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Abstract

Introduction: A fundamental question in phantom perception is determining

whether the brain creates a network that represents the sound intensity of the

auditory phantom as measured by tinnitus matching (in dB), or whether the

phantom perception is actually only a representation of the subjectively per-

ceived loudness. Methods: In tinnitus patients, tinnitus loudness was tested in

two ways, by a numeric rating scale for subjectively perceived loudness and a

more objective tinnitus-matching test, albeit it is still a subjective measure.

Results: Passively matched tinnitus does not correlate with subjective numeric

rating scale, and has no electrophysiological correlates. Subjective loudness, in a

whole-brain analysis, is correlated with activity in the left anterior insula

(alpha), the rostral/dorsal anterior cingulate cortex (beta), and the left parahip-

pocampus (gamma). A ROI analysis finds correlations with the auditory cortex

(high beta and gamma) as well. The theta band links gamma band activity in

the auditory cortex and parahippocampus via theta–gamma nesting. Conclu-

sions: Apparently the brain generates a network that represents subjectively

perceived tinnitus loudness only, which is context dependent. The subjective

loudness network consists of the anterior cingulate/insula, the parahippocam-

pus, and the auditory cortex. The gamma band activity in the parahippocampus

and the auditory cortex is functionally linked via theta–gamma nested lagged

phase synchronization.

Introduction

Nonpulsatile tinnitus is the percept of a sound that is not

present in the environment, and can thus be considered

an auditory phantom percept, which is analogous to

phantom pain in the somatosensory system (De Ridder

et al. 2011a). The most common cause of tinnitus is audi-

tory deafferentation, which can result in behavioral

changes such as hearing loss, but not all auditory deaffer-

entation is associated with audiometric changes (Weisz

et al. 2006). Partial cochlear nerve sections without

audiometric changes is evidence that auditory deafferenta-

tion can exist without hearing loss (Dandy 1941).

Recently, it has been proposed that tinnitus arises as a

way to reduce environmental sensory uncertainty resul-

tant from auditory deafferentation (De Ridder et al.

2014a). This is based on the free-energy principle, which

has been proposed as a universal principle governing

adaptive brain function and structure (Friston 2010), stat-

ing that the brain must minimize its free energy (i.e.,

must reduce by the process of perception its uncertainty

(its prediction errors) about the environment). Brain

mechanisms have evolved to fill in the missing informa-

tion and therefore tinnitus might represent a filling in

missing mechanism (De Ridder et al. 2014a), as most

patients perceive the tinnitus in the deafferented frequen-

cies (Norena et al. 2002), and initially attribute it as com-

ing from the environment. This could suggest that

principles of normal sensory perception might also apply

to auditory phantom perception.

Perception is the act of interpreting and organizing a

sensory stimulus to produce a meaningful experience of
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the world and of oneself (De Ridder et al. 2011a) in order

to decrease the inherent uncertainty in the intra- and extra-

personal environment (De Ridder et al. 2014a). A stimulus

produces an effect on the different sensory receptors induc-

ing sensation. Further processing of this sensory stimula-

tion generates an internal representation of the outer and

inner world called a percept (De Ridder et al. 2011a). Thus,

whereas sensation is related to ‘detecting stimuli’ in the

environment, perception is related to ‘transforming stimuli

into useful information’ of the environment or self.

Our understanding of sensation and perception is more

limited in the case of phantom perception (De Ridder

et al. 2011a), which is the conscious awareness of a per-

cept in the absence of an external stimulus (Jastreboff

1990). A fundamental aspect of auditory phantom percep-

tion is how the individual consciously perceives his/her

tinnitus. Does the brain create a network that represents

the sound, as measured objectively? Or, does the brain

only create a network that is a representation of the (sub-

jective) phantom percept? In order to answer this simple

yet fundamentally important question, the neural basis

for determining whether phantom precept is a result of

an objective or subjective sound representation is ana-

lyzed by source localized EEG activity and functional con-

nectivity. This functional connectivity is further analyzed

by looking at theta–gamma nesting which has been pro-

posed as a mechanism governing communication between

anatomically distant brain areas (Buzsaki and Draguhn

2004; Canolty et al. 2006; Lisman and Jensen 2013).

Materials and Methods

Participants

One-hundred and thirty-six patients (M = 45.75 years;

SD = 15.92; 58 males and 78 females) with chronic tinni-

tus were included in a study performed at the multidisci-

plinary TRI (Tinnitus Research Initiative) Clinic at the

University Hospital Antwerp, Belgium after exclusion of

individuals with pulsatile tinnitus, M�eni�ere disease, oto-

sclerosis, chronic headache, neurological disorders (i.e.,

brain tumors), and individuals being treated for mental

disorders in order to increase the sample homogeneity.

All patients were interviewed as to the perceived location

of the tinnitus (the left ear, the right ear, in both ears,

and centralized in the middle of the head as well the tone

– pure tone like or noise-like). All patients were screened

for the severity of hearing loss using the British Society of

Audiology pure tone audiometry procedures (Electronics

Orbiter 922 Version 2 in a soundproof audiometric booth

using TDH-39 headphone as transducer) at 0.125 kHz,

0.25 kHz, 0.5 kHz, 1 kHz, 2 kHz, 3 kHz, 4 kHz, 6 kHz,

and 8 kHz (Audiology 2008). Tinnitus loudness was

tested in two ways: a numeric rating scale between 0 and

10 was used to evaluate the subjectively perceived tinnitus

loudness based on the question: ‘How loud is your tinni-

tus?’ (0 = no tinnitus and 10 = as loud as imaginable’). A

more objective measurement of the tinnitus loudness was

performed using a tinnitus-matching test. In unilateral

tinnitus patients, the tinnitus matching was performed

contralateral to the tinnitus ear. In bilateral tinnitus

patients, tinnitus matching was performed contralateral to

the worst tinnitus ear. The tinnitus matching consisted of

the assessment of the tinnitus pitch and loudness. First, a

1 kHz pure tone was presented contralateral to the

(worst) tinnitus ear at 10 dB above the patient’s hearing

threshold in that ear. If the patient said the tinnitus tone

sounded higher in pitch, the next presented tone would

be an octave higher. If the patient said the tinnitus tone

was lower, the, next tone would be an octave lower. Once

the frequency region was established, half octave steps are

used (up to 12 kHz). The pitch was adjusted until the

patient judged the presented sound to resemble his/her

tinnitus. The loudness of this tone was subsequently

adjusted in a similar way until the contralaterally pre-

sented sound corresponded exactly to the patient’s tinni-

tus, both in pitch and loudness. The level was increased

2 dB, if the patient said that their tinnitus was softer, and

vice versa (up to 80 dB HL). The objective tinnitus loud-

ness in decibels sensation level (dB SL) was computed by

subtracting the presented sound intensity level in decibels

hearing level (dB HL) with the auditory threshold at that

frequency, in order to compensate for the hearing loss at

the tinnitus frequency.

This study was approved by the local ethical committee

(Antwerp University Hospital) and was in accordance

with the declaration of Helsinki.

Data collection

EEG data were obtained as a standard procedure. Record-

ings were obtained in a fully lighted room with each partici-

pant sitting upright on a small but comfortable chair. The

actual recording lasted approximately 5 min. The EEG was

sampled using Mitsar-201 amplifiers (NovaTech http://

www.novatecheeg.com/) with 19 electrodes placed accord-

ing to the standard 10–20 International placement (Fp1,

Fp2, F7, F3, Fz, F4, F8, T7, C3, Cz, C4, T8, P7, P3, Pz, P4,

P8, O1, O2), analogous to what is was done in the norma-

tive group. Impedances were checked to remain below

5 kΩ. Data were collected while the patient’s eyes were

closed (sampling rate = 500 Hz, band passed 0.15–200 Hz).

Off-line data was band-pass filtered in the range 2–44 Hz,

resampled to 128 Hz, and subsequently transposed into

Eureka! Software (Congedo 2002). The data were then plot-

ted and carefully inspected for manual artifact rejection. All
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episodic artifacts including eye blinks, eye movements, teeth

clenching, body movement, or ECG artifact were removed

from the stream of the EEG. Average Fourier cross-spectral

matrices were computed for frequency bands delta (2–
3.5 Hz), theta (4–7.5 Hz), alpha (8–12 Hz), low beta (13–
21 Hz), high beta (21.5–30 Hz), and gamma (30.5–44 Hz).

Source localization

Standardized low-resolution brain electromagnetic tomog-

raphy (sLORETA; Pascual-Marqui 2002) was used to esti-

mate the intracerebral electrical sources that generated the

recorded activity (at sensory level). As a standard proce-

dure, a common average reference transformation (Pasc-

ual-Marqui 2002) is performed before applying the

sLORETA algorithm. sLORETA computes electric neuro-

nal activity as current density (A/m2) without assuming a

predefined number of active sources. The solution space

used in this study and associated leadfield matrix are

those implemented in the LORETA-Key software (freely

available at http://www.uzh.ch/keyinst/loreta.htm). This

software implements revisited realistic electrode coordi-

nates (Jurcak et al. 2007) and the lead field produced by

Fuchs et al. (2002) applying the boundary element

method on the MNI-152 (Montreal neurological institute,

Canada) template of Mazziotta et al. (2001). The sLORE-

TA-key anatomical template divides and labels the neo-

cortical (including hippocampus and anterior cingulated

cortex) MNI-152 volume in 6239 voxels of dimension

5 mm3, based on probabilities returned by the Demon

Atlas (Lancaster et al. 2000). The coregistration makes

use of the correct translation from the MNI-152 space

into the Talairach and Tournoux space (Brett et al. 2002).

sLORETA has received considerable validation from

studies combining sLORETA with other more established

localization methods, such as functional magnetic reso-

nance imaging (fMRI) (Vitacco et al. 2002; Mulert et al.

2004), structural MRI (Worrell et al. 2000), positron emis-

sion tomography (PET) (Dierks et al. 2000; Pizzagalli et al.

2004; Zumsteg et al. 2005), and was used in previous stud-

ies to detect, for example, activity in the auditory cortex

(van der Loo et al. 2009). Further sLORETA validation has

been based on accepting as ground truth the localization

findings obtained from invasive, implanted depth elec-

trodes, in which case there are several studies in epilepsy

(Zumsteg et al. 2006a,b,c) and cognitive ERPs (Volpe et al.

2007). It is worth emphasizing that certain deep structures

such as the anterior cingulate cortex (Pizzagalli et al. 2001)

and mesial temporal lobes (Zumsteg et al. 2006a,b,c) can

be correctly localized with these methods.

Statistical analysis is based on estimating, via randomi-

zation, the empirical probability distribution for the max-

statistic, under the null hypothesis comparisons (Nichols

and Holmes 2002). This methodology corrects for multi-

ple testing (i.e., for the collection of tests performed for

all voxels, and for all frequency bands). Due to the non-

parametric nature of the method, its validity does not rely

on any assumption of Gaussianity (Nichols and Holmes

2002). sLORETA statistical contrast maps were calculated

through multiple voxel-by-voxel comparisons in a loga-

rithm of F-ratio (Pascual-Marqui 2002, 2007a,b; Pascual-

Marqui et al. 2002). The significance threshold is based

on a permutation test with 5000 permutations (Pascual-

Marqui 2002, 2007a,b; Pascual-Marqui et al. 2002).

Region of interest analysis

The log-transformed electric current density was averaged

across all voxels belonging to the regions of interest for

the different frequency bands delta (2–3.5 Hz), theta (4–
7.5 Hz), alpha (8–12 Hz), low beta (13–21 Hz), high beta

(21.5–30 Hz), and gamma (30.5–44 Hz). The regions of

interest are the left and right primary (BA41) and second-

ary (BA21) auditory cortex.

A multivariate ANOVA (i.e., Wilks’ Lambda) for the

frequency bands was used for the different frequency

bands with the respective region of interest (i.e., left and

right primary auditory cortex (BA41)), and left and right

secondary auditory cortex (BA21) as dependent variables

while using objective/subjective loudness as independent

variables.

Lagged Phase connectivity

Brain connectivity can refer to a pattern of anatomical

links (“anatomical connectivity”), of statistical dependen-

cies (“functional connectivity”) or of causal interactions

(“effective connectivity”) between distinct units within a

nervous system. Present research focuses on functional

connectivity which captures deviations from statistical

independence between distributed and often spatially

remote neuronal units. Statistical dependence may be esti-

mated by measuring correlation versus covariance, and

spectral coherence versus phase locking. Functional con-

nectivity is often calculated between all elements of a sys-

tem, regardless of whether these elements are connected

by direct structural links. Unlike structural connectivity,

functional connectivity is highly time dependent. Statisti-

cal patterns between neuronal elements fluctuate on mul-

tiple time scales, some are as short as tens or hundreds of

milliseconds. It should be noted that functional connec-

tivity does not make any explicit reference to specific

directional effects or to an underlying structural model.

Coherence and phase synchronization between time

series corresponding to different spatial locations are usu-

ally interpreted as indicators of the “connectivity”. How-
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ever, any measure of dependence is highly contaminated

with an instantaneous, nonphysiological contribution due

to volume conduction (Pascual-Marqui 2007a,b). How-

ever, Pascual-Marqui (2007a,b) introduced new measures

of coherence and phase synchronization taking into

accounts only noninstantaneous (lagged) connectivity,

effectively removing the confounding factor of volume

conduction. As such, this measure of dependence can be

applied to any number of brain areas jointly, (i.e., distrib-

uted cortical networks, whose activity can be estimated

with sLORETA). Measures of linear dependence (coher-

ence) between the multivariate time series are defined.

The measures are nonnegative, and take the value zero

only when there is independence and are defined in the

frequency domain: delta (2–3.5 Hz), theta (4–7.5 Hz),

alpha (8–12 Hz), low beta (13–21 Hz), high beta (21.5–
30 Hz), and gamma (30.5–44 Hz). Based on this principle

lagged linear connectivity was calculated. Time series of

current density were extracted for different region of

interests using sLORETA. Power in all 6239 voxels was

normalized to a power of 1 and log transformed at each

time point. Region-of-interest values thus reflect the log-

transformed fraction of total power across all voxels, and

separately for specific frequencies. Regions of interest were

defined based upon all brain areas obtained in previous

analyses for the different frequency.

Connectivity contrast maps were calculated through

multiple comparisons using t-statistics. The significance

threshold was based on a permutation test with 5000 per-

mutations. Again a comparison was made between the

tinnitus group (recent onset and chronic tinnitus group)

and the control subjects as well as between chronic tinni-

tus patients and tinnitus patients with recent onset.

Theta–gamma nesting

It has been proposed that theta–gamma coupling (e.g., by

nesting) is an effective way of communication between

cortically distant areas (Canolty et al. 2006). To verify

whether this theta–gamma nesting is present in passively

matched or subjective tinnitus perception, theta–gamma

nesting is calculated between those areas that are func-

tionally connected by theta lagged phase synchronization.

Theta–gamma nesting was computed as follows: first, the

time series for the x, y, and z component of the sLORE-

TA current for each ROI was obtained. Next, it was fil-

tered in the theta (4–7.5 Hz) and gamma (30.5–44 Hz)

frequency band-pass regions. Those are the time series of

the current in the three orthogonal directions in space. In

each frequency band and for each ROI, a principal com-

ponent analysis was computed and the first component

was retained for theta and gamma. The Hilbert transform

was then computed on the gamma component and the

signal envelope retained. Finally, the Pearson correlation

between the theta component and the gamma envelope

was computed. With this procedure, each correlation was

computed on one-second of data and a correlation was

available for each sample, from which the percent time

for which the correlation is above a threshold (theta–
gamma nesting) can be computed.

The amount of theta–gamma nesting was defined as

the percentage of time a correlation was obtained of 0.15

or higher. We opted to select 0.15 as this is the cut-off to

obtain a P-value of 0.05 based on the rationale that at

least 3 min of uncontaminated EEG generates 180 epochs.

If n = 180, 0.15 is r-score to obtain significance. For each

individual, we calculated the percentage of time (how

many epochs of theta–gamma nesting had a correlation

higher than 0.15) there was a theta–gamma nesting for

the left parahippocampal area and the left secondary

auditory cortex. These percentages of time were then cor-

related with both the objective and subjective measure of

loudness.

Results

Behavioral measurements

A Pearson correlation revealed no significant association

between the more objective loudness as measured with tin-

nitus matching (dB SL) and the subjectively perceived

loudness as measured with NRS loudness (r = �0.04, n.s.)

(see Fig. 1).

Whole-brain analysis

Correlation analysis between the subjectively perceived

loudness on a NRS and source localized current density

brain activity revealed a significant positive correlation

(P < 0.05) with the left insula for alpha band activity,

with an area located between the pregenual and dorsal

Figure 1. A Pearson correlation between the passively matched

loudness and the subjectively perceived loudness reveals no significant

effect.
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anterior cingulate cortex for low beta activity as well as

with the left parahippocampus for the gamma frequency

band (see Fig. 2). Therefore, the higher the subjective

loudness on NRS, the higher activity is within the left

anterior insula, the rostral/dorsal anterior cingulate cor-

tex, and the left parahippocampus. No significant correla-

tions were obtained for delta, theta, and high beta.

Correlation analysis between the passively matched tin-

nitus loudness and brain activity revealed no significant

correlations for the delta, theta, alpha, low beta, high

beta, nor gamma frequency bands.

Region-of-interest analysis

A MANOVA including subjectively perceived loudness

(NRS) and passively matched tinnitus loudness as inde-

pendent variables and the different log-transformed cur-

rent densities for the frequency bands, namely, delta (2–
3.5 Hz), theta (4–7.5 Hz), alpha (8–12 Hz), low beta

(13–21 Hz), high beta (21.5–30 Hz), and gamma (30.5–
44 Hz), at the left primary auditory cortex as dependent

variable revealed a significant effect for subjective loud-

ness in the high beta (F = 4.25, P < 0.05, b = 0.16) and

gamma band (F = 6.70, P < 0.05, b = 0.17), but not for

delta, theta, alpha, and low beta. Therefore, an increase in

subjectively perceived loudness is associated with an

increased current density in the high beta and gamma fre-

quency bands in the left primary auditory cortex. No sig-

nificant effect could be found for passively matched

tinnitus loudness.

A similar analysis was conducted for the left secondary

auditory cortex. This revealed again a significant effect for

subjective loudness (NRS) for the log-transformed current

density for high beta (F = 7.08, P < 0.01, b = 0.16) and

gamma band (F = 5.01, P < 0.05, b = 0.16), but not for

delta, theta, alpha, or low beta. Thus, an increase in the

subjectively perceived loudness (NRS) is associated with

an increased current density in the high beta and gamma

frequency band in the left secondary auditory cortex

(Fig. 3).

Again, no significant effect could be obtained for pas-

sively matched tinnitus loudness.

Figure 2. Significant positive correlations

between the subjectively perceived tinnitus

loudness on a numeric rating scale and

brain activity in the alpha (left insula), low

beta (right dorsal anterior cingulate cortex),

and gamma (left parahippocampus)

frequency band.
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For the right secondary auditory cortex, a significant

effect could be demonstrated for subjective loudness and

the log-transformed current density for high beta

(F = 5.36, P < 0.19) and gamma (F = 4.21, P < 0.05,

b = 0.18), but not for delta, theta, alpha, and low beta.

These effects suggest that an increase in the subjectively

perceived loudness is associated with increased current

density in the high beta and gamma frequency band in

the right secondary auditory cortex. No significant effect

could be obtained for passively matched loudness.

For the right primary auditory cortex, no significant

effects could be obtained in both the subjectively per-

ceived loudness (NRS) as well as the passively matched

loudness for delta, theta, alpha, low beta, high beta, and

gamma (summary of results in figure 3).

Lagged phase connectivity

A correlation was obtained between the subjectively

perceived loudness and lagged phased connectivity

between the left parahippocampus and the left secondary

auditory cortex for the theta frequency band (r = 0.45,

P < 0.05) (see Fig. 4). This suggests that a stronger

lagged phase connectivity between left parahippocampus

and the left secondary auditory cortex is associated with

the subjective loudness or vice versa. No significant

effect was obtained for delta, alpha, low beta, high beta,

and gamma.

A similar correlation analysis was also conducted for

the passively matched tinnitus loudness and lagged

phased connectivity. However, this analysis revealed no

significant effect for, respectively, the delta, theta, alpha,

low beta, high beta, and gamma.

Theta–gamma nesting

This analysis revealed that the percentage of time there

was a theta–gamma nesting in the left parahippocampus

is positively correlated with the subjectively perceived

loudness (r = 0.24, P < 0.01, Fig. 5A), but not with the

passively matched tinnitus loudness (r = �0.06, n.s). This

finding indicates that the more theta–gamma nesting

there is in the left parahippocampus the louder the tinni-

tus perceived by the patients.

A positive correlation was also obtained between the per-

centage of time there was a theta–gamma nesting in the left

secondary auditory cortex and the perceived loudness

(r = 0.18, P < 0.05, Fig. 5B), but not with the passively

matched tinnitus loudness (r = 0.08, n.s), suggesting that

an increased percentage of theta–gamma nesting is associ-

ated with subjectively louder tinnitus perception.

Discussion

This simple but fundamental study evaluates the differ-

ence between the neural basis of a subjective loudness

report, ‘how loud is your tinnitus?’ and a more objective

report of the loudness, obtained by tinnitus matching, as

a simplified version of the question: does the brain store

objective representations or is subjectivity intrinsically

embedded in the network encoding the phantom percept?

Two fundamentally different possibilities exist. (1) The

brain holds a neural representation of the objective loud-

ness and links this to a nonspecific emotional state such

as the distress level (Vanneste et al. 2010; De Ridder et al.

2011c, 2014a) or (2) the subjectively perceived loudness is

an emergent property from a stored electrophysiological

network encompassing both auditory and affective brain

areas.

The study has five interrelated important findings. The

first important finding is that there is no correlation

between the objectively measured loudness and the sub-

jectively perceived loudness. A second finding is that the

brain has a neural representation for the subjective loud-

ness percept, but not for the more objective loudness per-

cept. A third finding is that the subjectively perceived

loudness is related to high beta and gamma band activity

in the auditory cortex, which replicates previous results.

A fourth finding is that the subjectively perceived loud-

ness is determined by the functional connectivity in the

theta band between the auditory cortex and an auditory

memory-related area (parahippocampus) and is lateralized

to the left. Finally, the communication between the

parahippocampal area and the auditory cortex involves

Figure 3. The log-transformed current density shows significant correlations between the high beta and gamma activity and subjective tinnitus

loudness perception in the left primary (yellow) and bilateral secondary (blue) auditory cortex on a region-of-interest analysis.
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theta–gamma nesting, (i.e., the gamma activity in the

auditory cortex that correlates with subjective loudness

perception is determined by the phase of the theta activ-

ity), which functionally connects the auditory cortex to

the parahippocampal area.

No correlation between the objective and
the perceived loudness

It is interesting that there is no correlation between the

perceived loudness of the phantom sound and the more

objectively measured matched loudness. This is in agree-

ment with other studies previously published (Burns

1984; Hallam et al. 1985; Moller 1994; Savastano 2004).

This suggests that they represent something fundamen-

tally different. Conceptually, this is understandable as the

subjectively perceived tinnitus loudness is very context

dependent: The subjectively perceived loudness in a silent

environment is very different than in a noisy environment

where the tinnitus might be masked. The passively

matched tinnitus loudness is always determined in a

soundproof booth.

The brain has a neural representation for
the subjective loudness percept, but not for
the objective loudness

Ecologically it makes sense that there is no neural tem-

plate for the passively matched tinnitus loudness. Storing

an objective loudness electrophysiologically as a represen-

tation in the brain might indeed be useless, as loudness is

ecologically always dependent on the noise in the envi-

ronment (a 50 dB sound at the roaring seaside is very

different than the same 50 dB in a soundproof room).

Furthermore, hearing acuity levels change in individuals,

for example, in presbyacusis, clearly limiting the value of

storing representations of objective loudness. This is in

agreement with fMRI studies that demonstrate that the

BOLD activation in the auditory cortex is more closely

related to the subjective percept of a stimulus (i.e., loud-

ness) rather than to its physical characteristics (i.e., inten-

sity) (Hall et al. 2001; Langers et al. 2007). Therefore,

phantom sound (tinnitus) perception seems to behave

electrophysiologically in a similar way as perception of

externally presented tones.

Figure 4. A significant correlation between the subjective loudness and lagged phased connectivity between the left parahippocampus and the

left secondary auditory cortex for the theta frequency band (r = 0.45, P < 0.05).
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Neural correlates of subjectively perceived
tinnitus loudness

The neural correlates of subjective tinnitus loudness per-

ception involve a coactivation of the anterior cingulate

cortex, the insula, and the parahippocampal area. A fur-

ther ROI analysis supports the involvement of the audi-

tory cortex as well. The auditory cortex involvement in

tinnitus loudness has been demonstrated before. Tinnitus

perception has been correlated with sustained high-fre-

quency gamma band activity in temporal areas in humans

in quantitative electroencephalographic (QEEG) (Ashton

et al. 2007) and magnetoencephalographic studies (MEG)

(Llin�as et al. 1999; Llinas et al. 2005; Weisz et al. 2005,

2007). There is a sound-level-dependent activation of the

primary auditory cortex in humans as investigated with

EEG and fMRI (Lenz et al. 1998; Mulert et al. 2005), with

an increasing primary auditory cortex activation for

increasing loudness, and there is an analogous tinnitus

sound-level-dependent high beta and gamma band activa-

tion in the auditory cortex (van der Loo et al. 2009). In

this study, this correlation is confirmed both for high

beta/gamma band activity, in the left primary and bilat-

eral secondary auditory cortex.

The involvement of the rostral/dorsal anterior cingulate

cortex and insula is unsurprising as well. The combined

activity of the anterior cingulate cortex and insula reflects

salience (Seeley et al. 2007) (i.e., the behavioral relevance

of stimuli) (Fecteau and Munoz 2006) for predicting

future outcomes (Behrens et al. 2007), essential in a

Bayesian brain model for tinnitus (De Ridder et al.

2014a). This combined rostral/dorsal ACC and insula

activity in tinnitus is related to distress (Vanneste et al.

2010; De Ridder et al. 2011c; van der Loo et al. 2011),

and has been attributed to a persisting (Strand et al.

2011) salience attribution to an otherwise unimportant

sound (De Ridder et al. 2011a, 2014a). This fits with

physiological sound perception, in which ongoing activity

fluctuations in the anterior cingulate and insula determine

whether a near threshold stimulus is detected or not

(Sadaghiani et al. 2009). In tinnitus, the perceived loud-

ness is also correlated with activity in the rostral/dorsal

anterior cingulate cortex, insula cortex, auditory cortex,

and is identical to real sound stimuli. This might be the

reason why an auditory phantom percept is initially

almost always attributed by the patient to an external

sound source. This is because when people try to remem-

ber a sound, (i.e., when it is internally attributed), the

dorsal anterior cingulate cortex and insula are deactivated

(Rinne et al. 2009).

The parahippocampal involvement in the same gamma

band range as the auditory cortex is also of interest. The

posterior parahippocampal area has a sensory gating func-

tion for irrelevant or redundant auditory input (Boutros

et al. 2008). The parahippocampal area has been hypothe-

sized to play a central role in memory recollection,

(A)

(B)

Figure 5. (A) The percentage of time

theta–gamma nesting is present is

positively correlated with the subjectively

perceived loudness for the left

parahippocampus. (B) A positive correlation

is noted between the percentage of time

there is theta–gamma nesting and the

perceived loudness for the left secondary

auditory cortex.
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sending information from the hippocampus to the associ-

ation areas, and a dysfunction in this mechanism is

posited as an explanation for complex auditory phantom

percepts such as auditory hallucinations (Diederen et al.

2010). As the parahippocampal area is involved in tinni-

tus and tinnitus distress (Vanneste et al. 2010), a similar

mechanism has been proposed for tinnitus (De Ridder

et al. 2011a, 2014a).

It has been shown that the functional connectivity

between the parahippocampus and the subgenual anterior

cingulate is involved in tinnitus distress (Vanneste et al.

2010; De Ridder et al. 2011c; Joos et al. 2012). In a recent

study, it was shown that a very selective and frequency

specific 10 and 11.5 Hz functional connection, as mea-

sured by lagged phase synchronization between the para-

hippocampus and subgenual anterior cingulate cortex,

determines whether or not a person is severely (10 Hz) or

very severely (11.5 Hz) distressed by his/her tinnitus

(Vanneste et al. 2014). The connectivity between the

parahippocampal area and subgenual anterior cingulate

cortex/ventromedial prefrontal cortex is likely a part of a

general aversive network involving the cerebellum, para-

hippocampal area, and hypothalamus. These are all acti-

vated both by pain and unpleasant visual images

(Moulton et al. 2011). Unfortunately, EEG cannot pick-

up electrical activity from the cerebellum or the hypothal-

amus.

In view of these functional connections, it is important

to see whether a similar mechanism might be involved in

tinnitus loudness perception.

Loudness-related functional connectivity
between parahippocampal area and
auditory cortex

How loud the tinnitus is subjectively perceived is related

to the theta lagged phase synchronization between the left

parahippocampal area and left auditory cortex. This sug-

gests that how loud a phantom sound is perceived might

actually be determined by the distress that the brain

attaches to the phantom sound or the opposite, as func-

tional connectivity does not look at directionality. There-

fore, it is also possible that gamma activity in the

auditory cortex correlates with the perceived loudness and

influences the distress the brain attaches to the phantom

sound.

According to these analyses, it becomes clear that the

parahippocampal area is a critical component in tinni-

tus. Its functional connectivity to the subgenual ACC

in alpha oscillations determines how much distress and

depression a patient feels in association with the phan-

tom sound (Vanneste et al. 2010; De Ridder et al.

2011c; Joos et al. 2012). Its functional connectivity in

theta oscillations to the auditory cortex determines how

loud the sound is perceived. The parahippocampal

involvement might therefore be related to the contex-

tual influences that determine how loud and how

stressful the tinnitus is perceived. This is in line with

what has recently been proposed to be a major func-

tion for the parahippocampus, namely, contextually

influencing perception (Aminoff et al. 2013). This func-

tional connectivity between the left parahippocampal

area and auditory cortex has already been shown, using

resting state fMRI, to be an essential neurophysiological

feature of tinnitus (Maudoux et al. 2012). We now pro-

pose that this functional connectivity is clinically linked

to the subjectively perceived loudness, and explain

the underlying mechanism involved: theta–gamma

nesting.

Gamma band activity nested on theta
functional connectivity links auditory cortex
to parahippocampus

Communication between the parahippocampal area and

the auditory cortex involves theta–gamma nesting, that

is, the gamma activity in the auditory cortex that corre-

lates with subjective loudness perception is determined

by the phase of the theta activity, which functionally

connects the auditory cortex to the parahippocampal

area. This is in accordance with a general concept of

theta–gamma nesting (Buzsaki and Draguhn 2004; Cano-

lty et al. 2006; Lisman and Jensen 2013). It has been

demonstrated that higher frequency gamma oscillations

are confined to a small neuronal space, whereas very

large networks are recruited during slow oscillations

(von Stein and Sarnthein 2000). This permits for theta

activity to synchronize large spatial domains and to bind

together specific assemblies of anatomically restricted

higher frequency oscillations by the appropriate timing

(Buzsaki and Chrobak 1995; Engel et al. 2001; Varela

et al. 2001). In a recent case report with electrodes

implanted on the auditory cortex for tinnitus suppres-

sion, it was demonstrated that theta–gamma coupling is

increased when the patient perceives tinnitus in compari-

son with when he or she perceives no tinnitus (De Rid-

der et al. 2011b). This suggests that the theta activity

might be the carrier wave required for coactivation of

the tinnitus loudness network (Schlee et al. 2008, 2009)

and that gamma activity encodes the subjectively per-

ceived tinnitus loudness (van der Loo et al. 2009), which

is consistent with the data of this study. Furthermore, in

physiological auditory perception, gamma nesting on

theta waves in a distributed network of brain areas is

involved in control of auditory attention (Doesburg et al.

2012).
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Conclusion

This study shows that the brain encodes the subjective

loudness of a phantom sound, but not the passively

matched tinnitus loudness. There is no correlation between

the objectively measured loudness and the subjectively

perceived loudness. The subjectively perceived loudness is

related to the amount of distress the person feels in

contrast to the passively matched loudness. For the pas-

sively matched loudness, no cerebral correlates can be

found. The subjectively perceived loudness is encoded by

activity in multiple areas, consisting of the rostral/dorsal

anterior cingulate, insula and parahippocampus, as well as

the auditory cortex. How loud a phantom sound is

perceived critically depends on the lagged phase theta

functional connectivity between the parahippocampal area

and auditory cortex, and the loudness encoding gamma

oscillations in the auditory cortex are functionally linked

to the parahippocampal area via nesting on the theta wave.

Acknowledgments

This work was supported by the Research Foundation

Flanders (FWO) and Tinnitus Research Initiative (TRI).

The authors thank Jan Ost, Bram Van Achteren, Bjorn

De Vree, and Pieter Van Looy for their help in preparing

this manuscript. We also thank Stephanie Tchen for help

in editing this manuscript.

Conflict of Interest

None declared.

References

Aminoff, E. M., K. Kveraga, and M. Bar. 2013. The role of the

parahippocampal cortex in cognition. Trends Cogn Sci

17:379–390.

Ashton, H., K. Reid, R. Marsh, I. Johnson, K. Alter, and T.

Griffiths. 2007. High frequency localised “hot spots” in

temporal lobes of patients with intractable tinnitus: a

quantitative electroencephalographic (QEEG) study.

Neurosci. Lett. 426:23–28.
Audiology, B. S. O. (2008). Recommended procedure:pure

tone air and bone conduction threshold audiometry with

and without masking and determination of uncomfortable

loudness levels.

Behrens, T. E., M. W. Woolrich, M. E. Walton, and M. F.

Rushworth. 2007. Learning the value of information in an

uncertain world. Nat. Neurosci. 10:1214–1221.
Boutros, N. N., R. Mears, M. E. Pflieger, K. A. Moxon, E.

Ludowig, and T. Rosburg. 2008. Sensory gating in the

human hippocampal and rhinal regions: regional differences.

Hippocampus 18:310–316.

Brett, M., I. S. Johnsrude, and A. M. Owen. 2002. The

problem of functional localization in the human brain. Nat.

Rev. Neurosci. 3:243–249.
Burns, E. M. 1984. A comparison of variability among

measurements of subjective tinnitus and objective stimuli.

Audiology 23:426–440.
Buzsaki, G., and J. J. Chrobak. 1995. Temporal structure in

spatially organized neuronal ensembles: a role for

interneuronal networks. Curr. Opin. Neurobiol. 5:504–

510.

Buzsaki, G., and A. Draguhn. 2004. Neuronal oscillations in

cortical networks. Science 304:1926–1929.
Canolty, R. T., E. Edwards, S. S. Dalal, M. Soltani, S. S.

Nagarajan, H. E. Kirsch, et al. 2006. High gamma power is

phase-locked to theta oscillations in human neocortex.

Science 313:1626–1628.
Congedo, M. (2002). EureKa! (Version 3.0) [Computer

Software]. Knoxville, TN: NovaTech EEG Inc. Freeware

available at www.NovaTechEEG.

Dandy, W. 1941. Surgical treatment of M�eni�ereﾒs disease.

Surg Gynaecol Obstet 72:421–425.

De Ridder, D., A. B. Elgoyhen, R. Romo, and B. Langguth.

2011a. Phantom percepts: tinnitus and pain as persisting

aversive memory networks. Proc Natl Acad Sci U S A

108:8075–8080.

De Ridder, D., E. van der Loo, S. Vanneste, S. Gais, M.

Plazier, S. Kovacs, et al. 2011b. Theta-gamma dysrhythmia

and auditory phantom perception. J. Neurosurg. 114:912–
921.

De Ridder, D., S. Vanneste, and M. Congedo. 2011c. The

distressed brain: a group blind source separation analysis on

tinnitus. PLoS One 6:e24273.

De Ridder, D., S. Vanneste, and W. Freeman. 2012. The

Bayesian brain: phantom percepts resolve sensory

uncertainty. Neurosci. Biobehav. Rev. 44C:4–15.

De Ridder, D., S. Vanneste, and W. Freeman. 2014a. The

Bayesian brain: phantom percepts resolve sensory

uncertainty. Neurosci. Biobehav. Rev. 44C:4–15.
Diederen, K. M., S. F. Neggers, K. Daalman, J. D. Blom, R.

Goekoop, R. S. Kahn, et al. 2010. Deactivation of the

Parahippocampal Gyrus Preceding Auditory Hallucinations

in Schizophrenia. Am. J. Psychiatry 167:427–435.

Dierks, T., V. Jelic, R. D. Pascual-Marqui, L. Wahlund, P.

Julin, D. E. Linden, et al. 2000. Spatial pattern of cerebral

glucose metabolism (PET) correlates with localization of

intracerebral EEG-generators in Alzheimer’s disease. Clin.

Neurophysiol. 111:1817–1824.

Doesburg, S. M., J. J. Green, J. J. McDonald, and L. M. Ward.

2012. Theta modulation of inter-regional gamma

synchronization during auditory attention control. Brain

Res. 1431:77–85.
Engel, A. K., P. Fries, and W. Singer. 2001. Dynamic

predictions: oscillations and synchrony in top-down

processing. Nat. Rev. Neurosci. 2:704–716.

Brain and Behavior, doi: 10.1002/brb3.331 (10 of 12) ª 2015 The Authors. Brain and Behavior published by Wiley Periodicals, Inc.

Objective versus subjective tinnitus D. De Ridder et al.

http://www.NovaTechEEG


Fecteau, J. H., and D. P. Munoz. 2006. Salience, relevance, and

firing: a priority map for target selection. Trends Cogn Sci

10:382–390.
Friston, K. 2010. The free-energy principle: a unified brain

theory? Nat. Rev. Neurosci. 11:127–138.
Fuchs, M., J. Kastner, M. Wagner, S. Hawes, and J. S.

Ebersole. 2002. A standardized boundary element method

volume conductor model. Clin Neurophysiol 113:702–12.

Hall, D. A., M. P. Haggard, A. Q. Summerfield, M. A.

Akeroyd, A. R. Palmer, and R. W. Bowtell. 2001. Functional

magnetic resonance imaging measurements of sound-level

encoding in the absence of background scanner noise. J.

Acoust. Soc. Am. 109:1559–1570.

Hallam, R. S., S. C. Jakes, C. Chambers, and R. Hinchcliffe.

1985. A comparison of different methods for assessing the

‘intensity’ of tinnitus. Acta Otolaryngol. 99:501–508.
Jastreboff, P. J. 1990. Phantom auditory perception (tinnitus):

mechanisms of generation and perception. Neurosci. Res.

8:221–254.

Joos, K., S. Vanneste, and D. De Ridder. 2012. Disentangling

depression and distress networks in the tinnitus brain. PLoS

One 7:e40544.

Jurcak, V., D. Tsuzuki, and I. Dan. 2007. 10/20, 10/10, and 10/

5 systems revisited: their validity as relative head-surface-

based positioning systems. NeuroImage 34:1600–1611.

Lancaster, J. L., M. G. Woldorff, L. M. Parsons, M. Liotti, C.

S. Freitas, L. Rainey, et al. 2000. Automated Talairach atlas

labels for functional brain mapping. Hum. Brain Mapp.

10:120–131.

Langers, D. R., P. van Dijk, E. S. Schoenmaker, and W. H.

Backes. 2007. fMRI activation in relation to sound intensity

and loudness. NeuroImage 35:709–718.
Lenz, F. A., I. M. Garonzik, T. A. Zirh, and P. M. Dougherty.

1998. Neuronal activity in the region of the thalamic

principal sensory nucleus (ventralis caudalis) in patients with

pain following amputations. Neuroscience 86:1065–1081.
Lisman, J. E., and O. Jensen. 2013. The theta-gamma neural

code. Neuron 77:1002–1016.
Llinas, R., F. J. Urbano, E. Leznik, R. R. Ramirez, and H. J.

van Marle. 2005. Rhythmic and dysrhythmic thalamocortical

dynamics: GABA systems and the edge effect. Trends

Neurosci. 28:325–333.

Llin�as, R. R., U. Ribary, D. Jeanmonod, E. Kronberg, and P. P.

Mitra. 1999. Thalamocortical dysrhythmia: a neurological

and neuropsychiatric syndrome characterized by

magnetoencephalography. Proc. Natl Acad. Sci. USA

96:15222–15227.
van der Loo, E., S. Gais, M. Congedo, S. Vanneste, M. Plazier,

T. Menovsky, et al. 2009. Tinnitus intensity dependent

gamma oscillations of the contralateral auditory cortex.

PLoS One 4, e7396: 7391–7395.
van der Loo, E., M. Congedo, S. Vanneste, P. V. De Heyning,

and D. De Ridder. 2011. Insular lateralization in tinnitus

distress. Auton Neurosci 165:191–194.

Maudoux, A., P. Lefebvre, J. E. Cabay, A. Demertzi, A.

Vanhaudenhuyse, S. Laureys, et al. 2012. Connectivity graph

analysis of the auditory resting state network in tinnitus.

Brain Res. 1485:10–21.

Mazziotta, J., A. Toga, A. Evans, P. Fox, J. Lancaster, K. Zilles,

et al. 2001. A probabilistic atlas and reference system for the

human brain: International Consortium for Brain Mapping

(ICBM). Philos. Trans. R. Soc. Lond. B Biol. Sci. 356:1293–1322.
Moller, A. 1994. Tinnitus. Pp. 153–166 in R. Jackler, D.

Brackmann, eds. Neurotology. St Louis, Mosby.

Moulton, E. A., I. Elman, G. Pendse, J. Schmahmann, L.

Becerra, and D. Borsook. 2011. Aversion-related circuitry in

the cerebellum: responses to noxious heat and unpleasant

images. J. Neurosci. 31:3795–3804.
Mulert, C., L. Jager, R. Schmitt, P. Bussfeld, O. Pogarell, H. J.

Moller, et al. 2004. Integration of fMRI and simultaneous

EEG: towards a comprehensive understanding of localization

and time-course of brain activity in target detection.

NeuroImage 22:83–94.

Mulert, C., L. Jager, S. Propp, S. Karch, S. Stormann, O.

Pogarell, et al. 2005. Sound level dependence of the primary

auditory cortex: simultaneous measurement with 61-channel

EEG and fMRI. NeuroImage 28:49–58.

Nichols, T. E., and A. P. Holmes. 2002. Nonparametric

permutation tests for functional neuroimaging: a primer

with examples. Hum. Brain Mapp. 15:1–25.
Norena, A., C. Micheyl, S. Chery-Croze, and L. Collet. 2002.

Psychoacoustic characterization of the tinnitus spectrum:

implications for the underlying mechanisms of tinnitus.

Audiol Neurootol 7:358–369.
Pascual-Marqui, R. D.. 2002. Standardized low-resolution

brain electromagnetic tomography (sLORETA): technical

details. Methods Find. Exp. Clin. Pharmacol. 24(Suppl

D):5–12.
Pascual-Marqui, R. 2007a. Discrete, 3D distributed, linear

imaging methods of electric neuronal activity. Part 1: exact,

zero error localization.

Pascual-Marqui, R. 2007b. Instantaneous and lagged

measurements of linear and nonlinear dependence between

groups of multivariate time series: frequency decomposition.

Pascual-Marqui, R. D., M. Esslen, K. Kochi, and D. Lehmann.

2002. Functional imaging with low-resolution brain

electromagnetic tomography (LORETA): a review. Methods

Find. Exp. Clin. Pharmacol. 24(Suppl C):91–95.

Pizzagalli, D., R. D. Pascual-Marqui, J. B. Nitschke, T. R.

Oakes, C. L. Larson, H. C. Abercrombie, et al. 2001.

Anterior cingulate activity as a predictor of degree of

treatment response in major depression: evidence from

brain electrical tomography analysis. Am. J. Psychiatry

158:405–415.

Pizzagalli, D. A., T. R. Oakes, A. S. Fox, M. K. Chung, C. L.

Larson, H. C. Abercrombie, et al. (2004). Functional but

not structural subgenual prefrontal cortex abnormalities in

melancholia. Mol. Psychiatry 9: 325, 393–405.

ª 2015 The Authors. Brain and Behavior published by Wiley Periodicals, Inc. Brain and Behavior, doi: 10.1002/brb3.331 (11 of 12)

D. De Ridder et al. Objective versus subjective tinnitus



Rinne, T., S. Koistinen, O. Salonen, and K. Alho. 2009. Task-

dependent activations of human auditory cortex during

pitch discrimination and pitch memory tasks. J. Neurosci.

29:13338–13343.

Sadaghiani, S., G. Hesselmann, and A. Kleinschmidt. 2009.

Distributed and antagonistic contributions of ongoing

activity fluctuations to auditory stimulus detection. J.

Neurosci. 29:13410–13417.
Savastano, M. 2004. Characteristics of tinnitus: investigation of

over 1400 patients. J. Otolaryngol. 33:248–253.
Schlee, W., N. Weisz, O. Bertrand, T. Hartmann, and T.

Elbert. 2008. Using auditory steady state responses to

outline the functional connectivity in the tinnitus brain.

PLoS One 3:e3720.

Schlee, W., T. Hartmann, B. Langguth, and N. Weisz. 2009.

Abnormal resting-state cortical coupling in chronic tinnitus.

BMC Neurosci. 10:11.

Seeley, W. W., V. Menon, A. F. Schatzberg, J. Keller, G. H.

Glover, H. Kenna, et al. 2007. Dissociable intrinsic

connectivity networks for salience processing and executive

control. J. Neurosci. 27:2349–2356.

von Stein, A., and J. Sarnthein. 2000. Different frequencies for

different scales of cortical integration: from local gamma to

long range alpha/theta synchronization. Int. J.

Psychophysiol. 38:301–313.

Strand, N. H., T. L. Trentman, B. B. Vargas, and D. W.

Dodick. 2011. Occipital nerve stimulation with the Bion(R)

microstimulator for the treatment of medically refractory

chronic cluster headache. Pain Physician 14:435–440.

Vanneste, S., M. Plazier, E. der Loo, P. V. de Heyning, M.

Congedo, and D. De Ridder. 2010. The neural correlates of

tinnitus-related distress. NeuroImage 52:470–480.
Vanneste, S., M. Congedo, and D. De Ridder (2013).

Pinpointing a Highly Specific Pathological Functional

Connection That Turns Phantom Sound into Distress.

Cereb. Cortex. 4: 2268–82.
Varela, F., J. P. Lachaux, E. Rodriguez, and J. Martinerie. 2001.

The brainweb: phase synchronization and large-scale

integration. Nat. Rev. Neurosci. 2:229–239.

Vitacco, D., D. Brandeis, R. Pascual-Marqui, and E. Martin.

2002. Correspondence of event-related potential tomography

and functional magnetic resonance imaging during language

processing. Hum. Brain Mapp. 17:4–12.

Volpe, U., A. Mucci, P. Bucci, E. Merlotti, S. Galderisi, and M.

Maj. 2007. The cortical generators of P3a and P3b: a

LORETA study. Brain Res. Bull. 73:220–230.

Weisz, N., S. Moratti, M. Meinzer, K. Dohrmann, and T.

Elbert. 2005. Tinnitus perception and distress is related to

abnormal spontaneous brain activity as measured by

magnetoencephalography. PLoS Med. 2:e153.

Weisz, N., T. Hartmann, K. Dohrmann, W. Schlee, and A.

Norena. 2006. High-frequency tinnitus without hearing loss

does not mean absence of deafferentation. Hear. Res.

222:108–114.

Weisz, N., S. Muller, W. Schlee, K. Dohrmann, T. Hartmann,

and T. Elbert. 2007. The neural code of auditory phantom

perception. J. Neurosci. 27:1479–1484.
Worrell, G. A., T. D. Lagerlund, F. W. Sharbrough, B. H.

Brinkmann, N. E. Busacker, K. M. Cicora, et al. 2000.

Localization of the epileptic focus by low-resolution

electromagnetic tomography in patients with a lesion

demonstrated by MRI. Brain Topogr. 12:273–282.

Zumsteg, D., R. A. Wennberg, V. Treyer, A. Buck, and H. G.

Wieser. 2005. H2(15)O or 13NH3 PET and electromagnetic

tomography (LORETA) during partial status epilepticus.

Neurology 65:1657–1660.

Zumsteg, D., A. M. Lozano, and R. A. Wennberg. 2006a.

Depth electrode recorded cerebral responses with deep brain

stimulation of the anterior thalamus for epilepsy. Clin.

Neurophysiol. 117:1602–1609.

Zumsteg, D., A. M. Lozano, and R. A. Wennberg. 2006b.

Mesial temporal inhibition in a patient with deep brain

stimulation of the anterior thalamus for epilepsy. Epilepsia

47:1958–1962.

Zumsteg, D., A. M. Lozano, H. G. Wieser, and R. A.

Wennberg. 2006c. Cortical activation with deep brain

stimulation of the anterior thalamus for epilepsy. Clin.

Neurophysiol. 117:192–207.

Brain and Behavior, doi: 10.1002/brb3.331 (12 of 12) ª 2015 The Authors. Brain and Behavior published by Wiley Periodicals, Inc.

Objective versus subjective tinnitus D. De Ridder et al.


