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1. Introduction 

Tinnitus is a phantom sound sensation, meaning that there is no physical 
acoustic event corresponding to the experienced sound. Thus, the sound can-
not be measured nor heard by others. The term tinnitus is derived from the 
Latin word tinnire – to ring [1], which also parallels with the layman defini-
tion: ringing of the ears. 

Tinnitus can often be described with very low-level sound attributes, and in 
the majority of cases it can be categorised as tonal or noise-like. The condition 
should not be mixed with auditory hallucinations occurring for example in 
schizophrenia. A defining difference between tinnitus and auditory hallucina-
tions is that the tinnitus sound does not carry any meaning, in contrast to hal-
lucinations, which can consist of speech or music [2]. 

It is estimated that 1–2% of the population have tinnitus that significantly 
degrades their quality of life, and up to 10–15% of people experience chronic 
tinnitus but are not as severely affected by it [3], [4]. The most important pre-
disposing factor for tinnitus is hearing loss. Other known risk factors include 
age, hypertension, depression, and anxiety [5]. These co-morbidities might 
represent different aspects of a wider condition, of which tinnitus is only one 
part. 

The term subjective tinnitus is sometimes used in order to make a distinction 
to objective tinnitus, where there actually is a sound that can be heard or oth-
erwise verified by a clinician. In objective tinnitus the sound has a physiologi-
cal source, such as blood vessels in the middle ear, that can be identified and 
often the tinnitus can be even completely abolished by addressing the underly-
ing physiological condition. Even in subjective tinnitus, qualities of the experi-
enced sound can sometimes point to specific mechanisms that can be targeted 
in order to treat the symptoms. [6] For example, a very specific subtype is the 
so-called typewriter tinnitus, which lends its name from the description many 
patients have used for the sound [7]. The typewriter tinnitus sound consists of 
repeated, abrupt ‘pops’ or ‘clicks’ and resembles the sound of old typewriting 
devices, or the sound of popcorn popping. It has been found that this condition 
is almost always caused by a compressed auditory nerve, and that the tinnitus 
can be fully cured by a surgical intervention releasing pressure on the nerve. A 
characteristic feature of typewriter tinnitus is that it is perceived only in one 
ear, corresponding to the side of the compressed auditory nerve. Lateralisa-
tion, i.e., where tinnitus is localised, is an important piece of information for 
diagnostics. In addition to classifying tinnitus as either subjective or objective, 
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another commonly used and informative way of categorising it is to find out 
whether or not the perceived sound can be modulated by manipulating joints, 
muscles or skin in the upper body. If these actions cause the tinnitus loudness 
to vary, the frequency of the tinnitus to shift, or the tinnitus sound to change in 
any other way, then tinnitus is said to be somatosensory [8]. A pulsatile tinni-
tus that follows the heartbeat can also indicate somatosensory tinnitus. In cas-
es of somatosensory tinnitus, patients may benefit to some degree from manu-
al therapy such as massage, trigger-point therapy, or acupuncture [9]. 

So all in all, tinnitus is a very complex phenomenon that has many different 
forms. In fact, it could be that the different forms of tinnitus have nothing in 
common apart from the end result: a sound that cannot be heard by others. 
The plethora of tinnitus variants poses a problem for research, since it is not 
clear whether variable treatment outcomes between research subjects might be 
caused by disparity in their tinnitus characteristics, or other factors in the ex-
perimental design. This is one of the biggest challenges in tinnitus research, 
and to tackle it, research groups across Europe have joined forces within a re-
search network, the TINNET. The main objective of the network is to provide 
better understanding tinnitus heterogeneity, and to use that information to 
develop new treatments. 

Tinnitus characteristics are not the only factors that vary between subjects in 
tinnitus treatment trials. Especially in neurostimulation-based treatments it is 
likely that two people with identical tinnitus characteristics respond differently 
to the same intervention; treatment parameters need to be adjusted individu-
ally in order to elicit the same outcome. This Thesis focuses on neurophysio-
logical methods that could help in addressing that variability. First, the neural 
correlates of tinnitus are introduced in Chapter 2, building ground for the 
choise of potential markers for tinnitus and treatment response. Commonly 
used neurostimulation approaches for tinnitus — reviewed in Chapter 3 — are 
based on the neurophysiological findings from Chapter 2, but they exhibit 
large inter-individual variability in their treatment effects. This motivates fur-
ther research into the mechanisms through which the neurostimulation meth-
ods elicit their effects, as well as new perspectives into the assessment of the 
individual tinnitus-related factors that could affect outcomes. Also, existing 
study protocols can be improved to enable larger sample sizes, thereby allow-
ing explorative studies for identifying possible responder subgroups. These 
challenges are formulated into specific research questions in Chapter 4, and 
their implementation is described in Chapters 5 and 6. The findings are dis-
cussed in Chapter 7 and finally conclusions are drawn in Chapter 8. 
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2. Neurophysiology of tinnitus 

 
A common misconception about tinnitus is that the symptoms would be 
caused by malfunctioning hair cells in the cochlea. In this mechanistic model, 
the damaged hair cells are thought to be stuck on “active” mode, firing con-
stantly even when there is no vibration of the basilar membrane, thus causing 
the false sound sensation. However, early studies investigating the results of 
complete auditory nerve ablation have established that tinnitus is still present 
in many patients even after such an extreme operation [10], [11]. Because cut-
ting the auditory nerve definitely ensures that all cochlear contribution can be 
ruled out, these findings have caused the focus in tinnitus research to shift 
from the periphery towards central mechanisms. 

Currently, tinnitus is in fact considered to be the result of maladaptive plas-
ticity of the central nervous system (CNS), possibly initiated by some form of 
peripheral damage [12]. This means that when the neural input from the inner 
ear to the CNS changes in some way — for example, the input could decrease 
on a specific frequency band as a result of noise-induced hearing loss — the 
CNS adapts to the new situation and tinnitus emerges as an unwanted by-
product of this adaptation process. Tinnitus as a phenomenon is often com-
pared to phantom limb pain [13], referring to a sensation originating from a 
limb that has been amputated. Similarly in tinnitus, hearing loss is thought to 
set in motion a sequence of events that can result in a phantom sound sensa-
tion. There are a number of models that aim at explaining the different steps 
leading to the development of tinnitus; these will be discussed in the following 
Subsections. 

First, however, one thing in common with all the models trying to explain the 
neurophysiological dynamics of tinnitus is the assumed root cause: depriva-
tion of input from earlier stages of the auditory chain. In theory, this could 
happen at any point of the auditory pathway, but in practice the damage is 
almost always assumed to take place either in the cochlea or the auditory nerve 
(AN) [14], [15]. The idea that tinnitus is caused by lack of information from the 
early stages of the auditory pathway is supported by the fact that in practically 
every case of tinnitus, the sound can be disrupted by a masking sound, even 
though sometimes it has to be a loud sound [16]–[18]. The most common 
treatments prescribed for tinnitus are hearing aids and sound generators [3]. 
These devices are used for enriching the sound environment, stimulating also 
the frequency bands that are deprived of input due to hearing loss. Important-
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ly, this enrichment not only masks tinnitus during the time the sound is play-
ing, but the effect extends beyond the period of device use. In an animal study 
it was possible to reverse the neurophysiological correlates of tinnitus by plac-
ing the animals in an enriched acoustic environment after the noise trauma 
[19]. However, the presence of tinnitus was not assessed behaviourally at any 
point, so that study was based on the putative neural indicators of tinnitus. 
Cochlear implants (CIs) in humans have also been found relatively effective 
against tinnitus [20], [21]. The success of CIs in tinnitus treatments has in-
spired the idea of using a partially inserted CI in case of high-frequency hear-
ing loss [22]. Since the high frequencies are represented in the basal part of 
the basilar membrane in the cochlea, they are closer to the round window than 
low frequencies, which are in the more apical and deeper parts of the cochlea. 
By inserting a CI electrode partly into the cochlea, it can be used to electrically 
stimulate the frequencies affected by hearing loss, while retaining acoustical 
hearing ability in the low frequencies. While this is currently regarded as 
somewhat risky — since the procedure could lead to loss of hearing at lower 
frequencies without providing electrical stimulation to compensate for it — 
there is encouraging evidence for the successfulness of this approach [23]. 

In addition to long-term benefits, sound masking can actually provide com-
plete relief from tinnitus for a very short time. Residual inhibition (RI) is a 
phenomenon where the tinnitus sound is suppressed either completely or at 
least to a significant degree after a masking sound has been presented [24]. 
Typically, RI is induced by a continuous noise stimulus, either broadband or 
narrowband, and lasts for some 10–60 seconds. RI doesn’t occur in all tinnitus 
patients, but it has provided a lot of important insight into the dynamics of 
tinnitus by allowing researchers to compare brain activity between situations 
with and without tinnitus being present in the same individual [25], [26]. 

2.1 Central gain and lack of lateral inhibition 

An intrinsic property of the CNS is to adapt to changes in the environment, 
represented by neural inputs from the sensory modalities. This capability to 
adapt is called plasticity, and it can be observed in multiple levels from synap-
tic function to macroscopic and complex phenomena such as learning. 

One possible neural mechanism underlying tinnitus could be the auditory 
system trying to overcompensate for the lack of auditory input, caused by 
hearing loss [12]. The compensation could be provided by homeostatic plas-
ticity, a mechanism that aims at stabilizing the mean activity of a group of neu-
rons over a longer period of time, from hours to days [14], [27], [28]. Suppos-
ing that hearing loss (sensorineural or conductive) at a specific frequency re-
gion would lead to a decrease in the activity of the AN fibres corresponding to 
the affected frequency band, then also those neurons in the cochlear nucleus 
(CN) that are innervated by the affected ANs will be on average less active than 
other neurons that receive inputs from unaffected frequency regions. Through 
homeostatic plasticity, these neurons would eventually increase their respons-
es to the weaker inputs in order to match their mean activity over time with 
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other neighboring neurons. Further, ANs, like other neurons, exhibit sponta-
neous activity even when there is no excitation from earlier stages. This means 
that even in complete silence, the ANs have some baseline level of activity. If 
the CN neurons increase their amplification, also the spontaneous activity is 
amplified and propagated along the auditory chain. Thus, tinnitus could be 
explained by an increase in amplification and spontaneous activity at the af-
fected frequency region that is misinterpreted as genuine auditory activity at 
later stages of the auditory chain [12], [29], [30]. 

The most robust evidence for enhanced central gain in tinnitus comes from 
auditory brainstem response (ABR) studies in guinea pigs and humans; it was 
shown that even in subjects who had no clinical hearing loss — i.e., they had 
normal audiograms — there were signs of AN loss, evidenced by smaller ABR 
wave I amplitudes [28]. Interestingly, the auditory system seemed to compen-
sate for the smaller wave I amplitudes, since wave V — occurring later in time 
and higher in the auditory pathway — was of the same amplitude in both tinni-
tus and normal-hearing subjects. ABR wave I is assumed to reflect AN activity, 
so smaller wave I amplitudes suggest that there are fewer AN fibres firing. 
ABR wave V is thought to originate from the inferior colliculus (IC) in the au-
ditory midbrain, so according to this model, the central gain mechanisms 
should take place already very early on in the auditory brainstem. Animal 
studies have shown that there may be no change in hearing thresholds even if 
there is significant synaptopathy, but wave I decreases in relation to the severi-
ty of AN deafferentation [31]. Thus, when the hearing loss can be diagnosed by 
audiometry, the underlying damage may already be quite dramatic and unre-
coverable. More sensitive behavioural signs of developing hearing damage may 
instead be trouble hearing in noisy environments, or challenges in following 
conversations involving multiple subjects. 

Another consequence of less activity at a certain frequency range is some-
times, interestingly, increased activity at neighboring frequency regions. This 
is due to loss of lateral inhibition from the hearing loss region [32], [33]. Lat-
eral inhibition is a neural mechanism that suppresses the activity of neighbor-
ing neurons in order to increase the signal-to-noise-ratio of the target stimu-
lus. In psychoacoustics, lateral inhibition plays a role for example in frequency 
masking, where the detection threshold of a tone is increased if it is presented 
simultaneously with an off-frequency masker tone. The detection threshold is 
the higher the closer the two tones are in frequency. Other factors, such as 
cochlear mechanisms, affect the detection threshold as well, but lateral inhibi-
tion has been shown to contribute to the phenomenon [34]. 

In tinnitus, the diminished lateral inhibition leads to increased excitation at 
neighboring frequencies, and the end result is very similar to the situation in-
volving homeostatic plasticity, described in the previous paragraph, except 
that in homeostatic plasticity the effects are seen at the affected frequency 
whereas lateral inhibition influences surrounding frequencies. One of the 
most effective tinnitus sound therapy treatment approaches relies on strength-
ening lateral inhibition by having the patients listen to notch-filtered music a 
few hours every day [35]–[37]. The notch of the filter is placed at the tinnitus 
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frequency and the frequencies around the notch are conversely amplified. The 
reasoning behind this filter design is that if tinnitus is caused by lack of lateral 
inhibition from neighboring frequencies, and further, if the lack of inhibition is 
caused by loss of sensory input to those frequencies, then stimulating the de-
prived frequencies should activate the lateral inhibitory pathways and result in 
tinnitus relief. This form of sound therapy is called tailor-made notched music 
training (TMNMT), and has been shown to reduce tinnitus loudness over a 
long time period — successful treatments have required a year of regular lis-
tening. However, despite decreases in tinnitus loudness, TMNMT has not re-
sulted in a corresponding lessening of tinnitus distress [38]. 

The N100 auditory evoked potential and its MEG counterpart, the N100m 
auditory evoked field, refer to the auditory acitivity peak occurring around 100 
ms after an auditory stimulus. As these responses have a central role in audito-
ry research, they have also been studied as possible markers for tinnitus-
related changes in auditory processing. The beneficial effect of TMNMT has 
been supported by a corresponding decrease in the N100m  response [35]. 
This reduction was suggested to indicate enhanced lateral inhibition, although 
the role of the N100 and its MEG counterpart N1m in tinnitus remain unclear. 
Originally, Hoke et al. [39] found increased N1m amplitudes in tinnitus and 
their findings were also supported by Pantev et al. [40], who demonstrated 
that the N1m amplitude was reduced in parallel with recovery from tinnitus in 
one patient. However, later EEG studies have shown the exact opposite effects 
for the N100 response [41], and most recent MEG studies have not been able 
to find any differences attributable to tinnitus [42], [43]. Rather, the N100 
amplitude is now suggested to reflect mostly the severity of hearing loss and 
not tinnitus [42]. 

In addition to the diminished lateral inhibition, also other structural and 
functional changes take place around the tinnitus frequency. Tonotopic reor-
ganization along the auditory chain has been observed in tinnitus and it has 
long been associated specifically to tinnitus [44], [45], although recently also 
this finding has been attributed more to the preceding hearing loss [46]. Nev-
ertheless, it is still considered to be one piece in the tinnitus pathology puzzle. 
It has been found not only in the auditory system, but across all sensory mo-
dalities, that when a group of neurons is deprived of their input, they start to 
respond more to signals from adjacent areas. In time, the original neural rep-
resentation of the affected sensory feature is overtaken by neighboring inputs. 
In tinnitus this means that the neurons that were earlier responding to stimuli 
in the hearing-loss frequency band start to respond to unaffected frequencies. 
In this way, the neural representation of the neighboring frequencies become 
overrepresented and result in similar effects as in the loss of lateral inhibition. 
This phenomenon is called the edge effect, owing to the fact that the frequen-
cies around the deafferented area take over the affected frequencies. 
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2.2 Synchronized spontaneous activity 

A number of studies have reported that tinnitus is accompanied by increased 
spontaneous activity and increased neural synchrony along the auditory chain 
[47]. These phenomena are interpreted as direct consequences of the elevated 
gain and loss of inhibition, described in the previous Section. Increased spon-
taneous activity in animal models of tinnitus is seen especially in the dorsal 
cochlear nucleus (DCN) [28], [48]–[51] and further up in the auditory mid-
brain [52], [53]. In humans, direct evidence of spontaneous activity in subcor-
tical structures is lacking because of the highly invasive procedures that the 
recordings require. Instead, spontaneous cortical activity has been compared 
between tinnitus groups and normal-hearing groups to identify neural mark-
ers of tinnitus. Indeed, multiple studies have been able to repeatedly show 
increased gamma-band (over 30 Hz) spectral power in the auditory cortex in 
subjects with tinnitus [54]–[57]. The gamma activity appears to be closely re-
lated to the tinnitus sound, since the laterality [56] and intensity [55] of the 
percept are reflected in the power of AC gamma activity; gamma power is 
higher in the contralateral cortex, and is in directly related to the intensity. 
Localized gamma oscillations have been associated with the perception of au-
ditory stimuli [58], which in the context of tinnitus makes the finding very 
interesting. In some studies also alpha band oscillations in the temporal areas 
have been found to be weaker in tinnitus [54], [59], [60], which could indicate 
decreased inhibition paralleling with the visual alpha band desynchronization 
related to visual input [61], [62]. 

Decreased alpha and enhanced gamma oscillations have a central role in the 
thalamocortical dysrythmia (TCD) model, which suggests that deafferentation 
leads to perturbed thalamo–cortical coupling [63]. The TCD model postulates 
that deafferentation leads to the slowing down of alpha oscillations to theta 
frequencies (4–8 Hz), along with increased gamma power around the deaf-
ferented area. Although TCD could explain many of the oscillatory phenomena 
seen repeatedly in many EEG and MEG studies on tinnitus, signs of TCD can-
not be observed in some patients [64]. Also, some studies have found only lim-
ited support for the suggested functional changes that are proposed by the 
TCD model [65]. 

2.3 Somatosensory influences 

In many individuals tinnitus can be modulated in some way by physical ma-
nipulation. For example voluntary muscle contractions of the head, neck and 
limbs, eye movements, and cutaneous stimulation can lead to immediate 
changes in the psychoacoustical characteristics of the tinnitus sound [9]. It has 
been reported that up to 2/3 of patients with tinnitus might be able to modu-
late their tinnitus with muscular contractions, but the proportion varies de-
pending on the study [8], [9], [66]. Animal studies have shown that the 
cartweel cells in the DCN integrate auditory and somatosensory pathways, and 
they responds more strongly to somatosensory stimuli immediately after hear-
ing loss [67]. The reason for converging pathways could relate to suppression 
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of self-vocalizations, or to the earlobe-position-specific spectral cues for sound 
localization [68]–[70]. Thus, it could be that the somatosensory inputs to au-
ditory processing could cause or at least affect tinnitus in the DCN [71], [72]. 

2.4 Top-down control 

All sound events that take place in the surroundings of a listener are carried to 
their ears and transformed into neural activity. Still, it is possible to focus spe-
cifically on just a single sound source when the others might go unnoticed. A 
clock ticking on the wall definitely can make a sound without anyone paying 
any attention, whereas even a faint sound of a distant ambulance siren is likely 
to distract. People also differ for example in their preferred work sound envi-
ronment; some require total silence and might wear earplugs even in a library, 
others might find it easier to focus in moderate background noise. Whereas 
visual attention can be directed by turning the head or eyes (or opening and 
closing the eyes), the hearing system has to deal with everything happening 
and to control through neural processes what parts of the soundscape are “al-
lowed” to reach consciousness. 

It has been proposed that at least some part of the experienced tinnitus could 
be related to differences or dysfunctions in the mechanisms that are responsi-
ble for directing attention and blocking away unwanted and unnecessary 
sounds [73]. In this context, a clear line is also drawn between the tinnitus 
sound itself and the emotional reaction that is evoked by it [74]. In fact, a ma-
jority of the people who experience tinnitus don’t find it disturbing or associate 
any strong negative feelings to the sound [4] — their attitude towards it is ra-
ther neutral. So, it is usually only the ones who find their tinnitus bothersome 
who seek medical consultation in the matter. It is also a known that most peo-
ple hear phantom sounds when placed in an extremely silent environment, 
such as an anechoic chamber. Studies have shown that around 90% of normal-
hearing subjects report hearing sounds in a soundproofed room without any 
acoustic stimulation being present [75], [76]. Thus, it could be that the prob-
lem in tinnitus is not the tinnitus sound itself, but the emotional and atten-
tional factors that give tinnitus its negative meaning. 

Auditory attentional abilities have been found to differ between tinnitus pa-
tients and non-tinnitus controls, and it is well established that even in chronic, 
bothersome tinnitus the perception fluctuates depending on the task at hand. 
If the person is immersed in a task requiring their full attention, tinnitus is 
often less disturbing than when it is tinnitus that is attended to. One notewor-
thy example of how tinnitus affects behavioural measures or auditory attention 
is a study by Cuny et al. [77], who ran an experiment where the task was to 
detect a target stimulus, played in one ear, preceded by a cue played in the 
other ear. In some trials, the cue was changed into a deviant signal, presumed 
to capture the auditory attention and worsen the detection performance. Sub-
jects with unilateral tinnitus performed differently depending on whether the 
target was played to the tinnitus ear (and the distractor to the non-tinnitus 
ear) or to the non-tinnitus ear (and the distractor to the tinnitus ear), whereas 
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normal-hearing subjects performed identically regardless of which ear was 
listening to which sound. Specifically, if the distractor was played in the non-
tinnitus ear and the target to the tinnitus ear, the detection accuracy of the 
target did not reduce as much as when the stimuli lateralizations were re-
versed. This was interpreted as evidence for persistent attention towards the 
tinnitus ear that further could not be as effectively drawn to the distracting 
cue. They also introduced an additional tinnitus-like sound in the other ear of 
the normally-hearing subjects, but this simulated tinnitus did not have the 
same effect as was observed in the tinnitus subjects. Their conclusion was that 
the effect was specific for tinnitus, and not just for any tinnitus-like sound, 
suggesting that also auditory attention played a part in tinnitus. In practice, 
the association between attention and tinnitus is not, however, as straight-
forward as in the experiment by Cuny et al. In their review, Mohamad et al. 
[78] investigated the effects of tinnitus on different types of attention: alerting, 
selective, executive, and sustained attention, as well as on working memory, 
and found only limited evidence for tinnitus interfering with executive atten-
tion. The same conclusion, highlighting a possible impact of tinnitus on execu-
tive attention, was also drawn in another review by Tegg-Quinn et al. [79]. The 
task in the study by Cuny et al. targets mainly the alerting attention compo-
nent, for the involvement of which the reviews found no compelling evidence. 

The approach where instead of the tinnitus sound, treatment was targeted 
towards the emotional reaction, was pioneered by Margaret and Pawel Jastre-
boff in their Tinnitus Retraining Therapy (TRT) [80]. The therapy is based on 
a neurophysiological model, where limbic and autonomous nervous systems 
had a central role in maintaining the experience of tinnitus [74], [81]. This is 
closely related to stress, which very often accompanies tinnitus especially at its 
onset. The process is sometimes described as a “vicious circle” where tinnitus 
causes stress and stress makes the tinnitus even worse. In this way the two 
symptoms aggravate each other, and in order to stop tinnitus from getting 
worse and eventually to provide any relief from tinnitus, the feedback loop has 
to be broken. In TRT, a combination of counseling and sound therapy is used 
as a way to defuse the harmful association between the tinnitus sound and the 
stress reaction of the limbic and autonomic systems. Although the complete 
ablation of the tinnitus sound is not the aim of TRT, also the loudness and the 
amount of time that patients are aware of their tinnitus has reduced as a result 
of TRT [82]. In the neurophysiological model on which TRT is based, the emo-
tional components are very much involved already at the onset of tinnitus. If 
tinnitus is first experienced in a stressful situation, or during an emotionally 
challenging period of time, the likelihood that the tinnitus percept becomes 
bothersome and chronic increases. This is backed up by epidemiological data 
on blast noise exposed US military personnel, where bothersome tinnitus is 
more prevalent in soldiers returning from war zones than in the military over-
all [82][82]. The successfulness of TRT, practiced in a number of tinnitus clin-
ics worldwide, seems to support the validity of the underlying model [82], alt-
hough the actual implementation of the TRT program varies considerably be-
tween clinics and studies, making it difficult to pool data and conduct meta-
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analyses [83]. Thus, no definite conclusions can be drawn from the available 
data on the efficacy of TRT. Another counseling-based approach is cognitive–
behavioural therapy (CBT), which is a psychotherapeutical method consisting 
of multiple sessions of psychoeducation, relaxation, exposure techniques, and 
behavioural reactivation. CBT aims at modifying dysfunctional beliefs and be-
haviours [84]. In a large randomized controlled trial (RCT), CBT demonstrat-
ed a clear advantage over traditional treatment [83], and it is one of the most 
promising treatment approaches at this time. Still, the treatment does not af-
fect the tinnitus sound itself at all, but rather aims at habituation to the sound 
[82], [85]. 

Rauschecker et al. have proposed an even more central role for the limbic 
system in tinnitus [83]. Instead of only reflecting the emotional factors in tin-
nitus, they suggest that the limbic system is in charge of a top-down noise-
cancelling mechanism that “tunes out” unwanted and unimportant sounds, 
preventing them from ever activating cortical auditory areas [86]. Although 
both Jastreboff and Rauschecker et al. assign much importance on the limbic 
system, in the latter the failure of a limbic gating mechanism actually results in 
the tinnitus percept. Put in another way, in Rauschecker’s framework, the lim-
bic system is not only reacting to tinnitus, but is in fact causing it by letting 
noise from earlier stages of the auditory chain pass through the auditory thal-
amus to the cortex. They have also found support for their model from struc-
tural and functional MRI, where limbic neural structures the nucleus accum-
bens (NAc) and the ventromedial prefrontal cortex (vmPFC) were indicated, as 
predicted by their model. However, although these brain areas correlated with 
the tinnitus symptoms, the study was not sufficient for confirming the full va-
lidity of the model. In order to show a causal relationship between the limbic 
system and tinnitus, it would have to be shown that limbic activation could 
indeed block out the tinnitus sensation. Disentangling other components of 
tinnitus that could be affected by limbic interaction, such as possible decreases 
in tinnitus annoyance or distress, is a demanding task and remains to be 
demonstrated. 

2.5 Brain network models 

Instead of viewing the brain as an assembly of individual, specialized areas 
carrying out specific tasks, the central nervous system is now recognized as a 
flexible organism that works as a whole. A multitude of brain areas are activat-
ed in visual, auditory, motor, and other tasks and it would be impossible to 
define clear, non-overlapping maps of brain functions. Since the auditory 
pathway can be activated by sound stimulation without the sound being per-
ceived, for example during sleep, what else in addition to the strictly “auditory” 
parts is required for conscious perception of a sound? The same question has 
been raised in tinnitus research after it had become clear that interventions 
targeting the auditory system did not seem to cure or significantly affect tinni-
tus, despite expectations. One explanation for this could be that there is likely 
no single brain area that would be responsible for tinnitus, but that the ab-
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normal activity is distributed between multiple areas. It then becomes more 
convenient to view the brain as a network consisting of hubs with local, short-
range connections that are interconnected by long-range fibers. An example of 
a local hub could be the sensory cortex, such as the auditory cortex or the visu-
al cortex. These areas are then connected to each other and other areas, such 
as the prefrontal association areas or the limbic system. This idea is also in line 
with modern views of how conscious perception in general is constructed in 
the brain [87]. 

The traditional way of studying brain function has been usually related to 
stimuli-evoked activation, or other event- or task-related changes in the brain 
dynamics. It hasn’t always been clear that the brain is also active at rest when 
there is no active task to be completed or external stimuli to be processed. 
However, later studies have shown that there are multiple separate brain net-
works that exhibit correlated fluctuations in their activity during rest, and that 
the magnitude of these fluctuations is comparable to task-related processing 
[88]. It is suggested that there could be up to ten different resting-state net-
works (RSNs) in the brain, encompassing brain areas that are involved in for 
example visual processing, auditory processing, motor function, memory, and 
the so-called default mode network (DMN) [89]. The study of these networks 
relies on measures of functional connectivity, which means that the connection 
between two brain areas is estimated computationally. Two areas are func-
tionally connected if their activity patterns show a dependence on each other . 
This can mean that their activities are simply correlated, or that there are more 
complex dynamics involved, such as cross-frequency coupling between the 
areas. Care has to be taken in order to differentiate genuine activation patterns 
from spurious correlations. For example in EEG, it is a fact of physics that due 
to volume conduction of electric current, a single source of activity can create 
EEG patterns that resemble coupling between two distant sources [89]–[91]. 

The idea of the DMN is that certain areas of the brain are active specifically 
when the subject is not involved in any kind of task or controlled mental pro-
cess, as opposed to the sensory RSNs which activate when there is no input 
corresponding to their modality [92]. The DMN is associated with mind-
wandering and daydreaming, thinking of self or others, and thinking about the 
past or the future [93]. The DMN is especially interesting in tinnitus, since 
tinnitus is often experienced during rest and when there is no requirement for 
focusing on other tasks. This has motivated research into whether the DMN 
could function differently in tinnitus. As intuition might suggest, it has been 
found that the DMN activity appears to be disrupted, which could indicate that 
the tinnitus sound is preventing a genuine resting state [94]. 

Another particularly important network relating to tinnitus is the auditory 
RSN which, as the name suggests, is active when there is no sound presented. 
It has to be noted here, that studying the auditory RSN is not without chal-
lenges, since the MRI scanner produces a loud noise while it is operating. 
Thus, resting-state measurements are usually performed in an interleaving 
manner, where scanning is only performed periodically, allowing for quieter 
periods of time in between the scans [95], [96]. Since the fMRI blood-oxygen 
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level dependent (BOLD) signal responds with a delay of a few seconds, the 
signals acquired during the short scanning periods reflect the resting-state — 
i.e. the situation before the BOLD signal responds to the scanner noise. 

As expected, research has shown that tinnitus patients differ from control 
groups in their auditory RSN activity, as measured by fMRI, EEG and MEG. 
An interesting result that also relates to the discussion in the previous Section 
comes from two studies by Burton et al. [97] and Wineland et al. [98], [99], 
both from the same research group and conducted with identical experimental 
parameters. In the first publication (Burton et al.) it was found that subjects 
with bothersome tinnitus differed from an age-matched control group in the 
coupling between their auditory and visual RSNs, but the second study (Wine-
land et al.) which investigated non-bothersome tinnitus found no differences 
between the tinnitus group and the control group. The authors concluded that 
the observed RSN changes were specifically related to bothersome tinnitus, 
supporting the earlier notion that it is not the tinnitus sound itself that is the 
main problem in tinnitus, but the higher-level processing of that sound. An-
other study found that the auditory RSN in tinnitus patients was broader than 
in the control group [100], [101]. The extended auditory RSN included also 
areas of the attentional, mnemonic and emotional networks. In a follow-up 
study it was further found that in some of the identified areas, the activity pat-
terns correlated with individual THI scores, highlighting their role in tinnitus 
[102]. 
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3. Neurostimulation treatments for tinni-
tus 

The identification of neural correlates of tinnitus has inspired researchers to 
target the affected brain areas by means of neurostimulation methods. The 
rationale behind these interventions is to interfere with the assumed patholog-
ical activity underlying the tinnitus sensation, and to consequently alleviate 
tinnitus symptoms. Many of the approaches applied in tinnitus research have 
originated from depression treatments, where they have been relatively suc-
cessful. Since tinnitus and depression often co-occur [103], the same methods 
have been adapted to tinnitus. 

3.1 Transcutaneous stimulation of peripheral nerves 

Transcutaneous stimulation means that stimulation is applied non-invasively 
through the skin. Transcutaneous electrical nerve stimulation (TENS) is an 
umbrella term for many specific approaches that employ electrical current 
transcutaneously. TENS has been widely used as a treatment in pain disorders. 
Although all non-invasive brain stimulation methods are inherently transcuta-
neous as well, TENS as a term refers to the stimulation of peripheral nerves. 
Cortical non-invasive stimulation — transcranial stimulation — is discussed in 
the next Section. 

Since tinnitus was associated directly to the ear for a long time, that was also 
the logical target for early electrical interventions aiming at disrupting the per-
cept. Given the success of cochlear stimulation in relieving tinnitus, the next 
step was to attempt extra-cochlear and non-invasive stimulation methods for 
tinnitus. One of the early attempts at this was a commercial device that applied 
electrical stimulation to the mastoids. The device was available in the US dur-
ing the 1980’s, but was discontinued after RCTs showed no improvements in 
tinnitus [104]. Stimulation of the earlobe has been relatively successful. Engel-
berg and Bauer [105] reported results from two experiments, where 13 differ-
ent locations of the earlobe were stimulated sequentially, each for a duration 
between 24 seconds and two minutes. One to 17 treatment sessions were given 
to at total of 30 subjects. Eighty-two percent of the patients experienced a re-
duction in their tinnitus. A more recent large study of 500 patients used a 
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similar approach where 6 to 10 treatment sessions, administered twice per 
week, were able to reduce tinnitus in 53% of the participants [106]. During 
each treatment session, stimulation was applied sequentially to 20 different, 
random points on the external pinna and tragus. 

The outer ear is innervated by three nerves: the auriculotemporal nerve 
(ATN), which is a branch of the trigeminal nerve; the great auricular nerve 
(GAN), which branches from the spinal C2 and C3 nerves; and the auditory 
branch of the vagus nerve (ABVN) [107]. Thus, stimulating different locations 
of the outer ear can result in activation of any of these systems. Since the two 
studies described above used multiple locations of the auricle, it is likely that 
all three nerves were stimulated and it is impossible to assess which system 
might be responsible for the observed effects. The ATN and GAN both interact 
with the somatosensory system, which has been identified in some subgroups 
of tinnitus. On the other hand, the vagus nerve, from which the ABVN branch-
es, is part of the parasympathetic nervous system — also indicated in tinnitus 
via the stress reaction. The ABVN also innervates the ear canal and has been 
proposed as a non-invasive alternative for vagus nerve stimulation (VNS), 
which is widely used in pharmacoresistant epilepsy [108]. This non-invasive 
approach is called transcutaneous VNS (tVNS), and has been piloted as a 
treatment method for chronic pain [109], epilepsy [110], headache [111], de-
pression [112] and tinnitus [113]. tVNS has been found to reduce the activity of 
the sympathetic [114]–[116] and limbic [117] nervous systems, which could be 
beneficial especially in alleviating tinnitus-related distress. Also a more non-
specific effect on cortical excitability has been demonstrated [118], [119]. Fall-
gatter et al. [120]–[122] were the first to investigate vagus sensory evoked po-
tentials (VSEPs) by stimulating various areas of the outer ear and recording 
the EEG response (see also [123]). They found that the response was strongest 
when applied to the tragus, and since the tragus is innervated by the ABVN, 
they concluded that the response was from the vagal system. Their findings are 
not completely in line with what could be deduced from the anatomical picture 
laid out by Ventureyra, since Fallgatter et al. could not evoke VSEPs at loca-
tions of the earlobe where Ventureyra found 100% innervation by the ABVN, 
whereas the nerves of the tragus originate from all three nerves. The VSEP has 
also been found to disappear during neuromuscular block [124], which could 
indicate that the evoked response is not from the ABVN but instead it might 
have a muscular origin. 

Apart from the earlobes, also other locations of the body have been investi-
gated for their feasibility in tinnitus TENS treatments. Stimulation of the me-
dian nerve at an unspecified location [125] and of the 1–2-finger metacarpal 
fold [126] resulted in mixed results with only few benefiting from the interven-
tions. In a more recent study involving 240 patients, a 30-minute session of C2 
stimulation resulted in a transient tinnitus decrease for 17.9% of the patients 
[127], [128]. When comparing TENS of the C2 to cortical stimulation methods 
tDCS and TMS (see next Section), it was further found that the tDCS and TMS 
are likely to activate also the same indirect pathways as TENS, so that the out-
comes of tDCS and TMS might be achieved through two separate mechanisms 
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[129]. These approaches could modulate the tinnitus sensation through the 
DCN, which has been implicated in tinnitus and has inputs from both the audi-
tory and the somatosensory systems. 

3.2 Transcranial stimulation of the CNS 

Transcranial stimulation refers to non-invasive stimulation that is applied di-
rectly to the CNS through the skull. The aim of these approaches is to affect the 
brain activity that underlies tinnitus perception. The rationale behind tran-
scranial stimulation is that by disrupting the unwanted tinnitus-related brain 
activity, it could be possible to modulate or completely abolish the percept as 
well. As discussed in Chapter 2, hyperactivity, increased synchrony and ab-
normal neural network patterns have been identified in tinnitus populations. 
Transcranial stimulation can be used for inducing either inhibition or excita-
tion in targeted areas, so these methods provide great possibilities for testing 
various hypotheses regarding the neural underpinnings of tinnitus. 

3.2.1 Transcranial magnetic stimulation 

Transcranial magnetic stimulation (TMS) was the first method that was widely 
used in tinnitus research. In TMS, a short pulse of current is lead through an 
electromagnetic coil, which produces a strong and quickly changing magnetic 
field with a peak field value in the order of 1–3 teslas. Magnetic fields pene-
trate the scalp and skull and the changing magnetic flux induces a current in 
the targeted brain area, which then depolarizes cells and causes an action po-
tential in the stimulated neurons. [130] TMS has been successfully used in 
psychological research by inducing so-called virtual lesions in task-specific 
regions during an experiment. The TMS pulse disrupts the normal processing 
in the targeted area and can result in similar task performance degradation as 
a lesion in the targeted area would cause. The effect is very short, but when 
timed precisely in relation to the experimental sensory stimuli it can provide 
insight into the dynamics of for example aphasia, Parkinson’s disease and oth-
er disorders of the CNS. [131] A TMS pulse can also trigger a movement, when 
targeted correctly to the motor cortex; or flashes of light in the visual field 
when targeted to the visual cortex. No corresponding evoked action or sensory 
experience has been found when stimulating the auditory system. The TMS 
coil does however produce a loud (up to 120 dB SPL) clicking sound caused by 
the Lorentz force when the pulse is delivered [132]. This has also hindered the 
use of TMS in probing the function of the auditory cortex, since the effects of 
magnetic stimulation and the coinciding loud sound cannot be completely dis-
entangled. 

Whereas single pulses of TMS result in very short-lived effects immediately 
after the pulse, repeating the stimulation rhythmically produces effects that 
can last longer than the stimulation, i.e. the effect can be seen after the stimu-
lation is stopped. This type of stimulation is called repetitive TMS (rTMS). 
Varying the rate at which the pulses are repeated has been found to have dif-
ferential effects on the stimulated area. Low-frequency stimulation, where the 
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repetition rate is 1 Hz or less, results in inhibition [133], whereas high-
frequency stimulation with a repetition rate of 5 Hz or more provides excita-
tion [134]. However, 10-Hz rTMS has also been used similarly to single-shot 
pulses in bursts in disruption studies [135]–[137]. Due to this effect, early 
studies in tinnitus patients 10-Hz rTMS was applied mainly to the auditory 
cortices during a single treatment session and only immediate effects on the 
tinnitus percept were assessed. Later studies included also other stimulation 
rates, daily repeated sessions, and other stimulation sites. A number of studies 
have reported positive short- and long-term results from rTMS [138], but me-
ta-analyses have found only limited support for these claims [139] and recent 
studies have not been able to replicate some of the original results [140], [141]. 
It has been suggested that interindividual variability in some tentatively pre-
disposing factors could explain different responses to rTMS [142], but these 
factors have been identified through explorative analyses and have not been 
confirmed in prospective studies. 

3.2.2 Transcranial electrical stimulation 

Transcranial direct current stimulation (tDCS) is the most widely used tran-
scranial electrical stimulation (tES) method for stimulating the cortex. In 
tDCS, a weak electrical current — usually 1–2 mA — is conducted through the 
head via electrodes attached to the scalp. Normally there are two electrodes: a 
positive electrode called the anode, and a negative electrode called the cath-
ode, but also configurations with more electrodes are possible. The common 
view of tDCS effects is that the anode enhances excitation while the cathode 
facilitates inhibition [143]–[150], but this is likely to be an oversimplification 
based on studies focusing on the motor cortex alone [151], [152]. The physio-
logical principles by which tDCS delivers its effects are not fully understood. 
The currents used in tDCS are too weak to elicit depolarization of neuron ax-
ons and the spreading of current in the head is difficult to predict [153], [154]. 
The suggested working mechanism is that the stimulation current increases or 
decreases the cell membrane potentials under the anode or cathode, respec-
tively [155], [156]. Thus, although tDCS does not directly result in action po-
tentials, it could affect the likelihood of a neuron firing. Apart from the various 
shortcomings of tDCS, it also has many advantages over TMS that make it a 
very tempting tool for tinnitus studies. Namely, the sham blinding can be done 
more effectively, since there is only minimal somatosensory and no auditory 
input from tDCS, whereas the TMS coil vibrates during stimulation producing 
tactile input and sound that are difficult to replicate in a sham condition. 

Possibly due to its proven safety, low cost of equipment, and ease of use, 
tDCS has been used extensively in neuroscience during the last 20 years, with 
applications ranging from basic neurophysiological studies to psychological 
experiments on memory and learning to clinical treatment trials of migraine, 
stroke, depression and various other symptoms [157]. In tinnitus research 
tDCS was adopted after the first successful rTMS studies had suggested that 
stimulation of the AC could result in modulation of the tinnitus sound [158]. 
Again, based on the findings from rTMS that stimulation of the prefrontal cor-
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tex can benefit tinnitus patients [159], later tDCS studies also targeted the 
frontal areas [157], [159]. The history of tDCS treatments of tinnitus is very 
similar to rTMS: positive and promising results from open-label single-session 
experiments [160], [161] followed by mixed results from more extensive stud-
ies [146]. Whereas the early studies demonstrated immediate effects of tDCS 
on tinnitus loudness and annoyance, these findings were not translated into 
positive long-term outcomes in controlled study designs, although the imme-
diate effects could be replicated also in the multi-session trials [162]. Like with 
rTMS, also in tDCS the discrepancies between studies and individual subjects 
have been attributed at least partly to interindividual variability and heteroge-
neous patient groups [163]. There is indeed some evidence for physiological 
factors affecting the individual effectiveness of tDCS [133], [164]–[167]. 

In addition to tDCS, also other tES methods have been piloted in tinnitus. In 
transcranial alternating current stimulation (tACS), the direction of current 
varies rhythmically, resulting in an alternating current, as the name implies. In 
tACS, the aim is to entrain the intrinsic oscillations of the brain [168]–[172]. 
For example, since tinnitus patients on average show lower alpha power in the 
AC [173], stimulating the AC with tACS at a frequency that is close to the indi-
vidual’s own alpha peak frequency could enhance the alpha oscillations. Con-
sequently, the expectation is that the tinnitus percept would diminish if the 
neural correlate of tinnitus could be reversed in this manner. Yet another tES 
method that takes a slightly different approach is the transcranial random 
noise stimulation (tRNS), where the stimulation waveform is random noise. In 
theory, it could be classified also as tACS, since the also in tRNS the current 
direction alternates, but tRNS is used in order to make a distinction between 
rhythmic and continuous, random stimulation. The goal of tRNS is to desyn-
chronise the neural populations that are targeted by the stimulation. The use 
of tRNS in tinnitus is based, again, in the neurophysiological correlates of tin-
nitus, one of which is increased synchronous spontaneous activity. Abrupting 
that synchronous firing could in theory modulate the experienced tinnitus. 
tACS and tRNS have been piloted in tinnitus populations, with initial results 
showing a slight advantage for tRNS over tACS [146], [170], [174]. 

3.3 Invasive stimulation 

Since tinnitus is not considered to be a life-threatening condition, the most 
radical treatment options are usually ruled out, especially since they cannot be 
guaranteed to work. However, some patients are willing to try also the more 
experimental approaches or they might be treated for other conditions. One 
such example is the CI, which was discussed earlier in Chapter 2. 

Usually when the brain is stimulated in an attempt to alleviate tinnitus, it is 
done non-invasively, as described in the previous Section. The success of im-
planted epidural and deep brain stimulators (DBSs) in other conditions, such 
as epilepsy and Parkinson’s disease, has led to pilot studies in tinnitus, investi-
gating whether the most severe cases could benefit from invasive stimulation. 
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The advantages of invasive stimulation include the precise targeting of stimu-
lation and the possibility to apply stimulation continuously [175]. 

Epidural stimulation is usually targeted to the auditory cortex, although one 
case report exists of a frontal electrode for a tinnitus patient, leading to a 66% 
reduction in tinnitus loudness [176]. The largest study so far included 43 pa-
tients, who had benefited from a screening TMS experiment, indicating that 
stimulation of the AC could improve the tinnitus. In total, 67% of those im-
planted benefited from the operation. Patients with tonal tinnitus were more 
likely to improve, compared to noise-like tinnitus or a combination of tonal 
and noise-like tinnitus [59]. DBS has not been used for treating tinnitus, but 
patients treated for other symptoms have reported changes in their tinnitus 
after implantation. One study reported that five patients with DBS electrodes 
in the area LC of the caudate benefited from the stimulation, and one subject 
whose DBS electrode was outside the area LC had no improvement in tinnitus 
[177], [178]. Another study reported that area LC stimulation triggered new 
phantom sounds or altered existing sounds [179]. 
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4. Aims of the Studies 

The aim of this Thesis was to develop new methodstinnitus  for diagnostics 
and treatment. The research sub-projects of this work were clinically motivat-
ed, all addressing challenges related to the scarcity of available diagnostic tools 
and treatments for tinnitus. 

The first specific aim was to determine whether the targeting of electrical 
stimulation methods (tVNS and tACS) could be monitored simultaneously by 
brain imaging (Publications 1 and 4). In these Studies, the chosen stimula-
tion methods were novel and preliminary pilot studies were needed to con-
struct hypotheses for more advanced studies. 

The second specific aim, addressed in Publication 3, was to develop a tDCS 
treatment protocol that could be administered by the patients themselves, in-
stead of having to visit the clinic individually for each treatment session. This 
stimulation method (tDCS) is more established in tinnitus research, with a 
considerable amount of earlier single-session studies reporting immediate 
effects in tinnitus perception.  

The third specific aim was to develop a neurophysiologically-motivated be-
havioral task. Often, brain imaging approaches are seen as providing objective 
evidence of tinnitus, in contrast to the subjective questionnaires commonly 
used in clinics. However, psychoacoustic and behavioural experiments could 
also provide indirect markers for tinnitus and indicate possible neural mecha-
nisms causing tinnitus. In Publication 2 it was determined whether sound 
localization accuracy could be degraded as a result of tinnitus-related neural 
changes along the auditory pathway.
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5. Materials and Methods 

5.1 Subjective tinnitus questionnaires 

In addition to standard audiometric procedures, the diagnosis of tinnitus in-
volves the use of one or more questionnaires that probe the subjective experi-
ence and the effect of tinnitus on the patient’s life. Subjective measures are 
used because no reliable objective measures exist as of now. There are a num-
ber of different questionnaires which all aim at providing a comprehensive 
picture of the condition of an individual seeking help for their tinnitus. One of 
these questionnaires is the Tinnitus Handicap Inventory (THI), which is wide-
ly used and is also recommended to be included as an outcome measure in all 
tinnitus trials in order to provide comparable data from different studies 
[180]. The THI has 25 questions, each of which has three answer options: ‘yes’, 
‘sometimes’, and ‘no’. A total score between zero and 100, reflecting the severi-
ty of tinnitus, is calculated based on the answers [181]. The THI scores are of-
ten categorized into five classes to aid in the interpretation of the score: 0–16 
points: grade 1 — slight; 18–36 points: grade 2 — mild; 38–56: grade 3 — 
moderate; 58–76 points: grade 4 — severe; 78–100 points: grade 5 — cata-
strophic [182]. The THI score reflects the tinnitus distress and overall impact 
of tinnitus on the patient’s life; it does not involve determination of the tinni-
tus sound characteristics. Usually, the significance of a treatment effect is as-
sessed by statistical testing with ANOVA or t-tests, comparing the pre- and 
post-treatment THI values, but this does not necessarily relate to clinically 
relevant changes in tinnitus. Clinical relevance refers to the actual practical 
improvement that can be achieved by a treatment. If the results of an interven-
tion have no noticeable effect on an individual patient, even if on a group level 
the results might be statistically significant, the treatment cannot be said to 
show clinical significance. A study comparing the clinical impressions and the 
corresponding changes in tinnitus patients’ THI scores have shown that a 
change — either improvement or worsening — of 7 points or more in the THI 
score can be considered clinically significant [183]. 

THI scores were collected in Publications 1 and 3. In Publication 1, the 
scores were collected before the experiments and their correlation to the MEG 
findings was determined in order to reveal activity patterns that related to tin-
nitus severity. In Publication 3, the THI and a secondary complementing ques-
tionnaire, the mini-tinnitus questionnaire (mTQ), were collected prior to the 
tDCS intervention, and at a follow-up timepoint four weeks after the first 
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treatment session. In that study, THI was the main outcome measure and the 
effectiveness of the tDCS protocol was assessed by the treatment-related 
change in THI scores. 

5.1.1 Confounding factors 

Individuals with depression and anxiety have been found to have increased 
susceptibility to tinnitus. It has not been possible to determine whether this 
link is because of possible common predisposing factors and if not, whether it 
is depression that causes tinnitus or the other way around. Nevertheless, it is 
considered beneficial that studies control for these factors [184], either by en-
suring that the participants don’t differ remarkably in these aspects, or by tak-
ing these factors into account in the statistical analysis, for example by includ-
ing them as nuisance parameters in a linear model. In Publication 3, these 
confounding factors were assessed by means of the Beck Depression Inventory 
(BDI-IA) [185] and the Beck Anxiety Inventory (BAI) [186] and analyzed in a 
similar manner to tinnitus measures. 

5.2 Indirect tinnitus measures 

5.2.1 Magnetoencephalography 

Magnetoencephalography (MEG) is a non-invasive method for measuring the 
electrical activity of the brain. MEG is based on the fact that electric current 
produces a magnetic field with a strength proportional to the current intensity. 
Magnetic fields generated by neural activity are very weak and require special 
equipment to be detected and measured. Environmental magnetic fields, such 
as Earth’s magnetic field, or fields generated by electrical wirings are several 
orders of magnitude greater than those generated by the brain. For these rea-
sons, to attenuate the environmental fields, MEG measurements are usually 
conducted in a magnetically shielded room (MSR) made of layers of good con-
ductors such as aluminum or high-permeability material (mu-metal). The 
magnetometers, i.e., sensors picking up the magnetic fields, are pieces of ad-
vanced technology called superconducting quantum interference devices 
(SQUIDs). The physics of magnetic fields dictate which areas of the brain can 
be examined in practice with MEG. First, the magnetic field is attenuated 
quickly with increasing distance, meaning that deeper brain structures are too 
far away from the sensors. Second, only the source current component parallel 
to the scalp is picked up by the magnetometers, restricting the detectable neu-
ral sources to the sulci of the cortex. These practical limitations mean that the 
MEG signal represents mainly the post-synaptic activity of the apical dendrites 
of pyramidal cells in the cortical sulci. [187] 

MEG has superior time resolution compared to fMRI and PET, and better 
spatial resolution and accuracy than EEG. The MEG and EEG signals are in-
stant, direct measures of the neural activity, whereas fMRI and PET rely on 
indirect measures that depend on brain metabolism and have very long time 
constants when compared to the underlying processes that take place in the 
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brain. This is why MEG and EEG are better suited for examining the time 
courses of brain activity. However, both MEG and EEG suffer from the diffi-
culty of determining where in the brain the observed activity originates. The 
mathematical problem of estimating the locations and strengths of the neural 
sources in the brain that produce a given value at the sensors outside the head 
is ill-posed, meaning that there is no unique solution [184]. In practice, this 
means that the estimates of source-level neural activity are not so precise in 
MEG and even more imprecise in EEG, leading to smeared activation patterns 
instead of cleaner, concise patterns often obtained with fMRI. [188] 

Due to the extreme sensitivity of the MEG to magnetic fields, there are vari-
ous sources for error that can be introduced to the measured signals. In addi-
tion to the already mentioned environmental sources, also other physiological 
sources, like the heart, can introduce artifacts into the measurements. Any 
metallic accessories like buttons, jewellery, or dental fillings and braces can 
render a measurement signal unusable, and in normal situations those metal-
lic objects that can be easily removed are left outside the MSR. However, in 
many experimental settings, it is possible to accept even major artifacts in the 
measurements in order to gather theoretically and clinically relevant data. One 
example of this sort of situation is Parkinson’s disease patients with implanted 
deep brain stimulators (DBSs) [189]. Since Parkinson’s disease is a condition 
affecting the CNS structure and function, it is highly relevant to study the 
brain and the effects that beneficial neurostimulation treatments have on it, 
and when other methods besides MEG are not suitable for such investigations, 
it is desirable to be able to deal with the artefacts. Similarly, when all the neu-
rostimulation methods described in Chapter 3 aim at affecting the function of 
the CNS, it is a great advantage if these claims can be assessed by simultane-
ously applying the stimulation and measuring its effect on brain activity. Espe-
cially the discordant findings regarding tES methods in tinnitus motivate basic 
research into how the stimulation actually affects the targeted brain areas, and 
whether stimulation parameters could be individually optimized in order to 
tackle the large interindividual variability in treatment effectiveness. There 
exist signal processing methods that suppress the external interference, such 
as signal space projection (SSP) [190], [191], signal space separation (SSS) 
[192] and its extension, the spatiotemporal SSS (tSSS) [193], [194]. Also spa-
tial filtering by beamforming approaches, like the linearly constrained mini-
mum variance beamformer [195], reduce the effect of external noise as well as 
is effective against low-rank interference [196]. With these approaches, it has 
recently become possible to perform MEG measurements during DBS [197], 
tDCS [198] and tACS [199]. 

In Publication 1, the tSSS method was used for inspecting auditory evoked 
brain activity for the first time during tVNS; in Publication 4, the LCMV beam-
former was used for analyzing source-level auditory evoked activity during 
tACS. 
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5.2.2 Psychoacoustics 

The most obvious measures of tinnitus are related to the sound: What kind of 
sound is it? How loud is the sound? Is the sound stable or does it fluctuate? 
And so on. Often, these attributes are collected in free-form to patient files 
along with the audiogram. However, also systematic methods have been de-
veloped for quantifying the tinnitus percept. Although the task of determining 
for example the pitch of tinnitus may sound like an easy task at first, it has 
turned out to be far from trivial. Because of the large variability in the types of 
tinnitus sounds that have been described — beeping, hissing, roaring, ringing, 
etc. — giving a single frequency value for the tinnitus pitch can be difficult. 
Furthermore, in almost half of the tinnitus patients the sound consists of more 
than just one component [200]. Similar challenges arise also in the estimation 
of other psychoacoustic attributes of tinnitus, and in general they are not con-
sidered essential information in tinnitus trials [195]. 

In addition to measuring characteristics of the tinnitus sound, psychoacous-
tical experiments can also be used indirectly to identify tinnitus-related chang-
es in task performance. One recent example of such an experiment was con-
ducted by Epp et al. [201], who had the study participants perform an auditory 
intensity discrimination task with narrow-band noise stimuli. They found that 
the intensity discrimination was degraded in tinnitus patients at the frequency 
band corresponding to their tinnitus, supporting the notion that tinnitus could 
be associated with auditory nerve deafferentation. The advantage of this kind 
of experiment is that the intensity discrimination task itself is independent of 
the subjective tinnitus percept, but still correlates with it. Thus, by designing 
psychoacoustical experiments where the hypothesis are derived from putative 
neurophysiological models of tinnitus, it is possible to assess the validity of the 
models and to develop these experiments into diagnostic tools for tinnitus. 

In Publication 2, a psychoacoustical task was designed based on neurophysi-
ological findings indicating a role for the DCN in tinnitus. Since the DCN is 
also suggested to be involved in sound localization, it was hypothesized that 
subjects with tinnitus might differ from controls in their ability to localize 
sounds. The experimental task was simply to indicate the direction of a target 
sound. The sound source could vary either horizontally or vertically, but not in 
both directions, during one trial. Earlier studies have shown that hearing loss 
impairs sound localization ability [202]–[204]. 

5.3 Interventions 

The principles of neurostimulation methods are described in Chapter 3. 

5.3.1 tVNS 

In Publication 1, the ABVN was targeted by stimulating the left tragus with a 
clip electrode. The tVNS stimulus was a 500-μs biphasic rectangular pulse, 
repeated at a rate of 25 Hz. Stimulus intensity was adjusted to a value above 
the tactile, but below nociceptive, threshold, corresponding to approximately 
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0.5 mA. Stimulation was applied continuously during ‘tVNS-on’ recording 
blocks, and was turned off during ‘tVNS-off’ blocks. The stimulator was placed 
outside the MSR and the stimulating current delivered with a long cable to the 
subject sitting under the MEG dewar. 

5.3.2 tDCS 

In Publication 3, a tDCS treatment was carried out consisting of ten 20-minute 
tDCS sessions on consecutive days. tDCS was applied at a current of 2 mA, 
except in sham treatment (probability 33%) where the current was applied in 
the following way: 1) current was ramped up linearly from 0 mA to 2 mA dur-
ing 20 seconds, and then 2) ramped down to 0.3 mA during 17 seconds, 3) 
kept at 0.3 mA (impedance measurement current) for the rest of the 20-
minute treatment session, and finally 4) ramped down to 0 mA in 3 seconds. 
This procedure was used in order to produce a sensation identical to active 
treatment and to maintain constant impedance feedback. If the patient were to 
remove or adjust the electrodes or the cap mid-treatment, this protocol al-
lowed the device to respond reliably, thus maintaining the blinding even in 
non-standard situations. Inter-electrode impedance was kept below 15 kΩ 
throughout the whole treatment session; in case the impedance exceeded the 
limit during the session, stimulation was interrupted and could only be re-
sumed when impedance was brought within the accepted range by e.g. re-
adjusting the electrodes. 

Two different electrode placements were used in the study: left temporal ar-
ea (LTA) and bifrontal montages. In LTA the 35 cm2 anode was placed over the 
left temporal area—targeting the auditory cortex—and the 50 cm2 cathode was 
placed contralaterally over the frontal area. In the bifrontal montage the anode 
and cathode were both 35 cm2 and placed symmetrically bilaterally over the 
frontal areas: anode on the left and cathode on the right side. 

5.3.3 tACS 

In Publication 4, tACS was generated by a NeuroConn DC-STIMULATOR 
PLUS (Ilmenau/Germany) device and applied bilaterally over the temporal 
lobes, targeting the auditory cortices. Stimulation was applied through two 35-
cm2 electrodes covered in saline-soaked sponges (0.9%-NaCl). Stimulation 
waveform was sinusoidal, with peak-to-peak current amplitude of 1.5 mA. The 
stimulator unit was placed outside the MSR and an MRI-compatible extension 
part was used to deliver the stimulation to the subject. Two different tACS fre-
quencies were used in the experiments: 12 Hz and 6.5 Hz. 
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6. Summaries of the studies 

6.1 Acute effects of tVNS on evoked magnetic fields (Publication 
1) 

Invasive VNS is used as a treatment option in drug-resistant epilepsy as well as 
depression. In invasive VNS, a cuff electrode is placed around the vagus nerve 
in the neck, and the stimulator unit is placed under the skin on the chest. Since 
VNS requires a surgical operation, it is not applicable in all patients and the 
surgery carries some risks. For these reasons, invasive VNS is only attempted 
if other treatment methods fail. A novel alternative for invasive VNS is tVNS, 
where stimulation is targeted transcutaneously to the auricular branch of the 
vagus nerve. This non-invasive approach has been piloted for example in de-
pression [24] and epilepsy [205] with encouraging early results, but tinnitus 
treatment studies have not found beneficial effects [206]. tVNS has also been 
shown to reduce sympathetic activity, which could have a positive effect in 
tinnitus. Thus, more information is needed about the tinnitus-specific effects 
of tVNS in order to improve the treatment protocols. 

In this Study, the real-time effects of tVNS on auditory evoked activity were 
assessed in order to explore possible immediate markers for stimulation tar-
geting. Since positive long-term treatment outcomes of invasive VNS in epilep-
sy have been linked to modulations in gamma-band synchrony and gamma-
band activity has also been identified as a possible neural correlate of tinnitus, 
the study focused on spectral power and phase synchrony measures at the 
gamma frequencies. The results indicated that tVNS modulated brain activity 
at beta- and gamma-frequency bands in a tinnitus-specific manner. The tVNS 
effect was linked to the THI scores, so that subjects with higher tinnitus dis-
tress showed greater beta- and gamma-band desycnhronization (Fig. 1). 
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Figure 1. Scatter plots illustrating the correlation of tinnitus handicap inventory (THI) scores with 
gamma-band baseline synchrony (left) and the transcutaneous vagus nerve stimulation 
(tVNS)-induced change in synchrony (right). The data point at THI value zero represents 
the mean value taken over the whole control group. PLI indicates phase lag index. 

6.2 Psychoacoustic markers for tinnitus (Publication 2) 

The early stages of the auditory chain in the brainstem cannot be studied accu-
rately with functional brain-imaging methods, which are more suitable for the 
cerebrum and cerebellum. For example, MEG signals are mainly restricted to 
specific parts of the cortical surface, and whereas EEG can pick up activity also 
from deeper sources, the signals are much weaker and the neural structures 
are smaller, making the source of the measured activity even more difficult to 
pinpoint. In animal research, the shortcomings of medical imaging can be 
avoided by performing invasive recordings of local field potentials and single 
units, but this is naturally not an option in humans. Therefore, psychoacoustic 
methods are often employed in order to probe the more peripheral parts of the 
auditory pathway, the most obvious example being audiometry. A recent study 
found that tinnitus patients had lowered intensity discrimination thresholds at 
the tinnitus frequency range [116]. This phenomenon may be explained by AN 
deafferentation, which has been described in animal models of tinnitus, as well 
as suggested by ABR measurements in humans [121], [122]. Thus, developing 
behavioral experiments based on neurophysiological models may enable the 
indirect study of the otherwise inaccessible neural structures. 

The role of the cochlear nucleus (CN) in tinnitus has often been studied in 
animal models of tinnitus. There is evidence for increased spontaneous activity 
in the CN after noise exposure, and especially the dorsal cochlear nucleus 
shows many plastic changes in tinnitus [212]. The CN is also thought to be 
responsible for extracting the first cues for sound localization [170]. 
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The aim of this Study was to determine whether tinnitus-related changes in 
CN function could be reflected in the ability to localize sounds. This was tested 
by placing the subjects in an anechoic chamber where they performed a basic 
behavioral task of indicating the direction of a sound source. The results 
showed that subjects with unilateral tinnitus localized sounds with similar 
accuracy to subjects with matching hearing loss profiles. However, when a 
background noise was added to the room, the tinnitus subjects worsened in 
their performance, but only in the tinnitus ear (Fig. 3). There was no corre-
sponding effect for normal-hearing or the hearing-impaired groups. Thus, 
there were no dramatic differences in sound localization accuracy, but the tin-
nitus subjects were more affected by background noise, warranting further 
study with more refined experimental designs. 

 

Figure 2. Vertical localization error per experimental group and ear blocked. Normal-hearing 
(NH) and high-frequency hearing loss (HF-HL) groups show no differences between back-
ground noise conditions, whereas the tinnitus group (TI) performance degrades as a result 
of the noise. Only the tinnitus ear (all subjects have unilateral tinnitus) is affected. 

6.3 Feasibility of self-administered tDCS treatment for tinnitus 
(Publication 3) 

tDCS as a treatment method for tinnitus has been actively studied in a setting 
where the patients visit a clinic for each treatment session. The treatment is 
traditionally prepared and administered by a healthcare professional in order 
to comply with safety regulations and also to keep the interindividual variabil-
ity in the treatment procedures to a minimum. This is, however, very time-
consuming for all the involved parties: patients have to travel to and from the 
clinic for each session, often during office hours; and a single 20-minute 
treatment session requires approximately 45 minutes of the study personnel’s 
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work time. When a treatment is repeated many times, these add up to consid-
erable amounts of time, which can for example hinder the participation of 
many patient groups or increase the drop-out rate [207]–[211]. Since tDCS is 
considered very safe thanks to the weak electric currents used in the stimula-
tion and because the preparations are relatively straightforward, the time-
effectiveness of tDCS studies could be improved by assigning more tasks to the 
patients. Possibly due to the effort required for repeated sessions of tDCS, ear-
lier studies had concentrated on single-session effects and the only multi-
session study was done without a sham condition [118], [119]. 

The aim of this Study was to find out if self-administered at-home tDCS was 
feasible and safe, and whether it gave treatment outcomes comparable to in-
hospital studies. Patients were instructed on the use of the device and the first 
treatment session was done at the clinic and guided by the author. The follow-
ing 9 treatment session were administered at home by the patients themselves. 
The treatment was safe and the patients found the device easy to use. Treat-
ment outcomes were comparable to in-hospital treatments: no difference was 
found between active and sham treatment, although there was an overall de-
crease in THI scores across all groups (Fig. 2), which could indicate that the 
sham effect was stronger than in in-hospital trials. 

 

Figure 3. Individual THI scores pre- and post-treatment shown group-wise for each tDCS vari-
ant. There is a general trend of decreased THI scores in the LTA, bifrontal and sham 
groups, whereas in the control group, consisting of subjects with mild tinnitus (< 18 THI), 
the trend was towards increased tinnitus distress. 

 

6.4 Combining electrical stimulation and MEG (Publication 4) 

The mechanisms through which tES methods exert their effects on the brain 
are not thoroughly understood. Most of the assumptions are drawn from stud-
ies where the motor cortex has been stimulated, but there is no clear evidence 
for the same dynamics when stimulation is applied to other areas of the brain 
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[206]. Also, treatment outcomes for tES therapies in tinnitus vary, and it is 
challenging to determine whether the variability is because of individual ana-
tomical factors [27], the different tinnitus characteristics [72], or the validity of 
the assumed neurophysiological model for tinnitus upon which the interven-
tion is designed. Therefore, it is crucial to develop acute markers for the target-
ing of the treatment, in order to assess how the anatomical and physiological 
features affect the effectiveness of the stimulation, and further, if this has an 
impact on the treatment outcome. 

In this Study, the on-line effects of tACS on auditory evoked activity were in-
vestigated in MEG. Auditory responses to a 41-Hz click train were recorded 
both with and without simultaneous tACS. The tACS was applied at 11 and 6.5 
Hz in order to reveal possible frequency-dependent effects. The main finding 
was that 11-Hz tACS decreased the amplitude of the auditory response (Fig. 4), 
whereas there was no significant decrease for the 6.5-Hz stimulation. The 
Study also confirmed that auditory activity can be observed with MEG during 
tACS by applying an LCMV beamformer. 

 

Figure 4. Normalized source-level estimates of A) the auditory steady-state response (ASSR), 
and B) the 10-Hz tACS-induced decrease in ASSR. 
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7. Discussion 

Tinnitus is a complex phenomenon affecting the quality of life of millions of 
people globally. It is associated with hearing loss, but the mechanisms which 
cause and maintain the phantom sound percept are not understood. There is 
vast evidence of neurophysiological changes in the CNS that correlate with 
tinnitus symptoms, and it is commonly accepted that tinnitus is a problem of 
the CNS and not only of the peripheral hearing organ. Abnormal neural activi-
ty patterns have been observed in tinnitus patients and animal models of tinni-
tus, which has motivated the use of neurostimulation methods with the aim of 
disrupting the assumed pathological activity. Traditionally classified as a dys-
function of the auditory system, tinnitus is now seen as a diverse condition 
which encompasses also non-auditory pathways in the brain. The affective and 
attentional dimensions of tinnitus have gained more weight in diagnosis and 
treatment, since subjective psychoacoustical measures of the tinnitus sound, 
such as loudness, have been found to be surprisingly unrelated to the experi-
enced severity of the condition. 

This thesis presents new approaches in the treatment and diagnostics of tin-
nitus. The neurophysiological models of tinnitus are taken as a starting point 
for the thesis and each Publication.  

7.1 Real-time MEG measurement of neurostimulation effects 

The effects of neurostimulation on tinnitus can be assessed in short- and 
long-term. Traditionally, the immediate effects of stimulation are assessed by 
comparing measures of tinnitus right before and after the treatment session. 
This can mean either subjective assessment of the tinnitus sound or electro-
physiological and behavioral measures. Subjective and behavioral aspects can 
be also obtained during the stimulation, which could help for example in fine-
tuning the treatment parameters, but electrophysiological measurements have 
been so far impossible due to the large electromagnetic interference caused by 
the stimulators. The electrical activity created by the treatment devices is 
many orders of magnitude higher than intrinsic brain activity, which causes 
the biological signals to be buried under the stimulator artifacts. This prevents 
real-time assessment of the effects that the electrical stimulation induces on 
the brain. Consequently, many questions relating to how the stimulation actu-
ally exerts its effects on the CNS, or tinnitus, remain unanswered [69], [213], 
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[214]. Unwarranted assumptions of the underlying mechanisms of neurostim-
ulation methods can lead to false conclusions regarding also the wider neuro-
physiological picture of tinnitus. The experiments described in Publications 1 
and 4 extend the arsenal of experimental methods that can be utilized when 
studying neurostimulation-related changes in brain activity with MEG. 

For example, tDCS targeting the AC has been motivated by the findings that 
the AC exhibits increased synchrony and elevated gamma-band activity in tin-
nitus. The intention of tDCS in this case has been to inhibit or disrupt the 
pathological activity in the AC in the hope that this would result in tinnitus 
relief. However, although tDCS has been able to reduce tinnitus symptoms 
after just one session, this effect has not extended to long-term improvement 
in multi-session treatments. Similarly, multi-session rTMS of the AC has not 
resulted in significant positive treatment outcomes [215]. These negative find-
ings have led to conclusions that the AC might not necessarily be a suitable 
target for neurostimulation treatment of tinnitus. However, this conclusion 
can only be drawn if it is assumed that the stimulation protocol itself was suc-
cessful in that the AC was indeed stimulated in the expected way during the 
treatment. In reality, the spreading of stimulating current is estimated by 
means of mathematical modelling [175], and the actual activation patterns 
could differ from the assumed. Especially in tDCS, the spreading of current is 
very difficult to predict as it passes through the hair, scalp, skull, dura mater, 
and different layers and tissues of the brain. In particular, the stimulation of 
the AC is challenging with both TMS and tDCS because of the temporalis mus-
cle, which covers the targeted area. It has indeed been shown that tDCS and 
TMS could have a dual working mechanism: one affecting the cortex directly, 
and another having an indirect TENS-like effect through the somatosensory 
system [184]. Also, the success rate for implanted extradural stimulators over 
the AC has been higher than for rTMS and tDCS targeting the AC [142], [159]. 

This could imply that the transcranial methods might not behave as ex-
pected, and indeed the validity of the assumed mechanisms of tDCS have been 
challenged [151]. There have even been claims that tDCS exerts no reliable 
effects besides the motor tasks for which it was originally shown to work [216]. 
tDCS effectiveness has been shown to depend on individual anatomical fea-
tures [133], but it is currently administered in a non-individualized manner, 
using the same stimulation parameters and electrode placing for every subject. 
Developing approaches for subject-wise adjustment of stimulation parameters 
could improve the effectiveness of treatments and reduce inter-individual var-
iability in treatment outcomes. Thus, in order to design better neurostimula-
tion treatment protocols, it is essential to first establish a causal link between 
the applied intervention and the possible outcomes. The research described in 
Publications 1 and 4 shows how this can be achieved using MEG together with 
neurostimulation. In both Studies, the neurostimulation is shown to result in 
immediate, real-time modulation of auditory evoked brain activity. Questions 
regarding AC stimulation, described above, can be answered with the approach 
taken in Publication 4, where tACS is targeted to the AC and it’s effects to au-
ditory activity are measured. The finding that 11-Hz, but not 6,5-Hz tACS, sig-



Discussion 

45 

nificantly decreased the ASSR suggests that the stimulation did affect the AC. 
The next step could be to include this kind of measure to a multi-session 
treatment study in order to investigate whether the immediate tACS-induced 
inhibition would correlate with the treatment outcome. 

Recently, it was shown in an animal model that tinnitus-related behavioral 
and neurophysiological markers could be reversed by pairing VNS with audito-
ry stimulation [179]. It was interpreted that the VNS-induced plasticity in the 
CNS was driven by the auditory stimulation [215]. A similar approach with 
implanted VNS was piloted in humans [215], [217]. Although only four out of 
ten patients benefited from the treatment, it was concluded that the approach 
could have potential in medication-free patients. The results of that study also 
indicate that there is a need for methods assessing whether the treatment is 
correctly targeted. For example, in cats the VNS results in desynchronization 
of cortical activity that can be observed with EEG immediately after a VNS 
stimulus, and stimulation parameters are determined through this effect [175]. 
No corresponding acute VNS-related desynchronization has been observed in 
humans, making it difficult to determine individual stimulation parameters for 
VNS. In practice, the parameters are chosen blindly and adjusted if there is no 
effect during the first half years or so. In the case of a negative treatment out-
come, it is impossible to say whether the intervention was unsuccessful be-
cause of unsuitable stimulation parameters or other factors such as medication 
or comorbidities. Thus, studies probing the immediate effects of VNS, such as 
Publication 1 are required to enable individualized assessment of treatment 
targeting. The findings in Publication 1 are in line with earlier MEG studies in 
that tinnitus is associated with higher gamma-band activity. The study also 
showed that the synchronized activity can be modulated with tVNS. 

7.2 At-home tDCS treatment 

tDCS is a very popular neurostimulation method, possibly because of its prov-
en safety, easy applicability, and low cost of equipment. Encouraging results 
have been reported from depression treatments to enhancement of cognitive 
abilities. tDCS has also been applied to tinnitus, where the aim is to disrupt 
unwanted tinnitus-related brain activity in order to relieve tinnitus symptoms. 
Unfortunately, the promising early results showing immediate tinnitus im-
provement after a tDCS session have not translated into long-term benefit 
from multi-session treatments. 

The study described in Publication 3 found no tinnitus benefit from active 
tDCS over sham treatment. This result is in line with other sham-controlled 
tDCS tinnitus treatment studies, who found no difference between active and 
sham treatment [218]. Also and earlier open-label study did not find any bene-
fit from bifrontal tDCS [219]. However, in Publication 3, an overall statistically 
significant decrease was seen in tinnitus severity. Since the improvement was 
the same for all treatment variants, this is likely a sham effect. Other sham-
controlled studies have not reported corresponding sham effects. In these 
studies, the treatments were administered in the clinic. Thus, it could be that 
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the larger sham effect might be related to the less straining treatment protocol, 
allowing the participants to use the device in a familiar setting at their homes, 
and saving them the time and trouble of traveling to the clinic for each treat-
ment session. 

The reasons for negative findings in all recent sham-controlled trials for 
tDCS treatment of tinnitus are not clear. It could be that different neural 
mechanisms are responsible for the immediate and the long-term effects. It is 
also possible that the discrepancies between single- and multi-session studies 
could be attributed to the inherent differences in the measures used in short-
term and long-term studies. Namely, the short-term studies usually focus on 
psychoacoustical characteristics of the tinnitus sound, whereas long-term im-
provement is more related to the overall impressions of the patients and 
measured with questionnaires. Thus, it could be a question of statistical versus 
clinical significance (see Section 5.1) of the treatment effect. For example, 
Vanneste et al. [220] studied 448 patients and reported an average decrease of 
0.5 points on the loudness VAS scale. While this yielded a statistically signifi-
cant change in loudness, it could be that a decrease of this order might go un-
noticed for an individual patient. In other words, while the measure may 
change a little as a result of a treatment, it might not be enough to be perceived 
as an actual improvement by the patient [221], and thus might not be reflected 
in the questionnaires. 

The relatively simple operating principles of tDCS have also led to interest 
from the mainstream media and do-it-yourself hobbyists. tDCS is often seen as 
a way of ‘hacking’ the brain in hopes of developing better cognitive skills or 
self-treating a mental disorder. This is widely discouraged by the researchers 
and clinical professionals, since although tDCS has been found safe to used 
when applied correctly, there can be unforeseen effects if the stimulation is 
applied in subjects who have not been diagnosed or even pre-screened for con-
traindications, or if the stimulation is applied incorrectly. Further, medical 
devices that are used in tDCS fulfill the highest safety standards, so that even 
incorrect use or malfunction of the device cannot result in harmful stimulation 
currents. Finally, if the stimulation is applied without neuroscientific under-
standing, it could reasonably be expected that the stimulation is more likely to 
result in worsening of the symptoms, rather than improvement. In the treat-
ment study of Publication 3, all the necessary precautions were taken in order 
to comply with ethical and safety regulations related to neurostimulation 
treatments. An ENT clinician conducted a standard audiological examination, 
and only if they considered the patients to be eligible for the treatment, were 
the patients offered the option to participate in the trial. Also, all participants 
were given proper training on the use of the device and on the necessary pre- 
and post-treatment preparations. The first treatment session was conducted at 
the clinic under supervision and should there have been doubts regarding the 
correctness of the procedures, the treatment would not have commenced. The 
patients were monitored by a follow-up visit and were able to contact the study 
personnel at any time. Thus, although treatment studies consisting of repeated 
stimulation sessions can aid from having the patients administer some of the 
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sessions themselves, it should not be interpreted as approving of unsuper-
vised, non-clinical brain hacking. tDCS should always be used by the recom-
mendation of a healthcare professional after proper diagnosis, pre-screening 
and training. The option of having patients administer the treatment should be 
understood as a tool for researchers to increase sample sizes in clinical trials. 
Having the possibility to use the device at home also allows for a wider range 
of patient groups to participate in trials, whereas a requirement to visit the 
clinic regularly — possibly even during office hours — will certainly rule out 
many potential patients who cannot fit such obligations to their schedules. 

7.3 New psychoacoustic measures of tinnitus 

Psychoacoustical measures can provide an indirect method for quantifying 
tinnitus-related neurophysiological changes in the auditory system. It is well 
known that traditional pure-tone audiometry does not reflect the overall hear-
ing ability very well. Everyday listening situations involve complex acoustic 
scenes and require more elaborate listening skills than just normal hearing 
thresholds [168], [169], [172]. Also in tinnitus, psychoacoustical measures 
have shown that even in the tinnitus patients with normal hearing thresholds, 
there is likely still some degree of auditory nerve deafferentation taking place 
[170]. 

Combining behavioral data with knowledge about the neurophysiology of the 
auditory system, it could be possible to pinpoint the structures that are affect-
ed by tinnitus. For example, it is known that neurons of the medial superior 
olive (MSO) in the superior olivary complex (SOC) are sensitive to the interau-
ral time difference (ITD) cue of horizontal auditory localization, but not to the 
interaural level difference (ILD) [163]. Thus, continuing with the example, if 
changes would be seen in ITD performance but not ILD performance, it would 
give reason to suspect that the function of the MSO might have been affected. 
This line of thinking motivated the experiments in Publication 2, where sound 
localization accuracy was compared between normal-hearing, high-frequency 
hearing loss, and unilateral tinnitus groups. It was found that both the hearing 
loss and tinnitus groups localized sounds worse than the normal-hearing 
group, and that most of the accuracy degradation could be attributed to hear-
ing loss, which was present similarly in both groups. An interesting finding 
was that when a background noise was introduced and the vertical localization 
task was repeated, the unilateral tinnitus group localized less accurately, 
whereas the other two groups were not affected by the noise. Further, the ef-
fect could only be seen when the subjects were listening with the tinnitus ear 
(the other ear was blocked using an earplug). This implies that the effect was 
related specifically to tinnitus, since the non-tinnitus ear was not affected. 

Since the differences were seen specifically on the tinnitus side, the results 
could point to areas early in the auditory pathway where information from 
both ears is not yet integrated. There is evidence for increased activity in the 
cochlear nucleus (CN) of the brainstem in tinnitus patients and animal models 
of tinnitus [187]. The CN has neurons that are sensitive to spatial attributes of 
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sound stimuli and it is assumed to be responsible for extracting the first cues 
for the localization of sounds [222], [223]. The neurons in the CN affected by 
tinnitus have been found to increase their spontaneous activity as a result of 
decreased input from earlier stages of the auditory chain [206], [224]. This 
imbalance in activity can propagate in the auditory system and eventually be 
experienced as tinnitus. Such tinnitus-related activity in localization-sensitive 
areas could interfere with localization cues and lead to degraded localization 
performance. Further, including a wideband background noise likely affects 
neural activity patterns along the auditory pathway differently in tinnitus and 
non-tinnitus subjects. For example, tinnitus can often be masked by wideband 
sounds, sometimes leading to short-lived residual inhibition of tinnitus. This 
could further confuse localization cues and be evidenced by increased sensitiv-
ity to background noise, as seen in our results. 

Another possible factor affecting the results could be a form of auditory 
nerve fiber deafferentation, also known as hidden hearing loss, which cannot 
be diagnosed with traditional audiometry [214]. Hidden hearing loss has been 
found to affect especially the high-threshold auditory fibers in the high fre-
quency range [51], [225], [226]. One example of how hidden hearing loss in 
tinnitus subjects affects psychoacoustical measures is poorer intensity discrim-
ination [69], [213], [214] and speech recognition in noise [14], [30], [48], [49]. 
The same mechanism might be responsible for the decreased localization accu-
racy with background noise. Deafferentation is assumed to occur mostly in the 
high frequencies, coinciding with the tinnitus sensation. Since high frequency 
cues are used in vertical localization and not in horizontal localization, the ef-
fects of hidden hearing loss would presumably affect the elevation tasks more. 
This was also the case in the current study, where the results in elevation tasks 
could be linked to tinnitus only, whereas in horizontal tasks the observed re-
sults could be explained by hearing thresholds as well. Thus, the results could 
be interpreted in a way that supports those models including hidden hearing 
loss as a factor in tinnitus, but this cannot be confirmed by the current study 
since deafferentation was not assessed separately. 
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8. Conclusions 

The neural underpinnings of tinnitus as well as neurostimulation methods 
need to be further investigated in order to design effective treatments for tinni-
tus. The link between immediate stimulation effects and long-term treatment 
outcomes in neurostimulation is weak. As exemplified by the tDCS treatment 
study in the current Thesis and other recent similar studies, the promising first 
results from single-session tDCS studies have not translated into lasting tinni-
tus relief after repeated sessions. Thus, it might be beneficial to take a step 
back and review the assumptions upon which the treatment protocols, intend-
ed to improve tinnitus, have been designed. In order to assess whether tinnitus 
can be modulated by affecting neural activity through neurostimulation, more 
detailed information is needed regarding both the mechanisms of neurostimu-
lation as well as the neural correlates of tinnitus. 

The specific aims of the Thesis were addressed in separate Studies. The fea-
sibility of monitoring brain activity while simultaneously applying electrical 
stimulation was shown in two Studies, providing real-time tools for assessing 
immediate treatment effects. The second aim of developing a patient-
administered tDCS treatment protocol was met, adding a valuable method for 
future tDCS studies. However, the treatment effect was comparable to placebo 
stimulation, and thus no tDCS-related benefit could be demonstrated. Also the 
third specific aim of developing indirect neurophysiologically-motivated be-
havioral markers of tinnitus was addressed in a sound localization experiment. 
The results of this Study were not definitive, but showed promise in capturing 
subtle differences in the dynamics of spatial hearing between tinnitus and non-
tinnitus subjects. 

Finally, it is concluded that neurostimulation treatment studies in tinnitus 
could benefit from new neurophysiologically-based measures that relate acute 
effects to long-term treatment outcomes. In addition to providing information 
about the neural substrate of tinnitus, this would allow individualized real-
time adjustment of treatment parameters as well as aid in choosing the opti-
mal treatment method for each patient. 
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