
1Scientific Reports |         (2024) 14:4586  | https://doi.org/10.1038/s41598-024-55366-1

Exploring the neural underpinnings 
of chord prediction uncertainty: 
an electroencephalography (EEG) 
study
Kentaro Ono 1*, Ryohei Mizuochi 1, Kazuki Yamamoto 2, Takafumi Sasaoka 1 & 
Shigeto Ymawaki 1

Predictive processing in the brain, involving interaction between interoceptive (bodily signal) and 
exteroceptive (sensory) processing, is essential for understanding music as it encompasses musical 
temporality dynamics and affective responses. This study explores the relationship between neural 
correlates and subjective certainty of chord prediction, focusing on the alignment between predicted 
and actual chord progressions in both musically appropriate chord sequences and random chord 
sequences. Participants were asked to predict the final chord in sequences while their brain activity 
was measured using electroencephalography (EEG). We found that the stimulus preceding negativity 
(SPN), an EEG component associated with predictive processing of sensory stimuli, was larger for 
non-harmonic chord sequences than for harmonic chord progressions. Additionally, the heartbeat 
evoked potential (HEP), an EEG component related to interoceptive processing, was larger for random 
chord sequences and correlated with prediction certainty ratings. HEP also correlated with the N5 
component, found while listening to the final chord. Our findings suggest that HEP more directly 
reflects the subjective prediction certainty than SPN. These findings offer new insights into the neural 
mechanisms underlying music perception and prediction, emphasizing the importance of considering 
auditory prediction certainty when examining the neural basis of music cognition.

Our perception of the external world is crucial for interacting with our environment, and making predictions 
enhances this ability. Predictive coding theory suggests that our brains constantly form predictions and correct 
prediction errors to optimize our understanding of the world1,2. This concept has also been applied to music 
perception, where prediction errors about musical notes elicit surprise and emotional reactions3,4. Several studies 
have reported the importance of predictions and prediction errors for remembering, creating, and emotionally 
responding to music5–11.

In Western music, predictable structures like rhythm and harmony shape our musical experience. Harmoni-
cally related chord sequences, known as chord progressions, are particularly important for forming the harmonic 
structure. Listeners prefer and expect such sequences, for example, the I-IV-V-I progression, which includes the 
tonic chord (I), the subdominant chord (IV), the dominant chord (V), and then returns to the tonic chord (I). 
While listening to such a chord progression, listeners gradually develop a musical context or harmonic structure 
like a tonal key, and the context helps predict subsequent chords12.

Electroencephalography (EEG) studies have reported that violation of chord prediction produces unique brain 
responses, such as early right anterior negativity (ERAN) and N5. These responses often manifest as negative 
potentials around 150–200 ms (for ERAN) and 500–700 ms (for N5) in the frontal area13–24, and their amplitudes 
increase over the course of a chord progression25–27. While ERAN is interpreted as indicator of prediction error 
in chord progression, N5 is suggested to reflect processes of harmonic integration, entailing a modification of 
listener’s hierarchy of harmonic stability3,28. However, the specific mechanism of generating harmonic predictions 
remains unclear, and the primary purpose of the present study is to elucidate the neural dynamics involved in 
generating harmonic predictions.

Stimulus Preceding Negativity (SPN) is an EEG component connected to predictive processes29–32. This 
component typically exhibits a negative shift in brain potentials while predicting a target stimulus. Studies have 
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shown that SPN responds in an anticipation of a variety of stimuli, including symbolic pictures, beep sounds, and 
pain33–37, underscoring its role as a neural marker of predictive processing. SPN is usually defined by the mean 
amplitude during the last 200 ms before the target stimulus38. It is mainly observed in the right hemisphere, with 
its amplitude increasing as prediction uncertainty rises31,34,35,39–41. For instance, León-Cabrera and colleagues 
observed an increase in SPN amplitude corresponding to the unpredictability of the last words in sentences42,43.

While SPN has been a valuable tool in exploring sensory prediction at a neural level, its role in chord predic-
tion remains unexplored. Given the effectiveness of SPN in evaluating predictive processes for various stimuli, 
including language, and the shared neural pathways between language and music44–46, we propose that SPN could 
also be a significant indicator for assessing chord prediction. Therefore, we hypothesize that the SPN amplitude 
is associated with uncertainty of chord prediction. Furthermore, since ERAN and N5 are recognized as indica-
tors of the error of chord prediction and the subsequent harmonic integration process, it is plausible that SPN 
is similarly linked to these responses.

Recent research also emphasizes the importance of interoception, the processing and perception of internal 
bodily sensations (such as heartbeat, breathing, and others), in shaping various cognitive processes, based on 
the predictive coding perspective47–51. According to this view, interoceptive predictions help allocate internal 
resources in response to the external environment. For instance, functional states of the heart (systole or diastole) 
influence the perception and neural responses to sensory stimuli52–59.

Furthermore, the Heartbeat Evoked Potential (HEP), a neural response time-locked to heartbeats, is one 
potential method for examining the neural basis of interoceptive prediction. Though variations exist, a typical 
HEP characteristically peaks between 200 and 500 ms post-heartbeat and is primarily distributed in the frontal 
area60. Some studies have found that HEP prior to a visual or somatosensory stimulus can predict brain activity 
for these stimuli59,61–63, suggesting that the brain uses interoceptive signals to predict upcoming sensory (extero-
ceptive) signals. Based on these findings, we hypothesize that interoceptive signals, reflected by HEP, guide chord 
predictions, and that the HEP amplitude is associated with the certainty of chord prediction. A chord that was 
presented within a strong harmonic context is more predictable than those within a weak harmonic context. This 
predictability difference likely reaches its peak immediately before the final chord. This variance in predictability 
is expected to correspond with changes in HEP amplitude. Moreover, following previous studies, we expected 
a relationship between HEP amplitude and the ERPs elicited by the subsequent stimulus59,61–63. To investigate 
these issues, participants were presented with sequences of chords, both harmonically related and unrelated, and 
asked to predict the final chord. We expected that the degree of certainty in matching the predicted and actual 
chord progressions would associate with SPN and HEP amplitudes.

In summary, we propose that the certainty of chord prediction is linked to both SPN and HEP. Moreover, these 
responses may be connected to ERAN and N5, which reflect the prediction error. To examine these hypotheses, 
participants listened to harmonically appropriate chord progressions (I-IV-V-I) and randomly ordered, non-
harmonic sequences of chords. They were instructed to predict the final chord. The brain potentials, measured 
using EEG, were compared between the harmonic and non-harmonic chord sequences during and after the 
prediction processes.

Methods
Participants
Twenty-seven participants (16 men and 11 women) with a range of individuals with 0 to 15 years of musical 
experience (mean ± standard deviation [SD]: 4.4 ± 5.3) between the ages of 19 and 32 (mean ± SD: 22.3 ± 3.0) 
were enrolled in this study. All participants were graduate and undergraduate students at Hiroshima University 
and right-handed, as determined by the Japanese version of the FLANDERS Handedness questionnaire64. None 
of the participants reported any motor, hearing, visual, or neurological deficiencies. Written informed consent 
was obtained from all participants before the experiment, which was conducted in accordance with the ethical 
standards of the Declaration of Helsinki. The study was also approved by the local ethics committee of Hiroshima 
University.

Stimuli
A sequence of four chords served as the stimuli, each generated by a piano sound (65 dB SPL) using Finale (ver-
sion 26, MakeMusic, USA). Two distinct types of chord sequences were devised as stimuli. One sequence was 
designed as a popular chord progression, comprising the tonic, subdominant, dominant, and tonic (I-IV-V-I), 
in twelve major keys from C major to B major, referred to as a “harmonic condition”. The other sequence was 
defined as a “non-harmonic condition”. Each of the four chords in the non-harmonic condition was selected from 
a pool of chords in twelve keys for each chord function. That is, the first chord was randomly chosen from the 
tonics of the chord progression in twelve keys. The second chord was randomly chosen from the subdominants 
in twelve keys. The third and final chords were randomly chosen from the dominants and tonics in twelve keys, 
respectively. Examples of the harmonic and non-harmonic conditions are depicted in Fig. 1. Example of the 
non-harmonic condition consisted of the tonic in D major, the subdominant in E sharp major, the dominant in 
F major, and the tonic in A major. In each condition, the duration of each chord was one second, and a silent 
interval of one second was inserted between the third and final chords to prompt the participants to predict the 
final chord (Fig. 1 bottom).

Procedure
Participants were seated in a chair in a dimly lit soundproof room. Participants sat in front of a 24-inch display 
(U2412M, 1920 × 1200 pixels, 60 Hz, Dell, USA) and listened to stimuli through in-ear earphones (Etymotic 
Research ER4, Etymotic Research Inc., USA). During each trial, as depicted in Fig. 1, a sequence of chords was 
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presented, and during the silent interval between the third and final chords, the participants were asked to 
internally predict the final chord. After listening to the final chords, they were also asked to rate their “predic-
tion certainty”–how well the progression from the third to the fourth chord matched their prediction. This was 
done using a Likert scale ranging from 1 (completely unmatched) to 10 (completely matched), with the ratings 
entered using the number keys (from 0 to 9) on the keyboard. Upon completing the rating, participants would 
immediately proceed to the subsequent trial. The experiment was divided into four sessions, each comprising 
36 trials, presented in a random order of 18 chord sequences and 18 non-harmonic sequences. Participants were 
allowed to rest between sessions, and the experiment lasted approximately 45 min. All procedures were pro-
grammed using Presentation (ver. 20.0, Neurobehavioral Systems, Inc., USA) and performed using a Windows 
PC (DAIV Z9, Mouse Computer, Japan) with Realtek HD Audio.

EEG measurement
EEG, electrocardiogram (ECG), and electrooculogram (EOG) signals were sampled at a rate of 1000 Hz using 
a BrainAmp DC amplifier (BrainProducts GmbH, Germany) and a 64-channel actiCAP electrode system. The 
electrodes were positioned according to the extended international 10–10 system, with the ground electrode 
located on the forehead (position: Fpz) and a nose reference. The electrode–skin conductance was kept below 10 
kΩ. ECG was recorded with electrodes placed above the clavicle on the right side and in the region between the 
pelvis and rib on the left side. EOG were recorded with electrodes placed above and below the left eye (vertical 
EOG) and beside both eyes (horizontal EOG) to evaluate the eye movement artifact.

EEG preprocessing
EEG data were analyzed using EEGLAB65. Initially, R peaks in the ECG were identified using a custom-made 
MATLAB script with the “findpeaks” function, and the timing of R peaks was employed as a trigger to extract 
HEP epochs from EEG data. Following down-sampling to 500 Hz and filtering with high-pass (0.1 Hz) and 
low-pass (40 Hz) filters, EEG data were re-referenced to the average montage. The time window between 200 ms 
preceding and 600 ms following the R peaks within a 2-s interval from the onset of the third chord to the end 
of the silent interval was extracted as an epoch for HEP analysis. The time window between − 500 and 2000 ms 
following the third chord was extracted as an epoch for SPN (Fig. 1 bottom). The decision regarding the width 
of this time window was informed by protocols established in previous SPN studies30,33,36,66. The reasons that we 
selected these time ranges as time window for HEP and SPN is described in the following section. For ERAN 
and N5, the time window between − 500 ms and 1000 ms after the fourth chord was extracted as epoch (Fig. 1 
bottom). To eliminate noise artifacts from these epochs, independent component analysis (ICA) implemented in 
EEGLAB was conducted to separate independent components, and artifactual components were removed using 

Figure 1.   Example of stimulus presentation in a trial. Top: Example of a chord sequence. The harmonic 
condition consists of a harmonically appropriate chord progression in Western music theory, including the 
tonic (I), subdominant (IV), dominant (V), and tonic (I) chords. In the non-harmonic condition, each of the 
four chords is randomly selected from a pool of chords in twelve keys. For example, the first chord is chosen at 
random from the tonic chords in twelve keys. Bottom: Example of a trial. Each chord lasts 1 s, followed by a 1-s 
silent interval between the third and fourth chords. After the chord sequence is presented, a question regarding 
prediction certainty is displayed until the participant responds. Red colored horizontal lines indicate the epoch 
duration of SPN and ERAN/N5.
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the MARA plug-in67,68. Subsequently, epochs with peak-to-peak amplitudes exceeding 100 μV were eliminated as 
artifacts. The baseline was corrected with a time window between − 200 and 0 ms from the onset of the R peaks 
for HEP and between − 500 ms and 0 ms from the onset of the third chords for SPN and the fourth chords for 
ERAN and N5. Despite the baseline for SPN being distant from the SPN epoch (between 1800 and 2000 ms), we 
adhered to this approach as it was informed by previous SPN studies30,33,36,66.

HEP analysis
After the preprocessing, 143 ± 25 (mean ± SD) trials were retained in the harmonic condition, and 145 ± 21 tri-
als were retained in the non-harmonic condition. In general, HEP waveforms are commonly accompanied by 
cardiac-field artifacts synchronizing with the heartbeat69. Thus, HEP analysis needs to minimize the impact of 
such artifacts as much as possible. To this end, the HEPs were transformed into current source density (CSD) 
using the ERPLAB plug-in70. The EEG data recorded from scalp electrodes do not accurately reflect the specific 
activity of local brain sources but rather the “volume-conducted” activity. The CSD transformation acts as a high-
pass spatial filter that minimizes volume-conducted contributions from distant regions and sources, including 
the cardiac-field artifacts71,72.

We selected frontal electrodes (left: F3, F5, AF3, and AF7; middle: F1, Fz, F2, and AFz; right: F4, F6, AF4, and 
AF8) as three regions of interest (ROI) following the frontal topography of the HEP in previous studies55,73–76. 
Though previous studies have shown typical HEP latency between 200 and 500 ms55,77–80, cardiac-field artifacts 
are most prominent during the QRS complex and the T wave of the heart cycle (~ 300 ms from the R peak)81. 
Consequently, we confined the time range to 300–500 ms following the R peaks to mitigate the impact of these 
artifacts as much as possible. The mean value of the HEP from 300 to 500 ms after the R peak was calculated, and 
a two-way analysis of variance (ANOVA) with factors of harmony (harmonic and non-harmonic) and ROIs (left, 
middle, and right) was conducted to compare the harmonic and non-harmonic conditions. Due to the presence 
of ceiling effects in participants’ subjective ratings, the correlation with their prediction certainty ratings was 
analyzed using Spearman’s rank correlation coefficient.

ERP analysis
After the preprocessing, 66 ± 11 trials (92.6%) were retained in the harmonic condition, and 63 ± 12 trials (88.6%) 
were retained in the non-harmonic condition. Since applying the CSD transformation makes comparisons with 
previous studies more difficult, the SPN and ERAN/N5 were not transformed to CSD. Since SPN has often been 
reported with a right hemisphere dominance, and some studies have reported the SPN at the parietal area in 
this time window32–34,66,82, we selected target electrodes as P3 (right parietal) and P4(left parietal). The mean 
amplitude of SPN was analyzed using a two-way ANOVA with the factors of laterality (right and left) and har-
mony (harmonic and non-harmonic). Also, Spearman’s rank correlation coefficient was calculated to analyze 
the correlation between subjective ratings of prediction certainty and SPN.

The time window for ERAN was defined as between 150 and 250 ms, in line with prior studies15,83,84, and 
that for N5 was between 500 and 700 ms, as used in a previous study85. Additionally, the target electrodes for 
ERAN and N5 were determined as the right frontal electrodes (F6, F8, and AF8) in accordance with the previous 
ERAN/N5 studies. The mean amplitude of these ERPs was analyzed using a two-way ANOVA, with harmony 
(harmonic and non-harmonic) and laterality (left hemisphere [F5, F7, and AF7] and right hemisphere [F6, F8, 
and AF8]) as factors. Further, the correlation with subjective ratings of prediction certainty was analyzed using 
Spearman’s rank correlation coefficient.

ECG control analysis
It is important to consider whether artifactual effects in heartbeats may have contributed to the observed results. 
Therefore, to assess whether the observed difference in HEP did not stem from a difference in ECG, we also 
analyzed ECG data between the onset of the third chord and the silent interval preceding the final chord. After 
down-sampling to 500 Hz and applying high-pass (0.1 Hz) and low-pass (40 Hz) filtering, we extracted the time 
window between 200 ms before and 600 ms after the R peaks as an epoch. Subsequently, we corrected for baseline 
with a time window between − 200 and 0 ms and compared the mean value of ECG between 300 and 500 ms 
between the harmonic and non-harmonic conditions using a paired t-test.

Since our experiment used popular chord progressions in Western music as stimuli, we expected that even 
participants without formal musical training would have been exposed to these stimuli since childhood. This 
exposure, we believe, minimized the potential impact of musical experience on the experiment’s results. Addi-
tionally, with geographical constraints, recruiting a sufficient number of participants with extensive musical 
experience proved challenging. Consequently, we did not divide participants into distinct groups of musicians 
and non-musicians. All statistical analyses were performed using R Studio (version 1.0.136) and R software (ver-
sion 3.3.2). To address the multiple comparison problem, p-values were corrected using Bonferroni’s method. 
Partial η2 for ANOVA and r for t-tests were calculated as effect sizes.

Results
Behavioral data
Figure 2 illustrates the subjective ratings regarding the prediction certainty across participants. The Wilcoxon 
signed-rank test revealed a significant difference between the sequences for the prediction certainty (z = 5.66, 
p < 0.001, r = 0.77). This result indicates that harmonically appropriate chord progressions predicted with higher 
certainty than randomly ordered non-harmonic chord sequences.
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EEG data
Regarding the SPN, the right parietal electrode (P4) showed a late negative shift for both harmonic and non-
harmonic conditions. In contrast, the left parietal electrode (P3) exhibited only a slight shift (Fig. 3A). The 
difference between non-harmonic and harmonic conditions on the topography map revealed a larger posterior 
negativity for non-harmonic condition (Fig. 3B). A two-way ANOVA of SPN amplitude, considering the fac-
tors of laterality (left and right) and harmony (harmonic and non-harmonic), showed a main effect of laterality 
(F1, 26 = 6.51, p = 0.017, partial η2 = 0.20) and a significant interaction (F1, 26 = 4.39, p = 0.046, partial η2 = 0.14). A 
simple effect analysis revealed that the right parietal electrode had a larger SPN for the non-harmonic condition 
than the harmonic condition (F1, 26 = 7.24, p = 0.012, partial η2 = 0.22; Fig. 3C). However, further analysis using 
Spearman’s rank correlation coefficient did not find a significant correlation between prediction certainty and 
SPN amplitude (left: rho = 0.18, p = 0.200; right: rho = 0.19, p = 0.178). These findings suggest that while the SPN 
in the right parietal area is sensitive to harmonic prediction, subjective certainty may not play a significant role 
in this response.

The HEP analysis displays the CSD-transformed HEP waveform in the frontal region and topographical 
map within the 300–500 ms time window after the R peaks in Fig. 4A,B. The difference between the CSD maps 
for harmonic and non-harmonic conditions showed a distinct effect in the frontal area (Fig. 4B right). A two-
way ANOVA of the mean HEP amplitude revealed a main effect of harmony (F1, 26 = 8.74, p = 0.007, partial 
η2 = 0.25), indicating a larger HEP for the non-harmonic condition than the harmonic condition (Fig. 4C). To 
explore further the relationship between HEP and prediction certainty, Spearman’s rank correlation coefficient 
was calculated using the mean HEP amplitude across three regions and subjective ratings. This analysis found a 
significant positive correlation between HEP amplitude and prediction certainty (Fig. 4D: rho = 0.32, p = 0.017). 
These results suggest that the HEP amplitude becomes larger (more negative) in response to decreased subjec-
tive certainty in chord prediction.

As indicated by Fig. 4A, there appears to be a discrepancy in the baseline between conditions, which may 
contribute to the observed HEP difference. To address this, we calculated the difference between the mean HEP 
amplitude (from 300 to 500 ms) and the baseline activity (from − 200 to − 100 ms), and performed a post-hoc 
two-way ANOVA with harmony and ROIs as factors. Even after adjusting for the baseline difference, this analysis 
still revealed a significant main effect of harmony (F1, 26 = 5.27, p = 0.030, partial η2 = 0.17), affirming that the HEP 
difference between conditions remains significant.

In a post hoc analysis, we also calculated the Pearson correlation coefficient between the SPN amplitude at the 
P4 electrode and the mean HEP amplitude across three ROIs. This analysis did not produce significant results 
(r = 0.09, p = 0.511), indicating no interaction between SPN and HEP.

To further examine the relationship between SPN/HEP and brain potentials for subsequent chords, ERAN and 
N5 for the final chord were analyzed. Figure 5A exhibits the mean waveform of the left and right frontal electrodes 
(left hemisphere: F5, F7, and AF7; right hemisphere: F6, F8, and AF8). The mean amplitude of ERAN and N5 
were separately analyzed using two-way ANOVAs with the factors of harmony (harmonic and non-harmonic) 
and laterality (left hemisphere and right hemisphere). Although ERAN did not demonstrate a significant dif-
ference between the conditions (Fig. 5B), N5 exhibited a significant interaction (F1, 26 = 9.67, p = 0.005, partial 
η2 = 0.27). A simple effect analysis revealed that N5 in the non-harmonic condition was larger than that in the 
harmonic condition in the right frontal area (Fig. 5C: F1, 26 = 12.43, p = 0.002, partial η2 = 0.32). Additionally, a 
correlation analysis between N5 in the right frontal area and prediction certainty showed a significant correlation 
(Fig. 5D: rho = 0.51, p < 0.001), indicating that N5 was larger when the predictions were not accurate.

The Pearson correlation coefficient was calculated in a post hoc analysis to explore the relationship between 
SPN/HEP and N5. This analysis showed a significant positive correlation between HEP for the third chord and 
N5 for the final chord (Fig. 6: r = 0.34, p = 0.011). However, there was no correlation between SPN at P4 and N5 
(r = 0.10, p = 0.465). These results suggest that N5 is linked to HEP but not to SPN.

Finally, to rule out the possibility that the observed HEP differences between conditions were influenced by 
artifactual effects in the ECG, we conducted similar preprocessing and analyses for ECG data as with HEP. The 

Figure 2.   Subjective ratings of prediction certainty. The box-and-whisker plot displays the median, lower/
higher quantile, and minimum/maximum of the individual data (depicted as white circles).
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ECG waveform displayed a distinct QRS complex and T wave (Fig. 7A). A paired t-test using the mean ampli-
tude of ECG within the 300–500 ms time window while participants listened to the third chord did not yield a 
significant difference (Fig. 7B: t26 = 0.17, p = 0.867, r = 0.03). This result suggests that there was no ECG difference 
that might contribute to the observed HEP difference between the conditions.

Discussion
In this study, we investigated the relationship between the certainty of chord prediction and the neural correlates 
of prediction, specifically focusing on the SPN and HEP components. We found that 1) the SPN was larger for the 
non-harmonic condition compared to the harmonic condition, 2) the HEP was also larger for the non-harmonic 
condition compared to the harmonic condition and correlated with the ratings of harmonic certainty, 3) the 
N5 was larger for the non-harmonic condition and correlated with the ratings of harmonic certainty and HEP 
amplitude. These results suggest that the relationship between chord prediction certainty and neural responses 
was more pronounced for the HEP than the SPN.

Our observation of an increased SPN amplitude at the right parietal electrode for the non-harmonic condition 
aligns with previous studies that showed a larger SPN in unpredictable contexts31,39,40. SPN can be divided into 
an early phase with a flat waveform in amplitude around prefrontal and precentral areas and a late phase with a 
steep waveform in amplitude towards the target stimulus around the parietal area34,66,86,87. The early phase of SPN 
has been discussed in terms of attentional control of sensory processing, while the late phase has been discussed 
in terms of the emotionality of a target stimulus34,88. Since harmonically appropriate chord progressions elicit 
pleasantness and activate emotion-related brain structures like the amygdala89–96, we suggest that SPN results 
may reflect the difference in emotionality between chord sequences with and without harmonicity. However, 

Figure 3.   Waveform, topography, and mean amplitude of the SPN component. (A) SPN waveform for the third 
chord at P3 (left parietal) and P4 (right parietal) electrodes. The zero on the x-axis represents the onset of the 
third chord. Thin colored red and blue represent the regression line and 95% confidence interval, and the grey 
bar indicates the time range of SPN (1800–2000 ms). (B) Topographic map showing the difference between 
non-harmonic (NH) and harmonic (H) conditions in the time range of SPN. (C) Mean amplitude of SPN. The 
box-and-whisker plot displays the median, lower/higher quantile, and minimum/maximum of individual data 
(depicted as white circles).
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as we did not evaluate the emotional aspect of chord prediction in this study, this speculation warrants further 
investigation in future studies.

While we discovered a larger SPN in unpredictable contexts, we did not find a correlation between SPN 
and prediction certainty. This result seems inconsistent with several previous SPN studies that demonstrated 
an association between the uncertainty of prediction and SPN amplitude31,34,35,39–41. This discrepancy may arise 
from differences in task design and analysis. Prior studies manipulated the probability of occurrence of a target 
stimulus (e.g., 0%, 50%, and 100%), and their analyses were grounded in these probability values. By contrast, our 
study did not control for chord occurrence probability, and our analysis was founded on the participants’ subjec-
tive ratings of prediction certainty. Given the randomness of stimulus presentation, individual difference could 
emerge regarding which chord succeeded another, potentially diluting the correlation due to biased presentation. 

Figure 4.   Waveform, topography, and mean amplitude of the HEP component. (A) CSD-transformed HEP 
waveforms at left frontal (F5, F7, AF3, and AF7), middle frontal (F1, Fz, F2, and AFz), and right frontal (F4, F8, 
AF4, and AF8) electrodes. The zero on the x-axis represents the onset of the R peak in ECG. Thin colored red 
and blue represent the regression line and 95% confidence interval, and the grey bar indicates the time range of 
HEP (300–500 ms). (B) Topographic map of the harmonic condition (H), non-harmonic condition (NH), and 
the difference between them (non-harmonic minus harmonic) in the time range of HEP. (C) Mean amplitude 
of CSD-transformed HEP. L, M, and R represent the left, middle, and right frontal regions, respectively. Each 
participant’s data is plotted as a white circle. (D) Scatter plot of the ratings of prediction certainty (x-axis) and 
the mean amplitude of CSD-transformed HEP for the third chord (y-axis). Each participant’s data is plotted as a 
grey (non-harmonic condition) and white (harmonic condition) circle. The dotted line and grey area represent 
the regression line and 95% confidence interval, respectively.
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To address this concern, we are currently designing the next phase of research to incorporate objective control 
of chord occurrence probability based on Western music theory.

In addition to SPN, our results revealed that the observed HEP differences between harmonic and non-
harmonic conditions suggest that HEP may serve as a neural marker of harmonic prediction in music. This 
result is in line with previous studies that showed a significant relationship between pre-stimulus HEP and 
sensory processing59,61–63 and supports the hypothesis that interoceptive signals, as reflected by HEP, guide chord 

Figure 5.   Waveform and mean amplitude of ERP components for the final chord. (A) ERP waveforms at 
right frontal (F6, F8, and AF8) electrodes. The zero on the x-axis represents the onset of the final chord. Thin 
colored red and blue represent the regression line and 95% confidence interval, and the grey bars indicate the 
time range of ERAN (150–250 ms) and N5 (500–700 ms). (B) Mean amplitude of ERAN. The box-and-whisker 
plot displays the median, lower/higher quantile, and minimum/maximum of individual data (depicted as white 
circles). (C) Mean amplitude of N5. The box-and-whisker plot displays the median, lower/higher quantile, 
and minimum/maximum of individual data (depicted as white circles). (D) Scatter plot of the ratings of 
prediction certainty (x-axis) and the mean amplitude of N5 (y-axis). Each participant’s data is plotted as a grey 
(non-harmonic condition) and white (harmonic condition) circle. The dotted line and grey area represent the 
regression line and 95% confidence interval, respectively.
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Figure 6.   Scatter plot of the mean amplitude of N5 (x-axis) and CSD-transformed HEP (y-axis). Each 
participant’s data are plotted as a grey (non-harmonic condition) and white (harmonic condition) circle. The 
dotted line and grey area represent the regression line and 95% confidence interval, respectively.

Figure 7.   Waveform and mean amplitude of ECG for the third chord. (A) ECG waveforms. Thin red and blue 
represent the 95% confidence interval, and the grey bar indicates the HEP time range (300–500 ms). The zero on 
the x-axis represents the onset of the R peak. Note that the ECG waveform for the harmonic and non-harmonic 
conditions almost completely overlap. (B) The mean amplitude of ECG in the HEP time range (300–500 ms). 
The box-and-whisker plot displays the median, lower/higher quantile, and minimum/maximum of individual 
data (depicted as white circles).
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predictions. The significant correlation between HEP amplitude and participants’ subjective certainty in their 
chord predictions highlights the importance of considering individual differences in prediction-related neural 
responses. This finding emphasizes that HEP can be associated with chord (un) predictability and reflect the 
subjective evaluation of those predictions. Given the possibility that a musical context develops progressively 
throughout a chord sequence, it is conceivable that HEP amplitude might also increase gradually as this context 
becomes more firmly established. This is interesting idea and worth investigating in future studies.

Our hypothesis regarding the HEP is also supported by the significant relationship observed between HEP 
and N5. N5 is typically seen following ERAN, peaking around 500 ms after the onset of a chord25,85,97. While our 
study, along with some others, found a right hemisphere dominance for N527,85, additional research has identified 
bilateral negativity in the frontal area16,25,26. The functional significance of this laterality difference remains to be 
fully understood, but N5 is generally interpreted as reflecting the integration of chords into a musical context. 
For instance, Koelsch and colleagues observed that in a harmonically appropriate chord progression, the N5 
amplitude decreased as the musical context unfolded: the amplitude for the first chord was larger than that for 
subsequent chords. This pattern suggests that less harmonic integration is required as the progression continues. 
In the non-harmonic condition of our study, predicting the upcoming chord was challenging, as was integrating 
the presented chords into a specific musical context. Therefore, HEP and N5 might be correlated, reflecting the 
interplay between chord (un)predictability and the difficulty of integrating chords within a musical context.

A variety of factors could potentially influence the association between HEP and chord predictability, making 
it challenging to draw definitive conclusions from our results. Previous studies have shown that HEP is sensi-
tive to psychological factors, such as motivation or arousal98–100. Predicting chords in the harmonic condition 
was substantially easier than in the non-harmonic condition, as evidenced by the ceiling effect observed in the 
subjective ratings shown in Fig. 1C. This could possibly decrease a participant’s motivation and arousal levels. 
While our study was not designed to evaluate these aspects, considering that arousal induction has been found 
to modulate HEP amplitude99, it would be worth examining the impact of these factors in future research.

Even though ERAN and N5 are often observed together in previous studies, we found an interesting func-
tional distinction between them. Koelsch et al. (2000) interpreted ERAN and N5 as detecting the violation of 
a prediction based on a musical context and representing the integration process of chords within a musical 
context, respectively. This interpretation aligns well with our findings. In our experiment, we used a random 
sequence of chords as the non-harmonic condition, making it difficult to establish a robust musical context based 
on the first three chords. Larger N5 in the non-harmonic condition should reflect the stronger activation of the 
integration process to understand a chord sequence based on the implicit knowledge of harmony. Additionally, 
the participants could only rely on the third chord to predict the final chord in the non-harmonic condition. This 
would only create a weak musical context, which might lead to a weaker impact on the violation of prediction and 
a smaller ERAN. As a result, the integration process in the non-harmonic condition might have been activated 
and elicited N5, while the detection process of violation, reflected by ERAN, did not function as effectively. This 
idea could account for the observed functional differences between ERAN and N5 in our study. This explana-
tion can be potentially confirmed in future studies that control chord predictability using statistical learning or 
other methods. This addition to our findings would help provide a more comprehensive understanding of the 
functional differences between ERAN and N5 in musical contexts.

There are some methodological limitations worth mentioning. First, since we did not assess the emotional 
aspects of subjective ratings, interpreting SPN and HEP in relation to emotion or arousal is speculative. Second, 
the similarity between the first and final chords, as well as the limited number of chord progressions in the har-
monic condition, might have allowed participants to learn the progression within only a few repetitions. This 
learning effect potentially affected our results. Third, the non-harmonic condition was generated by randomly 
selecting chords, with no objective control for prediction certainty. Although correlation with subjective ratings 
were found, employing objective measures of prediction certainty, such as statistical learning or other methods, 
would provide a more robust evaluation of the effect. Fourth, pitch probability and tonal hierarchies are impor-
tant parameters to develop a musical context, but our randomized presentation approach did not allow us for 
control over these factors. Exploring the impact of these parameters on harmonic prediction and associated 
ERPs would be valuable. These limitations should be considered when interpreting our findings and could be 
addressed in future studies.

In summary, our study investigated the relationship between SPN and HEP and the subjective certainty of 
chord prediction in harmonic and non-harmonic conditions. We found that HEP amplitude was significantly 
correlated with the subjective certainty of chord predictions and N5, suggesting its potential role as a neural 
marker of harmonic prediction. However, SPN did not significantly correlate with subjective certainty, possibly 
reflecting the role of emotional differences in the detection process rather than certainty levels.

Our results also revealed functional distinctions between ERAN and N5, which have often been observed 
together in previous studies. In our experiment, the integration process might have been activated, while the 
detection process did not function effectively. This is possibly due to the difficulty in generating a robust musical 
context based on the random sequence of chords. Although several factors, such as motivation or arousal, could 
potentially explain the relationship between HEP and chord predictability, our findings have some limitations. 
Future studies should address these limitations and further explore the underlying mechanisms of the observed 
relationship, as well as the potential interaction between interoceptive and exteroceptive processing in cognitive 
processes related to music perception and prediction.

Data availability
The raw data supporting the conclusions of this manuscript will be made available from the corresponding 
author on reasonable request.
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