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Introduction 
 
Chronic, subjective tinnitus is generated by early and late effects of neural plasticity 
along the different structures of the auditory pathways. It can be assumed as a 
hyperactivity and hypersensitivity disorder, caused by maladaptive neural plasticity 
and reorganization of the auditory pathways. The hypothesis that tinnitus is 
generated occurs at peripheral level or at central level of the auditory pathways has 
been investigated over the last decades. Development and improvement of 
neuroimaging techniques, among which positron emission tomography (PET) and 
functional magnetic resonance imaging (fMRI), and neuromodulation techniques 
such as transcranial magnetic stimulation (TMS) have improved the ability of 
assessing tinnitus-related neural activity. Due to currently performed neuroimaging 
and neuromodulation studies, it is nowadays generally accepted that chronic, 
subjective tinnitus is generated in the central parts of the auditory pathways. Since 
the pathophysiological processes generating tinnitus are still not clarified, further 
research is essential. We may assume that the above mentioned techniques may 
increase the fundamental insights in the neural processes generating tinnitus.  

Several tinnitus studies, performed in the University Medical Center 
Groningen, the Netherlands, were aimed at quantifying tinnitus by means of 
neuroimaging techniques and at modulating tinnitus by means of TMS. Preliminary 
results of three studies of this research program will be presented in this chapter  
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8.1 Neuroimaging of the central auditory pathways by means 
of fMRI; an objective measure for tinnitus 

 
Functional MRI (fMRI) is a non-invasive method for studying brain activity, 
enabling to measure the difference in neural activity between two conditions. These 
two conditions can for example be created by means of a specific task performance. 
fMRI is based on alterations in the local oxygen-saturation in serum (BOLD: Blood 
Oxygen Level Dependent) in the task-related cerebral region. Cerebral activity 
induces changes in contrast signal measured by fMRI.  
  In a study about unilateral tinnitus subjects, Melcher  (1) previously 
described a decreased BOLD respons in tinnitus subjects when offering sound, 
indicating an altered amount of neural activity at the level of the inferior colliculus 
contralalateral to the tinnitus-side. Since fMRI measures the differences in neural 
activity between two conditions, their explanation of this difference in neural 
activity was an increased basic level of neural activity in tinnitus patients in quiet 
situations. According to this assumption, one would expect no major differences in 
neural activity between silent and noisy situations in tinnitus subjects. On the 
contrary, in normal subjects we do expect a difference in neural activity between 
silent and noisy situations, since normal subjects do not have an increased basic 
level of neural activity. Consequently, the input of sound to the auditory system 
induces a greater increase of neural activity in controls than in tinnitus subjects. This 
was measured by means of fMRI. In accordance with Melchers results, we 
hypothesized to be able to measure tinnitus-related neural activity by comparing 
unilateral chronic tinnitus subjects and non-tinnitus subjects in different sound 
conditions.  
 
Objective 
On behalf of the Tinnitus Research Group Groningen, Lanting et. al. (2) investigated 
the tinnitus-related neural activity at central levels of the auditory system of 
unilateral chronic tinnitus sufferers by means of fMRI  
We hypothesized a difference in neural activity of the auditory systems between 
unilateral tinnitus patients and controls using mono-aural broadband stimulation, and 
focused our region of interest especially at the level of the auditory cortex and 
inferior colliculus. 
  
Material and Methods 
For a detailed description of the used material and methods, we refer to the article of 
Lanting et al (2).This study examined the auditory pathways of a total amount of 22 
subjects: 10 tinnitus subjects with unilateral tinnitus and 12 control subjects without 
tinnitus. Inclusion criteria for the tinnitus subjects were: 1) healthy subjects, more 
than 18 years old, 2) unilateral tinnitus, 3) normal hearing or minor hearing loss: the 
maximum hearing deficit being 30 dB on at least three frequency measures, 4) no 
contradictions for fMRI, like metal in head or body.  
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Functional MRI was used to map cerebral perfusion associated with neural activity, 
during three different conditions of sound: the rippled sound, consisting of stimuli 
varying from 125-8000 Hz, presented at 0 dB, 40 dB and 70 dB either at the left or 
the right ear. The stimuli were presented in a cyclic randomized order.  

The fMRI scan volume concerned the auditory systems (nucleus cochlearis 
(CN), superior olive nuclei (SOC), colliculus inferior (IC), corpus geniculatum 
mediale (MG), and auditory cortices (AC)). For each subject four regions of interest 
were drawn located at the auditory cortex (AC) and the inferior colliculus (IC) at 
both right and left side. Determination of the region of interest was based on 
anatomical scans. Within the region of interest the 10% voxels that responded most 
strongly were selected and statistically investigated.  
 
Preliminary results and conclusions  
Table 1 presents an overview of the results described by Lanting et.al. (2). However, 
for detailed description of results of this study we refer to this paper.  
 
Table 1. Results fMRI study Lanting et al.  
 
 Control subjects (n=12) Tinnitus subjects (n=10) 
Auditory  Cortex (AC) - Neural response AC > IC 

- Loudness dependency* 

- Lateralization effect** 

- Neural response AC > IC 
- Loudness dependency* 
- Lateralization effect** 

Inferior  Colliculus (IC) - Neural response IC < AC 
- Loudness dependency* 
- Lateralization effect** 

- Neural response IC < AC 
- Neural response ICtinnitus > ICcontrols 

- Loudness dependency tinnitus ear* 
- Disturbed loudness dependency 
contralateral to tinnitus ear * 
- Disturbed lateralization effect ** 

* Loudness dependency: stimuli of 70 dB give a larger neural response compared to stimuli of 40 dB 
** Lateralization effect: contralateral offered stimuli give a larger neural response than ipsilateral stimuli 
 
According to the preliminary results of this study, we may conclude that there is 
increased neural activity at level of the inferior colliculi of tinnitus patients 
compared to controls, both when offering sound to the tinnitus ear as well as to the 
non-tinnitus ear. No tinnitus-related differences in neural activity were seen at the 
level of the auditory cortex. Overall, we may conclude according to our preliminary 
results and Melchers previous results, that the inferior colliculus is somehow 
involved in the tinnitus-related neural activity and that fMRI can be successfully 
used for detection of tinnitus related alterations in neural activity. The effects of 
neural plasticity, and assumably a disturbed balance in excitation and inhibition in 
particular, may explain the enhanced neural activity at the inferior colliculus of 
tinnitus subjects seen in this study.  
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8.2 PETscan imaging of the effects of neurostimulation of the 
auditory pathways in chronic tinnitus. 

 
Because of the dynamic modifiable nature of the CNS through processes of neural 
plasticity, we might expect that induced changes are reversible in case patterns of 
input are restored. According to this point of view, we developed a treatment 
modality with neurostimulation, described in Chapter 7. Long-term results of this 
pilot study with neurostimulation were all based on subjective recordings on 
questionnaires and visual analogue scales.  

In order to objectively measure the effects induced by this neurostimulation 
system, we designed a study with functional neuroimaging by means of (H2O) 
Positron Emission Tomography (PET) in these patients. PET was used as functional 
neuroimaging tool, since the neurostimulation device is a contraindication for using 
fMRI.  
 
Objective 
Determination of alterations in cerebral perfusion during neurostimulation of the 
auditory pathways by means of H2O-PET. Based on the assumption that ON and 
OFF conditions of the neurostimulation system differ in cerebal perfusion, 
neuroimaging of the modulated cerebral activity may function as an objective tool in 
measuring the effects of modifying tinnitus by neurostimulation. 
 
Material and methods 
All four patients investigated for long-term evaluation described in Chapter 7, were 
used for this study. They reported to be successfully treated with neurostimulation. 
Inclusion criteria for the H2O-PET study were: 1) healthy subjects, at least 18 years 
old, 2) subjects have signed informed consent in accordance with the provisions of 
the pertinent excerpt from the Declaration of Helsinki (October, 2000), 3) 
neurostimulating system has been implanted. Exclusion criteria of the tinnitus 
sufferers were: 1) current or previous presence of any major medical, neurological or 
psychiatric diagnosis, 2) participation in a PET study in the year prior to this study, 
3) radiological workers, 4) use of drugs, 5) pregnancy, 6) any other contraindication 
for PET, 7) use of tobacco, alcohol, coffee, tea and chocolate 24 hours before the 
scanning procedure, since brain metabolism may be influenced by these products. 
Neurostimulation of the auditory pathways was achieved using a neurostimulation 
device of which the electrode was positioned around the vestibulocochlear nerve via 
a retrosigmoid surgical approach and connected to a pulse generator by means of an 
extension cable.  

By means of H2O-PET, we determined the alterations in cerebral perfusion 
during ON and OFF situations of activity of the neurostimulator. By turning the 
neurostimulating system ON and OFF during the PET-session, control situations 
were created within the same subjects.  
During the preparation period 10 minutes before scanning, the neurostimulator was 
turned OFF. The OFF-condition was maintained during the first period of six scans 
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(scan 1-6). After this first session, the neurostimulator was turned ON during the 
second period of six scans (scan 7-12). The subtraction in neural activity between 
the two sessions was assumed as the activity related to neurostimulation. PET-data 
were analyzed with Statistical Parametric Mapping Software (SPM’99, Functional 
Imaging Laboratory, Wellcome Department of Cognitive Neurology, London, UK).  
 
Preliminary results  
Patient characteristics are presented in table 2. 
 
Table 2. patient characteristics H2O-PET study 
 

Patient tinnitus 
pitch 

tinnitus loudness 

 

Age time interval 
tinnitus onset to 

implantation 
(years) 

handedness 

on = 
off 

 

on off 

side of 
implantation 

A. 
female 

55 1 right-
handed 

3 kHz  70 dB 70 dB Left 

B.  
Male 

55 2 right-
handed 

2 kHz  55 dB 40 dB Right 

C. 
female 

54 8 right-
handed 

4 kHz  70 dB 70 dB Left 

D. 
female 

64 7 left-handed 2 kHz  85 dB 80 dB Left 

 
PET images in OFF and ON conditions of the neurostimulation system were 
compared, in which difference in cerebral perfusion during neurostimulation system 
ON minus OFF was significantly higher compared to the OFF minus ON condition. 
We hypothesize that the contrast ON-OFF primarily measures the neural activity 
induced by the neurostimulation system, whereas the contrast OFF-ON might 
visualize the tinnitus-associated neural activity. Results of both conditions (ON-OFF 
and OFF-ON) are presented in the following tables and figures. In these tables, the 4 
patients are divided into two groups according to their handedness. Subjects A,B and 
C were right-handed and results could therefore be taken together, thereby excluding 
subject D who was left-handed. Presented figures clarify the areas of neural activity 
on a three-dimensional figure of the brain (figure 1 and 3 represent areas of 
significant neural activity of subjects A, B and C together, whereas figure 2 
represents areas of significant neural activity of patient D). Reported Brodman Areas 
are defined in table 4. 
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Figure 1: H2O-PET results subjects A+B+C, neurostimulation contrast ON-OFF 
uncorrected for multiple comparisons (p≤ 0.001) 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
Figure 2: H2O-PET results subject D,neurostimulation contrast ON-OFF. 
Uncorrected for multiple comparisons (p≤0.001) 
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Table 3: H2O-PET results contrast ON – OFF  

 Number of 
voxels  

Hemisphere Region Brodmann area 

A+B+C 992 Right - Cuneus 
- Posterior cingulate 

BA 18,19,31 

 342 Left -Superior Occipital 
gyrus 
- Precuneus 

BA 7, 19 

 114 Left - Angular gyrus BA 39 
D 276 Right - Middle and superior 

temporal gyrus 
BA 8, 9 

 219 Left - Superior frontal gyrus BA 6 
 163 Right - Precentral gyrus BA 4, 6 
 140 Right - Superior temporal 

gyrus 
BA 22 

 43 Right - Superior tempral gyrus BA 22 
 36 Right - Cuneus BA 18 
 34 Right - Cuneus BA 18 
     

 
 
Table 4: H2O-PET results contrast OFF-ON 

 
 
 
 
 
 
 

 
 

Number of Voxels  Hemisphere Region Brodmann area 

A+B+C 90 Left Superior frontal gyrus BA 6 
 67 Left Cingulate gyrus BA 24 
 25 Left Middle frontal gyrus BA 6 
D No suprathreshold clusters   
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Figure 3: H2O-PET results subjects A+B+C, neurostimulation contrast OFF-ON 
uncorrected for multiple comparisons (p≤ 0.001) 
 
Table 5: description of reported Brodman Areas (BA) 
 

(from: Co-planar stereotaxic atlas of the human brain. J. Talairach and P.Tournet, 
Thieme publishers) 
 
 

Brodmann Areas (BA): region and function  
BA 1:primary somatosensory cortex 
BA 2: primary somatosensory cortex 
BA 4: primary somatomotor area 
BA 5: contralateral connections with BA 1, 2 and 4 
BA 6: motor function extrapyramidal syndromes  
BA 7: contralateral connections BA 1, 2, 5, homolateral connections with BA 22  
BA 8; frontal oculomotor field for voluntary conjugate movements of the eyes 
BA 9: prefrontal cortex, connection to thalamus and hypothalamus 
BA 10: prefrontal cortex, connection to thalamus and hypothalamus 
BA 18: visual integration 
BA 19: tertiary visual functions, contralateral connections 
BA 22: auditory association area 
BA 24: cingulated gyrus; connections to BA 6, 8, 9, and 10 
BA 31: posterior cingulate gyrus: connected to other areas, especially Thalamus  
BA 39: associative functions, especially to BA 18, 19 and 22 
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Preliminary conclusions 
This study shows that the effects of neurostimulation of the nervus 
vestibulocochlearis on neural activity in the central nervous system can be 
objectified by means of H2O-PET. The markedly greater significant difference in 
cerebral perfusion in ON - OFF condition, compared to OFF- ON, probably 
indicates that the neurostimulation system induces much more neural activity 
compared to the neural activity associated with tinnitus. Therefore, neurostimulation 
of the central auditory pathways via electrical stimulation of the vestibulocochlear 
nerve, is able to suppress or overrule tinnitus-related neural activity. This 
consequently resulted in a reduction of perceived tinnitus, or –as described in 
Chapter 7- a transformation of the tinnitus sound. 

Several Brodman Areas showed significant increased cerebral perfusion 
when turning ON the neurostimulation system, predominantly in tertiary visual, 
primary somatosensory and auditory associative areas. Presented Brodman Areas 
differed between right- and left-handed subjects. Although presented result of left-
handedness are only based on one subject, the variety in our preliminary results 
differentiated to handedness, demonstrate that the distinction between left- and 
right-handed subjects is relevant.  

Further studies are needed in order to explain why increased neural activity 
is seen in brain regions other than the auditory system by stimulation of the most 
peripherally located part of the central auditory pathways. This might indicate that 
besides the auditory system many more cerebral areas are associated with tinnitus. 
Whether this associated activity is a result of neural activity along the extra-
lemniscal pathways, as described in Chapter 1, needs further research. 
 
8.3  Transcranial Magnetic Stimulation (TMS) in chronic 

tinnitus 
 
TMS is a noninvasive tool, primarily designed by Barker in 1985 (3), based on the 
scientific principles of electromagnetic induction (Michael Faraday , 1831). TMS is 
supposed to be a safe (4;5) technology which uses electromagnetic principles to 
induce small electrical currents in the cortex (6). The stimulation is performed by 
means of an insulated coil, held over the scalp at the region of interest. A very brief, 
high-current pulse is rapidly turned on and off and passed around an insulated coil of 
wire, inducing a rapidly changing magnetic field. The peak strength of the magnetic 
field (1.2-2 Tesla) is related to the magnitude of the current and the number of turns 
of wire in the coil (4). If amplitude, duration and direction of the electrical current 
are appropriate, they will alter the transsynaptic potential, depolarize cortical 
neurons and generate action potentials (7;8). Effectiveness of TMS depends on the 
ability of inducing plastic changes in the central nervous system, influencing 
neurotransmitters, receptors and associated second messenger systems (9). Since the 
modulations generated by TMS can have inhibitory or excitatory effects, TMS can 
interact with and even change the pattern of neural activity in the cortex. These 
effects may be projected to interconnected cortical and subcortical areas, producing 
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effects at a distance from the site of stimulation. TMS has been used increasingly as 
a tool to explore and possibly treat the mechanisms and consequences of neural 
plasticity and reorganization of the human cortex. Several investigative uses of TMS 
have been described, affecting motor, visual, and somatosensory systems, 
sensorimotor integration, cognition, emotion and tinnitus.  

Stimulation at 1Hz or less is termed slow or low frequency TMS, and 
stimulation above 1 Hz is termed high frequency or fast TMS (4;6). Pulse rates of 1 
Hz have been shown to reduce excitability; rates of 10-20 Hz facilitate excitability 
of neurons (10-12). Low frequency TMS has been proposed as an efficient method 
in treating brain hyperexcitability disorders by reducing cortical excitability, both 
locally and in functional linked cortical regions (11;13-18). Several disorders are 
related to focal hyperexcitability of the brain and low frequency TMS has been 
proposed as a possible treatment in these disorders: focal epilepsy (19), auditory 
hallucinations (20;21), task related focal dystonia (writer’s cramp) (12;22), tic 
disorder (Tourette syndrome) (23), posttraumatic stress disorder (24), major 
depression (25;26), mania (27) and tinnitus. (28-30) Low frequency TMS may thus 
be especially useful in depressing activity in neural circuits, and therefore assumably 
the hyperexcitability of the auditory pathways inducing tinnitus, as well.  
 
Objective  
Determination of modulation of unilateral tinnitus perception, when offering low 
frequency TMS at the primary auditory cortex. 
 
Material and methods 
Tinnitus subjects 
Twenty four unilateral tinnitus sufferers were investigated in this study. Inclusion 
criteria were: 1) unilateral, chronic subjective tinnitus, 2) at least 18 years old, 3) no 
contraindications for TMS. Exclusion criteria were: 1) bilateral tinnitus sufferers, 2) 
objective or pulsatile tinnitus, 3) contraindications for TMS (absolute 
contraindications: metal in head (except the mouth), intracardiac lines, increased 
intracranial pressure; relative contraindications: pregnancy, childhood, cardiac 
pacemakers, medication pumps, tricyclic antidepressant (which lowers the seizure 
threshold), neuroleptics (which lowers the seizure threshold), family history of 
epilepsy (4;5)). 
 
Determination stimulation intensity according to motor threshold 
The individual motor-threshold for thumb twitches was used as stimulation 
intensity, since the threshold for inducing a TMS-effect varies individually. 
Determination of the motor-threshold was performed by asking the patient to 
position both hands in front of the body and position the top of both thumbs on top 
of one of the fingers. A stimulation frequency of 1 Hz was used during this 
procedure. The intensity of the TMS apparatus was initially placed at 60%.The 
location on the motor cortex for achieving thumb-twitches was determined on the 
contralateral hemisphere by a crossing line drawn two cm from the cross point of 
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two other lines; 1) the first line from the top of the tragus of the ear to cranial 
position and 2) the second line from the pupil to cranial position. The minimal 
intensity for achieving thumb-twitches is usually about 50-60% on the TMS-
apparatus. TMS for chronic tinnitus was performed at 80% of this motor-threshold. 
 
Modulation of the auditory cortex by means of TMS 
A figure of eight coil was used, with the centre of the coil positioned at the primary 
auditory cortex. The auditory cortex was determined at a location of 5 cm above the 
ear, contralateral to the tinnitus site. The stimulation frequency  was 1 Hz. A sham 
situation was created within the same subject by turning the coil on its side. A total 
amount of 1200 stimuli was applied to the auditory cortex. Since a frequency of 1 
Hz was used, this whole procedure lasted 1200 seconds per session; 20 minutes for 
TMS and 20 minutes for sham stimulation.  
 
Effect measures for TMS 
The effect measure for modulation of tinnitus perception induced by TMS were 
rankings on a visual analogue scale (0-10) for tinnitus severity before TMS, direct 
after TMS, 30 minutes, 1, 2 and 3 hours after the TMS-session.   
 
Preliminary results  
Twenty-four subjects were assessed; 18 males and 6 females with an average age of 
52 years (range 37-69 years). Eight subjects perceived tinnitus right-sided, and 16 
subjects left-sided. All subjects received TMS and sham stimulation on the same 
day, using the individually determined motor-thresholds and stimulation location on 
the head. The average motor-threshold was 57.6 (range 45-70; with 12 subjects 
having a motor threshold of 55), of which 80% was used for tinnitus-threshold.  

In 10 subjects no effect was experienced both during TMS and sham 
stimulation, 8 subjects experienced a minor effect on their tinnitus, both during TMS 
and sham stimulation, and 5 subjects experienced some effect during TMS 
stimulation, but not during sham stimulation. One of the subjects only experienced 
effects during sham stimulation and not TMS. These results are presented in table 6. 

 
Table 6. results of TMS versus sham on tinnitus modulation 
 

Number of subjects effect TMS effect Sham 
10 No No 
8 Yes Yes 
5 Yes No 
1 No Yes 

 
 
Since we were predominantly interested in the group of 5 subjects experiencing 
effect from TMS and not from sham stimulation, we analyzed the results of these 5 
subjects in detail. The achieved TMS-effects differed between the subjects of this 
group. Two subjects experienced a minor reduction of perceived tinnitus severity, 



G

 

Chapter 8 .    
 
153 

reporting only one point reduction on the visual analogue scale. Three subjects 
reported a tinnitus reduction of 2 points or more. Three subjects experienced a 
transient effect of tinnitus reduction during a three-hour period after stimulation with 
a return of tinnitus strength after 2-3 hours after stimulation. Two subjects 
experienced a tinnitus reduction initiating 30 - 60 minutes after finishing TMS and 
lasting longer than the 3-hour follow-up.   

The following figure present the results on reported VAS-score of the five 
subjects experiencing some effect on their tinnitus perception by TMS, and not by 
sham stimulation. 
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Figure 4. Reported tinnitus severity (VAS score) before and after TMS 

Preliminary conclusions  
This pilot study showed that the neuromodulating effects of TMS were able to 
induce transient alterations in the tinnitus perception in 5 of the 24 tested subjects. 
The results of this study are preliminary because of the limitations and inter-
individual variability in stimulation parameters, tinnitus characteristics and 
anatomical differences. The measured results are therefore difficult to interpret and 
compare within the group of tested subjects.  

The major limitation of this study is the unknown exact location of tinnitus 
generation along the auditory pathways. In accordance with the variety of tinnitus 
characteristics, we may assume that the tinnitus location varies between the tested 
subjects. Since tinnitus may be generated at any level of the auditory pathways, 
TMS might probably not even be able to reach tinnitus-related neural activity. And 
if tinnitus-related neural activity is located cortically, we still do not know the exact 
location of neural hyperactivity. For example, stimulation at the region 4 or 6 cm 
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cranial to the ear might have achieved different effects than the used 5 cm in our 
study, and even a stimulation 3 mm leftwards or rightwards might have achieved 
different effects on tinnitus.  

Besides the location of the coil, the depth of penetration of electrical 
currents is another limitation in the effects of TMS on tinnitus perception. The dept 
of penetration depends on anatomical factors, coil size, coil geometry and intensity 
of the applied stimulus (8). The TMS-coils currently used, develop about 1.2-2 Tesla 
strength and are assumed to be able to activate cortical neurons at a depth of 1.5-2 
cm beneath the scalp (31-35). Therefore, TMS appears to penetrate no deeper than 
the cortex, but it may affect functionally connected areas transsynaptically. The 
dynamical interactions between the interneural network of the brain play an 
important role in effects achieved with TMS, but we do not know to what extent and 
strength these effects penetrate. Neuroimaging during TMS-sessions might be 
helpful in identifying the location of tinnitus generation and TMS-induced 
neuromodulation in the brain. This might objectify and therefore improve TMS 
studies, create opportunities for comparisons between subjects, enabling us to 
objectively measure the effects of TMS on neural activity. 

Besides differences in tinnitus location, inter-individual variability is 
determined by differences in anatomical areas, skull-base relation and baseline 
physiology (21). Genetic background and differences in behavioral state, like the 
level of arousal, attention and fatigue, are important factors as well (11;36). These 
factors are determined by the biological differences between individuals, also 
depending on age. The time of study performance may be another factor in 
variability, since time depending variations in level of arousal, circulating hormones 
and other factors influencing neural function may influence cortical excitability (36).  

Another limitation to this study is the difference in ancillary effects induced 
by TMS and sham. A valid sham should actually stimulate the ancillary aspects of 
TMS (37), like stimulating scalp muscles and producing an acoustic artifact. It’s 
difficult to find appropriate placebo controls in TMS studies in general, since the 
ancillary effects induced by TMS are not completely similar to the effects during 
sham conditions. Due to a possible placebo effect, our results need to be taken with 
caution.  
 
8.4 General discussion and conclusions  
 
This chapter presents preliminary results of three studies with neuroimaging (fMRI 
and PET) and neuromodulation (TMS). By means of these techniques, we were able 
to objectify and modulate chronic, subjective tinnitus to some extent. Results of 
these studies showed tinnitus-related neural activity in a variety of areas in the 
central nervous system. The first study demonstrated tinnitus-related neural activity 
in normal-hearing, unilateral tinnitus sufferers at the level of both inferior colliculi 
by means of fMRI. In the second study the effects on cerebral perfusion induced by 
neurostimulation of the vestibulocochlear nerve, were visualized by means of PET. 
This study demonstrated a significantly increased neural activity in several brain 
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areas other than the auditory system. Although these PET-images predominantly 
concern the effects induced by the neurostimulation system, the results of this study 
indicate that tinnitus-related neural activity probably concerns more neural circuits 
than the auditory system alone. Whether neurostimulation along the extralemniscal 
pathways is able to generate neural activity in all these cerebral areas, or that 
neurostimulation is transduced via unknown pathways, needs further investigation. 
In the third study we described a transient tinnitus-reducing effect in 5 of the 24 
investigated unilateral tinnitus subjects by means of TMS located at the auditory 
cortex. Although major limitations can be contributed to this pilot study, TMS seems 
an interesting tool for modulating and possibly even diagnosing tinnitus location.  

Neuroimaging techniques are sensitive for haemodynamic changes in the 
central nervous system and detect differences in cerebral perfusion (a correlate of 
neural activity) between two conditions rather than the absolute levels of neural 
activity (1;38). Therefore, tinnitus patients who are able to modulate their tinnitus 
have proved to be particularly useful for neuroimaging studies. Since a distinction in 
neural activity can be measured during tinnitus sensation and during tinnitus 
suppression, tinnitus-related neural activity can be determined. Tinnitus patients 
who are suitable for measuring this distinction in neural activity, can generally be 
divided into three subgroups. 1) Patients with unilateral or lateralized tinnitus as 
presented in the first study of this chapter and Melchers study (1). 2) Patients who 
are able to modulate their tinnitus sensation by a voluntary act (39-44). The 
modulation of tinnitus by voluntary act can be explained by cross-modal plasticity 
along the non-classical pathway, as described in Chapter 1. Since on and off 
situations of tinnitus perception can be created in these patients, these patients may 
function as their own control group. 3) Patients whose tinnitus can be modulated via 
TMS, electrodes positioned at the auditory cortex (28;45) or around the 
vestibulocochlear nerve, as presented in the second study of this chapter.  

If TMS is able to modulate the tinnitus perception, it may also function as a 
diagnostic tool for determination of the origin of the tinnitus in central parts of the 
auditory system. By stimulating that part of the brain responsible for tinnitus, TMS 
may alter the tinnitus-related neural activity and can therefore modulate the 
character or loudness of the perceived tinnitus. This was the hypothesis of the third 
study of this chapter. By means of simultaneously performed neuroimaging during 
TMS, we may be able to objectify the neuromodulating capacity of TMS.  
 In conclusion we may estimate that neuroimaging and neuromodulation 
techniques enable us to measure tinnitus-related neural activity in the central 
nervous system. The preliminary results of the three studies presented in this chapter 
underline the increasing value of these techniques in diagnostic processes of chronic, 
subjective tinnitus. If neuroimaging and neuromodulation techniques improve, 
tinnitus assessments as presented in this chapter may even become part of the 
clinical evaluation protocol of chronic, subjective tinnitus sufferers in future studies. 
These techniques definitely increase the fundamental insight into tinnitus 
pathophysiology, diagnosis and treatment.  
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