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applied as well as a reduction in tinnitus-related distress 
with lf-tRNS. Moreover, we observed a significantly more 
pronounced reduction in loudness and distress in pure tone 
(PT) tinnitus compared to narrow band noise (NBN) tinni-
tus when hf-tRNS was applied, a difference that could not 
be obtained with lf-tRNS. Based on these results, tRNS 
might be a promising treatment option for non-pulsatile 
tinnitus; however, we cannot yet provide a clear mechanis-
tic explanation for the different results obtained with dif-
ferent types of stimulation, i.e., lf-tRNS, hf-tRNS and wf-
tRNS, or with different types of tinnitus, i.e., PT and NBN 
tinnitus.

Keywords  Tinnitus · Noninvasive neuromodulation · 
Transcranial random noise stimulation (tRNS) · Loudness · 
Distress · Auditory cortex

Introduction

Tinnitus is the experience of hearing a sound in the absence 
of an external sound source. Most causes of tinnitus are 
related to transient or permanent deprivation of auditory 
input, associated with listening to loud music (Axels-
son and Prasher 2000), sudden sensorineural hearing loss 
(Schreiber et  al. 2010), noise trauma (Folmer and Griest 
2003) or other causes. The development of tinnitus has 
been explained as a compensation mechanism to reduce 
deafferentation-related sensory uncertainty (i.e., lack of 
information) (De Ridder et  al. 2012), possibly explaining 
its high prevalence in hearing loss (Axelsson and Ringdahl 
1989). Tinnitus can lead to distress in about 20 % of tin-
nitus patients (Axelsson and Ringdahl 1989), which might 
result into psychological complications such as annoyance, 
concentration problems, depression, anxiety, irritability, 

Abstract  Tinnitus is the sensation of a ringing, buzz-
ing, roaring or hissing sound in the absence of an external 
sound. As tinnitus has been related to hyperactivity and 
synaptic plasticity changes in the central auditory system, 
invasive and noninvasive neuromodulation methods have 
been used to interfere with this underlying mechanism to 
reduce tinnitus loudness and distress. Recently, transcranial 
random noise stimulation applied over the auditory cortex 
induced a more pronounced effect on tinnitus loudness than 
transcranial direct current and alternating current stimula-
tion. We performed tRNS over the temporoparietal cortex 
in 154 patients with non-pulsatile tinnitus. A total of 119 
patients received low-frequency tRNS (lf-tRNS), 19 high-
frequency tRNS (hf-tRNS) and 16 whole frequency spec-
trum tRNS (wf-tRNS). The effect was evaluated by using 
the numeric rating scale loudness and distress pre- and 
post-stimulation. This study revealed a significant reduc-
tion in tinnitus loudness when lf-tRNS and hf-tRNS were 
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sleep disturbances and intense worrying (Scott and Lind-
berg 2000; Erlandsson and Holgers 2001).

Although no consensus has currently been reached 
about the neurophysiological model of tinnitus, it has been 
proposed that tinnitus is related to either auditory deaffer-
entation (Jastreboff 1990; Norena and Eggermont 2006; 
Weisz et  al. 2007; Roberts et  al. 2010; De Ridder et  al. 
2011a; Eggermont and Roberts 2012), a deficit in noise 
canceling (Rauschecker et  al. 2010; Leaver et  al. 2011) 
or a combination of both (De Ridder et al. 2013). Neuro-
imaging and electrophysiological measurements demon-
strated increased spontaneous activity in the central audi-
tory nervous system as well as changes in the tonotopic 
map of the auditory cortex (Lockwood et al. 1998; Muh-
lnickel et  al. 1998; Salvi et  al. 2000; Smits et  al. 2007) 
albeit that the topographic map changes are disputed (De 
Ridder et al. 2012; Langers et al. 2012) and might relate 
more to the deafferentation than to tinnitus per se (De 
Ridder et al. 2012). These observations are in accordance 
to the thalamocortical dysrhythmia model, a deafferenta-
tion-based concept, in which there is a constant, patho-
logic and spontaneous coupled theta-gamma activity due 
to hyperpolarization of specific thalamic nuclei (Llinas 
et  al. 1999). In the presence of an intact auditory path-
way, auditory stimuli induce a transient increase in alpha 
toward gamma activity (Joliot et al. 1994) in a restricted 
area (von Stein and Sarnthein 2000), which binds by nest-
ing on theta activity (Lakatos et  al. 2005; Canolty et  al. 
2006), that is, a transient coupling between high- and 
low-frequencies of ongoing electrical activity (Canolty 
et al. 2006). In a deafferented state, however, a protracted 
hyperpolarization of thalamic neurons will result in low-
frequency oscillations at the theta frequency band (Llinas 
and Steriade 2006; Steriade 2006). These theta oscilla-
tions will as well be present at the cortical level by true 
resonance as there is a strong functional coupling between 
thalamus and cortex (Llinas and Steriade 2006). How-
ever, this will lead to a decreased lateral inhibition at the 
cortical level mediated by γ-amino butyric acid (Llinas 
et al. 2005), resulting in a persistent and thus pathological 
gamma activity of the neighboring neurons, also known 
as the “edge effect” (Llinas et al. 1999, 2005). This cou-
pled presence of theta and gamma activity in tinnitus has 
been demonstrated by recordings from an implanted elec-
trode overlying the auditory cortex in a tinnitus patient 
(De Ridder et al. 2011b) and has been shown to change in 
patients treated with auditory cortex stimulation (Ramirez 
et al. 2009b). Based on these observations, both invasive 
(De Ridder et al. 2007a, 2011b; Ramirez et al. 2009a) and 
noninvasive (De Ridder et al. 2004; Langguth et al. 2012) 
neuromodulation techniques have been applied success-
fully with the intention of interfering with the hyperactiv-
ity and synaptic plasticity in tinnitus patients.

Focusing on noninvasive neuromodulation, most research 
in tinnitus has made use of transcranial magnetic stimula-
tion (TMS) (De Ridder et al. 2005; Kleinjung et al. 2005; 
Plewnia et  al. 2007; Rossi et  al. 2007; Smith et  al. 2007; 
Langguth et al. 2008; Marcondes et al. 2010) and transcra-
nial direct current stimulation (tDCS) (Fregni et al. 2006b; 
Garin et al. 2011; Joos et al. 2014) with promising results 
when stimulation was applied over the temporoparietal cor-
tex. In addition to tDCS, two other types of electrical stimu-
lation have recently demonstrated neuromodulatory effects, 
i.e., transcranial alternating current stimulation (tACS) and 
transcranial random noise stimulation (tRNS). TRNS is a 
type of tACS whereby a random electrical oscillation spec-
trum is applied over the auditory cortex with a frequency 
spectrum between 0.1 and 640 Hz with no overall DC off-
set. Most often a subdivision between low- (lf-tRNS; 0.1–
100 Hz) and high-frequency (hf-tRNS; 100–640 Hz) tRNS 
is made. A recent study evaluated the effect of a single ses-
sion of tDCS, tACS and lf-tRNS over the auditory cortex 
in 111 tinnitus patients, whereas only a significant decrease 
in tinnitus loudness and distress could be observed with lf-
tRNS (Vanneste et  al. 2013b). Moreover, it has been sug-
gested that application of lf-tRNS and hf-tRNS can lead to 
dissimilar results (Terney et al. 2008; Fertonani et al. 2011; 
Saiote et al. 2013). In addition, we wanted to asses whether 
different effects can be obtained in patients with pure tone 
(PT) and narrow band noise (NBN) tinnitus. A hypothesis 
based on the observation that differences in pathophysiol-
ogy (De Ridder et  al. 2007b) and neural activity (Van-
neste et  al. 2010c) are present as well as on  the statement 
that stimulation characteristics of TMS, i.e., tonic or burst, 
induce different effects when comparing patients with PT 
and NBN tinnitus (De Ridder et al. 2007b, 2010).

The main focus of this retrospective study was to evalu-
ate the effect of different subtypes of tRNS, i.e., lf-tRNS, 
hf-tRNS and whole frequency spectrum tRNS (wf-tRNS), 
on tinnitus loudness and tinnitus-related distress in patients 
with chronic non-pulsatile tinnitus. Moreover, we wanted 
to objectify whether patients with PT and NBN tinni-
tus respond differently to different types of random noise 
stimulation.

Methods

Subjects

A total of 154 patients (124 males; 30 females) with 
chronic, non-pulsatile tinnitus receiving auditory cor-
tex tRNS (see Table  1 for an overview) were included in 
this retrospective study. The mean age of the patients was 
53.28 years (Sd =  12.11), and the mean tinnitus duration 
was 6.92 years (Sd = 6.64). All patients underwent a single 
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session of tRNS in the treatment of tinnitus at the Tinnitus 
Research Initiative (TRI), Antwerp. Of these 154 patients, 
119 patients received lf-tRNS, 19 patients hf-tRNS and 
16 patients received wf-tRNS. Of these 154 patients, 66 
patients described the perception of a PT tinnitus, 87 a 
NBN tinnitus and one could not describe the sound appro-
priately to make a subdivision between PT and NBN tin-
nitus. Individuals with pulsatile tinnitus, Ménière disease, 
otosclerosis, chronic headache, neurological disorders such 
as brain tumors, and individuals being treated for mental 
disorders were not included in the study in order to obtain 
a homogeneous sample. Therefore, all patients included for 
this study firstly underwent a complete audiological, ENT 
and neurological investigation. In addition, several techni-
cal investigations were performed including MRI of the 
brain. Collection of the data was under approval of IRB 
UZA OGA85. All patients gave an informed consent.

Transcranial random noise stimulation

TRNS was performed using a pair of electrodes with a 
surface of 35 cm2 placed in saline (0.9 % NaCl) solution-
soaked sponges connected to a battery, which can deliver 
an alternating constant current with a maximum output 
of 10  mA (Neuroconn; http://www.neuroconn.de/). The 
application of tRNS consisted of an alternating current of 
2.0 mA intensity with a 0 mA offset applied at random fre-
quencies during 20  min. In the low-frequency group, fre-
quencies varied between 0.1 and 100 Hz, in the high-fre-
quency group between 100 and 640 Hz, while in the third 
group the whole frequency spectrum from 0.1 to 640  Hz 
was applied. The alternating current was initially increased 

in a ramp-like fashion over several seconds (10  s) until 
reaching the target intensity. For all patients, the electrodes 
were positioned equally, i.e., one electrode was placed on 
T3 and one was placed over T4 as determined by the Inter-
national 10–20 Electroencephalogram System. The appli-
cation of tRNS has been considered a safe neuromodula-
tion technique by measurement of neuron-specific enolase 
and electroencephalography (Terney et al. 2008).

Evaluation

A numeric rating scale (NRS) for tinnitus loudness (‘How 
loud do you perceive your tinnitus?’: 0 = no tinnitus and 
10 = as loud as imaginable) and distress (‘How annoying 
is your tinnitus?’: 0 =  not annoying and 10 =  extremely 
annoying) was asked before (pre) and directly after tRNS 
stimulation (post).

Statistical analysis

Calculations were performed using SPSS 22.0 software 
package. A paired t test was conducted to evaluate the dif-
ference between pre- and post-treatment NRS scores for 
both tinnitus loudness and distress for the three subgroups, 
i.e., patients receiving lf-tRNS, hf-tRNS and wf-tRNS. The 
Holm’s method was performed to correct for multiple com-
parisons. In addition, we conducted an independent sample 
t test to compare the difference in tinnitus loudness and dis-
tress reduction between patients with PT and NBN tinnitus 
for lf-tRNS and hf-tRNS.

Results

The effect of low‑frequency, high‑frequency and whole 
frequency spectrum tRNS on tinnitus loudness and distress

A paired t test was performed for both tinnitus loudness 
and distress in the patient group receiving lf-tRNS, which 
revealed a significant effect for loudness (t(118)  =  3.47, 
p  =  0.001) and distress (t(118)  =  2.90, p  =  0.004). 
These results indicate that tinnitus loudness significantly 
decreased when we compared post-stimulation (M = 6.24, 
Sd  =  2.02) to pre-stimulation (M  =  6.71, Sd  =  1.68) 
NRS scores (see Fig.  1). A similar decrease in tinnitus-
related distress was present when we compared post-treat-
ment (M  =  5.75, Sd  =  2.30) scores with pre-treatment 
(M = 6.14, Sd = 2.05) (see Fig. 2).

In the patient group receiving hf-tRNS, the paired t test 
demonstrated significant results for both tinnitus loud-
ness (t(18)  =  2.38, p  =  0.03) and tinnitus-related dis-
tress (t(18)  =  2.28, p  =  0.04). These results confirm the 
significant decrease in tinnitus loudness post-treatment 

Table 1   Patient characteristics and tinnitus features

a  One patient could not describe the tinnitus sound as PT or NBN tin-
nitus

Stimulation type

lf-tRNS hf-tRNS wf-tRNS

Age (years) 53.68 ± 12.04 51.89 ± 11.83 51.94 ± 13.46

Gender (female/ 
male)

24/95 3/16 3/13

Tinnitus duration 
(years)

6.81 ± 6.49 6.85 ± 7.96 5.25 ± 6.5

Tinnitus laterality 
(left/right/ 
bilateral)

20/30/69 1/2/16 5/4/7

Tinnitus type  
(PT/NBN)

50/69 8/11 8/7a

NRS tinnitus  
loudness

6.71 ± 1.68 6.63 ± 1.83 6.19 ± 1.83

NRS tinnitus  
annoyance

6.14 ± 2.05 6.84 ± 1.42 6.00 ± 2.03

http://www.neuroconn.de/
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(M  =  6.11, Sd  =  1.76) versus pre-treatment (M  =  6.63, 
Sd  =  1.83) (see Fig.  1). However, the significant reduc-
tion in tinnitus-related distress induced by hf-tRNS did not 
withstand the Holm’s correction for multiple comparisons 
(see Fig. 2).

Moreover, we performed a paired t test in the patient 
group receiving wf-tRNS. In contrast to low- and high-
frequency tRNS separately, this stimulation type could not 
reveal any significant effect, neither for tinnitus loudness 
(see Fig. 1), nor for tinnitus-related distress (see Fig. 2).

The effect of stimulation type on NRS loudness 
and distress score reduction in PT and NBN tinnitus

An independent sample t test was performed to evaluate 
the effect of lf-tRNS on tinnitus loudness (see Fig. 3) and 
distress reduction (see Fig. 4) in patients with PT (N = 50) 
and NBN (N = 69) tinnitus. This analysis could not reveal 
a significant effect.

The same analysis was performed for the patients 
with PT (N  =  8) and NBN (N  =  11) tinnitus receiving 

hf-tRNS, which demonstrated a significant effect for both 
tinnitus loudness (t(17)  =  2.67, p  =  0.02) and distress 
(t(17) =  2.44, p =  0.03). These results indicate a signifi-
cant difference in loudness reduction between patients with 
NBN (M = 0.09, Sd = 0.30) and PT (M = 1.13, Sd = 1.25) 
tinnitus (see Fig.  3), as well as in distress reduction 
between patients with NBN (M = 0.09, Sd = 0.30) and PT 
(M = 1.00, Sd = 1.20) tinnitus (see Fig. 4).

Discussion

The present study was performed to evaluate whether dif-
ferent subtypes of tRNS, including lf-tRNS, hf-tRNS and 
wf-tRNS, have different effects on tinnitus loudness and 
tinnitus-related distress. Interestingly, when we looked at 
lf-tRNS and hf-tRNS separately, both could demonstrate 
a significant reduction in tinnitus loudness, while only lf-
tRNS induced a significant reduction in tinnitus-related 
distress. However, when we evaluated the effect in patients 
receiving wf-tRNS any significant effect could be revealed. 
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In addition, we wanted to evaluate whether tinnitus type 
influences the outcome of different types of tRNS. Con-
sequently, we demonstrated that reduction in loudness and 
distress significantly differed for PT and NBN tinnitus 
when hf-tRNS was applied; however, no preference for PT 
or NBN could be demonstrated when performing lf-tRNS 
or wf-tRNS.

One of the putative mechanisms of tRNS is that tRNS 
repeatedly opens and closes voltage-gated sodium (Na+) 
channels, leading to a repetitive influx of Na+ ions, which 
finally results in a temporal summation of smaller depolar-
izing currents, which brings the resting membrane potential 
closer to the action potential threshold (Laureys et al. 2000; 
Boly et al. 2005). Secondly, hf-tRNS has demonstrated to 
ameliorate both implicit and perceptual learning (Terney 
et  al. 2008; Fertonani et  al. 2011), an improvement that 
has been hypothesized to be related to facilitation of brain 
plasticity by strengthening synaptic transmission between 
neurons via a stochastic resonance-like phenomenon (Fer-
tonani et al. 2011). It has been shown that mainly oscilla-
tions within a frequency range of 80–200 Hz are associated 
with plasticity processes (Grenier et al. 2001) and learning 
(Ponomarenko et  al. 2008). However, these mechanisms 
are contradictory to the results obtained with tRNS in tin-
nitus patients, i.e., a reduction in tinnitus loudness and dis-
tress, in patients where hyperactivity and synaptic plastic-
ity of the auditory cortex have been stated to underlie the 
pathophysiological mechanism of tinnitus (Muhlnickel 
et al. 1998; Kaltenbach and Afman 2000; Salvi et al. 2000; 
Eggermont and Roberts 2004; Weisz et  al. 2007; van der 
Loo et al. 2009; Vanneste et al. 2010c). A possible explana-
tion is that there is a brain state-dependent effect of tRNS 
(Vanneste et  al. 2013b), similar to what has been seen in 
tDCS (Plazier et al. 2012), meaning that adding a noise to 
an already present hypersynchronization of the auditory 
cortex in tinnitus patients might induce a disruption of the 
ongoing hyperactivity, ultimately resulting in a transient 
suppression of tinnitus. In contrast, resting state activ-
ity in the auditory cortex of a healthy subject represents a 
noise-like signal (Rodieck et al. 1962; Siebert 1965; Luc-
zak et al. 2009) and adding a noise might therefore result 
in an increased synchronization or even the absence of any 
effect. This concept of a brain state-dependent effect is 
supported by research making use of functional magnetic 
resonance imaging (fMRI), whereas the application of hf-
tRNS during a passive condition led to an increased BOLD 
activity and excitability decreased during the performance 
of a visuomotor learning task (Saiote et al. 2013). A simi-
lar attenuation of BOLD level was observed in the sensori-
motor, premotor and supplementary motor cortex after hf-
tRNS when a finger tapping task was performed (Chaieb 
et al. 2009).

Remarkably, our study demonstrated a decrease in tin-
nitus loudness with both lf-tRNS and hf-tRNS, although 
no significant results could be obtained when wf-tRNS was 
applied. A mechanistic explanation for this finding cannot 
yet be provided, although it is very intriguing and merits 
further research.

Secondly, we observed that there was a significantly 
more pronounced effect of high-frequency stimulation in 
patients perceiving PT tinnitus compared to those with 
NBN, while no preference for PT or NBN could be dem-
onstrated with lf-tRNS. Previously, it has been revealed 
that noise-like tinnitus can best be suppressed by burst 
TMS (De Ridder et  al. 2007b) and burst electrical stim-
ulation (De Ridder et  al. 2010), while PT tinnitus can 
equipotentially be suppressed by tonic and burst stimula-
tion (De Ridder et al. 2007b, 2010). An effect that can be 
explained by the differences in the underlying neurophysi-
ological mechanism of PT and NBN tinnitus as it has been 
suggested that NBN might be the result of increased burst 
firing in the extralemniscal/non-tonotopic pathway, which 
projects to the secondary auditory cortex and association 
cortices, while PT tinnitus might be caused by increased 
tonic firing of the lemniscal/tonotopic system, which 
projects to the primary auditory cortex (De Ridder et  al. 
2007b). The results of this study are reminiscent of previ-
ous observations, with the effect of hf-tRNS being similar 
to tonic stimulation and lf-tRNS to burst stimulation. This 
might be related to the selective influence of the T-type 
Ca2+ channels and Na+ channels present on the neural 
membrane. One could hypothesize that lf-tRNS activates 
the slow Ca2+ channels, which subsequently leads to the 
activation of Na+ channels and the generation of a burst-
like pattern of action potentials, while hf-tRNS results 
in the activation of Na+ channels and the inactivation of 
the T-type Ca2+ channels due to depolarization of the cell 
membrane, which finally leads to a tonic firing pattern 
(Freeman et al. 2010).

Additionally, lf-tRNS demonstrated a suppressive effect 
on tinnitus-related distress when stimulation was applied 
over the auditory cortex, analogous to what has been 
revealed with tDCS (Joos et al. 2014). This is in agreement 
with a voxel-based morphometry study that implicated the 
auditory cortex in tinnitus-related distress (Schecklmann 
et al. 2013), and other studies demonstrating that stimula-
tion of the posterior part of the superior temporal lobe is 
capable of changing mood (De Ridder et al. 2004). We fur-
ther assume that tRNS might induce a reduction in tinni-
tus-related distress due to the non-focal effect of transcra-
nial electrical stimulation and therefore the modulation of 
adjacent brain areas involved in the distress network or by 
modulating remote areas due to their functional connec-
tivity, for example, between the auditory cortex and the 
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parahippocampal region (Burwell 2000) or dorsolateral 
prefrontal cortex (Barbas et al. 2011).

The unified tinnitus percept involves multiple parallel 
dynamically adaptive networks involved in the different 
characteristics of tinnitus, including tinnitus-related dis-
tress and tinnitus loudness (De Ridder et al. 2013; Vanneste 
et al. 2013a). Distress is related to alpha and beta activity 
in the dorsal anterior cingulate cortex, while the amount of 
the perceived distress is related to increased alpha activity 
in a network comprising the amygdala–subgenual ante-
rior cingulate cortex–insula–parahippocampal area and 
decreased alpha activity in the posterior cingulate cortex, 
precuneus and dorsolateral prefrontal cortex (Vanneste 
et  al. 2010a). A recent independent component analysis 
revealed that distress correlates with increased alpha activ-
ity in the subgenual anterior cingulate cortex/ventromedial 
prefrontal cortex and increased beta activity in the dorsal 
anterior cingulate cortex, in addition to decreased alpha 
and beta activity in the posterior cingulate cortex (Vanneste 
et  al. 2013a). Moreover, they stated that there is a highly 
specific pathological connection between the tinnitus loud-
ness and distress network, i.e., the connection between the 
parahippocampal region and the subgenual anterior cingu-
late cortex/ventromedial prefrontal cortex (Vanneste et  al. 
2013a). Thus summarizing these data, it can be posited that 
auditory cortex stimulation modulates parahippocampal 
activity (De Ridder and Vanneste, in Press), which will then 
influence parahippocampal–subgenual anterior cingulate 
cortex functional connectivity, thereby reducing tinnitus-
related distress. In addition, bilateral tDCS applied over the 
dorsolateral prefrontal cortex induces a suppressive effect 
on tinnitus-related distress as well (Vanneste et al. 2010b; 
Vanneste and De Ridder 2011). The dorsolateral prefrontal 
cortex has been shown to be involved in depression (Fregni 
et  al. 2006a), the affective component of pain (Lorenz 
et al. 2003) as well as in the processing of aversive sounds 
(Mirz et  al. 2000). Moreover, the dorsolateral prefrontal 
cortex has direct connections to the auditory cortex as well 
as indirect connections via the posterior orbitofrontal cor-
tex and is implicated in selecting salient auditory signals 
and suppressing distractors via its projections the reticular 
nucleus of the thalamus (Barbas et al. 2011).

Although we could reveal some interesting results, 
certain limitations of this study should be noted. Firstly, 
although 154 patients were included, only 19 patients 
received hf-tRNS and 16 patients received wf-tRNS, while 
lf-tRNS was applied in 119 patients. This unequal dis-
tribution is due to the retrospective aspect of this study. 
Secondly, this was not a placebo-controlled study, as we 
mainly wanted to observe the effect of the different types of 
tRNS, meaning lf-tRNS, hf-tRNS and wf-tRNS, rather than 
the therapeutic effect per se. In addition, if the effect of lf-
tRNS or hf-tRNS was influenced by a placebo effect, we 

would expect a similar result in the patient group receiving 
wf-tRNS, which was not present.

In conclusion, our findings show an effect of both low- 
and high-frequency stimulation on tinnitus loudness and 
of lf-tRNS on tinnitus-related distress. However, no sig-
nificant effect could be obtained when wf-tRNS was per-
formed bilaterally over the temporoparietal cortex, neither 
on tinnitus  loudness nor on tinnitus-related distress. In 
addition, we suggest that hf-tRNS preferentially influences 
PT tinnitus, while lf-tRNS equally influences PT and NBN 
tinnitus, analogous to tonic and burst TMS, respectively. 
These effects could be the result of a selective influence of 
voltage-gated calcium and sodium channels with lf-tRNS 
and hf-tRNS, but this is only a hypothesis, and further 
research should be performed.
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