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Abstract 
 

Fundamentals of Music Perception in the Human Brain: Insight from 
Electrophysiological Recordings 

 
by 
 

Francine Min Hui Foo 
 

Doctor of Philosophy in Biophysics 
 

University of California, Berkeley 
 

Professor Robert T. Knight, Chair 
 
 
 
Music perception has fascinated neuroscientists and psychologists for over a century. 
Ever since the advent of neuroimaging techniques in the second half of the 20th century, 
the scientific community has benefitted from a wealth of research studying the cortical 
mechanisms that facilitate one of the basic forms of human cognition. While 
hemodynamic techniques and lesion studies provide insight to the cortical structures 
implicated in distinct aspects of music perception, non-invasive electrophysiological 
equipment provides the temporal resolution necessary to track the processing of music. 
However, observations are usually constrained to either the spatial or temporal domain 
due to the limitations of each experimental method. As a result, the combined spatial and 
temporal dynamics of both sensory and cognitive processing of musical stimuli remain 
largely unknown. Intracranial recordings in neurosurgical patients have high spatial and 
temporal resolution, thereby providing a means to investigate some of the many 
unanswered questions in the music neuroscience literature. As few music perception 
studies to date have tapped on this valuable resource, this dissertation provides one of the 
first attempts at utilizing both electrocorticography (ECoG) and EEG to understand the 
fine-grained cortical dynamics of auditory stimulus processing and music perception at 
the fundamental level. Specifically, the studies reveal that: 1) the superior temporal gyrus 
exhibits differential processing of consonance and dissonance at a spatial resolution of 
1cm; 2) the ventral temporal cortex, conventionally involved in visual recognition and 
categorization, exhibits neural representations of auditory target identification; 3) 
selective attention to either pitch direction changes or the consonant/dissonant properties 
of musical chords implicates a wide range of cortical networks that scale with task 
complexity. 
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Chapter 1 
 
 
Introduction 
 
 
 The scientific study of the fundamentals of music perception dates back to the 6th 
century BCE, when Pythagoras demonstrated that the pitch of a vibrating string varied 
inversely with its length, and that musical consonance was associated with simple ratios 
between string lengths. This elucidation of perceived musical phenomena using 
mathematical relationships formed the basis of scientific music education throughout the 
Middle Ages and the Renaissance (Deutsch 2001). One of the first scholars to argue 
against the Pythagorean approach was Aristoxenus (c. 375 BCE), who proposed that the 
perception of music was cognitive in nature and its study would require an empirical 
approach (Aristoxenus. & Macran 1902). However, it was not until the late 19th century 
that Hermann von Helmholtz (Helmholtz 1885) and Carl von Stumpf (Stumpf 1883) 
published treatises discussing the physical and physiological correlates of pitch, harmony 
and timbre, thereby foreshadowing the modern study of music psychology. 
 

With the advent of brain imaging techniques such as EEG, MEG, PET and fMRI 
in the 20th century, the field of cognitive psychology blossomed as scientists had the 
necessary tools to uncover the neurobiological correlates of perception, thought and 
action. So did interest in the cognitive neuropsychology of music, as evidenced by an 
explosion of research within the last 25 years in four key areas: 1) the representation of 
pitch, rhythm, harmony and melody in the human brain; 2) the development of musical 
proficiency and skill; 3) cognitive processes underlying musical performance; and 4) 
affective processes associated with music listening, such as preference and emotion 
(Sloboda 2001). This increased attention to the relationship between music and the brain 
was motivated by two major factors: 1) the notion that music perception utilizes a 
particular set of brain structures and therefore provides a unique opportunity to further 
understand the functional organization of the human brain, and 2) such studies may 
perhaps illuminate the functional origins and biological value of music, as music 
perception is by and large a ubiquitous activity exclusive to humans (Peretz & Zatorre 
2003). Given its similarities to (and differences from) language (Patel 2008), it can be 
argued that music plays a critical role in supplementing efforts to understand the 
neurobiology of human cognition.  
 

Essential to music perception is the processing of successive pitch changes and 
simultaneous pitch combinations. Specifically, the ability to judge the direction of 
successive pitch intervals contributes to the perception of musical contour, while the 
ability to discern between consonance and dissonance affects one’s emotional responses 
towards musical repertoire. In order to process such complex musical stimuli, the 
auditory cortex plays a crucial role in converting afferent auditory information into 
salient musical percepts. Functional imaging studies support a hierarchical organization 
of pitch perception within the human auditory cortex, with primary core areas responding 
preferentially to basic auditory stimuli such as pure tones, and with secondary belt and 
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parabelt areas exhibiting preferential tuning for complex sounds with wider spectral 
bandwidths (Wessinger et al. 2001; Chevillet et al. 2011). A hierarchy of pitch processing 
from the identification of sensory sound features to the determination of pitch salience 
also exists, where the center of activity moves in an anterolateral direction away from 
primary auditory cortex into non-primary areas (Patterson et al. 2002; Penagos et al. 
2004; Schönwiesner & Zatorre 2008).  

 
In addition to its involvement in hierarchical pitch processing, the auditory cortex 

has also been implicated in the computation of fine-grained pitch changes and their 
corresponding direction (Stewart et al. 2006; Hyde et al. 2008). The judgment of pitch 
direction changes (“higher-lower”), compared to simple pitch change discrimination 
(“same-different”), is assumed to be a higher order perceptual phenomenon that involves 
sequential analysis and relative pitch perception (Johnsrude et al. 2000). Human lesion 
studies revealed that pitch direction judgment is substantially affected following right 
temporal lobe excisions (Johnsrude et al. 2000), and even more severely affected in the 
case of bilateral auditory cortex infarcts (Tramo et al. 2002; Tramo et al. 2005). Taken 
together, the above neuroimaging, electrophysiological and lesion studies demonstrate 
the causal role of the auditory cortex in facilitating pitch perception and discrimination. 

 
 Along with the auditory cortex, numerous other cortical sites have also been 
linked to the perception of complex musical stimuli. For instance, consonant and 
dissonant chords (the perceptual products of pitch combinations) have been shown to 
activate not just the auditory cortex (Tramo et al. 1990; Peretz et al. 2001; Brattico et al. 
2003), but also the inferior and middle frontal gyri, inferior parietal lobule, anterior 
cingulate gyrus and premotor cortex (Foss et al. 2007; Minati et al. 2009), as well as the 
hippocampus (Wieser & Mazzola 1986), amygdala and orbitofrontal cortex (Blood et al. 
1999; Dellacherie et al. 2009; Omigie et al. 2014). Additionally, timbral features within a 
song appear to activate the auditory cortex, cerebellum and parts of the default mode 
network, while pulse/rhythmic and tonal features appear to recruit the auditory cortex, 
somatomotor regions and limbic structures (Alluri et al. 2012). Similarly, the 
performance of a musical piece also triggers a multitude of large-scale cortical networks: 
the auditory, motor/premotor and parietal cortices during auditory-motor integration; the 
basal ganglia, cerebellum and supplementary motor area during temporal and pitch 
sequencing; the cerebellum during error correction and optimization; and the 
hippocampus, dorsolateral and ventrolateral prefrontal cortices during long-term and 
working memory retrieval (Brown et al. 2015). As such, it is evident that both the 
bottom-up processing and top-down execution of musical information results in the 
stimulation of virtually the entire brain, which speaks to the importance of understanding 
the relationship between music and the brain in the field of cognitive neuroscience. 
 
 While modern functional imaging and non-invasive electrophysiological 
equipment have significantly contributed to the growing quantity and quality of research 
in music neuroscience, each respective technology is not without its limitations. fMRI 
and PET have the ability to pinpoint cortical locations associated with specific aspects of 
music perception with sub-centimeter precision, but they lack the temporal resolution 
necessary to track the processing of music which occurs in the order of milliseconds. 
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Conversely, EEG and MEG provide the required temporal resolution, but their signals are 
susceptible to spatial smearing due to volume conductance effects (Nunez & Srinivasan 
2006). Additionally, EEG signals are often contaminated with noise from scalp 
(Goncharova et al. 2003; Fu et al. 2006), facial (Whitham et al. 2008) and extraocular 
(Yuval-Greenberg et al. 2008) muscles. Electrocorticographic (ECoG) signals, on the 
other hand, are largely free of muscular contamination and boast a significantly higher 
spatial resolution (2mm-1cm) as well as a higher signal-to-noise ratio than EEG. Since its 
development in the 1950s by Wilder Penfield and Herbert Jasper, ECoG has been used 
primarily to localize epileptogenic zones in the brains of patients with medically 
intractable epilepsy. It was only at the turn of the 21st century that neuroscientists realized 
its potential beyond its clinical relevance as a viable electrophysiological technique, with 
robust spatial and temporal sampling of signals containing rich spectral content. As the 
electrodes are placed directly onto the exposed surface of the brain, their proximity 
permits access to cortical activity in the high-gamma frequency band (γhigh, 70-150 Hz) 
that is not easily obtainable in EEG recordings due to the inverse relationships between 
signal power, frequency and distance from its source (Pritchard 1992; Freeman 2004; 
Bédard et al. 2006). Since γhigh activity has been shown to reliably track neuronal 
activations in auditory- (Crone, Boatman, et al. 2001; Edwards et al. 2005; Trautner et al. 
2006) and language- (Crone, Hao, et al. 2001; Canolty et al. 2007; Brown et al. 2008; 
Towle et al. 2008; Flinker et al. 2011) related tasks, ECoG presents itself as an ideal tool 
and, to this day, an untapped resource for tracking cortical activity during music 
perception. 
 
 In light of the apparent dearth of research literature on ECoG and music 
perception, this dissertation serves three main purposes:  
 
1) Using ECoG to illustrate the finer-grained spatiotemporal dynamics of consonance and 
dissonance perception within bilateral regions of the human superior temporal gyrus 
(Chapter 2), 
  
2) Using ECoG to investigate active cortical areas that are not conventionally associated 
with auditory processing during auditory target detection (Chapter 3), and 
 
3) Using both EEG and ECoG to uncover the large-scale and complex brain networks 
involved in performing simple pitch direction judgment and consonance/dissonance 
discrimination tasks (Chapter 4). 
 
 Finally, in tribute to the renowned neurologist Oliver Sacks (1933-2015) and in 
efforts to promote the field of music neuroscience to a younger audience, an epilogue 
discussing musical memory and its ability to withstand the debilitating effects of 
dementia is included. 

______________________________ 
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Chapter 2 
 
 
Differential Processing of Consonance and Dissonance within the 
Human Superior Temporal Gyrus 
 
 
Abstract 
 

The auditory cortex is well known to be critical for music perception, including 
the perception of consonance and dissonance. Studies on the neural correlates of 
consonance and dissonance perception have largely employed non-invasive 
electrophysiological and functional imaging techniques in humans as well as 
neurophysiological recordings in animals, but the fine-grained spatiotemporal dynamics 
within the human auditory cortex remain unknown. We recorded electrocorticographic 
(ECoG) signals directly from the lateral surface of either the left or right temporal lobe of 
8 patients undergoing neurosurgical treatment as they passively listened to highly 
consonant and highly dissonant musical chords. We assessed ECoG activity in the high 
gamma (γhigh, 70-150 Hz) frequency range within the superior temporal gyrus (STG) and 
observed two types of cortical sites of interest in both hemispheres: one type showed no 
significant difference in γhigh activity between consonant and dissonant chords, and 
another type showed increased γhigh responses to dissonant chords between 75-200ms 
post-stimulus onset. Furthermore, a subset of these sites exhibited additional sensitivity 
towards different types of dissonant chords, and a positive correlation between changes in 
γhigh power and the degree of stimulus roughness was observed in both hemispheres. We 
also observed a distinct spatial organization of cortical sites in the right STG, with 
dissonant-sensitive sites located anterior to non-sensitive sites. In sum, these findings 
demonstrate differential processing of consonance and dissonance in bilateral STG with 
the right hemisphere exhibiting robust and spatially organized sensitivity towards 
dissonance. 
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Introduction 
 

Simultaneous pitch combinations form the building blocks of harmony, a 
fundamental characteristic of Western tonal music. These pitch relationships can be 
described as either consonant (often associated with pleasantness) or dissonant (often 
associated with unpleasantness). While theories relating these pitch combinations to their 
perceived aesthetics have been around since the time of Pythagoras and have enjoyed 
over two centuries of debate, behavioral evidence indicates that pitch intervals with 
simple frequency ratios such as an octave (2:1) or a perfect 5th (3:2) tend to be perceived 
as consonant or pleasant, while intervals with more complex ratios such as a minor 2nd 
(256:243) or a major 7th (243:128) tend to be perceived as dissonant or unpleasant 
(Guernsey 1928; Malmberg 1918; McDermott et al. 2010; Plomp & Levelt 1965; 
Schellenberg & Trehub 1994; Schwartz et al. 2003). Sensitivity to consonance and 
dissonance has been observed in infants (Virtala et al. 2013; Perani et al. 2010; Trainor et 
al. 2002; Schellenberg & Trehub 1994) as well as in non-musically trained individuals 
(Regnault et al. 2001; Koelsch et al. 2000; Peretz & Zatorre 2005; Minati et al. 2009), 
which suggests that the ability to perceive consonance and dissonance may be an innate 
and universal aspect of music cognition (Fritz et al. 2009). 
 

The auditory cortex plays a crucial role in multiple aspects of music perception, 
from basic pitch and rhythm discriminations to complex cognitive tasks in music 
performance (Peretz & Zatorre 2005). Not surprisingly, it is also implicated in the 
perception of consonance and dissonance, as evidenced by lesion studies (Brattico et al. 
2003; Peretz et al. 2001; Tramo et al. 1990), non-invasive electrophysiological methods 
(Kuriki et al. 2005; Tervaniemi et al. 1999; Minati et al. 2009) and functional 
neuroimaging techniques (Daikoku et al. 2012; Minati et al. 2009; Foss et al. 2007). 
Multiple findings support a spatial and hierarchical organization for pitch processing 
within the superior temporal gyrus (STG), where anterolateral regions of the auditory 
cortex (including lateral Heschl’s gyrus and anterior areas of non-primary auditory 
cortex) are attuned to more complex pitch stimuli (Schönwiesner & Zatorre 2008; 
Penagos et al. 2004; Patterson et al. 2002; Chevillet et al. 2011; Wessinger et al. 2001; 
Norman-Haignere et al. 2013). As consonance and dissonance are perceptual products of 
pitch combinations, it remains to be seen whether this spatial organization extends to the 
processing of consonant and dissonant pitch intervals in anterolateral regions of the 
auditory cortex.  
 
 Intracranial studies in neurosurgical patients provide a rare opportunity to obtain 
rich electrophysiological signals at a higher temporal resolution compared to fMRI, as 
well as a higher spatial resolution and a broader range of spectral information compared 
to scalp EEG. Recent investigations using depth electrodes have shown significant 
differences between auditory evoked potentials in response to consonant and dissonant 
chords within primary auditory cortex (Fishman et al. 2001; Dellacherie et al. 2009) as 
well as in the amygdala, orbitofrontal cortex and anterior cingulate gyrus (Dellacherie et 
al. 2009), with theta and alpha band activity in the amygdala causally influencing activity 
in the orbitofrontal cortex and auditory cortex (Omigie et al. 2014). However, these 
findings were limited to frequencies up to 70 Hz. Electrocorticographic (ECoG) studies 



	  
	  

6	  

have shown that cortical activity in the high gamma frequency range (γhigh, >70Hz) has a 
high signal-to-noise ratio and is reliable in tracking neuronal activations in various 
functional modalities, including auditory (Crone, Boatman, et al. 2001; Edwards et al. 
2005; Trautner et al. 2006), language (Brown et al. 2008; Canolty et al. 2007; Crone, 
Hao, et al. 2001; Flinker et al. 2011; Towle et al. 2008) and music (Potes et al. 2012; 
Sturm et al. 2014) related tasks. Specifically, γhigh activity has been shown to track 
changes in the sound intensity (Potes et al. 2012) and the presence of vocal components 
in music (Sturm et al. 2014). Additionally, key features in speech sounds have been 
accurately reconstructed using γhigh activations in lateral STG (Pasley et al. 2012). 
Cortical γhigh activity has been linked to neuronal spiking activity, and is believed to 
emerge from synchronous firing of neuronal populations (Allen et al. 2007; Belitski et al. 
2008; Liu & Newsome 2006; Mukamel et al. 2005; Ray et al. 2008). Thus, we recorded 
ECoG activity from 8 subjects undergoing neurosurgical treatment in order to investigate 
the spatiotemporal dynamics of cortical γhigh activations on the lateral surface of the STG 
during the perception of highly consonant and highly dissonant musical stimuli. Based on 
existing animal and human literature, we hypothesized differential γhigh activation in 
response to consonant and dissonant chords in the human STG. 
 

______________________________ 
 
 
Methods 
 
 
Subjects 
 

Eight subjects participated in the study at Stanford Medical Center (n=5) and at 
California Pacific Medical Center (CPMC) (n=3) while undergoing surgical treatment for 
medically intractable epilepsy. They were implanted with subdural intracranial electrodes 
spaced one centimeter apart over the left (subjects S1-3) or right lateral temporal and 
inferior frontal cortices (subjects S4-8) to localize the source of seizures (Table 1; 
Figure 1A). All medical treatment including the location of electrode placement was 
solely determined by the clinical needs of the patient. All subjects gave informed written 
and oral consent to participate in the study, in accordance with the Declaration of 
Helsinki. The CPMC research institute and Stanford institutional review boards approved 
the research that was conducted at each respective location.  

 
Task and Stimuli 
 

All subjects participated in a target detection task. Subjects were instructed that 
they were going to hear musical sounds played on the piano. They were not informed that 
these sounds were either consonant or dissonant chords, and were therefore naïve to the 
purpose of this study. They were further instructed that they would sometimes hear a 
target non-musical sound (a cat’s meow), and they were to count the number of target 
sounds they heard and report the number at the end of each block of trials.  Cortical 
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responses to only the non-target consonant and dissonant chords were considered for 
analysis. 

 

Subject Sex Age Handedness Hemisphere 
Coverage Hospital 

S1 M 24 Right Left CPMC 

S2 F 49 Right Left CPMC 

S3 F 38 Right Left Stanford 

S4 M 47 Right Right CPMC 

S5 M 25 Right Right Stanford 

S6 M 22 Right Right Stanford 

S7 M 68 Right Right Stanford 

S8 F 65 Right Right Stanford 
 
Table 1. ECoG Subjects. F – Female, M - Male, CPMC – California Pacific Medical Center. 
 

 
 
Figure 1. A. Electrode coverage of ECoG subjects; spatiotemporal responses to chord 
stimuli in subjects S1 and S4. Electrodes with significant activity (p<0.05 after FDR multiple 
comparison correction, ≥100ms in duration) in response to chord stimuli are denoted in green. 
Non-STG electrodes with significant activity (1 each in subjects S1, S5 and S7) are denoted in 
black with a green border. Event-related spectral perturbations (ERSPs) are shown locked to 
stimulus onset for the boxed electrodes in subjects S1 (LH coverage) and S4 (RH coverage). 
Color scale represents statistically significant changes in power compared to a bootstrapped 



	  
	  

8	  

surrogate distribution. B. Chord types used in the experimental design. From L to R: an 
example of a consonant chord, a dissonant type I chord containing a major 7th interval, and a 
dissonant type II chord containing a minor 2nd interval. 
 
 

The consonant and dissonant chords were created in piano timbre using Sibelius 6 
software (Avid Technology, Inc.) and digitized using Adobe Soundbooth software with a 
sampling rate of 44.1kHz and 16-bit precision. All consonant chords were root position 
major triads built on each of twelve notes (C4 to B4), based on the Western classical 
theory of harmony. Each consonant chord contained a perfect 5th interval between the 
bottom and top notes. Two dissonant chords were created from each consonant chord by 
either shifting the bottom note down to form a major 7th interval with the top note 
(dissonant I), or up to form a minor 2nd interval with the middle note (dissonant II) 
(Figure 1B). We used chords in piano timbre as greater activation of bilateral STG has 
been observed during the perception of harmonic tone complexes in comparison to pure 
tones (Hall et al. 2002). Additionally, chords in piano timbre have consistently been used 
in numerous studies involving the perception of consonance and dissonance (Blood et al. 
1999; Peretz et al. 2001; Minati et al. 2009; Regnault et al. 2001; Marin et al. 2015), and 
have been shown to elicit more incremental pleasant/unpleasant ratings than chords in 
other timbres, such as organ (Blood et al. 1999). 

 
All stimuli were normalized in sound intensity, lasted approximately 700ms, and 

were presented with a jittered inter-stimulus interval (ISI) of 1.0s ± 200ms (random 
jitter). Equal numbers of consonant and dissonant chords were presented, and target 
sounds made up approximately 12.5% of the total stimuli. For subject S1, one block of 
consonant chords was presented first, followed by one block of dissonant chords. Each 
block contained 48 stimulus presentations. For subjects S4-S7, both stimuli were 
presented in pseudo-random order in two blocks. For subjects S2, S3 and S8, four blocks 
of stimuli were presented in the following order: one block of all consonant chords, one 
block of all dissonant chords, and two blocks of both stimuli in pseudo-random order. 
Consequently, subjects S2, S3 and S8 had twice as many trials as the other subjects.  

 
All subjects were presented with the stimuli using EPrime Software (Psychology 

Software Tools, Inc.) on a Dell Precision M4600 laptop (Dell, Inc.) with two speakers 
placed in front of them. The speakers were fed directly into the recording system in order 
to record both stimulus presentation and electrophysiological signals simultaneously. 

 
Data Acquisition 
 

For subjects at Stanford Medical Center, subdural electrophysiological signals and 
peripheral auditory channels were acquired using a Tucker Davis Technologies recording 
system with a 256-channel amplifier and Z-series digital signal processing board. 
Electrophysiological signals were recorded at a sampling rate of 1526Hz with a selected 
subdural electrode as initial reference, and peripheral auditory channels were recorded at 
a sampling rate of 24.4kHz. For subjects at California Pacific Medical Center, subdural 
electrophysiological signals and peripheral auditory channels were acquired using a 
Nihon Kohden recording system with a 128-channel JE-120A amplifier at a sampling rate 
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of 1kHz. Electrophysiological signals were recorded with two selected subdural 
electrodes as reference. 
 
Data Preprocessing 
 

The raw electrophysiological signals were manually inspected by a neurologist in 
order to identify and remove pathological channels and epochs of ictal activity that had 
spread to other non-epileptic channels. Channels with other abnormal signals were also 
removed. All remaining channels were notch filtered at 60Hz, band-pass filtered from 1 
to 200 Hz and re-referenced to a common averaged reference defined as the mean of all 
remaining channels. Speaker channels that were recorded simultaneously with 
electrophysiological activity were manually inspected to mark the onsets and offsets of 
the stimuli. Trials that overlapped with ictal activity or contained abnormal signals were 
removed. All analyses were done using custom scripts written in MATLAB (The 
MathWorks, Inc.). 

 
Data Analysis 
 

Event Related Spectral Perturbations (ERSPs) were created using a similar 
method as employed by Flinker et al. (Flinker et al. 2011). A time-frequency 
representation of the ECoG signal was constructed by computing its power series for 
multiple spectral bands defined by using center frequencies logarithmically spaced from 
1-200 Hz with a fractional bandwidth of 20% of the center frequency. To compute the 
power series for each spectral band, the ECoG signal was transformed into the frequency 
domain using an N-point Fast Fourier Transform (FFT), multiplied with a frequency 
domain Gaussian filter, and then transformed back into the time domain using an inverse 
FFT. A Hilbert transform was applied to each signal, and the power estimate was 
obtained by squaring its absolute value. Event-related power averages (from 0ms to 
750ms of stimulus onset) were calculated, baseline corrected (within -200ms to 0ms pre-
stimulus onset) and assessed for statistical significance. 

 
Statistical significance was assessed using a similar bootstrapping method as 

employed by Canolty et al. (Canolty et al. 2007). A normal distribution of 1000 surrogate 
ERSPs was created by randomly generating time stamps (equal to the number of actual 
stimuli onsets) for each ERSP across the entire task, excluding periods of ictal activity or 
other artifacts. Each time-frequency point in the real ERSP was then expressed using a z-
score based on the mean and standard deviation of the surrogate distribution of ERSPs. A 
False Discovery Rate (FDR) multiple comparisons correction of q = 0.05 was applied 
(Benjamini & Hochberg 1995). 

 
Cortical sites with ERSPs showing significant activity that extended for either less 

than 100ms in duration and/or were not located within the STG were excluded from 
analysis. Statistical differences between the ERSPs of consonant and dissonant chords 
were calculated using a non-parametric Wilcoxon rank-sum test with FDR multiple 
comparisons correction at q=0.05. For each trial, the average raw power value between 
75.9-144.5 Hz and a fixed temporal duration determined by the onset and offset of 
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significant activity in the ERSP was computed, and the average power values for 
consonant chord stimuli were tested against those for dissonant chord stimuli. Statistical 
differences between the ERSPs of dissonant I chords and dissonant II chords were 
calculated in a similar manner. Statistical differences between averaged ERSPs were 
calculated by computing the average raw power value between 75.9-144.5 Hz and 75-
200ms post-stimulus onset. 

 
 Single-trial γhigh traces were plotted by first band-pass filtering the entire ECoG 
signal from 70-150 Hz. Next, event-related epochs were calculated, baseline corrected 
(within -200 to 0ms pre-stimulus onset) and expressed as the percent change compared to 
baseline power. 
 

Spatial relationships between cortical sites exhibiting differential responses to 
consonant and dissonant chords were assessed by superimposing all electrodes located 
within the STG for all 8 subjects onto a standardized MNI brain and running a post-hoc 
Kruskal-Wallis one-way analysis of variance on the standardized coordinates of 
significantly activated electrodes in the y- and z-dimensions within each hemisphere. 

 
Behavioral Study 
 

Ten healthy subjects (6 males, 4 females; mean age: 27.4 years, SD: 2.72 years) 
participated in a separate behavioral study presented using EPrime Software (Psychology 
Software Tools, Inc.) on a Dell Precision M4600 laptop (Dell, Inc.). The same consonant 
and dissonant chords as described above were played in pseudo-random order, each 
lasting approximately 700ms. After hearing each chord, subjects were instructed to enter 
a rating between -3 and 3 on the keyboard, representing the range from “very unpleasant” 
to “very pleasant”. At least 4 repetitions of each chord were played, and subjects were 
asked to use the full rating scale. All subjects gave informed written and oral consent to 
participate in the study in accordance with the Declaration of Helsinki, and the study was 
approved by the University of California, Berkeley Committee for Protection of Human 
Subjects. 

 
Roughness Calculation 
 

To quantify the degree of roughness/sensory dissonance in the stimuli, each chord 
was analyzed using an algorithm developed by MacCallum and Eibond (MacCallum & 
Einbond 2008) in Max/MSP which is based on Parncutt’s dissonance calculation model 
(Parncutt 1989; Parncutt & Strasburger 1994). A roughness value was generated for each 
chord on a scale from 0 to 7 with increasing values representing increasing degrees of 
roughness. A Kruskal-Wallis one-way analysis of variance was run on the roughness 
values, and differences between chord types were assessed using a post-hoc Wilcoxon 
rank-sum test with Bonferroni correction for multiple comparisons. Correlation analyses 
between roughness measures and the mean normalized change in γhigh power between 
100-200ms post-stimulus onset for each chord were performed using Spearman’s rank 
correlation. 

______________________________  
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Results 
 

A total of 32 electrodes (3-5 electrodes per subject) showed at least 100ms of 
significant activity in the high gamma (γhigh, 70-150 Hz) frequency range compared to 
baseline in response to the chord stimuli (p<0.05 after False Discovery Rate (FDR) 
multiple comparison correction) (Figure 1A). Of the 32 electrodes, 29 (91%) were 
located within the superior temporal gyrus (STG). Significant activity was observed as 
early as 50ms post-stimulus onset, and varied in temporal duration across electrodes 
(temporal onsets ranged between 50-125ms post-stimulus onset, while offsets ranged 
between 150-350ms post-stimulus onset).  

 

 
 
Figure 2. Spatial distribution of electrodes with differential responses to consonant and 
dissonant chords in left and right lateral STG. Electrodes located within the STG for all 
subjects are shown superimposed on an MNI brain for each hemisphere. Gray electrodes show 
minimal or no significant γhigh (70-150 Hz) activity in response to any chord type; blue electrodes 
show no difference in γhigh activity between consonant and dissonant chords (Wilcoxon rank-sum, 
p>0.05); red electrodes show increased γhigh activity in response to dissonant chords than 
consonant chords (Wilcoxon rank-sum, p<0.05); yellow electrodes with a red border show greater 
γhigh activity in response to dissonant type II chords than dissonant type I chords (Wilcoxon rank-
sum, p<0.05). Significant electrodes in both Dissonant > Consonant and Dissonant II > Dissonant 
I conditions after FDR multiple comparisons correction of q=0.05 are marked with a *, and 
significant electrodes in only the Dissonant > Consonant condition are marked with a #. Onset 
and duration of FDR-corrected significant increases in γhigh activity vary per electrode and is 
detailed in Table 2. Each shape denotes an individual subject. P – posterior, A – anterior. 
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Analysis of significant STG sites in both hemispheres revealed two response 
types: one that showed increased γhigh activity in response to dissonant chords than 
consonant chords (electrodes denoted in red; Wilcoxon rank-sum p<0.05 for each 
electrode), and one that showed no difference in γhigh activity between chord types 
(electrodes denoted in blue; Wilcoxon rank-sum p>0.05 for each electrode) (Figure 2). 
Of the 16 electrodes denoted in red, 14 remained significant after FDR correction for 
multiple comparisons. For subjects S2, S3 and S8, similar cortical responses to consonant 
and dissonant chords were observed irrespective of the order of stimuli presented. We 
also observed a clear spatial organization in the right STG, where cortical sites exhibiting 
greater γhigh activity in response to dissonant chords (red) were located anterior to sites 
with no difference in γhigh activity (blue). A significant effect of electrode position in the 
y-dimension (χ2(1)=8.6, p=0.003) and in the z-dimension (χ2(1)=7.59, p=0.006) of MNI 
space was observed. This spatial distinction was not observed in the left STG (y-
dimension: χ2(1)=0.18, p=0.67; z-dimension: χ2(1)=0.41, p=0.52). 
 

Within each hemisphere, Event-Related Spectral Perturbations (ERSPs) showing 
the intensity and duration of significant γhigh activity were averaged over cortical sites for 
each response type (LH: red – 6 sites, blue – 4 sites; RH: red – 10 sites, blue – 8 sites; 
Figure 3). In both hemispheres, averaged ERSPs for cortical sites denoted in red showed 
a significant increase in γhigh activity in response to dissonant chords compared to 
consonant chords between 75-200ms post-stimulus onset (Wilcoxon rank-sum, p<0.001; 
Figure 3A). Averaged ERSPs for cortical sites denoted in blue showed no significant 
difference between chord types (Wilcoxon rank-sum, p>0.05). Single trial analyses also 
showed a similar effect, with responses consistently observed across individual trials. 
(See Figures 4 and 5 where ERSPs and single trial activity of one example electrode per 
response type are shown for each subject, and Table 2 where the duration of significant 
increase in γhigh activity are provided for each electrode denoted in red.) Note that 1 out of 
the 32 electrodes investigated showed γhigh responses that were significantly greater for 
consonant chords than dissonant chords (Figure 5, S7, marked in black). 

 
Averaged ERSPs and single trials locked to the onset of dissonant type I stimuli 

were contrasted against those locked to the onset of dissonant type II stimuli to assess 
response sensitivity towards the two types of dissonant chords (Figure 3B). In both 
hemispheres, a subset of cortical sites denoted in red (LH: 4 out of 6 electrodes, 66%; 
RH: 6 out of 10 electrodes, 60%) showed a statistically significant increase in γhigh 
activity in response to dissonant II chords as compared to dissonant I chords between 75-
200ms post-stimulus onset (Wilcoxon rank-sum, p<0.05; See Table 2 for respective 
durations of individual electrodes). These electrodes are denoted in yellow with a red 
border in Figure 2. Of these 10 electrodes, 7 remained significant after FDR correction 
for multiple comparisons. Averaged ERSPs for cortical sites denoted in blue showed no 
difference between chord types, with single trials exhibiting a similar effect. Note that 1 
out of the 16 electrodes denoted in red showed γhigh responses that were significantly 
greater for dissonant I chords than dissonant II chords (Table 2, S2). 
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Figure 3. Averaged ERSPs and Single Trial γhigh responses to consonant vs. dissonant 
chords (A) and dissonant I vs. dissonant II chords (B) for electrodes denoted in blue (I) and 
red (II) in the left hemisphere, and electrodes denoted in blue (III) and red (IV) in the right 
hemisphere. ERSPs and single trial responses are shown between -100ms and 750ms of stimulus 
onset. ERSPs are expressed in terms of a z-score normalized between -1 and 1 across all subjects. 
Single trial responses are expressed in terms of the % change in γhigh activity compared to 
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baseline activity (-200ms to 0ms pre-stimulus onset) normalized between -1 and 1 across all 
subjects. Number of electrodes per group: IA, IB, IIB – 4; IIA, IVB – 6; IIIA, IIIB – 8; IVA – 10. 
Averaged ERSPs showing increased γhigh activity between 75-200ms post-stimulus onset for 
dissonant chords compared to consonant chords as well as for dissonant type II chords compared 
to dissonant type I chords are boxed. * - p<0.05 , *** - p<0.001 (Wilcoxon rank-sum). 

 
 

 
 
Figure 4. ERSPs and Single Trial γhigh responses to consonant vs. dissonant chords for one 
example electrode per response type (marked A and B respectively) for each subject with 
left hemisphere electrode coverage. All electrodes with significant γhigh activity are included in 
individual subject brain images (left). 
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Figure 5. ERSPs and Single Trial γhigh responses to consonant vs. dissonant chords for one 
example electrode per response type (marked A and B respectively) for each subject with 
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right hemisphere electrode coverage. All electrodes with significant γhigh activity are included 
in individual subject brain images (left). The electrode marked ‘A’ in subject S7 met the 
statistical requirement to be categorized in the blue response type group, but was not included in 
the analysis because significant activation was less than 100ms. 
 
 

 Subject Electrode Duration of significant γhigh activity (ms) 
Dissonant > Consonant  Dissonant II > Dissonant I 

L
ef

t 
H

em
is

ph
er

e 

S1 B 75-225 150-225 
Other 75-200 Not Significant 

S2 B 150-250 Dissonant I > Dissonant II 

S3 B 75-250 100-250 
Other (L) 50-200 130-200 

R
ig

ht
 

H
em

is
ph

er
e 

S4 B 50-175 Not Significant 
Other 50-130 Not Significant 

S5 
B 50-250 Not Significant 

Other (L) 85-150 Not Significant 
Other (R) 75-175 Not Significant 

S6 B 100-350 125-200 

S7 B 75-175 75-175 
Other 75-225 125-175 

S8 B 125-225 150-225 
 
Table 2. Duration of increase in γhigh activity for 1) dissonant chords vs. consonant chords 
and 2) dissonant II chords vs. dissonant I chords for significant STG electrodes denoted in 
red and marked with a * or # in Figure 2 (Wilcoxon rank-sum with FDR correction of 
q=0.05). For each subject, electrodes marked ‘B’ in Figures 4 and 5 are listed first, followed by 
the other electrodes (ordered from L to R for subjects S3 and S5). 
 
 

In the behavioral study, consonant chords were rated as pleasant (average rating 
of 1.40 ± 0.16) and dissonant chords were rated as unpleasant (average rating of -0.92 ± 
0.33), with a significant difference in perceived valence between the two chord types 
(p<0.001) (Figure 6A). While dissonant I and dissonant II chords were both rated as 
unpleasant (-0.85 ± 0.32 and -0.98 ± 0.36 respectively), no significant difference in 
perceived valence between the two dissonant chord types was observed. 

 
Roughness measures for each stimulus are shown in Figure 6B. Significant 

differences in roughness measures between groups were observed (χ2(2)=26.06, 
p<0.000003), with both dissonant I and II chords exhibiting a greater degree of roughness 
than consonant chords (p<0.001, Wilcoxon rank-sum with Bonferroni correction) and 
dissonant II chords generating a greater degree of roughness than dissonant I chords 
(p<0.01, Wilcoxon rank-sum with Bonferroni correction). Additionally, changes in γhigh 
power in response to the stimuli were positively correlated with degree of roughness in 
both hemispheres (RH: r = 0.43, p<0.01; LH: r = 0.41, p<0.05, Spearman rank 
correlation) (Figure 6C). 
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Figure 6. A. Pleasantness ratings for consonant, dissonant, dissonant I and dissonant II 
chords as indicated by 10 subjects. Points in gray denote individual subject ratings; points in 
black denote mean subject ratings. Error bars indicate standard error of the mean ratings. *** - 
p<0.001 (paired t-test). B. Roughness measures for consonant, dissonant I and dissonant II 
chords. Points in gray denote individual chords. Points in black denote mean roughness values. 
Error bars indicate standard error of the mean roughness value. ** - p<0.01, *** - p<0.001 
(Wilcoxon rank-sum with Bonferroni correction). C. Correlations between normalized changes 
in γhigh power and stimuli roughness in both hemispheres. Points in gray denote the mean 
normalized change in γhigh power for each chord and its corresponding roughness value.  

 
______________________________ 

 
 

Discussion 
 

We recorded electrocorticographic (ECoG) activity directly from the lateral 
surface of the temporal lobe of 8 subjects to investigate the fine-grained spatial and 
temporal dynamics of consonance and dissonance perception within the superior 
temporal gyrus (STG). In all subjects, we observed cortical sites that were more 
responsive towards dissonant chords. As cortical γhigh power has been shown to correlate 
with neuronal firing (Ray et al. 2008), our observations are consistent with 
electrophysiological depth recordings in the auditory cortex of monkeys and humans, 
where groups of neuronal populations in primary auditory cortex exhibited greater 



	  
	  

18	  

oscillatory phase-locked activity in response to dissonant chords than consonant chords 
(Fishman et al. 2001).  
 

Fishman et al. proposed that the increased cortical activity towards dissonant 
chords reflects a physiological response to the phenomenon of beats or roughness, a 
sensory property theorized to be associated with dissonance (Helmholtz 1885). When two 
simultaneous components of a complex sound have a difference frequency less than the 
critical bandwidth (10-20% of the center frequency) (Zwicker et al. 1957), amplitude 
fluctuations in the composite waveform envelope are produced which are perceived as 
either beats or roughness (Plomp & Levelt 1965; E Terhardt 1974; Ernst Terhardt 1974; 
Terhardt 1978). The minor 2nd and major 7th1 intervals in our dissonant chords satisfy this 
criterion, while all three intervals (perfect 5th, major 3rd and minor 3rd respectively) in our 
consonant chords do not. Additionally, the observed increase in γhigh activity in response 
to dissonant chords occurred ~75ms post-stimulus onset, a timeframe that is traditionally 
regarded to involve sensory processing of sound features (Picton 2010). Given that i) the 
subjects were not informed of the valenced properties of the musical stimuli, ii) they were 
not asked to make a valence judgment on the stimuli, and iii) their attention was directed 
towards a target non-musical chord throughout the study, we hypothesize that the 
increased γhigh activity may reflect heightened neuronal firing in response to the 
beating/roughness that is generated by the minor 2nd and major 7th intervals in our 
dissonant stimuli.  

 
Furthermore, 60-66% of these dissonant-sensitive cortical sites showed 

significantly increased γhigh activity in response to dissonant II chords containing the 
minor 2nd interval, consistent with Fishman et al.’s finding that the peak spectral 
amplitude of neural activity in both monkeys and humans was higher in response to 
minor 2nd intervals than major 7th intervals (Fishman et al. 2001). This is notably in 
contrast with our observation that there was no significant difference in the level of 
perceived unpleasantness between dissonant I and dissonant II chords. This suggests that 
γhigh activity in response to dissonant chords within the previously identified subset of 
cortical sites is not strongly modulated by perceived valence. The fact that a minor 2nd 
interval is ranked higher in comparative roughness than a major 7th interval (Broadhouse 
1881) and that positive correlations were found between changes in γhigh power and the 
degree of roughness of our stimuli further support the notion that γhigh activity in response 
to a given chord may instead be modulated by the acoustical interactions between the 
component notes that contribute to their roughness. However, as our stimuli were 
restricted to three chord types due to experimental time limitations in the epilepsy ICU 
environment, further studies are needed to investigate how cortical γhigh power varies with 
interval type, degree of roughness and perceived valence across a wider spectrum of 
intervals.    

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  In a complex-tone major 7th interval, the difference frequency between the interval’s 
fundamental tones is larger than the critical bandwidth. However, the second harmonic of 
the bottom note forms a minor 2nd interval with the first harmonic/fundamental frequency 
of the top note. The difference frequency between these two harmonics is smaller than 
the critical bandwidth, thereby contributing to the interval’s perceived roughness. 
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Our findings also showed a distinct spatial relationship between cortical responses 

in the right STG, where cortical sites that were more responsive to dissonant chords were 
located anterior to sites that were not specific to chord type. This is consistent with recent 
literature describing a similar spatial organization for pitch processing in the human 
auditory cortex. Several fMRI and EEG studies have demonstrated that anterior and 
lateral regions of the auditory cortex are sensitive to attributes of pitch such as pitch 
chroma (Warren et al. 2003; Briley et al. 2013) as well as pitch salience and sound 
complexity (Patterson et al. 2002; Penagos et al. 2004; Schönwiesner & Zatorre 2008; 
Norman-Haignere et al. 2013). Since consonance and dissonance are essentially percepts 
of simultaneous pitch combinations, we postulate that the right auditory cortex is 
spatially organized for the processing of pitch relationships, with anterior regions 
exhibiting increased sensitivity towards dissonant intervals.  

 
As electrode coverage in ECoG recordings is typically limited to a single 

hemisphere per subject, it can be challenging to investigate cognitive effects involving 
hemispheric asymmetries. In our study, spatial organization was evaluated within each 
hemisphere by superimposing all electrodes displaying significant γhigh activity across 
subjects onto a standardized MNI brain and localizing them using a common coordinate 
reference. We observed that the spatial distinction between cortical sites exhibiting 
differential responses to consonant and dissonant chords was significant in the right 
hemisphere but not in the left. While this observation is consistent with multiple studies 
on brain networks involving music perception that show a dominance of the right over 
the left hemisphere (Peretz & Zatorre 2005), it is possible that the lack of spatial 
organization in the left hemisphere may be due to inter-subject differences in regional 
cytoarchitecture, as well as the limited number of patients presented in this study with 
electrode coverage in the left hemisphere (n=3). Furthermore, cortical responses with 
significant γhigh activity were limited to 3-5 sites per subject at an inter-electrode spacing 
of 1 cm. Since differences in functional responses between phoneme and word stimuli 
have been reported within 4 mm of cortex (Flinker et al. 2011), it would be interesting to 
compare our current observations with a finer-grained spatial map of cortical responses 
sampled at a sub-centimeter resolution within the STG.  

  
In conclusion, our study provides evidence for differential processing of 

consonance and dissonance within bilateral STG. Cortical responses were spatially 
organized in the right hemisphere, with regions exhibiting increased sensitivity towards 
dissonance located anterior to non-sensitive regions. These findings demonstrate the 
ability of ECoG to track fundamental aspects of music perception with high spatial and 
temporal precision, and provide a platform technology for future studies involving 
higher-level aspects of music cognition. 

 
______________________________ 
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Chapter 3 
 
 
Neural Representations of Auditory Target Identification in the Ventral 
Temporal Cortex  
 
 
Abstract 
 
 It is well established that the ventral temporal cortex (VTC) is implicated in 
cognitive aspects of visual recognition and categorization. Additionally, increased 
attention to visual stimuli in the form of target detection has been shown to modulate 
neural representations of object identification in the high gamma (γhigh, 70-150 Hz) 
frequency band. While there is evidence demonstrating the involvement of the VTC in 
the semantic processing of non-verbal auditory information, the spatiotemporal dynamics 
of auditory stimulus identification and its modulation through target detection within the 
VTC remains unknown. Using electrocorticography (ECoG), we recorded 
electrophysiological signals directly from the ventral surface of either the left or right 
temporal lobe of 4 patients (LH: n=1; RH: n=3) undergoing neurosurgical treatment as 
they performed an auditory detection task. Analyses of ECoG activity in the high gamma 
(γhigh, 70-150 Hz) frequency range revealed significant γhigh responses to the target stimuli 
(cat meows) in middle regions of the right VTC including the fusiform gyrus and the 
inferior temporal gyrus. While strong responses were observed in 1 subject with RH 
coverage, less robust responses were detected in 2 other subjects with RH coverage, and 
no significant γhigh activity was observed in the remaining subject with LH coverage. The 
onset latency of significant γhigh activity in the VTC occurred at approximately 100-
150ms post-stimulus onset, which followed that in auditory cortices (approximately 50-
75ms post-stimulus onset). No significant activity in response to the non-target stimuli 
(consonant and dissonant musical chords) was observed across all subjects. Additionally, 
the cortical sites that were active to the target stimuli were distinct from sites that were 
active to visual stimulus presentation (fixation cross). The implications of these results 
and the limitations of this study are discussed.   
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Introduction 
 
 The ventral temporal cortex (VTC) is commonly associated with higher-level 
visual cognitive functions such as visual recognition and categorization (Grill-Spector & 
Weiner 2014). Specific regions within the human VTC have been shown to respond 
selectively to ecologically relevant categories, such as faces (Allison et al. 1994; 
Kanwisher et al. 1997; Tsao et al. 2006; Weiner & Grill-Spector 2010), places (Epstein & 
Kanwisher 1998; Nasr et al. 2011), body parts (Peelen & Downing 2007; Weiner & Grill-
Spector 2010), words (Cohen et al. 2000) and numbers (Shum et al. 2013). Several 
functional imaging studies have demonstrated that the VTC is also active during tactile 
object recognition (Pietrini et al. 2004) and audiovisual object matching (Adams & Janata 
2002; Amedi et al. 2005; Hocking & Price 2009), implicating possible multimodal 
categorization functionalities. The question then arises: to what extent is the VTC 
implicated in higher-level auditory processes? Electrophysiological investigations report 
the existence of a basal temporal language area in anterior portions of the left VTC 
(Lüders et al. 1991; Abou-Khalil et al. 1996), which is linked to speech comprehension 
(Sharp et al. 2004; Halai et al. 2015). Additionally, this area and its corresponding region 
in the right hemisphere are also recruited during the semantic processing of nonverbal 
auditory stimuli such as environmental sounds (Visser & Lambon Ralph 2011), 
suggesting its importance for the recognition and identification of auditory stimuli.  
 
 The neural mechanisms involved in auditory target detection have been studied 
extensively since the discovery of the P3 component within the human evoked potential 
(Sutton et al. 1967). Functional imaging studies have demonstrated that the attentive 
processing of target auditory stimuli implicates a wide range of cortical areas including 
sensory and non-sensory cortices (Kiehl et al. 2001), but the involvement of the VTC has 
yet to be shown. A recent study using electrocorticography (ECoG) revealed that target 
detection modulated visual recognition signals in the high gamma (γhigh, 70-150 Hz) 
frequency band within the fusiform gyrus and the inferior temporal gyrus (Bansal et al. 
2014). However, whether this effect extends into the auditory domain remains unknown. 
In order to determine if the VTC exhibits neural signatures of auditory object recognition 
and are modulated by target detection, we recorded ECoG signals on the ventral surface 
of the left and right temporal lobes in 4 subjects as they performed an auditory target 
detection task. 
 

______________________________ 
 
 
Methods 
 
Subjects 
 

The same data sets from subjects S6, S7 and S8 from Chapter 2 are used in this 
study. Figure 7 shows the electrode coverage within the right ventral temporal lobe of 
these subjects. An additional data set was collected from subject S9 with electrode 



	  
	  

22	  

coverage in the left VTC, but was not included in the study in Chapter 2 as the electrodes 
located within the superior temporal gyrus did not show significant activations to any of 
the stimuli presented. The electrode locations were superimposed onto a standardized 
MNI brain, as an MRI scan was not performed for this subject. 

 

 
 
Figure 7. Electrode coverage within the right ventral temporal lobe in subjects S6, S7 and S8 
(from Chapter 2) and in the left ventral temporal lobe for subject S9. The electrodes locations for 
S9 were superimposed onto a standardized MNI brain. 
 
 
Task 
 
 The task setup is previously described in Chapter 2. A fixation cross was 
displayed on screen throughout the presentation of the non-target musical chords and cat 
target meows. A separate block of 96 trials was also recorded where the fixation cross 
appeared on screen between 800-1200ms (jittered) before the onset of a chord. 
 
Data Acquisition, Preprocessing and Analysis 
 
 All aspects of data analysis are previously described in Chapter 2. ERSPs and 
single trial γhigh traces time locked to the onset of the target stimuli (the cat meows) and 
the fixation crosses were generated.  
 

______________________________ 
 
 
Results 
 

Figure 8 shows the ERSPs of cortical responses in the VTC of subject S7 time-
locked to the onset of the fixation crosses (top), the target stimuli (middle), and the non-
target chords (bottom). Three electrodes located within the posterior region of VTC 



	  
	  

23	  

displayed strong significant γhigh responses to the fixation cross, while 2 electrodes 
located within the middle region of VTC displayed strong significant γhigh responses to 
the target stimuli. None of the VTC electrodes were significantly active during the 
presentation of the non-target musical chords. All electrodes that were responsive to the 
fixation crosses were distinct from those that were responsive to the target stimuli.  
 

 
 
Figure 8. ERSPs of VTC electrodes time-locked to the onset of the fixation cross (top), target 
stimuli (meows, middle) and non-target stimuli (chords, bottom). Electrodes with significant γhigh 
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responses to the fixation cross are denoted in yellow; electrodes with significant γhigh responses to 
the target stimuli are denoted in red.  
 
 
  Figure 9 illustrates the distribution of electrodes with significant responses to 
each stimulus type in subjects S6, S8 and S9. VTC electrodes in subject S6 had no 
significant γhigh responses to the crosses and the non-target stimuli, but 2 electrodes were 
observed to have significant but less robust activations to the target stimuli. For subject 
S8, 3 electrodes were weakly active to the crosses, and 2 electrodes were weakly active to 
the target stimuli. For subject S9, robust responses were observed to the crosses, but no 
significant activity was detected for the target stimuli. No significant responses were 
detected to the non-target stimuli across all subjects. 
 

 
Figure 9. Spatial distribution of electrodes with significant γhigh responses to the cross, target 
stimuli and non-target stimuli in subjects S6, S8 and S9. 
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For subject S7, the onset latency of significant γhigh responses to the target stimuli 
was observed to be approximately 100ms and 150ms post-stimulus onset respectively in 
the 2 electrodes with the strongest responses. In contrast, the onset latencies of significant 
γhigh responses to both target and non-target stimuli in the superior temporal gyrus were 
observed to be between approximately 50-75ms post-stimulus onset, in agreement with 
the onset latencies previously observed in Chapter 2 (Figure 10). 
 

 
 
Figure 10. ERSPs and single trial γhigh traces time-locked to the onset of target and non-target 
stimuli in a representative electrode located in the superior temporal gyrus (STG, left) and in the 
ventral temporal cortex (VTC, right). Onset latency of significant γhigh activity is approximately 
75ms for both target and non-target stimuli in the STG, and 150ms for target stimuli in the VTC.  
  

______________________________ 
 
 
Discussion 
 
 Using ECoG, we recorded cortical responses directly from the lateral surface of 
the right ventral temporal lobe of 3 subjects to establish whether auditory stimulus 
recognition in the VTC extends beyond the visual domain and is modulated by target 
detection. In all subjects we observed a small number of cortical sites that showed 
significant γhigh responses only to the target stimuli consisting of cat meows. Strong 
responses were recorded in 1 subject, but less robust responses were detected in 2 other 
subjects. These cortical sites seem to be distinct from sites that are active in response to 
symbols – in this case the fixation cross could be classified as one, and has been shown to 
activate parts of the VTC (Hermes et al. 2015). The onset latency of γhigh activity within 
the VTC is also comparable to the latencies observed in ECoG studies involving visual 
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object recognition (Bansal et al. 2014). Importantly, the VTC was found to be quiescent 
during the presentation of the non-target stimuli consisting of consonant and dissonant 
musical chords, even though they generated robust responses in the auditory cortex.  
 
 There are several limitations to this study. First, it is difficult to tease apart the 
cortical mechanisms underlying the observed γhigh activity in response to the target 
stimuli. The γhigh responses could reflect either the semantic identification of the stimulus 
as the sound a cat makes, the recognition of a target for further cognitive processing 
(subjects were asked to count the number of target stimuli they heard), or a combination 
of both. As the cat meows were presented only in the condition where they served as 
targets, it is currently unknown whether they would still elicit a significant response in 
the VTC as non-targets. Additionally, there is a possibility that the γhigh responses might 
be a reflection of evoked visual imagery of the animal, as visual imagery has been shown 
to activate the VTC (Ishai et al. 2000; O’Craven & Kanwisher 2000) albeit only for faces, 
places houses and chairs (imagery of animals was not investigated). Hence, a follow-up 
study involving a series of animal sounds as non-targets and musical chords as targets 
might provide more clarity to the significance of the observed γhigh activity. 
 
  Second, robust significant γhigh responses to the target stimuli were recorded in 
only 1 subject, while 2 subjects showed less robust responses and 1 showed no significant 
responses. This could be due to individual differences in regional cytoarchitecture, or the 
lack of a sufficient number of subjects in each hemisphere (RH: n=3, LH: n=1). Cortical 
sites that showed significant γhigh activity in response to the target stimuli in subjects S6-
S8 seem to be located in the midline between anterior and posterior regions of the right 
VTC, but more data must be collected in both hemispheres before a conclusive 
postulation about the spatial organization of cortical responses to the target stimuli can be 
made.  
 

Third, while significant γhigh activity in the auditory cortex is observed to precede 
that in the VTC, additional analyses must be performed to investigate these temporal 
differences. Specifically, granger causality analyses can be done to establish a directional 
relationship between auditory information that is processed in sensory cortices and in 
non-sensory cortices implicated in gestalt perception.  

 
In sum, the above study demonstrates preliminary evidence of neural 

representations of auditory target identification in the VTC, providing additional support 
to an increasing number of studies that implicate the VTC in post-sensory semantic 
processing of objects across multiple domains.  
 

______________________________ 
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Chapter 4 
 
 
Task-Specific Electrophysiological Differences between Pitch Direction 
Judgment and Consonance/Dissonance Discrimination  
 
 
Abstract 
 
 The processing of sequential pitch changes (i.e. melodic contour) and 
simultaneous pitch combinations (i.e. harmony, consonance and dissonance) are two 
important but distinct features that often occur concurrently during music perception. The 
neural correlates of each feature have been studied extensively over the past quarter of a 
century, but how these cortical mechanisms are modulated by selective attention during 
the simultaneous presentation of both features remain unclear. We present a novel 
experimental design where: 1) the same stimuli and trials were used in each task, and 2) 
changes in both pitch and consonance/dissonance are present in each trial. In one task, 
subjects were cued to discriminate the direction of pitch change between two chord pairs 
(Pitch Task, PT); in the other task, subjects were asked to evaluate the consonant or 
dissonant properties of the same chord pairs (Consonance/Dissonance Task, CDT). We 
recorded behavioral and EEG data from 39 subjects, and analyzed the behavioral and 
electrophysiological responses of 19 subjects who met our performance criteria of at least 
75% in both tasks. No significant differences in performance accuracy or reaction time 
were found between tasks. During the presentation of the first chord, a negative shift of 
the N1-P2 complex in the ERP was observed in CDT, and a negative component peaking 
at approximately 470ms post-stimulus onset (N470) was observed in PT. Additionally, a 
greater increase in fronto-central theta (4-8 Hz) activity was observed in CDT that 
extended into the delay period, followed by subsequent greater desynchronizations of 
beta (16-25 Hz) and gamma (30-50 Hz) activity in frontal regions. During the 
presentation of the second chord, smaller P2 and P3 amplitudes were observed in CDT, 
and greater decreases in left-lateralized central beta and alpha (8-13 Hz) activity were 
observed in PT. A significant increase in gamma activity was also observed in CDT that 
was absent in PT. In sum, our study demonstrates differential modulation of cortical 
dynamics across multiple frequency bands that may reflect the greater complexity of 
CDT compared to PT.  
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Introduction 
 
 Music perception is arguably a basic function of human cognition that engages a 
multitude of cortical networks (Peretz & Zatorre 2003; Peretz & Zatorre 2005). Central to 
music processing is the computation of two types of pitch relations: sequential pitch 
changes (i.e. melodic contour), and simultaneous pitch combinations (i.e. harmony). The 
detection of pitch differences (“same”-“different”) has been shown to implicate the 
primary auditory cortex in medial Heschl’s gyrus (Hattiangadi et al. 2005; Terao et al. 
2006; Stewart et al. 2006). The judgment of pitch direction changes (“higher”-“lower”), 
however, is assumed to be a higher order perceptual phenomenon that involves sequential 
analysis and relative pitch perception (Johnsrude et al. 2000). It is also functionally 
dissociable from pitch difference detection, as deficits in pitch direction discrimination is 
associated with impairments in non-primary auditory areas such as lateral Heschl’s gyrus 
(Johnsrude et al. 2000; Tramo et al. 2002; Tramo et al. 2005; Stewart et al. 2006).   
 
 While the processing of pitch changes mainly involves the auditory cortex, the 
perception of simultaneous pitch combinations appears to recruit numerous cortical 
structures. Specifically, consonant and dissonant intervals or chords (the perceptual 
products of pitch combinations) have been shown to activate not just the auditory cortex 
(Tramo et al. 1990; Fishman et al. 2001; Peretz et al. 2001; Brattico et al. 2003), but also 
the inferior and middle frontal gyri, inferior parietal lobule, anterior cingulate gyrus and 
premotor cortex (Foss et al. 2007; Minati et al. 2009), as well as the hippocampus 
(Wieser & Mazzola 1986), amygdala and orbitofrontal cortex (Blood et al. 1999; 
Dellacherie et al. 2009; Omigie et al. 2014). Additionally, bilateral lesions to the auditory 
cortex have been shown to disrupt the cortical computations recruited in the perception of 
consonance and dissonance (Peretz et al. 2001). Taken together, these studies 
demonstrate the causal role of the auditory cortex in both pitch direction and 
consonance/dissonance discrimination, and provide evidence of additional computations 
that are performed outside of the auditory cortex during the perception of consonance and 
dissonance.   
 
 Pitch and harmony changes are often processed simultaneously during music 
perception, as a change in harmony cannot be effected without a corresponding change in 
pitch. Consequently, the extraction of relevant information pertaining to a particular 
musical feature could be brought about through selective attention. Attention is widely 
known to modulate stimulus-induced cortical activity in the auditory domain that 
manifests not only in the generation of attention-related event-related potential (ERP) 
changes, but also frequency band-specific event-related synchronizations (ERS) or event-
related desynchronizations (ERD) in EEG recordings (Pfurtscheller & Lopes 1999). 
Hence, the goal of our study was to investigate how task requirements associated with 
selective attention to either pitch or consonance/dissonance modulate cortical responses 
to musical stimuli in the ERPs and in each of the frequency bands. We present a novel 
experimental design where identical stimuli and trials are used in two tasks: one 
involving the discrimination of pitch direction changes between two musical chords, and 
the other involving the evaluation of the consonant or dissonant properties of the same 
chord pairs. By employing identical stimuli and task structures, any observed differences 
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in electrophysiological activity between tasks would be modulated primarily by the 
differences in cortical mechanisms recruited for the selective attentional processing of 
each musical feature.  
 

______________________________ 
 
 
Methods 
 
Subjects 
 

Thirty-nine subjects (27 female; mean age: 23.0, SD: 5.2 years) participated in the 
study. All subjects were registered students at the University of California, Berkeley, and 
gave oral and written informed consent to participate. The study was approved by the 
University of California, Berkeley Committee for Protection of Human Subjects. 
 
Procedure 
 
Behavioral Questionnaire 
 

Before testing, subjects were asked to complete a questionnaire detailing their 
musical background. Specifically, they were asked to indicate the age of onset and 
duration of formal musical training, the musical instrument(s) they played and their 
current involvement in music-related activities, if any. 
 
Task and Stimuli 
 
 Subjects were informed that the experiment consisted of two separate tasks. Each 
task contained 8 blocks of 24 trials with a jittered inter-trial interval of 1.0s ± 200ms 
(random jitter). For each trial, two chords were played in succession separated by a 
700ms delay (Figure 11A). Subjects were asked to determine if the second chord was 
higher or lower in pitch compared to the first chord (Pitch Task, PT), or if the chords 
changed from i) consonant to dissonant, ii) dissonant to consonant, were iii) both 
consonant, or iv) both dissonant (Consonance/Dissonance Task, CDT). Consonant chords 
were described as “pleasant, harmonious, stable”, while dissonant chords were described 
as “unpleasant, jarring, unstable”. Subjects had 3000ms from the onset of the second 
chord to respond by pressing keyboard buttons representing individual answer options 
with their right hand. Importantly, the same trials and stimulus pairs were used in both 
tasks (Figure 11B). Tasks were presented in a counter-balanced design: 20 subjects first 
performed PT followed by CDT, while 19 subjects first performed CDT followed by PT. 
Subjects were allowed to practice each task (1 block, 24 trials) before EEG was recorded.  
 

Chords were created in piano timbre using Sibelius 6 software (Avid Technology, 
Inc.) and digitized using Adobe Soundbooth software with a sampling rate of 44.1kHz 
and 16-bit precision. Consonant chords consisted of major triads in root position, first 
inversion and second inversion built on C4, F#4 and B4 based on the Western classical 
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theory of harmony. Two dissonant chords were created from each root position consonant 
chord by either shifting the bottom note down to form a major 7th interval with the top 
note, or up to form a minor 2nd interval with the middle note. All stimuli were normalized 
in sound intensity and lasted approximately 700ms. 

 

 
Figure 11. Experimental task design. A) An identical task sequence was implemented for both 
the Pitch Task (PT) and the Consonance/Dissonance Task (CDT). B) List of 8 trial types and their 
corresponding correct responses within each task. C – Consonant; D – Dissonant. 
 
 
Data Collection 
 

Participants were tested in a sound-attenuated, dimly lit EEG recording room. 
EEG was recorded using a 64 + 8 channel BioSemi ActiveTwo amplifier sampled at 
1024Hz. Horizontal electrooculograms (EOG) were recorded at both left and right outer 
canthi, and vertical EOGs were recorded below the right eye. Reference electrodes were 
placed on both earlobes. Participants were asked to remain as relaxed as possible and 
avoid excessive blinking, jaw clenching or other movements that might produce artifacts 
in the EEG signal. They were instructed to fixate on the center of the screen throughout 
the experiment. 
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Data Preprocessing 
 

After acquisition, the EEG data was referenced to the average potential of the two 
earlobe electrodes, band-pass filtered (0.1 – 55Hz) and resampled to 256Hz. Muscle 
artifacts were removed by using a Blind-Source Separation algorithm based on Canonical 
Correlation Analysis (BSS-CCA; (De Clercq et al. 2006) that separates sources based on 
their autocorrelation. Blinks and saccades were visually inspected and removed using 
independent component analysis in EEGLAB (Delorme & Makeig 2004). All other 
artifacts were removed by automatically rejecting a trial if it contained an epoch with a 
standard deviation (SD) exceeding 5 times that of the remaining trials. This was done 
iteratively until all trials were below the SD threshold.  
 
Data Analysis 
 
Behavioral Data 
 

Statistical significance between subjects’ performance accuracies and reaction 
times in both tasks was assessed using paired sample t-tests. The Pearson product-
moment correlation coefficient was calculated between performance accuracy in each 
task and i) duration of formal musical training, as well as ii) age of onset of formal 
musical training across all subjects. 
 
Electrophysiological Data 
 

Grand-averaged event-related potentials (ERPs) time-locked to the onset of chord 
1 and chord 2 within each task were calculated by band-pass filtering the data from 1 - 30 
Hz, baseline correcting within -200ms to 0ms pre-stimulus onset and averaging across all 
correct trials and across all subjects. Incorrect trials or trials with no response were 
discarded from further analyses. Topographical ERP plots were constructed by band-pass 
filtering the EEG signal from 1-30 Hz, baseline correcting each trial within -200ms to 
0ms pre-stimulus onset and averaging across all correct trials.  
 

Statistical differences between tasks (PT, CDT) for the peak amplitudes of the N1, 
P2, N2 (chord 2 only), P3 (chord 2 only) and a negative component at 470ms (henceforth 
referred to as the N470) in both chords were each assessed using a 1-way repeated 
measures analysis of variance (ANOVA). The mean peak amplitudes for each ERP 
component were obtained by averaging the ERP waveform across a 20ms time window 
centered on the peak of each component that was visually identified in the grand-
averaged waveform sampled at the electrode with maximum peak activity (see Table 3).  

 
 

ERP Component Peak Latency Electrode Chord 1 (ms) Chord 2 (ms) 
N1 150 145 Cz 
P2 225 210 Cz 
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N2 - 280 FCz 
P3 - 370 FCz 

N470 470 470 C1 
 
Table 3. List of peak latencies for each chord and the corresponding electrode site of interest. 

 
 
Time-frequency representations (TFRs) locked to the onset of chord 1 and chord 2 

in both tasks were generated by computing its power series for multiple spectral bands 
defined by using center frequencies logarithmically spaced from 1-50 Hz with a 
fractional bandwidth of 20% of the center frequency. To compute the power series for 
each spectral band, the EEG signal was transformed into the frequency domain using an 
N-point Fast Fourier Transform (FFT), multiplied with a frequency domain Gaussian 
filter, and then transformed back into the time domain using an inverse FFT. A Hilbert 
transform was applied to each signal, and the analytical amplitude was obtained by taking 
its absolute value. Event-related power averages (from 0ms to 1400ms post-stimulus 
onset) were calculated and baseline corrected (-300ms to 0ms pre-stimulus onset). 
 

Topographical plots in the theta (4-8 Hz), alpha (8-13 Hz), beta (16-25 Hz) and 
gamma (30-50 Hz) frequency bands were similarly constructed as described above, and 
each trial was baseline corrected (-300ms to 0ms pre-stimulus onset). 

 
To assess the significance of task-modulated differences between the TFRs in 

each of the 4 frequency bands, TFR values were collapsed across each frequency band of 
interest (e.g. spectral bands ranging from 4-8 Hz were averaged to obtain the averaged 
theta band TFR) and averaged over every 50ms time bin from -300ms pre-stimulus onset 
to 1400ms post-stimulus onset. Each pair of averaged TFR values was separately 
assessed using a non-parametric cluster-based permutation procedure (Maris & 
Oostenveld 2007). An independent-samples t-value was calculated for the averaged TFR 
data point in each of the 64 channels. All t-values that were larger than a pre-determined 
threshold (the 2.5th and 97.5th quantiles) were selected and clustered on the basis of 
spatial adjacency of at least 2 channel neighbors. A cluster-level statistic was calculated 
by taking the sum of the t-values within each cluster. The significance of the cluster(s) 
was then calculated with a Monte Carlo method. Briefly, a random partition was created 
by randomly pairing data points from one condition to the other condition. Independent-
samples t-values were calculated, selected based on the above-defined threshold and 
clustered. This was repeated 1000 times, creating a permutation distribution of maximum 
cluster-level summed t-values. All cluster-level statistics from the observed data were 
compared to the resulting permutation distribution. Significant differences were 
concluded if the proportion of random partitions yielding a larger test statistic than that of 
the observed cluster (the Monte Carlo p-value) was smaller than 0.05. 

 
______________________________ 
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Results 
 
Behavioral Data 
 

Task performances for all subjects are shown in Figure 12A. Overall, 59.0% (23 
out of 39) achieved a performance accuracy of at least 75% in both tasks (boxed), and 19 
out of 23 subjects scored at least 75% for each trial type. Performance accuracies in both 
tasks were found to be positively correlated with duration of formal musical training 
(Figure 12B; PT: r = 0.34, p<0.05; CDT: r = 0.38, p<0.05). A weak negative correlation 
was trending between performance accuracy and age of onset of formal musical training, 
but did not reach significance in either task (PT: r = -0.26, p>0.1; CDT: r = -0.33, 
p>0.05). Of the 19 subjects, mean performance accuracy in PT was 93.3 ± 5.9% with a 
mean reaction time of 1064 ± 189ms for correct trials, while mean performance accuracy 
in CDT was 93.5 ± 4.4% with a mean reaction time of 1099 ± 176ms for correct trials. 
No significant difference in performance accuracy or reaction time was observed. Only 
subjects who achieved a performance accuracy of at least 75% for each trial type in both 
tasks were considered for further analyses. 

 

 
 
Figure 12. Behavioral results across tasks and correlations with musical experience. A) Subject 
performance accuracies for both PT and CDT. The horizontal and vertical dashed lines indicate a 
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75% performance accuracy. Each point denotes an individual subject. Subjects who scored at 
least a 75% performance accuracy overall in both tasks are boxed. B) Correlations between task 
performance and i) duration of formal musical training and ii) age of onset of musical training 
calculated using Pearson’s product-moment correlation.  
 
 
Electrophysiological Data 
 
ERPs 
 

ERP responses to both chords in both tasks were plotted between -200ms pre-
stimulus onset and 700ms post-stimulus onset. To investigate task-related differences in 
the modulation of ERPs, a 1-way repeated-measures ANOVA was separately run for 
each ERP component and for each chord. In chord 1, significant differences between 
tasks were observed for the N1 (F(1,18) = 5.879, p = 0.026) and P2 (F(1,18) = 7.015, p = 
0.016) peaks at electrode Cz, which corresponded to the observed negative shift that was 
reflected in the difference ERP waveform between approximately 90-300ms post-
stimulus onset. A significant difference was also observed for the N470 (F(1,18) = 
12.716, p = 0.002) peak at electrode C1 (Figure 13). In chord 2, significant differences 
between tasks were observed for the P2 (F(1,18)=7.023, p=0.016) peak at electrode Cz 
and the P3 (F(1,18)=11.089, p=0.004) peak at electrode FCz. This corresponded to the 
observation that the P2 and P3 peak amplitudes were larger in PT than in CDT. 
 

 
 

Figure 13. ERP responses to chord 1 and chord 2 in PT (blue) and in CDT (red), with the 
difference ERP waveform (CDT – PT, black) and corresponding topographical plots for the N1, 
P2, P3 and N470 peak components sampled at electrode Cz. Shaded areas in ERP plots indicate 
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standard deviation. The location of electrode Cz is circled in white within each topographical 
plot. Note: the topographical plot for the N470 component in chord 1 and the P3 component in 
chord 2 are both shown from electrode Cz, but statistical differences were assessed at electrode 
C1 and FCz respectively where peak activity was observed. 
 
 
Theta (4-8Hz), Alpha (8-13Hz), Beta (16-25Hz) and Gamma (30-50Hz) bands 
 
 A cluster-based permutation test was run between the TFRs in PT and CDT for 
each frequency band to test for significant differences. For chord 1, a significant negative 
cluster was found in the theta band between 400-1000ms post-stimulus onset (p=0.001), 
which corresponded to a sustained event-related synchronization (ERS) of theta activity 
in CDT. The significant cluster was detected over all 64 electrodes, with maximal activity 
peaking at electrode FCz (Figure 14, left). A significant positive cluster was also found 
in the beta band between 800-1200ms post-stimulus onset (p=0.007), which 
corresponded to a greater event-related desynchronization (ERD) of beta activity in CDT 
than in PT. The cluster was detected in fronto-central regions with maximal activity 
peaking at electrode FC1. For chord 2, a significant negative cluster was found in the 
alpha band between 300-600ms post-stimulus onset (p=0.036) that was detected over left 
central regions, with maximal activity peaking at electrode C3. A significant negative 
cluster was also found in the beta band between 200-600ms post-stimulus onset 
(p=0.019) that was detected over central regions (Figure 14, right). Both clusters 
respectively corresponded to a greater ERD of alpha and beta activity in PT than in CDT. 
 

 
 
Figure 14. Time-frequency plots of electrophysiological responses to chord 1 and chord 2 in PT 
and CDT, and corresponding topographical plots of each significant time range in the respective 
frequency bands. The TFR sampled in electrodes FC1 and C3 are shown for chord 1 and chord 2 
respectively, and the electrode locations are indicated with a white box in each topographical plot. 
Significant electrode clusters are denoted with a white asterisk. The significant cluster for the 
theta band in chord 1 was detected across all electrodes (unmarked). 
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In the gamma band, a significant positive cluster was found in chord 1 between 
800-1000ms post-stimulus onset (p=0.028), corresponding to an ERD of induced gamma 
activity in CDT (Figure 15, left). The significant cluster was detected over left frontal 
regions, with maximal activity peaking at electrodes AFz and AF1. In chord 2, a 
significant negative cluster was found between 250-750ms post-stimulus onset (p=0.002), 
corresponding to an ERS of gamma activity in CDT (Figure 15, right). The significant 
cluster was detected over central and left parietal regions, with maximal activity peaking 
at electrode CPz. 

 

 
 
Figure 15. Gamma-band (30-50 Hz) traces to chord 1 at electrode AFz and chord 2 at electrode 
CPz, with the time ranges of significant activity indicated with dashed lines and a black asterisk. 
Shaded areas indicate standard deviation. Corresponding topographical plots of each significant 
time range are plotted below. Electrodes AFz and CPz are respectively indicated with a white 
box. Significant electrode clusters are denoted with a white asterisk.  
 

______________________________ 
 
 
Discussion 
 
 We recorded EEG and behavioral data from 39 subjects to investigate differences 
in cortical dynamics associated with the perceptual processing of pitch direction and 
consonance/dissonance. The same experimental setup (i.e. using the same trial types, 
stimulus pairs and number of trials) was implemented in both tasks in order to ensure that 
any observed differences in the ERPs and TFRs were modulated primarily by differences 
between task-related processing requirements and not by acoustic features of the stimuli.  
 
Behavioral Results 
 
 Only 23 out of the 39 subjects achieved at least 75% performance accuracy in 
both tasks. Interestingly, 6 subjects performed better in PT than in CDT with at least a 
13.0% difference between scores (Figure 12A, top left corner) while 5 subjects 
performed better in CDT than in PT with at least a 12.0% difference between scores 
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(Figure 12A, bottom right corner). This suggests that there might exist certain 
dissociable factors (environmental, biological, or a combination of both) that affect 
performance ability in either pitch direction judgment or consonance/dissonance 
discrimination. While the determination of these factors is not the main scope of this 
study, it would be interesting to investigate whether the apparent dissociability of 
performance abilities between tasks might be associated with the presence (or absence) of 
specific cognitive networks. 
 
 Based on the assumption that achieving at least a 75% performance accuracy for 
each trial type within each task is indicative of comparable task ability, we next 
investigated the electrophysiological correlates in 19 subjects who met the performance 
criteria. We predicted differences in cortical dynamics for two reasons: 1) during the 
presentation of chord 1, subjects performing PT need only to maintain the stimuli’s pitch 
information in memory over the 700ms delay period. However, for the same chord in 
CDT, they must utilize additional cognitive resources to evaluate the chord’s consonant 
or dissonant properties before maintaining it in memory; 2) during the presentation of 
chord 2, subjects performing PT need to make a direct pitch comparison between both 
chords before making a response. In CDT, subjects must first perform a similar 
evaluation of chord 2, recall their prior evaluation of chord 1 and assimilate both pieces 
of information before making a response. 
 
ERPs 
 
 For chord 1, we observed an increase in the ERP N1 peak amplitude and a 
subsequent decrease in the P2 peak amplitude in CDT compared to PT. The difference 
ERP waveform also showed a sustained negativity between 90-300ms post-stimulus 
onset. This negative wave, labeled as the Nd component (Hansen & Hillyard 1980) or 
processing negativity (Näätänen et al. 1978; Näätänen 1982), is a hallmark of selective 
attention that reflects an enhancement of the N1 amplitude (Hillyard et al. 1973) and a 
decrease in the P2 amplitude (Okita 1979; Crowley & Colrain 2004) caused by increased 
attention to auditory stimuli. Accordingly, we postulate that the observed negative 
difference is associated with increased attention to chord 1 in CDT, in line with task 
demands.  
 

We also observed a larger negative component that peaked at approximately 
470ms post-stimulus onset in PT. Negative components occurring at a similar latency 
have been observed in music perception studies indicating semantic processing of 
musical stimuli (Koelsch et al. 2004; Daltrozzo & Schön 2009) that is not unlike its 
language counterpart (Kutas & Hillyard 1980). Specifically, a larger N400 component 
was elicited in parietal regions during the perception of musical targets following 
conceptually unrelated context (Daltrozzo & Schön 2009). As the N470 component in 
our study is comparable in latency and location, we postulate that it reflects an implicit 
perception of the chord’s consonant/dissonant properties in PT, even when attention is 
specifically directed to aspects of pitch that are conceptually unrelated to 
consonance/dissonance. Note however that 14 out of the 19 subjects coincidentally 
performed CDT first before PT, so prior exposure to the chords’ consonant/dissonant 
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properties in CDT may have likely influenced the magnitude of the N470 component in 
PT. While a slightly larger negative component was also observed at a similar latency in 
chord 2, it did not reach statistical significance. While it is possible that the significance 
of this effect may have been suppressed by neural activity associated with decision-
making (i.e. the P3) that was not present in chord 1, further research is needed to 
investigate the cognitive mechanisms affecting the production and modulation of this 
component within the context of music perception.  
 
 For chord 2, smaller P2 and P3 peak amplitudes were observed in CDT than in 
PT. Since its discovery in the 1960s (Sutton et al. 1967), the factors influencing the 
latency and amplitude of the P3 have been extensively studied in a wide variety of tasks 
(for a comprehensive review, see Kok 2001). These studies demonstrate that the 
amplitude of the P3 elicited during tasks involving decision-making can be modulated by 
numerous factors including task difficulty, attention, working memory load, the 
allocation of cognitive resources and response complexity. In the context of task 
difficulty, it is convenient to interpret the observed differences in P3 amplitude as a 
physiological effect of CDT being a “more difficult” task. However, it is important to 
note that no significant differences between task performance accuracy and reaction time 
in CDT and PT were observed. Hence, the relationship between the P3 amplitude and 
apparent “task difficulty” must be interpreted with caution – further analyses 
investigating the correlation of the P3 amplitude with various task parameters broken 
down by trial type might elucidate this issue. 
 
Theta Band 
 
 Fronto-central midline theta responses to chord 1 was observed in both tasks, but 
a sustained ERS was observed for CDT that was significant approximately halfway 
during the presentation of the chord and extended into the delay period. Increases in theta 
power in similar topographical regions are most often interpreted as a correlate of 
heightened mental effort and sustained attention due to its modulation in a wide variety of 
cognitive tasks (Schacter 1977; Yamaguchi 1981; Sammler et al. 2007; Sauseng et al. 
2007). Additionally, increase in theta responses have also been observed during the 
perception of consonant and dissonant musical stimuli (Sammler et al. 2007). Hence, we 
postulate that the sustained theta ERS in CDT reflects the additional cognitive 
computations recruited to process the consonant or dissonant qualities of the chord.  
 
Beta Band 
 
 For chord 1, both tasks elicited an ERD of frontal beta activity that lasted 
throughout the delay period, but a significant increase in ERD was observed for CDT. 
Such desynchronizations, whose primary cortical source is located in the left inferior 
frontal gyrus (Hanslmayr et al. 2011; Hanslmayr et al. 2014), have functional and causal 
relevance in memory encoding of semantically relevant stimuli (Hanslmayr et al. 2009; 
Hanslmayr et al. 2014). In line with Hanslmayr et al.’s proposition that beta oscillations 
in the left inferior prefrontal cortex index semantic processing of to-be-memorized items 
(Hanslmayr et al. 2011), we propose that the observed beta ERD in PT reflects memory 



	  
	  

39	  

encoding of pitch information, while the increased beta ERD amplitude in CDT reflects 
the additional cognitive effort required to store the chord’s consonance/dissonance 
properties in short-term memory. 
 
 For chord 2, the observed beta ERD in both tasks has a distinctly different 
topography from that observed in chord 1, and reflects the classic response associated 
with the preparation and execution of voluntary motor movements (Jasper & Penfield 
1949; Pfurtscheller 1981). With primary cortical sources located in the peri-Rolandic 
region (Pfurtscheller & Berghold 1989), it manifests in the hemisphere contralateral to 
the hand used (Kutas & Donchin 1980), and is often accompanied by similarly lateralized 
ERDs in the mu (8-13 Hz) rhythm (Pfurtscheller & Aranibar 1979; Pfurtscheller 1981). 
While the amplitude of beta ERD during motor planning is not significantly modulated 
by motor parameters such as force, speed and movement time (Tombini et al. 2009), 
Tzagarakis et al. found that increasing the number of motor target directions significantly 
decreased the amplitude of beta ERD, indicating its sensitivity to the complexity of motor 
preparation (Tzagarakis et al. 2010). As there are 4 answer options in CDT corresponding 
to 4 keyboard targets and only 2 in PT, we suggest that the observed decrease in beta 
ERD in CDT is likely associated with motor response uncertainty due to the presence of 
twice as many answer options, rather than decision uncertainty. This would also be in line 
with the lack of observed significant differences in task performance accuracy.  
 
Gamma Band 
 
 A gamma-band ERD in CDT was observed in frontal areas for chord 1 that was 
significant for 200ms within the delay period. ERDs have been routinely and almost 
exclusively observed in the alpha and beta frequency bands which negatively correlate 
with cortical recruitment (Crone et al. 1998; Lachaux et al. 2008), while a positive 
correlation between ERS and cortical activity is commonly observed in the theta and 
gamma bands (Fell & Axmacher 2011; Hanslmayr et al. 2016). As a result, the 
relationship between gamma desynchronizations and cortical function is still not well 
understood. It is postulated that performing cognitively demanding tasks requires both 
regional activations and deactivations, the latter of which likely indicates a reduction of 
neural activity in cortical areas facilitating task-irrelevant processes (Gusnard & Raichle 
2001; Mckiernan et al. 2001; Lachaux et al. 2005). Previously documented occurrences 
of gamma ERDs in the prefrontal cortex during reading (Ihara et al. 2003; Hirata et al. 
2004; Lachaux et al. 2008) and mental calculation tasks (Ishii et al. 2014) suggested an 
association with reduced or inhibited local neural communication in the prefrontal cortex 
in order to allocate additional resources for other concurrent cognitive processes. As 
such, it is a possibility that the observed gamma ERD might reflect a reduction of cortical 
influence from frontal regions in order to subserve semantic memory encoding of the 
chord’s consonant/dissonant properties. However, more research is needed to investigate 
the functional relevance of local cortical inhibition in the context of consonance and 
dissonance perception. 
 
 In contrast, gamma-band ERS was observed in CDT for chord 2, with activity 
distributed over centro-parietal regions. This result is in agreement with studies that 
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report strong gamma-band ERS in similar topographical regions during the performance 
of a range of cognitive tasks including target detection and memory recall (Fitzgibbon et 
al. 2004). It is theorized that the rhythmic synchronization of neuronal ensembles that 
manifests as gamma band activity reflect the coordinated participation of relatively local 
cortical structures in cognitive processes such as object recognition, attention, learning 
and memory (Tallon-baudry & Bertrand 1999; Jensen et al. 2007). Hence, the observed 
gamma-band ERS in CDT is likely indicative of complex cognitive processing in centro-
parietal regions of cortex. The parietal lobe, although historically linked to linguistic, 
visuospatial and visual-motor functions, is functionally and causally implicated in 
episodic memory retrieval (Wagner et al. 2005; Berryhill et al. 2007). Specifically, 
damage to bilateral parietal lobes resulted in impaired recollection of specific details in 
episodic memories (Berryhill et al. 2007). Based on the observed similarities between the 
gamma activation patterns in the memory recall task and in CDT, we postulate that the 
observed gamma ERS is likely associated with increased attention allocated towards the 
recollection of detailed information on chord 1’s consonant/dissonant properties and its 
subsequent integration with information on chord 2 prior to making a response.  
 
Conclusion 
 
 In sum, our study demonstrates top-down attentional modulation of cortical 
dynamics across multiple frequency bands, with synchronizations and desynchronizations 
in each band reflecting distinct cortical networks involved in the processing of sequential 
pitch changes and simultaneous pitch combinations. The fact that CDT results in 
modulations within each frequency band that is associated with increased cortical 
processing supports our initial hypothesis of enhanced task complexity compared to PT. 
Due to the limited spatial resolution of EEG measurements, it is difficult to determine the 
precise location of the observed cortical activations. To address this issue, ECoG studies 
employing the same experimental design are currently underway to further investigate the 
spatiotemporal dynamics of cortical activity in specific regions of interest. Additionally, 
it would be interesting to examine how the effects observed in this study scale with 
performance accuracy by comparing the electrophysiological responses between subjects 
who met the 75% performance accuracy threshold and those who did not. 
 

______________________________ 
 
  



	  
	  

41	  

Chapter 5 
 
 
Concluding Remarks 
 
 
 This dissertation serves the main purpose of using both ECoG and EEG to add to 
the ever-growing body of literature on music perception and forward the field of music 
neuroscience. It also demonstrates the power of ECoG, despite its own limitations (it is 
an invasive measurement technique that can only be utilized during necessary clinical 
treatment), to track aspects of auditory stimulus processing and music perception with 
spatial and temporal precision.  
 
 The first part of the dissertation (Chapter 2) demonstrates that sampling of cortical 
responses directly from the lateral surface of the superior temporal gyrus reveals 
differential processing of consonant and dissonant musical chords that takes place at the 
sensory level. These differences are detected at a spatial resolution of 1cm, which EEG 
and MEG are unable to accomplish. Additionally, these differences are also detected 
within 75-200ms post-stimulus onset, another result that fMRI and PET are unable to 
produce. Cortical sites exhibiting these differential responses are also spatially organized 
in the right hemisphere and are sensitive to acoustic features such as roughness.  
 
 While the second part of the dissertation (Chapter 3) is a by-product of the study 
carried out in the previous chapter, it importantly illustrates the ability of ECoG to 
identify the involvement of cortical regions conventionally associated with visual 
cognitive processing during the perception of auditory and musical stimuli. Using the 
same experimental design, the collected data showed evidence of higher order cognitive 
processing of target auditory stimuli within the ventral temporal cortex, further 
supporting its role in the semantic processing of objects across multiple sensory domains. 
 
 Finally, the last part of the dissertation (Chapter 4) demonstrates that selective 
attention to either pitch or consonance/dissonance aspects of musical chords can induce 
modulations of complex cortical networks across almost the entire brain that are 
detectable in EEG recordings. While several of these results are still open to 
interpretation, studies using ECoG are underway to supplement these observations in the 
spatial domain. 
 

______________________________ 
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Epilogue 
 
 
The Resilience of our Memory for Music 
 
 
Abstract 
 
Have you ever wondered what happens in your brain when you think about your favorite 
songs? Recent research has revealed an area of the brain that is active when we listen to 
music that we know. This musical memory area is separate from the parts of your brain 
you use to remember things you have learned in school, and details about events in your 
life. In this article, we will show you where the musical memory area is, and why our 
memory for music is often resilient to brain diseases that cause memory loss.   
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Our memory for music 
 

Try this simple exercise: go to your music library, pick a song, and play the first 3 
seconds of it. Give yourself 1 point if you managed to sing or hum at least the next 5 
seconds of that song. Do this for 20 songs. How many points did you score? We would 
not be surprised if it is more than 15. Now, think about what you just did. You 
effortlessly recalled the pitch, rhythm, and maybe even lyrics of more than 15 songs in a 
short amount of time. That is a lot of data you managed to summon from your brain, just 
like that.  
 

Our brains possess a remarkable ability to form and retrieve memories of music, 
even when we are not conscious of doing so. For example, if you hear a catchy song, you 
would most likely be able to remember parts of it a few days later. After hearing it 
several times, you might know it by heart. Think about how much more effort it takes to 
learn information from a textbook, or remember the details of day-to-day events in your 
life. Even more intriguing, musical memories seem to be exceptionally preserved in 
people who suffer from amnesia – that’s the clinical term for memory loss. 
 

In his popular book Musicophilia, Dr. Oliver Sacks recounted the story of 
musician and musicologist Clive Wearing who, after suffering a devastating brain 
infection called herpes encephalitis, was unable to “retain an impression of anything for 
more than a blink” (Sacks 2008, Chapter 15). He was also unable to remember almost his 
entire past, but he could play pieces of music on the piano from memory and mouth the 
melodies while conducting a choir. The case of Mr. Wearing is not unique – non-
musicians with severe amnesia can also show lasting traces of musical memory (Sacks 
2008, Chapter 29). What, then, is so special about their ability to remember music, even 
when they cannot remember just about anything else? In this article, we will show you 
where musical memories may be imprinted in the brain, and how these traces can survive 
while other memories are lost. 
 
 
How do musical memories differ from other long-term memories? 
 

The formation and retrieval of long-term memory traces (i.e., pieces of personal 
experiences and knowledge) involve the coordinated participation of multiple brain 
regions. For instance, when you remember what something looked like, you are using 
your occipital lobe, which is involved in vision. When you remember what you were 
thinking about, or wonder how something may have happened differently, you are using 
your frontal lobe (which is important for thinking). When you think about other moments 
in time, such as your own past (or future!), you engage a network of brain regions 
including both the temporal and frontal lobes (Dickerson & Eichenbaum 2010; Jagust 
2014). All of these representations are put together in a specific region called the 
hippocampus, located within the temporal lobes, to form a memory.  
 

Mr. Wearing’s brain infection destroyed his hippocampus and nearby regions, 
causing amnesia. The famous patient Henry Molaison, known by his initials as “H.M.,” 
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also suffered severe memory loss after doctors surgically removed his hippocampus and 
the tips of both temporal lobes (see Figure 16). By studying the cases of Mr. Wearing, 
H.M., and other individuals with amnesia, we can conclude that the hippocampus and 
neighboring regions of the temporal lobe are crucial for long-term memory function. 
 

 
 
Figure 16. Patient H.M.’s brain after surgery on the temporal lobes. The picture on the left 
shows a side view of the outside of the brain. The arrow is pointing at the tip of the temporal lobe. 
The picture on the right shows a cross-section of H.M.’s brain, from the viewpoint of someone 
looking up from his feet. The arrow is pointing to the bright portions of his temporal lobes, which 
are filled with fluid after removal of the brain tissue. Without these portions of the temporal 
lobes, H.M. could not form new memories or retrieve memories of events that happened in the 
years leading up to surgery. Adapted from (Dickerson & Eichenbaum 2010) with permission. 
 
 

Another condition that is associated with damage to the hippocampus and nearby 
regions of the temporal lobe is dementia – a neurological illness that affects one’s 
memory, thinking, and social abilities. Individuals with dementia show progressive 
cognitive decline, which usually begins with mild amnesia and then gradually worsens 
over many years to the point where they can no longer care for themselves (Jagust 2014). 
As the disease progresses, their brains show more and more damage throughout the 
network of temporal, frontal, and other regions involved in thinking about themselves in 
time (Dickerson & Eichenbaum 2010; Jagust 2014; Benzinger et al. 2013). Yet, despite 
profound memory loss and a warped sense of self, these individuals often show striking 
memory for music (Sacks 2008, Chapter 29). Their musical memory traces somehow 
survive widespread brain damage when other long-term memory traces do not. Might 
musical memories be processed somewhere else in the brain, in an area separate from the 
network of regions involved in long-term memory? 
 

To answer this question, researchers recorded the brain responses of 32 healthy 
young adults as they listened to carefully pre-selected snippets of well-known, recently 
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known, and completely unknown pieces of music (Jacobsen et al. 2015). The well-known 
pieces were selected from Top 10 songs between 1977-2007, nursery rhymes, and oldies, 
while the unknown songs were individually selected by looking at people’s listening 
habits and choices on Amazon and Pandora. An hour before the participants’ brains were 
scanned, they heard half of the songs in the unknown group twice, so that these songs 
would make up the ‘recently known’ group. The researchers observed that two specific 
regions, called the ventral pre-supplementary motor area and the caudal anterior cingulate 
gyrus, were significantly more active when participants heard well-known songs 
compared to recently known or unknown songs. These regions are collectively marked in 
red in the top row of Figure 17. Additionally, a computer could accurately predict 
whether a particular song was well-known, recently known, or unknown just by 
analyzing the patterns of brain activity in these regions. Taken together, the results of this 
study reveal a “musical memory area” (MMA) that enables us to remember our favorite 
songs. Importantly, this MMA is separate from the hippocampus and the temporal lobe 
that we know are necessary for long-term memory function. 
 
 
Why might musical memory be preserved in patients with Alzheimer’s disease? 
 

Now that we have identified the MMA, let’s take a closer look at what happens in 
the brains of people who have Alzheimer’s disease (AD). AD is the most common form 
of dementia, and it most frequently afflicts people close to your grandparents’ age. 
People who suffer from AD start to lose their memories of who they are, where they have 
been, and what they have done. In later stages of the disease, they begin to lose their 
ability to speak, do simple everyday tasks, plan, solve problems, and interact well with 
other people. In other words, AD progresses beyond amnesia, impacting their sense of 
self in time and, eventually, every aspect of their lives (Dickerson & Eichenbaum 2010; 
Jagust 2014).  
 

In order to diagnose AD, doctors look for multiple symptoms in the brain. These 
include (Benzinger et al. 2013): 

 
I) Cortical or grey matter atrophy (shrinkage of the brain because brain cells are 

dying);  
II) An increased presence of β-amyloid plaques (a sticky buildup that causes 

brain cells to die); and 
III) A reduced amount of glucose uptake, otherwise known as cerebral glucose 

hypometabolism (the brain is not consuming enough sugar to function 
properly). 

 
To visualize structural damage from cortical atrophy (I), doctors use magnetic resonance 
imaging (MRI). To visualize buildup of β-amyloid plaques (II) and glucose 
hypometabolism (III), doctors use positron emission tomography (PET). If you would 
like to learn more about AD and its diagnosis, check out (Jagust 2014). 
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Figure 17. The “musical memory area” and its resilience to Alzheimer’s disease. Each row 
shows a picture of the left hemisphere of the brain from the inside (left) and outside (right) views. 
The top row displays the “musical memory area” (MMA) in red; it is also present in a 
symmetrically located region in the right hemisphere. In the second, third, and fourth rows, the 
MMA is denoted with a white or black border (you’ll have to take a closer look to see it). The 
second, third, and fourth rows show the amount of 3 different kinds of damage in the brains of 
AD patients: cortical or grey matter tissue atrophy, glucose hypometabolism, and β-amyloid 
plaque buildup. The MMA shows the least damage from grey matter tissue atrophy and glucose 
hypometabolism, compared to other brain regions. Adapted from (Jacobsen et al. 2015) with 
permission. 
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This brings us to the second, third, and fourth rows of Figure 17. Following 
identification of the MMA in healthy young adults (top row), the researchers took MRI 
and PET scans of 20 individuals diagnosed with AD who did not have musical training 
(Jacobsen et al. 2015). They found that the MMA showed some of the lowest amounts of 
cortical atrophy and glucose hypometabolism out of the entire brain (second and third 
rows, Figure 17). In contrast, cortical atrophy was observed in the same portions of the 
temporal lobe that, once removed, caused amnesia in patient H.M. (Figure 16). The other 
regions showing high amounts of cortical atrophy or glucose hypometabolism are part of 
the widespread network of regions involved in thinking about oneself in time (Dickerson 
& Eichenbaum 2010). If AD damages those regions and spares the MMA, it makes sense 
that musical memories survive while other long-term memories, as well as one’s sense of 
self in time, are lost. 
 

The researchers also observed a similar amount of β-amyloid plaque buildup in 
the MMA compared to other brain regions (fourth row, Figure 17) (Jacobsen et al. 2015). 
As β-amyloid plaques generally appear first in the development of AD, sometimes even 
before noticeable memory loss (Benzinger et al. 2013), they argued that the MMA 
remains in the early stages of AD longer than the temporal lobe and other regions. AD 
progression typically follows from β-amyloid plaque buildup à glucose hypometabolism 
à cortical atrophy, making the MMA among the last brain regions to degenerate 
(Benzinger et al. 2013). To understand what this means, think about how a sticky buildup 
causing brain cells to die would appear first before brain cells actually die; this 
progression happens earlier in the temporal lobe than in the MMA. As such, the MMA is 
well-preserved over the course of AD, even when it has ravaged most other parts of the 
brain. 
 
Conclusion 
 

Identification of the MMA provides key neuroscientific evidence to explain the 
brain basis of lasting musical memory traces in the face of amnesia and dementia. As 
beautifully described by Dr. Sacks (Sacks 2008), individuals who have lost their long-
term memories may appear to be stuck in the present, having lost access to their 
autobiographies and their ability to think about a future time, but they can amaze us with 
their memories for music. If musical memories can outlast damage to the hippocampus 
and a network of temporal, frontal, and other regions, they must be different than other 
long-term memories. This explains why Dr. Sacks was able to witness “mute, isolated, 
confused individuals warm to music, recognize it as familiar and start to sing and bond” 
(Sacks 2008, Chapter 29), and is testament to the strange yet magical power of music. 

 
______________________________ 
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