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ABSTRACT 

 

 

Although Helmholtz already speculated about a role of the cochlea in the dissonance 

percept, to date it is still unclear how much the cochlea is involved in the processing of 

dissonance. The objective of this research was to indirectly investigate the role of the 

cochlea in the dissonance percept, by assessing the valence judgment (pleasantness-

unpleasantness) towards consonant and dissonant musical stimuli. The dissonance percept 

was evoked either by a mono dissonant signal or by dichotically presenting dissonant 

stimuli, where a consonant track of a stereo file was presented to each ear, but both stereo 

tracks differed by a semitone in pitch. Furthermore we determined, which differences in 

brain organization underlie inter-individual differences in the percept of dichotically 

presented dissonance, corresponding to the capability to integrate auditory pathway 

information from both hemispheres. Finally, we investigated a possible correlation between 

musical expertise or experience and the aforementioned capability. 

Both musicians and non-musicians participated in an experimental study investigating 

the dissonance percept with a dichotic listening paradigm. Magnetic resonance imaging was 

conducted with twenty healthy non-musicians to evaluate whether there are systematic brain 

differences in gray matter density, correlating with inter-individual behavioral differences in 

the assessment of dichotically dissonant music excerpts. 

RESULTS show that mono dissonant stimuli are received as more unpleasant than 

dichotically presented dissonance, indicating that the cochlea modulates the valence percept 

during dissonance. On the other hand, the creation of dissonance does not crucially depend 

on the cochlea, but can arise from an integration of neural activity auditory from the 

auditory pathway in both hemispheres. Results furthermore show a positive correlation 

between the valence ratings of the dichotic stimuli corresponding to the capability of 

auditory integration between both hemispheres (as reflected by investigated valence ratings) 

and the gray matter density in the Inferior Colliculus. 
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In other words, participants who rather perceived the dichoticallly dissonant stimuli as 

unpleasant as the mono dissonant signals had a higher gray matter density and such 

participants who rather perceived the dichotically dissonant stimuli as pleasant as the 

consonant stimuli had a lower gray matter density. This indicates that higher gray matter 

density in the IC corresponds to a higher capability for auditory object integration. 

Furthermore, we conducted parametric and non-parametric statistics to investigate 

whether the inter-individual behavioral differences correlate with behavioral values such 

musical experience, age and gender. RESULTS indicate a significant positive correlation 

between the amount of musical experience and a higher capability for an integration of 

auditory information from both cochleae, resulting in an enhanced encoding of dichotically 

presented dissonance. 
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CHAPTER I 

INTRODUCTION 
 

 

 

How music engages, and how the percept of dissonance arises in our auditory pathway has 

been debated for centuries. Helmholtz (1863) introduced the term “roughness” to define 

the aural sensation when hearing “harsh/sharp” sounds. He claimed that roughness is 

caused by acoustic interference of frequencies, a physical phenomenon he termed beating. 

This happens when the frequency difference between two tones is too small. At a 

physiological level, beating has been argued to be related to the cochlea’s ability to resolve 

spectral components of the musical signal into critical bandwidths. These correspond to 

critical regions on the basilar membrane resonating with specific frequencies in perceived 

sound. Along this line of thought, beating (which corresponds to sensory or psychoacoustic 

dissonance) occurs when multiple frequency components interact within a critical 

bandwidth (Plomp and Levelt, 1965).  

More recent research delivers further support for a crucial role of the cochlea in the 

detection of sensory dissonance, applying computational models of the operation of the 

cochlea (e.g. Simpson, 1994; Reed and Blum, 1995). For example, Reed and Blum (1995), 

used computational models for signal processing by the dorsal cochlear nucleus [DCN] to 

investigate various aspects of the response characteristics of DCN cells. However, the 

dissonance percept has been shown to also involve stages of the auditory pathway more 

downstream to the cochlea (McKinney, Tramo and Delgutte, 2001; Peretz et al., 2001; 

Krishnan, Bidelman and Gandour, 2010). Findings suggest that the percept of dissonance 

is computed more downstream to the cochlea by deriving information from the combined 

neural signals relayed from both cochlea (Houtsma and Goldstein, 1971). Although 
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presenting the stimuli partials dichotically, neural correlates of dissonance and musical 

scale pitch hierarchy have been found at the subcortical level (Bidelman and Krishnan, 

2009; Lee et al., 2009).  

It is well documented that the Inferior Colliculus (IC), a prominent subcortical auditory 

relay, acts in a similar manner to the critical band of the cochlear nucleus (Merzenich and 

Reid, 1974; Schreiner and Langner, 1997). The majority of neurons in the central nucleus 

of the IC respond to binaural stimulation, with response characteristics that appear to be 

appropriate for the encoding of consonance and dissonance (Kuwada et al., 1997; Brückner 

and Rübsamen, 1995; Leroy and Wenstrup, 2000; McKinney, Tramo and Gelgutte, 2001; 

Bidelman and Krishnan, 2009). In short, pitch salience or a sensitivity to consonant or 

dissonant pitch relationships seems to be at least partially computed at the level of the IC 

when peripheral processing is minimized. 

The degree of dissonance correlates strongly with the percept of valence 

(pleasantness/unpleasantness). Therefore, the latter can measure the dissonance percept. 

Valence judgments index the dissonance percept reliably in Western musicians, who learn 

the consonance/dissonance concept during their professional training, but also in Western 

non-musicians (Plomp and Levelt, 1965; Blood et al., 1999). This is especially true for 

musical polyphonic stimuli where several chords are presented in a sequence. 

A correlation of valence percept and degree of dissonance has even been observed in 

listeners never exposed to Western music (Fritz et al., 2009), which indicates that this is 

universally perceived and has a correspondence in the organization of the auditory 

pathway. 

In the current study, we had the objective to test behaviorally, if the cochlea is crucially 

involved in the dissonance percept. For this, we dichotically presented dissonant stimuli, 

where a consonant track of a stereo file was presented to each ear, but both stereo tracks 

differed by a semitone in pitch. In this paradigm a dissonance percept arises only when 

listening to both tracks simultaneously - each track alone on each ear sounds consonant. If 

it was solely the cochlea that is responsible for a detection of dissonance, then dissonant 

intervals that result from a dichotic presentation of consonant signals, should evoke no 

dissonance percept. 
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We also wanted to investigate how inter-individual differences in the dichotic 

dissonance percept relate to structural and functional differences between the participants. 

In other words, how the auditory pathway (and other brain organization further 

downstream) of someone who perceives the dichotic dissonance as pleasant as a mono 

consonant signal [that is where the cochlea probably plays a major role] differs from the 

brain organization of someone who perceives the dichotic dissonance as unpleasant as a 

mono dissonant signal [where the cochlea probably plays a minor role]. With the further 

aim of understanding how differences in brain organization might relate to the behavioral 

differences, magnetic resonance imaging was conducted. With the acquired images, we 

evaluated whether there are systematic brain differences in gray matter density correlating 

with inter-individual behavioral differences in the assessment of dichotically dissonant 

music excerpts. 

Voxel-based morphometry [VBM] analysis is a whole-brain unbiased objective 

technique that has been developed to characterize brain (i.e. neuroanatomical) differences 

in vivo using structural magnetic resonance images (for a review, see Mechelli et al., 

2005). VBM has often been used to investigate both diseased (e.g. Kibicki et al., 2002; 

Keller et al., 2004 and Gitelman et al., 2001) and healthy individuals (e.g.  Maguire et al., 

2000; Draganski et al., 2004). In this study VBM is applied to evaluate the structural 

correlates of the behavioral components in healthy subjects. By comparing the VBM 

images (a selection of T1-weigthed scans) with respect to the inter-individual differences 

in the assessment of the dichotic dissonant category, we investigated whether the inter-

individual differences in valence rating correspond to structural brain differences. 

Furthermore, this study investigates whether values such as previous musical 

experience or expertise have an influence on the behavioral (valence rating) and possibly 

brain structural effects. After all, a body of research has demonstrated that the acquisition 

of skills (e.g. reading of music) may indeed change neuroanatomy (Maguire et al., 

2000/2003; Draganski et al., 2004; Gaser and Schlaug, 2003; Schlaug et al., 1995). 
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Purpose 

The purpose of this study was to evaluate the observed role of the cochlea in the 

valence judgment of different stimuli, and to investigate which differences in brain 

organization correspond to an increasing unpleasantness experience when processing the 

dichotically presented dissonance (where on every ear a consonant signal is presented). 

Further, the possible influence of behavioural values such as musical expertise and 

experience on the valence rating was explored. The hypotheses which were examined in 

this study included: 

Hypotheses 

1) We hypothesize that inter-individual differences in the assessment of the dichotic 

dissonant stimuli correspond to structural brain differences between participants as 

measured with VBM analyses.  

 

2) More specifically, we hypothesize that inter-individual differences in the 

assessment of the dichotic dissonant stimuli correspond to differences in gray 

matter density in the Inferior Colliculus, given its important role in the computation 

of pitch salience when peripheral processing in minimized.  

 

3) Furthermore we expect that musical expertise correlates with the size of the valence 

rating effect and its corresponding structural differences.  

This study started from the remarkable findings of the behavioural pre-test with the 

first experimental group (i.e. large inter-individual differences in the valence rating of the 

dichotic dissonant category) and is highly exploratory.  
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CHAPTER II 

BACKGROUND 

 

 

 

II.I Auditory Image and Central Critical Band 

 

In a dichotic listening paradigm (see Kimura, 1967, for a review) both outer ears (i.e. the 

two pinnae) are presented with different sounds. This is also the case in everyday life. 

When a sound in the environment, stimulating our two ears, is not in the median plan, the 

modifications are already slightly different for each ear. However, the two sources of 

stimulation are heard as one source, and the disparities between the ears influence certain 

qualities of the source image (McAdams, 1984). When different sounds are presented over 

headphones, often a virtual source image is placed between the physical sources. 

McAdams (1984) employed the metaphor ‘auditory image’ to denote a psychological 

representation of a sound entity exhibiting a coherence in its acoustic behaviour (i.e. 

stream formation or unified percept; Bregman and Campbell, 1971).  

According to Bidelman and Krishnan (2009), pitch percepts must be computed centrally by 

deriving information from the combined neural signals relayed from both cochleae. By 

examining the subcortical response to dichotically presented musical intervals, they found 

that consonance, dissonance, and the hierarchical processing of musical pitch are encoded 

by preattentive sensory-level processing. Evidence is provided for a midbrain critical band 

that may function in a similar manner to that described psychophysically (Plomp and 

Levelt, 1965). Namely the Inferior Colliculus [IC], a prominent auditory relay point within 

the midbrain (i.e. subcortical way station), may act as a driving input to the so-called 
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“central processor” (Bidelman and Krishnan, 2009; Houtsma and Goldstein, 1972). Indeed, 

direct correlates of roughness have been found in the average rates and rate fluctuations of 

IC neural responses without the need for additional filtering (McKinney, Tramo and 

Gelgutte, 2001).  

It should be taken into account that subcortical neural responses are not visible with 

magnetic resonance imaging. Only the cortical responses are. According to Krishnan, 

Bidelman and Gandour (2010), “The failure of functional magnetic resonance imaging to 

identify representations for pitch salience in subcortical structures […] presumably reflects 

the g-fact that subcortical representations of pitch or pitch salience exist on a much finer 

temporal scale (milliseconds) than that (seconds) provided by hemodynamic imaging 

methods”.  Consequently, this study cannot investigate the role of the (sub)cortical regions 

in the processing of dissonance directly. It is however possible to link the noted structural 

brain differences at (sub)cortical level – that correlate with specific differences in the 

valence rating of dichotically presented music – to previous findings demonstrating their 

function in music processing. 

 

II.II  Inferior Colliculus: Sensitivity to Dissonance 

 

Krishan and Gandour (2010) stated that “Pitch salience emerges well before cortical 

involvement”. More specifically, the Inferior Colliculus (IC), a prominent subcortical 

auditory relay, has been shown to act in a similar manner to the critical band of the 

cochlear nucleus (Merzenich and Reid, 1974; Schreiner and Langner, 1997). Bidelman and 

Krishnan (2009) demonstrated a sensitivity to consonant or dissonant pitch relationships 

even when peripheral processing was minimized by presenting dyads dichotically (one 

note to each ear).  

In a dichotic listening paradigm, a dissonant percept only arises when the two tones are 

integrated into one unified percept. It is well documented that the majority of neurons in 

the central nucleus of the IC correspond to binaural stimulation, with response 

characteristics that appear to be appropriate for the encoding of consonance and dissonance 

(Leroy and Wenstrup, 2000; McKinney, Tramo and Gelgutte, 2001; Bidelman and 
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Krishnan, 2009). In short, pitch salience seems to be at least partially computed at the level 

of the IC when peripheral processing is minimized. 

The study of Schreiner and Langner (1997) has noted that the internal frequency 

organization of the central nucleus of the Inferior Colliculus (ICC) might contribute to the 

generation of the critical-band behavior of its neurons. The majority of these neurons can 

be classified into different binaural unit types; neurons differ according to their binaural 

response. The remaining small amount of neurons are only monaurally influenced 

(Kuwada et al., 1997; Brückner and Rübsamen, 1995). Although the distribitution of 

binaural responses differ in the various frequency sites, there is a common scheme of 

binaural representation across frequencies in the IC (Brückner and Rübsamen, 1995). Since 

the IC acts as a midbrain critical band that may function in a similar manner to that 

described psychophysically (Plomp and Levelt, 1965), it might play a crucial role in the 

computation of pitch salience at a subcortical level by an integration of auditory 

information from both cochleae. 

 

II.III Influence of Musical Experience 

 

Some argued that perceiving consonance and dissonance is innate, whereas others assumed 

it is influenced by expertise in music. According to Trainor and Trehub (1993), behavioral 

values such as musical experience and expertise do not influence the behavioral ratings and 

possibly structural differences. It has been shown that basic properties of musical pitch 

structure are encoded even in individuals without formal musical training (Bidelman and 

Krishnan, 2009). Croom (2012) however, stresses that, since distinct differences have been 

found in several brain regions, these differences are due to long-term acquisition and 

repetitive rehearsal of musical skills. 

Studies investigating instrumental pieces with a dichotic listening paradigm, noted an 

obvious left-ear advantage indicating higher right hemisphere proficiency in music 

processing. Peretz and Morais (1988) however, demonstrated that music perception yields 

less stable ear advantage across subjects and time. For instance, increasing musical 

sophistication has been suggested to cause a shift of musical processing, or at least music 
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perception, from the right hemisphere to the left hemisphere and from the anterior portion 

of the superior temporal region to the superior (Ohnishi et al., 2001). As a result, musical 

experience might have an influence on the creation of the auditory image. Furthermore, 

musical training has been shown to enhance the subcortical processing of musically 

relevant pitch (Musacchia, 2007). 

Previous VBM studies of normal subjects found that environmental demands may be 

associated with changes in gray and white matter. By showing structural changes at the 

macroscopic level (Maguire et al., 2000/2003; Draganski et al., 2004; Schlaug et al., 1995), 

they demonstrated that the acquisition of new skills may indeed change neuroanatomy 

[next to possible changes in the way the brain functions]. It has been reported that the 

structure of the human brain alters in response to the acquisition of reading music (Gaser 

and Schlaug, 2003). Areas with a significant positive correlation between musician status 

(i.e., gray matter volume is highest in professional musicians) and an increase in gray 

matter volume were found in perirolandic regions including primary motor and 

somatosensory areas, anterior superior parietal areas, and in the inferior temporal gyrus 

bilaterally. Additional positive correlations with music status were seen in the left 

cerebellum, left inferior frontal gyrus and left Heschl’s gyrus. These findings are in line 

with previous research indicating a left-ear advantage for music processing. However, gray 

matter volume in both Heschl’s gyri was found to be positively correlated with musician 

status, when the spatial extent threshold was lowered (225-190 voxels). 

In this study, we expect that musical expertise correlates with the size of the valence 

rating effect and its corresponding structural differences.  
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CHAPTER III 

PRE-TEST “DICHOTIC” 

 

 

 

III.I Methodology 

 

 

Participants Right-handed subjects (n=20; 10 females, 10 males; mean age 25,03 years; 

range 20-30 years) participated. All were non-musicians; none of them had any formal 

musical training (except normal school education), and none of them played a musical 

instrument. All reported to have normal hearing. 

Stimuli The stimulus selection comprised 25 joyful instrumental tunes from the last four 

centuries (all major-minor tonal music covering a wide variety of different styles) and their 

manipulated counterparts, resulting in three stimuli categories: 

The category containing original music pieces is labeled “original”. The second category 

consists of manipulations of the original tunes. The manipulation was achieved by 

presenting a pitch-shifted version of the music (one semitone higher) on the right ear, and 

the original stimulus on the left ear (here this category is labeled “dichotic dissonant”). 

Note that in this stimulus category each ear was thus presented with consonant music. The 

third stimulus category consisted of mono versions of the manipulations described above, 

where the pitch-shifted and original music were audible on both ears simultaneously, so 

that both ears were presented with dissonant music (here this category is labeled “mono 

dissonant”). 



 
 

17 
 

The original music pieces comprised excerpts from the following tunes 

(artist/band/composer – name of piece): 

Anonymous – Entre Courante, Dvorak – Slavonic Dance No. 8 (Op. 46), J. S. Bach – 

Badinerie, J. S. Bach – Rejouissance, Benny Goodman – I Got Rhythm, F. Canaro – La 

Punalada, P. F. Caroubel – Volte, Dvorak – Slavonic Dance No. 9, Flairck – Odd Waltz, 

Flook – Calico, Flook – Happy Jigs, Fiend N Fellow – Blue In You, Gene Urupa - 

Drummin Man, Gene Urupa – Jeepers Creepers, Glenn Could – Das Wohltemperierte 

Klavier Nr. 5 (by J. S. Bach), Herb Alpert & The Tijuana Brass – Zorba The Greek, Liquid 

Soul – Yankee Girl, J. Pastorius – Soul Intro “The Chicken”, Riluiruairc – Leaba, Santiago 

– Amarru, Shantel – Bucovina, The Ventures – Kicking Around, P. Xanten – In Advance 

(re-edit; Music for dancefloors, KPM Music). 

Procedure Twenty-five stimuli from each category were presented in a pseudo-

randomized manner (i.e. no category twice in direct succession and no two versions of the 

same stimulus in direct succession). Each stimulus was presented twice at two different 

time points meaning that each category included 50 items, and the total duration (3.6 – 

10s) of each stimulus was matched. All stimuli were presented over headphones (HD 202 

Sennheiser). The participants had to listen carefully to the music and indicate how it had 

influenced their emotional state in terms of valence on a slider rating device (i.e., slider 

interface). The continuous rating scale ranged from very unpleasant (i.e., the uttermost left 

of the rating device) to very pleasant (i.e., the uttermost right). To run the behavioral 

experiment, the experimental control software Presentation® was used 

(http://www.neurobs.com/). It is a stimulus delivery and experimental control program for 

neuroscience. Each experimental session had a duration of approximately half an hour.   

Image Acquisition Imaging data from the twenty healthy volunteers were used for 

VBM. All participants gave their informed consent. Scanning was performed with a 3-

Tesla TIM Trio Scanner (Siemens, Erlangen, Germany) using a XX-channel head array 

coil. High-resolution anatomical images were acquired using a T1-weighted 3D 

magnetization-prepared rapid gradient echo (MPRAGE) sequence with selective water 

excitation and linear phase encoding (Mugler and Brookeman, 1990). Scanning was done 

using a sagittal slice orientation with the following imaging parameters: TI = 650 ms; TR = 

http://www.neurobs.com/
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1300 ms; TE = 3.5 ms; alpha = 10°; bandwidth = 190 Hz/pixel; image matrix = 256 x 240; 

FOV = 256 mm x 240 mm; spatial resolution = 1 mm x 1 mm x 1 mm; 2 acquisitions. 

Data Analysis The behavioral data were z-normalized and analyzed using Excel and 

SPSS (Field, 2009). 

Image Analysis We compared the VBM with respect to inter-individual differences in 

the percept of dichotically presented dissonance, as indexed by the relations between the 

valence ratings on the three categories. Structural T1-weighted images were processed with 

the VBM8 toolbox (dbm.neuro.uni-jena.de/vbm.html) using SPM8 (Welcome Trust Centre 

for Neuroimaging, UCL, London, UK) and Matlab 7 (Mathworks, Sherborn, MA, USA). 

Pre-processing included bias-field correction, segmentation and normalization to the 

standard MNI space including modulation to account for local compression and expansion 

during transformation in order to generate gray matter density (GMD) images. 

Subsequently, images were smoothed with a Gaussian kernel of 8 mm FWHM. We 

investigated the correlation between GMD values and the pleasantness of the dichotic 

dissonant percept as indexed by the valence rating values using age and total gray matter 

volume as additional covariates in the general linear model. Clusters were obtained using a 

voxel-threshold of p<0.005, and the anatomical localization of significant clusters (p<0.05, 

FDR-corrected) was investigated with the SPM Anatomy toolbox (http://www2.fz-

juelich.de/inm/index.php?index=194). 

  

http://dbm.neuro.uni-jena.de/vbm.html


 
 

19 
 

III.II Analysis and Results 

 

 

Behavioral Data  

In the behavioral experiment, the stimulus material was evaluated by a group of 20 

subjects with respect to its [subjectively] experienced valence. Using z-scores is a common 

statistical way of standardizing data on one scale so a comparison can take place. 

Therefore, all the rating values were z-normalized on a scale from 0 to 1, to facilitate an 

inter-category and inter-individual comparison of the valence ratings. For each participant 

and stimuli category, the rating values were normalized using the mean and standard 

deviation of the respective stimuli category.  

The average z-normalized valence rating of the stimuli was 0.505. The average ratings 

(z-normalized) for the three categories were respectively 0.683 for the originals, 0.567 for 

the dichotic dissonant and 0.265 for the mono dissonant, with no significant difference 

between women and men. The average z-normalized valence rating on each category, and 

for each participant are represented in figure 1: 

 

Figure 1 Behavioral data “Dichotic 1”. The figure shows the participants number on the x-axis and the 

according valence rating z-normalized (from 0 for unpleasant up to 1 for pleasant) on the y-axis. The bars are 

labeled “O” for the original, “DD” for the dichotic and “MD” for the mono dichotic category. 
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To index the (un)pleasantness experience of each participant when processing the 

dichotically presented dissonance, the rating values were structured in 3 different data 

groups: 

1) The O-DD group comprises the differences between the z-normalized rating values 

for the original category [O] and those for the dichotic dissonant category [DD]: in 

short, the rating values for the O category minus the rating values for the DD 

category. The larger the O-DD value (i.e., the difference between the two 

aforementioned z-normalized rating values), the more unpleasant the dichotically 

presented music is perceived. 

2) The DD-MD group comprises the differences between the z-normalized rating 

values for the dichotic dissonant category [DD] and those for the mono dissonant 

category [MD]: in short, the rating values for the DD category minus the rating 

values for the MD category. The larger the DD-MD value (i.e., the difference 

between the two aforementioned z-normalized rating values), the more pleasant the 

dichotically presented music is perceived.  

3) The Distance Difference group comprises the differences between the two 

aforementioned data groups: [(DD-MD)-(O-DD)]. The larger the Distance 

Difference value, the smaller is the O-DD value in relation to the DD-MD value. 

The smaller the O-DD value in relation to the DD-MD value, the more pleasant the 

dichotically presented music is perceived (i.e., the percept of the dichotically 

presented dissonant music lies closer to the percept of the original consonant 

music). Subsequently, the larger the Distance Difference value, the more pleasant 

the dichotically presented musical excerpt is perceived. 

To investigate whether there was a significant positive or negative correlation between 

age or gender and an increasing unpleasantness experience when processing the dichotically 

presented dissonance, the appropriate statistical tests were conducted. First, the assumptions 

of normality were explored. To test whether the sampling distributions are significantly 

different from a normal distribution, a Shapiro-Wilk test was performed. The distributions 

for the data groups O-DD, DD-MD, Distance Difference and age appear to be significantly 

normal (p > .05), whereas the sampling distribution for gender differs significantly from a 

normal distribution. Moreover, the distribution for gender is bimodal. 
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Since the rating values and age samples are normally distributed, a parametric statistic 

was conducted to investigate possible correlations between age and a trend in valence rating. 

The Pearson’s correlation coefficient was performed two-tailed for we tested a non-

directional hypothesis (i.e., the correlation could be either negative or positive). No 

significant correlations were found between age and data groups (p > .05). Results are given 

in table 1. 

 

Table 1 SPSS Output showing the output for a Pearson correlation on the variables Age, O-DD, DD-MD and 

Distance Difference for the data group “Dichotic 1”. 

 

 

Since gender is a discrete dichotomous variable, the point-biserial correlation coefficient 

was calculated to investigate whether gender corresponds to an increasing unpleasantness 

experience when listening to dichotically presented dissonant music. Again the tests were 

two-tailed as we couldn’t predict the outcome. A parametric statistic was conducted for 

testing possible negative or positive correlations between gender and valence ratings. 

Results of the Pearson correlation are given in table 2. No significant correlations were 

found (p > .05). 

 

Table 2 SPSS Output showing the output for a Pearson correlation on the variables Gender, O-DD, DD-MD 

and Distance Difference for the data group “Dichotic 1”. 

 

 Gender O-DD DD-MD Distance Diff. 

Gender 

Pearson Correlation 1 ,138 ,061 -,033 

Sig. (2-tailed)  ,563 ,800 ,889 

N 20 20 20 20 

     

*. Correlation is significant at the 0.05 level (2-tailed). 

**. Correlation is significant at the 0.01 level (2-tailed). 

 

 O-DD DD-MD Distance Diff. Age 

Age 

Pearson Correlation -,317 -,441 -,249 1 

Sig. (2-tailed) ,174 ,052 ,289  

N 20 20 20 20 

*. Correlation is significant at the 0.05 level (2-tailed). 

**. Correlation is significant at the 0.01 level (2-tailed). 
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VBM  

Data were analyzed by using voxel-based morphometry [VBM], an automated 

procedure that permits voxel-wise analysis of gray matter density (Ashburner and Friston, 

2000; Mechelli et al., 2005). For this study the VBM8 Toolbox was used (dbm.neuro.uni-

jena.de/vbm.html). It was implemented with Statistical Parametrical Mapping software 

(SPM8, Welcome Trust Centre for Neuroimaging, UCL, London, UK; 

http://www.fil.ion.ucl.ac.uk/spm/) running on MATLAB 7 (Mathworks, Sherborn, MA, 

USA). We investigated the correlation between gray matter density values and the 

(un)pleasantness of the dichotic dissonant percept as indexed by the Distance Difference 

values using age and total gray matter volume as additional covariates in the general linear 

model. Clusters were obtained using a voxel-threshold of p<0.005, and the anatomical 

localization of significant clusters (p<0.05, FDR-corrected) was investigated with the SPM 

Anatomy toolbox (http://www2.fz-juelich.de/inm/index.php?index=194). 

Results showed a significant negative correlation between the pleasantness experience 

when processing dichotically presented dissonance as indexed by the Distance Difference 

values (cf. supra) and the gray matter density or concentration in the Inferior Colliculus 

(see figure 2). Those participants who perceived the dichotically presented dissonance as 

rather pleasant have a lower gray matter density in the IC, whereas those who perceived 

the dichotically presented dissonance as rather unpleasant have a higher gray matter 

density.    

 

 

Figure 2. Results of Statistical Parametric Map (SPM) analysis of MRI data. The map shows the regions 

where the gray matter density differs significantly among the non-musicians in relation to their rating of the 

dichotic dissonant percepts.  

http://dbm.neuro.uni-jena.de/vbm.html
http://dbm.neuro.uni-jena.de/vbm.html
http://www2.fz-juelich.de/inm/index.php?index=194
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III.III Discussion 

 

Behavioral Data The behavioral pre-test showed that the presentation of a dichotic 

dissonant music signal (where two consonant versions of the same musical excerpt but in 

different keys were presented simultaneously – one consonant version to each ear) was 

perceived as more unpleasant than the consonant, but less unpleasant than the mono 

dissonant signal, which was the expected result (Sandig, 1939). This indicates that the 

cochlea is involved in the unpleasantness response to sensory dissonance (as e.g. assumed 

by Helmholtz), although not critically so. However, the degree to which the dichotic 

dissonant versions were qualified as unpleasant considerably varied between participants. 

Regarding the large inter-individual behavioral differences, the behavioral study comes up 

with two interesting phenomenon: 

First, several participants rated the dichotic dissonant stimuli almost as good as the 

originals. This result supports the tonotopic theory, stating that the rating of the music 

signal in terms of valence happens at the level of the cochlea. Since each cochlea is 

presented with a consonant sound, the dichotic dissonant stimulus is perceived as rather 

pleasant. Here the focus remains on the important role of peripheral processing.  Another 

interpretation would be that one cochlea is more dominating and since both sounds are 

almost the same one gets blocked out. According to Kimura (1967), the dichotic listening 

paradigm relies on the dichotic extinction principle based on the partially crossed 

organization of the auditory pathway (i.e. the structural dichotic listening model, generally 

supported by contemporary studies; see Jerger and Martin 2004 for a summary). As a 

result, contralateral and ipsilateral inputs are in competition when different stimuli are 

simultaneously presented to each ear: contralateral pathways seam to partially occlude 

ipsilateral pathways during dichotic listening. Consequently, input arriving via the 

contralateral pathways exhibits a stronger representation at the subcortical and cortical 

level.  Previous investigations noted an obvious left-ear advantage for nonverbal feature 

(i.e. music) processing, reflecting a right-hemisphere specialization (see Tervaniemi and 

Hugdahl 2003 for a review). Consequently, the auditory information of the signal 

presented on the left ear in the dichotic dissonant category might partially occlude the 

auditory info of the other signal, resulting in a rather pleasant auditory image.  
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Secondly and on the other hand, some individuals rated the dichotic dissonant 

category quite low in terms of valence (e.g., participant 5 rated the originals with an 

average of 0.7 and the dichotic dissonant stimuli with an average of 0.4, both z-

normalized). This finding supports the statement that the role of the cochlea cannot be 

critical for the mediation and processing of sensory dissonance. The psychoacoustic model 

supported by Plomp and Levelt (1965) fails to explain the perception of consonance and 

dissonance when tones are presented dichotically (Houtsma and Goldstein, 1972), as in the 

present behavioral study. According to Bidelman and Krishnan (2009), pitch percepts must 

be computed centrally by deriving information from the combined neural signals relayed 

from both cochleae. They found that, although notes were presented dichotically, 

frequency-following responses preserve the complex spectra of both notes in a single 

response. Namely, by presenting different tones dichotically, peripheral processing is 

minimized and responses from a central (e.g., brainstem; subcortical) pitch mechanism can 

be isolated. Their results extend the existing framework (i.e., hierarchical status of musical 

pitch is maintained at a cortical level; Johnsrude, Penhune and Zatorre, 2000; Peretz et al., 

2009) to a subcortical level.  

To conclude, results show that mono dissonant stimuli are received as more unpleasant 

than dichotically presented dissonance, indicating that the cochlea modulates the valence 

percept during dissonance. On the other hand, our results indicate that the creation of 

dissonance cannot solely depend on the cochlea. It appears that the dissonance percept 

arises at least partially from an integration of neural activity from the auditory pathway in 

both hemispheres. Therefore, we hypothesize that the computation of pitch salience 

happens at a higher stage in the auditory pathway. 

 

VBM The dichotic dissonant stimuli are perceived as less pleasant than the originals. 

These findings invalidate the psychoacoustic model as presented by e.g. Plomp and Levelt 

(1965). According to Bidelman and Krishnan (2009), pitch percepts must be computed 

centrally by deriving information from the combined neural signals relayed from both 

cochleae. We predicted that the behavioral differences in the valence rating of the dichotic 

dissonant category (i.e., the presentation of two tones to alternate ears) would correlate 

with structural brain differences at higher stages in the auditory pathway. 
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The subjects’ brains were scanned using magnetic resonance imaging, and a non-invasive 

method called voxel-based morphometry (VBM) was conducted to determine the 

concentration of gray matter in the whole brain. More specifically, VBM was used to study 

the association between gray matter density and an increasing (un)pleasantness experience 

when listening to dichotically presented musical excerpts (where each ear was presented 

with a consonant sound) in healthy non-musicians. The study was highly exploratory.  

Results from  the VBM analysis suggest a pattern of differences in the gray matter 

distribution between the participants that perceive the dichotic dissonance nearly as 

pleasant as a mono consonant signal [that is where the cochlea probably plays a major role] 

and those that perceive the dichotic dissonance as unpleasant as a mono dissonant signal 

[where the cochlea probably plays a minor role]. More specifically, our results show a 

significant negative correlation between the valence ratings of the dichotic stimuli and the 

gray matter density in the Inferior Colliculus. A significant negative correlation means that 

higher gray matter density (GMD) in the Inferior Colliculus (IC) correlates with lower 

“Distance Difference” data values corresponding to the capability of auditory integration 

between both hemispheres (as reflected by investigated valence ratings). In short, 

participants with higher GMD values in the IC perceive the dichotically presented 

dissonance as less pleasant than those who have a lower gray matter density in the IC. 

Higher gray matter density in the IC seems to correlate with a higher capability of auditory 

integration between both hemispheres (as reflected by the investigated valence ratings). 

This would be in line with previous findings, demonstrating that the IC may be responsible 

for the encoding of dissonance at a subcortical level when peripheral processing is 

minimized (Bidelman and Krishnan, 2009; McKinney, Tramo and Gelgutte, 2001).  

The study of Schreiner and Langner (1997) has noted that the internal frequency 

organization of the central nucleus of the Inferior Colliculus (ICC) might contribute to the 

generation of the critical-band behavior of its neurons. The majority of these neurons can 

be classified into different binaural unit types. The remaining small amount of neurons are 

only monaurally influenced (Kuwada et al., 1997; Brückner and Rübsamen, 1995). 

Although the distribution of binaural responses differ in the various frequency sites, there 

is a common scheme of binaural representation across frequencies in the IC (Brückner and 

Rübsamen, 1995). Since the IC acts as a midbrain critical band that may function in a 
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similar manner to that described pychophysically (Plomp and Levelt, 1965), it might play a 

crucial role in the computation of pitch salience at a subcortical level by an integration of 

auditory information from both cochleae. 

Our findings illustrate that a higher density of gray matter in the IC corresponds to a 

better integration of the left and right ear signal (i.e., enhanced binaural processing), 

resulting in an enhanced encoding of dichotically presented dissonance. Of course, it 

remains to be determined whether the IC with a higher proportion/density of gray matter 

contains a greater total number of neurons, thicker axons, more axon collaterals, stronger 

myelinated axons, or a higher percentage of myelinated axons. So far, no single study has 

demonstrated a (positive) correlation between the gray matter density in the IC and one of 

the aforementioned possible factors. A full understanding of how the behavioral 

performances relate to gray matter density will ultimately require a detailed study of 

defining which of these possibilities underlies the observed differences. 

Because our sample size for healthy non-musicians was small, we cannot exclude the 

possibility that regions other than the IC gray matter, which was below the statistically 

significant level in the present examination, may show inter-individual significant 

differences if the sample size were to be improved. 

In short, the behavioral differences in the perception of dichotically presented dissonance 

correlate with structural brain differences in the IC, supporting its crucial role in the 

computation of a sensitivity to consonance and dissonance by an integration of left and right 

hemisphere brain processing. 

Further Research – Behavioral Study 2 (chapter IV) 

The inter-individual differences in the assessment of the dissonant dichotic stimuli 

correspond to structural brain differences as measured with VBM. More specifically, the 

behavioral differences correlate with structural brain differences in the IC, supporting its 

crucial role in the computation of a sensitivity to consonance and dissonance by an 

integration of left and right hemisphere brain processing. Whether the inter-individual 

differences in capability to perceive dissonance are innate, or can be influenced by musical 

expertise is still debated (cf., supra). A second study (i.e., the  second behavioral study or 

“Dichotic 2”, written out in the chapter 4) was conducted to investigate whether behavioral 
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values such as musical expertise have an influence on the percept of dichotically presented 

music. 

Twenty-four healthy individuals participated in the second behavioral study. The 

subject group comprised both musicians and non-musicians. The stimuli and experimental 

design from the pre-test (i.e., “Dichotic 1”) were applied to this study. However, 

questionnaires were added. These made inquiries about musical expertise and experience, 

since these behavioral values might have an influence on the behavioral (valence rating) 

and possibly brain structural effects (for an overview, see Mechelli et al., 2005). 

  



 
 

28 
 

 

CHAPTER IV 

BEHAVIORAL STUDY “DICHOTIC2” 
 

 

 

IV.I Methodology 

 

Participants Individuals (n = 24; 13 females, 11 males; mean age 49,46 years; range 22-

80 years; mean musical experience 12,25 years; range musical experience 0-60 years) of 

whom we have already acquired comparable T1-weighted, DTI and resting state scans 

(acquired with the same parameters). The participants comprised 11 musicians and 13 non-

musicians. All reported to be healthy. 

 

Stimuli and Procedure were partly the same for both experiments: 

Twenty-five stimuli from each category (i.e., “original”; “dichotic dissonant” and “mono 

dissonant”) were presented twice at two different time points and in a pseudo-randomized 

manner. Stimuli were presented over headphones (HD 202 Sennheiser). Participants rated 

the valence of the stimuli with a slider rating device (i.e. slider interface). To run the 

behavioral experiment, the experimental control software Presentation® was used. 

The experimental trials were preceded and followed by brief questionnaires, resulting in a 

testing session of 35 minutes. Questionnaires made inquiries about behavioral values. The 

results of the pre-experiment survey were used to investigate whether the inter-individual 

differences in musical expertise and experience correlate with behavioral (valence rating) 

differences and possible structural brain effects. The post-survey made inquiries about the 

level of concentration for the different stages of the experiment; the level of physical 
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response to the different stimuli; the level of illness/nuisance felt during the unpleasant 

stimuli; and emotional state in terms of valence (pleasant – unpleasant) and arousal (calm – 

excited) after having participated in the experiment. 

Behavioral Data Analysis The behavioral data were z-normalized and analyzed using 

Excel and SPSS (Field, 2009). Subsequently, appropriate statistics were conducted to 

determine whether behavioural values such as previous musical experience or expertise 

have an influence on the behavioural (valence) rating of the dichotic dissonant stimuli. 
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IV.II Analysis and Results 

 

 

Behavioral Data 

In a second behavioral experiment, the stimulus material was evaluated by a group of 24 

subjects with respect to its [subjectively] experienced valence. Using z-scores is a common 

statistical way of standardizing data on one scale so a comparison can take place. 

Therefore, all the rating values were z-normalized on a scale from 0 to 1, to facilitate an 

inter-category and inter-individual comparison of the valence ratings. For each participant 

and stimuli category, the rating values were normalized using the mean and standard 

deviation of the respective stimuli category.  

 

Figure 3 Behavioral data “Dichotic 2”. The figure shows the participants number on the x-axis and the 

according valence rating z-normalized (from 0 for unpleasant up to 1 for pleasant) on the y-axis. The bars are 

labeled “O” for the original, “DD” for the dichotic. 

The average z-normalized valence rating of the stimuli was 0,547. The average ratings 

(z-normalized) for the three categories were respectively 0.704 for the originals, 0.590 for 

the dichotic dissonant and 0.346 for the mono dissonant, with no significant difference 

between women and men (cf., infra). The average z-normalized valence rating on each 

category, and for each participant are represented in figure 3. 
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To determine the unpleasantness experience of each participant when processing the 

dichotically presented dissonance, data was again structured in the 3 different data groups: 

1) The O-DD group comprises the differences between the z-normalized rating values 

for the original category [O] and those for the dichotic dissonant category [DD]: the 

rating values for the O category minus the rating values for the DD category. The 

larger the difference between both z-normalized rating values, the more unpleasant 

the dichotically presented music is perceived. 

2) The DD-MD group comprises the differences between the z-normalized rating 

values for the dichotic dissonant category [DD] and those for the mono dissonant 

category [MD]: the rating values for the DD category minus the rating values for 

the MD category. The larger the difference between both z-normalized rating 

values, the more pleasant the dichotically presented music is perceived.  

3) The distance difference group comprises the differences between the two 

aforementioned differences: [(DD-MD)-(O-DD)]. The larger the difference, the 

smaller is the O-DD value in relation to the DD-MD value. The smaller the O-DD 

value in relation to the DD-MDD value, the more pleasant the dichotically 

presented music is perceived (i.e., the percept of the dichotically presented 

dissonant music lies closer to the percept of the original consonant music). 
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Exploratory analysis. Descriptive statistics have been shown to be a good way of getting 

an instant picture of the distribution of the data. Initial analysis comes up with 3 interesting 

phenomenon. First, exploratory analysis indicated that the rating values of the DD-MD 

group and the Distance Difference group are normally distributed, whereas the distribution 

for the values of the O-DD group is bimodal. Both the histogram and the quantile-quantile 

plot in figure 4 illustrate the distinctive two modes in the distribution of the O-DD samples 

and the deviations from a normal distribution.  

 

  

Figure 4 Histogram with the normal curve (left) and  Quantile-Quantile plot (right) of the distribution for the 

O-DD data. 

Second, gender is a discrete dichotomous variable (i.e., it is a categorical with only two 

categories). Therefore, the point-biserial coefficient was used to investigate whether gender 

influences the percept of dichotic dissonant music.  

Finally, it is of particular interest that the “snapshot” or exploratory analysis also 

indicated that the distribution of age is not normal. Moreover, it appears that the 

distribution is clearly bimodal (there are two peaks indicative of two modes; as illustrated 

by the histogram and quantile-quantile plot in figure 5). Therefore, rating values were 

further organized into two separate groups according to the age of the respective 

participants for further analysis. The data group Y (n=12; mean age 27,42; mean musical 

experience 3,58 years; range musical experience 0-20 years; 5 males; 7 females) comprised 

all the rating values of the participants in the age range of 22-35 years, whereas the data 

group O (n=12; mean age 71,50 year; mean musical experience 20,92 years; range musical 

experience 0-60 years; 6 males; 6 females) comprised all the rating values of the 

participants in the age range of 66-80 years. 
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Figure 5 Histogram with the normal curve (left) and  Quantile-Quantile plot (right) of the distribution for the 

Age data.

Data group Y. To investigate whether there was a significant positive or negative correlation 

between the amount of musical experience in years and an increasing unpleasantness 

experience when processing the dichotically presented dissonance, the appropriate statistical 

tests were conducted. First, the assumptions of normality are explored. To test whether the 

sampling distributions are significantly different from a normal distribution, a Shapiro-Wilk 

test was performed. The distributions for all three data groups (O-DD; DD-MD; Distance 

difference) appear to be significantly normal (p > .05), whereas the null hypothesis is rejected 

for the sampling distribution of the musical experience in years (p < .05).  

 
 

Table 3 SPSS Output showing the output for a Spearman correlation on the variables Musical Experience in 

Years, O-DD, DD-MD and Distance Difference for the data group Y. 

 O-DD DD-MD Dist Diff Musical Exp 

in Yrs 

Spearman’s rho 
Musical Exp in 

Years 

Correlation Coefficient ,643
*
 ,378 -,180 1,000 

Sig. (2-tailed) ,024 ,226 ,577 . 

N 12 12 12 12 

*. Correlation is significant at the 0.05 level (2-tailed). 

 

Since data are overall not normally distributed, a non-parametric statistic was conducted to 

investigate possible correlations. Spearman’s correlation coefficient (Spearman, 1910) can be 

used when the data have violated parametric assumptions such as non-normally distributed data 

(e.g., the musical experience in years). This statistic was performed two-tailed for we tested a 

non-directional hypothesis (i.e., the correlation could be either negative or positive). The 
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significance value for the correlation coefficient is less than .05 for the correlation between the 

amount of musical experience and the difference between the rating values for the original 

category and those for the dichotic dissonant category (see table 3). The relationship is positive. 

 

Data group O. To investigate whether there was a significant positive or negative 

correlation between the amount of musical experience in years and an increasing 

unpleasantness experience when processing the dichotically presented dissonance, the 

appropriate statistical tests were conducted. First, the assumptions of normality were explored. 

To test whether the sampling distributions are significantly different from a normal distribution, 

a Shapiro-Wilk test was performed. The distributions for two data groups (DD-MD; Distance 

difference) appear to be significantly normal (p > .05), whereas the null hypothesis is rejected 

for the sampling distribution of both the O-DD data  and the amount of musical experience in 

years. 

 

Table 4 SPSS Output showing the output for a Spearman correlation on the variables Musical Experience in Years, 

O-DD, DD-MD and Distance Difference for the data group O. 

Correlations 

 ODD DDMD Dist Diff Mus Exp in 

Yrs 

Spearman’s rho MusExpYrs 

Correlation Coefficient -,396 -,064 ,146 1,000 

Sig. (2-tailed) ,202 ,844 ,651 . 

N 12 12 12 12 
 

Since data are overall not normally distributed, a non-parametric statistic (i.e., Spearman’s 

correlation coefficient) was conducted to investigate possible correlations. This statistic was 

performed two-tailed for we tested a non-directional hypothesis (i.e., the correlation could be 

either negative or positive). No significant correlations were found (p > .05; see table 4). 

 

Data group Y + O (i.e., “Dichotic 2”). The data group Y + O or “Dichotic 2” comprised 

all rating values from the subjects who participated in the second behavioral experiment (N=24; 

age range 22-80; mean age 49,46; range musical experience 0-60 years; mean musical 

experience 12,25 years; 13 females, 11 males). Appropriate statistics were also conducted to 

investigate whether there was a significant positive or negative correlation between the amount 

of musical experience in years and an increasing unpleasantness experience when processing 
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the dichotically presented dissonance, when all rating values are taken into account. First, the 

assumptions of normality are explored. A Shapiro-Wilk test indicated that the distributions for 

two data groups (DD-MD; Distance difference) appear to be significantly normal (p > .05), 

whereas the null hypothesis is rejected for the sampling distribution of  the O-DD data, the 

amount of musical experience in years and age.  
 

Table 5 SPSS Output showing the output for a Spearman correlation on the variables Musical Experience in 

Years, O-DD, DD-MD and Distance Difference for the data group “Dichotic 2”. 

 

 O-DD DD-MD Dist diff Years of 

Exp 

Spearman’s rho 
Musical Exp in 

Years 

Correlation Coefficient ,039 ,101 ,055 1,000 

Sig. (2-tailed) ,858 ,639 ,799 . 

N 24 24 24 24 

 

Since data are overall not normally distributed, a non-parametric statistic (i.e., Spearman’s 

correlation coefficient) was conducted to investigate possible correlations between the amount 

of musical experience and the differences in valence ratings (see table 5). This statistic was 

performed two-tailed for we tested a non-directional hypothesis (i.e., the correlation could be 

either negative or positive). No significant correlations were found (p > .05). 

To investigate whether age has an influence on the valence percept of dichotically presented 

dissonance, the same non-parametric statistic was conducted. Results are given in table 6 No 

significant positive or negative correlations were found (p > .05). 

 

Table 6 SPSS Output showing the output for a Spearman correlation on the variables Musical Experience in 

Years, O-DD, DD-MD and Distance Difference for the data group “Dichotic 2”. 

  Data behavioral experiment 1 “Dichotic” + data behavioral experiment 2 “Dichotic 2”.  

This data group comprises the rating values of the subjects who participated in the first 

behavioral experiment and the rating values of those who participated in the second behavioral 

Correlations 

 O-DD DD-MD Dist Diff Age 

Spearman’s 
rho Age 

Correlation Coefficient -,298 ,090 ,349 1,000 

Sig. (2-tailed) ,157 ,677 ,095 . 

N 24 24 24 24 
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experiment (N=44; age range 20-80 years; mean age 37,95; 23 females; 21 males). A Shapiro-

Wilk test indicated that the distributions for the DD-MD data and Distance Difference data 

appear to be significantly normal (p > .05), whereas the null hypothesis is rejected for the 

sampling distribution of  the O-DD data, the amount of musical experience in years and age. 

Gender has a bimodal distribution, therefore normality in distribution is clearly rejected. 

Since gender is a discrete dichotomous variable, the point-biserial correlation coefficient was 

calculated to investigate whether gender corresponds to an increasing unpleasantness 

experience when listening to dichotically presented dissonant music. Again the tests were two-

tailed as we couldn’t predict the outcome. A parametric statistic was conducted for testing 

possible negative or positive correlations between gender and the DD-MD data and Distance 

Difference data. Results of the Pearson correlation are represented in table 7. No significant 

correlations were found (p > .05). To investigate a possible correlation between gender and the 

O-DD data however, a non-parametric statistic was conducted. Results of the Spearman 

correlation are represented in table 8. No significant correlation was found (p > .05).  In 

conclusion, gender does not correlate with a certain trend in the rating values.  

 

 

Table 7 SPSS Output showing the output for a Pearson correlation on the variables Gender, DD-MD and 

Distance Difference for the data group “dichotic 1” + “dichotic 2”. 

 DD-MD Distance Diff. Gender 

Gender 

Pearson Correlation -,230 -,234 1 

Sig. (2-tailed) ,133 ,127  

N 44 44 44 

 

 

Table 8 SPSS Output showing the output for a Spearman correlation on the variables Gender and O-DD for the 

data group “dichotic 1” + “dichotic 2”. 

 

 O-DD Gender 

Spearman’s rho Gender 

Correlation Coefficient -,027 1,000 

Sig. (2-tailed) ,863 . 

N 44 44 
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To investigate whether age has an influence on the valence percept of dichotically presented 

dissonance, a non-parametric statistic was conducted. Results of the Spearman’s correlation 

coefficient are given in table 9. No significant positive or negative correlations were found (p > 

.05). 

 

Table 9 SPSS Output showing the output for a Spearman correlation on the variables Musical Experience in Years, O-

DD, DD-MD and Distance Difference for the data group Y + O. 

Correlations 

 O-DD DD-MD Distance Diff. Age 

Spearman’s rho Age 

Correlation Coefficient -,249 -,187 -,090 1,000 

Sig. (2-tailed) ,102 ,223 ,563 . 

N 44 44 44 44 
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IV.III Discussion 

 

In accordance with the findings from the first behavioral experiment (i.e., “Dichotic”), the 

behavioral data show that mono dissonant stimuli are received as less pleasant than 

dichotically presented dissonance, indicating that the cochlea modulates the valence percept 

during dissonance. On the other hand, dichotically presented dissonance is received as less 

pleasant than the mono consonant stimuli. Our findings indicate that the creation of 

dissonance does not crucially depend on the cochlea, but can arise from an integration of 

neural activity auditory from the auditory pathway in both hemispheres. Previous 

investigations have demonstrated that pitch salience emerges well before cortical involvement 

and more downstream to the cochlea (Krishnan, Bidelman and Gandour, 2010; Bidelman and 

Krishnan, 2009).  

However, the degree to which the dichotic dissonant versions were qualified as unpleasant 

considerably varied between participants. The large inter-individual differences are especially 

represented in the bimodal distribution of the O-DD differences. The bimodal distribution 

indicates a trend that participants either perceive the dichotically presented dissonance as 

rather pleasant (i.e., small difference between the rating value for the original category and the 

rating value for the dichotic dissonant category) or as rather unpleasant (i.e., large difference 

between the rating value for the original category and the rating value for the dichotic 

dissonant category). 

 

At first, the second behavioral study didn’t make allowance for age (range 20-80 years). This 

might have underwritten an error in the results of the correlation tests between the amount of 

musical experience and the valence percept of the dichotically presented dissonance, as gray 

matter induced by training [e.g. musicians] may be transient and dependent on the age of the 

subjects (Mechelli, 2005). Therefore, the behavioral data obtained from the second 

behavioural experiment were categorized into two data groups in accordance with the age 

range for further analysis: data group Y (age range 22-35 years) and data group O (age range 

66-80 years).  

Whereas no significant correlations were found between the amount of musical experience 

and the rating values of those subjects who were older than 60 years, the amount of  musical 
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experience did correlate positively with the perceived unpleasantness when listening to 

dichotically presented music for subjects who were younger than 35 years. These findings are 

in line with earlier studies that illustrated that musicians have enhanced subcortical auditory 

processing of speech and music (Musacchia, et al., 2007). 

Since both musically trained and untrained individuals, as well as both adults and children, 

show comparable brain activations when listening to music (Bidelman and Krishnan, 2009; 

Koelsch et al., 2005), the human brain seems to be pre-wired for music (Koelsch et al., 2006; 

McDermott and Hauser, 2005; Peretz and zatorre, 2005; Trainor et al., 2002). The assumption 

of brain specialization for dissonance computation is in line with this nativist view (Peretz et 

al., 2001). However, inter-individual differences in structural brain architecture have been 

shown to support behavioural differences in auditory processing and perception (Bangert and 

Altenmuller, 2003; Gaser and Schalug, 2003; Habib and Besson, 2009; Musacchia et al., 

2007; Peretz and Zatorre, 2005; Schlaug et al., 1995; Trainor et al., 2003). Our results are in 

line with these findings: musical expertise influences acoustic behaviour. Namely, an increase 

in the unpleasantness experience when listening to dichotically presented music correlates 

with a higher amount of musical experience. It should be noted that this correlation is only 

valid for people under the age of 35 years, since the effect of musical expertise on auditory 

processing decreases with aging (Mechelli, 2005).  

Of course, it remains to be determined whether the amount of musical experience also 

correlates positively with increases in gray matter density in brain regions that underlie a 

better integration of auditory info from both cochleae, such as the Inferior Colliculus. 
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CHAPTER V 

GENERAL CONCLUSION 
 

 

 

Limitations of the Study and Suggestions for Future Research 

Several limitations became apparent during the course of this study. First, one should take 

into account the limitations of VBM. Increased gray matter volume measured with VBM can 

result from several factors. Ashburner and Friston (2001), and Mechelli et al. (2005) already 

noted that a full understanding of how behavioral performance relates to gray matter volume 

will ultimately require detailed study of defining which of the possibilities underlies the 

observed differences (cf. supra). In short, one should always exercise caution when 

conducting a VBM analysis.  

According to McAdams (1984), all listeners carry into musical situation ‘normal’ 

tendencies of hearing. These tendencies might act as defaults in the organisation of musical 

sound. It is shown that the will and focus of the listener play an extremely important role in 

determining the final perceptual results. “Musical listening […] is and must be considered 

seriously by any artist as a creative act on the part of the participant”, claimed McAdams 

(1984). Therefore, inter-individual differences in character (i.e. will and focus) might have 

correlated with the behavioural differences in the assessment of the dichotic dissonant 

category (i.e. the creation of the auditory image information). Future research should take this 

into account when examining the processing and creation of an auditory image.  

Although allowance was made for age in the analysis of the data of the second 

behavioural experiment, other parameters might have underwritten an error in the results such 

as the age at which one acquires musical skills. Future research should take this into account 

and make good characterization of the relationship between brain structure, age of acquisition, 

performance and amount of practice (as proposed by Mechelli, 2005). 
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Furthermore, musical training is known to enhance the subcortical processing of musically 

relevant pitch (Musacchia, 2007). This founding may correspond to the inter-individual 

behavioral differences in the rating of the dichotic dissonant stimuli as demonstrated by the 

present investigation. But although high-level, complex musical training appears to have an 

impact on auditory processing; individuals with a musical training simply may have learned to 

pay more attention to the details of the acoustic stimuli than nonmusicians, as proposed by 

Musacchia (2007). In future research, this should be taken into account when investigating the 

differences in the dissonance percept between musicians and nonmusicians. 

This study examined the possible positive correlation between musical experience and the 

assessment of the dichotic dissonant category. The investigation of both males and females 

might have potentially influenced our results (see Mechelli, 2005, for a statement of possible 

causes). Namely, pronounced gender effects have been reported in a recent VBM study (Good 

et al, 2001), supported by earlier findings of histological differences between the two genders 

(Witelson et al., 1995). Moreover, Woolley and McEwen (1992) found that microstructural 

changes co-vary with the menstrual cycle, which could potentially have masked a musician 

effect in our study. Future studies might examine the effects in only one gender to exclude 

possible gender cofound. Of course, one should exercise caution when generalizing a single-

gender finding to the whole population (Gaser and Schlaug, 2003).  

A final limitation of the study may have been the number of participants used in both 

experiments (N=20; N=24). We conducted our experiment with subjects of whom only a few 

have a broad background in music. Perhaps obtaining a larger overall population would give a 

more accurate representation and diversity of musical status and would strengthen the results 

found in this study. 

Summary 

The  present study sought to get a better understanding of the role of the cochlea in the 

perception of sensory dissonance. Statistical analysis of the behavioral ratings indicated large 

inter-individual differences in the assessment of dichotically presented dissonance.  

The subjects’ brains were scanned using magnetic resonance imaging, and a method called 

voxel-based morphometry was conducted to determine the concentration of gray matter (as an 

estimation of density) in the whole brain. More specifically, VBM was used to study the 
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association between gray matter density in higher stages of the auditory pathway and an 

increasing unpleasantness experience when listening to dichotically presented musical 

excerpts (where each ear was presented with a consonant sound) in healthy non-musicians. 

Morphological analysis with VBM revealed a significant regional increase in the gray matter 

density in the Inferior Colliculus in those who perceived the dichotic dissonant excerpts as 

rather unpleasant.  

 

The findings of the present study are interesting in light of the fact that the IC appears to 

perform a crucial role in the computation of pitch salience when peripheral processing is 

minimized. Results indicate that the IC plays an important role in the creation of an auditory 

object by the integration of auditory information from both cochleae. A higher capability for 

the integration is shown to correlate with a higher gray matter density in the IC.  

 

Findings from the second behavioral experiment supported a positive correlation between a 

higher capability for the integration of auditory information from both ears and the amount of 

musical experience. In short, musical training seams to enhance the subcortical processing of 

musically relevant pitch when peripheral processing in minimized. Whether the behavioral 

value also leads to a higher gray matter density in the IC is however still unknown. 
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APPENDIX A 

PROJECT SKETCH 
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Investigating the dissonance percept with a dichotic listening paradigm 

 
 

     

   03/12 started 

  DICHOTIC 00 Months 

 Behavioral study Fritz/Renders/Mueller/Villringer   

    updated 

 Comment: Master thesis of Wiske Renders 

 Ext. Coop.: University of Ghent  

 

Summary 

The project aims at investigating how the percept of sensory dissonance arises in the auditory 

pathway. A behavioral pre-test showed that the presentation of a dichotic dissonant music 

signal (where two consonant versions of the same musical excerpt but in different keys were 

presented simultaneously – one consonant version to each ear) was perceived as more 

unpleasant than the consonant, but less unpleasant than the mono dissonant signal. This 

indicates that the cochlea is involved in the unpleasantness response to sensory dissonance (as 

e.g. assumed by Helmholtz), although not critically so. We want to investigate the stage in the 

auditory pathway where the two consonant signals from the dichotic listening category are 

integrated to gain a better understanding of the mechanisms mediating the dissonance percept 

in the auditory pathway. 

 

We want to make use of the fact that the degree to which the dichotic dissonant versions were 

qualified as unpleasant considerably varied between participants. In this study we want to 

further substantiate the observed role of the cochlea in the valence judgment, and furthermore 

we want to determine which differences in brain organization correspond to an increasing 

unpleasantness experience when processing the dichotically presented dissonance (where on 

every ear a consonant signal is presented).  

 

 

Work Program 

Participants: Participants (n = 60) of whom we have already acquired comparable T1-

weighted, DTI and resting state scans (acquired with the same parameters). 

 

Stimuli: Excerpts of joyful instrumental music and manipulated counterparts thereof (each 

with a duration between 3.6 and 10 seconds). Conditions: (1) original, (2) dichotic dissonant, 

(3) mono dissonant. Stimuli are presented over headphones. 

 

Stimuli are presented in pseudo random order.  

 

Constraints:  

- no category twice in direct succession  

- no two versions of the same stimulus in direct succession 
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Task: The participants have to  

1. listen carefully to the stimuli and indicate their pleasantness in terms of valence on a 

slider interface 

2. fill in a questionnaire before and after the experiment 

 

Analyses: Compare the VBM, DTI, and resting state data with respect to difference between 

“dichotic dissonant” and “mono dissonant” valence differences (both group contrasts and 

parametric analyses). Determine if behavioural values such as previous musical experience or 

expertise have an influence on the behavioural (valence rating) and possibly brain structural 

effects. 

Hypotheses 

 

We hypothesize that inter-individual differences in the assessment of the dichotic dissonant 

stimuli correspond to structural brain differences between participants as measured with DTI, 

VBM and resting state analyses.  

 

More specifically, we hypothesize that inter-individual differences in the assessment of the 

dichotic dissonant stimuli correspond to differences in anatomical and functional connectivity 

supporting the creation of auditory image formation (MacAdams, 1984; Kumar et al, 2007) by 

an integration of left and right hemisphere brain processing. 

 

Furthermore we expect that musical expertise correlates with the size of the valence rating 

effect and its corresponding structural differences.  

Co-ordinator / Co-workers 

Thomas Fritz 

Wiske Renders 

Karsten Mueller 

Arno Villringer 

 

Resources 
Stimulus-PC with Presentation software 

Slider interface for rating 

 

Time Table 

 
 

from to Task status responsible 

  experiment/aquiring data   

  data analysis   

  Article   
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Comments 
 

- Journal Article 

- Book(chapter) 

- Abstract 

- Conference 

- Colloquium 

 

P U B L I C A T I O N S 

 

MONOMUS-001 

- in preparation 

- submitted 

- in press/accepted 

- published 

- presented 

 

Journal Article 

Autoren (Jahr). Titel. Journal, Vol., Seiten.  

publ./subm./in pr. 

Bookchapter Autoren (Jahr). Titel. In Herausgeber, Buchtitel, Seiten, Ort des 

Verlages: Verlag. 

published 

   

   

   

   

latest update: 3:48 PMWednesday, July 04, 2012 
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APPENDIX B 

QUESTIONNAIRE_PRE&POST_ENGLISH 
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APPENDIX C 

QUESTIONNAIRE_PRE&POST_GERMAN 
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APPENDIX D 

EXPERIMENTAL TASK DESCRIPTION_GERMAN 

 

 

 

 

 

 

Experiment, Beschreibung der Aufgabe 

 

 

Heute machen Sie ein Experiment zu musikalischen Klängen. 

 

Diese sind wahrscheinlich für sie verschieden angenehm und unangenehm. 

Die Musik ist sehr kurz, bitte hoeren Sie gut zu. 

 

Waerend der Musik koennen Sie die Augen schliessen. Diese fuer die Bewertung aber bitte 

oeffnen. 

 

Sie bekommen eine Box mit Schieberegler für die Bewertung. 

Bei dieser ist links negativ, also unangenehm, und rechts positiv, also angenehm. In der Mitte 

Neutral. Je weiter aussen der Schieberegler, desto staerker angenehm oder unangenehm. 

Bitte bewerten Sie wie die Musik auf Sie GEWIRKT hat (also wie sie sich dadürch fühlten, 

angenehm oder unangenehm). 

 

Bitte warten Sie bis die Musik AUFGEHÖRT hat und geben dann die Bewertung ab. Durch 

druecken der gruenen Taste bestätigen Sie den Wert und starten das nächste Musikstück. 
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