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a b s t r a c t

Tinnitus is a phantom sound percept that is strongly associated with peripheral hearing loss. However,
only a fraction of hearing-impaired subjects develops tinnitus. This may be based on differences in the
function of the brain between those subjects that develop tinnitus and those that do not. In this study,
cortical and sub-cortical sound-evoked brain responses in 34 hearing-impaired chronic tinnitus patients
and 19 hearing level-matched controls were studied using 3-T functional magnetic resonance imaging
(fMRI). Auditory stimuli were presented to either the left or the right ear at levels of 30e90 dB SPL. We
extracted neural activation as a function of sound intensity in eight auditory regions (left and right
auditory cortices, medial geniculate bodies, inferior colliculi and cochlear nuclei), the cerebellum and a
cinguloparietal task-positive region. The activation correlated positively with the stimulus intensity, and
negatively with the hearing threshold. We found no differences between both groups in terms of the
magnitude and lateralization of the sound-evoked responses, except for the left medial geniculate body
and right cochlear nucleus where activation levels were elevated in the tinnitus subjects. We observed
significantly reduced functional connectivity between the inferior colliculi and the auditory cortices in
tinnitus patients compared to controls. Our results indicate a failure of thalamic gating in the devel-
opment of tinnitus.
� 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

Tinnitus is a poorly understood hearing disorder characterized
by the presence of an auditory percept in the absence of an external
stimulus and is typically associated with hearing loss. It is a com-
mon disorder with prevalence estimates ranging from 7 to 20%
(Hoffman and Reed, 2004). Approximately 40% of the tinnitus pa-
tients also suffer from hyperacusis, a diminished tolerance to
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ordinary environmental sounds (Baguley, 2003). Most patients
with chronic tinnitus are continuously aware of the tinnitus
percept, but are able to cope effectively with the disturbance.
However, for some patients the tinnitus is more than a trivial
annoyance resulting in feelings of desperation and even suicidal
thoughts (Dobie, 2003).

An important role in the generation of tinnitus is currently
attributed to mechanisms in the central auditory system. Animal
studies have shown that manipulations that are known to be
sources of tinnitus in humans (e.g. noise trauma) cause increased
spontaneous neural activity or changes in neural synchrony in
auditory brain structures (Noreña and Eggermont, 2003; Seki and
Eggermont, 2003). A number of blood oxygenation level depen-
dent (BOLD) functional magnetic resonance imaging (fMRI) studies
have investigated the neural correlates of tinnitus in humans (for a
review, see Lanting et al., 2009; Adjamian et al., 2009). BOLD fMRI is
unable to register sustained increases in spontaneous activity.
Consequently, these fMRI studies applied sound stimuli to probe
abnormal sound processing in the brain of tinnitus patients.
Measuring changes in hemodynamics as a response to sound in
tinnitus sufferers revealed increased activation in the inferior
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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colliculus compared to controls (Melcher et al., 2000, 2009; Lanting
et al., 2008), although this may have been associated with hyper-
acusis rather than with tinnitus (Gu et al., 2010). In contrast to
activation of the brainstem, elevated sound-evoked auditory cortex
activation can be attributed to tinnitus (Gu et al., 2010). These
studies all show neural correlates of tinnitus in clinically normal-
hearing subjects.

The majority of tinnitus patients, however, has a significant
hearing loss. As was shown in numerous animal studies, hearing
loss is associated with adaptation in the central auditory system,
which is likely to be related to tinnitus (for a review, see Eggermont,
2001). Since tinnitus does not develop in all hearing-impaired in-
dividuals, it must be assumed that these adaptations are different
between those that develop tinnitus and those that do not. So far,
differences in adaptations are supported by two models on the
pathophysiology of tinnitus: one based on abnormal thalamic
gating (Rauschecker et al., 2010; Zhang, 2013) and another based on
thalamic hypo-activity (Llinás et al., 1999).

The aim of this explorative study was to investigate tinnitus-
related abnormalities in sound-evoked hemodynamic responses
in subjects with mild to moderate sensorineural hearing loss. Two
relatively large subject groups were enrolled: a hearing-impaired
group without tinnitus and a hearing-impaired group suffering
from tinnitus. Both groups were carefully matched with respect to
age and hearing loss, which allows us to identify the effects that
are specific to tinnitus. In line with previous studies (Melcher
et al., 2000, 2009; Lanting et al., 2008; Gu et al., 2010), we used
BOLD fMRI to measure sound-evoked responses throughout the
brain, and primarily focused on auditory regions since we used
auditory stimuli. Differences between both groups were investi-
gated with respect to the magnitude of brain responses, their
lateralization, and the functional connectivity patterns between
brain regions.
2. Materials and methods

2.1. Subjects

This study included data collected from two groups of patients.
The patients were recruited at the University Medical Center Gro-
ningen and via hearing aid dispensers in Groningen, the
Netherlands. The first group comprised 19 hearing-impaired sub-
jects (HI group). The second group comprised 34 subjects with a
hearing impairment suffering from tinnitus (HI þ T group). From
the same subjects, the T1 anatomical scans of 16 HI and 31 HI þ T
subjects have also been included in a previous morphological study
(Boyen et al., 2013). Pure-tone audiometry was performed with a
clinical audiometer using six different octave frequencies (0.25, 0.5,
1, 2, 4 and 8 kHz). For all subjects, the pure-tone average (PTA)
hearing threshold at the octave frequencies of 1, 2 and 4 kHz
satisfied 30 � PTA � 60 dB in both ears.

To assess handedness, a translated version of the Edinburgh
Inventory (Oldfield, 1971) was completed by all subjects. In the
tinnitus subjects only, tinnitus handicap was assessed by a Dutch
translation of the Tinnitus Handicap Inventory (THI), a self-
reported tinnitus handicap questionnaire (Newman et al., 1996).
In order to assess the presence of hyperacusis, a translated version
of the Hyperacusis Questionnaire (HQ; Khalfa et al., 2002) was
administered to all participating subjects. Furthermore, the sub-
jectively perceived tinnitus loudness was recorded on a numeric
rating scale from zero (tinnitus not audible at the time) to ten
(tinnitus sounds as loud as imaginable) before and immediately
after the scanning session. None of the subjects had any major
medical, neurological or psychiatric history.
This study was approved by the local medical ethics committee.
All subjects were informed about the purpose of the study before
giving their written consent in accordance with Dutch legislation.

2.2. Data acquisition

The imaging experiments were performed using a 3-T MRI
system (Philips Intera, Philips Medical Systems, Best, The
Netherlands) which was equipped with an eight-channel phased-
array (SENSE) head coil. The functional scans consisted of 2200-ms
single-shot T*

2-sensitive echo planar imaging (EPI) sequences with
41 3-mm thick slices (TR 10 s; TE 22 ms; flip-angle 80�; voxel size
1.75�1.95� 3 mm3; field of view 224� 224� 123 mm3) and were
acquired using a near-coronal orientation, aligned to the brainstem
when viewed on a midsagittal cross-section. Each image volume
enclosed left and right cochlear nuclei (CN), inferior colliculi (IC),
medial geniculate bodies (MGB) and auditory cortices (AC). The
influence of acoustic scanner noise was reduced using a sparse
sampling strategy (Hall et al., 1999; Langers et al., 2005a). Auditory
stimuli were presented during a 7.8-s gap of scanner silence be-
tween two successive acquisitions. For each subject, three runs of
73 acquisitions were performed. Additional start-up scans that
were included to achieve magnetization equilibrium and to trigger
the start of the stimulus delivery were excluded from analysis. In
addition, a 3-dimensional high-resolution T1-weighted fast-field
echo scan (TR 9 ms; TE 3.50 ms; flip-angle 8�; voxel size
1 � 1 � 1 mm3; field of view 256 � 256 � 170 mm3) was acquired
with the same orientation as the functional scans to serve as an
anatomical reference.

2.3. Acoustic stimulation and scanning paradigm

Auditory stimuli were delivered by an MR-compatible electro-
dynamic system (MR Confon GmbH, Magdeburg, Germany;
Baumgart et al., 1998), connected to a PC setup equipped with a
digital-to-analog converter controlled by Labview 6.1 (National
Instruments 6052E, National Instruments Corporation, Austin, TX,
USA). The stimuli consisted of dynamic ripples (Langers et al.,
2003). The spectrum of a dynamic ripple is based on pink noise,
but contains temporal and spectral modulations. The stimuli
comprised frequency components between 125 and 8000 Hz, with
a spectral modulation density of one cycle per octave, a temporal
modulation frequency of two cycles per second, and a modulation
amplitude of 80%. These stimuli were chosen for their potency to
induce robust sound-evoked responses in the auditory pathway
(Langers et al., 2003; Lanting et al., 2008, 2010).

During the gaps of scanner silence between two successive ac-
quisitions, auditory stimuli were presented to the left (L) or the
right (R) ear at either 30, 50, 70 or 90 dB SPL (L30, L50, L70, L90; R30,
R50, R70 or R90). In addition, a silent baseline condition was
included. The stimuli were presented in a fixed pseudo-random
order in each functional run. Per run, the silent condition was
presented nine times and all the stimulus conditions were pre-
sented eight times each. During the functional scans, the subjects
were instructed to register whether they perceived an audible
stimulus using a button box: whenever they perceived an audible
stimulus in the left or right ear, they pressed one of two corre-
sponding buttons with their right thumb. This task was imposed in
order to promote andmonitor that the subject paid attention to the
presented sound stimuli.

2.4. Data processing and linear regression analysis

The images were analyzed using SPM8 (Functional Imaging
Laboratory, The Wellcome Department of Imaging Neuroscience,



Table 1
Subjects’ characteristics. Hearing loss was measured as the pure-tone average (PTA)
hearing threshold at the octave frequencies 1, 2 and 4 kHz. The mean values with
standard deviation are listed. HI þ T: hearing impairment accompanied by tinnitus;
HI: hearing-impaired; THI: Tinnitus Handicap Inventory; HQ: Hyperacusis
Questionnaire.

HI þ T (n ¼ 34) HI (n ¼ 19)

Age
Years 57 � 10 62 � 12
Range 31e75 44e84

Gender
Male 21 16
Female 13 3

Handedness
Right 28 16
Left 2 1
Ambidextrous 4 2

Hearing loss (dB HL)
Right ear 41 � 8 44 � 11
Left ear 42 � 10 45 � 8

HQ score (0e42)
Score 20 � 7 15 � 8
Range 5e33 2e30

THI score (0e100)
Score 31 � 22 e

Range 4e72 e
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London, UK, http://www.fil.ion.ucl.ac.uk/spm/) andMatLab 7.1 (The
Mathworks Inc., Natick, MA). The functional images were first
corrected for motion using realignment on the basis of 3-D rigid
body transformations. The T1-weighted high-resolution anatomical
images were spatially co-registered to the functional images, and
all images were normalized into Montreal Neurological Institute
(MNI) stereotaxic space. To improve the signal-to-noise ratio, the
functional data were spatially smoothed using an isotropic
Gaussian kernel with a full width at half maximum of 4 mm. In
order to express the signal measures in percentage signal change, a
logarithmic transformation was carried out (Langers and van Dijk,
2011). The functional images were interpolated to voxel di-
mensions of 2.0 � 2.0 � 2.0 mm3.

Per subject, a general linear model was set up to analyze the
relative contribution of each condition to the measured response.
The model included one covariate for each of the eight stimulus
conditions, the realignment parameters, as well as constant and
linear terms to model the baseline and drift within each run. An
omnibus F-test, including contrasts of all individual stimulus con-
ditions relative to baseline, was assessed in each voxel to detect the
combined effect of all sound stimuli. The confounds (i.e. baseline,
drift and realignment) that were estimated were subtracted from
the preprocessed functional acquisitions for the purpose of subse-
quent connectivity analyses.

The contrast images of the eight sound conditions of interest,
relative to the silent condition, were entered in a second-level
random-effects analysis based on a flexible factorial design with
factors for group (i.e. HI þ T and HI), subject, and stimulus condi-
tion. Significant responses to all sound conditions across all sub-
jects were detected by means of an F-test.
Table 2
Number of times that the button was pressed, expressed in percentages. The per-
centages are shown for each group and each stimulus condition, respectively. HIþ T:
hearing-impaired chronic tinnitus patients; HI: hearing level-matched controls
without tinnitus.

HI þ T HI

Left ear [%] Right ear [%] Left ear [%] Right ear [%]

30 dB SPL 14 19 16 8
50 dB SPL 52 53 58 52
70 dB SPL 95 94 100 95
90 dB SPL 100 100 100 100
2.5. ROI definitions and functional connectivity

Eight regions of interest (ROIs) were defined, comprising both
left and right auditory cortex (AC), medial geniculate body (MGB),
inferior colliculus (IC) and cochlear nucleus (CN). The ROIs of the
left and right AC, MGB and IC were defined by means of the out-
comes of the second-level random-effects analysis (see Results).
The AC ROI comprised all supra-threshold voxels in the temporal
lobe (F7.357 > 6.53; p < 0.05 corrected for family-wise errors). The
MGB and IC ROIs were drawn to include a cluster of supra-
threshold voxels around the correspondingly localized activation
maxima. Because no activation of the left or right CN was found,
these ROIs were defined as a sphere with a radius of 5 mm posi-
tioned at MNI coordinates (�10, �38, �45) consistent with a pre-
vious publication of our group (Boyen et al., 2013).

Next, functional connectivity analysis was performed. Func-
tional connectivity examines the correlations among activity in
different brain areas (Friston, 1994; Smith et al., 2009). Time
courses were determined for all auditory ROIs by averaging the
preprocessed hemodynamic signals of all voxels in the respective
ROI and concatenating them across all subjects. For each ROI, a
functional connectivity map was derived by calculating the Pearson
correlation coefficients R between the time course of the respective
ROI and the time courses of all other voxels in the brain.

Based on the group connectivity maps (see Section 3.3), two
more ROIs were included: the cerebellum (CER) and a task-positive
network (TPN) region, a term adopted from, inter alia, Fox et al.
(2005). The ROI of the CER consisted of the anterior and posterior
cerebellar lobes. The TPN comprised the bilateral cingulate cortex,
the primary somatosensory cortex (Brodmann Areas (BAs) 1, 2 and
3), the primary motor cortex (BA 4) and the supplementary motor
area (BA 6). Both ROIs (CER and TPN) were defined according to the
WFU_pickatlas (Maldjian et al., 2003).
2.6. Response amplitudes and lateralization of regions-of-interest

For each subject, the 10% most strongly responding voxels
within each ROI according to the individual F-test were selected
(see Table 3), and per condition the signal change relative to
baseline was averaged over these voxels. Following previous
studies (Langers et al., 2005b; Lanting et al., 2008; Norman-
Haignere et al., 2013), we chose to use a fixed percentage of vox-
els instead of a fixed significance threshold because differences in
significance values across subjects are partly driven by nonspecific
differences in signal-to-noise ratio that are unrelated to neural
activity. Statistical analyses were performed using a repeated
measures ANCOVAmodel for each ROI separately. In addition to the
factors for group, subject and stimulus condition that were
included in the second-level random-effects model already, this
model included the subject’s PTA hearing loss in the ear of stimulus
presentation as a covariate. The main effects of group and stimulus
condition and the interaction between these two factors were
determined. In addition, we tested whether neural activation in
response to the stimuli co-variedwith the amount of hearing loss in
the ear of presentation.

For each ROI of each subject, the average response to all stimuli
presented to the left (L) and the right (R) ear, respectively, was
calculated. The values obtained were used to calculate a laterali-
zation index

http://www.fil.ion.ucl.ac.uk/spm/


Table 3
Results of the regression analysis and repeated measures ANCOVA for each ROI. The number of the 10% most strongly responding voxels (N), the regression coefficients (b) of
the activation as a function of the left and right ear stimulus level and the hearing loss in the stimulated ear and the significance (p) of each factor (G: group; S: stimulus; G� S:
groupestimulus interaction) or covariate (HL: the subject’s PTA hearing loss in the ear of stimulus presentation) according to an ANCOVA are listed. Significant results
(p < 0.05) are underlined. AC: auditory cortex; MGB: medial geniculate body; IC: inferior colliculus; CN: cochlear nucleus; TPN: task-positive network; CER: cerebellum.

N [2 � 2 � 2 mm3] Regression coefficient, b [10�3%/dB SPL] Significance, p [e]

Left ear Right ear Hearing loss G S G � S HL

Left AC 499 20 32 �6.3 0.74 <0.001 0.50 0.14
Right AC 453 32 19 �2.1 0.62 <0.001 0.67 0.63
Left MGB 31 5.1 5.9 �7.2 0.021 <0.001 0.36 <0.001
Right MGB 27 7.0 3.5 �6.2 0.08 <0.001 0.45 0.002
Left IC 12 3.4 6.5 �5.4 0.23 <0.001 0.42 0.001
Right IC 15 5.6 3.3 �0.84 0.39 <0.001 0.45 0.62
Left CN 8 4.4 4.4 �7.5 0.15 0.046 0.50 0.004
Right CN 8 3.8 3.7 �13.9 <0.001 0.15 0.59 <0.001
TPN 17,402 5.8 5.4 �2.7 0.74 <0.001 0.46 0.15
CER 2241 6.4 6.3 �4.9 0.14 <0.001 0.52 0.003
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LI ¼ L� R
jLj þ jRj

For positive responses, a value of þ1 indicates a response to
stimuli presented at the left ear only, whereas a value of �1 in-
dicates a response to right-ear stimuli only. Group differences for
the individual ROIs were tested for by means of two-tailed two-
sample t-tests.

2.7. Network analysis

Pairwise Pearson correlations were calculated as a measure of
functional connectivity between the various ROIs. For this analysis,
the previously defined unilateral auditory ROIs were combined to
bilateral ROIs because homologous areas in both hemispheres are
known to be highly correlated. Within each of the six ROIs (four
auditory ROIs, CER and TPN), the signals of the 10% most active
voxels were averaged for each point in time (i.e. scan). The obtained
fMRI time courses were transformed to zero mean and unit vari-
ance for each subject. Per group, these arrays were concatenated
across the subjects belonging to the HI þ T group and HI group
respectively, resulting in a matrix XHIþT of 10 time courses of 7446
elements in time (34 subjects� 219 time points) and amatrixXHI of
10 time courses with each 4161 elements in time (19 subjects� 219
time points).

Bootstrapping (Wu, 1986; Liu, 1988) was performed to test
whether the correlation coefficients between the six ROIs were
significantly different from zero within each group separately. In
order to obtain a null-distribution for the correlation coefficients,
the time courses of random subsets of runs (consisting of 73 points
in time) were repeatedly negated for each ROI independently. For
each iteration, a Pearson correlation between pairs of ROIs was
calculated. A total of 50 000 iterations was performed to produce a
null distribution. The obtained null-distribution was used to assess
whether significance was reached (p < 0.05). A Bonferroni correc-
tion was applied for the total number of 15 connections in the
model.

Non-parametric permutation tests (Good, 2002; Nichols and
Holmes, 2002) were performed to test whether the correlation
coefficients were significantly different between the subjects
groups. A null distribution was obtained by randomly reassigning
subjects to the two groups, while retaining the original group sizes.
A total of 50 000 permutations was performed. For each iteration,
the difference between the correlation coefficients was calculated.
The obtained null-distribution was used to assess the significance
of group difference (p < 0.05). A Bonferroni correction was applied
for the total number of 15 connections in the model.
3. Results

3.1. Subject characteristics

The subjects included in this study had mild to moderate
sensorineural hearing loss (see Fig. 1). Statistical analyses of group
differences were performed by means of a two-tailed two-sample
t-test (hearing thresholds and age) or a Fisher’s exact test (gender
and handedness). Statistical analysis of the hearing threshold at
each of the octave frequencies (0.25, 0.5, 1, 2, 4 and 8 kHz,
respectively) did not show significant differences between the
subjects with and those without tinnitus (p > 0.05). An exact
distribution-free test comparing two multivariate distributions
(Rosenbaum, 2005) did not show significant differences in audio-
metric shape between both groups (p ¼ 0.73), indicating that both
groups were well matched in their mean audiometric thresholds as
well as in their deviations from the mean. The two groups did not
differ in age (p ¼ 0.07), gender (p ¼ 0.12), and handedness
(p ¼ 1.00). The HQ was filled out by all but two subjects belonging
to the HI þ T group. A significant difference between both groups
was found (p ¼ 0.024), with the HI þ T group having higher scores
relative to the HI group. Moreover, a correlation between the THI
and HQ scores was found (R ¼ 0.61; p < 0.001). Details of the
participants’ characteristics are listed in Table 1.

In both groups, the number of participating women is lower
than the number of participating men, which is representative of
the prevalence of tinnitus and hearing loss in the general popula-
tion (Lockwood et al., 2002). Age was significantly correlated with
hearing loss (regression coefficientm ¼ 0.30 dB/yr; p ¼ 1.9 � 10�4).
Out of the 34 tinnitus subjects, 25 subjects perceived tinnitus in
both ears, seven subjects perceived tinnitus only in the left ear and
two subjects perceived tinnitus only in the right ear. The tinnitus
subjects suffered from chronic continuous tinnitus for at least one
year up to 29 years. The subjectively perceived tinnitus loudness, as
measured with a rating scale from zero to ten, was slightly but not
significantly (p ¼ 0.52) increased after scanning the subjects
(5.5 � 1.9; mean � SD) as compared to before the scan session
(5.2 � 2.0) (see Fig. 2).

During the functional scans, the subjectswere instructed topress
a buttonwhenever they perceived an audible stimulus in the left or
right ear. For each stimulus condition, Table 2 lists the percentage of
times that the button was pressed by the subjects of a group.
3.2. Sound-evoked responses

The significant responses to the auditory stimuli are visualized
in Fig. 3. Based on the F-test clear significant responses were
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detected in the AC, MGB and IC. Responses in the CN did not reach
significance. Additionally, significant responses in the parietal lobe
and cerebellum were detected.
3.3. Functional connectivity maps

Pearson correlation coefficients were computed between the
time course of each auditory seed ROI and the time courses of all
voxels in the brain. The resulting maps, thresholded at an arbitrary
level of R ¼ 0.25, are presented in Fig. 4. The left and right AC are
strongly correlated to voxels in the thalamus (MGB) and the
midbrain (IC), but not with the lower brainstem (CN). The thalamus
is connected to voxels in both the cortex and the midbrain and
lower brainstem. Correspondingly, the regions in the midbrain and
lower brainstem are connected to voxels in the thalamus, but not
the cortex.

The auditory cortex and, to a lesser extent, the thalamus show
extensive time course correlations with voxels in the cerebellum,
pericentral gyri and cingulate cortex. Moreover, the CN shows some
time course correlations with voxels in the cerebellum. These re-
gions were additionally included as two large separate ROIs (i.e.
CER and TPN) in the ROI analysis and network analysis that
followed.
3.4. Region-of-interest analysis

We performed ROI analyses on the eight ROIs in the auditory
pathway and the two additional ROIs as defined following the seed-
ROI connectivity maps. For each ROI, the mean percentage signal
change for the various stimulus levels compared to baseline in both
groups are shown in Fig. 5. In general, louder stimuli yielded larger
responses in all ROIs. The TPN and CER showed a plateau effect:
responses increased until the stimulus level equaled 70 dB, and
subsequently remained at a similar level for the 90-dB stimulus.

For all ROIs, the regression coefficients of the activation as a
function of the left and right ear stimulus level were positive
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(Table 3). These positive slopes (b values) were significant for all
ROIs except the right CN. For hearing loss, a negative regression
coefficient was found in all auditory ROIs. Significance was reached
in the CER and all auditory subcortical ROIs, except the right IC.

The repeated measures ANCOVA of the ROI responses (Table 3)
showed no effect of subject group (HI vs. HI-T) except in the right
CN and left MGB. A significant effect of stimulus condition was
found in all ROIs except the right CN. In all subcortical auditory ROIs
except the right IC, hearing loss had a significant effect on the re-
sponses. There was no effect of hearing loss in the auditory cortex.
Fig. 3. Coronal, axial and sagittal cross-sections of the brain showing significant responses
image, the activation in 11 contiguous slices was projected on an anatomical background.
cortex (1), medial geniculate body (2), inferior colliculus (3), cerebellum (4) and parietal reg
interpretation of the references to color in this figure legend, the reader is referred to the
In the non-auditory areas (TPN and CER), stimulus condition had a
significant effect on the response, but hearing loss only affected the
response in the CER. We also tried two alternative models in which
THI, respectively HQ, was included as a covariate instead of hearing
loss, but found no significant effects related to tinnitus, respectively
hyperacusis, severity.

Fig. 6 shows the lateralization index for each ROI. The laterali-
zation indices for both groups show a clear contralateral stimulus
preference for the bilateral AC, MGB and IC. The right CN was
ipsilaterally lateralized in both groups, whereas the left CNwas not.
The differences between the subject groups did not reach signifi-
cance. For all nuclei, except the left MGB and bilateral CN, the HI
group showed a stronger lateralization toward the left ear,
compared to the HIþ T group. The CER and TPN tended to lateralize
to the left ear.
3.5. Network analysis

An overview of the functional connections for both groups is
given in Fig. 7. All possible pairs of ROIs resulted in a significant
positive correlation (Bonferroni-corrected p < 0.05). Successive
connections within the auditory pathway tended to be stronger
than non-successive connections. The nuclei of the brainstem (CN
and IC) were relatively strongly correlatedwith each other andwith
the thalamus (MGB). The cortex (AC and TRN) and the thalamus
were strongly correlated as well. However, the correlations be-
tween the cortex and the brainstem were relatively weak. In other
words, the correlation analysis showed two clusters of auditory
centers, with the thalamus belonging to both clusters. In both
groups, the CER as well as the TPN showed the strongest connec-
tivity with the auditory pathway at the level of the cortex. Thus, the
CER and the TPN seem to belong to the corticothalamic cluster.
Furthermore, the CER and the TPN were mutually highly correlated
in both groups (HI þ T: R ¼ 0.72; HI: R ¼ 0.74).

The significant difference between the HI þ T and HI groups
concerning the functional correlations is indicated by the white
squares in Fig. 7. The correlation between the AC and the IC was
to sound across all stimulus conditions and all subjects by means of an F-test. In each
The redeyellow color-coded areas indicate areas with a significant response; auditory
ion (5). The threshold was set at p < 0.05, corrected for family-wise errors (FWE). (For
web version of this article.)



Fig. 4. Functional connectivity maps across all subjects. Eight auditory regions of interest (ROIs) were defined (indicated with the white arrows). Pearson correlation coefficients R
were calculated between the time courses of the ROIs and those of every voxel in the brain. The correlation coefficients were thresholded at a level of 0.25, and overlaid on coronal,
axial and transversal cross-sections. The redeyellow color-coded areas indicate functionally connected voxels with the respective ROI. Each ROI highly correlated with its con-
stituent voxels and is thus yellow-colored. AC: auditory cortex; MGB: medial geniculate body; IC: inferior colliculus; CN: cochlear nucleus. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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significantly higher in the HI group than in the HI þ T group
(Bonferroni-corrected p ¼ 0.05).
4. Discussion

4.1. Sound-evoked responses in the central auditory system

Using a 3-T MRI system, activation due to sound stimulation
could be detected inmultiple regions in the central auditory system
of hearing-impaired subjects, including the auditory cortices (AC)
in the temporal lobes, the medial geniculate nuclei (MGB) in the
thalamus and the inferior colliculi (IC) in the midbrain (Fig. 3).
Although our sample of participants was large, no activation could
be identified in the lower brainstem (CN) by means of the second-
level random-effects analysis. CN activation was only detectable by
means of an ROI analysis.
The ROI analysis revealed a clear level-dependency in the cortex,
thalamus and midbrain (Fig. 5 and Table 3). The response in each of
the auditory brain areas increased with increasing intensity of the
sound stimulus, which is in agreement with earlier findings (Hall
et al., 2001; Sigalovsky and Melcher, 2006; Langers et al., 2007a;
Ernst et al., 2008; Lanting et al., 2008; Röhl and Uppenkamp,
2012). In normal-hearing subjects, the relation between brain
activation and intensity [expressed in dB] is essentially linear in the
auditory pathway (Langers et al., 2007a; Röhl and Uppenkamp,
2012). In this study, we found some indications of saturation at
loud sound intensity in brainstem and thalamus responses in the
hearing-impaired subjects without tinnitus (Fig. 5). Possibly, this
difference is related to the reduced dynamic range (‘recruitment’)
that is associated with sensorineural hearing loss.

Activation in the AC, MGB and IC occurred most strongly in
response to stimulation of the contralateral ear (Figs. 5 and 6;
Table 3). The AC is principally involved in the processing of
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Fig. 5. The sound-evoked response amplitudes measured in ten ROIs. For each subject group separately, the response averaged across the group is plotted. Hearing-impaired
subjects with tinnitus (HI þ T): solid lines. Hearing-impaired subjects without tinnitus (HI): dashed lines. The error bars indicate the group standard errors around the mean.
AC: auditory cortex; MGB: medial geniculate body; IC: inferior colliculus; CN: cochlear nucleus; CER: cerebellum; TPN: Task-positive network.
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contralateral stimuli resulting in a distinctly contralateral response
preference upon monaural stimulation (Scheffler et al., 1998;
Suzuki et al., 2002; Langers et al., 2005a, 2007b; Lanting et al.,
2008; Amaral and Langers, 2013). Correspondingly, for the
subcortical brain areas (except the CN), the average responsiveness
to the contralateral ear is larger than that to stimulation of the
ipsilateral ear (see also, Melcher et al., 2000; Langers et al., 2005b;
Lanting et al., 2008).

The lateralization of responses was stronger in the controls,
although this difference was not significant (Fig. 6). Also, the
enhanced sound-evoked activations in the right CN and left MGB of
tinnitus patients suggest that there are differences in the subcor-
tical areas between tinnitus subjects and controls. Notably, the
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Fig. 7. Functional connectivity patterns in the HI þ T and the HI group. The color-coding ind
ROIs. Correlation coefficients were significantly different between both groups for the conn
impairment accompanied by tinnitus; HI: hearing-impaired subjects; AC: auditory cortex;
bellum; TPN: Task-positive network. (For interpretation of the references to color in this fi
majority of the tinnitus subjects reported nonlateralized tinnitus.
Unfortunately, these differences are hard to interpret at present.
4.2. Functional connectivity patterns in the cortical, thalamic and
subcortical regions

A functional connectivity analysis was performed. Functional
connectivity is a statement about observed correlations between
the patterns of activity in two brain areas (Friston, 1994; Smith
et al., 2009). We observed that for all connections between ROIs
in the model, significantly non-zero Pearson correlation co-
efficients were found (Fig. 7). Such a correlation does not neces-
sarily indicate a direct connection between two correlated brain
areas. It does not comment on how these correlations aremediated.
In the present study, functional connectivity is likely to be sub-
stantially stimulus-induced or task-related. Since functional con-
nectivity reflects the temporal correlation between pairs of time
signals from two spatially remote areas (Friston, 1994), much of the
correlation could be driven by the experimental paradigm. The
experimental paradigm consisted of auditory stimuli, which may
explain the high correlations between the auditory ROIs. Addi-
tionally, the subjects were instructed to press a button when an
auditory stimulus was heard, which may explain the high correla-
tions between the auditory and non-auditory ROIs.

The functional connectivity analysis showed two clusters of
brain structures (Fig. 7). Those brain structures were mutually
correlated within the respective cluster. The first cluster consisted
of the brainstem and thalamic nuclei, which showed highly
correlated activity patterns. The second cluster contained the
thalamic and cortical areas. The activity in these areas showed a
highly correlated response as well. Thus, the thalamus is part of
both clusters, which is consistent with a function as a relay station
between the brainstem and cortex (Langers and Melcher, 2011).

The observed clustering could be related to temporal differences
of the response properties of the various brain areas (for a review,
see Eggermont, 2001). While subcortical regions show a sustained
response to sound stimuli, thus faithfully follow the sound on/off
periods, the cortex mainly responds to the onset and offset of a
stimulus, thus shows peaked activations at stimulus transitions
(Harms and Melcher, 2003; Sigalovsky and Melcher, 2006). Corre-
lations among centers with similar responses will be high, while
responses between centers with different types of neural responses
will be comparatively weak. We are unable to distinguish between
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ection between the IC and AC (indicated by a white outlined square). HI þ T: hearing
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gure legend, the reader is referred to the web version of this article.)
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the two types of behavior directly because the short duration of
sound blocks (w8 s) in combination with the sparse sampling
prevents us from differentiating onset/offset and sustained
response contributions. Nevertheless, the clustering we observed
seems to be consistent with the diverging response properties in
different anatomic regions of the brain.

A further difference in the properties of subcortical and cortical
areas, respectively, is reflected by the relation between hearing loss
and response amplitudes. While the activation in subcortical areas
was significantly diminished for larger hearing losses (Table 3),
such a relationwas not present in the auditory cortex and TPN. This
suggests that the subcortical areas retained a stimulus represen-
tation that reflects the detected stimulus level above threshold,
whereas the auditory cortex adapted to the reduced dynamic range
caused by peripheral hearing loss. This is consistent with adapta-
tion in monaural deafness that occurs primarily at the level of the
cortex (Langers et al., 2005b).

4.3. Tinnitus-related thalamic dissociation

In tinnitus patients, the correlation coefficient between the
cortical and subcortical clusters was diminished relative to the
controls (Fig. 7). Since the connection between both clusters is
formed by the thalamus, this difference in functional connectivity
can be interpreted as a thalamic dysfunction. Interestingly, two
models on tinnitus attribute a specific function to the thalamus in
the pathophysiology of tinnitus.

The first model (Rauschecker et al., 2010; Zhang, 2013) assumes
that the thalamic function is under the control of a subcallosal area
consisting of the nucleus accumbens and ventromedial prefrontal
cortex, relayed via the thalamic reticular nucleus. Abnormal gray
matter volume and hyperactivity of this area (Mühlau et al., 2006;
Leaver et al., 2011) have been hypothesized to lead to abnormal
thalamus function causing tinnitus. Our subjects all had a senso-
rineural hearing loss, which may have caused abnormal neural
activity in the brainstem. In subjects with hearing loss but no
tinnitus, this abnormal neural input is blocked by the MGB under
the control of the thalamic reticular nucleus. If thalamic gating is
impaired, the abnormal brainstem activity may be passed on to the
cortex resulting in tinnitus. The abnormal gating in the thalamus of
tinnitus patients may also have affected the responses to sound.
Specifically, the abnormal connectivity between cortical and
subcortical brain areas that we observed in the tinnitus patients is
possibly related to an abnormality in thalamic gating.

The second model (Llinás et al., 1999) was designed to account
for abnormal dysrhythmia observed in the EEG of tinnitus patients.
Themodel assumes that the thalamus in tinnitus patients resides in
a hypo-energetic state, which was recently confirmed in patients
with gaze-evoked tinnitus (van Gendt et al., 2012). The hypo-
energetic state is associated with low-frequency bursting activity
that is observed in the EEG as an increase of the theta rhythm. It is
conceivable that this bursting mode of the thalamus also affects the
response of the auditory system to an external sound stimulus. The
thalamus may less accurately transmit acoustic information from
the inferior colliculus to the auditory cortex. Possibly, this accounts
for the abnormal connectivity between cortical and subcortical
areas, as observed in the present paper.

Richardson et al. (2012) report the MGB as “a compelling
structure for tinnitus research”. In their review, the role of the MGB
in tinnitus is mostly explained with reference to its inhibitory af-
ferents from the inferior colliculus and thalamic reticular nucleus.
Additionally, pharmacological intervention by some selective
compounds that enhance tonic inhibition, suggesting that the MGB
is their main targeting site, is proposed as treatment of auditory
pathologies including temporal processing disorders or tinnitus
(Richardson et al., 2012). Our results may provide a functional
correlate for tinnitus treatment, which can be monitored during
such interventions.

4.4. The role of non-auditory areas in our experimental paradigm

The CER and TPN were included in our analysis, since their ac-
tivity correlated extensively with activation in the auditory cortex
(Fig. 4). In previous research, connections between these regions
were reported as well (Hunter et al., 2006; Farhadi et al., 2010;
Maudoux et al., 2012). Both regions have been associated with
motor control and executive functions (Ghez and Fahn, 1985;
Schmahmann and Sherman, 1998; Bush et al., 2000). The TPN
consists of brain regions that generally show increased activity
during goal-directed behavior. Activity in the TPN is thought to be
anticorrelated with activity in the default mode network (DMN)
(Fox et al., 2005). The observed responses in CER and TPN may be
related to the button pressing that subjects performed while
listening to the experimental stimuli. Evidence in favor of this
interpretation is given by activation observed in only the left pa-
rietal lobe, and by stronger activation in the right cerebellum than
in the left cerebellum (Fig. 3). This activation pattern is possibly
visible due to the fact that subjects respondedwith the right thumb
whenever they perceived a sound. Furthermore, in contrast to the
responses in the auditory ROIs, which increased with increasing
presentation level, the responses in TPN and CER plateaued at the
level of 70 dB SPL. This plateau may well be due to the fact that
subjects already pressed buttons in nearly 100% of all trials for the
70 dB condition (Table 2), such that a further increase at 90 dB was
impossible.

In contrast with the TPN, the cerebellum appears to play a role in
nonmotor behavior (for a review see Strick et al., 2009), but also in
auditory processing specifically (Petacchi et al., 2005). A cross-
study meta-analysis revealed evidence for activation in five cere-
bellar areas during active and passive listening. Specifically to
tinnitus, elevated neural activity in rats (Brozoski et al., 2007) and
decreased activation during residual inhibition of the tinnitus in
humans (Osaki et al., 2005) were detected in the cerebellum. Be-
sides, in contrast to normal-hearing subjects, no significant
response to sound in the cerebellumwas found in tinnitus patients
(Lanting et al., 2010). Our study contributes another example to
these findings, although it remains difficult to interpret the role of
the cerebellum in tinnitus.

4.5. Hyperacusis as a possible confound

Even though our two hearing-impaired groups were well
matched in terms of hearing loss such that the principal difference
between these two groups was the presence or absence of tinnitus,
we cannot definitively assert that the differences in functional con-
nectivity shown are merely due to tinnitus. Considering the signifi-
cant difference in HQ scores, the between-group differences seen
here couldbedue to hyperacusis aswell. Hyperacusis as suchwasnot
an inclusion criterion, but a subject characteristic. It is very hard to
untangle the effects of hyperacusis and tinnitus since these charac-
teristics were correlated (R¼ 0.61). In order to clearly distinguish the
effects ofhyperacusis fromthoseof tinnitus, a larger study includinga
tinnitus subgroup suffering from hyperacusis and an additional
tinnitus subgroup without hyperacusis would be necessary.

5. Conclusion

We investigated brain responses to sound in subjects with a
mild to moderate sensorineural hearing loss, of which a subgroup
suffered from tinnitus. The tinnitus and non-tinnitus subject
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groups were matched with respect to the degree of hearing loss.
The most conspicuous differences between the subjects with
tinnitus and those without were observed in an analysis of the
functional connectivity between brain regions, rather than in the
amplitudes of the sound-evoked responses. Specifically, the func-
tional connectivity between the brainstem and cortex was lower in
the tinnitus patients. This lower functional connectivity is consis-
tent with tinnitus models proposed by Llinás et al. (1999),
Rauschecker et al. (2010) and Zhang (2013).
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