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Chapter 
Abstract
Tinnitus is a percept of sound that is not related to an acoustic source outside
the body. For many forms of tinnitus, mechanisms in the central nervous system are
believed to play a role in the pathology. In this work we speciﬁcally assessed possible
neural correlates of unilateral tinnitus. We used functional magnetic resonance imaging (fMRI) to investigate possible changes in neural activity between controls, subjects
with left-sided tinnitus and subjects with right-sided tinnitus. We measured soundevoked responses and assessed potential diﬀerences between the groups in the level of
activity, the lateralization of the responses and connectivity patterns between auditory
nuclei. e lateralization of the tinnitus percept was not represented in the measured
fMRI activity in the auditory pathway. We showed that the vermis of the cerebellum
responded to sound in subjects with tinnitus. In contrast, no cerebellar response was
observed in controls subjects. Additionally, we showed that the lateralization at the
level of the right primary auditory cortex (PAC) and right inferior colliculus (IC) was
signiﬁcantly lower in subjects with tinnitus than in controls. e abnormal lateralization of the IC in subjects with tinnitus was also reﬂected in changes in connectivity
patterns between the IC and the medial geniculate body (MGB) in subjects with tinnitus. ese ﬁndings are shown to be consistent with the hypothesis that tinnitus may
be related to reduced inhibitory eﬀectiveness in the central auditory system. Also, they
suggest the potential involvement of the vermis of the cerebellum in tinnitus.

.

Introduction

Tinnitus is an auditory sensation without the presence of an external acoustic stimulus. A
number of neural mechanisms that might underlie tinnitus have been proposed: changes
in the spontaneous ﬁring rates (SFR) of neurons in the auditory system (Noreña and Eggermont, ; Kaltenbach et al., ), changes in burst ﬁring and neural synchrony
(Noreña and Eggermont, ; Seki and Eggermont, ), and tonotopic map reorganization have been recognized as possible neural correlates of tinnitus (Muhlnickel et al.,
; Seki and Eggermont, ; Eggermont, ). All of these mechanisms may occur as a consequence of an imbalance between excitation and inhibition in the auditory
pathway as may be caused by hearing loss (Eggermont and Roberts, ). None of the
proposed mechanisms have, however, been proven as a substrate of tinnitus in humans.
Functional imaging methods have been applied to study neural correlates of tinnitus
(for a review, see Adjamian et al. (); Lanting et al. ()). ese methods essentially
measure the hemodynamic response in the brain that results from local brain activity.
fMRI in subjects with unilateral tinnitus has been shown to give deviant response lateralization and response levels in tinnitus patients, although the results were not consistent
across the studies (Melcher et al., ; Smits et al., ; Lanting et al., ; Melcher
et al., ).
e goal of our study was to investigate neural correlates of tinnitus in humans. It is
an extension on our previous work (Lanting et al., ). We used fMRI to characterize
sound-evoked responses in various brain centers, and examined response lateralization and
connectivity in a group of subjects without tinnitus and compared the ﬁndings to those
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in subjects with unilateral tinnitus. Connectivity was quantiﬁed by correlation measures,
where the responses in various brain areas were related to each other (Horwitz, ). We
performed this study using monaural auditory stimuli, systematically varying intensity and
stimulus side.

. Materials and methods
Subjects
irteen subjects with unilateral tinnitus were recruited at the University Medical Center
Groningen, all without known neurological and psychiatric history. Additionally, sixteen
subjects without tinnitus were recruited. All subjects were selected to have near-normal
and symmetrical hearing. Hearing thresholds were obtained using standard pure-tone
audiometry at the octave frequencies from  to  Hz.
In the patient groups, the perceived tinnitus frequency and loudness level were determined by a matching procedure. e frequency matching was performed with an external
tone presented at the non-tinnitus ear at a comfortable level. e loudness level was then
determined by adjusting the level of this tone to match the tinnitus loudness. In addition,
the handedness of each subject was determined using a translated version of the Edinburgh inventory (Oldﬁeld, ). Details of the subject characteristics are shown in table
.. e study was approved by the local medical ethics committee and written informed
consent was obtained for each participant.
Table 4.1 Subject characteristics

Characteristics
Age (years)
average
standard deviation
range
Gender
male
Tinnitus
average pitch (Hz)
range (Hz)
average loudness (dB SL)
range (dB SL)
Handedness
right handed

Controls
(n = 16)

Left-sided tinnitus
(n = 7)

Right-sided tinnitus
(n = 6)

.
.
–

.
.
–

.
.
–

 ()

 ()

 ()

–
–
–
–


–

–


–

–

 ()

 ()

 ()

Acoustic stimulation and paradigm
Auditory stimuli were delivered by a MR compatible electrodynamic system (MR Confon
GmbH, Baumgart et al. ()). is system was driven by a PC setup equipped with a
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digital-analogue card (National Instruments E, National Instruments Corporation,
Austin, TX) controlled by Labview . (National Instruments Corporation, Austin, TX).
e auditory stimuli were generated oﬀ-line using Matlab . (e Mathworks Inc., Natick, MA) and consisted of temporally and spectrally modulated broadband ’rippled’ noise
(Langers et al., ). e stimuli had a frequency-range of – Hz with a spectral
modulation density of  cycle per octave, a temporal modulation frequency of  cycles per
second and a modulation-amplitude of . e rippled noise stimuli were presented immediately when MR acquisition started and ended before the next acquisition. All stimuli
were . s in duration. Stimuli were presented at  and  dB (SPL) either at the left
or right ear. e stimuli were presented in a cyclic randomized order. Each condition
(four in total) was presented ten times per functional run, the ’silent’ condition (i.e., no
stimulus) was presented eleven times. Subjects were instructed to respond by left or right
button presses with the right thumb whenever they perceived an audible stimulus in the
left or right ear, respectively. is was done to monitor the subjects’ attention to sound
stimuli during acquisition.

MRI Protocol
All imaging experiments were performed on a T MRI system (Philips Intera, Philips
Medical Systems, Best, e Netherlands) with an eight-channel phased-array head coil
(SENSE head coil). A T-weighted fast-ﬁeld echo scan was acquired for anatomical
orientation (TR . ms; TE . ms; ﬂip-angle ◦ ; matrix  ×  × ; voxel-size .
× . × . mm3 ). e functional scans consisted of -ms single-shot T*-sensitive
echo planar imaging (EPI) sequences with  -mm thick slices (TR  s; TE  ms;
ﬂip-angle ◦ ; matrix  × , ﬁeld of view  mm, SENSE reduction factor .)
and were acquired using a coronal orientation, aligned to the brainstem when viewed on
a midsagittal cross-section. e inﬂuence of acoustic scanner noise was reduced using a
sparse sampling strategy (Hall et al., ; Langers et al., a) in which auditory stimuli
were presented during a .-s gap of scanner silence between the end of each acquisition
and the successive one. For each subject three runs of  acquisitions were performed. An
additional D T-weighted fast-ﬁeld echo scan (TR  ms; TE . ms; ﬂip-angle ◦ ;
matrix  ×  × ; voxel-size . × . × . mm3 ) was acquired with the same
orientation as the functional scans to serve as anatomical reference.

Data analysis
MR images were analyzed using Matlab . (R) (e Mathworks Inc., Natick, MA)
and SPM (Functional Imaging Laboratory, e Wellcome Department of Imaging Neuroscience, London, UK, http://www.fil.ion.ucl.ac.uk/spm/). e functional images were
corrected for motion using realignment of all images to the ﬁrst acquired volume of each
subject and were spatially coregistered with the T-weighted high-resolution anatomical
image. e high-resolution anatomical image was segmented in grey matter, white matter and cerebral spinal ﬂuid (CSF) segments. e grey-matter segment of the anatomical
image was normalized to a custom normalization template (for more details, see Lanting
et al. ()) and the resulting transformation parameters were also applied to the functional data. e normalized functional data were spatially smoothed using an isotropic
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Gaussian kernel with a full width at half maximum of  mm, to improve signal-to-noise
ratio characteristics while retaining the ability to discern small auditory structures (e.g.,
the brainstem nuclei). Functional images were interpolated to voxel dimensions of . ×
.× . mm3 .
A general linear model was set up for each subject to analyze the relative contribution
of each condition to the measured response. e linear regression model included four
covariates of interest, one for each stimulus condition; one constant factor to model the
mean and a linear term to correct for linear drift in the scanner signal. e model was
applied to the data of each individual voxel and four contrast images were created, one for
each condition (i.e., left  dB vs. baseline, left  dB vs. baseline, right  dB vs. baseline
and right  dB vs. baseline; all levels measured in SPL). ese contrast images were used
to obtain statistical parametric maps (SPMs). One F-statistic SPM was made, equally
weighting all four conditions where sound was presented. At a later stage, the estimated
regression coeﬃcients were used to calculate a percent signal change for each condition
for each subject.
A random-eﬀects analysis expresses the typical characteristics of the population and it
assesses the statistical signiﬁcance of the measured responses by comparing the mean value
to the variability across subjects (Friston et al., ). In the present study we used the
four (single-subject) contrast images in a second level random-eﬀects analysis based on a
ﬂexible factorial design in SPM. In this design three factors were deﬁned. One factor
was a subject factor; one factor was deﬁned as a group factor (i.e., controls, subjects with
tinnitus perceived on the left side and subjects with tinnitus perceived on the right side)
and one factor was deﬁned as a within-subjects stimulus factor (i.e., the contrast images
created at single subject level). Inferences on group level were performed using an omnibus
F-test on the summary statistics.

Region of interest analysis
In addition to the second level random-eﬀects analysis we performed a region of interest (ROI) analysis, assessing sound-evoked responses in  anatomical areas comprising
(part of ) the auditory pathway and one area in the vermis of the cerebellum. e left and
right primary auditory cortices were deﬁned as the combination of the TE., TE . and
TE . areas deﬁned by the SPM Anatomy toolbox (Morosan et al., ; Rademacher
et al., ; Eickhoﬀ et al., , ). For the left and right auditory association cortices
(AAC) we used the left and right superior temporal gyrus as deﬁned by Brodmann (BA )
based on the AAL template in MRIcron (http://www.sph.sc.edu/comd/rorden/mricron/).
Both the ROIs of the primary and association cortices were normalized to match our
anatomical template in order to have a corresponding image space. e left and right medial geniculate body of the thalamus (MGB), the left and right inferior colliculi (IC), the
left and right cochlear nuclei (CN), and the ROI consisting of the vermis of the cerebellum
were manually drawn based on an anatomical atlas (Woolsey, ; Martin, ).
A repeated measures ANOVA was performed for each ROI separately, using the mean
percent signal change within each ROI for each experimental condition and for each subject. Two main factors were deﬁned: () subject group and () stimulus condition (left
 dB (L), left  dB (L), right  dB (R) and right  dB (R); all levels in dB
SPL). In addition, the interaction between these two main factors was assessed (group x
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stimulus).

Lateralization
Since we use monaural stimuli, it was possible to assess the preferred stimulus lateralization
of the auditory nuclei. For each ROI of each subject, the mean response to left (L) and
right ear (R) stimuli was calculated, averaging the response to the  and  dB (SPL)
stimuli at each ear. From these values a lateralization index was obtained, deﬁned as
LI =

L−R
|L| + |R|

(.)

Connectivity analysis
For connectivity analyses, we used the Pearson correlation and (conditional) partial correlation to assess, respectively, functional and eﬀective connectivity (Friston, ). Our
model consisted of the following ten auditory regions: the left and right CN, IC, MGB,
PAC and AAC. In addition, the vermis of the cerebellum was included as the eleventh
ROI. e mean of all voxels within each ROI was calculated for each point in time (i.e.,
scan). e obtained fMRI time courses of these ROIs were transformed to zero mean and
unit variance for each subject. ese arrays were concatenated over subjects resulting in a
matrix X1 of  time courses of  elements in time ( subjects ×  time points)
for the control group and a matrix X2 of  time courses with each  elements in time
( subjects ×  time points) for the patient group. For each group the covariance matrix Σ was calculated (which is the same as the Pearson cross-correlations since the signals
were standardized) and from these we obtained the partial correlation coeﬃcient matrix
Π (following Marrelec et al. (, )). Each partial correlation coeﬃcient Πij in the
matrix Π represents a measure of the interaction between the time courses of two regions
(i and j) in the network, i.e., the correlation that cannot be accounted for by the inﬂuence
of any other ROI in the network.
To assess whether diﬀerences in correlations between groups were signiﬁcant, we used
non-parametric permutation testing (Good, ). First, we calculated for both correlation measures (Pearson and partial correlation) the observed diﬀerence in correlation
coeﬃcients between the subject groups. en, we randomly permuted the assignment of
subjects to the two groups (retaining the original group sizes) and calculated the diﬀerence
between correlation coeﬃcients for each permutation. We performed this  times and
obtained a reference distribution of diﬀerences in (partial) correlation coeﬃcients for each
connection. To assess whether the observed diﬀerence in correlation exceeded the significance level of p = 0.05, we calculated the proportion p of sampled permutations where
the absolute diﬀerence was greater than, or equal to, the observed diﬀerence.

.

Results

Audiometry
Pure tone audiometry (- Hz) was performed prior to the functional imaging sessions. e mean audiogram and the standard deviation around the mean are displayed
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per group in ﬁgure . For the control group, the mean hearing threshold was  ±  dB
hearing level (HL), where the average was determined over both ears and over frequencies
of  –  Hz. e subject group with left-ear tinnitus has average hearing thresholds
at  ±  dB HL and for the group with right-ear tinnitus this was  ±  dB HL.
For the frequency-range of - Hz, the groups had comparable hearing thresholds
(average hearing thresholds were  ±  dB for the controls and  ±  and  ±  dB HL
for respectively the groups with left-sided tinnitus and right-sided tinnitus).
Right ear

-10

Left ear

Hearing level (dB)
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Figure 4.1 Hearing thresholds for the right and the left ear for the three subject groups. e solid line

represents the hearing thresholds of the control group and the two dashed lines represent
the hearing thresholds of the two groups with unilateral tinnitus. e error bars indicate
the standard deviation around the mean.

Statistical parameter mapping
e signiﬁcance of the BOLD responses to auditory stimuli that were presented to the
left and right ear was visualized by means of F-test statistical parametric maps (SPM)
pooling all subjects (n = 29) together. Figure . shows cross-sections of the brain in
gray-scale with a color-coded overlay showing signiﬁcant responses to sound (pooling all
 conditions) based on an omnibus F-test (F > 8.34, p < 0.05 FDR, pooled over all
subjects). It clearly shows signiﬁcant responses in the CN, the IC, the MGB and the
bilateral auditory cortices. When contrasting the subject groups, no clear diﬀerences were
observed, with the exception of the vermis of the cerebellum (not shown in this ﬁgure).
No signiﬁcant diﬀerences between the two patient groups were observed. Apparently, the
lateralization of the tinnitus did not cause the response strength or location to be diﬀerent
between both patient groups. Based on this ﬁnding we decided to pool the patient data.
From here on, we only compare responses between controls and all patients with tinnitus.
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Region of interest analysis
Based on the information from the Anatomy toolbox and anatomical atlases, we performed
ROI analyses on  ROIs in the auditory pathway and the vermis of the cerebellum. is
last ROI was chosen since it responded diﬀerently between the controls and patient group.
Table  shows the size of each ROI, measured in voxels (of  ×  ×  mm3 ).
Table 4.2 Size of each ROI, measured in number of voxels (the size of each voxel is  ×  ×  mm3 ).

ROI
Auditory association cortex (AAC)
Primary auditory cortex (PAC)
Medial geniculate body (MGB)
Inferior colliculus (IC)
Cochlear nucleus (CN)
Cerebellum vermis

left hemisphere

left hemisphere














As an example, ﬁgure . shows a statistical distribution of the responses to the four
experimental conditions in the left primary auditory cortex. e ﬁgure shows the distribution of voxels as function of the percent signal change for the four conditions, for one
subject. It shows that, based on the intensity level ( and  dB SPL) and the stimulus presentation side (right ear and left ear), the histograms are shifted compared to each
other. Based on the omnibus F-test (equally weighing all conditions), the  most active
voxels in each ROI were used in the analysis and the coeﬃcients from the linear regression
were averaged. A percent signal change was calculated, averaging the regression coeﬃcients within the region that responded most strongly and comparing it to the regression
coeﬃcient describing the baseline level of activity for the same area.
e box plots in ﬁgure . show the responses for controls and subjects with tinnitus
for the diﬀerent ROIs. For each ROI, it shows the measured percent signal changes for
the four experimental conditions, L, L, R and R–all compared to baseline. In
addition, the mean value for each subject group is shown.
e left hemisphere nuclei are displayed on the left side of the ﬁgure and the right
hemisphere nuclei are displayed on the right side. In the middle, there are cross-sections
of the brain (either coronal, transversal, or both), showing each ROI in a yellow color
overlay combining both the left and right hemisphere ROI in one picture.
Apparent from all nuclei of the auditory pathway, except for the MGB, is the sound
intensity dependency, i.e., the  dB (SPL) stimuli yielded a larger response than the 
dB (SPL) stimuli. In addition to the sound intensity dependency, there is a preferred
stimulus lateralization. With the exception of the CN, the auditory pathway is lateralized
towards the contralateral ear; in other words, there is a stronger response to contralateral
stimuli than to ipsilateral stimuli.
Repeated measures ANOVA analysis was performed with the factor ‘condition’ as repeated measure and ‘group’ as independent variable. In addition to these main factors,
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Figure 4.2 An example of the distribution of voxel percent signal changes in a ROI. e responses to

four conditions are shown for the left primary auditory cortex of one subject. e number
of voxels as function of the percent signal change is shown, indicating a sound intensity
dependency and lateralization (i.e. the mean of  dB SPL > mean  dB SPL and mean
right > mean left)

their interaction was also assessed for potential diﬀerences in responses between controls
and patients. e factor ‘condition’ was signiﬁcant in all ROIs with the exception of the
vermis of the cerebellum (p < 0.05 for the CN, IC, MGB, and PAC; p < 0.001 for the
AAC). is indicates that there were signiﬁcant diﬀerences between experimental conditions for ROIs in the auditory pathway. e vermis of the cerebellum did not respond
diﬀerently between experimental conditions.
For the factor ‘group’, the vermis of the cerebellum was the only ROI that showed
a signiﬁcant diﬀerence (p = 0.005) between controls and patients with tinnitus. For all
conditions, patients showed a larger response than controls in the vermis of the cerebellum,
which is clearly visible in ﬁgure ..
Finally, there were two signiﬁcant interactions. e right PAC showed a signiﬁcant
interaction of group · condition (p = 0.0003). Patients, on average, showed a smaller difference between the ipsilateral (right-ear) stimuli and the contralateral (left-ear) stimuli
than the controls. e same pattern could be observed in the right IC, showing a signiﬁcant interaction group · condition (p = 0.0002). Again, the diﬀerence between the
ipsilateral stimuli and contralateral stimuli was smaller in patients than in controls.
In addition to these ROI analyses, we speciﬁcally assessed the sound-evoked activity
in the IC using the same methods as in a recent study of Melcher et al. (). ese
authors selected for both the left and right IC the voxel with the lowest p-value based on
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the contrast binaural sound vs. baseline and quantiﬁed the percent signal change of this
voxel. ey averaged the response of the left and right IC and plotted the results for each
subject separately.
In order to compare results we averaged the responses of the voxel with the highest
T-value according to the contrast sound vs. baseline for the left and right IC for all four
conditions (i.e. we averaged eight percent signal changes to obtain one value per subject).
e results were plotted in ﬁgure . and shows that the subject groups of the study of
Melcher et al. () have statistically diﬀerent sound-evoked responses in the IC while
our subject groups do not show this diﬀerence.

Lateralization
Figure . shows for each nucleus the corresponding mean lateralization index for each
subject group. e lateralization indices are shown for the left hemisphere nuclei (blue)
and the right hemisphere nuclei (red) for the auditory pathway (AAC, PAC, MGB, IC
and CN) and the cerebellum. A value of + indicates a response to left-ear stimuli only,
whereas a value of - indicates a response to right-ear stimuli only. e ipsilateral lateralization of the CN and the contralateral lateralization of the IC, MGB, PAC and AAC
are clearly visible, although the level of lateralization varies between nuclei. e PAC, the
AAC and the IC were strongly contralaterally lateralized whereas the MGB was lateralized more weakly. e vermis of the cerebellum, in contrast, did not show any lateralization (which can also be observed from ﬁgure .). Interestingly, in almost all nuclei,
the lateralization index was closer to zero in patients compared to controls, although this
only reaches signiﬁcance in the right hemisphere nuclei (excluding the CN) using a repeated measures ANOVA (p = 0.04). e lateralization index of left hemisphere nuclei
did not signiﬁcantly diﬀer between subject groups, although the same trend can be observed. When looking at individual nuclei, signiﬁcant diﬀerences were observed in the
right PAC (p < 0.02) and right IC (p < 0.001). In these nuclei, the lateralization index
was signiﬁcantly lower in subjects with tinnitus compared to controls.

Connectivity analysis
We calculated the Pearson correlation coeﬃcient (see ﬁgure .A) and the partial correlation coeﬃcient (see ﬁgure .B) between all nuclei that were included in the ROI analysis
as a measure for, respectively, functional and eﬀective connectivity.
e strongest Pearson correlations were observed between the left and right nucleus at
each level of the auditory pathway; coeﬃcients varied between . for the left and right
PAC and . for the left and right MGB in the control group. When looking at successive levels in the auditory pathway in controls, the ipsilateral PAC and AAC were highly
correlated with each other with a correlation coeﬃcient of . for the left hemisphere
and . for the right hemisphere. e ipsilateral PAC and MGB showed a smaller correlation, varying between . (left) and . (right). Between the ipsilateral MGB and
IC, the correlations were . (left) and . (right).
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Interestingly, not only successive connections showed moderate or high correlation.
e left and right CN also correlated to a large degree with the right MGB with correlation
coeﬃcients of . (left CN) and . (right CN). In addition, the left CN and the left
MGB also showed a strong correlation of .. Finally, the vermis of the cerebellum was
correlated with the AAC with correlation coeﬃcients of . (left AAC) and . (right
AAC). e group of patients showed a similar pattern of correlations.
e partial correlation coeﬃcients as shown in ﬁgure .B, were lower than the Pearson
correlation, partly since much of the correlation was task related (e.g., sound-evoked fMRI
responses). e partial correlation is the remaining correlation that cannot be accounted
for by other nuclei or by task-related eﬀects. Evident from the partial correlations is that
the strongest correlation appeared between the left and right hemisphere nuclei. is holds
for the AAC, the MGB, the IC and even the CN, whereas the left and right PAC showed
a lower partial correlation. e AAC and the ipsilateral PAC were also strongly partially
correlated (partial correlation values of . (left) and . (right) in the control group).
For both subject groups the connection between the left CN and left MGB also showed
high partial correlation coeﬃcients of . for the controls and . for the patient group.
e left AAC and the vermis of the cerebellum showed a partial correlation coeﬃcient of
. in the controls and . in the patient group, indicating that the cerebellum appears
to have an eﬀective connection with the AAC.
Figure . shows signiﬁcance maps for the diﬀerences between the controls and patients for both the Pearson correlation and the partial correlation. e color-coded values
indicate the signiﬁcance level of the observed diﬀerence between the groups displayed
on a logarithmic scale, e.g., a signiﬁcance level of p = 0.01 corresponds to a value of
– log10 (p) = 2. ese signiﬁcance levels were determined using permutation testing by
comparing the observed diﬀerence with the distribution of possible diﬀerences based on
 permutations.
Two examples are shown in ﬁgure .. Figure .A shows the distribution of the
possible diﬀerences in the Pearson correlation coeﬃcient of the connection between the
right IC and the right PAC. e observed diﬀerence in Pearson correlation coeﬃcients,
calculated as the correlation coeﬃcient of that connection of patients (.) minus that
of the controls (.), is marked by the bold red line, and is located in the tail of the
distribution and corresponds to a signiﬁcance level of p = .. is shows that the
controls had a signiﬁcantly higher Pearson correlation between the right IC and the right
PAC than the patients (see also ﬁgure .).
Figure .B shows the distribution of diﬀerences in the partial correlation coeﬃcient
of the connection between the right IC and the left MGB. e observed diﬀerence was
signiﬁcantly diﬀerent from zero (p = 0.027) and indicates that patients have a stronger
partial correlation (.) between the two nuclei than those of the controls (-.; see also
ﬁgure .).
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Figure 4.3 Coronal and transversal cross-sections of the human brain in gray-scale with a color-coded

overlay showing signiﬁcant responses to sound. e red-yellow color-coded areas indicate
areas with a signiﬁcant response to sound stimuli (omnibus F-test, F > 8.34, p < 0.05
FDR, pooled over all subjects). Evident from this ﬁgure is the auditory pathway, showing
the CN (A and D), the IC (A and E), the MGB (B and E) and the auditory cortices (A,
B, C, and F).
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Figure 4.4 e percent signal changes measured in each ROIs of both the left and right hemisphere (AAC, PAC, MGB,

IC and CN) and the vermis of the cerebellum for both subject groups. For each ROI, the responses to the four
experimental conditions are shown as box plots for each group separately (the ﬁrst and th column shows the
responses of the controls whereas the nd and th column show the responses of the patients with tinnitus).
In addition, for each group, the mean per condition is visualized in the plot next to the box plots (the rd
and th column, respectively).
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Figure 4.5 e lateralization indices for the left hemisphere nuclei (ﬁlled symbols) and the right hemi-

sphere nuclei (open symbols) of the auditory pathway (AAC, PAC, MGB, IC and CN) and
the cerebellum. A lateralization index of + indicates a response to left-ear stimuli only, whereas
a value of - indicates a response to right ear stimuli only. e dashed lines correspond to the
patient group and the solid lines represent the controls. e error bars indicate the standard error of the mean. e symbols indicate the two nuclei († : PAC and ‡ : IC) where the diﬀerence
in lateralization index is signiﬁcantly diﬀerent between the subject groups.
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Figure 4.6 Observed functional and eﬀective connectivity patterns in controls (left) and subjects with tin-

nitus (right). Pearson cross-correlation (A) and partial cross-correlation (B) coeﬃcients were
calculated and color-coded based on the value of the coeﬃcient.
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Figure 4.7 Signiﬁcance maps associated with the observed diﬀerence between subject groups for the Pear-

son correlation coeﬃcients (left) and partial correlation coeﬃcients (right) for each connection.
e scale is logarithmic, e.g., p = 0.01 = 10−2 is associated to a log-signiﬁcance of . e
minimum (blue) is – log10 (0.05) = 1.30. A and B indicate, respectively, the Pearson correlation coeﬃcient between the right IC and the right PAC and the partial correlation coeﬃcient
between the right IC and the left MGB. Details of these connections are shown in ﬁgure ..
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Figure 4.8 Inference of the signiﬁcance levels of the diﬀerence in correlation between patients and con-

trols in two connections. e distributions are based on the permutation of  possible
combinations. Panel A shows the distribution of possible diﬀerences in the Pearson correlation
coeﬃcient of the connection between the right IC and right PAC. Panel B shows the distribution of possible diﬀerences in the partial correlation coeﬃcient between the right IC and
left MGB. e bold red lines indicate the observed diﬀerences and dotted lines indicate the
p = 0.05 signiﬁcance levels. (See also A and B in ﬁgure .)
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e most prominent diﬀerences in Pearson correlation between the controls and patients related to the connections between the IC (left and right) and PAC (left and right)
and between the IC and the AAC (see ﬁgure , left panel). e Pearson correlation was
signiﬁcantly higher in the controls than in the patient group, or equivalently, the diﬀerence between the correlation coeﬃcients of patients and controls was negative. e most
signiﬁcant diﬀerence was -. and corresponded to the connection between the right IC
and right PAC (see ﬁgure .A).
e diﬀerences as measured with the partial correlation coeﬃcients, showed a diﬀerent pattern. ree connections displayed a signiﬁcant diﬀerence between subject groups:
() the connection between the right IC and left MGB was stronger in the patients than
in the controls (diﬀerence of + ., p=.; see ﬁgure , right panel). () e opposite
pattern was found for the connection between the left IC and right MGB, with a weaker
connection in patients (diﬀerence of -., p=.). () Finally, the connection between
the left CN and left PAC showed also a signiﬁcant diﬀerence, where it was stronger in
the patient group (diﬀerence: + ., p=.).
Figure . shows a summary of the partial correlation coeﬃcients between the various
nuclei. It shows for both the controls (left) and the patients (middle) the partial correlations coeﬃcients between nuclei of the auditory pathway. Note that, for clarity reasons,
not all existing connections are displayed. While ﬁgure .B shows a measure of all existing partial correlations coeﬃcients, ﬁgure . only shows signiﬁcant partial correlations
(that is, partial correlations larger than, or equal to .). From the CN to the IC the
connections decussate from ipsilateral to contralateral (see also ﬁgure .) and continue
contralaterally. e thickness of the lines indicates the strength of the partial correlation coeﬃcients and show that especially the inter-hemispheric connections were strong.
Note, however, that the ipsilateral connections between the PAC and the AAC were the
strongest connections measured (varying between . and .).
e diﬀerences between the two groups are indicated in panel C of ﬁgure .. e
contralateral connections between the IC and MGB showed a diﬀerent strength of eﬀective connectivity between controls and patients as well as the connection between the left
CN and left PAC.

.

Discussion

In this paper, we investigated possible neural correlates of unilateral tinnitus using fMRI.
First, we analyzed the sound-evoked responses and compared diﬀerences between subject
groups. Based on previous functional imaging studies on unilateral tinnitus (Melcher et al.,
; Kovacs et al., ; Smits et al., ) we assumed that the lateralization of the tinnitus would be somehow represented in the brain. We thus performed a random-eﬀects
analysis with the two patient groups (a group that perceived tinnitus at their right ear and
a group that perceived tinnitus at their left ear) and compared the measured responses to
those of controls. is analysis revealed that the sound-evoked responses between both
patient groups did not diﬀer signiﬁcantly, which is in line with previous work (Lanting
et al., ) where there was no dependency of the strength of the sound-evoked response
on the side of the tinnitus. is was also conﬁrmed by a recent paper of Melcher et al.
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Figure 4.9 Partial correlation coeﬃcients between nuclei in the auditory pathway for the controls

(A), for the patients (B) and the diﬀerences between patients and controls (C). e graph
shows signiﬁcant partial correlation coeﬃcients between nuclei as solid lines (p < 0.001)
or as dashed lines (0.001 < p < 0.05). e thickness of the lines represents the strength
of the partial correlation coeﬃcient between nuclei.

() showing that the lateralization of the tinnitus is not reﬂected in the strength of the
evoked responses in the IC. e other studies that did show a relation between tinnitus
lateralization and brain activity, either did not properly match their subject groups based
on e.g. hearing loss (Kovacs et al., ; Smits et al., ), or had ongoing background
noise that might have saturated neural responses (Melcher et al., ). is presumably
caused changes in the lateralization of the brain responses. Based on our ﬁndings, we
further analyzed the results by pooling the two patient groups together. In summary, the
laterality of the tinnitus did not correspond to a lateralized change in the neural response
to sound.
e second level random-eﬀects analysis revealed that the vermis of the cerebellum
responded signiﬁcantly stronger in the patient group compared to the controls. e role
of the vermis of the cerebellum is not known, but several authors discussed its role. Animal studies reported anatomical connections between the CN and parts of the cerebellum
(Huang et al., , ). Lesions in the vermis of the cerebellum in rats have been
reported to block the long-term habituation of the acoustic startle response (Leaton and
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Supple, ). Also, in humans, the medial part of the cerebellum is important in the
long-term habituation of the acoustic startle response (Timmann et al., ; Maschke
et al., ). A meta analysis, summarizing the ﬁndings of ﬁfteen studies on the neural
correlates of active and passive listening, reported a general role of the cerebellum in auditory processing (Petacchi et al., ). Linking these ﬁndings to tinnitus, the vermis of the
cerebellum was suggested to play a role in lateral gaze, which in particular subjects with
tinnitus changed the perceived loudness of the tinnitus (Lockwood et al., ). We can
speculate about the possible relation of these results to ours: one could suggest that the
habituation of the continuous percept of tinnitus might be impaired in these patients, leading to the prolonged complaints of tinnitus. e vermis of the cerebellum might thus not
directly relate to the percept but might inﬂuence the habituation to perceived sounds–in
this case tinnitus. Nevertheless, given our data, we cannot draw any ﬁrm conclusion about
the cerebellum, except pointing out that it shows a larger response to sound in patients
with tinnitus compared controls. A similar result (increased activity in the paraﬂocculus
of the cerebellum in rats with behavioral evidence for tinnitus) was reported by (Brozoski
et al., ).
Further ROI analysis showed that, at many levels in the auditory pathway, there were
no diﬀerences in the strength of the response between subject groups. In general, nuclei
of the auditory pathway showed a stronger response to  dB (SPL) stimuli than to 
dB stimuli. In addition, the auditory pathway showed stronger responses to contralateral stimuli—with the exception of the CN, which responded most strongly to ipsilateral
stimuli. e pattern of responses to the sound stimuli was diﬀerent between the subject
groups in only two cases: the right PAC and the right IC. Here, in the patient group, there
was a reduced diﬀerence between ipsilateral and contralateral stimuli. is could also be
observed by looking solely at the lateralization index, which was signiﬁcantly lower in
these same nuclei (right IC and PAC). Interestingly, the patients lateralization was lower
in almost all nuclei and was signiﬁcantly lower when performing a repeated measures
ANOVA on all right-hemisphere nuclei, except the CN. Unilateral tinnitus thus relates
to a decreased lateralization of the auditory pathway. is decreased lateralization might
relate to a diminished eﬃciency in the inhibitory ipsilateral input to the IC. Disinhibition
could eﬀectively lead to a more equal input from both ears (via contralateral excitatory input and a dysfunctional inhibition from the ipsilateral ear, see Ehret and Romand ())
and therefore decrease the lateralization index. Figure . shows schematically the normal situation (A) and the situation where the inhibitory pathway is absent (B), which may
cause a decreased lateralization index.
In contrast to our earlier work (Lanting et al., ) and a recent article by Melcher
et al. (), current analyses indicate that the IC of the patients does not show increased
sound-evoked responses. It did in the subjects that we studied earlier but we were not able
to replicate this ﬁnding here, with a larger group of subjects. e fact that the tinnitus subjects were, on average,  years older than the controls might inﬂuence our ﬁndings, since
there are reports that show that induced cortical fMRI activation declines with advancing
age (D’Esposito et al., ).
Another possible explanation lies in the voxel-selection method. In our previous work,
for each condition, we selected the   voxels that had the highest T-value according to
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Figure 4.10 A schematic representation of excitatory (solid lines) and inhibitory (dashed lines) con-

nections between both ears and the right IC. In the normal situation (A) there is a strong
contralateral excitatory connection. In addition there are both excitatory and inhibitory
ipsilateral connections. e right panel (B) shows a case where the ipsilateral inhibitory
path is diminished (as hypothesized in tinnitus, causing hyperactivity), thereby reducing
the lateralization index. Note that this is a simpliﬁed numerical example to demonstrate
how a reduced eﬃciency of the inhibitory path may lead to a reduced lateralization index. Note that the connections do not necessarily reﬂect the actual connections between
the ears and the IC but reﬂect the integral path up and until the level of the IC.

the single-subject analysis while in this work, we took the   voxels that have the highest
F-value (i.e., the voxels that are best described by the GLM). Melcher et al. () used
the single voxel that showed the maximum signiﬁcance level (i.e., lowest p-value). When
using the same voxel selection criterion as applied by Melcher, we still do not reproduce
their results (see ﬁgure .). us, the voxel selection criterium does not account for the
diﬀerence between our result and that of Melcher et al. ().
An alternative explanation relates to the stimuli that were used. We used monaural
stimuli ( and  dB SPL) while Melcher et al. () used binaural stimuli of approximately  dB (SPL), which might have some inﬂuence on the response strength. Another
option that we cannot rule out is that there might be a hidden variable among the patients
that correlates well with the level of sound-evoked activity like e.g. hyperacusis (Gu et al.,
) or tinnitus handicap.
So it seems that the eﬀects of tinnitus on neural activity are subtle and might not translate to diﬀerences in levels of evoked BOLD activity, possibly since changes in evoked
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Figure 4.11 Percent signal change in the inferior colliculi of each subject for two separate and inde-

pendent studies. Each circle indicates percentage signal change averaged between the
voxel with the largest response in the left and right inferior colliculi, respectively, of a
given subject in a recent study of Melcher et al. () (data used with kind permission).
Each triangle indicates percentage signal change averages between the left and right inferior colliculus and the four experimental conditions (i.e., the conditions as represented
in ﬁgure . in this study). Whereas Melcher et al. () ﬁnd diﬀerences between the
subject groups, we are not able to distinguish between the groups.

activity do not necessarily reﬂect changes in spontaneous ﬁring rates (SFRs) or changes in
neural synchrony.
e last part of the results section described connectivity patterns between nuclei of
the auditory pathway, with in addition the vermis of the cerebellum. A similar approach
was performed by Langers et al. (b) studying connectivity patterns in subjects with
unilateral hearing loss. In functional MR imaging, connectivity measures express the extent of similarity of the measured signals in time in various areas of the brain. Activities
that covary together, suggest that the neural processes underlying this activity may be
related. Two types of connectivity measures have been distinguished (Friston, ; Horwitz, ). e ﬁrst type is functional connectivity and usually calculates the temporal
correlation between pairs of time signals from two spatially remote areas. e second type
of connectivity is eﬀective connectivity which is intended to describe the inﬂuence of one
area on another area (Friston, ).
We adopted two distinctive forms of connectivity analysis in this work (Horwitz,
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). In addition to the simple (Pearson) cross-correlation as a measure for functional
connectivity (Friston, ) we studied partial cross-correlation as measure for eﬀective
connectivity (Marrelec et al., , , ). By using partial correlation, mutual characteristics like sound-evoked responses or other task related features are taken out leaving
an inherent measure of eﬀective connectivity.
We observed that for all connections between elements in the model, the Pearson correlation was higher than the partial correlation, indicating that much of the correlation
could be driven by the experimental paradigm. We assessed the normal connectivity patterns and observed high partial correlation coeﬃcients between the ipsilateral PAC and
AAC. Also, in subjects with tinnitus, the partial correlation coeﬃcient between the left
AAC and the vermis of the cerebellum was increased; indicating that the cerebellum appears to show eﬀective connectivity with the auditory association cortex. We also found
diﬀerences in connectivity in patients with tinnitus based on permutation testing procedures. Speciﬁcally, the eﬀective connectivity was disturbed between the IC and the
contralateral MGB, as well as between the left CN and the left PAC.

. Conclusion
In conclusion, we did not ﬁnd tinnitus related diﬀerences in the strength of response to
sound in the auditory pathway. Yet, we did ﬁnd changes in lateralization and connectivity,
especially from the IC to the contralateral MGB. Apparently, tinnitus is somehow related
to changes in connectivity patterns, which may lead to a change in lateralization. e role
of the cerebellum in tinnitus remains unknown, although it shows a stronger response to
sound in patients with unilateral tinnitus, compared to subjects without tinnitus.
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