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ABSTRACT 
 

The amygdala is a major neural structure engaged in coding the emotional content of 

multi-modal signals. Processing emotional cues and using this information to mediate 

behavioural responses are two essential aspects of human–environment interaction. The 

focus of this chapter is on the role of the amygdala in processing the emotional meaning 

of auditory stimuli. Two major classes of sounds are discussed: external sounds in the 

environment (urban soundscapes) and internalised ‗phantom‘ sounds (tinnitus). 

Auditory perception has been studied using single sound source clips, or acoustically 

richer, more naturalistic soundscape recordings. Typically, brain imaging studies of 

emotionally evocative sounds have focused on examining unpleasant or aversive single-

source sounds relative to neutral sounds. Reports of an amygdalar response to pleasant 

sounds are less consistent. One recent study sought to report the neural basis of a 

cognitive response to a wide range of natural urban soundscapes using functional 

magnetic resonance imaging (fMRI). Results indicate that soundscapes evoking a 

positive or negative emotional response resulted in a pattern of neural activity, including 

the amygdala. This work is discussed in relation to the importance of the amygdala in 

processing the external acoustic environment. 

The amygdala also plays a role in processing subjective ‗phantom‘ sounds and has 

been proposed in models of tinnitus to account for the emotional distress that can occur 

for some sufferers. Recent evidence points to the involvement of limbic regions, 
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particularly the amygdala, in tinnitus pathogenesis. Preliminary results from an ongoing 

fMRI study on the involvement of the amygdala in tinnitus are presented and discussed in 

relation to theories about the emotional aspects of the condition. 

The final section of this chapter discusses the technical constraints inherent in 

utilising fMRI to measure brain activity in both the amygdala and auditory cortex, with 

the aim of aiding future research in this area. 

 

 

1. INTRODUCTION 
 

The amygdala is a core neural structure within the human brain whose main function is 

considered to be the processing of emotional signals from all the sensory modalities: visual, 

auditory, olfactory, gustatory and tactile. The processing of these affective signals, and the 

resultant mediation of behavioural responses, are important aspects of the human–

environment interaction. Essentially, from an evolutionary perspective, the ability to decipher 

and react swiftly to environmental stimuli, particularly stimuli which relate to fear or danger, 

constitutes a survival advantage for many animals. Sound signals a variety of important cues, 

from the mood of others in a social group, to encroaching danger. 

 

 

1.1. Brief Anatomical Overview of the Amygdala 
 

The term ‗amygdala‘ refers to a region in humans that is approximately 1.7 cm
3
 in size 

(Brierly et al., 2002). Anatomical studies in rat (e.g. Sah and De Armentia, 2003) and in 

primates (Amaral et al., 1992) have demonstrated that this structure consists of around a 

dozen nuclei in the anteromedial temporal lobe, with each nucleus having unique 

architectonic, histochemical, connectional, and physiological properties. The subnuclei of the 

amygdala have been identified using cell-staining (cytoarchitectonic) methods. Although a 

number of classification schemes have been proposed, this chapter refers to work in humans 

that has classified three main groups of subnuclei: superficial (SF), centromedial (CM) and 

laterobasal (LB) (Amunts et al., 2005). This scheme has been used to create a probablistic 

map that can be readily integrated with human brain imaging data. 

A recent study has also examined the connectivity of the human amygdala using resting-

state functional magnetic resonance imaging (fMRI) (Roy et al., 2009). Findings indicated a 

pattern of specific funtional connectivity for each of the three main subdivisions. LB was 

linked with activity in the frontal and temporal regions, CM with activity in the striatum and 

SF with activity in other limbic structures. These different networks suggest that the three 

amygdalar subdivisions perform disparate functions. 

Although these techniques are guiding future research in this area, at present the majority 

of both animal and human studies consider the amygdala as a single structure when detailing 

its function. Thus, for the remainder of this introduction, the term ‗amygdala‘ makes no 

distinction between subdivisions. The high degree of connectivity accounts for the range of 

functions associated with the amygdala in relation to emotional processing in perception, 

cognition, learning and memory (LeDoux, 1993). 
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Figure 1. A schematic outline of the connections linking the auditory system to the amygdala. This 

diagram has been informed by data presented by LeDoux (2000) and Eggermont and Roberts (2004). 

The neural pathways between the amygdala and the central auditory system are relatively 

well characterised in both rodents and primates, particularly in response to fearful stimuli (see 

Yukie, 2002; LeDoux, 2000; Kosmal et al., 1997). Auditory inputs reach the lateral portion of 

the amygdala and come from two sources: i) a direct projection from the auditory thalamus 

(medial division of the medial geniculate body (MGm)) via the extralemniscal pathway, and 

ii) an indirect projection from the lemniscal auditory afferent pathway via primary and non-

primary auditory cortices. Note the term ‗auditory cortex‘ is used subsequently when 

referring to both primary and non-primary divisions. The input pathways are shown in Figure 
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1, but there are also strong feedback connections that allow the amygdala to modulate activity 

throughout the central auditory system. This pathway has been devised using a combination 

of data from animal studies (rats; LeDoux, 2000) and human research (Eggermont and 

Roberts, 2004), illustrating the usefulness of non-human data in producing models of 

amygdalar functionality (Davis et al, 2010). 

 

 

1.2. Role of the Amygdala in Processing the Acoustic Aspects  

of Social Communication 
 

Cognitive neuroscience methods have been instrumental in examining how the brain 

responds in many different aspects of social communication. Lesions involving bilateral 

damage primarily confined to the amygdala are rare, but nevertheless offer important insights 

into the role of the amygdala in processing acoustic expressions of emotion. One such patient 

case report described the experiences of a middle-aged woman (Scott et. al, 1997). Although 

she had normal hearing as measured by pure-tone audiometry, she was particularly impaired 

at recognising the emotion (sadness, anger, disgust etc.) expressed in three forms of verbal 

and non-verbal utterances: (i) sentences, (ii) words, and (iii) emotional exclamations such as 

laughter and crying. The authors also noted that the patient was particularly poor at 

recognising fear or anger across all three tasks and hence they suggested that the amygdala 

might be particularly important in the appraisal of human vocalisations denoting those 

emotions. 

Normal amygdalar function can be measured using techniques such as fMRI and positron 

emission topography (PET). For example, a PET study in awake macaque monkeys identified 

a pattern of neural activation that was specific only to those vocalisations which conveyed 

emotional cues (Gil-da-Costa et al., 2004). Such activity encompassed the amygdala, auditory 

cortex and hippocampus. 

Human brain imaging studies have also investigated the response to emotionally salient 

vocalisations. One such study examined amygdalar activation in response to male and female 

recordings of laughter and crying (Sander and Scheich, 2001). Listening to both positive 

(laughter) and negative (crying) non-verbal utterances elicited bilateral amygdalar activation. 

Furthermore, the right-sided amygdala was significantly more responsive than the left, in both 

conditions. Distracting tasks have subsequently been shown to exert no moderating influence 

on these laterality effects, indicating that the right hemisphere dominance is not affected by 

the focus of selective attention (Sander and Scheich, 2001). Several studies indicate that at 

least three distributed brain structures (amygdala, auditory cortex and cingulate cortex) are 

involved in processing verbal and non-verbal expressions of emotion (Sander et al., 2007; 

Seifritz et al., 2003). These studies have also suggested that the response in all three regions is 

particularly strong for very emotionally salient stimuli (e.g., infant vocalisations). However, 

some early evidence does contradict this finding. For example, an fMRI study published in 

1998 reported an amygdalar response to vocal expressions of fear (screams), but not to 

disgust (retching) (Phillips et al., 1998). Rather, the authors suggested that the amygdala was 

specifically associated with fear processing, while the anterior insula was more likely to play 

a role in disgust. 

It may be important to consider individual differences in the response to vocalisations, 

especially when using materials recorded using infants. For example, one study demonstrated 
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that amygdalar activity was significantly altered by parental experience (Seifritz et al., 2003). 

Non-parents responded more strongly to a baby laughing, while parents responded more 

strongly to a baby crying. Such differences are probably due to the importance of recognising 

and correctly interpreting infant vocalisations with the onset of parenthood, with vocalisations 

that are linked to well-being (crying), taking priority over other ‗non-critical‘ vocalisations 

such as laughter. A gender bias in the response to infant vocalisations has also been reported 

(Sander et al., 2007). Activation of the amygdala and anterior cingulate cortex was stronger in 

females, than in males. These results show how parental status and gender could therefore 

affect any averaged group-level activity, if not taken into account in the study design and 

analysis. 

 

 

1.3. Role of the Amygdala in Processing Non-Communication Based Sounds 
 

As in social communication research, cognitive neuroscience has been important for 

examining how the brain responds in everyday examples of emotionally evocative sounds that 

people encounter in their environment. Brain imaging studies of environmental sounds have 

typically compared the response to unpleasant or aversive sounds relative to neutral sounds. 

For example, a PET study reported significant group-level activation around both amygdalae 

in response to aversive sounds like nails on a blackboard compared to a white noise sound 

condition (Zald and Pardo, 2002). It is interesting to note that amygdalar activity has also 

been reported in an fMRI study examining the response to an increasing tone intensity (Bach 

et al., 2008). The authors suggest that growth in loudness is an example of ‗auditory looming‘ 

whereby a sound object is perceived as if it is approaching the listener. The amygdalar 

activity could therefore reflect a response to a warning sign of a potential environmental 

threat. 

A small number of studies have considered the neural response to pleasant sounds. One 

early PET study focused exclusively on clips of music that had been judged to be extremely 

pleasant (Blood and Zatorre, 2001). The study recruited trained musicians on the assumption 

that musicians are perhaps more likely to experience an intense pleasurable reaction to 

instrumental music than non-musicians, and hence might therefore be more likely to show a 

significant neural response in the experiment. To further ensure a strong response, the 

musicians were asked to each select their preferred music as a stimulus. Compared to music 

that was rated as ‗neutral‘ on an emotional scale, exposure to the pleasant music produced 

significant decreases in bilateral amygdala activity (see also Koelsch et al., 2006). Amygdalar 

responses to pleasant sounds can sometimes be less consistent than those reported for 

unpleasant sounds (Fecteau et al., 2007). For example, compared to Blood and Zatorre 

(2001), other researchers have reported a broadly equivalent response for both positive and 

negative emotionally evocative sounds (Anders et al., 2008; Fecteau et al., 2007). We return 

to this issue later in this chapter in the context of the fMRI study by Irwin et al. (2011). 

The research presented in the Introduction paints a general picture of the importance of 

the amygdala in coding a wide-range of emotionally relevant sounds – both verbal and non-

verbal. The following two sections of this chapter seek to describe further research focused on 

the role of the amygdala in processing urban soundscapes and in patients suffering from 

tinnitus. 
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2. ROLE OF THE AMYGDALA  

IN THE PERCEPTION OF URBAN SOUNDSCAPES 
 

The auditory environment is generally termed as a ‗soundscape‘ in auditory ecology 

(Schafer, 1977). Essentially, the soundscape is the auditory equivalent of the visual landscape, 

with a variety of sounds coming together within a particular context to form an acoustic 

picture of the perceiver‘s surroundings. Environmental sounds can have a variety of sources, 

including mechanical, human and natural (Raimbult and Dubois, 2005). Many soundscapes 

tend to be considered in rather negative terms, particularly in an urban environment where a 

high sound level has been associated with causing annoyance and sleep disturbance in local 

residents (Botteldooren et al., 2006). This is perhaps unsurprising since the auditory system is 

highly responsive to sound level (Hall et al., 2001). Both the cognitive and emotional 

interpretations of an urban soundscape are somewhat determined by its loudness. For 

example, increasing level (measured in decibels, dB or Ldn (day-night) a composite 

measurement of noise exposure) has been correlated with increased ratings of annoyance 

(Miedema and Vos, 1998). 

Not all soundscapes are perceived negatively. For example, ‗quiet areas‘ where traffic 

and other mechanical noise is absent, are considered to provide a restorative urban 

environment (De Coensel and Bottledooren, 2006). Generally speaking, natural sounds such 

as vocalisations produced by people (e.g., laughter) and animals (e.g., a cat purring) tend to 

be preferred over mechanical sounds (e.g., the sound of an electric drill) (Dubois et al., 2006; 

Nilsson and Berglund, 2005; Yang and Kang, 2005). Individual preferences undoubtedly play 

a major role in how urban soundscapes are perceived. Self-report measures such as 

questionnaires and visual analogue scales have been the primary method of exploring 

individual responses to soundscapes; many using adjective descriptors of annoyance or 

valence (pleasantness) rated on a 5- or 9-point scale. Pleasantness and arousal are two factors 

that reliably capture the emotional experience (Hall et al., 2011; Bradley and Lang, 2000; 

Smith and Ellsworth, 1985). There appears to be an interaction between loudness and 

pleasantness in terms of their combined effect on the subjective experience. Reducing the 

sound level does not necessarily increase the listener‘s rating of ‗acoustic comfort‘. For 

example, one study evaluated acoustic comfort in open air urban spaces and found that the 

composition of a soundscape, for example, the nature of the dominant sound source, 

significantly impacted the listener‘s acoustic comfort evaluation (Yang and Kang, 2005). 

Thus, when a dominant sound source is judged to be pleasant, the level of acoustic comfort is 

rated far higher than when it is unpleasant, even when that pleasant sound source is quite 

loud. This provides behavioural support for a modulatory effect of the amygdala on central 

auditory perception. 

 

 

2.1. An fMRI Study to Investigate the Role of the Amygdala in Processing 

Natural Everyday Urban Soundscapes 
 

The majority of brain imaging studies featuring the amygdalar response to sound-based 

materials have used single sound sources or music (see Introduction). The fMRI study 

described in this section represents the first evaluation of the neural basis of a listener‘s 
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response to 150 clips of natural soundscapes recorded in the street, city parks, city shopping 

centres and underground train stations (Irwin et al., 2011). The research aim was to evaluate 

the neural response to real-world soundscapes using clips that were selected to vary across the 

perceptual dimensions of pleasantness (valence) and vibrancy and were carefully matched in 

level (71 dB (A)). Here, vibrancy denotes the subjective level of arousal or energy evoked by 

a soundscape clip. To ensure the stimuli spanned the perceptual range of pleasantness and 

vibrancy a set of 219 soundscape clips were rated by five participants (aged 21-40) prior to 

the main experiment. Each participant listened to the clips and rated each one for pleasantness 

and vibrancy using a visual analogue scale with 9 points. The anchorpoints at each end of the 

scale were defined by a set of adjectives (e.g., ‗unpleasant, unhappy, unsatisfied‘ and 

‗pleasant, happy, satisfied‘). These ratings were then condensed to a five-point scale for 

pleasantness, ranging from very pleasant to very unpleasant, with 30 clips selected for each 

point. Vibrancy ratings were condensed into a two-point scale, essentially ‗vibrant‘ (75 clips) 

and ‗not vibrant‘ (75 clips) (see Irwin et al, 2011 for a full description of the stimulus 

selection). 

 

2.1.1. Stimuli 

Clips contained a mixture of mechanical, human and natural sources. Recordings were 

sampled at high fidelity (44.1 kHz, 16-bit resolution) and were digitally edited to an 8-s 

duration with 50-ms onset and offset ramps (see Hall et al., 2011 for full details of the 

stimulus materials). 

 

2.1.2. Method 

Sixteen native English-speaking participants were recruited. Sounds were presented 

through customised ear defenders that provide up to 40 dB attenuation in the 3 Tesla MRI 

scanner. Stimuli were presented in a pseudo-random order in four sequences to participants in 

scanning blocks that each took about 10 minutes. In all four sequences, two clips belonging to 

the same pleasantness category were presented in succession, interspersed with 8-s or 16-s 

periods of silence. Participants were simply instructed to listen to the sounds and remain as 

still as possible. The fMRI data were acquired using a sparse sampling protocol (Hall et al., 

1999), with a 2-s acquisition of 32 slices at the beginning of each 8-s sound clip. Scans 

covered the whole brain in 32 slices, angled part way between axial and coronal planes, with 

an image resolution of 3 mm
3
 and an echo time (TE) of 36 ms (see Irwin et al., 2011 for full 

details of the scanning protocol). 

 

2.1.3. Results 

Analysis of the brain imaging data was conducted using statistical parametric mapping 

(SPM5) software that transforms individual brain images into an internationally recognised 

spatial coordinate system. Analysis of individual data considered the pattern of activity in 

relation to sound (soundscapes > silence), pleasantness (5 categories) and vibrancy (2 

categories). Outputs from the individual analyses were pooled together in a repeated-

measures group analysis to assess the significance of activity with respect to the between-

subject variance. The criterion for significance was a peak of activity in the region of interest 

(p<0.05, corrected for multiple comparisons using the false discovery rate, Genovese et al., 

2002). 
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Analysis of the data for patterns of activation in response to the rated vibrancy of the 

soundscapes produced no significant findings and so here we report results from the group 

analyses that specifically tested for the presence of sound-related activity and activity 

associated with different ratings of pleasantness in a number of regions of interest (notably 

inferior colliculus, medial geniculate body (MGB), auditory cortex, insula and amygdala). 

The first analysis identified those brain regions in which the response to the soundscape 

clips was significantly greater than the response to silent baseline condition. Sound-related 

activity was confirmed throughout the ascending auditory pathway, including the inferior 

colliculus, MGB and auditory cortex, in both hemispheres (results not illustrated). The 

anterior and posterior insula also responded to the soundscapes, but the amygdala did not. The 

second analysis directly contrasted activity in response to the pleasant and the unpleasant 

soundscapes, but failed to indicate any significant difference (p>0.05). A third analysis was 

performed which applied a U-shaped weighting function to the five pleasantness categories, 

effectively contrasting the pleasant and unpleasant soundscapes equally against the neutral 

soundscapes (see Anders et al., 2008; Sabatinelli et al., 2005; Lang et al., 1998 for a similar 

data analysis). Here, the amygdala, posterior insula and auditory cortex were particularly 

responsive to those soundscapes that evoked a strong emotional response. This concurrent 

activation in the amygdala and auditory cortex provides some support for the proposed links 

between the amygdala and the auditory pathway. Interested readers are directed to Table 2 

reported by Irwin et al. (2011) which provides details of these results. 

An alternative way of displaying the distribution of activity across the group is by way of 

an incidence map which sums all the individual subject activity (p<0.01, uncorrected). The 

top panel of Figure 2 illustrates such results for the U-shaped weighting function on 

pleasantness. The colour scale represents the number of subjects showing significant activity 

(p<0.01) at each spatial position, with the absolute values ranging from 2 (dark red) to 4 

(yellow). Amygdala activity is circled in yellow. Not all subdivisions of the amygdala 

responded equally strongly to the stimuli presented. Amygdala activity appeared mostly to be 

contained within the SF subdivision. 

According to the probabilistic cytoarchitectonic map of the amygdala, activation engaged 

about 18% of the left SF and 24% of the right SF (Amunts et al., 2005). The U-shaped 

function indicated a broadly equivalent response in amygdala to both very pleasant and very 

unpleasant sounds. To examine this in more detail we have plotted individual summaries of 

each pleasantness category relative to the neutral soundscapes (p<0.01, uncorrected). 

Results are shown in Figure 3. Activity for both contrasts was centred in the same part of 

the amygdala, but appeared more widespread for the unpleasant contrast (cyan) than for the 

pleasant contrast (magenta) at this chosen statistical threshold. 

 

2.1.4. Discussion 

This fMRI experiment demonstrates how the perceived pleasantness of a soundscape 

significantly modulates the way in which the brain responds to that sound. While many parts 

of the central auditory system (including the inferior colliculus and auditory cortex) 

responded to the acoustic attributes of the soundscapes, they showed no differential response 

according to the emotional content of the soundscapes. In contrast, the paralimbic system 

produced a response to the emotional attributes of the soundscapes, but no activity in 

response to the neutral soundscapes, indicating that they were not driven by the acoustic 

information contained within the sound.  
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Figure 2. The top panel shows the incidence of significant emotion-related responses, weighted across 

the five categories of soundscapes and pooled across the group of 16 participants. The three views are 

centred on the amygdala, highlighted by the yellow circle. Activation is overlaid onto a standard MNI 

brain template that highlights a number of anatomical regions previously mapped using 

cytoarchitectonic methods (see Figure 3 for subdivisions of the amygdala). The red-yellow colour scale 

indicates the proportion of individual listeners showing significant activation (p<0.01 uncorrected) at 

any particular voxel and ranges from 2 to 4 listeners. The bottom panel shows the mean response 

magnitude for the left and right amygdala across the five categories of pleasantness. Error bars 

represent the 90% confidence intervals. All data are sourced from the study published by Irwin et al. 

(2011), replotted in a different format. 

 

Figure 3. Same data as reported in Figure 2, but analysed using pairwise T contrasts (p<0.01, 

uncorrected). Panels A and B show the contrast for the category of soundscapes that were rated as ‗very 

pleasant‘ versus those rated as ‗neutral‘ (magenta). Panels C and D show the contrast for the category 

of soundscapes that were rated as ‗very unpleasant, versus the same ‗neutral‘ category (cyan). The 

chosen planes for displaying each section are the same as in the previous figure (i.e., z = -14 mm for the 

axial section and y = -8 mm for the coronal section). 
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We defined the paralimbic system as those core neural structures generally considered to 

be associated with emotion and behaviour, including the amygdala and insula (Zald and 

Pardo, 2002). The results therefore support a model of sound processing in which two 

networks (one auditory and one emotional) are predominantly functionally separate, but are 

nonetheless interactive. 

 

 

3. ROLE OF THE AMYGDALA IN PHANTOM  

AUDITORY SENSATIONS 
 

―Most of the stimuli we encounter in daily life are neither intrinsically good nor bad and 

only acquire affective qualities through our experiences with them. For example, stimuli that 

occur at the same time as some unpleasant event can, by association, acquire aversive 

properties‖ (LeDoux et al., 1990). Although this statement was intended to describe our 

experience of the external world, it can equally be applied to subjective sensory experiences. 

Tinnitus is a good example of an auditory percept that acquires a substantial emotional 

attribute through experience. It is a chronic condition that is characterised by noise or ringing 

in a person‘s ears or head in the absence of any external cause. Chronic subjective tinnitus is a 

common disorder affecting 10% of the adult population (Davis, 1995). Symptoms include 

anxiety, depression, insomnia, and reduced quality of life (Henry et al., 2005). There is 

currently no cure, or universally effective management strategy, in part because the etiology 

of the condition is unclear (Hoare et al., 2011). It is generally accepted that in the majority of 

cases subjective chronic tinnitus is caused by abnormal activity in the central auditory system 

and is not solely due to ear pathology (Eggermont and Roberts, 2004; Jastreboff, 1990). 

However, neuroscientific studies of tinnitus have not yet led to an adequate theory that 

accounts for its cause (Noreña, 2011; Rauschecker et al., 2010; Roberts et al., 2010), nor the 

related distress. In fact, one major puzzle concerns why the majority of people who 

experience chronic tinnitus do not seek medical help for their condition (Henry et al., 2005). 

While psychological theories of tinnitus consider individual factors that contribute to 

suffering such as distorted perceptions, beliefs, and safety behaviours (McKenna, 2010), only 

recently has research on tinnitus begun to focus on the affective component and its neural 

basis. 

In his seminal paper on the neurophysiological model of tinnitus, Jastreboff (1990) 

highlighted the role of the limbic system in the affective aspects of the condition. However, it 

was not until 1995 that amygdalar involvement in tinnitus was measured in humans (Shulman 

et al., 1995). Using SPECT imaging revealed a decrease in cerebral perfusion in the 

amygdala of two patients with severely bothersome tinnitus. Since then, a number of studies 

have reported amygdala involvement in tinnitus (see Adjamian et al., 2009 for a review), and 

so interest in this issue has increased. Figure 1 shows how the amygdala is connected with the 

central auditory system. The extralemniscal auditory pathway includes the dorsal cochlear 

nucleus – a multi-modal processing station which is innervated by fibres from various parts of 

the somatosensory system. This provides a route by which somatosensory input can modulate 

auditory sensations such as tinnitus. One study examined the effect of median nerve 

stimulation (which activates the somatosensory pathway) on patients‘ tinnitus experience to 

investigate the contribution of the extralemniscal auditory pathway (Møller et al., 1992). Ten 
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of the 26 patients reported a change in the loudness of their tinnitus after stimulation 

indicating a functional linkage between the two sensory domains. 

Cognitive neuroscience has demonstrated more direct evidence for the involvement of the 

amygdala in tinnitus. Mirz and colleagues (2000a;b) conducted PET scanning first in 

participants without tinnitus while they listened to an aversive tinnitus-like sound (2000a) and 

second in tinnitus patients while their tinnitus was suppressed either by noise masking or by 

an injection of lidocaine (2000b). In the non-tinnitus participants, the aversive tone activated 

a network of brain regions including the right amygdala and in the tinnitus patients activation 

was observed in left amygdala after subtraction of activity during tinnitus suppression from 

either the noise or lidocaine injection. Further support for enhanced activity in the amygdala 

during tinnitus comes from electroencephalogram (EEG) measures of resting-state oscillatory 

electrical activity in the brain (Vanneste et al., 2010). Greater synchronous alpha band activity 

was found in those patients who were more distressed by their tinnitus, and these signals were 

attributed to the amygdala, parahippocampal gyrus, anterior cingulate cortex, and insula.  

 

Figure 4. Putative brain networks involved in tinnitus. Dashed circles indicate amygdala (medial view) 

and auditory cortex, AC (lateral view). (A) De Ridder et al. (2011) - Tinnitus occurs when auditory 

activity is connected to distributed networks. Tinnitus awareness is triggered in the perceptual network 

(anterior cingulate cortex, precuneus, frontal and parietal cortices (‗Perc‘)). Tinnitus salience is 

reflected by activity in anterior cingulate cortex and anterior insula (‗Sal‘). As a consequence of a 

constant learning process, tinnitus becomes associated with distress, reflected by a nonspecific distress 

network consisting of the anterior cingulate cortex, anterior insula, and amygdala (‗Dist‘). Chronicity is 

due to memory mechanisms involving the amygdala and hippocampus (‗Mem‘). (B) Rauschecker et al. 

(2010) - Paralimbic networks in the ventromedial prefrontal cortex linked to the nucleus accumbens 

play an important role in evaluating the sound‘s emotional content and in the long-term habituation to 

continuous unpleasant sounds. Auditory inputs to the amygdala are as previously shown in Figure 1. 

Diffusion tensor imaging is a method that directly quantifies white matter connectivity 

between regions. One study measured fibres connecting auditory cortex (unspecified division) 

and the amygdala in patients with tinnitus and non-tinnitus controls and reported stronger 

paths in the tinnitus patients than the controls, providing evidence for a difference in 

anatomical pathways in tinnitus (Crippa et al., 2010). 

A recent theoretical model brings a central role to the amygdala in tinnitus (De Ridder et 

al., 2011, Figure 4A). The basic assertion is that tinnitus is continuously associated with 

aversive emotional states through a process of learning. The model includes multiple brain 
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networks which include the amygdala to account for perception, salience, distress, and 

memory as critical underlying processes for the generation and maintenance of tinnitus 

(Figure 4A). While this model places an important role on the involvement of the amygdala in 

tinnitus, it is not sufficiently well specified to provide clearly testable hypotheses or potential 

treatment regimes. 

An alternative model that is perhaps more directly testable through experimentation 

asserts that the amygdala is part of a larger circuit in limbic and paralimbic regions that are 

responsible for a ‗noise cancellation system‘ that is disordered in tinnitus (Rauschecker et al., 

2010, Figure 4B). While hearing loss is commonly implicated in tinnitus, for most people, 

deafness does not lead to tinnitus. Therefore activity outside the classical central auditory 

pathway is more likely to account for turning tinnitus on or off via some sort of gating 

mechanism. The proposed mechanism occurs via the projection of the tinnitus signal for 

emotional evaluation along the auditory pathway through the amygdala to the subcallosal area 

(nucleus accumbens, dorsal raphe nucleus, and ventromedial prefrontal cortex) that sends 

excitatory projections to the thalamic reticular nucleus. The thalamic reticular nucleus has a 

frequency-selective inhibitory input to the medial subdivision of MGB. In Rauschecker‘s 

model, limbic and paralimbic structures play an active role in tinnitus. For example, the 

tinnitus signal can be ‗cancelled‘ when the subcallosal relay acts appropriately on the 

thalamic reticular nucleus to inhibit the tinnitus percept before it reaches the cortex. While 

data supporting this alternative model are yet to be reported, this neurophysiological model 

certainly emphasises in more precise detail the putative neural mechanisms by which the 

amygdala plays a role in tinnitus. 

 

 

3.1. An fMRI Study to Investigate the Role of the Amygdala in Tinnitus 
 

The second and third authors are currently using fMRI to explore the emotional 

contribution to chronic tinnitus by assessing amygdala activity in association with reported 

distress. The longer term aims of the study are to assess the effectiveness of tinnitus 

treatments using self-report measures of tinnitus handicap, anxiety and depression as well as 

objective measures of activity in the central auditory system and amygdala. This study has 

adapted the experimental protocol used by Irwin et al. (2011) for the purposes of eliciting 

responses to emotionally evocative sounds in tinnitus patients at various stages of their 

treatment regime. 

 

3.1.1. Stimuli 

From the 150 soundscape clips presented in the previous urban soundscapes fMRI 

experiment, a subset of 84 were chosen. These were the very pleasant, very unpleasant, and 

neutral conditions and were also chosen to vary amongst natural and mechanical sound 

sources. The duration and level of the clips were the same as before and they were again 

presented in a pseudo-randomised order interspersed with silent periods. 

 

3.1.2. Method 

Sounds were presented to 23 patients reporting chronic subjective tinnitus. Sounds  

were delivered through customised ear defenders that provide up to 40 dB attenuation  
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and contain a built-in active noise control system (see later section) which provides up to  

35 dB additional reduction in the ambient MR scanner noise (Hall et al., 2009). The scanning 

duration was approximately 15 minutes, during which participants were asked to keep  

their eyes closed, relax and listen to the sounds. Images (36 slices, 3 mm
3
) were acquired  

in a 3 Tesla MR scanner using a similar sparse sampling protocol to the one described 

previously (see also Irwin et al., 2011). The key difference in the present study was  

the application of a novel ‗double-echo‘ imaging sequence which captured two images (at  

20 and 45 ms echo time) for every radio-frequency excitation (Marciani et al., 2006; Posse  

et al., 1999). 

To maximise detectability of activation in amygdala and auditory cortex, the two echo 

times were chosen to be as close as possible within limitations of the MRI scanner to the 

optimal signal decay time (T2*, see section 4.2.1 below) of the areas of interest. Subsequent 

post-processing generated a weighted summation of these two images to improve signal and 

reduce noise for the statistical analysis. 

 

3.1.3. Results 

Preliminary results for 23 tinnitus patients are shown in Figure 5. This contrast identifies 

brain regions in which the response to the soundscape clips was significantly greater than the 

response to silent baseline condition (voxel threshold p<0.001, uncorrected). The three panels 

(A-C) display activity for the data acquired separately at TE = 20 and 45 ms and after their 

weighted combination, respectively, An initial impression is that the gross patterns of 

activation are similar across the three data sets. However the extent of auditory and 

amygdalar activity was somewhat reduced in the TE = 20 ms data set (Figure 5A). We 

generally conclude that the combined data set most reliably detects ‗functionally relevant‘ 

activity across the brain. Three aspects of the results lead us to this conclusion. First, a count 

of the number of non-significant clusters (False discovery rate p>0.05 and sized ≤ 10 voxels) 

was substantially greater for the TE = 45 ms data set than for the combined data set (N=67 

and N=42, respectively). Second, the TE = 45 ms data set gave four additional clusters that 

reached cluster-level significance (FDR p<0.05) compared to the combined data set. These 

were left temporo-occipital junction, left orbitofrontal cortex, left pericalcarine sulcus, and 

right inferior temporal gyrus. Third, the TE = 20 ms data set also gave us five additional 

clusters compared to the combined echo time data set (left fusiform gyrus, bilateral anterior 

inferior frontal gyrus, right inferior frontal gyrus, and left middle temporal gyrus). The 

functional role of these regions is uncertain. 

 

3.1.4. Discussion 

While considerable further analysis is needed to answer our main research questions, the 

present findings do at least provide initial support for the continued involvement of the 

amygdala in sound processing in people with tinnitus and offer a reliable method for detecting 

such activity. 

Of early interest is the activity observed in the laterobasal subdivision of the amygdala, a 

region that is intensely connected with the prefrontal cortex (Barbas and de Olmos, 1990). 

Although our sound stimuli did not produce extensive activity in prefrontal cortex, the 

amygdala result is at least broadly supportive for networks of activity outlined in the tinnitus 

models above (see Figure 4). 
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             a)           b)   c) 

 

Figure 5. Group averaged response to soundscapes in 23 tinnitus patients. (A) Echo time 20 ms data set. 

(B) Echo time 45 ms data set. (C) Weighted combination of both echo times (20 and 45 ms). Each panel 

displays the comparison between all sound conditions (pleasant, neutral, and unpleasant) and silence 

(p<0.001 uncorrected). The crosshair is in the same location of each panel in the left amygdala (SF 

subdivision, MNI coordinates: x=-18 mm, y=-4 mm, z=-18 mm). 

 

4. IMAGING THE AUDITORY CORTEX AND AMYGDALA:  

TECHNICAL CONSIDERATIONS 
 

4.1. Challenges for Detecting Sound-Related Activity  

in the Central Auditory System 
 

Functional brain imaging has advanced our understanding of human auditory perceptual 

processing and disorders such as tinnitus. However auditory fMRI is subject to the hostile 

acoustic and magnetic constraints of the MR scanning environment (Hall et al., 2009). 

Several techniques have been developed which greatly improve the ability to detect reliable 

sound-related activation in the auditory system. 

 

4.1.1. Passive Noise Reduction 

The scanner operation generates an intense ambient noise (typically above 100 dB SPL). 

The scanner noise can interfere with auditory perceptual judgments and the pattern of 

auditory functional activity can be contaminated by the brain‘s response to the scanner noise 

(Blackman and Hall, 2011). Noise reduction solutions start with passive attenuation from 

circumaural headphones built into ear defenders and these can provide 25 to 40 dB 

attentuation depending on the peaks in the spectral energy of the scanner noise (Hall et al., 

2009). Passive attenuation can also be achieved at the scanner through the use of acoustic 

lining, providing 20 to 30 dB reduction across the range of 500-3000 Hz (Mechefske et al., 

2002). Despite considerable passive noise reduction, the scanner noise remains clearly 

audible. For patients with tinnitus, this requires particularly careful consideration because 

many people also report hyperacusis (an acute sensitivity to sound). 
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4.1.2. Active Noise Reduction 

Active noise control is a recent technical innovation that has been implemented in 

auditory fMRI (Hall et al., 2009). This exploits the predictable spectral and temporal 

attributes of the scanner noise because a ‗cancellation‘ signal can be synthesised which has 

the opposite phase to the scanner noise itself. When the two signals are presented 

simultaneously they cancel through a process of destructive interference. 

A prototype is operational in the 3 Tesla MR scanner that we use in Nottingham and it 

has been demonstrated to provide approximately 35 dB of attentuation, in addition to that 

provided by passive methods (Hall et al., 2009). 

 

4.1.3. Further Noise Reduction through Choice of Imaging Protocol 

Typical imaging paradigms obtain scans continuously during stimulus presentation 

and/or task performance. However, this creates a tonal broadband noise signal that leads to 

sustained activation of the auditory system and hence reduces sensitivity to detect additional 

sound-related activity above this elevated baseline. A solution arises from the properties of 

the blood-oxygenation-level-dependent (BOLD) response and the hemodynamic repsonse 

function. 

Because of the delay in time to the peak of the BOLD response in auditory cortex 

following an auditory event (e.g., 5 s, Hall et al., 2000), a delay can be introduced before 

image acquisiton takes place to capture the stimulus-related activity of the preceding event. 

Importantly, the resultant image acquisition elicits an auditory response, which returns to 

baseline in approximately 8 s. By understanding this timing relationship, a protocol has been 

designed which captures the peak of activity from the desired auditory stimulus, and the 

trough of activity related to the scanning sequence (sparse temporal sampling, Hall et al., 

1999). This is the paradigm of choice used in the two illustrative examples reported in this 

chapter. Blackman and Hall (2011) recommended the use of active noise cancellation in 

conjunction with sparse temporal sampling for the best listening comfort, most successful 

discrimination performance, and the greatest sensitivity to detect sound-related activation in 

auditory cortex. 

 

 

4.2. Challenges for Detecting Activity in the Amygdala 
 

In the early years of fMRI, doubt was expressed about whether MR scanners of up to 2 

Tesla provided sufficient contrast-to-noise ratio to reliably detect amygdala activity (Merboldt 

et al., 2001). This section reports how subsequent studies have demonstrated that careful 

choice of experimental design and imaging protocol can achieve robust results, even at 1.5 

Tesla (Stöcker et al., 2006; Chen et al., 2003). 

 

4.2.1. Problems Due to Magnetic Susceptibility 

In fMRI, the signature for brain activity is the BOLD contrast which arises from T2*-

weighted images and reflects local changes in the magnetic field due to differences in 

oxygenated and deoxygenated blood (Ogawa et al., 1990). Echo planar imaging, the scanning 

sequence commonly used for fMRI, is highly influenced by differences in magnetic 

susceptibility – the magnetisation of a material due to a magnetic field. Sharp boundaries 
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between tissues of different density cause magnetic field inhomogeneities and lead to image 

distortions and signal loss (Deichmann et al., 2002). The medial temporal region (including 

the amygdala) is close to air-tissue interfaces between the brain and the sinuses and so is very 

susceptible to these problems. This results in intravoxel dephasing artifact leading to a loss of 

T2* signal intensity and therefore a reduction of the signal-to-noise ratio (Figure 6). This 

impairs the detectable contrast between different oxygenation states, giving a poor contrast-

to-noise ratio and reduced BOLD sensitivity. 

One approach to mitigating signal loss due to field inhomogeneity is to reduce the voxel 

size (Reichenbach et al., 1997; Young et al., 1988), and so this was suggested for amygdala 

imaging (Merboldt et al., 2001). Simulated fMRI data at 1.5 and 3 Tesla have been used to 

quantify the effects of voxel geometry (size and orientation) on detection of amygdala 

activation (Chen et al., 2003). Results indicated that reducing voxel size actually reduced 

signal-to-noise ratio. Chen‘s recommendations for optimal amygdala fMRI included voxel 

dimensions of 2-4 mm and a coronal scan plane instead of an axial one. 

 

 

Figure 6. Anatomical (T1-weighted) and functional (T2*-weighted) images taken from a single patient. 

The coronal view displays the signal loss in medial temporal regions. 

A systematic investigation of scanning parameters on amygdala signal-to-noise ratio 

using fMRI at 3 Tesla was conducted by Robinson and colleagues (2004). They noted a 

preference for the axial scan plan because it encompasses both amygdalae in a single slice 

and allows a greater coverage of the brain than the coronal scan plane. In addition, they 

reported highest signal-to-noise ratio with a slice thickness of 2-2.5 mm, a minimum matrix 

size of 128 x 128 and an optimal TE of 43 ms. Stöcker and colleagues (2006) further assessed 

optimal TE using simulated and real (1.5 Tesla) fMRI data. Signal loss in coronal slices was 

found to be negligible at 2 mm slice thickness or less, and with a TE below 45 ms. An 

optimal TE was found to be 40 ms, however they observed high variation across the 

amygdala and across subjects. They then employed a slice-dependent TE protocol in which 

TE was transitioned from 40 ms (optimal for amygdala) to 60 ms (optimal for cortex) through 

the slices. Using this protocol they were able to detect activity in the amygdala and cortex 

during a working memory task with an odour manipulation. 

Improved techniques for amydgala imaging continue to be developed (e.g., reduced slice 

thickness and parallel imaging, Bellgowan et al., 2006, or phase encoding schemes, De 

Panfilis and Schwarzbauer, 2005), but these await further evaluation in general application. 
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CONCLUSION 
 

This chapter has reviewed models and evidence for the role of the amygdala in sound 

processing. Cognitive neuroscience will continue to be important for eliciting the functional 

role of this brain structure in auditory perception. Methodological studies continue to address 

signal loss issues for imaging the amygdala. Although an optimal parameter setting for TE 

can maximise signal from the amygdala, this can trade-off the best parameters for detecting 

responses in auditory cortex. Indeed, Chen and colleagues (2003) proposed that an optimal 

design would use multiple TEs optimised to the regions of interest.In this chapter, we have 

reported a variant of this approach using a ‗double echo‘ sequence which shows robust 

activation in the amygdala and auditory cortex. 
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