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Abstract
Vestibular signals are of significant importance for variable functions including gaze stabili-

zation, spatial perception, navigation, cognition, and bodily self-consciousness. The vestib-

ular network governs functions that might be impaired in patients affected with vestibular

dysfunction. It is currently unclear how different brain regions/networks process vestibular

information and integrate the information into a unified spatial percept related to somatosen-

sory awareness and whether people with recurrent balance complaints have a neural signa-

ture as a trait affecting their development of chronic symptoms of vertigo. Pivotal evidence

points to a vestibular-related brain network in humans that is widely distributed in nature. By

using resting state source localized electroencephalography in non-vertiginous state,

electrophysiological changes in activity and functional connectivity of 23 patients with bal-

ance complaints where chronic symptoms of vertigo and dizziness are among the most

common reported complaints are analyzed and compared to healthy subjects. The analy-

ses showed increased alpha2 activity within the posterior cingulate cortex and the precu-

neues/cuneus and reduced beta3 and gamma activity within the pregenual and subgenual

anterior cingulate cortex for the subjects with balance complaints. These electrophysiologi-

cal variations were correlated with reported chronic symptoms of vertigo intensity. A region

of interest analysis found reduced functional connectivity for gamma activity within the ves-

tibular cortex, precuneus, frontal eye field, intra-parietal sulcus, orbitofrontal cortex, and the

dorsal anterior cingulate cortex. In addition, there was a positive correlation between

chronic symptoms of vertigo intensity and increased alpha-gamma nesting in the left frontal

eye field. When compared to healthy subjects, there is evidence of electrophysiological

changes in the brain of patients with balance complaints even outside chronic symptoms of

vertigo episodes. This suggests that these patients have a neural signature or trait that

makes them prone to developing chronic balance problems.
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Introduction
The risk of developing symptoms, such as chronic symptoms of vertigo and dizziness, are
increased among the aging population and are often associated with other neurological deficits
and chronic medical problems. Symptoms of vertigo are not a disease entity but rather a symp-
tom of various disorders with different causes and pathophysiological mechanisms [1–5]. The
current prevalence of vertigo and dizziness is approximately 7.4% in the general population
ages 18 to 97 years [6–8], and vestibular disorders are the cause of approximately 50% of cases
of chronic balance complaints in the elderly [9, 10]. In addition, it was estimated that 88% of
patients complain of recurrent balance problems, resulting in increased frequency of occupa-
tional sick leave or recurrent medical consultations [3, 5]. Although vertigo and dizziness are
common complaints of those seeking medical attention—particularly the elderly [11, 12]—
there continues to be a deficit of knowledge on the subject.

The question arises whether patients with recurrent balance complain with chronic vestibu-
lar symptoms have a trait, which makes them prone to developing these symptoms, and if so,
whether there exists a neural signature of this proneness in their resting state brain activity and
connectivity in between their symptoms.

Vestibular processing occurs in different brain regions, implying a multimodal impairment
of sensory integration that involves multiple regions [13]. All natural vestibular stimuli are
multimodal, and multiple sensory inputs converge at all levels of the central vestibular system
[14]. The vestibular percept of body position and motion is always relative to the subject’s sur-
rounding (i.e. exocentric), whereas the visual and auditory percepts are always relative to the
subject within that space (i.e. egocentric) [14]. Furthermore, the vestibular cortical areas are
represented in both hemispheres, with an ipsilateral predominance for processing ipsilateral
input and clear lateralization: in right handed people the right vestibular cortex is dominant,
and the left vestibular cortex is in left handed people [14, 15].

A core vestibular network has been described based on an ALE-meta-analysis, which
involves the posterior insula, retroinsular cortex, and parietal operculum. In other words, the
superior temporal and inferior parietal cortex are where vestibular afferents converge [16]. The
posterior insula and temporo-parietal cortex core area receive input from the thalamus and
vestibular stimuli often co-activating the frontal operculum, anterior insula [15, 17–19], the
intraparietal sulcus, frontal eye fields, hippocampus and parahippocampal area, anterior cingu-
late gyrus, and precuneus [16, 20, 21]. These reports demonstrate the level of uncertainty with
regard to the exact anatomical identification of a vestibular network, which is likely widely dis-
tributed in nature. In addition, in healthy subjects functional connections exist between the
abovementioned vestibular areas. For example, research exists supporting a joint vestibular
network between the opercullum, temporo-parietal regions, premotor cortex, and the anterior
cingulate cortex, according to a concept from animal literature termed the inner vestibular cir-
cle [22]. Moreover, combined structural and functional connectivity mapping using diffusion
tensor imaging and functional connectivity magnetic resonance in healthy subjects describes a
link between the vestibular nuclei and parieto-insular-vestibular cortex [23].

At present, it is neither clear how different regions in the brain process vestibular information,
nor how they integrate this information into a global unified vestibular percept. Most of our cur-
rent understanding of the human vestibular network has been derived from human lesion studies
[24, 25] as well as studies in healthy controls [22, 26, 27] including PET studies comparing
healthy controls to a patient population [28], complemented by tracer and electrophysiological
studies in animals [29–32]. Therefore, the aim of this paper is to verify whether there exists a neu-
ral signature of proneness to chronic vestibular symptoms characterized by a pattern of vestibular
activation and connectivity in the resting brain (i.e. in-between vestibular spells).
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Materials and Methods

Participants
Twenty-three patients with chronic balance complaints (M = 52.17 years; Sd = 12.28; 9 males
and 14 females) were included in this analysis. Healthy subjects were excluded if they had a his-
tory of neurological illness, psychiatric illness, or the presence of other physical disabilities. All
patients with chronic symptoms of vertigo were examined by an otolaryngologist in the ENT
Department of the Sint Augustinus Hospital in Antwerp, Belgium. For the healthy controls, a
hearing assessment was not performed. Detailed descriptive information and profiles of
patients with balance complaints can be found in Tables 1 & 2.

Healthy control group
Group age and gender matched EEG data of a healthy control group (N = 23;M = 51. 47 years;
Sd = 11.58; 10 males, and 13 females) was collected. None of the healthy subjects reported any
history of chronic symptoms of vertigo. Exclusion criteria included known psychiatric or neu-
rological illness, psychiatric history, drug/alcohol abuse, history of head injury (with loss of
consciousness), seizures, headache, or physical disability. This study was approved by the local
ethical committee (Sint Augustinus Hospital Antwerp) and was in accordance with the declara-
tion of Helsinki. Collection of the data was under approval of IRB GZA OGA85 all patients
gave written informed consent.

Questionnaires and vestibular testing
Visual analogue scale (VAS). The VAS for intensity and discomfort was assessed at baseline.
Using the VAS, the patient marks on a continuum line (10cm) the point that they feel

Table 1. Specific characteristics of patients’ balance complaints and it accompanying symptoms.

Characteristic # of subjects Vestibular symptoms Non-vestibular symptoms

Duration Diminished concentration Phonophobia

Minutes (n = 1) Aural fullness Anorexia

Hours (n = 1) Brain thrombosis Neck problems

Days (n = 3) Amblyopia Sleeping disorders

Continuous (n = 8) Pressure in head Hypothyroid

Not known (n = 9) Photophobia Low blood pressure

Frequency Visual vertigo Hyperventilation

Daily (n = 13) Hearing loss Sleeping feet

Weekly (n = 1) Blurry vision

Not known (n = 9) Autophonia

Type Diplopia

Vertigo (n = 23) Dizziness

Gait disorder (n = 11) Somnolence

Nausea (n = 11) Motion sickness

Oscillopsia

Facial nerve complaints

Headache

Photophobia

Cervicalgia

Briachialgia

Space discomfort

Tinnitus

Migraine

doi:10.1371/journal.pone.0152309.t001
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represents the perception of their current state [33, 34]. The VAS asked patients to specify the
amount of intensity and discomfort of their vestibular symptoms in a continuum scale from
(0 = not intense) to (10 = as intense as imaginable), and (0 = no discomfort) to (10 = as much
discomfort as imaginable).

Dizziness handicap inventory (DHI). The purpose of the DHI is to quantify the degree of
handicap that patients experience due to their balance complaints. The DHI quantifies for the
emotional, physical, or functional handicap s that patients experience [35]. Scores ranges from
0–100 with scores categorized as follow: 0–29 (= mild handicap), 30–59 (= moderate handi-
cap), and 60–100 (= severe handicap).

Hospital anxiety and depression scale (HADS). The HADS is a self-assessment scale, devel-
oped to detect states of depression, anxiety and emotional distress amongst patients who were
being treated for a variety of clinical problems [36]. Scores ranges from 0–21 with scores cate-
gorized as follow: 0–7 (= no anxiety/depression), 8–10 (= possible anxiety/depression), and
11–21 (= probable anxiety/depression).

Cervical-vestibular-evoked myogenic potential (cVEMP). Is recorded from the surface of
sternocelidomastiod muscle (SCM) and generated by the activation of saccular afferents,
reflects the function of the saccule and inferior vestibular nerve [37].

Caloric irrigation test (vENG). Is part of the electronystagmography test that aims to iden-
tify the degree to which the horizontal semicircular canals are responsive, as well as how sym-
metric the responses are between the patient left and right ear [38, 39].

Table 2. Profile of patients with chronic vestibular symptoms. The cervical-vestibular-evokedmyogenic potential (cVEMP), the vestibular electronystag-
mography (vENG -caloric irrigation), the hospital anxiety and depression scale (HADS): (0–7) mild anxiety/depression, (8–10) possible anxiety/depression,
(11–21) probable anxiety/depression., the dizziness and handicap inventory (DHI): (0–29) mild, (30–59) moderate, (60–100) severe., and the hyperventilation
(Nijmegen) scores: from score 18 hyperventilation is possible, from score 23 hyperventilation for 80% sure.

cVEMP vENG -caloric irrigation HADS-A HADS-D DHI Hyperventilation(Nijmegen)

1 Bilateral absent response unknown 7 4 72 34

2 Symmetrical Symmetrical 11 7 48 14

3 Unknown Symmetrical 6 8 50 12

4 Areflexive on right side Canal hypofunction on left side (39%) 4 7 50 15

5 Areflexive on left side Canal hypofunction on left side (61%) 6 3 38 22

6 Symmetrical Symmetrical 13 15 66 Unknown

7 Unknown Symmetrical 15 9 68 Unknown

8 Symmetrical Canal hypofunction on left side (62%) 9 3 28 12

9 areflexive on left side Symmetrical 10 12 56 29

10 Bilateral absent response Symmetrical 4 1 16 Unknown

11 Unknown Unknown 11 5 38 Unknown

12 Otolith hypofunction on left side Symmetrical 12 8 42 24

13 Areflexive on left side Unknown 6 3 64 Unknown

14 Areflexive on left side Canal hypofunction on left side (66%) 0 7 34 6

15 Unknown Canal hypofunction on left side (88%) 10 4 48 21

16 Symmetrical Symmetrical 3 1 48 7

17 Symmetrical Canal hypofunction on left side (22%) 2 5 40 7

18 Symmetrical Canal hypofunction on left side (23%) 7 12 64 18

19 Symmetrical Symmetrical 7 5 68 33

20 symmetrical Symmetrical 10 8 54 33

21 Otolith hypofunction on right side Symmetrical 6 9 46 11

22 Unknown Canal hypofunction on left side (100%) 3 2 46 7

23 Otolith hypofunction on left side Canal hypofunction on left side (46%) 11 10 46 22

doi:10.1371/journal.pone.0152309.t002
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Nijmegen questionnaire for hyperventilation complaints. Is a screening tool to detect
patients with hyperventilation complaints that could benefit from breathing regulation through
capon graphic feedback[40].

EEG data collection
EEG data was obtained as a standard procedure. For the patients with balance complaints, the
EEG was recorded in a symptom free interval between episodes. Recordings were obtained in a
fully lighted room with each participant sitting upright on a small but comfortable chair. The
actual recording lasted approximately five minutes. The EEG was sampled using Mitsar-201
amplifiers (NovaTech http://www.novatecheeg.com/) with 19 electrodes placed according 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 was done in the normative group. Impedances
were checked to remain below 5 kO. Data was collected with eyes closed (sampling rate = 500
Hz, band passed 0.15-200Hz). Off-line data was resampled to 128 Hz, band-pass filtered in the
range 2–44 Hz and subsequently transposed into Eureka! Software [41]. The data was then
plotted and carefully inspected for manual artifact-rejection. All 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 fre-
quency bands delta (2–3.5 Hz), theta (4–7.5 Hz), alpha1 (8–10 Hz), alpha2 (10-12Hz), beta1
(13–18 Hz), beta2 (18.5–21 Hz), beta3 (21.5–30 Hz), and gamma (30.5–44 Hz). These fre-
quency bands are based on previous research in tinnitus [42–45].

Source localization
Standardized low-resolution brain electromagnetic tomography [46] was used to estimate the
intracerebral electrical sources that generated the seven group blind source separation compo-
nents. As standard procedure, a common average reference transformation [46] is performed
before applying the sLORETA algorithm. sLORETA computes electric neuronal activity as cur-
rent density (A/m2) without assuming a predefined number of active sources. The solution space
used in this study and associated lead field 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 coordinates [47] and the lead field produced by Fuchs et al. applying
the boundary element method on the MNI-152 (Montreal neurological institute, Canada) [48].
The sLORETA-key anatomical template divides and labels the neocortical (including hippocam-
pus and anterior cingulated cortex) MNI-152 volume in 6,239 voxels of dimension 5 mm3, based
on probabilities returned by the Demon Atlas [49]. The co-registration makes use of the correct
translation from the MNI-152 space into the Talairach and Tournoux space.

Lagged phase coherence
Coherence and phase synchronization between time series corresponding to different spatial
locations are usually interpreted as indicators of “connectivity”; however, any measure of
dependence is highly contaminated with an instantaneous, non-physiological contribution due
to volume conduction [50]. Pascual-Marqui, introduced new measures of coherence and phase
synchronization taking into account only non-instantaneous (lagged) connectivity, effectively
removing the confounding factor of volume conduction [51]. As such, this measure of depen-
dence can be applied to any number of brain areas jointly, i.e., distributed cortical networks,
whose activity can be estimated with sLORETA. Measures of linear dependence (coherence)
between the multivariate time series are defined. The measures are non-negative, and take the
value zero only when there is independence and are defined in the frequency domain: delta (2–
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3.5 Hz), theta (4–7.5 Hz), alpha (8-12Hz), 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 regions of interest using sLORETA. Power
in all 6,239 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 vox-
els and do so separately for specific frequencies. Regions of interest selected were BA43, BA7,
BA8, BA40, BA11, and BA24, corresponding respectively to the left and right vestibular cortex,
left and right precuneus, left and right frontal eye field, left and right intraparietal sulcus, left
and right orbitofrontal cortex, and the dorsal anterior cingulate cortex. These ROIs were
defined based on previous brain research on vestibular symptoms [22, 52, 53].

Alpha-gamma nesting
Alpha-gamma nesting is an effective way of communicating between cortically distant areas
[54]. To examine if this alpha-gamma nesting is present in patients with chronic symptoms of
vertigo, the alpha-gamma nesting is calculated in the left and right vestibular cortex and left
and right frontal eye fields by alpha lagged phase synchronization. Alpha-gamma nesting was
computed as follows: first, the time series for the x, y, and z components of the sLORETA cur-
rent for the left and right vestibular cortex, as well as, the left and right frontal eye fields were
obtained. Next, it was filtered in the alpha (8–12 Hz) and gamma (30–44 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 principle component analysis was com-
puted, and the first component was retained for alpha and gamma. The Hilbert transform was
then computed on the gamma component and the signal envelope retained. Finally, a Pearson
correlation between the alpha component and the gamma envelope was computed.

Statistical analysis
Descriptive statistics were calculated from 23 patients with balance complaints who completed
two questionnaires. Overall participants’ demographics and scores were reported as mean (M) ±
and standard deviation (Sd) as appropriate. Questionnaire scores were measured at baseline only,
and served as a primary outcome parameter for patients with chronic symptoms of vertigo.

sLORETA was used to identify potential differences in the brain neural activity between patients
with chronic symptoms of vertigo, and healthy controls. sLORETA performs voxel-by-voxel (com-
prising 6239 voxels) between groups’ comparison for the different frequency bands. The sLORETA
images were created using nonparametric statistical analyses (SnPM) for each contrast, employing
a t-statistic for unpaired groups with a correction for multiple comparisons (p< 0.05). Since this
method is nonparametric in nature, it does not assume normal distribution and promptly accounts
for the multiple comparison problem [55]. In addition, differences in the log-transformed current
density were computed, using a MANOVA for all ROIs and all frequency bands. Using the correla-
tion toolbox on sLORETA, a correlation analyses was computed to identify associations between
the connectivity correlation and the VASmeasures of intensity and discomfort as well as the DHI.
Finally, correlations between alpha-gamma nesting and the VASmeasures of intensity for the left
and right frontal eye field, as well as the left and right vestibular cortex were computed.

Results

Behavioral measurements
Average scores of patients with chronic symptoms of vertigo were computed for their VAS
measures of intensity (N = 23;M = 6.26; Sd = 2.30) and discomfort (N = 23;M = 6.89;
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Sd = 2.26), in addition to the DHI (N = 23;M = 50.52; Sd = 16.14). A Pearson correlation was
computed and revealed a significant positive association between the VAS measures of intensity
and discomfort (N = 23; r = .87, p< .001). A significant positive association was also identified
for the VAS measure of intensity (N = 23; r = .71, p< .001), the VAS measure of discomfort
(N = 23; r = .52, p = .02), and DHI. No significant association was identified between the duration
of the chronic symptoms of vertigo attack, the VAS measure of intensity (N = 14; r = .19, p =
.50), and the VASmeasure of discomfort (N = 14; r = .10, p = .71). Similarly, no significant associ-
ation was found for the VAS measure of intensity (N = 14; r = .13, p = .64) and the VAS measure
of discomfort (N = 14; r = .05, p = .87) with the frequency of the symptoms. A whole brain group
comparison between patients with chronic vestibular symptoms and healthy subjects

A comparison between patients with chronic symptom of vertigo and healthy subjects
revealed a significant increase for the alpha2 frequency band (F = .28, p< .05) and reduced
activity for the beta3 (F = -.20, p< .05) and gamma (F = -.55, p< .01) frequency bands. For
alpha2, increased activity is found in the posterior cingulate cortex extending into the parahip-
pocampal area, precuneus, and cuneus (Fig 1A). For beta3 decreased activity is localized pre-
dominantly in the ventral medial prefrontal cortex/pregenual anterior cingulate cortex,
subgenual anterior cingulate cortex, and the medial orbitofrontal cortex, however, there is also
decreased beta3 activity in the left anterior midtemporal area and the dorsal attention network
(superior parietal area and dorsolateral prefrontal cortex) (Fig 1B). For the gamma frequency
band, decreased activity is apparent in the pre-supplementary motor area extending into the
frontal eye fields as well as the precuneus (Fig 1C). No significant results were obtained for the
delta, theta, alpha1, beta1, and beta2 frequency bands.

Whole brain correlation analysis with intensity
A correlation analysis between the VAS measure of intensity and brain activity revealed a sig-
nificant correlation for delta (r = -.59, p< .001 & r = .69, p< .001), theta (r = -.49, p< .01 &
r = .69, p< .001), alpha1 (r = .40, p< .05), alpha2 (r = .36, p< .05), beta1 (r = .45, p< .05),
beta2 (r = .45, p< .05), beta3 (r = .45, p< .05) and gamma frequency bands (r = -.69, p< .001
& r = .60, p< .001).

Fig 1. A whole brain group comparison between patients with chronic vestibular symptoms and healthy subjects. A comparison of source analyzed
resting state brain activity between patients with chronic symptoms of vertigo and healthy subjects revealed: (A) a significant increase (in red) of alpha2
activity in the posterior cingulate cortex extending into the parahippocampal area, precuneus, and cuneus regions, (B) a decrease (in blue) for beta3, activity
predominant in the ventral medial prefrontal cortex/pregenual anterior cingulate cortex, subgenual anterior cingulate cortex and the medial orbitofrontal
cortex,as well as the left anterior midtemporal area and the dorsal attention network which incorporates regions of the superior parietal area and dorsolateral
prefrontal cortex). As for gamma, figure (C) shows decreased (in blue) for gamma frequency band, mostly present in the pre-supplementary motor area
extending into the frontal eye fields as well as the precuneus.

doi:10.1371/journal.pone.0152309.g001
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Fig 2. Correlation between brain frequency band activity and the VASmeasure of intensity. There was
a negative correlation between delta activity and the VASmeasure of intensity (r = -.59) in the frontal eye
fields, while delta activity correlated positively (r = .69) with the subgenual anterior cingulate cortex, anterior
medial temporal cortex, insula, vestibular cortex, and the intensity of chronic symptoms of vertigo. As for theta
activity a negative correlation (r = -.49) between the precuneus/cuneus, and a positive correlation (r = .69)
with subgenual anterior cingulate cortex, anterior medial temporal cortex, insula, vestibular cortex, and the
VASmeasure of intensity was obtained. Alpha1 (r = .40), alpha2 (r = .36), beta1, beta2, and beta3 (r = .45)
were positively correlated with the VASmeasure of intensity and activity in the posterior insula, the subgenual
anterior cingulate cortex, anterior medial temporal cortex, and the dorsal anterior cingulate cortex,
respectively, As for gamma, a negative correlation (r = -.69) was identified for the frontal eye fields, and a
positive correlation (r = .60) for the posterior insula extending into the vestibular cortex.

doi:10.1371/journal.pone.0152309.g002
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For the delta frequency band, a negative correlation was identified with the frontal eye fields
and a positive correlation with the subgenual anterior cingulate cortex, anterior medial tempo-
ral cortex, insula, and vestibular cortex.

For the theta frequency band, a negative correlation was identified with the precuneus/
cuneus and a positive correlation with the subgenual anterior cingulate cortex, anterior medial
temporal cortex, insula, and vestibular cortex.

For the alpha1, alpha2, beta1, beta2, and beta3 frequency bands, the VAS measure of inten-
sity is correlated positively with the posterior insula extending into the vestibular cortex. In
addition, for the beta1 frequency a positive correlation was obtained with the subgenual ante-
rior cingulate cortex and anterior medial temporal cortex, while for the beta2 and beta3 fre-
quency bands, a positive correlation was found with the dorsal anterior cingulate cortex. For
the gamma frequency band, a negative correlation was identified with the frontal eye fields and
a positive correlation was revealed with the posterior insula extending into the vestibular cor-
tex. Fig 2 shows a summary of the obtained results. A correlation analysis with DHI and VAS
measure of discomfort obtained no significant results for the delta, theta, alpha1, alpha2 beta1,
beta2, beta3, and gamma frequency bands.

ROI analysis
A one-way MANOVA analysis of variance was conducted for each of the eight frequency bands
separately. Results fromMANOVA demonstrated a significant effect for the gamma frequency
band and the left frontal eye field (F = 7.93, p = .007), right frontal eye field (F = 8.64,
p = .005), left precuneus (F = 13.90, p = .001), right precuneus (F = 9.56, p = .003), left orbitofron-
tal cortex (F = 9.26, p = .004), right orbitofrontal cortex (F = 7.38, p = .009), left dorsal anterior
cingulate cortex (F = 17.11, p< .001), and the right dorsal anterior cingulate cortex (F = 16.12, p
< .001). No significant effect was obtained between gamma and the left vestibular cortex (F = .26,
p = .61), right vestibular cortex (F = .47, p = .54), left intrapartiel sulcus (F = .00013, p = .97), or
right intrapartiel sulcus (F = .01, p = .92). See Fig 3 of log-transformed current density for gamma
frequency band activity with the different regions of interest. No significant differences were
obtained for the delta, theta, alpha1, alpha2 beta1, beta2, and beta3 frequency bands.

In addition, correlation analyses were performed between the different ROIs and the VAS
measure of intensity and discomfort, as well as the DHI. There was a significant negative asso-
ciation between the right precuneus and the DHI (r = -.42, p = .03). However, no significant
associations were identified for any other ROIs with the VAS measure of intensity, the VAS
measure of discomfort, or DHI.

Functional connectivity analysis
A comparison between patients with chronic symptoms of vertigo and healthy subjects for the
functional connectivity analysis (lagged phase synchronization) yielded a significant difference
(p< .05) for the gamma frequency band (Fig 4A & 4B). In general, reduced lagged phase
coherence could be found for gamma band activity in the vestibular cortex, precuneus, frontal
eye field, intra-parietal sulcus, orbitofrontal cortex, and the dorsal anterior cingulate cortex.

Connectivity correlation analysis
A correlation analysis with brain functional connectivity and independently the VAS measure
of intensity, the VAS measure of discomfort, and DHI obtained no significant results for the
delta, theta, alpha1, alpha2 beta1, beta2, beta3, and gamma frequency bands.
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Alpha-gamma nesting and VAS measure of intensity
There was a significant positive correlation between alpha-gamma nesting for the left frontal
eye field with the VAS measure of intensity (r = .44, p = .03). No association can be identified
between alpha-gamma nesting and the right frontal eye field (r = -.15, p = .23), left vestibular
cortex (r = -.07, p = .37), right vestibular cortex (r = -.04, p = .43) and the VAS measure of
intensity (Fig 5).

Discussion
The main objective of this study was to characterize the differences in resting brain activity and
functional connectivity as measured by source analyzed EEG in patients with chronic symp-
toms of vertigo compared to healthy subjects, with data recorded in a symptom free interval,
looking for a neural signature characteristic for proneness to develop balance complaints.
Proneness to vestibular symptoms is related to increase alpha and reduced beta-gamma activity
in multiple areas of the brain, which have been linked to vestibular function. In addition, the
amount of balance symptoms (intensity) is correlated with the amount of electrical activity in
some of these areas during a free symptoms resting state. This was not the case for the amount
of discomfort perceived by the chronic symptoms of vertigo spells. The three main findings of
this study are: 1) the localization of reduced delta and gamma band activity within the left fron-
tal eye field, 2) hypoconnectivity between different vestibular brain regions, and 3) increased
nesting of alpha-gamma oscillations within the left frontal eye field. Since our recordings were
performed in the absence of a balance complaint episode, we assume that the findings demon-
strate a neural signature for chronic balance symptom proneness, and support the potential of
EEG-based measures of cortical activity and connectivity as biomarkers for chronic vestibular
symptom proneness.

Fig 3. Region of interest (ROI) analysis. A one-way MANOVA analysis of variance showed a significant difference for the left and right frontal eye field (p =
.007, p = .005), left and right precuneus (p = .00, p = .003), left and right orbitofrontal cortex (p = .004, p = .009), and the left and right dorsal anterior cingulate
cortex (p < .001). The left and right vestibular cortex, as well as the left and right intra-parietal sulcus yielded no significant effects. Error bars designate
standard errors, and a * indicate a significant difference.

doi:10.1371/journal.pone.0152309.g003
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Fig 4. Functional connectivity analysis. Functional connectivity as measured by lagged phase
synchronization for the gamma frequency band. (A) A decreased lagged phase synchronization is found for
gamma between the vestibular cortex, precuneus, frontal eye field, intra-parietal sulcus, orbitofrontal cortex,
and the dorsal anterior cingulate cortex. (B). Schematic representation of the interactions and connections
between the different region of interests.

doi:10.1371/journal.pone.0152309.g004
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Brain activity changes
Alpha activity. The comparison between resting state activity in patients with chronic

symptoms of vertigo and healthy non-vertiginous controls revealed increased alpha2 frequency
band activity in the posterior cingulate cortex extending into the precuneus/cuneus and para-
hippocampus. Recent studies have demonstrated the role of alpha activity in attentional cogni-
tive processes [56–59], so the findings of this study—increased alpha activity within the
cingulate cortex, the precuneus/cuneus and the parahippocampal area—are somehow to be
anticipated since these regions are known to be anatomically connected and presumed to play
a central role in supporting and regulating the focus of cognition, attention, consciousness, and

Fig 5. Correlation of alpha-gamma cross-frequency coupled oscillations (= nesting). A correlation of the frontal eye field (FEF), the vestibular cortex
(VC) and the visual analogue scale (VAS) measure of intensity. (A) shows a positive correlation between left FEF (lFEF) and VASmeasure of intensity (r =
.44), suggesting as nesting of alpha-gamma in the left FEF increased, measures of VAS intensity increased. There was no association between nesting of
alpha-gamma for (B) right FEF (rFEF), (C) left VC (lVC), and (D) right VC (rVC) and the VASmeasure of intensity.

doi:10.1371/journal.pone.0152309.g005
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the processing of basic visual information [60–64]. Furthermore, some evidence suggests that
alpha oscillations inhibit task-irrelevant neural representations [57, 65]. Consequently, a key
role for alpha appears to be as an attentional suppression mechanism when objects or features
need to be specifically disregarded [66]. Giving the compelling accumulation of evidences
pointing toward an active role of alpha in attention suppression and the processing of ongoing
visual information [67, 68], the observed increase in alpha activity reported in our study, could
also be a representation of an attentional disengagement action, which we hypothesize to mani-
fest a similar internal inhibitory mechanism.

Beta activity. In addition, reduced beta3 activity was obtained that was mostly localized to
the pregenual cingulate cortex, subgenual anterior cingulate cortex, and the medial orbitofron-
tal cortex in patients with chronic symptoms of vertigo. The pregenual anterior cingulate cor-
tex might be a non-specific input-suppressing area. It is part of the pain inhibitory
antinociceptive descending pathway [69, 70], which is deficient in general pain syndromes
such as fibromyalgia [71]. Furthermore, the same pregenual area is involved in suppression of
aggressive spells and is deficient in people exhibiting aggressive behavior [72]. The same area
now seems to be deficient in patients with chronic symptoms of vertigo, which might be the
vestibular analogue to other conditions such as tinnitus and pain, which share a common
underlying pathophysiology [73].

Gamma activity. A reduced activity was also shown for the gamma frequency band in the
pre-supplementary motor area extending to the frontal eye field in patients with chronic symp-
toms of vertigo. Gamma activity seems to reflect prediction error processing [74]. This could
be hypothesized to reflect changes in vestibular input that are less detected and thus less pro-
cessed by the frontal eye field. The frontal eye field and the orbitofrontal cortex are among the
brain regions involved in self-awareness, attention, and perception for all senses [75–81].

The results of the current study also show that electrophysiological changes in the posterior
insula correlate with the perceived intensity of the balance complain for all frequency bands
(i.e., delta, theta, alpha1, alpha2, beta1, beta2, beta3, and gamma). Research already suggested
that the posterior insula contains the primary vestibular cortex, as vestibular stimuli seem to
activate that region, mostly ipsilaterally [15, 82]. Accordingly, the posterior insula was consid-
ered a critical component to the experience of chronic symptoms of vertigo [83]. Our findings
are also in line with previous functional imagining studies that support parts of the insula, clus-
ters in the temporo-parietal cortex, lateral and medial premotor cortex, orbitofrontal cortex,
and the anterior cingulate were involved in a network that was asymmetrically activated in
patients with vestibular dysfunctions [15, 84–86]. Moreover, abnormal activity in the insula
and cingulate cortex was linked to emotional reaction to distress in other pathologies [87–89].
This implies that these brain regions are parts of a non-specific distress network [73, 90]. Simi-
larly, the current study demonstrates a link between chronic vestibular symptoms of vertigo
intensity and increased electrophysiological (i.e., delta, theta, alpha1, alpha2, beta1, beta2,
beta3, and gamma) activity in the insula, subgenual, and dorsal anterior cingulate cortex,
which might be suggestive of a dynamically active network, similar to that proposed in tinnitus
research [73, 90], and might correlate with different aspects of the chronic symptoms of vertigo
experience.

No correlation was found between the behavioral measures of discomfort, dizziness handi-
cap, and electrophysiological changes, with the exception of a negative correlation between the
DHI and right precuneus activity. The lack of consistency between outcomes of physiological
and behavioral measures of chronic symptoms of vertigo is somehow predictable. That is, gen-
erally poor agreement has been reported between modality-specific subjective-report of the
magnitude of the chronic symptoms of vertigo and the actual responses of objective measures
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[91, 92], suggesting their fundamental differences are analogous to what has been described in
the auditory system [93].

Relationship between alpha-gamma nesting and VAS measure of intensity. There is
evidence pointing toward the key role the posterior insula plays in the processing of sensorimo-
tor information, as it assumed to represent a main region of the human vestibular cortical net-
work [15, 94]. This was supported by the findings of this study as changes in the posterior
insula correlated with measures of intensity for all frequency bands.

As in otherwise, no systematic empirical research exists addressing the question of alpha-
gamma cross frequency coupling in relation to measure of intensity in patients with balance
complains. Furthermore, to the best of our knowledge, this study is the first to address such
relationship. Accordingly, our finding of no association between nesting of alpha-gamma and
measure of intensity for the right frontal eye field, and the left and right vestibular cortex,
although substantial, it requires further specific examination.We can only hypothesize based
on findings of recent research [95–97] that pointed toward a disassociation between vestibular
information and information provided through different sensory modalities in conditions
where the vestibular system is affected as a possible compensatory mechanism, that the
observed disconnection between the nesting of alpha-gamma in the vestibular cortex and the
VAS measure of intensity in this study, could manifest a similar mechanism.

Brain connectivity changes. The current study has found reduced functional connectivity
for gamma between the vestibular cortex, precuneus, frontal eye field, intra-parietal sulcus,
orbitofrontal cortex, and the dorsal anterior cingulate cortex. Gamma activity is known to
modulate cognitive mechanisms and has been hypothesized to support communication
between different anatomically distributed cortical areas. [98–100]. Gamma activity is usually
focally restricted [101] and waxes and wanes [99]. It has been shown that gamma is nested by
means of cross-frequency coupling with theta [54] and alpha [99, 102], both of which function
as carrier waves, binding segregated focal gamma activity into one unified percept. To examine
this, we looked at the nesting of alpha-gamma oscillations within the left and right frontal eye
field. Studies indicated that the frontal eye field is involved in visual attentional control via
modulation of alpha activity [59, 103–107]. This is a mechanism believed to be under a top-
down attentional control [108] which permits modular processes to be temporarily available to
consciousness [99]. A recent investigation demonstrated that both the left and right frontal eye
fields are causally involved in the attentional top-down control of anticipatory alpha in the
contralateral visual system [107], although an earlier study showed that the left but not the
right frontal eye field is selectively and significantly involved in short-term storage of location
[109]. In the light of these results, the left frontal eye field is implied to play a key role in short-
term memory storage of spatial position, which is not always related to eye movement so can
be considered functionally as a visual system sensory area [58, 107, 109]. The findings of the
current study demonstrate increased alpha-gamma oscillations within the left frontal eye field,
which is supported by findings of previous investigations showing that alpha activity provides
a clocking mechanism which controls neural processing reflected by activity in the gamma
band, creating a sequence of perceptual cycles [58, 62, 110], as perception is linked to various
visual illusions created by rhythmic oscillatory modulation of alpha activity [111–113]. More-
over, it was suggested that the visual system is inhibited during most of the alpha cycle, whereas
a burst of gamma activity at a specific alpha phase reflects a window of excitability [59]. To that
extent, alpha oscillations have been proposed to represent functional inhibition of the human
visual system [110], providing a mechanism for prioritizing and ordering unattended visual
input based on their relevance, whereas gamma oscillations keep opposing unattended repre-
sentations apart in time [58]. This type of increased alpha-gamma oscillation will be part of a
compensating mechanism of the brain-reduced aptitude to localize the self in space and
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context. As a result, the system heightens visual attention to establish a better percept of the
individual contextual localization of his/her surroundings.

Conclusion
The finding of this study hypothesize that chronic symptoms of vertigo might be related to
altered brain activity in widespread vestibular areas associated with hypoconnectivity and is
also possibly linked to deficient vestibular suppression. Furthermore, increased alpha-gamma
nesting is likely part of a compensatory mechanism as the brain attempts to form a better con-
textual localization of the individual surrounding when perception to context and space seem
to decline.

Author Contributions
Performed the experiments: JO RV CB. Analyzed the data: OA JO DDR SV. Wrote the paper:
OA DDR SV. Collected the data: RV CB.

References
1. Brandt T, Dieterich M, Danek A. Vestibular cortex lesions affect the perception of verticality. Ann Neu-

rol. 1994; 35(4):403–12. PMID: 8154866.

2. Brandt T, Strupp M, Dieterich M. Five keys for diagnosing most vertigo, dizziness, and imbalance syn-
dromes: an expert opinion. Journal of neurology. 2014; 261(1):229–31. doi: 10.1007/s00415-013-
7190-x PMID: 24292642.

3. Neuhauser HK, Radtke A, von Brevern M, Lezius F, Feldmann M, Lempert T. Burden of dizziness and
vertigo in the community. Archives of internal medicine. 2008; 168(19):2118–24. doi: 10.1001/
archinte.168.19.2118 PMID: 18955641.

4. Neuhauser HK. Epidemiology of vertigo. Current opinion in neurology. 2007; 20(1):40–6. doi: 10.
1097/WCO.0b013e328013f432 PMID: 17215687.

5. Neuhauser HK, von Brevern M, Radtke A, Lezius F, Feldmann M, Ziese T, et al. Epidemiology of ves-
tibular vertigo: a neurotologic survey of the general population. Neurology. 2005; 65(6):898–904. doi:
10.1212/01.wnl.0000175987.59991.3d PMID: 16186531.

6. Obermann M, Bock E, Sabev N, Lehmann N, Weber R, Gerwig M, et al. Long-term outcome of vertigo
and dizziness associated disorders following treatment in specialized tertiary care: the Dizziness and
Vertigo Registry (DiVeR) Study. Journal of neurology. 2015. doi: 10.1007/s00415-015-7803-7 PMID:
26092518.

7. Hannaford PC, Simpson JA, Bisset AF, Davis A, McKerrowW, Mills R. The prevalence of ear, nose
and throat problems in the community: results from a national cross-sectional postal survey in Scot-
land. Family practice. 2005; 22(3):227–33. doi: 10.1093/fampra/cmi004 PMID: 15772117.

8. Kroenke K, Price RK. Symptoms in the community. Prevalence, classification, and psychiatric comor-
bidity. Archives of internal medicine. 1993; 153(21):2474–80. PMID: 8215752.

9. Agrawal Y, Carey JP, Della Santina CC, Schubert MC, Minor LB. Disorders of balance and vestibular
function in US adults: data from the National Health and Nutrition Examination Survey, 2001–2004.
Archives of internal medicine. 2009; 169(10):938–44. doi: 10.1001/archinternmed.2009.66 PMID:
19468085.

10. Fife TD, Iverson DJ, Lempert T, Furman JM, Baloh RW, Tusa RJ, et al. Practice parameter: therapies
for benign paroxysmal positional vertigo (an evidence-based review): report of the Quality Standards
Subcommittee of the American Academy of Neurology. Neurology. 2008; 70(22):2067–74. doi: 10.
1212/01.wnl.0000313378.77444.ac PMID: 18505980.

11. Tuunainen E, Jantti P, Poe D, Rasku J, Toppila E, Pyykko I. Characterization of presbyequilibrium
among institutionalized elderly persons. Auris, nasus, larynx. 2012; 39(6):577–82. doi: 10.1016/j.anl.
2011.12.004 PMID: 22365269.

12. Piker EG, Jacobson GP. Self-report symptoms differ between younger and older dizzy patients. Otol-
ogy & neurotology: official publication of the American Otological Society, American Neurotology
Society [and] European Academy of Otology and Neurotology. 2014; 35(5):873–9. doi: 10.1097/
MAO.0000000000000391 PMID: 24759419.

13. Angelaki DE, Cullen KE. Vestibular system: the many facets of a multimodal sense. Annual review of
neuroscience. 2008; 31:125–50. doi: 10.1146/annurev.neuro.31.060407.125555 PMID: 18338968.

Neural Correlates of Chronic Symptoms of Vertigo

PLOS ONE | DOI:10.1371/journal.pone.0152309 April 18, 2016 15 / 20

http://www.ncbi.nlm.nih.gov/pubmed/8154866
http://dx.doi.org/10.1007/s00415-013-7190-x
http://dx.doi.org/10.1007/s00415-013-7190-x
http://www.ncbi.nlm.nih.gov/pubmed/24292642
http://dx.doi.org/10.1001/archinte.168.19.2118
http://dx.doi.org/10.1001/archinte.168.19.2118
http://www.ncbi.nlm.nih.gov/pubmed/18955641
http://dx.doi.org/10.1097/WCO.0b013e328013f432
http://dx.doi.org/10.1097/WCO.0b013e328013f432
http://www.ncbi.nlm.nih.gov/pubmed/17215687
http://dx.doi.org/10.1212/01.wnl.0000175987.59991.3d
http://www.ncbi.nlm.nih.gov/pubmed/16186531
http://dx.doi.org/10.1007/s00415-015-7803-7
http://www.ncbi.nlm.nih.gov/pubmed/26092518
http://dx.doi.org/10.1093/fampra/cmi004
http://www.ncbi.nlm.nih.gov/pubmed/15772117
http://www.ncbi.nlm.nih.gov/pubmed/8215752
http://dx.doi.org/10.1001/archinternmed.2009.66
http://www.ncbi.nlm.nih.gov/pubmed/19468085
http://dx.doi.org/10.1212/01.wnl.0000313378.77444.ac
http://dx.doi.org/10.1212/01.wnl.0000313378.77444.ac
http://www.ncbi.nlm.nih.gov/pubmed/18505980
http://dx.doi.org/10.1016/j.anl.2011.12.004
http://dx.doi.org/10.1016/j.anl.2011.12.004
http://www.ncbi.nlm.nih.gov/pubmed/22365269
http://dx.doi.org/10.1097/MAO.0000000000000391
http://dx.doi.org/10.1097/MAO.0000000000000391
http://www.ncbi.nlm.nih.gov/pubmed/24759419
http://dx.doi.org/10.1146/annurev.neuro.31.060407.125555
http://www.ncbi.nlm.nih.gov/pubmed/18338968


14. Dieterich M, Brandt T. The bilateral central vestibular system: its pathways, functions, and disorders.
Ann N Y Acad Sci. 2015; 1343:10–26. doi: 10.1111/nyas.12585 PMID: 25581203.

15. Dieterich M, Bense S, Lutz S, Drzezga A, Stephan T, Bartenstein P, et al. Dominance for vestibular
cortical function in the non-dominant hemisphere. Cerebral cortex. 2003; 13(9):994–1007. PMID:
12902399.

16. Lopez C, Blanke O, Mast FW. The human vestibular cortex revealed by coordinate-based activation
likelihood estimation meta-analysis. Neuroscience. 2012; 212:159–79. doi: 10.1016/j.neuroscience.
2012.03.028 PMID: 22516007.

17. Eickhoff SB, Weiss PH, Amunts K, Fink GR, Zilles K. Identifying human parieto-insular vestibular cor-
tex using fMRI and cytoarchitectonic mapping. Human brain mapping. 2006; 27(7):611–21. doi: 10.
1002/hbm.20205 PMID: 16281284.

18. Bense S, Stephan T, Yousry TA, Brandt T, Dieterich M. Multisensory cortical signal increases and
decreases during vestibular galvanic stimulation (fMRI). Journal of neurophysiology. 2001; 85
(2):886–99. PMID: 11160520.

19. Schlindwein P, Mueller M, Bauermann T, Brandt T, Stoeter P, Dieterich M. Cortical representation of
saccular vestibular stimulation: VEMPs in fMRI. NeuroImage. 2008; 39(1):19–31. doi: 10.1016/j.
neuroimage.2007.08.016 PMID: 17919936.

20. Suzuki M, Kitano H, Ito R, Kitanishi T, Yazawa Y, Ogawa T, et al. Cortical and subcortical vestibular
response to caloric stimulation detected by functional magnetic resonance imaging. Brain research
Cognitive brain research. 2001; 12(3):441–9. PMID: 11689304.

21. Lopez C, Blanke O. The thalamocortical vestibular system in animals and humans. Brain Res Rev.
2011; 67(1–2):119–46. doi: 10.1016/j.brainresrev.2010.12.002 PMID: 21223979.

22. zu Eulenburg P, Caspers S, Roski C, Eickhoff SB. Meta-analytical definition and functional connectiv-
ity of the human vestibular cortex. NeuroImage. 2012; 60(1):162–9. doi: 10.1016/j.neuroimage.2011.
12.032 PMID: 22209784.

23. Kirsch V, Keeser D, Hergenroeder T, Erat O, Ertl-Wagner B, Brandt T, et al. Structural and functional
connectivity mapping of the vestibular circuitry from human brainstem to cortex. Brain Struct Funct.
2015. doi: 10.1007/s00429-014-0971-x PMID: 25552315.

24. Brandt T, Dieterich M. Vestibular syndromes in the roll plane: topographic diagnosis from brainstem to
cortex. Annals of neurology. 1994; 36(3):337–47. doi: 10.1002/ana.410360304 PMID: 8080241.

25. Dieterich M, Brandt T. Functional brain imaging of peripheral and central vestibular disorders. Brain: a
journal of neurology. 2008; 131(Pt 10):2538–52. doi: 10.1093/brain/awn042 PMID: 18515323.

26. Fasold O, von Brevern M, Kuhberg M, Ploner CJ, Villringer A, Lempert T, et al. Human vestibular cor-
tex as identified with caloric stimulation in functional magnetic resonance imaging. NeuroImage.
2002; 17(3):1384–93. PMID: 12414278.

27. Dieterich M. Functional brain imaging: a window into the visuo-vestibular systems. Current opinion in
neurology. 2007; 20(1):12–8. doi: 10.1097/WCO.0b013e328013f854 PMID: 17215683.

28. Emri M, Kisely M, Lengyel Z, Balkay L, Marian T, Miko L, et al. Cortical projection of peripheral vestibu-
lar signaling. Journal of neurophysiology. 2003; 89(5):2639–46. doi: 10.1152/jn.00599.2002 PMID:
12740408.

29. Grusser OJ, Pause M, Schreiter U. Localization and responses of neurones in the parieto-insular ves-
tibular cortex of awake monkeys (Macaca fascicularis). The Journal of physiology. 1990; 430:537–57.
PMID: 2086773; PubMed Central PMCID: PMC1181752.

30. Grusser OJ, Pause M, Schreiter U. Vestibular neurones in the parieto-insular cortex of monkeys
(Macaca fascicularis): visual and neck receptor responses. The Journal of physiology. 1990;
430:559–83. PMID: 2086774; PubMed Central PMCID: PMC1181753.

31. Buttner-Ennever JA. Patterns of connectivity in the vestibular nuclei. Annals of the New York Acad-
emy of Sciences. 1992; 656:363–78. PMID: 1599156.

32. Buttner-Ennever JA. A review of otolith pathways to brainstem and cerebellum. Annals of the New
York Academy of Sciences. 1999; 871:51–64. PMID: 10372062.

33. Dannenbaum E, Chilingaryan G, Fung J. Visual vertigo analogue scale: an assessment questionnaire
for visual vertigo. Journal of vestibular research: equilibrium & orientation. 2011; 21(3):153–9. doi: 10.
3233/VES-2011-0412 PMID: 21558640.

34. Adamchic I, Langguth B, Hauptmann C, Tass PA. Psychometric evaluation of visual analog scale for
the assessment of chronic tinnitus. American journal of audiology. 2012; 21(2):215–25. doi: 10.1044/
1059-0889(2012/12-0010) PMID: 22846637.

35. Perez N, Garmendia I, Garcia-Granero M, Martin E, Garcia-Tapia R. Factor analysis and correlation
between Dizziness Handicap Inventory and Dizziness Characteristics and Impact on Quality of Life
scales. Acta oto-laryngologica Supplementum. 2001; 545:145–54. PMID: 11677730.

Neural Correlates of Chronic Symptoms of Vertigo

PLOS ONE | DOI:10.1371/journal.pone.0152309 April 18, 2016 16 / 20

http://dx.doi.org/10.1111/nyas.12585
http://www.ncbi.nlm.nih.gov/pubmed/25581203
http://www.ncbi.nlm.nih.gov/pubmed/12902399
http://dx.doi.org/10.1016/j.neuroscience.2012.03.028
http://dx.doi.org/10.1016/j.neuroscience.2012.03.028
http://www.ncbi.nlm.nih.gov/pubmed/22516007
http://dx.doi.org/10.1002/hbm.20205
http://dx.doi.org/10.1002/hbm.20205
http://www.ncbi.nlm.nih.gov/pubmed/16281284
http://www.ncbi.nlm.nih.gov/pubmed/11160520
http://dx.doi.org/10.1016/j.neuroimage.2007.08.016
http://dx.doi.org/10.1016/j.neuroimage.2007.08.016
http://www.ncbi.nlm.nih.gov/pubmed/17919936
http://www.ncbi.nlm.nih.gov/pubmed/11689304
http://dx.doi.org/10.1016/j.brainresrev.2010.12.002
http://www.ncbi.nlm.nih.gov/pubmed/21223979
http://dx.doi.org/10.1016/j.neuroimage.2011.12.032
http://dx.doi.org/10.1016/j.neuroimage.2011.12.032
http://www.ncbi.nlm.nih.gov/pubmed/22209784
http://dx.doi.org/10.1007/s00429-014-0971-x
http://www.ncbi.nlm.nih.gov/pubmed/25552315
http://dx.doi.org/10.1002/ana.410360304
http://www.ncbi.nlm.nih.gov/pubmed/8080241
http://dx.doi.org/10.1093/brain/awn042
http://www.ncbi.nlm.nih.gov/pubmed/18515323
http://www.ncbi.nlm.nih.gov/pubmed/12414278
http://dx.doi.org/10.1097/WCO.0b013e328013f854
http://www.ncbi.nlm.nih.gov/pubmed/17215683
http://dx.doi.org/10.1152/jn.00599.2002
http://www.ncbi.nlm.nih.gov/pubmed/12740408
http://www.ncbi.nlm.nih.gov/pubmed/2086773
http://www.ncbi.nlm.nih.gov/pubmed/2086774
http://www.ncbi.nlm.nih.gov/pubmed/1599156
http://www.ncbi.nlm.nih.gov/pubmed/10372062
http://dx.doi.org/10.3233/VES-2011-0412
http://dx.doi.org/10.3233/VES-2011-0412
http://www.ncbi.nlm.nih.gov/pubmed/21558640
http://dx.doi.org/10.1044/1059-0889(2012/12-0010)
http://dx.doi.org/10.1044/1059-0889(2012/12-0010)
http://www.ncbi.nlm.nih.gov/pubmed/22846637
http://www.ncbi.nlm.nih.gov/pubmed/11677730


36. Zigmond AS, Snaith RP. The hospital anxiety and depression scale. Acta psychiatrica Scandinavica.
1983; 67(6):361–70. PMID: 6880820.

37. Papathanasiou ES, Murofushi T, Akin FW, Colebatch JG. International guidelines for the clinical appli-
cation of cervical vestibular evoked myogenic potentials: an expert consensus report. Clinical neuro-
physiology: official journal of the International Federation of Clinical Neurophysiology. 2014; 125
(4):658–66. doi: 10.1016/j.clinph.2013.11.042 PMID: 24513390.

38. Wuyts FL, Furman J, Vanspauwen R, Van de Heyning P. Vestibular function testing. Current opinion
in neurology. 2007; 20(1):19–24. doi: 10.1097/WCO.0b013e3280140808 PMID: 17215684.

39. Stewart MG, Chen AY, Wyatt JR, Favrot S, Beinart S, Coker NJ, et al. Cost-effectiveness of the diag-
nostic evaluation of vertigo. The Laryngoscope. 1999; 109(4):600–5. doi: 10.1097/00005537-
199904000-00015 PMID: 10201748.

40. van Doorn P, Folgering H, Colla P. Control of the end-tidal PCO2 in the hyperventilation syndrome:
effects of biofeedback and breathing instructions compared. Bulletin europeen de physiopathologie
respiratoire. 1982; 18(6):829–36. PMID: 6821472.

41. Congedo M. EureKa! (Version 3.0) [Computer Software]. Knoxville, TN: NovaTech EEG Inc. Free-
ware available at http://www.novatecheeg/. 2002.

42. Vanneste S, De Ridder D. The Use of Alcohol as a Moderator for Tinnitus-Related Distress. Brain
topography. 2011. Epub 2011/06/29. doi: 10.1007/s10548-011-0191-0 PMID: 21710223.

43. Vanneste S, Plazier M, van der Loo E, Van de Heyning P, De Ridder D. The differences in brain activ-
ity between narrow band noise and pure tone tinnitus. PloS one. 2010; 5(10):e13618. doi: 10.1371/
journal.pone.0013618 PMID: 21048975; PubMed Central PMCID: PMC2965106.

44. Vanneste S, Plazier M, van der Loo E, Van de Heyning P, De Ridder D. The difference between uni-
and bilateral auditory phantom percept. Clin Neurophysiol. 2011; 122(3):578–87. doi: 10.1016/j.
clinph.2010.07.022 PMID: 20801079.

45. Vanneste S, van de Heyning P, De Ridder D. The neural network of phantom sound changes over
time: a comparison between recent-onset and chronic tinnitus patients. The European journal of neu-
roscience. 2011; 34(5):718–31. doi: 10.1111/j.1460-9568.2011.07793.x PMID: 21848924.

46. Pascual-Marqui RD. Standardized low-resolution brain electromagnetic tomography (sLORETA):
technical details. Methods and findings in experimental and clinical pharmacology. 2002; 24 Suppl
D:5–12. PMID: 12575463.

47. Jurcak V, Tsuzuki D, Dan I. 10/20, 10/10, and 10/5 systems revisited: their validity as relative head-
surface-based positioning systems. NeuroImage. 2007; 34(4):1600–11. doi: 10.1016/j.neuroimage.
2006.09.024 PMID: 17207640.

48. Fuchs M, Kastner J, Wagner M, Hawes S, Ebersole JS. A standardized boundary element method
volume conductor model. Clinical neurophysiology: official journal of the International Federation of
Clinical Neurophysiology. 2002; 113(5):702–12. PMID: 11976050.

49. Lancaster JL, Woldorff MG, Parsons LM, Liotti M, Freitas CS, Rainey L, et al. Automated Talairach
atlas labels for functional brain mapping. Human brain mapping. 2000; 10(3):120–31. PMID:
10912591.

50. Pascual-Marqui R. Instantaneous and lagged measurements of linear and nonlinear dependence
between groups of multivariate time series: frequency decomposition: http://arxiv.org/abs/0711.1455;
2007.

51. Pascual-Marqui R. Discrete, 3D distributed, linear imaging methods of electric neuronal activity. Part
1: exact, zero error localization: (http://arxiv.org/abs/0710.3341; 2007.

52. Kluge M, Beyenburg S, Fernandez G, Elger CE. Epileptic vertigo: evidence for vestibular representa-
tion in human frontal cortex. Neurology. 2000; 55(12):1906–8. PMID: 11134394.

53. Bottini G, Sterzi R, Paulesu E, Vallar G, Cappa SF, Erminio F, et al. Identification of the central vestib-
ular projections in man: a positron emission tomography activation study. Experimental brain
research. 1994; 99(1):164–9. PMID: 7925790.

54. Canolty RT, Edwards E, Dalal SS, Soltani M, Nagarajan SS, Kirsch HE, et al. High gamma power is
phase-locked to theta oscillations in human neocortex. Science. 2006; 313(5793):1626–8. doi: 10.
1126/science.1128115 PMID: 16973878; PubMed Central PMCID: PMC2628289.

55. Nichols TE, Holmes AP. Nonparametric permutation tests for functional neuroimaging: a primer with
examples. Human brain mapping. 2002; 15(1):1–25. PMID: 11747097.

56. Yamagishi N, Anderson SJ. The relationship between self-awareness of attentional status, behavioral
performance and oscillatory brain rhythms. PloS one. 2013; 8(9):e74962. doi: 10.1371/journal.pone.
0074962 PMID: 24069368; PubMed Central PMCID: PMC3775752.

Neural Correlates of Chronic Symptoms of Vertigo

PLOS ONE | DOI:10.1371/journal.pone.0152309 April 18, 2016 17 / 20

http://www.ncbi.nlm.nih.gov/pubmed/6880820
http://dx.doi.org/10.1016/j.clinph.2013.11.042
http://www.ncbi.nlm.nih.gov/pubmed/24513390
http://dx.doi.org/10.1097/WCO.0b013e3280140808
http://www.ncbi.nlm.nih.gov/pubmed/17215684
http://dx.doi.org/10.1097/00005537-199904000-00015
http://dx.doi.org/10.1097/00005537-199904000-00015
http://www.ncbi.nlm.nih.gov/pubmed/10201748
http://www.ncbi.nlm.nih.gov/pubmed/6821472
http://www.novatecheeg/
http://dx.doi.org/10.1007/s10548-011-0191-0
http://www.ncbi.nlm.nih.gov/pubmed/21710223
http://dx.doi.org/10.1371/journal.pone.0013618
http://dx.doi.org/10.1371/journal.pone.0013618
http://www.ncbi.nlm.nih.gov/pubmed/21048975
http://dx.doi.org/10.1016/j.clinph.2010.07.022
http://dx.doi.org/10.1016/j.clinph.2010.07.022
http://www.ncbi.nlm.nih.gov/pubmed/20801079
http://dx.doi.org/10.1111/j.1460-9568.2011.07793.x
http://www.ncbi.nlm.nih.gov/pubmed/21848924
http://www.ncbi.nlm.nih.gov/pubmed/12575463
http://dx.doi.org/10.1016/j.neuroimage.2006.09.024
http://dx.doi.org/10.1016/j.neuroimage.2006.09.024
http://www.ncbi.nlm.nih.gov/pubmed/17207640
http://www.ncbi.nlm.nih.gov/pubmed/11976050
http://www.ncbi.nlm.nih.gov/pubmed/10912591
http://arxiv.org/abs/0711.1455
http://arxiv.org/abs/0710.3341
http://www.ncbi.nlm.nih.gov/pubmed/11134394
http://www.ncbi.nlm.nih.gov/pubmed/7925790
http://dx.doi.org/10.1126/science.1128115
http://dx.doi.org/10.1126/science.1128115
http://www.ncbi.nlm.nih.gov/pubmed/16973878
http://www.ncbi.nlm.nih.gov/pubmed/11747097
http://dx.doi.org/10.1371/journal.pone.0074962
http://dx.doi.org/10.1371/journal.pone.0074962
http://www.ncbi.nlm.nih.gov/pubmed/24069368


57. Zanto TP, Rubens MT, Thangavel A, Gazzaley A. Causal role of the prefrontal cortex in top-down
modulation of visual processing and working memory. Nature neuroscience. 2011; 14(5):656–61. doi:
10.1038/nn.2773 PMID: 21441920; PubMed Central PMCID: PMC3083493.

58. Jensen O, Bonnefond M, VanRullen R. An oscillatory mechanism for prioritizing salient unattended
stimuli. Trends in cognitive sciences. 2012; 16(4):200–6. doi: 10.1016/j.tics.2012.03.002 PMID:
22436764.

59. Osipova D, Hermes D, Jensen O. Gamma power is phase-locked to posterior alpha activity. PloS
one. 2008; 3(12):e3990. doi: 10.1371/journal.pone.0003990 PMID: 19098986; PubMed Central
PMCID: PMC2602598.

60. Nunez PL, Wingeier BM, Silberstein RB. Spatial-temporal structures of human alpha rhythms: theory,
microcurrent sources, multiscale measurements, and global binding of local networks. Human brain
mapping. 2001; 13(3):125–64. PMID: 11376500.

61. Thut G, Miniussi C, Gross J. The functional importance of rhythmic activity in the brain. Current biol-
ogy: CB. 2012; 22(16):R658–63. doi: 10.1016/j.cub.2012.06.061 PMID: 22917517.

62. Jensen O, Mazaheri A. Shaping functional architecture by oscillatory alpha activity: gating by inhibi-
tion. Frontiers in human neuroscience. 2010; 4:186. doi: 10.3389/fnhum.2010.00186 PMID:
21119777; PubMed Central PMCID: PMC2990626.

63. Voytek B, Canolty RT, Shestyuk A, Crone NE, Parvizi J, Knight RT. Shifts in gamma phase-amplitude
coupling frequency from theta to alpha over posterior cortex during visual tasks. Frontiers in human
neuroscience. 2010; 4:191. doi: 10.3389/fnhum.2010.00191 PMID: 21060716; PubMed Central
PMCID: PMC2972699.

64. Vanni S, Tanskanen T, Seppa M, Uutela K, Hari R. Coinciding early activation of the human primary
visual cortex and anteromedial cuneus. Proceedings of the National Academy of Sciences of the
United States of America. 2001; 98(5):2776–80. doi: 10.1073/pnas.041600898 PMID: 11226316;
PubMed Central PMCID: PMC30215.

65. Wang C, Rajagovindan R, Han SM, Ding M. Top-Down Control of Visual Alpha Oscillations: Sources
of Control Signals and Their Mechanisms of Action. Frontiers in human neuroscience. 2016; 10:15.
doi: 10.3389/fnhum.2016.00015 PMID: 26834601; PubMed Central PMCID: PMC4718979.

66. Foxe JJ, Snyder AC. The Role of Alpha-Band Brain Oscillations as a Sensory Suppression Mecha-
nism during Selective Attention. Frontiers in psychology. 2011; 2:154. doi: 10.3389/fpsyg.2011.00154
PMID: 21779269; PubMed Central PMCID: PMC3132683.

67. KlimeschW, Doppelmayr M, Russegger H, Pachinger T, Schwaiger J. Induced alpha band power
changes in the human EEG and attention. Neuroscience letters. 1998; 244(2):73–6. PMID: 9572588.

68. Compston A. The Berger rhythm: potential changes from the occipital lobes in man. Brain: a journal of
neurology. 2010; 133(Pt 1):3–6. PMID: 20058345.

69. Kong J, Loggia ML, Zyloney C, Tu P, Laviolette P, Gollub RL. Exploring the brain in pain: activations,
deactivations and their relation. Pain. 2010; 148(2):257–67. Epub 2009/12/17. S0304-3959(09)
00668-X [pii] doi: 10.1016/j.pain.2009.11.008 PMID: 20005043; PubMed Central PMCID:
PMC2815185.

70. Fields H. State-dependent opioid control of pain. Nat Rev Neurosci. 2004; 5(7):565–75. Epub 2004/
06/23. doi: 10.1038/nrn1431 [pii]. PMID: 15208698.

71. Jensen KB, Srinivasan P, Spaeth R, Tan Y, Kosek E, Petzke F, et al. Overlapping structural and func-
tional brain changes in patients with long-term exposure to fibromyalgia pain. Arthritis and rheuma-
tism. 2013; 65(12):3293–303. doi: 10.1002/art.38170 PMID: 23982850; PubMed Central PMCID:
PMC3984030.

72. Buckholtz JW, Meyer-Lindenberg A. MAOA and the neurogenetic architecture of human aggression.
Trends Neurosci. 2008; 31(3):120–9. doi: 10.1016/j.tins.2007.12.006 PMID: 18258310.

73. De Ridder D, Elgoyhen AB, Romo R, Langguth B. Phantom percepts: tinnitus and pain as persisting
aversive memory networks. Proc Natl Acad Sci U S A. 2011; 108(20):8075–80. Epub 2011/04/20.
1018466108 [pii] doi: 10.1073/pnas.1018466108 PMID: 21502503; PubMed Central PMCID:
PMC3100980.

74. Arnal LH, Giraud AL. Cortical oscillations and sensory predictions. Trends Cogn Sci. 2012; 16
(7):390–8. doi: 10.1016/j.tics.2012.05.003 PMID: 22682813.

75. Shany-Ur T, Lin N, Rosen HJ, Sollberger M, Miller BL, Rankin KP. Self-awareness in neurodegenera-
tive disease relies on neural structures mediating reward-driven attention. Brain: a journal of neurol-
ogy. 2014; 137(Pt 8):2368–81. doi: 10.1093/brain/awu161 PMID: 24951639; PubMed Central
PMCID: PMC4107746.

Neural Correlates of Chronic Symptoms of Vertigo

PLOS ONE | DOI:10.1371/journal.pone.0152309 April 18, 2016 18 / 20

http://dx.doi.org/10.1038/nn.2773
http://www.ncbi.nlm.nih.gov/pubmed/21441920
http://dx.doi.org/10.1016/j.tics.2012.03.002
http://www.ncbi.nlm.nih.gov/pubmed/22436764
http://dx.doi.org/10.1371/journal.pone.0003990
http://www.ncbi.nlm.nih.gov/pubmed/19098986
http://www.ncbi.nlm.nih.gov/pubmed/11376500
http://dx.doi.org/10.1016/j.cub.2012.06.061
http://www.ncbi.nlm.nih.gov/pubmed/22917517
http://dx.doi.org/10.3389/fnhum.2010.00186
http://www.ncbi.nlm.nih.gov/pubmed/21119777
http://dx.doi.org/10.3389/fnhum.2010.00191
http://www.ncbi.nlm.nih.gov/pubmed/21060716
http://dx.doi.org/10.1073/pnas.041600898
http://www.ncbi.nlm.nih.gov/pubmed/11226316
http://dx.doi.org/10.3389/fnhum.2016.00015
http://www.ncbi.nlm.nih.gov/pubmed/26834601
http://dx.doi.org/10.3389/fpsyg.2011.00154
http://www.ncbi.nlm.nih.gov/pubmed/21779269
http://www.ncbi.nlm.nih.gov/pubmed/9572588
http://www.ncbi.nlm.nih.gov/pubmed/20058345
http://dx.doi.org/10.1016/j.pain.2009.11.008
http://www.ncbi.nlm.nih.gov/pubmed/20005043
http://dx.doi.org/10.1038/nrn1431
http://www.ncbi.nlm.nih.gov/pubmed/15208698
http://dx.doi.org/10.1002/art.38170
http://www.ncbi.nlm.nih.gov/pubmed/23982850
http://dx.doi.org/10.1016/j.tins.2007.12.006
http://www.ncbi.nlm.nih.gov/pubmed/18258310
http://dx.doi.org/10.1073/pnas.1018466108
http://www.ncbi.nlm.nih.gov/pubmed/21502503
http://dx.doi.org/10.1016/j.tics.2012.05.003
http://www.ncbi.nlm.nih.gov/pubmed/22682813
http://dx.doi.org/10.1093/brain/awu161
http://www.ncbi.nlm.nih.gov/pubmed/24951639


76. WuQ, Chang CF, Xi S, Huang IW, Liu Z, Juan CH, et al. A critical role of temporoparietal junction in
the integration of top-down and bottom-up attentional control. Human brain mapping. 2015. doi: 10.
1002/hbm.22919 PMID: 26308973.

77. Kringelbach ML. The human orbitofrontal cortex: linking reward to hedonic experience. Nat Rev Neu-
rosci. 2005; 6(9):691–702. Epub 2005/09/02. nrn1747 [pii] doi: 10.1038/nrn1747 PMID: 16136173.

78. Berlin HA, Rolls ET, Kischka U. Impulsivity, time perception, emotion and reinforcement sensitivity in
patients with orbitofrontal cortex lesions. Brain: a journal of neurology. 2004; 127(Pt 5):1108–26. doi:
10.1093/brain/awh135 PMID: 14985269.

79. Bechara A, Damasio H, Damasio AR. Emotion, decision making and the orbitofrontal cortex. Cerebral
cortex. 2000; 10(3):295–307. PMID: 10731224.

80. Grosbras MH, Paus T. Transcranial magnetic stimulation of the human frontal eye field: effects on
visual perception and attention. Journal of cognitive neuroscience. 2002; 14(7):1109–20. doi: 10.
1162/089892902320474553 PMID: 12419133.

81. Thompson KG, Bichot NP. A visual salience map in the primate frontal eye field. Progress in brain
research. 2005; 147:251–62. doi: 10.1016/S0079-6123(04)47019-8 PMID: 15581711.

82. Dieterich M, Brandt T. Vestibular system: anatomy and functional magnetic resonance imaging. Neu-
roimaging clinics of North America. 2001; 11(2):263–73, ix. PMID: 11489739.

83. Augustine JR. The insular lobe in primates including humans. Neurological research. 1985; 7(1):2–
10. PMID: 2860583.

84. deWaele C, Baudonniere PM, Lepecq JC, Tran Ba Huy P, Vidal PP. Vestibular projections in the
human cortex. Experimental brain research. 2001; 141(4):541–51. doi: 10.1007/s00221-001-0894-7
PMID: 11810147.

85. Balaban CD, Jacob RG, Furman JM. Neurologic bases for comorbidity of balance disorders, anxiety
disorders and migraine: neurotherapeutic implications. Expert review of neurotherapeutics. 2011; 11
(3):379–94. doi: 10.1586/ern.11.19 PMID: 21375443; PubMed Central PMCID: PMC3107725.

86. Miyamoto T, Fukushima K, Takada T, deWaele C, Vidal PP. Saccular stimulation of the human cor-
tex: a functional magnetic resonance imaging study. Neuroscience letters. 2007; 423(1):68–72. doi:
10.1016/j.neulet.2007.06.036 PMID: 17662530.

87. De Ridder D, Vanneste S, Congedo M. The distressed brain: a group blind source separation analysis
on tinnitus. PloS one. 2011; 6(10):e24273. doi: 10.1371/journal.pone.0024273 PMID: 21998628;
PubMed Central PMCID: PMC3188549.

88. Vanneste S, Plazier M, der Loo E, de Heyning PV, Congedo M, De Ridder D. The neural correlates of
tinnitus-related distress. NeuroImage. 2010; 52(2):470–80. doi: 10.1016/j.neuroimage.2010.04.029
PMID: 20417285.

89. Mirz F, Pedersen B, Ishizu K, Johannsen P, Ovesen T, Stodkilde-Jorgensen H, et al. Positron emis-
sion tomography of cortical centers of tinnitus. Hearing research. 1999; 134(1–2):133–44. PMID:
10452383.

90. Vanneste S, De Ridder D. Stress-Related Functional Connectivity Changes Between Auditory Cortex
and Cingulate in Tinnitus. Brain connectivity. 2015; 5(6):371–83. doi: 10.1089/brain.2014.0255 PMID:
25611454.

91. Fong E, Li C, Aslakson R, Agrawal Y. Systematic review of patient-reported outcomemeasures in
clinical vestibular research. Archives of physical medicine and rehabilitation. 2015; 96(2):357–65. doi:
10.1016/j.apmr.2014.09.017 PMID: 25305629; PubMed Central PMCID: PMC4306632.

92. Meli A, Zimatore G, Badaracco C, De Angelis E, Tufarelli D. Vestibular rehabilitation and 6-month fol-
low-up using objective and subjective measures. Acta oto-laryngologica. 2006; 126(3):259–66. doi:
10.1080/00016480500388885 PMID: 16618651.

93. De Ridder D, Congedo M, Vanneste S. The neural correlates of subjectively perceived and passively
matched loudness perception in auditory phantom perception. Brain Behav. 2015:e00331. doi: 10.
1002/brb3.331 PMID: 25874164; PubMed Central PMCID: PMC4389054.

94. Baier B, Zu Eulenburg P, Best C, Geber C, Muller-Forell W, Birklein F, et al. Posterior insular cortex—
a site of vestibular-somatosensory interaction? Brain and behavior. 2013; 3(5):519–24. doi: 10.1002/
brb3.155 PMID: 24392273; PubMed Central PMCID: PMC3869980.

95. Gottlich M, Jandl NM, Wojak JF, Sprenger A, der Gablentz J, Munte TF, et al. Altered resting-state
functional connectivity in patients with chronic bilateral vestibular failure. NeuroImage Clinical. 2014;
4:488–99. doi: 10.1016/j.nicl.2014.03.003 PMID: 24818075; PubMed Central PMCID: PMC3984447.

96. Klingner CM, Volk GF, Brodoehl S, Witte OW, Guntinas-Lichius O. Disrupted functional connectivity
of the default mode network due to acute vestibular deficit. NeuroImage Clinical. 2014; 6:109–14. doi:
10.1016/j.nicl.2014.08.022 PMID: 25379422; PubMed Central PMCID: PMC4215422.

Neural Correlates of Chronic Symptoms of Vertigo

PLOS ONE | DOI:10.1371/journal.pone.0152309 April 18, 2016 19 / 20

http://dx.doi.org/10.1002/hbm.22919
http://dx.doi.org/10.1002/hbm.22919
http://www.ncbi.nlm.nih.gov/pubmed/26308973
http://dx.doi.org/10.1038/nrn1747
http://www.ncbi.nlm.nih.gov/pubmed/16136173
http://dx.doi.org/10.1093/brain/awh135
http://www.ncbi.nlm.nih.gov/pubmed/14985269
http://www.ncbi.nlm.nih.gov/pubmed/10731224
http://dx.doi.org/10.1162/089892902320474553
http://dx.doi.org/10.1162/089892902320474553
http://www.ncbi.nlm.nih.gov/pubmed/12419133
http://dx.doi.org/10.1016/S0079-6123(04)47019-8
http://www.ncbi.nlm.nih.gov/pubmed/15581711
http://www.ncbi.nlm.nih.gov/pubmed/11489739
http://www.ncbi.nlm.nih.gov/pubmed/2860583
http://dx.doi.org/10.1007/s00221-001-0894-7
http://www.ncbi.nlm.nih.gov/pubmed/11810147
http://dx.doi.org/10.1586/ern.11.19
http://www.ncbi.nlm.nih.gov/pubmed/21375443
http://dx.doi.org/10.1016/j.neulet.2007.06.036
http://www.ncbi.nlm.nih.gov/pubmed/17662530
http://dx.doi.org/10.1371/journal.pone.0024273
http://www.ncbi.nlm.nih.gov/pubmed/21998628
http://dx.doi.org/10.1016/j.neuroimage.2010.04.029
http://www.ncbi.nlm.nih.gov/pubmed/20417285
http://www.ncbi.nlm.nih.gov/pubmed/10452383
http://dx.doi.org/10.1089/brain.2014.0255
http://www.ncbi.nlm.nih.gov/pubmed/25611454
http://dx.doi.org/10.1016/j.apmr.2014.09.017
http://www.ncbi.nlm.nih.gov/pubmed/25305629
http://dx.doi.org/10.1080/00016480500388885
http://www.ncbi.nlm.nih.gov/pubmed/16618651
http://dx.doi.org/10.1002/brb3.331
http://dx.doi.org/10.1002/brb3.331
http://www.ncbi.nlm.nih.gov/pubmed/25874164
http://dx.doi.org/10.1002/brb3.155
http://dx.doi.org/10.1002/brb3.155
http://www.ncbi.nlm.nih.gov/pubmed/24392273
http://dx.doi.org/10.1016/j.nicl.2014.03.003
http://www.ncbi.nlm.nih.gov/pubmed/24818075
http://dx.doi.org/10.1016/j.nicl.2014.08.022
http://www.ncbi.nlm.nih.gov/pubmed/25379422


97. Van Ombergen A, Demertzi A, Tomilovskaya E, Jeurissen B, Pechenkova E, Di Perri C, et al. Cortical
reorganization in an astronaut's brain after long-duration spaceflight. Brain structure & function. 2015.
doi: 10.1007/s00429-015-1054-3 PMID: 25963710.

98. Ray S, Maunsell JH. Do gamma oscillations play a role in cerebral cortex? Trends in cognitive sci-
ences. 2015; 19(2):78–85. doi: 10.1016/j.tics.2014.12.002 PMID: 25555444.

99. De Ridder D, Vanneste S, Langguth B, Llinas R. Thalamocortical Dysrhythmia: A Theoretical Update
in Tinnitus. Frontiers in neurology. 2015; 6:124. doi: 10.3389/fneur.2015.00124 PMID: 26106362;
PubMed Central PMCID: PMC4460809.

100. De Ridder D, Congedo M, Vanneste S. The neural correlates of subjectively perceived and passively
matched loudness perception in auditory phantom perception. Brain and behavior. 2015; 5(5):
e00331. doi: 10.1002/brb3.331 PMID: 25874164; PubMed Central PMCID: PMC4389054.

101. von Stein A, Sarnthein J. Different frequencies for different scales of cortical integration: from local
gamma to long range alpha/theta synchronization. Int J Psychophysiol. 2000; 38(3):301–13. PMID:
11102669.

102. Cohen MX, Axmacher N, Lenartz D, Elger CE, Sturm V, Schlaepfer TE. Good vibrations: cross-fre-
quency coupling in the human nucleus accumbens during reward processing. J Cogn Neurosci. 2009;
21(5):875–89. doi: 10.1162/jocn.2009.21062 PMID: 18702577.

103. Worden MS, Foxe JJ, Wang N, Simpson GV. Anticipatory biasing of visuospatial attention indexed by
retinotopically specific alpha-band electroencephalography increases over occipital cortex. The Jour-
nal of neuroscience: the official journal of the Society for Neuroscience. 2000; 20(6):RC63. PMID:
10704517.

104. Handel BF, Haarmeier T, Jensen O. Alpha oscillations correlate with the successful inhibition of unat-
tended stimuli. Journal of cognitive neuroscience. 2011; 23(9):2494–502. doi: 10.1162/jocn.2010.
21557 PMID: 20681750.

105. Kelly SP, Lalor EC, Reilly RB, Foxe JJ. Increases in alpha oscillatory power reflect an active retinoto-
pic mechanism for distracter suppression during sustained visuospatial attention. Journal of neuro-
physiology. 2006; 95(6):3844–51. doi: 10.1152/jn.01234.2005 PMID: 16571739.

106. Capotosto P, Babiloni C, Romani GL, Corbetta M. Frontoparietal cortex controls spatial attention
through modulation of anticipatory alpha rhythms. The Journal of neuroscience: the official journal of
the Society for Neuroscience. 2009; 29(18):5863–72. doi: 10.1523/JNEUROSCI.0539-09.2009
PMID: 19420253; PubMed Central PMCID: PMC2692025.

107. Marshall TR, O'Shea J, Jensen O, Bergmann TO. Frontal eye fields control attentional modulation of
alpha and gamma oscillations in contralateral occipitoparietal cortex. The Journal of neuroscience:
the official journal of the Society for Neuroscience. 2015; 35(4):1638–47. doi: 10.1523/JNEUROSCI.
3116-14.2015 PMID: 25632139; PubMed Central PMCID: PMC4308606.

108. Corbetta M, Shulman GL. Control of goal-directed and stimulus-driven attention in the brain. Nature
reviews Neuroscience. 2002; 3(3):201–15. doi: 10.1038/nrn755 PMID: 11994752.

109. Campana G, Cowey A, Casco C, Oudsen I, Walsh V. Left frontal eye field remembers "where" but not
"what". Neuropsychologia. 2007; 45(10):2340–5. doi: 10.1016/j.neuropsychologia.2007.02.009
PMID: 17449069.

110. KlimeschW, Sauseng P, Hanslmayr S. EEG alpha oscillations: the inhibition-timing hypothesis. Brain
research reviews. 2007; 53(1):63–88. doi: 10.1016/j.brainresrev.2006.06.003 PMID: 16887192.

111. VanRullen R, Reddy L, Koch C. Attention-driven discrete sampling of motion perception. Proceedings
of the National Academy of Sciences of the United States of America. 2005; 102(14):5291–6. doi: 10.
1073/pnas.0409172102 PMID: 15793010; PubMed Central PMCID: PMC555984.

112. Buffalo EA, Fries P, Landman R, Buschman TJ, Desimone R. Laminar differences in gamma and
alpha coherence in the ventral stream. Proceedings of the National Academy of Sciences of the
United States of America. 2011; 108(27):11262–7. doi: 10.1073/pnas.1011284108 PMID: 21690410;
PubMed Central PMCID: PMC3131344.

113. Haegens S, Nacher V, Luna R, Romo R, Jensen O. alpha-Oscillations in the monkey sensorimotor
network influence discrimination performance by rhythmical inhibition of neuronal spiking. Proceed-
ings of the National Academy of Sciences of the United States of America. 2011; 108(48):19377–82.
doi: 10.1073/pnas.1117190108 PMID: 22084106; PubMed Central PMCID: PMC3228466.

Neural Correlates of Chronic Symptoms of Vertigo

PLOS ONE | DOI:10.1371/journal.pone.0152309 April 18, 2016 20 / 20

http://dx.doi.org/10.1007/s00429-015-1054-3
http://www.ncbi.nlm.nih.gov/pubmed/25963710
http://dx.doi.org/10.1016/j.tics.2014.12.002
http://www.ncbi.nlm.nih.gov/pubmed/25555444
http://dx.doi.org/10.3389/fneur.2015.00124
http://www.ncbi.nlm.nih.gov/pubmed/26106362
http://dx.doi.org/10.1002/brb3.331
http://www.ncbi.nlm.nih.gov/pubmed/25874164
http://www.ncbi.nlm.nih.gov/pubmed/11102669
http://dx.doi.org/10.1162/jocn.2009.21062
http://www.ncbi.nlm.nih.gov/pubmed/18702577
http://www.ncbi.nlm.nih.gov/pubmed/10704517
http://dx.doi.org/10.1162/jocn.2010.21557
http://dx.doi.org/10.1162/jocn.2010.21557
http://www.ncbi.nlm.nih.gov/pubmed/20681750
http://dx.doi.org/10.1152/jn.01234.2005
http://www.ncbi.nlm.nih.gov/pubmed/16571739
http://dx.doi.org/10.1523/JNEUROSCI.0539-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19420253
http://dx.doi.org/10.1523/JNEUROSCI.3116-14.2015
http://dx.doi.org/10.1523/JNEUROSCI.3116-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/25632139
http://dx.doi.org/10.1038/nrn755
http://www.ncbi.nlm.nih.gov/pubmed/11994752
http://dx.doi.org/10.1016/j.neuropsychologia.2007.02.009
http://www.ncbi.nlm.nih.gov/pubmed/17449069
http://dx.doi.org/10.1016/j.brainresrev.2006.06.003
http://www.ncbi.nlm.nih.gov/pubmed/16887192
http://dx.doi.org/10.1073/pnas.0409172102
http://dx.doi.org/10.1073/pnas.0409172102
http://www.ncbi.nlm.nih.gov/pubmed/15793010
http://dx.doi.org/10.1073/pnas.1011284108
http://www.ncbi.nlm.nih.gov/pubmed/21690410
http://dx.doi.org/10.1073/pnas.1117190108
http://www.ncbi.nlm.nih.gov/pubmed/22084106



