional
cognition across species.

Methods

Ethics statement.

All experimental procedures involving animals were approved by the Animal Ethics Committee of Azabu University (#180410-
1) and were performed in accordance with relevant institutional and national guidelines for animal care and use. The study
complied with the ARRIVE guidelines for reporting animal research. Procedures involving human participants were approved
by the Ethical Committee for Medical and Health Research Involving Human Subjects of Azabu University (#052) and were
conducted in accordance with relevant guidelines and regulations, including the Declaration of Helsinki. The dogs were
privately owned pets. Written informed consent was obtained from all dog owners for both their dogs’ participation and their
own participation in the study. In addition, informed consent was obtained from all human participants who provided emotional
ratings of the stimuli, and they were informed that they could withdraw their consent at any time without penalty. Consent
was also obtained from the participant whose images are shown in the figures for publication of identifiable images in this
open-access journal.

Subjects and Experimental setup

This study was performed in a laboratory at the Department of Veterinary Medicine at Azabu University. The experimental
room (1.6 m x 4.6 m) minimized electrical interference and provided optimal conditions for the experiment. EEG recordings
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were performed on three healthy dogs (Dogl: a 6-year-old male Brittany Spaniel, Dog2: a 10-year-old male Standard Poodle,
Dog3: a 5-year-old female Standard Poodle) that were trained to remain completely still while lying on a measurement mattress
(Fig. 1a).

The dogs were also conditioned to tolerate wearing an EEG cap designed to fix the electrodes (AP-P130(A)-08, Miyuki
Giken Co., Ltd., Tokyo, Japan) in place, rest their heads on a chin rest, and remain stationary in front of the stimulus-presentation
monitor (ASUS ZenScreen MB229CF-J, Japan) screen during recording. Although dogs were not physically restrained during
the task, positive reinforcement was provided to encourage them to remain stationary.

During the sessions, the dogs rested on the experimental platform with cushions elevated to a height of 0.6 m. A computer
(Dell Inc., Intel Core i3-1115G4 3.00GHz, 8GB RAM, Windows 11 Pro 64-bit, ver. 24H2; Dell Inc., Round Rock, TX, USA)
for EEG signal recording was positioned adjacent to the platform, and the EEG amplifier was positioned either directly or in
close proximity to the body. A video camera (JVC Everio R GZ-F200-T, JVCKENWOOD Corporation, Yokohama, Japan) was
mounted on top of the monitor to record the dogs’ behavior during the experiment. A speaker (SRS-XG300, Sony Corporation,
Tokyo, Japan) that emitted auditory stimuli was placed behind the computer to control the stimuli. Dog owners remained
outside the experimental room throughout the sessions, while two investigators were positioned beside and behind each dog.
All dogs were privately owned pets, and informed consent for their participation was obtained from their owners.

EEG measurement

The dogs were given time (approximately 5 min) to acclimate to the experimental room before the recording began to ensure
voluntary participation and minimize stress. Once relaxed, the dogs were guided to a platform facing the stimulus presentation
monitor, and the electrodes were carefully affixed to their heads. After confirming the setup, the investigators initiated the data
acquisition and presentation of the stimuli, standing unobtrusively in a location outside the dog’s field of view.

Several preparatory steps were performed to optimize the contact between the electrodes and the skin. First, the dogs’ heads
were wiped with alcohol swabs to remove skin oils from the electrode sites. Then, Neurgel (NEURGEL250F-6, Atris Pty Ltd.,
Sydney, Australia) was applied directly to the electrode sites to enhance the electrical conductivity and ensure stable attachment.
Finally, Custom-made EEG caps designed to accommodate the head anatomy of each dog were fitted to maintain the position
of the electrodes during the recordings. EEG signals were recorded using a Polymate Pocket (MP208; Miyuki Giken Co., Ltd.,
Tokyo, Japan), and the data were preprocessed using Bio Signal Viewer software (Miyuki Giken Co., Ltd.). The signal was
digitized at a sample rate of 1000 Hz, and the built-in hardware band-pass filter was set to 0.53-30 Hz during acquisition. To
ensure precise synchronization between the audiovisual stimuli and the EEG recordings, the audio signal used as the auditory
stimulus was simultaneously fed into an auxiliary EEG channel. This allowed us to define the ERP time-locking point directly
from the recorded audio waveform rather than relying solely on software triggers (Fig. 1b).

The electrode configuration included seven recording sites (F3, F4, T3, T4, P3, P4, Cz) strategically positioned to capture
neural activity across key cortical regions (Fig. 2). Electrodes F3 and F4 were placed bilaterally over the frontal cortex,
and electrodes T3 and T4 were positioned laterally over the temporal cortex. Electrodes P3 and P4 were situated in the
parieto-occipital region, and electrode Cz was located along the midline. The occipital protuberance at the rear of the skull
served as the site for the reference electrode and the ground electrode was affixed near the base of the left ear. This electrode
configuration was derived from the methodology outlined by Kujala et al. (2020) [7]. Electrode impedance was confirmed to be
below 10 kQ and at least below 20 k€ prior to recording to ensure high-fidelity data acquisition. To maintain high-quality
EEG recordings, both electrode stability and the dog’s gaze and attentional state were carefully and continuously monitored
throughout the experiment. Only trials in which the dog was visually attending to the screen were included in the analysis. The
dog’s overall condition was also monitored to detect any signs of fatigue or stress. If the dog showed any indication of fatigue,
the session was immediately terminated to ensure its well-being. Depending on the dog’s training level and physical condition,
five to ten sessions were conducted per day.

Experimental Procedure

Dogs were presented with audiovisual clips depicting their owner’s emotions (Fig. 3). ERP amplitude has been shown to be
associated with emotional arousal [42]; to ensure comparable arousal levels across emotional conditions, we selected happiness
and anger as the owner’s emotional expressions. The visual stimuli were static photographs of the owner’s face, depicting either
emotion. Auditory stimuli were amplitude-normalized recordings of the same word (e.g., “really?”’), commonly used by the
owner in daily life, and were duration-matched across emotional conditions. This design controlled for lexical content while
systematically varying emotional valence. Prior to the experiment, 28 human participants were asked to rate the emotional
valence of all facial and vocal stimuli used in the study. All participants provided informed consent prior to participation.
Emotional valence ratings were then analyzed using the Mann-Whitney U test, confirming significant differences between
positive and negative stimuli across all items (p < .001).
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Each dog viewed a single 68-s video sequence comprising 12 trials, preceded by an 8-s background-only period to stabilize
EEG activity. In each trial, a neutral background image was continuously displayed; the owner’s facial photograph appeared
for 3 s, and the auditory stimulus was presented 1.5 s after face onset (SOA = 1.5 s). Congruent (face-voice match) and
incongruent (face-voice mismatch) pairings were counterbalanced across trials. To avoid potential bias in the presentation
order, the sequence of stimulus combinations was randomized using Python when generating the video. Between trials, a 2-s
background image was shown to allow the EEG signal to return toward baseline. The 1.5-s SOA was aimed to avoid overlap
between early visually evoked components (P100, N100, P200) following face onset and the auditory evoked response, thereby
isolating the ERP elicited by the voice. Visual activity can persist for several hundred milliseconds after onset; delaying the
voice until at least 1 s reduces temporal overlap. At the same time, the SOA was kept within the upper limit of the audiovisual
integration window (= 2 s), beyond which the events are more likely to be processed as separate rather than integrated [43].

EEG data processing and artefact rejection

Offline preprocessing was performed using Python (version 3.11). Continuous EEG data were segmented into epochs ranging
from -1500 ms to +1500 ms relative to the detected audio voice onset on the auxiliary channel. The data were notch-filtered at
50 Hz to remove line noise and then band-pass filtered between 0.05 and 40 Hz using a zero-phase second-order sections (sos)
filter. Any epoch in which the EEG signal exceeded =100 p'V at any electrode was automatically rejected as containing artifacts.
After filtering, Independent Component Analysis (ICA) was applied to remove non-neural artifacts. EEG data from each session
were decomposed into eight independent components using the FastICA algorithm (scikit-learn, Python 3.11). Each component
was visually inspected while simultaneously referencing the synchronized video recordings of the dog. Components clearly
associated with artifacts-including eye movements, muscle activity, and the audio synchronization channel-were removed. The
remaining components were then back-projected to reconstruct artifact-free EEG signals.

In this way, artifacts were removed and only reconstructed clean EEG signals were used for subsequent analyses (Fig. 1c).
After artifact rejection, the mean number of remaining trials per dog ranged from 100 to 434 across the four conditions;
on average, 487 trials were retained for congruent conditions and 500 for incongruent conditions. Although the number
of retained trials was balanced between congruent and incongruent conditions, inter-individual variability in data quantity
required statistical adjustment in the subsequent modeling. The number of trials analyzed for each individual and condition is
summarized in Table 1.

Statistical analysis

Statistical analyses were performed using MATLAB (R2023b). For each ERP component, Welch’s two-sample t-tests and
linear mixed-effects models (LMMs) were applied within time windows commonly reported in previous studies to examine
the effects of congruency. Welch’s t-tests were used because they do not assume equal variances between conditions and are
robust to potential differences in variance across trial distributions. These complementary approaches were combined to assess
whether the observed effects remained consistent after accounting for individual variability. Analyses were conducted on
epochs time-locked to the onset of the auditory stimulus. In the LMM, individual dogs were included as a random intercept to
account for between-subject variability. Given the limited number of subjects (n=3), random slope estimation was considered
unreliable and therefore was not included in the model. To further characterize within-subject patterns, complementary Welch’s
two-sample t-tests were conducted separately for each individual, and individual trends were qualitatively described.

Previous neuroimaging research has shown that interactions between visual and auditory modalities for emotional informa-
tion do not occur in primary sensory cortices; instead, emotional cues from faces and prosody are integrated later in higher-order
associative cortices and limbic regions [44]. Furthermore, emotional incongruence between visual and auditory signals has been
shown to activate the cingulate-frontoparietal network implicated in conflict monitoring and resolution [45]. Consistent with
these findings, ERP studies in humans have reported significant facial-vocal congruency effects over frontal and frontocentral
regions [14]. Based on this converging evidence, the present study focused on electrodes corresponding to the frontal-parietal
regions (F3, F4, Cz).

Four ERP components associated with audiovisual emotional incongruence-N100 (80-120 ms), P200 (150-250 ms), P300
(250-400 ms), and N400 (350-500 ms)-were extracted, and amplitude differences between congruent and incongruent conditions
were analyzed for each component. Time windows for each ERP component were defined based on ranges commonly reported
in human studies, while taking into account that these windows vary across prior research and adjusting them to suit the present
experimental conditions. Reconstructed EEG data, which had been segmented time-locked to the auditory stimulus, were
labeled for each dog at electrodes F3, F4, and Cz according to the four face-voice combinations. All sessions remaining after
artifact rejection were included in the analysis. Within the defined time windows for each ERP component, data were averaged
for each combination of individual, condition, and electrode.
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1. Primary Analysis: t-tests

Initially, we examined whether there were significant differences in the averaged ERP waveforms between congruent and
incongruent conditions at three electrodes (F3, F4, Cz) across all three dogs. Welch’s two-sample t-tests were conducted
for each ERP component (N100, P200, P300, and N400). Given the potential for inter-individual variability in dogs, both
group-level and individual-level t-tests were performed to evaluate overall and subject-specific tendencies, respectively.

2. Supplementary Analysis: Linear Mixed-effects Model

To further account for inter-individual variability and to decompose the effects into main and interaction components, a linear
mixed-effects model (LMM) was applied to the same comparisons. Because ERP amplitudes were analyzed at the trial level,
the LMM additionally accounted for the non-independence of trials nested within subjects. The model included facial emotion
and vocal emotion as fixed effects, along with their interaction term, and incorporated subject identity as a random effect.
However, because the number of subjects was limited to three, it should be noted that the stability of random-effect estimation
may be limited. Therefore, this analysis served to examine whether the primary t-test findings remained robust after accounting
for individual variability.
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Figure 1. Experimental setup and EEG preprocessing pipeline. (a) Photograph of Dog 2 during EEG recording with the
custom-made EEG cap. (b) Schematic overview of the experimental setup showing the audiovisual stimulus presentation and
EEG acquisition system. The external trigger channel (Ext) was used to synchronize auditory stimulus onset with EEG
recording. (c) EEG preprocessing pipeline including filtering, independent component analysis (ICA), and signal
reconstruction after artefact removal.
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Figure 2. Electrode configuration used for EEG recording in dogs. Electrode positions (F3, F4, T3, T4, P3, P4, Cz) fixed with
a custom-made EEG cap during recording.
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Figure 3. Timeline of audiovisual stimulus presentation. Each sequence began with an 8-s baseline period followed by trials
consisting of a facial stimulus (3 s). The vocal stimulus was presented 1.5 s after face onset, creating congruent or incongruent
combinations of facial and vocal emotional expressions. Each video sequence contained 12 trials with equal numbers of
congruent and incongruent conditions. Written informed consent for the publication of these images was obtained from the

participant.
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Figure 4. Figure 4. Grand-averaged ERP waveforms across the three dogs at the F3 electrode for congruent and incongruent
conditions. Red line: congruent condition; blue line: incongruent condition. The vocal stimulus occurred at O ms (vertical
green dashed line). The blue dashed line marks 400 ms after voice onset. The yellow shaded region highlights the analysis
window corresponding to the P300 and N400 components (250-500 ms).

13/16



DogID  Congruency

Condition (face/voice)

Trial count  Total

1 Congruent angry/angry 99 201
happy/happy 102

Incongruent angry/happy 98 199
happy/angry 101

2 Congruent angry/angry 197 408
happy/happy 211

Incongruent angry/happy 211 418
happy/angry 207

3 Congruent angry/angry 412 852
happy/happy 440

Incongruent angry/happy 432 884
happy/angry 452

Table 1. Number of remaining and analysed trials for each dog in the four conditions after artefact rejection.

ERPtype  Channel = Mean_Mismatch t df p
N100 F3 -0.973 -1.43 29462 0.153
F4 -1.36 0.0437  2959.7 0.965
Cz -1.28 233 2884.1 0.0198*
P200 F3 3.00 -243 29577 0.0152*
F4 1.91 -2.18  2924.6 0.0291%*
Cz 0.969 0.287 29279 0.774
P300 F3 6.18 -3.84  2958.1  0.000127%%*%*
F4 4.30 -1.62 29395 0.106
Cz 1.53  -0431 2901.7 0.666
N400 F3 1.25 -3.7700 2928.7  0.000222%%#*
F4 0.482 -2.10  2941.0 0.0360*
Cz -0.0499  -0.972  2956.3 0.331

Table 2. Detailed results of group-level Welch’s two-sample t-tests. Two-tailed tests were used. Significant effects are shown
in bold, with significance levels indicated by asterisks (* p < .05, ** p < .01, *** p <.001).
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Dog 1 Dog 2 Dog 3
ERPtype  Channel t df P t df p t df )4
N100 F3 -0.812  398.0 0.417 1.94 8237 0.0525 -238 17215 0.0175*
F4 -0.968 3747 0.334  0.660 8239 0510 -0.189 17323 0.850
Cz -0299 3784 0.765 1.28 823.1 0.201 211 1671.2 0.0352*
P200 F3 -0209 3972 0.835 1.14  819.5 0.253 <333 17340  0.000882%:
F4 -0.192 3954 0.847 -1.14  803.4 0.254 -1.85 17143 0.0650
Cz 0.385 3974 0.701  -0.639 809.4 0.523 0.573  1685.9 0.567
P300 F3 -0.633 3849 0.527 -1.28  776.8 0.202 -3.58 17133 0.000355%
F4 -0.405 3844 0.686  0.231 823.6 0.817 -2.01  1696.2 0.0442*
Cz -0.103 3944 0918 -1.08  823.8 0.281 0.0731 1667.6 0.942
N400 F3 -2.02 3789  0.0438* -1.83 8239 0.0675 -295 17010 0.00327**
F4 -1.64 3714 0.102  0.187 8238 0.852 -231 17039 0.0210*
Cz -1.45 3935 0.148 -2.40 8226  0.0164* 0.528  1727.8 0.597

Table 3. Detailed results of individual-level Welch’s two-sample t-tests. Two-tailed tests were used. Significant effects are

shown in bold, with significance levels indicated by asterisks (* p < .05,

#% p < 01, %% p < .001).
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ERP Ch  Condition Estimate SE t df p  Lower Upper
N100 Cz Intercept -0.960 0.292 -3.30 2958 0.000988 -1.53  -0.389
Face_happy -0.396  0.405 -0.979 2958 0.327 -1.19 0.397
Voice_happy -0.248  0.407 -0.610 2958 0.542 -1.05 0.550

Face:Voice 1.30  0.570 229 2958 0.0222* 0.187 242

F3  Intercept -3.29  0.512 -6.42 2958 1.55e-10 -4.29 -2.84
Face_happy 1.70  0.711 2.39 2958 0.0171* 0.303 3.09

Voice_happy 295 0715 412 2958  3.94e-05%** 1.54 4.35

Face:Voice -1.54 1.00 -1.54 2958 0.123 -3.51 0.419

F4  Intercept -2.59  0.467 -5.54 2958 3.33e-08 -3.50 -1.71
Face_happy 0.670  0.649 1.03 2958 0.302  -0.603 1.94
Voice_happy 1.80  0.653 2.76 2958 0.00586%** 0.521 3.08

Face:Voice -0.0489 0914 -0.0535 2958 0.957 -1.84 1.75

P200 Cz Intercept 140 0.278 5.03 2958 5.20e-07 0.859 1.94
Face_happy -0.683  0.387 -1.76 2958 0.0773 -1.44  0.0749
Voice_happy -0.171  0.390 -0.441 2958 0.659 -0.934 0.591

Face:Voice 0.171  0.544 0.313 2958 0.754  -0.897 1.24

F3  Intercept 1.53  0.526 291 2958 0.00367 0.498 2.56
Face_happy 0.935 0.731 1.28 2958 0.201 -0.499 2.37

Voice_happy 2.03 0.736 2.75 2958 0.00591** 0.584 347

Face:Voice -2.53 1.03 -2.46 2958 0.0141* -4.55  -0.509

F4  Intercept 0.520  0.708 0.733 2958 0463  -0.869 1.91
Face_happy 0.181  0.622 0.291 2958 0.772 -1.04 1.40

Voice_happy 191  0.626 3.05 2958 0.00228** 0.684 3.14

Face:Voice -1.94  0.876 =221 2958 0.0272% -3.65 -0.218

P300 Cz Intercept 1.77  0.329 5.38 2958 7.92e-08 1.13 242
Face_happy -0.366  0.458 -0.800 2958 0.424 -1.26 0.531

Voice_happy -0.112  0.460 -0.244 2958 0.807 -1.01 0.791

Face:Voice -0.258  0.644 -0.400 2958 0.689 -1.52 1.01

F3  Intercept 4.70  0.658 7.16 2958 1.03e-12 3.42 5.99
Face_happy 0.691 0913 0.757 2958 0.449 -1.10 2.48
Voice_happy 227 0919 247 2958 0.0135* 0.470 4.07

Face:Voice -4.90 1.29 -3.81 2958  0.000140%%** -7.42 -2.38

F4  Intercept 3.08 1.62 1.90 2958 0.0577  -0.101 6.27
Face_happy -0.306  0.804 -0.381 2958 0.703 -1.88 1.27

Voice_happy 1.08  0.809 1.33 2958 0.183  -0.509 2.66

Face:Voice -1.81 1.13 -1.60 2958 0.110 -4.03 0.408

N400 Cz Intercept -0.221  0.330 -0.668 2958 0.504  -0.867 0.426
Face_happy 0.0948  0.459 0.206 2958 0.836  -0.804 0.994
Voice_happy 0.249 0461 0.539 2958 0.590  -0.656 1.15

Face:Voice -0.620  0.646 -0.961 2958 0.337 -1.89 0.645

F3  Intercept 0.102  0.648 0.158 2958 0.875 -1.17 1.37
Face_happy 0.508  0.901 0.564 2958 0.573 -1.26 2.27
Voice_happy 1.80  0.906 1.98 2958 0.0476* 0.0189 3.57

Face:Voice -4.64 1.27 -3.66 2958  0.000253%%:* -7.13 -2.16

F4  Intercept -0.0485 1.31  -0.0369 2958 0.971 -2.62 2.53
Face_happy -0.344  0.801 -0.428 2958 0.668 -1.91 1.23

Voice_happy 0.628  0.806 0.779 2958 0436  -0.953 2.21

Face:Voice -2.33 1.13 -2.06 2958 0.0392* -4.54  -0.115

Table 4. Linear mixed-effects model results for each ERP component and channel. Estimate = fixed-effect coefficient from the
linear mixed-effects model; SE = standard error; Lower and Upper indicate 95% confidence intervals. Two-tailed tests were
used. Significant effects are shown in bold (* p < .05, ** p < .01, *** p <.001).
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