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Abstract 31 

Previous neuroimaging studies have identified various brain regions that are 32 

activated by music listening or recall. However, little is known about how these brain regions 33 

represent the time course and temporal features of music during listening and recall. Here 34 

we analyzed neural activity in different brain regions associated with music listening and 35 

recall using electrocorticography (ECoG) recordings obtained from ten epilepsy patients of 36 

both genders implanted with subdural electrodes. ECoG signals were recorded while 37 

subjects were listening to familiar instrumental music or recalling the same music pieces by 38 

imagery. During the onset phase (0-500ms), music listening initiated cortical activity in high-39 

gamma band in the temporal lobe and supramarginal gyrus, followed by the precentral gyrus 40 

and the inferior frontal gyrus. In contrast, during music recall the high-gamma band activity 41 

first appeared in the inferior frontal gyrus and precentral gyrus, and then spread to the 42 

temporal lobe, showing a reversed temporal sequential order. During the sustained phase 43 

(after 500ms), delta band and high-gamma band responses in the supramarginal gyrus, 44 

temporal and frontal lobes dynamically tracked the intensity envelope of the music during 45 

listening or recall with distinct temporal delays. During music listening, the neural tracking by 46 

the frontal lobe lagged behind that of the temporal lobe, whereas during music recall, the 47 

neural tracking by the frontal lobe preceded that of the temporal lobe. These findings 48 

demonstrate bottom-up and top-down processes in the cerebral cortex during music 49 

listening and recall and provide important insights into music processing by the human brain. 50 

 51 
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Significance statement 52 

Understanding how the brain analyzes, stores and retrieves music remains one of 53 

the most challenging problems in neuroscience. By analyzing direct neural recordings 54 

obtained from the human brain, we observed dispersed and overlapping brain regions 55 

associated with music listening and recall. Music listening initiated cortical activity in high-56 

gamma band starting from the temporal lobe and ending at the inferior frontal gyrus. A 57 

reversed temporal flow was observed in high-gamma response during music recall. Neural 58 

responses of frontal and temporal lobes dynamically tracked the intensity envelope of music 59 

that was presented or imagined during listening or recall. These findings demonstrate 60 

bottom-up and top-down processes in the cerebral cortex during music listening and recall. 61 

 62 

  63 
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Introduction 64 

Understanding how the brain analyzes, stores and retrieves auditory information in 65 

speech and music remains one of the most challenging problems in neuroscience. 66 

Comparing to brain mechanisms for speech processing (Hickok and Poeppel, 2007; Leonard 67 

et al., 2014), we know much less on how the human brain processes music. 68 

Electrocorticography (ECoG) recordings from the human brain provide an opportunity to 69 

directly explore temporal dynamics of cortical activation between brain regions in sound 70 

perception and imagery which refers to the process when sound perception is internally 71 

generated in the absence of external stimuli. Previous ECoG studies on speech processing 72 

revealed serial progression of the activation between auditory cortex on superior temporal 73 

gyrus (STG) and regions on the frontal lobe (Edwards et al., 2010). There is accumulating 74 

evidence that imagery and perception share similar neural representations in overlapping 75 

cortical regions (Rosen et al., 2000; Palmer et al., 2001; Azizzadeh et al., 2014). When 76 

studying covert speech, which involves only speech imagery, and overt speech, which 77 

contains both speech perception and imagery, researchers found that the models built from 78 

an overt speech dataset using high-gamma band activity could be used to reconstruct a 79 

covert speech, suggesting a partially share neural substrate (Pasley et al., 2012; Martin et 80 

al., 2014). However, imagery-related brain activation is believed to result from top-down 81 

induction mechanisms (Tian and Poeppel, 2012).  82 

Previous neuroimaging studies on perception of tones and tone patterns have 83 

revealed the recruitment of brain regions including the secondary auditory cortex (Griffiths et 84 

al., 1999; Zatorre and Belin, 2001; Hall et al., 2002; Hart et al., 2003), the bilateral inferior 85 
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frontal gyrus (IFG) (Koelsch et al., 2002; Tillmann et al., 2003), as well as the cerebellum, 86 

basal ganglia, supplementary motor area (SMA), premotor cortex, and parietal cortex 87 

(Janata and Grafton, 2003; Doelling and Poeppel, 2015; Fujioka et al., 2015; see Zatorre et 88 

al., 2002 for a review). It has been observed that the high-gamma band ECoG activities 89 

recorded from posterior STG and the precentral gyrus are significantly correlated with the 90 

intensity of the music heard by subjects (Potes et al., 2012; Sturm et al., 2014). Furthermore, 91 

neuroimaging studies suggest a considerable overlap in the brain activation between music 92 

perception and imagination, including the STG, middle temporal gyrus (MTG), IFG, middle 93 

frontal gyrus (MFG), parietal lobe, supramarginal gyrus, SMA and premotor cortex (Zatorre 94 

et al., 2007, 1996; Halpern and Zatorre, 1999; Janata, 2001; Schürmann et al., 2002; 95 

Halpern et al., 2004; Kaiser and Lutzenberger, 2005; Herholz et al., 2008, 2012; Leaver et 96 

al., 2009; Hubbard, 2010). Martin et al. (2017) recorded ECoG responses while a musician 97 

played music pieces with or without auditory feedback, and found auditory cortex areas 98 

showed similar spectral and temporal tuning properties between perception and imagery 99 

conditions. Encoding models could be built to predict high gamma neural activity (70-150Hz) 100 

from the spectrogram representation of the recorded music sounds in both perception and 101 

imagery conditions.  102 

However, how the cortical regions involved in music perception and imagination are 103 

temporally engaged during music listening and recall has remained largely unknown. 104 

Identifying temporal sequences of neural activity across different cortical regions during 105 

music recall is essential to elucidate mechanisms underlying the formation and retrieval of 106 

music memory. In the present study, we aimed to identify the cortical regions that are 107 
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involved during music listening and recall, and characterize the temporal dynamics of neural 108 

activity during these two processes. We hypothesize that music listening and recall produce 109 

similar neural activity within overlapping cortical regions that reflect particular features of 110 

music (heard or imagined) but with different temporal orders of neural activity among these 111 

regions. To address these questions, we took the advantage of high temporal and spatial 112 

resolutions of ECoG signals to investigate the neural correlates of music listening and recall 113 

in the same subjects. 114 

 115 

Materials and Methods 116 

The present study was approved by the Institutional Review Boards of Tsinghua 117 

University, Yuquan Hospital and Chinese PLA General Hospital. Informed consent was 118 

obtained from each subject before the experiment.  119 

Experimental subjects 120 

A total of 10 subjects were tested in this study, nine from Tsinghua University 121 

affiliated Yuquan Hospital and one from Chinese PLA General Hospital, including six males 122 

and four females (See Table 1), Their ages ranged between 15 and 45 years (Mean=24.1, 123 

SD=9.6, median age 22.5 years). All subjects were patients diagnosed as having medically 124 

intractable epilepsy and underwent ECoG recording to identify the seizure foci. The subjects’ 125 

ECoG signals were chronically monitored with subdural electrodes for a period of 1 to 4 126 

weeks, during which time they were available to participate in the experiments reported here. 127 

The ECoG electrode coverage of every subject was purely determined by clinical needs. All 128 
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10 subjects were right-handed. No detailed information on musical functioning level was 129 

available other than there was no formal music training for any of the subjects. 130 

Data acquisition 131 

Subjects were implanted with clinical subdural electrodes (platinum grids, 4 mm 132 

diameter of each electrode and 1 cm inter-electrode center-to-center distance). Four 133 

subjects received left hemisphere implants, and the other six received right hemisphere 134 

implants (see Table 1). In all subjects (except for Subject 10), ECoG signals were recorded 135 

from implanted electrodes using a 96-channel amplifier/digitizer system (G.tec, Graz, 136 

Austria). The amplifier sampled signals at 1200 Hz, using a high-pass filter with a 0.1 Hz 137 

cutoff frequency and a notch filter at 50 Hz to remove power line noise. Subject 10’s data 138 

were recorded by a clinical amplifier (Nicolet, Natus, USA) with the sampling rate of 1024Hz. 139 

Four electrodes placed on the external surface of the skull with the contacts of the 140 

electrodes facing away from the skull were used as ground and reference (two as ground 141 

and two as reference, for redundancy).  142 

Sound stimuli 143 

Sound stimuli consisted of 16 pieces of well-known instrumental music without lyrics 144 

(7–14.3 sec long), including 6 Chinese and 10 Western music pieces (see Table 2). The 145 

music pieces were edited using Matlab (Mathworks, Natick, MA, USA) to equal their mean 146 

intensity. The stimuli were presented to the subjects through the free-field loudspeakers 147 

(AX510 Multimedia Speaker, Zylux Acoustic Corp., China) placed beneath a computer 148 

screen in front of a subject, approximately 50 cm away. If the condition of subjects allowed, 149 

a pair of insert earphones were used instead (ER2, Etyotic Research, Inc., Elk Grove Village, 150 
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IL, USA). Three subjects received sound stimuli via inserted earphones. The volume was 151 

adjusted to a comfortable level for both free-field loudspeakers and inserted earphones, at 152 

about 65 dB SPL. At least one hour before an ECoG recording session, each subject was 153 

presented with all musical pieces in the stimuli and asked to rate the familiarity of each piece 154 

with a score between 1 and 5 (1: least familiar, 5: most familiar). The music pieces with a 155 

rating 4 by each subject were chosen as the stimuli for that subject. Six of ten subjects 156 

were tested using one music piece and the other four subjects were tested by 2~4 music 157 

pieces. Stimulus presentations were controlled by Matlab using Psychophysics Toolbox 3.0 158 

extension (Brainard, 1997).  159 

Electrode localization 160 

The location of the electrodes relative to the cortical surface was determined using 161 

Freesurfer software (Dale et al., 1999; Fischl et al., 1999) and custom Matlab programs. 162 

Magnetic resonance imaging (MRI) data were acquired from each subject on a Philips 163 

Achieva 3.0T TX scanner before surgery. Following the placement of the subdural grids, 3-164 

dimentional head computed tomography (CT) images were obtained. CT images were 165 

registered to the pre-surgical structural MRI images with SPM (Statistical Parametric 166 

Mapping) implementation of the mutual information-based transform algorithm (Wells et al., 167 

1996) in Freesurfer (Fig. 1A). The registration was then visually inspected and manually 168 

adjusted if necessary. The locations and the anatomical labels of electrodes relative to the 169 

individual brains were obtained using the Talairach coordinates (Reuter et al., 2012). For the 170 

data analysis in this study, the individual brains were co-registered to the Fsaverage 171 

Standard Brain in Freesurfer, and all electrodes were displayed on an inflated standard brain 172 
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for visualization (Fig. 1B). The brain region labels were determined according to Desikan-173 

Killiany Atlas (Desikan et al., 2006). 174 

Experimental Design and Statistical Analysis 175 

Experiment procedure 176 

We conducted two experiments in each subject: an imagery experiment and a control 177 

experiment as explained below. The imagery experiment consisted of a short cue and a long 178 

cue conditions, the comparison between which would be used as a manipulation check of 179 

music recalling. In both conditions, subjects were presented with the initial portion of a music 180 

piece and instructed to recall the rest of the piece by imagery. Subjects pressed a button 181 

(space key on a computer keyboard) as soon as they mentally completed the recall with the 182 

hand ipsilateral to their electrode coverage. This allowed us to estimate the recall duration 183 

for further analyses. In the short cue condition, a subject listened to the initial ~5 seconds of 184 

a music piece and recalled the rest portion of the music piece (~5 seconds). In the long cue 185 

condition, a subject listened to the initial ~8 seconds of a music piece and recalled the rest 186 

portion of the music piece (~2 seconds) (Fig. 1C). The onset of the recall was always at the 187 

same time point within one stimulus across subjects for a given experimental condition. The 188 

imagery experiment therefore provided ECoG signals corresponding to the listening of the 189 

initial (cue) portion of a music piece and the recall of the unpresented portion of the music 190 

piece. The two conditions (long cue or short cue) were tested in separate blocks. In each 191 

condition, several stimuli were presented to subjects randomly, with each music piece 192 

repeated for 20 times. The duration of each block depended on the number of stimuli, but 193 
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was not longer than 20 mins. Subjects were allowed to pause the testing whenever they 194 

needed to take a rest. 195 

A control experiment was conducted in each subject before the imagery experiment 196 

to obtain ECoG signals in order to compare with ECoG signals obtained in the imagery 197 

experiment. The control experiment was designed to compare the differences in neural 198 

responses between recall and non-recall conditions (Fig. 1C). The interval time between the 199 

control and imagery experiments was longer than 1 hour. The music pieces of the control 200 

experiment were identical to those used in the imagery experiment for each subject. To 201 

ensure that subjects attended to the playback of the initial portion of a music piece but not to 202 

recall the rest of the music piece after the playback ended, they were instructed to focus 203 

their attention on a 1000Hz pure tone, which occurred after the end of the music cue, and to 204 

press a button with the hand ipsilateral to their electrode coverage as soon as they heard it. 205 

As in the imagery experiment, each music piece was repeated for 20 times in the control 206 

experiment, in which 11%-20% were catch trials. In catch trials, the pure tone was played at 207 

a random time after the music cue ended. In non-catch trials, the pure tone was played at 208 

the time the music piece would have ended (10 s after music cue onset). Only data from 209 

non-catch trials in the control experiment were used to compare with the data from the 210 

imagery experiment. Each subject’s reaction time in the control experiment was recorded 211 

(0.47±0.24 s, N= 10 subjects). The onset phase activity in the imagery and control 212 

experiments were taken from the time windows after the offset of the music cue and 213 

compared.  214 

----- Figure 1 here ----- 215 
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Behavioral data analysis 216 

Data analyses were performed using custom Matlab programs. For behavioral data, 217 

each subject’s reaction time was estimated by the average response time of the control 218 

experiment. The reaction time was subtracted from the raw response time in the imagery 219 

experiment to obtain the recall duration that presumably reflected the duration of the mental 220 

imagery. In the imagery experiment, the trials with recall duration longer than 3 standard 221 

deviations from the mean recall duration of all trials in short or long cue condition were 222 

excluded from further analyses, which resulted in 14.1±4.2 trials for each condition. Because 223 

recalling an unpresented portion of a music piece is a variable process, we only analyzed 224 

the ECoG data during the recall period for the 8 subjects, expect for subjects S3 and S4 who 225 

showed significantly different recall durations between short and long cue conditions (two-226 

tailed two-sample t-test, p<0.05, Fig.1D and Table 3). The ECoG data during the listening 227 

period were analyzed for all 10 subjects. In the control experiment, the catch trials were 228 

used to control the attention of subjects and were excluded from the further data analysis. 229 

ECoG data analysis 230 

Data from a total of 505 electrodes were included in the analysis, excluding the 231 

electrodes clinically identified within the ictogenic zone or considered as corrupted (e.g., 232 

showing frequent epileptiform activities) during recording (Fig. 1A). The raw ECoG data were 233 

filtered by a notch filter to remove 50Hz noise and its second and third harmonics, using 234 

Fieldtrip toolbox in Matlab (Oostenveld et al., 2011). The filtered data were then segmented 235 

into trials starting from 2 seconds prior to stimulus onset to 2 seconds after the button press. 236 

The 2-second pre- and post-stimulus windows were included to avoid edge effects in 237 
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subsequent analyses. The segmented data were manually examined in Fieldtrip software to 238 

identify and remove noisy trials to generate the preprocessed data for the further analyses. 239 

There were at least 15 trials analyzed in each stimulus condition in every subject (ranging 240 

from 15~40 trials in each subject).  241 

High-gamma response and latency of the onset phase  242 

The onset phase was defined as the first 500ms after the start of a music piece for 243 

the listening condition or after the end of the initial portion of a music piece for the music 244 

recall condition. The onset phase of the long cue and short cue conditions were collapsed in 245 

the analyses. High-gamma response (60-140Hz) was used to quantify the onset phase of 246 

ECoG signals, which was extracted by the following steps. To correct the 1/frequency decay 247 

of power in spectra of ECoG signals in order to enhance lower-frequency components, 1) 248 

the ECoG signal was firstly filtered by a series of narrow-band zero-phase filters (bandwidth 249 

10Hz) between 60Hz and 140Hz (60-70, 70-80, … 130-140Hz); 2) The output signal of each 250 

filter was then Hilbert-transformed to obtain the envelope; 3) For each filtering channel, a 251 

baseline ECoG signal was taken from a 500ms time window before the music onset; 4) The 252 

envelope of each filtering channel was then normalized to the mean of the envelope during 253 

baseline, expressed as a percentage change of the mean; 5) The normalized envelopes of 254 

all filtering channels were averaged to produce an overall envelope for each trial, defined as 255 

the high-gamma response.  256 

To characterize the temporal sequence of the onset high-gamma response across 257 

cortical regions, we estimated the latency of high-gamma response during the onset phase 258 

in music listening and music recall respectively. For music listening, the threshold of 259 
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significant high-gamma response was set as the response exceeding 99.7% confidence 260 

interval of the baseline. A high-gamma response was defined as significant only if it 261 

exceeded the threshold for at least 100ms (Nourski et al., 2014). The time point when the 262 

high-gamma response firstly exceeded the threshold was defined as the onset latency of 263 

music listening. For music recall, high-gamma response in the imagery experiment had to be 264 

significantly larger than the control experiment (two-sample t-test across trials, p<0.05) and 265 

lasted for at least 100ms to be taken as a significant recall response. The time point when 266 

the high-gamma response firstly showed a significant difference between the imagery 267 

experiment that the control experiment (two-sample t-test across trials, p<0.05) was defined 268 

as the onset latency of music recall.  269 

Cortical response analysis of the sustained phase 270 

The sustained phase of the ECoG signal during music listening was defined as the 271 

time window from 500ms after the start of a music piece to the end of the music piece. For 272 

music recall, the sustained phase was defined as the time window from 500ms after the end 273 

of the initial portion a music piece (cue) to the time when subjects completed the imagery, 274 

which was supposed to be near the end of the whole music piece. The cortical regions 275 

responded during the sustained phase were analyzed by the inter-trial coherence (ITC) 276 

measure (Golumbic et al., 2013), using two types of ITC measures (phase-ITC and power-277 

ITC).  278 

For phase-ITC, the ECoG signal of a trial was filtered into six frequency bands (delta 279 

1–3 Hz, theta 4–7 Hz, alpha 8–12 Hz, beta 12–30 Hz, low gamma 30–40 Hz, high-gamma 280 

60–140 Hz) to generate the phase feature.  281 
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For power-ITC, the ECoG signal of a trial was analyzed by a multi-taper based 282 

spectrum method on Slepian sequences (Slepian, 1978)(window: 400ms, step: 10ms). 283 

Center frequencies ranged from 1 to 140 Hz in 1 Hz increments. For each center frequency, 284 

the power of the ECoG signal was log-transformed and normalized to the mean power of the 285 

baseline (a 500ms time window before the music onset) on a trial-by-trial basis, expressed 286 

as a percentage change of the mean, and then averaged within each frequency band. The 287 

frequency bands we chose were identical as Phase-ITC. 288 

For both phase-ITC and power-ITC, correlation coefficients were then calculated 289 

between ITC measures of pairs of trials obtained from each electrode. Due to the different 290 

lengths of recall, the long cue and short cue conditions were analyzed separately for the 291 

sustained phase. We calculated the correlation coefficients for the trials of the same stimulus 292 

(within-stimulus) as well as the trials of different stimuli (cross-stimulus). For example, if 293 

stimulus A had M trials and stimulus B had N trials, there were ( +  ) correlation 294 

coefficients of within-stimulus trials ( | ℎ ), and M × N correlation coefficients of cross-295 

stimulus trials ( | ), calculated as follows: 296 

| ℎ = { ( ( ), ( )), ( ( ), ( ))}    (1) 297 

ℎ  = 1,2, … , ; = 1,2, … , ; ≠ ; = 1,2, … , ;  = 1,2, … , ; ≠  

| = { ( ( ), ( ))}, ℎ  = 1,2, . . . , = 1,2, …    (2) 298 

The correlation coefficients were Fisher z-transformed (Meng et al., 1992) to meet the 299 

normal distribution for the statistical analysis. The significance of ITC measures was 300 

determined by comparing the within-stimulus correlation coefficients and the cross-stimulus 301 
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correlation coefficients with a two-sample t-test. Significant larger within-stimulus correlation 302 

coefficients (p < 0.05, two-sample t-test) indicated consistent responses across the trials of 303 

the same stimulus.   304 

ITC analysis was conducted for music listening and music recall, respectively. For 305 

music recall, the recall duration may vary. We hypothesized that subjects recalled the entire 306 

unpresented portion of the music pieces but at a slightly different pace for each trial. To 307 

adjust the recall duration to the same length for each music piece, the recall response was 308 

linearly compressed or expanded to the actual unpresented duration on a trial-by-trial basis 309 

after calculating ITC measures with the temporal structure preserved. 310 

Correlation Analysis 311 

For the electrodes revealed by ITC showing a consistent response across the trials 312 

of the same stimulus, a correlation analysis was further applied to assess the degree to 313 

which neural responses were correlated with the intensity profile of music (heard or recalled). 314 

For the electrodes with significant phase-ITC, the neural response was defined as the 315 

averaged band-pass filtered (delta band) signal across trials, while for the electrodes with 316 

significant power-ITC, the neural response was defined as the averaged high-gamma 317 

responses across trials. An intensity profile was obtained for each music piece by calculating 318 

the running average of the squared amplitude of short segments of the piece (window width: 319 

0.01s; overlap: 50%), and down-sampled to the same sampling rate as the neural response 320 

(100Hz). Pearson correlation was calculated between the neural response and the intensity 321 

profile of the music piece. To quantify the accuracy and time lag of this “tracking” property, 322 

we computed the Pearson correlation coefficients between the music intensity profile and 323 



 

 16 

the corresponding neural response at different lag times, ranging from 200ms preceding to 324 

300ms lagging a stimulus. The statistical significance of the Pearson correlation was 325 

evaluated by a permutation test, where the null distribution consisted of the correlation 326 

coefficients between the music piece in shuffled temporal orders and the neural response in 327 

the original temporal order. A significantly larger correlation coefficient than the null 328 

distribution (corrected for multiple comparisons; false discovery rate (FDR), Benjamini and 329 

Yekutieli, 2001) indicated that the neural response significantly correlated with the intensity 330 

profile of the music piece at a particular lag time.  331 

 332 

Results 333 

To identify the involvement of specific cortical regions during music listening and 334 

recall and characterize temporal dynamics of neural activity during these two processes, we 335 

analyzed ECoG data obtained while subjects listened to and recalled highly familiar music 336 

pieces. 337 

Cortical regions activated during music listening and recall 338 

We first analyzed cortical regions that were activated during music listening or recall. 339 

ECoG signals were analyzed in two time windows, referred to as onset (0-500ms) and 340 

sustained (after 500ms) phases of the responses.  341 

Onset phase 342 

Figure 2A shows cortical regions with significant high-gamma responses during the 343 

onset phase of music listening. The color indicates the high-gamma response strength 344 

(measured as the percentage of change in high-gamma power over the pre-stimulus 345 
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baseline within the period of significant high-gamma response). During music listening, 346 

posterior superior temporal gyrus (pSTG) showed the strongest high-gamma response in the 347 

right hemisphere (Fig. 2A). In the left hemisphere, pSTG also showed stronger high-gamma 348 

response than the other cortical regions. In addition, bilateral supramarginal gyrus, temporal 349 

lobe, superior frontal gyrus and precentral gyrus, as well as the IFG of the right hemisphere 350 

showed high-gamma response during the onset phase of music listening (Fig. 2A). Figure 351 

2B shows cortical regions with significant high-gamma responses during the onset phase of 352 

music recall. Significant responses were only found in the right hemisphere, including STG, 353 

precentral area, IFG and superior frontal gyrus (Fig. 2B). 354 

In Figure 2C, we plot high-gamma responses to music listening from an example 355 

electrode located in the right pSTG region as shown in Figure 2A (right panel). This 356 

electrode showed similarly strong responses to music stimuli during listening in both imagery 357 

and control experiments. Figure 2D shows high-gamma response during music recall from 358 

an example electrode located in the right precentral gyrus. On the same figure, we also plot 359 

the high-gamma response of the same electrode from the control experiment while the 360 

subject listened to the same portion of the music piece. This electrode showed a stronger 361 

response in the imagery experiment (recall) than in the control experiment (no recall).  362 

----- Figure 2 here ----- 363 

Sustained phase 364 

The ECoG signals during music listening or recall lasted for several seconds after the 365 

initial onset phase (0-500ms). We refer to this portion of neural responses as the sustained 366 

phase. Figure 3A plots multiple trials of ECoG signals recorded from one electrode while a 367 
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subject listened to the same piece of music. To determine whether the ECoG signals were 368 

consistent across multiple trials in a particular experimental condition (listening or recall), 369 

ITC was calculated using either phase (phase-ITC) or power (power-ITC) signals in one of 370 

the six frequency bands (see Materials and Methods). 371 

----- Figure 3 here ----- 372 

Figure 3B plots the number of electrodes with significant within-stimulus ITC at each 373 

frequency band for both phase-ITC and power-ITC in two experimental conditions (listening 374 

and recall). In the delta band, 6 electrodes showed significant within-stimulus phase-ITC 375 

during listening and 4 electrodes during recall (Fig.3B) (p < 0.05, unpaired t-test). The delta-376 

band phase-ITC values of all electrodes are displayed on the brain surface in Figure 3C. 377 

Electrodes with the highest delta-band phase-ITC values during music listening were located 378 

mainly in the right pSTG. In contrast, during music recall, electrodes with the highest delta-379 

band phase-ITC values were located on the right supramarginal gyrus. Significant power-380 

ITC was found mainly in the high-gamma band, with 7 and 36 electrodes showing significant 381 

within-stimulus power-ITC during listening and recall, respectively (Fig.3B). Electrodes with 382 

the highest high-gamma band power-ITC values during music listening were located mainly 383 

in bilateral pSTG with the right pSTG having the highest ITC values (Fig.3D, upper row). The 384 

right precentral gyrus and IFG also had significant high-gamma band power-ITC. As for 385 

music recall, significant high-gamma band power-ITC was found in bilateral frontal areas, 386 

with higher values on the right prefrontal areas (Fig.3D, bottom row).  387 

Sequential high-gamma responses cross cortical regions during the onset phase of 388 

music listening and recall  389 
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As shown in Figure 2, several cortical regions were activated during the onset phase 390 

of music listening and recall with different high-gamma response strengths. To study the 391 

temporal dynamics of high-gamma responses during these two processes, we calculated the 392 

latencies of high-gamma responses within these cortical regions. In order to increase the 393 

statistical power of the latency analysis, we grouped the activated cortical regions into five 394 

general regions according to the region labels in Desikan-Killiany Atlas (Desikan et al., 395 

2006),  which were 1) TG: temporal gyri, 2) SG: supramarginal gyrus, 3) PG: precentral 396 

gyrus, 4) IFG: inferior frontal gyrus, 5) SFG: superior frontal gyrus (Fig. 4A, left plot). The 397 

mean latency of the neural activity during music listening was calculated for each of these 398 

regions in both hemispheres (Fig.4A, right plot). On the left hemisphere, the PG region had 399 

the shortest latency, followed by SG, TG, and SFG regions. However, the latency 400 

differences among these five regions were not significant (Wilcoxon rank sum test, p>0.05). 401 

On the right hemisphere, TG and SG regions had similar latencies (Wilcoxon rank sum test, 402 

p = 0.3766). These two regions were activated significantly earlier than the PG region 403 

(Wilcoxon rank sum test, p < 0.01). The IFG region had significantly longer latency than the 404 

PG region (Wilcoxon rank sum test, p < 0.05). The SFG region has a similar latency as the 405 

IFG region. The latency differences between right and left hemispheres were not significant 406 

(Wilcoxon rank sum test, p>0.05). There was also no significant difference between the 407 

latencies of listening condition in imagery experiment and control experiment (paired t-test, 408 

p=0.8426) for the cortical regions that were activated in both experiments.  409 

----- Figure 4 here ----- 410 
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The latency data in Figure 4A show that there was a sequential delay from the 411 

posterior to anterior cortical regions (TG/SG to IFG/SFG) on the right hemisphere during the 412 

onset phase of music listening. In Figure 4B (left plot), we compare average latencies during 413 

the onset phase of music listening and recall in four brain regions on the right hemisphere 414 

those were activated by both listening and recall conditions. In contrast to music listening 415 

where the latency increased from TG to PG and IFG regions, the latency decreased from TG 416 

to PG and IFG regions during music recall (Fig. 4B, left plot). The SFG region had the 417 

longest latency among all other regions in both listening and recall conditions. The opposite 418 

sequential orders of high-gamma response during the onset phase of listening and recall 419 

were confirmed by the linear regression of the latencies across these activated regions (Fig. 420 

4B, left plot), which showed that there was a trend of increasing latency from the TG to IFG 421 

during music listening (slope>0, r=0.4416, p<0.01) and decreasing latency during music 422 

recall (slope<0, r=0.5865, p<0.05). Figure 4B (right plot) illustrates the opposite sequential 423 

orders of high-gamma response in the right hemisphere.   424 

Neural response tracks intensity profile of music during music listening and recall 425 

The consistent neural responses across trials in a particular experimental condition 426 

(listening or recall) suggested that ECoG signals may reflect particular features of the music 427 

pieces such as intensity profile. Based on the result in Figure 3B as well as findings of 428 

previous study (Golumbic et al., 2013), we chose delta band phase-ITC and high-gamma 429 

band power-ITC to analyze the relationship between neural response and music intensity. 430 

For the electrodes with significant phase-ITC (Fig. 3C), the neural response was defined as 431 

the averaged band-pass filtered (delta band) signal across trials, while for the electrodes 432 
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with significant power-ITC (Fig. 3D), the neural response was defined as the averaged high-433 

gamma responses across trials.  434 

Figure 5A showed an example of a music intensity profile (black curve) overlaying 435 

with its corresponding neural response (blue curve) during music listening, recorded from 436 

one representative electrode. Pearson correlation was calculated between the neural 437 

response and the intensity profile of the music piece, with different lag times, ranging from 438 

200ms preceding to 300ms lagging a stimulus. Figure 5B plots the correlation coefficients at 439 

different lag times for the same electrode shown in Figure 5A, where a positive lag time 440 

indicates the neural activity lagging the music intensity profile and a negative lag time 441 

indicates the neural activity proceeding the music intensity profile. The correlation coefficient 442 

reached the peak at the lag time of 90 ms, indicating that the neural activity was lagging 443 

behind the music intensity profile. The peak correlation coefficients of the electrodes 444 

showing significant correlation during music listening were plotted on the average brain in 445 

Figures 5C and 5D. Figure 5C shows the electrodes from all subjects with significant 446 

correlation coefficients using phase-ITC features, located on the right pSTG, SG and IFG. 447 

Figure 5D shows the electrodes from all subjects with significant correlation coefficients 448 

using power-ITC features, located on the bilateral pSTG. The electrode from the right pSTG 449 

(Figure 5D, left) showed the highest correlation coefficient (r = 0.5947 at -10ms lag time). 450 

The negative time lag indicated a possible involvement of some imagery during perception. 451 

The electrode on the left pSTG had a correlation coefficient of 0.4875 at the lag time of 452 

90ms (Figure 5D, right). We grouped the electrodes with significant peak correlation 453 

coefficients into two groups, TG/SG and FG according to the anatomical labels. Figure 5E 454 



 

 22 

summarizes the lag time of peak correlation coefficients of these electrodes. Among them, 455 

the FG electrodes had the longest lag time (Δt = 270 ms), while the TG/SG electrodes had 456 

an average lag time of 108 ms. This relationship is consistent with the observations based 457 

on the onset phase of music listening, i.e., the sensory areas were activated before the 458 

higher cortical areas during music listening. 459 

----- Figure 5 here ----- 460 

The correlation analysis was also performed on the sustained phase of the neural 461 

responses during music recall. Figure 6A showed an example of the neural response (red 462 

curve) recorded from one representative electrode overlaying with the intensity profile of a 463 

recalled music segment (black curve). Figure 6B plots the correlation coefficients at different 464 

lag times for the same electrode shown on Figure 6A. Note that the correlation coefficient 465 

reaches peak at a negative lag time, indicating that the neural activity was preceding to the 466 

music intensity profile. The peak correlation coefficients of the electrodes showing significant 467 

correlation during music recall were plotted on the average brain on Figures 6C and 6D. 468 

Three phase-ITC electrodes from 2 subjects located on the right SG, anterior and posterior 469 

TG showed significant correlation coefficients with the intensity profile of the recalled music 470 

(Fig.6C). Among them, the anterior TG electrode showed the longest negative lag time (r = 471 

0.1573 at -190ms lag time), followed by the posterior TG electrode (r = 0.2362 at -120ms lag 472 

time). The SG electrode showed a positive lag time (r = 0.1794 at 70ms lag time). Significant 473 

correlations between the neural response and the intensity profile of the recalled music were 474 

found in 7 power-ITC electrodes from 4 subjects on the left anterior temporal lobe, right 475 

posterior temporal lobe and supramarginal gyrus and left and right frontal lobe (Fig.6D). The 476 



 

 23 

frontal electrode had the largest negative lag time (Δt = -170ms), indicating that the neural 477 

activity there was ahead of the recalled music. In contrast, the neural activity on the right SG 478 

lagged behind the recalled music (r = 0.4802 at 270ms lag time). Figure 6E summarizes the 479 

lag time of peak correlation coefficients of all electrodes, separating into TG/SG and FG 480 

groups as in music listening condition. The peak correlation coefficients of FG electrodes 481 

occurred preceding the recalled music (average time lag = -97ms), whereas that of TG/SG 482 

electrodes occurred behind the recalled music (average time lag = 37ms). This relationship 483 

is consistent with the observations from the onset phase of music recall, i.e., the higher 484 

cortical areas were activated before sensory areas during music recall.  485 

----- Figure 6 here ----- 486 

 487 

Discussion 488 

Music listening and recall: bottom-up and top-down processes 489 

Consistent with previous imaging studies (Zatorre et al., 2007, 1996; Halpern and 490 

Zatorre, 1999; Janata, 2001; Schürmann et al., 2002; Halpern et al., 2004; Kaiser and 491 

Lutzenberger, 2005; Herholz et al., 2008, 2012; Leaver et al., 2009; Hubbard, 2010), our 492 

results demonstrated that music listening and recall activated overlapping cortical regions, 493 

including the temporal lobe, supramarginal gyrus, precentral gyrus and the frontal lobe, 494 

providing evidence of a shared neural substrate for the two processes. 495 

Electroencephalogram (EEG) studies of music perception and imagery have showed EEG 496 

signals containing perception-weighted, imagery-weighted and shared components 497 

(Schaefer et al., 2013, Stober et al, 2015). Schaefer et al. (2013) showed a temporal 498 
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component that appeared to be related to the start of a perceived stimulus and parietal and 499 

fronto-central components that showed initial activation in imagery. Similarly, our results 500 

based on ECoG signals showed different temporal sequential high-gamma responses during 501 

music listening and recall. The initialization of the response in music listening is by external 502 

auditory stimuli, which reach sensory cortex first and arrive at frontal cortex at last. The 503 

information flow from sensory cortex to frontal cortex represents a bottom-up process. In 504 

contrast, music recall initializes responses starting from frontal cortex and ending in sensory 505 

cortex, reflecting a top-down process. Reversed sequential orders of the activated cortical 506 

regions were observed during the onset phase of music listening and recall.  507 

Imagery-related brain activation has been suggested to result from top-down 508 

induction mechanisms including memory retrieval (Kosslyn et al., 2001; Kosslyn, 2005) and 509 

motor simulation (Price et al., 2011; Tian and Poeppel, 2012). In memory retrieval, 510 

perceptual experience retrieves objects stored in long-term memory to reactivate the 511 

sensory cortices. Through top-down reconstruction of the neural representation, the 512 

perceptual experience can be re-elicited without the presence of any physical stimuli during 513 

mental imagery (Kosslyn, 2005). In motor simulation, an efference copy of the motor cortex 514 

activity is forwarded to lower sensory cortices, enabling a comparison of actual with desired 515 

movement, and permitting online behavioral adjustments (Tian and Poeppel, 2012). In the 516 

present study, we also observed a top-down process from higher level associative areas to 517 

perceptual-sensory representation areas during music imagery. 518 

Neural correlates of music intensity profile during listening and recall 519 
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Previous studies showed that ECoG signals could track musical acoustic feature 520 

(music intensity) during music listening (Potes et al., 2012). In the present study, we showed 521 

significant correlations between ECoG signals and the music intensity profile in both music 522 

listening and recall conditions. During the sustained phase of music listening, the neural 523 

response of bilateral pSTG and right IFG tracked the intensity profile of music stimuli (Fig. 524 

5C and 5D).  The time lags corresponding to the peak correlation coefficients of pSTG were 525 

shorter than that of IFG, indicating that pSTG followed the music intensity profile more 526 

closely than IFG during music listening (Fig. 5E). Previous studies (Potes et al., 2012; Sturm 527 

et al., 2014) have shown that high-gamma power envelope of pSTG tracks displayed music 528 

intensity. More importantly, during the sustained phase of music recall, the neural response 529 

tracked the intensity profile of recalled music (Fig. 6). In the absence of a physical input, 530 

music recall is a self-paced activity driven by an internal generator. During the sustained 531 

phase of music recall, the neural response of bilateral frontal lobe preceded music, while 532 

that of bilateral temporal lobe lagged behind (Fig. 6E). These results indicate that it may be 533 

possible to also extract musical features from ECoG signals during recall. In addition, we 534 

observed higher correlation coefficients in music listening than in music recall condition 535 

which is in accordance with previous research showing that the predictive power for covert 536 

speech was weaker than for overt speech (Martin et al., 2014). This was likely due to the 537 

fact that the imagery condition was more variable comparing to the listening condition as it 538 

was not feasible to measure the exact timing of the subject's mental activity. Therefore a 539 

weaker correlation in the imagery condition is expected.  540 

Lateralization of music listening and recall 541 
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The important role of the right hemisphere in aspects of musical perception – 542 

particularly those involving tonal pitch processing has been reported by previous studies 543 

(Zatorre and Samson, 1991; Zatorre et al., 1992, 1994; Tervaniemi and Hugdahl, 2003; 544 

Penhune et al., 1998; Trujillo-Pozo et al., 2013). Our results showed slightly right 545 

lateralization during music listening, and a more evident right lateralization during music 546 

recall. More specifically, during the music listening, both left and right hemispheres showed 547 

activation during the onset phase, with the high-gamma band power of the right hemisphere 548 

significantly stronger than those of similar regions on the left hemisphere (Fig. 2A). As for 549 

the sustained phase of the neural responses, the right hemisphere had more consistent 550 

activation in broader regions (Fig. 3C). These findings are largely in line with the evidence 551 

from previous studies of the behavioral effects of lesions which suggests a asymmetry 552 

favoring the right temporal cortex in tasks that involve perception of pitch patterns or spectral 553 

processing (Zatorre and Samson, 1991; Zatorre et al., 2002). More broadly, relative 554 

specialization within right auditory regions for tonal processing is supported by functional 555 

imaging data from perception tasks (Zatorre et al., 1992, 1994; Johnsrude et al., 2000; 556 

Tervaniemi and Hugdahl, 2003). Our results also showed that the high-gamma envelope of 557 

the bilateral pSTG tracked the music intensity, but that of the right hemisphere showed 558 

shorter time lag and larger correlation coefficient than the left hemisphere (Fig. 5E) during 559 

music listening.  560 

As for music recall, only the right hemisphere was activated during the onset phase 561 

(Fig. 2B), and the sustained phase of music recall activated much broader regions on the 562 

right hemisphere than the left hemisphere (Fig. 3C). In addition, only right hemisphere 563 
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showed the phase-ITC response for either music listening or recall (Fig. 3C). The 564 

specialization within right auditory regions has also been observed in memory related tasks 565 

(Penhune et al., 1998; Halpern and Zatorre, 1999; Perry et al., 1999; Trujillo-Pozo et al., 566 

2013). Furthermore, the interactions with frontal-lobe regions are also frequently observed 567 

especially on the right hemisphere (Zatorre and Samson, 1991; Zatorre et al., 1992, 1994). 568 

In the present study, we also found that the high-gamma power envelope of the right 569 

hemisphere in the frontal lobe preceded the stimuli further than that of the left hemisphere; 570 

while in the temporal lobe, the high-gamma power envelope of the right hemisphere had 571 

larger correlation coefficient with imagined music intensity than the left hemisphere (Fig. 6E).  572 

To conclude, our results further confirm the right hemisphere lateralization of music-573 

related cognitive functions and, in particular, reveal a stronger lateralization during music 574 

recall. Moreover, the present study showed a more precise tracking of music intensity profile 575 

by the neutral response of the right hemisphere compared with that of the left hemisphere.  576 

Limitations and future research questions 577 

The present work adopted and modified an imagery paradigm to study the neural 578 

representations of music listening and recall (Halpern and Zatorre, 1999). While the results 579 

provided evidence of neural tracking of recalled music intensity profile, a challenge in 580 

analyzing the correlation between music imagery induced neural activity and the music 581 

being recalled is the lack of direct measurement of the imagery process. Music recall is a 582 

self-paced behavior which may last shorter or longer than the music piece being imagined. 583 

Some studies controlled the pace of recall by recording finger tapping ( Janata and Grafton, 584 

2003) or the output of musical instrument in case of a participant being a musician (Martin et 585 
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al., 2017), presenting visual/tactile cues (Zatorre et al., 1996; Yoo et al., 2001; Brodsky et al., 586 

2003) or inducing voluntary imagery (Kraemer et al., 2005). The present study did not use 587 

such methods so as not to introduce additional cortical activation. Instead, we hypothesized 588 

that subjects can recall the entire unpresented portion of the music pieces but at slightly 589 

different paces for each trial. Therefore, the recall ECoG responses were linearly 590 

compressed or expanded in the imagery experiments to align them to the duration of music 591 

stimuli before the correlation analysis was performed. Our results showed that the neural 592 

activity during the music recall appeared to track the intensity profile of the music being 593 

imagined (Figure 6), albeit with a poorer precision than the music listening condition (Figure 594 

5). There could be other scenarios that were not controlled in the present study, for example, 595 

subjects recalling the missing portion at the original pace but lost some details in between 596 

(shorter recall duration than actual unpresented duration), or subjects thinking about other 597 

things apart from the music per se during the recall (longer recall duration than actual 598 

unpresented duration), or subjects recalling the missing portion at a variable pace during the 599 

recall. These scenarios were not examined in the present study because of the lack of 600 

adequate experimental controls in the paradigm used. Future work is needed to further 601 

explore such scenarios by developing better controlled paradigms. However, these 602 

limitations, if true, would cause us to underestimate rather than overestimate the neural 603 

tracking of the intensity profile of the music during recalling in the present study. 604 

Moreover, previous studies have showed evidence for motor processing in the 605 

imagination of musical changes in loudness (Bailes et al., 2012), and mental representations 606 

of pitch and melody have been shown to involve auditory (Deutsch, 1970; Keller et al., 1995) 607 
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and motor processing (Mikumo, 1994; Finney and Palmer, 2003). The present study 608 

investigated a fundamental feature of music, the intensity profile, which contains the 609 

information of rhythm, pitch and loudness. Further studies on the mental representations of 610 

other musical features during music recall are needed. Due to the limitation imposed by 611 

patients' physical states and experiment duration, only one or a few music pieces were 612 

tested for one subject, which prevented us from applying classification analysis to study the 613 

predictive power of neural activity to distinguish different music pieces. It also limited the 614 

generalization of the time lag we observed. Schaefer et al. (2011) found that the correlation 615 

between EEG time course and the intensity of various music pieces during listening is 616 

maximal at a latency of 100 ms, which is close to the time lag of sensory areas in the 617 

present study, but may not stand for all music pieces. Finally, the results reported here were 618 

based on 308 electrodes on the right hemisphere from 6 subjects and 197 electrodes on the 619 

left hemisphere from 4 subjects. The unbalanced electrode numbers of two hemispheres as 620 

well as the lack of consistent coverage across all subjects could restrict the generalization of 621 

some conclusions. Future studies with more diversified stimuli and consistent electrode 622 

coverages across hemispheres and subjects can help clarify the above issues. 623 
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 Table 1. Subject demographics 777 

Subject 
ID 

Age Gender Seizure focus location Electrode coverage 
(contact number) 

S1    26 Female Right inferior precentral 

gyrus 

Right frontal lobe      (12) 

Right parietal lobe    (21) 

Right temporal lobe (28) 

S2 28 Female Left frontal lobe Left frontal lobe         (2) 

Left parietal lobe       (23) 

Left temporal lobe    (16) 

S3 24 Male Right inferior precentral 

gyrus and hippocampus 

Right frontal lobe      (41) 

Right parietal lobe     (9) 

Right temporal lobe  (2) 

S4 15 Male Left frontal lobe and middle 

temporal gyrus 

Left frontal lobe         (31) 

Left parietal lobe       (9) 

Left temporal lobe    (13) 

S5 21 Female Right inferior frontal lobe Right frontal lobe      (12) 

Right parietal lobe     (8) 

Right temporal lobe  (8) 

S6 33 Male Left occipital lobe and 

hippocampus 

Left parietal lobe       (11) 

Left temporal lobe    (26) 

Left occipital lobe       (6) 

S7 19 Female Right inferior precentral 

gyrus 

Right frontal lobe      (37) 

Right parietal lobe     (4) 

Right temporal lobe (14) 

S8 13 Male Left middle temporal gyrus, 

temporal-occipital junction, 

hippocampus  

Left parietal lobe       (31) 

Left temporal lobe    (12) 

Left occipital lobe     (16) 

S9 17 Male Right frontal pole Right frontal lobe      (34) 

Right parietal lobe     (5) 

Right temporal lobe  (11) 

S10 45 Male Right anterior temporal lobe 

and medial temporal lobe 

Right frontal lobe      (34) 

Right parietal lobe    (10) 

Right temporal lobe (18) 

All the subjects were right handed. 778 



 

 39 

Table 2. Information of the database of music pieces 779 

Music name Stimulus 
duration (sec) 

Chosen times 

Military Anthem of the People's Liberation Army 7.0 0 

Butterfly lovers 7.5 2 

Opening theme of TV series "Journal to the west" 7.0 1 

Alla Turca Piano Sonata No.11 7.5 0 

Für Elise 7.6 1 

Wedding March (Richard Wagner) 14.3 2 

Méditation 10.0 0 

Opening theme of weather broadcast 12.5 1 

Opening theme of daily CCTV news hour 14.3 4 

Summer (Joe Hisaishi) 11.5 0 

The Blue Danube 8.5 0 

The Magnificent Seven 9.7 0 

Carmen (Bizet) 8.0 0 

Doraemon 8.0 1 

Galloping Horses 10.5 0 

Welcome march 10.5 5 

  780 

Table 3. Statistical result of behavioral data 781 

 S1(1) S2(1) S3(1) S4(1) S5(1) S6(1) S7(1) S7(2)  

t 36.93 13.68 3.93 1.05 1.57 5.55 4.61 5.20  

p <0.001 <0.001 <0.001 0.30 0.13 <0.001 <0.001 <0.001  

 S8(1) S8(2) S8(3) S9(1) S9(2) S9(3) S9(4) S10(1) S10(2) 

t 9.34 11.04 15.45 4.18 6.03 4.34 6.86 4.85 3.17 

p <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.004 

* p-values were calculated by two-tailed two-sample t-test between long cue and short cue condition for each subject 782 
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Figure Legends 783 

Figure 1. Experiment paradigm and behavioral result 784 

(A) Individual electrode coverage. Yellow dots: electrodes included in the analysis; Dark blue 785 

dots: electrodes clinically identified within the ictogenic zone or considered as corrupted 786 

during recording. 787 

(B) Location of all the electrodes. Orange dots: electrodes analyzed only in music listening. 788 

White dots: electrodes analyzed in both music listening and music recall.  789 

(C) Experiment paradigms of the imagery experiment (upper two bars) and the control 790 

experiment (lower two bars). Blue bars: music listening; red bars: music recall; white bars: 791 

no music playback and no recall. The arrows indicate the timing of button press in the 792 

imagery experiment (when a subject finished music recall) and the timing of pure tone and 793 

button press in the control experiment (when a subject heard the pure tone).   794 

(D) Behavioral results of all the subjects. Dark blue bars: recall duration of short cue 795 

condition. Light blue bars: recall duration of long cue condition. Purple stars: significant 796 

difference between long cue and short cue conditions (unpaired Student’s t-test, p<0.05). 797 

Error bars: S.E.M across trials. Subjects #1-6 were tested by one stimulus and subjects #7-798 

10 were tested by more than one stimulus. Data from each stimulus are plotted separately. 799 

 800 

Figure 2. Brain regions with neural responses during the onset phase of music listening and 801 

recall 802 
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(A, B) Group averaged brain surface maps showing regions with significant high-gamma 803 

responses in music listening (A) or recall (B) condition. Color indicates the high-gamma 804 

response strength expressed as the percentage of high-gamma power change relative to the 805 

baseline. There was no significant high-gamma response on the left hemisphere during 806 

music recall.   807 

(C) An example of high-gamma responses, expressed as the percentage of high-gamma 808 

power change relative to the baseline, recorded from an electrode on the right pSTG during 809 

music listening in the imagery experiment (solid line with gray shadow) and the control 810 

experiment (dashed line with blue shadow). Time 0 indicates the onset of music playback. 811 

The horizontal green bar indicates the period of significant high-gamma response as 812 

compared with the baseline high-gamma signal. Shadows are S.E.M across trials.  813 

 (D) high-gamma responses of an example electrode on the right precentral gyrus during 814 

music recall in the imagery experiment (solid line with gray shadow) and no-recall condition 815 

in the control experiment (dashed line with blue shadow). The two vertical dashed lines 816 

indicate respectively the beginning and end of the music cue. The horizontal green bar 817 

indicates the period of significant differential high-gamma response between the imagery 818 

experiment and the control experiment. Shadows are S.E.M across trials. 819 

 820 

Figure 3. Brain regions with neural responses during the sustained phase of music listening 821 

and recall 822 
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 (A) Traces of ECoG signals during music listening from an example electrode with high 823 

power-ITC value, filtered between 60 and 140 Hz, and arrange by trial number.  824 

(B) Numbers of electrodes with significant within-stimulus phase-ITC (open bars) or power-825 

ITC (solid bars) in the music listening (blue) and music recall (in red) conditions at each 826 

frequency band. Significant phase-ITC was found dominantly in the low-frequency range 827 

(delta, theta bands), whereas significant power-ITC was found in high-gamma band.  828 

(C) Locations of electrode sites with significant delta phase-ITC in music listening (upper 829 

panel) and recall (bottom panel) conditions on the group averaged brain. Color indicates the 830 

ITC value at each site. 831 

(D) Locations of electrode sites with significant high-gamma power-ITC in music listening 832 

(upper row) and recall (bottom row) on the group averaged brain. Color indicates the ITC 833 

value at each site. 834 

 835 

Figure 4. Dynamics of cortical responses during the onset phase of music listening and 836 

recall 837 

(A) Latency distribution (right plot) at different brain regions (left plot) in music listening 838 

condition. Open bars: left hemisphere (LH). Filled bars: right hemisphere (RH). There was 839 

no high-gamma response in the IFG of the left hemisphere. Error bars are S.E.M across 840 

electrodes. Asterisks indicate statistical significance of the comparison between different 841 

regions.  842 
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(B) Latency analysis of the onset phases of ECoG signals during music listening and recall. 843 

Left plot: Latency distributions of music listening (blue bars) and recall (red bars) on the right 844 

hemisphere. Error bars are S.E.M across electrodes. Dashed lines represent the linear 845 

regression of the latencies across the brain regions for music listening (blue) and recall (red). 846 

Right plot: schematics illustrating the flow of high-gamma response across cortical regions in 847 

the onset phase of listening (blue arrow) and recall (red arrow), respectively.  848 

 849 

Figure 5. Dynamic tracking of music intensity profile during the sustained phase of music 850 

listening  851 

(A) An example of music intensity profile (black curve) and corresponding neural response 852 

(high-gamma response, blue curve) from one electrode on the left pSTG. The neural 853 

response is shifted to illustrate the peak correlation at a lag time of 90ms.  854 

(B) The correlation coefficient of neural response and music intensity is plotted versus the 855 

lag time for the example shown in (A). 856 

(C, D) Locations of phase-ITC (C) and power-ITC (D) electrode sites with significant 857 

correlation with music intensity profile on the group averaged brain. Color indicates the peak 858 

correlation coefficient at each site. The yellow arrow indicates the origin of the example 859 

waveform in Fig. 5A. 860 

 (E) Comparison of the lag time at peak correlation coefficients between the frontal (FG) 861 

sites and temporal (TG) and supramarginal (SG) sites. The boxplot shows the median (red 862 

line) and range of the lag time, with edges of the blue box indicating 25th and 75th 863 
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percentiles and the whiskers extending to the most extreme datapoints that the algorithm 864 

considered to be not outliers (dashed line).  The asterisk shows the lag time of the peak 865 

correlation coefficient in the frontal site.  866 

  867 

Figure 6. Dynamic tracking of music intensity profile during the sustained phase of music 868 

recall  869 

 (A) An example of music intensity profile (black curve) and corresponding neural response 870 

(high-gamma response, red curve) from one electrode on the left frontal lobe. The neural 871 

response is shifted to illustrate the peak correlation at a lag time of -10ms.  872 

(B) The correlation coefficient of neural response and music intensity is plotted versus the 873 

lag time for the example shown in (A). 874 

(C, D) Locations of phase-ITC (C) and power-ITC (D) electrode sites with significant 875 

correlation in music recall on the group averaged brain, with the color indicating the peak 876 

correlation coefficient at each site. The yellow arrow indicates the origin of the example 877 

waveform in Fig. 6A. 878 

 (E) Comparison of the lag time at peak correlation coefficients between the frontal (FG) 879 

sites and temporal (TG) and supramarginal (SG) sites.  The boxplot shows the median (red 880 

line) and range of the lag time, with edges of the blue box indicating 25th and 75th 881 

percentiles and the whiskers extending to the most extreme data points that the algorithm 882 

considered to be not outliers (dashed line).   883 

 884 
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