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Abstract
It has long been known that subjective tinnitus, a constant or intermittent phantom sound
perceived by 10 to 15 % of the adult population, is not a purely auditory phenomenon but is also
tied to limbic-related brain regions. Supporting evidence comes from data indicating that stress
and emotion can modulate tinnitus, and from brain imaging studies showing functional and
anatomical differences in limbic-related brain regions of tinnitus patients and controls. Recent
studies from our lab revealed altered blood oxygen level-dependent (BOLD) responses to
stimulation at the tinnitus frequency in the ventral striatum (specifically, the nucleus accumbens)
and gray-matter reductions (i.e. anatomical changes) in ventromedial prefrontal cortex (vmPFC),
of tinnitus patients compared to controls. The present study extended these findings by
demonstrating functional differences in vmPFC between 20 tinnitus patients and 20 age-matched
controls. Importantly, the observed BOLD response in vmPFC was positively correlated with
tinnitus characteristics such as subjective loudness and the percent of time during which the
tinnitus was perceived, whereas correlations with Tinnitus Handicap Inventory scores and other
variables known to be affected in tinnitus (e.g. depression, anxiety, noise sensitivity, hearing loss)
were weaker or absent. This suggests that the observed group differences are indeed related to the
tinnitus percept and not to an affective reaction to tinnitus. The results further corroborate vmPFC
as a region of high interest for tinnitus research.
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1. Introduction
Subjective tinnitus, an auditory disorder affecting 10 to 15 % of the adult population (Henry
et al., 2005), is the constant or intermittent perception of sound (often described as ringing,
hissing, whining, pure tone, “cricket sounds”, or noise) in the absence of a corresponding
sound source. Despite its relatively simple perceptual manifestation, the neuro-otological
mechanisms behind tinnitus are complex and only partly understood, and to date there is no
cure or treatment that reliably works for every patient. In most cases tinnitus is associated
with damage to the auditory periphery, most commonly loss of hair cells due to loud noise
exposure or aging, but also sudden-onset hearing loss, head trauma, ear infections, and
certain ototoxic drugs. As a consequence of peripheral auditory damage, less auditory input
reaches central auditory neurons within the affected frequency range, which in turn leads to
compensatory changes in the central auditory system. As animal models for sensorineural
hearing loss and tinnitus have demonstrated, these changes may consist of an upregulation
of spontaneous firing rates (Kaltenbach, 2002; Noreña & Eggermont, 2003; Mulders &
Robertson, 2009), an invasion of lesion-edge frequency processing into the deafferented
regions of central tonotopic maps (Robertson & Irvine, 1989; Rajan & Irvine, 1998; Dietrich
et al., 2001), a reduction of lateral inhibition (Rajan, 1998), or increased neural synchrony
(Seki & Eggermont, 2003). Although it is not completely clear whether all of these changes
contribute to tinnitus, at least one of them seems to be responsible for generating the
aberrant central auditory activity that we will refer to as the “tinnitus signal.” It has also
been reported that a tinnitus signal can arise in the absence of auditory damage when the
auditory system is over-excited via cross-talk from non-auditory structures (somatic tinnitus
– Levine, 2003; Shore et al., 2007).

However, tinnitus does not consistently occur under conditions that are assumed to favor the
generation of a tinnitus signal. For example, hair cell loss, often associated with measurable
hearing loss, occurs in the vast majority of the population either due to loud noise exposure
or aging, yet only a subset of people with hearing loss also suffer from tinnitus (Hoffman &
Reed, 2004). In addition, the frequent co-occurrence of tinnitus with depression and anxiety
(Halford & Anderson, 1991; Andersson et al., 2003), as well as the observation that stressful
life events can trigger or exacerbate tinnitus (Schmitt et al., 2000; Alpini & Cesarani, 2006),
suggest that tinnitus perception is subject to non-auditory, limbic influences. Support for this
idea also comes from neuroimaging studies revealing functional and anatomical differences
between tinnitus patients and control participants without tinnitus not only in auditory, but
also in limbic-related brain areas (Lockwood et al., 1998; Mirz et al., 2000; Mühlau et al.,
2006; Landgrebe et al., 2009; Schlee et al., 2009; Leaver et al., 2011). In addition, a recent
study has demonstrated that electrical stimulation of the caudate nucleus in the striatum
(area LC) of human tinnitus patients can directly modulate tinnitus perception (Cheung &
Larson, 2010).

Consistent with these findings, our lab has recently proposed that tinnitus perception arises
only if two conditions are met: 1) a tinnitus signal is being generated, and 2) this
uninformative signal fails to be suppressed by a cortico-striatal limbic network (Rauschecker
et al., 2010). At the core of this model is the assumption that in an intact cortico-striatal
limbic network, ventromedial prefrontal cortex (vmPFC) can suppress the tinnitus signal
(once it has been evaluated and deemed irrelevant) via known excitatory connections to a
part of the thalamic reticular nucleus (TRN) that is located near the auditory thalamus
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(medial geniculate nucleus, MGN; Zikopoulos & Barbas, 2006). The TRN, in turn, can
inhibit the MGN, through which the tinnitus signal passes on its way to auditory cortex. If
this “noise cancellation system” (Rauschecker et al., 2010) works properly, the tinnitus
signal reaches awareness only transiently, before the suppression mechanisms kicks in.
However, if the noise cancellation system fails, patients become aware of their tinnitus.

This model can explain various conditions of chronic and intermittent tinnitus and tinnitus
with sudden onset: In chronic tinnitus, the noise cancellation failure is permanent and
associated with vmPFC gray-matter reductions (Leaver et al., 2011; Leaver et al., 2012). In
intermittent tinnitus, the failure occurs transiently whenever the cortico-striatal limbic
network is compromised (e.g. as a consequence of stress or sleep deprivation, which could
alter the levels of relevant neurotransmitters in limbic regions). When hearing loss is pre-
existing, adverse life events can trigger immediate tinnitus onset by affecting the limbic
system. Conversely, cases of immediate tinnitus onset after sudden hearing loss can be
explained by pre-existing damage to the limbic-related noise cancellation system due to
independent causes.

The purpose of the present study was to confirm and extend previous results suggesting
involvement of the cortico-striatal limbic network in tinnitus in a new sample of
participants, using a modified design derived from our previous study (Leaver et al., 2011).
First, the present study focused on whether the previously found anatomical changes in
vmPFC might be reflected in corresponding functional changes. Addressing this question
using functional magnetic resonance imaging (fMRI) has been complicated by the fact that
the vicinity of the sinuses can lead to significant signal dropout in ventral prefrontal areas.
To ameliorate this problem, the present data acquisition used a tilted field of view that
avoided the sinuses (Deichmann et al., 2003; for illustration, see Figure 1B), which resulted
in clearly visible vmPFC signal improvements (for illustration, see Supplementary Figure
S1). Second, the present study also assessed several tinnitus-related variables, such as
subjective loudness, impact, and the proportion of awake time during which patients were
aware of their tinnitus (“tinnitus awareness”), as well as variables known to correlate with
tinnitus perception, such as hearing loss, noise sensitivity, depression, and anxiety.
Correlations between these variables and the BOLD response can further elucidate the role
of a given brain region in tinnitus. Third, the present study used a patient-guided tinnitus
matching procedure allowing patients to adjust frequency, loudness, and bandwidth of a test
tone. Compared to the previous, experimenter-guided frequency match (for details, see
Leaver et al., 2011), this procedure should yield more accurate estimates of the tinnitus
frequency. Fourth, patients and controls in the present study were matched for sex and age.
This also resulted in an approximate matching of hearing profiles between tinnitus patients
and controls, and we took additional precautions to rule out differences in hearing loss,
rather than tinnitus, as an alternative explanation for group differences observed in the MRI
data. Lastly, the present study employed a modified “sparse sampling” scanning scheme that
allowed us to investigate the time-course of the BOLD response while still presenting
auditory stimuli in the silent intervals between bursts of scanner noise.

Twenty tinnitus patients (TPs) and twenty controls (CTs) matched by age and sex underwent
fMRI. While in the scanner, they performed a simple button press task in response to three
auditory conditions, which were presented repeatedly and in random order. In the “no-stim”
condition, no auditory stimulus was presented. In condition “tinn-stim,” each tinnitus patient
and his or her stimulus-matched control heard a stimulus at a frequency that corresponded to
the patient's tinnitus frequency. Condition “other-stim” comprised trials with stimulation at a
single non-tinnitus frequency chosen randomly on each trial from a set of three standard
frequencies (375, 1500, and 6000 Hz) of which the one closest to the tinnitus frequency was
omitted. Thus, each participant received three different stimuli covering a broad frequency
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range. For the tinnitus patients, one of these stimuli corresponded to the dominant frequency
of their tinnitus, and for each tinnitus patient there was a control participant who received
stimuli at the exact same frequencies as the patient. For each participant and frequency,
stimulus intensity was adjusted relative to the participant's detection threshold for the same
stimuli under scanning conditions. The scanning paradigm is illustrated in Figure 1A.

2. Results
2.1. Behavioral data

The pure-tone frequencies determined as best matches for the tinnitus frequency were
generally high (mean = 4563.5 Hz), but covered a wide range (min. = 726 Hz, max. =
10617, standard deviation = 3211.5 Hz). More details on the patients’ tinnitus characteristics
can be found in Table 1. As groups, tinnitus patients and controls did not differ significantly
regarding age, hearing loss, or depression and anxiety; however, there was a nonsignificant
tendency for tinnitus patients to have higher hearing thresholds (see Supplementary Figure
S2). Moreover, as can be seen in Table 2, pairwise t-tests showed that tinnitus patients had
worse hearing than their stimulus-matched controls for the experimental stimuli in the
higher frequency ranges. However, these differences did not impact the fMRI results
reported here (see section 4.5.4.). Tinnitus patients also showed a non-significant tendency
for scoring higher on depression and anxiety questionnaires. In addition, they scored
significantly higher on a combined noise sensitivity measure consisting of subjective noise
sensitivity ratings and loudness discomfort levels (LDLs, see section 4.3. for statistical
results).

Strong positive correlations were observed between age and hearing loss, tinnitus handicap
(as assessed using the Tinnitus Handicap Inventory; THI, Newman et al., 1996) and
“negative mood” (a measure combining depression and anxiety scores from multiple
questionnaires, see section 4.3.), general tinnitus loudness ratings (assessing tinnitus
loudness as perceived “on an average day”) and post-scan tinnitus loudness ratings, tinnitus
awareness ratings and general tinnitus loudness ratings, tinnitus awareness and tinnitus
handicap, and general tinnitus loudness ratings and noise sensitivity (see Table S1). Post-
scan tinnitus loudness ratings did not differ significantly from general tinnitus loudness
ratings (paired t-test, p = 0.50). However, the correlation between the two measures, while
large (r = 0.59) was not perfect, indicating that they may measure slightly different things
(with the post-scan loudness ratings presumably being a more accurate measure of the
tinnitus perceived during the scan).

2.2. Brain areas displaying group differences in response to auditory stimuli
A whole-brain analysis including all functional voxels for which data were available from
all participants was performed using a general linear model (GLM) and a random-effects
analysis (for details on the GLM and statistical thresholds, see sections 4.5.1. and 4.5.2.,
respectively). This analysis identified two clusters displaying a significant group difference
between tinnitus patients and controls regarding their BOLD response on trials with
stimulation at the tinnitus frequency compared to trials without auditory stimulation
(contrast “tinn-stim > no-stim”). The first cluster (16 functional voxels, 4323 mm) had its
center of gravity (CoG) in right ventro-medial prefrontal cortex (vmPFC, Talairach
coordinates 15, 16, - 10, shown in Figure 2A). The second cluster was located in right
superior temporal gyrus (STG, CoG Talairach coordinates 46, -10, 0, cluster size 21 voxels,
567 mm3, shown in Figure 5A), including the anterior portion of Heschl's gyrus (Penhune et
al. 1996).
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For contrast “other-stim > no-stim”, group difference maps at a single-voxel threshold of p <
0.005 showed a few noncontiguous voxels along left and right STG in which patients had
stronger activation than controls. However, none of these group differences met the cluster
size threshold used to correct for multiple comparisons. Thus, these results are not discussed
further.

2.3. ROI analyses of the BOLD response in areas displaying group differences
Having identified the above clusters in right vmPFC and right STG as regions of interest
(ROIs) in the whole-brain analysis, we performed within-ROI analyses to get a detailed
picture on how average BOLD signal changes differed between patients and controls in the
three different stimulus conditions (i.e. on trials with stimulation at the tinnitus frequency –
“tinn-stim”, on trials with stimulation at non-tinnitus frequencies – “other-stim”, and on
trials without auditory stimulation – “no-stim”). The results of this analysis are shown in
Figure 2 (B and C) for vmPFC and in Figure 5 (B and C) for STG. In addition, we tested for
correlations of the BOLD response in the three different stimulus conditions with tinnitus-
related behavioral variables of interest as observed in the group of tinnitus patients (Table
3A, Figure 3).

2.3.1. Ventromedial prefrontal cortex (vmPFC)—As illustrated in Figure 2, controls
did not show significant BOLD responses in vmPFC during any stimulus condition, neither
compared to an implicit (“between-trials”) baseline corresponding to the intercept of the
GLM (Figure 2B) nor compared to the signal level measured during the first volume
acquisition of each trial (Figure 2C). In contrast, tinnitus patients displayed significant
BOLD increases on trials with stimulation at non-tinnitus frequencies (“other-stim”) as well
as on trials without auditory stimulation (“no-stim”), resulting in significant between-group
differences for the latter condition. BOLD increases on trials with stimulation at the
patients’ tinnitus frequency (“tinn-stim”) compared to the implicit “between-trials” baseline
were not significant for either patients or controls (Figure 2B). Compared to the signal level
measured during the first volume acquisition, the BOLD response on “tinn-stim” trials
showed a characteristic rise and fall for both groups (particularly in patients; Figure 2C).
The apparent discrepancy between the BOLD response for “tinn-stim” in Figure 2C and the
“absence” of a BOLD response for “tinn-stim” in Figure 2B arises because the data in
Figure 2B reflect how well the observed BOLD time course fits the predicted, canonical
BOLD response. The canonical BOLD time course (as implemented in BrainVoyager QX,
version 2.3.1) is already near its peak during the second volume acquisition, when the
observed BOLD response in vmPFC is just starting to rise (Figure 2C). Thus, the fit between
these two was not significant (Figure 2B), despite the presence of a significant BOLD
response in this region (Figure 2C). This lag in the observed vmPFC time course could
suggest that activity reaches vmPFC only after passing several intermediate processing
stations. In this context, it is interesting to note that the stimulus-evoked BOLD response in
STG (Figure 5C) rises earlier and is more similar to the predicted canonical BOLD time
course. The delayed response in vmPFC relative to STG is in line with our tinnitus model
(Leaver et al., 2011), according to which MGN activation reaches vmPFC indirectly via
amygdala, nucleus accumbens, ventral pallidum, and the medial dorsal nucleus of the
thalamus, whereas neural activity is passed directly to auditory cortex from MGN.

Within the group of tinnitus patients, the average BOLD response in vmPFC was strongly
correlated with general tinnitus loudness ratings and tinnitus awareness (Table 3A, Figure
3). These correlations were particularly strong on trials with stimulation at the tinnitus
frequency (“tinn-stim”), but also present on trials with stimulation at non-tinnitus
frequencies (“other-stim”) and even on trials without auditory stimulation (“no-stim”).
Importantly, correlations with noise sensitivity, negative mood, hearing loss, and age were
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much smaller or even negative (Table 3A). Interestingly, when assessing correlations
between the tinnitus percept and activation differences between the conditions, we found
strong positive correlations between tinnitus loudness ratings and contrast “tinn-stim > no-
stim” and contrast “tinn-stim > other-stim”, but not for contrast “other-stim > no-stim”
(Supplementary Figure S3).

Since tinnitus loudness and tinnitus awareness ratings were highly correlated (r = 0.55), we
also performed partial correlation analyses to assess the unique contributions of the two
variables to the observed vmPFC signal while controlling for the influence of the other
variable. These analyses (reported in Supplementary Table S2) showed that for contrasts
“other-stim” and “no-stim”, the unique contributions of both variables were relatively small
and not significant. However, for contrast “tinn-stim”, the predictive power of tinnitus
loudness ratings was large (r = 0.62) and highly significant (p < 0.005) even after partialling
out the influence of tinnitus awareness ratings.

2.3.2. Superior temporal gyrus (STG)—As would be expected of a brain region
directly involved in auditory sensation, STG showed significant BOLD responses on trials
with auditory stimulation (“tinn-stim” and “other-stim”) bilaterally in both groups, whereas
the BOLD responses on trials without auditory stimulation (“no-stim”) were weaker. (A
“stim > no-stim” contrast based on a random-effects analysis including all participants is
illustrated in Supplementary Figure S4; Supplementary Figure S5 shows the BOLD
responses in the separate conditions.) The same held for the ROI in right STG displaying a
significant group difference for contrast “tinn-stim > no-stim” (Figure 5, B and C).
Interestingly, the group difference was mostly driven by the fact that the BOLD response on
“no-stim” trials in this ROI was still significant for controls, but not for tinnitus patients. As
can be seen in Figure 5C, the BOLD response on “no-stim” trials also started rising later
than the BOLD responses on trials with auditory stimulation. The BOLD responses on trials
with auditory stimulation were already near their peak during the second volume acquisition
(4.5 to 6 seconds after trial onset), which is consistent with the known time course of the
BOLD response to auditory stimulation in auditory cortex (Hall et al., 2000). In contrast, the
BOLD response on “no-stim” trials was still near baseline during the second volume
acquisition, and only rose above baseline during the third (7.5 to 9 seconds after trial onset).
No strong correlations were found between BOLD responses and tinnitus variables for any
stimulus condition in this ROI (Table 3A).

2.4. Brain areas displaying correlations with tinnitus characteristics
In addition to group differences between patients and controls, correlations between the
average BOLD response and perceptual tinnitus characteristics can also reveal brain areas
relevant to tinnitus perception. We thus searched, across the entire brain, for clusters of
voxels whose BOLD response on trials with stimulation at the tinnitus frequency (“tinn-
stim”) was correlated with patients’ tinnitus loudness ratings (both regarding how loud they
perceived their tinnitus on average – “general loudness” and how loud they perceived it
immediately after the scan – “postscan loudness”), their tinnitus awareness ratings, and their
THI scores (a measure of tinnitus distress).

This analysis identified strong positive correlations (r > 0.60) between patients’ BOLD
response on “tinn-stim” trials and postscan tinnitus loudness ratings bilaterally in anterior
inferior frontal gyrus (IFG) in the lowermost portion of Brodmann area (BA) 46 (bordering
BA 45). Both clusters are illustrated in Figure 6A, along with scatter plots illustrating the
correlations for which they were identified. The cluster in right IFG (CoG Talairach
coordinates 41, 32, 0) encompassed 82 functional voxels (2214 mm3), and the one in left
IFG (CoG Talairach coordinates -41, 34, 7) encompassed 46 functional voxels (1242 mm3).
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Aside from the correlations for which they were identified (i.e. of contrast “tinn-stim” and
post-scan tinnitus loudness ratings), both clusters also showed related correlations between
post-scan tinnitus loudness ratings and contrast “other-stim” and between tinnitus awareness
ratings and contrasts “tinn-stim” and “no-stim” (Table 3B). All these correlations exceeded
0.30; the two exceeding 0.50 are illustrated in Figure 6B. It should be noted that, unlike in
vmPFC, these correlations are not independent of how the ROI was identified, since tinnitus
awareness and tinnitus loudness ratings are correlated (see Table S1); i.e., an ROI whose
activation is correlated with tinnitus loudness is likely to also show a correlation with
tinnitus awareness. Furthermore, an ROI showing a correlation between a certain behavioral
variable and the BOLD response in one experimental condition is likely to also show a
correlation with the same variable in another, similar condition. Therefore, the correlations
depicted in Figure 6B are potentially overestimated (Kriegeskorte et al., 2009; Vul et al.,
2009).

The whole-brain correlation analysis also identified a cluster of 40 voxels (1080 mm3) in
right vmPFC (CoG Talairach coordinates 10, 14, -8) whose BOLD response on “tinn-stim”
trials was strongly correlated with patients’ general tinnitus loudness ratings, as well as a
nearby, partly overlapping cluster (21 voxels, 567 mm3, CoG Talairach coordinates 14, 23,
-9) whose BOLD response on “tinn-stim” trials was strongly correlated with patients’
tinnitus awareness ratings. As can be seen in Figure 4, these clusters overlapped with the one
identified for displaying group differences for contrast “tinn-stim > no-stim” (as illustrated
in Figure 2 and discussed above), thus providing independent confirmation that right vmPFC
is tied to tinnitus perception.

The reported clusters were the only clusters surviving our combined single-voxel and cluster
size thresholds for their respective statistical maps. No significant correlations were
observed between the BOLD response on “tinn-stim” trials and THI scores.

3. Discussion
3.1. Confirmation of the involvement of vmPFC in tinnitus

According to our tinnitus model (Rauschecker et al., 2010), vmPFC plays a crucial role for
determining to what extent aberrant auditory neural activity becomes a conscious tinnitus
percept. This model has so far been backed by three MRI studies using voxel-based
morphometry (VBM), which identified gray-matter decreases in tinnitus patients compared
to controls in a subcallosal region (Mühlau et al., 2006) and, more specifically, vmPFC
(Leaver et al., 2011; Leaver et al., 2012). Additional support came from an MEG study
comparing Partial Directed Coherence in resting-state cortical networks of tinnitus patients
and controls (Schlee et al., 2009). Schlee and colleagues demonstrated that voxels in
orbitofrontal cortex (likely including what we refer to as vmPFC) showed decreased outflow
but increased inflow in tinnitus patients, meaning that in tinnitus patients, medial prefrontal
cortex activity was more strongly influenced by activity in other regions of the brain, and
had less influence on activity in other regions of the brain. This finding is consistent with
our assumption of vmPFC as part of a gating mechanism whose failure to regulate activity in
other brain regions can lead to tinnitus.

The present study complements these findings in new samples of age-matched tinnitus
patients and controls by providing fMRI evidence for functional group differences in
vmPFC, which has been lacking so far. The BOLD response in right vmPFC exhibited both
a group difference for contrast “tinn-stim > no-stim” (mostly driven by the fact that tinnitus
patients showed a stronger BOLD response on “no-stim” trials) and strong positive
correlations between the BOLD response in all conditions (“tinn-stim”, “no-stim”, and
“other-stim”) and the patients’ tinnitus awareness and tinnitus loudness ratings. Importantly,
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correlations with other variables that could cause differential responses in tinnitus patients
and controls, such as depression and anxiety, were small and non-significant, ruling out this
alternative explanation. Taken together, the present results demonstrate that tinnitus patients
engage ventral prefrontal cortex during an auditory task differently than control participants.
This yields further support to the hypothesis that the anatomical differences observed in
limbic-related medial prefrontal brain regions of tinnitus patients in previous studies
(Mühlau et al., 2006; Leaver et al, 2011) are indeed related to tinnitus.

3.2. The role of ventromedial prefrontal cortex (vmPFC) in tinnitus
In our recent tinnitus model (Rauschecker et al., 2010) we proposed that vmPFC provides
the driving input for a thalamic auditory gating mechanism that can suppress the tinnitus
signal. In the context of the current study, we assume that the vmPFC activity observed in
tinnitus patients reflects the engagement of this tinnitus suppression mechanism. In order to
focus on the experimental task and stimuli, all tinnitus patients were required to use their
inhibitory gating mechanism to “tune out” the tinnitus signal to their best ability. Control
participants without tinnitus were unlikely to have need for employing this gating system.
This idea is supported by the presence of vmPFC BOLD responses in tinnitus patients, and
their relative absence in controls (Figure 2, B and C).

Please note that these group differences argue against a potential alternative explanation for
the observed vmPFC BOLD responses. One might suspect that they reflect the preparation
and/or execution of the motor response required on each trial, especially considering that in
patients, vmPFC BOLD responses were observed even on trials without auditory
stimulation. However, if the responses were indeed related to motor control, one would
expect similarly strong BOLD responses in controls, who also made motor responses on
each trial. Reaction time analyses revealed no differences between groups that could explain
the difference in BOLD responses (data not shown). There was also no correlation between
reaction time and vmPFC BOLD response. Taken together, this makes it unlikely that the
vmPFC BOLD responses in patients reflect motor preparation.

In addition to the group differences, the observed correlations between the vmPFC BOLD
response and tinnitus characteristics (general tinnitus loudness and awareness) further
corroborate our hypothesis that vmPFC BOLD responses are directly related to the tinnitus
percept. When interpreting these correlations, it is important to bear in mind that higher
tinnitus loudness and awareness ratings could occur for different reasons, and probably do
so in different patients. Louder tinnitus may result simply from stronger aberrant activity in
lower auditory areas (e.g. as a result of stronger damage to the auditory periphery). But even
if the “tinnitus signal” itself were constant across participants, the perception could still
differ depending on how successful the “noise cancellation mechanism” proposed by us
works. This, in turn, could also depend on different things in different patients. Obviously,
anatomical damage to parts of the noise cancellation mechanisms (such as the vmPFC gray-
matter reductions observed by Leaver et al., 2011) would compromise its functioning.
Similarly, even if all parts were intact, functioning would still be compromised if the
connections between them were weakened or missing (e.g. due to a lack of relevant
neurotransmitters or anatomical connections). Lastly, in some patients, the noise
cancellation mechanism could be anatomically intact but nevertheless not suppress the
tinnitus, simply because the tinnitus is interpreted as a threatening and relevant stimulus,
rather than as noise (De Ridder et al., 2011; Jastreboff, 1990). Below, we outline three
potential, not mutually exclusive, interpretations for the observed correlations between
vmPFC activity and tinnitus loudness and awareness within the framework of our tinnitus
model. Please note that since these interpretations are post-hoc and driven by the present
data, future research will have to test whether and under which circumstances each of them
holds in an independent data set.
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Interpretation 1—Larger vmPFC responses in patients with louder and more intrusive
tinnitus may reflect the gating system's stronger (albeit unsuccessful) efforts to suppress a
stronger tinnitus signal during the task. Note that this interpretation is well in line with the
observation of reduced influence of vmPFC over the activity of other brain areas in tinnitus
patients (Schlee et al., 2009). Essentially, vmPFC “goes into overdrive” in an attempt to
suppress the tinnitus signal, but its activity does not achieve the desired regulating influence,
possibly due to reduced connectivity with other (especially auditory) brain regions. This
interpretation suggests vmPFC connectivity as an area of high interest for future tinnitus
research. It also raises the question whether the previously observed gray-matter reductions
in vmPFC may be the results of excitotoxicity (i.e. damaging of neurons due to excessive
and constant excitation).

Interpretation 2—It is possible that the experimental stimuli interacted with the tinnitus
and altered the tinnitus percept, thus modulating the need for gating and, in consequence,
vmPFC activity during the task. In patients with soft tinnitus, an experimental stimulus
(especially one that is well matched to the tinnitus frequency) may partly mask the tinnitus,
or even induce residual inhibition (Roberts et al., 2008), thus reducing the need for
employing the gating mechanism. This could explain why the BOLD response on “tinn-
stim” trials was much smaller than on “no-stim” trials without auditory stimulation that
could mask the tinnitus (Figure 2B), and also smaller than that on trials with stimulation at
“other” frequencies distant from the tinnitus (which are less potent tinnitus maskers).
Similarly, this interpretation can explain the negative values in the correlation plots for
“tinn-stim” (Figure 3). Since in these plots activation is expressed relative to the baseline
term of the GLM (i.e., activation levels “between” trials), negative values indicate that
activation in the respective condition is lower than during baseline. This is exactly what one
would expect if stimulation (especially at the tinnitus frequency) masks the tinnitus and thus
reduces the need for gating relative to baseline. In contrast, for other patients, especially for
those with loud and intrusive tinnitus (i.e. high tinnitus loudness and tinnitus awareness
ratings), an auditory stimulus near the tinnitus frequency might actually increase the
perceived loudness of the tinnitus rather than mask it, thus requiring particularly strong
activation of the gating system and leading to particularly large BOLD responses in this
condition.

This interaction hypothesis would explain why the correlations between the tinnitus percept
and vmPFC signal changes were strongest for condition “tinn-stim”, in which the interaction
between the experimental stimulus and the patients’ tinnitus would be maximal (Figure 3).
Furthermore, tinnitus loudness was positively correlated with vmPFC activation differences
between condition “tinn-stim” and both other conditions (constrasts “tinn-stim > other-stim”
and “tinn-stim > no-stim”), but not with activation differences between conditions “no-stim”
and “other-stim” (Supplementary Figure S3). This, too, suggests that the “tinn-stim”
condition was in some way “special”, likely due to the interaction between the stimulus at
the tinnitus frequency and the tinnitus itself. A last piece of evidence in favor of the
interaction hypothesis is provided by partial correlation analyses (Supplementary Table S2);
only in condition “tinn-stim” were tinnitus loudness ratings highly correlated with vmPFC
activation after controlling for tinnitus awareness ratings. This indicates a unique
relationship between tinnitus loudness and vmPFC activation in the “tinn-stim” condition,
suggesting that tinnitus loudness determines whether stimulation at the tinnitus frequency
results in either: A) masking, reduced need for gating, and thus reduced vmPFC activation,
or B) amplification of the tinnitus percept, increased need for gating, and thus increased
activation in vmPFC during the task.

Interpretation 3—It is also possible that the observed correlations at least partly reflect
baseline differences. If vmPFC activity at baseline influences to what extent the tinnitus

Seydell-Greenwald et al. Page 9

Brain Res. Author manuscript; available in PMC 2013 November 16.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



signal is perceived, patients with fairly high vmPFC baseline activity would report lower
tinnitus awareness and loudness than patients whose vmPFC is less active at baseline (all
other things equal). In those patients with soft tinnitus, the elevated vmPFC baseline activity
would then leave less room for activation increases during the experimental task. In contrast,
patients with lower vmPFC baseline activity (and thus louder and more intrusive tinnitus)
could show larger increases during a task that requires tuning out the tinnitus. Please note
that interpretation 3 in no way contradicts, but rather complements interpretation 1.
Interpretation 1 predicts larger vmPFC activity in patients with higher tinnitus awareness
during the task, whereas interpretation 3 predicts higher tinnitus awareness in patients with
lower vmPFC activity at baseline (which, in turn, leaves room for larger increases during the
task).

Importantly, the fact that tinnitus patients activated their gating system during our
experimental task does not necessarily mean that this activity was sufficient to completely
suppress the tinnitus. As noted above, vmPFC gray-matter reductions and/or compromised
connectivity between vmPFC and other parts of the gating system may make it impossible to
achieve complete tinnitus suppression. Additional “distractor control” may thus be needed,
and lateral PFC is a highly plausible candidate for this function.

3.3. The role of lateral prefrontal cortex (lPFC)
The role of lateral prefrontal cortex in attention and inhibitory control (Watanabe 1986;
Sasaki et al., 1989; MacDonald et al., 2000; Ploner et al., 2005) and even, specifically, in
auditory gating (Skinner & Yingling, 1977; Woods & Knight, 1986; Knight et al., 1989) is
well known. BOLD activity in lateral PFC increases with task difficulty and with distractor
salience (Tomasi et al., 2005). It is also needed for suppressing internal distractions such as
intrusive thoughts and emotions (Lévesque et al., 2003; Anderson et al., 2004). We thus
assume that the lPFC activation observed in the present study reflects the effort involved in
focusing on performing the experimental task while ignoring distractions.

While distractions, for example in form of scanner noise, somatosensory sensations, and
motor impulses, were certainly present for all participants, the tinnitus percept (and, quite
possibly, associated emotions and thoughts) constituted an additional internal distractor for
the tinnitus patients. Consistent with this interpretation, activation in the two lateral
prefrontal ROIs (Figure 6) did not differ significantly between groups, but was nevertheless
strongly correlated with tinnitus loudness ratings given immediately after the scan. We
hypothesize that these correlations arose because the patients with the loudest postscan
tinnitus ratings experienced a more potent distractor during the scan and thus had to exert
more effort to perform the task. This was, however, not reflected in the error rates, since the
oddball detection task was simple and all participants achieved near-optimal scores.

3.4. Auditory cortex activation in tinnitus
Many have argued that aberrant activity in the auditory system is what generates the tinnitus
signal. This is well supported by empirical evidence (for a recent review, see Roberts et al.,
2010), especially from animal studies indicating increased spontaneous and sound-evoked
neuronal activity at various stations along the auditory pathways; however, studies disagree
at which level of the auditory system (cochlear nuclei, inferior colliculi, thalamus, or
auditory cortex) the aberrant activity is generated, and whether it is directly related to
tinnitus or rather to hyperacusis, a hypersensitivity to sound observed in many tinnitus
patients (Gu et al., 2010). Unfortunately, since fMRI cannot measure absolute blood
oxygenation, but only compare relative blood oxygenation between conditions (Logothetis
2008; Gusnard & Raichle 2001), it cannot detect the neuronal signature of a tinnitus signal
that is constantly present and affects all measurements alike. Nevertheless, the present study

Seydell-Greenwald et al. Page 10

Brain Res. Author manuscript; available in PMC 2013 November 16.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



picked up on an effect in auditory cortex that is likely related to tinnitus, albeit indirectly,
perhaps via the modulating influence of top-down attention (as was previously suggested by
Gu et al., 2010).

As shown in Figure 5A, tinnitus patients showed a larger signal change for contrast “tinn-
stim > no-stim” than controls in right STG. This effect was mostly due to the fact that
controls showed a significantly stronger BOLD response on “no-stim” trials than tinnitus
patients (Figure 5B). We attribute the auditory response on “no-stim” trials to “top-down”
feedback perhaps due to auditory attention, which is known to enhance auditory cortex
activity (Grady et al., 1997), even in the absence of stimulation (Voisin et al., 2006). Since
auditory stimuli occurred at the same time during all trials except “no-stim”, and since the
“no-stim” trials were randomly interleaved with stimulation trials, participants would have
expected auditory stimuli to occur even on “no-stim” trials. A violation of this expectation
likely triggered the allocation of additional top-down attention. Consistent with this
feedback interpretation, the BOLD response on silent trials started to rise later than that on
trials with auditory stimulation (Figure 5C). We hypothesize that the feedback-related
BOLD response looks smaller in tinnitus patients because their tinnitus draws a certain
amount of auditory attention (and thus feedback activation into auditory cortex) at all times.
This results in an elevated baseline compared to which there is less room for task-related
feedback BOLD responses. A way of testing this hypothesis in a future dataset would be to
assess whether tinnitus patients indeed show enhanced functional connectivity between
brain areas associated with top-down attentional control and auditory cortex at rest (i.e. in
the absence of task and stimulation).

3.5. Summary and conclusion
The present fMRI study revealed functional differences between tinnitus patients and
controls matched for age and sex in right vmPFC and right STG. In addition, it identified
two lateral prefrontal brain regions (left and right IFG, BA 46) whose BOLD response to
stimulation at the tinnitus frequency was strongly correlated with tinnitus loudness ratings
given immediately after the scan. We attribute these latter correlations to the fact that the
tinnitus constituted a distractor and thus increased task difficulty proportional to its
perceived loudness during the scan. In agreement with previous results (Gu et al., 2010), we
assume that the group differences observed in STG were likely due to tinnitus-related effects
on auditory attention, but not to the tinnitus percept itself. Ventromedial prefrontal cortex
was the only brain region that displayed both a significant group difference between tinnitus
patients and controls and strong correlations between its activation and the tinnitus percept
itself. Its BOLD response in all conditions, but especially on trials with stimulation at the
tinnitus frequency, was strongly correlated with tinnitus loudness and tinnitus awareness.
Importantly, correlations with variables capturing factors often associated with tinnitus, such
as hearing loss, depression, or anxiety, were considerably smaller.

These results confirm and extend previous findings of functional and anatomical differences
in limbic and limbic-related brain regions of tinnitus patients. The observed group
differences and correlations are not suited for testing causality or directionality of influence
between auditory and limbic brain regions. However, it is notable that the vmPFC BOLD
response was correlated most strongly with how often patients were aware of their tinnitus
and how loud they perceived it in general, and much less correlated with how loud they
perceived it immediately after the scan. This suggests that the functional changes in vmPFC
reported here, just like the anatomical changes reported previously (Leaver et al., 2011;
Leaver et al., 2012), are related to the long-term characteristics (or consequences) of the
tinnitus percept, rather than to short-term variations in the tinnitus percept or its possible
emotional consequences.
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4. Experimental Procedures
4.1. Participants

Forty-four participants (24 patients and 20 controls) who met standard MRI inclusion
criteria participated in this study. All experimental procedures were approved by the
Institutional Review Board at Georgetown University and fully disclosed to the participants,
who gave written informed consent. Of the tinnitus patients, four were excluded from the
analysis (and no control was matched to them) for the following reasons: One patient
reported unpleasant physical sensations during the anatomical scan so that we decided not to
acquire functional data, one patient moved excessively during the scan, and in two patients,
high-frequency hearing loss made it impossible to play all auditory stimuli at a level audible
to the participants without introducing noticeable sound distortions. Controls were recruited
to match the patients by age and sex. Each group consisted of eleven women and nine men,
and the groups did not differ significantly regarding age (patients ranged from 23 to 66 years
of age, with a mean of 46.7 and a standard deviation of 13.4 years; controls ranged from 29
to 67 years, with a mean of 48.5 and a standard deviation of 12.3 years).

4.2. Behavioral data acquisition
4.2.1. Audiometry and tinnitus match—Each participant received an extended
examination at Georgetown University's Department of Otolaryngology to ensure that no
audiological disease (other than subjective tinnitus and sensorineural hearing loss) was
present. In addition to a standard clinical audiogram (assessing hearing thresholds for pure
tones from 250 to 8000 Hz), hearing thresholds were tested up to 20 kHz. Loudness
discomfort levels (LDLs) were assessed by gradually increasing the intensity of a 1 kHz
pure tone (up to 100 dB HL) until the participant rated the sound as uncomfortably loud.
Tinnitus patients were asked to adjust a test sound to match their tinnitus as well as possible
using software written for MATLAB (The MathWorks, Inc.). Patients could vary frequency
(in 1/12 octave steps), intensity (in 3 dB steps), and bandwidth (in 1/6 octave steps) of the
test tone, as well as whether it was played to the left, right, or both ears. We also told
participants that we could make the steps even finer if they determined that the best match
was somewhere in between these steps, but no participant ever requested that. Even though
only 13 of the 20 patients described their tinnitus as tonal, after trying different bandwidth
settings, all patients ultimately determined a pure tone as the best match. They were then
encouraged to try stimuli an octave above and below to ameliorate the problem of octave
confusion. Without being encouraged to do so, many patients spontaneously reported using
a masking criterion for the match, determining that tone as the best match which blended
with their tinnitus so that they could no longer distinguish between the two. Overall,
participants described the resulting matches as “good” to “excellent”.

4.2.2. Questionnaires—All participants completed an MRI screening form (assessing,
among other things, history of neurological diseases, head injuries, and use of
neuromodulatory medications), as well as the Patient Health Questionnaire (PHQ9, Kroenke
et al., 2001) to assess depressive symptoms, the Generalized Anxiety Disorder questionnaire
(GAD7, Spitzer et al., 2006), the Hospital Anxiety and Depression Scale (HADS, Zigmond
& Snaith, 1983), and non-tinnitus specific questions of the Tinnitus Sample Case History
Questionnaire (TSCHQ, Langguth et al., 2007). Tinnitus patients also completed the
remaining items of the TSCHQ, as well as the Tinnitus Handicap Inventory (THI, Newman
et al., 1996).

4.3. Use of behavioral data
Group differences for the different behavioral variables were investigated using non-
directional t-tests assuming unequal variance between groups. The reported p-values are not
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corrected for multiple tests, which is a conservative test under the present circumstances
since it facilitates the detection of significant group differences regarding variables other
than tinnitus, which are undesired. Hearing thresholds, averaged across the entire audiogram
and both ears, did not differ significantly between patient and control groups (for average
audiograms, see Supplementary Figure S2). There was only a non-significant trend (p =
0.064) for tinnitus patients to have higher average thresholds (mean M = 31 dB HL, standard
error SE = 3 dB HL) than controls (M = 23 dB HL, SE = 3 dB HL). However, paired t-tests
of hearing thresholds for the stimulus frequencies used in the experiment revealed that
tinnitus patients had higher hearing thresholds than their stimulus-matched controls for the
higher frequencies (see Table 2). While these differences would not have been deemed
significant at an error level corrected for multiple comparisons using the Bonferroni method,
they nevertheless indicate suboptimal matching between the groups. We thus performed
additional fMRI analyses to check whether this contributed to the group differences
observed in the fMRI analysis (see section 4.5.4.).

To obtain a general noise sensitivity measure, we combined LDLs with a question from the
TSCHQ worded as follows: “Do you have a problem tolerating sounds because they often
seem much too loud? That is, do you often experience sounds which other people around
you find quite comfortable as too loud or hurtful? (0=never; 1=rarely; 2=sometimes;
3=usually; 4=always).” After normalizing LDLs to the maximum intensity tested (100 dB
HL), we added the result to the normalized TSCHQ noise sensitivity rating. The resulting
noise sensitivity score thus ranges from 0 (for participants for whom even 100 dB HL are
not uncomfortably loud and who never experience sounds as louder or more hurtful than
other people) to 2 (for participants for whom even the softest sounds are uncomfortably loud
and who always experience sounds as more loud or hurtful than other people). Noise
sensitivity differed significantly (p = 0.000002) between patients (M = 0.61, SE = 0.07) and
controls (M = 0.14, SE = 0.04). We thus performed additional fMRI analyses to check
whether this contributed to the group differences observed in the fMRI analysis (see section
4.5.4.). Please note that it is likely that the measures of noise sensitivity used here are
influenced by both anxiety and hearing loss. Participants with high anxiety levels will likely
experience the gradual increase in loudness during the LDL assessment as threatening and
stop the procedure before truly uncomfortable levels have been reached. This would lead to
an overestimation of noise sensitivity. On the other hand, participants with higher hearing
thresholds will perceive sounds as less loud, which could lead to an underestimation of noise
sensitivity. The noise sensitivity measure used here should thus be interpreted with caution.

Depression and anxiety self-ratings were highly correlated across the different scales (all r >
0.71). For this reason, we combined PHQ9, GAD7, and HADS scores into a single “negative
mood” score by dividing, for each scale, each participant's score by the maximum possible
score (so that normalized scores for each scale ranged from 0 to 1), and then summing the
normalized scores across the three scales (so that the resulting “negative mood” scores
ranged from 0 to 3). As with hearing loss, there was no significant difference between
patients and controls, but a trend (p = 0.073) for patients to have higher negative mood
scores (M = 0.55, SE = 0.10) than controls (M = 0.34, SE = 0.06).

The following two questions from the TSCHQ were used to assess tinnitus characteristics:
“Describe the loudness of your tinnitus using a scale from 1 to 100 (1 = very faint; 100 =
very loud)” and “What percentage of your total awake time, over the past month, have you
been aware of your tinnitus? For example, 100 % would indicate that you were aware of
your tinnitus all the time, and 25 % would indicate that you were aware of your tinnitus ¼ of
the time”. In addition, we also asked patients to rate the perceived loudness of their tinnitus
immediately before and after the scan, using the question “Please rate the current loudness
of your tinnitus, as you experience it right now” followed by a visual analog scale from one
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to ten. There were no systematic differences between pre- and post-scan tinnitus loudness
ratings (they did not differ at all for half of the tinnitus patients, and deviated by up to 2
points in either direction for the remaining patients), indicating that the scanning procedure
neither worsened nor improved the tinnitus. We thus decided to use only post-scan tinnitus
loudness ratings as an estimate of tinnitus loudness at scan time. Note that while post-scan
tinnitus loudness ratings did not differ significantly from general tinnitus loudness ratings
(paired t-test, p = 0.50), the two measures were not perfectly correlated, either (see
Supplementary Table S1). This indicates that tinnitus loudness as perceived on the day of
the scan did not necessarily represent patients’ general tinnitus loudness ratings. To assess
tinnitus impact, we used the total THI score.

4.4. MRI data acquisition
4.4.1. Scanning parameters—Imaging was performed on a 3.0-Tesla Siemens TIM Trio
scanner with a 12-channel head coil. High-resolution anatomical images of the whole brain
were acquired with the following parameters: TR = 2,530 ms, TE = 3.5 ms, inversion time =
1,100 ms, flip angle = 7°, 176 sagittal slices, 1 × 1 × 1 mm3 resolution. For the collection of
functional images we chose a sparse-sampling design in which subsequent volume
acquisitions were separated by a short period of silence (1.5 s) during which auditory stimuli
could be presented in the absence of scanner noise. As can be seen in Figure 1A (lowermost
panel), these frequent intermittent scans are expected to evoke BOLD responses, creating a
continuously elevated level of auditory activation that can be expected to affect all volume
acquisitions and conditions alike. However, because the BOLD response to experimental
stimuli or the task will be measured relative to this continuously elevated baseline, the
elevated level of auditory activation should neither affect comparisons across conditions nor
across time points,.

To reduce signal loss due to susceptibility artifacts in vmPFC, the acquisition box was tilted
30° from the ACPC line so as to avoid intersection of MRI slices and the sinuses (Figure
1B). The parameters were: TR = 3,000 ms, TR delay = 1,500 ms, TE = 30 ms, flip angle =
90°, FOV = 192 mm, 64 × 64 matrix, 28 transversal slices of 3.5 mm thickness, resulting in
functional voxels of 3 × 3 × 3.5 mm3. Note that the TR chosen for this study is shorter than
what is normally used in sparse-sampling paradigms for auditory fMRI (e.g. Hall et al.,
1999). This shorter TR allows us to sample the BOLD time course at multiple time points
while at the same time allowing us to present auditory stimuli in silent intervals uncorrupted
by scanner noise, and has the reduced benefit of requiring less scan time than stroboscopic
designs with longer TRs (Belin et al., 1999).

4.4.2. Stimuli—Auditory stimuli were presented binaurally through electrostatic
headphones (STAX), constructed to have a relatively flat frequency response up to 20 kHz
and mounted in ear defenders (Bilsom) to provide shielding from scanner noise. Stimuli
were trains of four “chirps” (band-passed noise bursts, 1/6 octave bandwidth, duration 1/6 s,
with amplitude linearly increasing from 0 for the first 5 ms of the stimulus and linearly
decreasing to 0 over the last 5 ms so as to avoid distortions associated with sudden onset and
offset, followed by 1/6 s of silence each). Standard center frequencies were 375 Hz, 1,500
Hz, and 6,000 Hz, and, for each patient and his or her stimulus-matched control, the
standard frequency closest to the patient's tinnitus frequency was replaced by a stimulus
centered at the tinnitus frequency. To ensure that patient and control participant perceived
the stimuli at similar levels despite possible differences in the audiogram, hearing thresholds
for each stimulus were assessed immediately prior to the functional scan while the
participants were already in the scanner. Stimuli were then played at a constant level above
threshold (15 to 30 dB SL, depending on which intensity allowed presentation of the highest
frequency without inducing noticeable sound artifacts). Two tinnitus patients were excluded
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from the study because significant hearing loss prevented them from hearing the highest
stimulus frequency at the maximum distortion-free intensity.

4.4.3. Experimental task—To keep participants awake and attentive throughout the scan,
they were given a simple oddball task. To mark each stimulation period (even those during
which no auditory stimulus was played), the fixation cross changed to a circle. When the
fixation cross returned at the end of the stimulation period (accompanied by scanner noise
marking the next image acquisition), participants pressed a button in their right hand to
indicate that they had heard either four chirps or nothing at all. On oddball trials (which
made up less than 10% of the trials and were excluded from the analysis), the third of the
four chirps was missing, creating a clearly audible gap, to which participants responded by
pressing a button in their left hand. Each stimulation period (containing either chirps or
silence) was followed by four volume acquisitions to sample the hemodynamic response at
different time points. The time course of a trial is illustrated in Figure 1A. Participants
completed three functional runs of about 10 minutes each, for a total of 36 trials per
condition (silence, two standard frequencies, and the tinnitus patient's tinnitus frequency).

4.5. MRI data analysis
4.5.1. Preprocessing and design modeling—MRI data were analyzed using
BrainVoyager QX (Brain Innovation, Inc.). Functional images were corrected for image
inhomogeneities, motion-corrected to the first image of the second run, relieved of linear
trend, and high-pass filtered at 3 Hz. After alignment with the anatomical images and
interpolation into Talairach space (Talairach & Tournoux, 1988) at 3 × 3 × 3 mm3

resolution, they were smoothed in space using a 6-mm full-width-at-half-maximum
(FWHM) Gaussian kernel.

Because of the tilted volume acquisition box (see Figure 1B) and differences in head size,
the amount of brain tissue included in the functional data set differed across participants,
including the entire brain for some and excluding parts of occipital and parietal cortex for
others. We thus constrained our analyses to those voxels (in Talairach space) for which
functional data were available for all participants. In addition, we also excluded voxels for
which functional data were available, but for which the signal intensity was low (less than
100 on a scale from 0 – corresponding to black – to 255 – corresponding to white in the
functional images), and functional voxels coinciding with voxels of the average anatomical
image that were classified as white matter or CSF.

Statistical analyses were based on a general linear model (GLM) with separate predictors for
trials with stimulation at the patient's tinnitus frequency (“tinn-stim”), trials with stimulation
at the remaining two standard frequencies (“other-stim”), and trials without auditory
stimulation (“no-stim”). The “no-stim” condition was modeled with a separate predictor,
rather than including it in the baseline, because we expected BOLD responses related to the
expectation of sound even on trials without experimental stimulation (Voisin et al., 2006). In
addition, we included several “predictors of no interest” to capture the influence of oddball
trials, error trials (in which participants did not respond or responded incorrectly), and
between-subject variance. Each predictor (with the exception of those modeling between-
subject variance) was convolved with a standard hemodynamic response function. This way,
the “baseline” term of the GLM was mostly determined by the signal measured during the
last volume acquisition of each trial, at which the BOLD response can be assumed to have
returned to near-zero values, and by the first volume acquisition of each trial, at which the
BOLD response has not started rising significantly. Unless stated otherwise, the results of
contrasts “tinn-stim”, “other-stim”, and “no-stim” are reported relative to this baseline.
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4.5.2. Whole-brain analyses—To identify functional ROIs potentially related to
tinnitus, we performed “whole-brain analyses” including all voxels for which functional data
from all participants were available. First, we tested each voxel for significant group
differences regarding the BOLD responses to the two auditory stimulation conditions
compared to the condition without auditory stimulation (i.e. for significant group differences
regarding contrasts “tinn-stim > no-stim” and “other-stim > no-stim”) using random-effects
(RFX) analyses based on the GLM described above (section 4.5.1.). This approach first uses
the GLM to estimate, for each functional voxel, “beta weights” separately for each
participant and predictor. These beta weights reflect how well the time course of each voxel
matches the predictor's time course (which is based on the knowledge of when a certain
condition was present and on the assumed time course of the hemodynamic response
function). In a second step, these “summary statistics” are then compared between groups
while treating the different participants as random samples from the population, which
allows us to generalize our results from this particular sample of participants to the general
populations from which they were drawn.

A single-voxel threshold of p < 0.005 was applied to the resulting statistical maps. We then
determined a cluster size threshold using the “Cluster level statistical threshold estimator”
plugin to BrainVoyager, which is based on an extension to 3D space of the approach
described by Forman and colleagues (1995). This approach first estimates the inherent
smoothness of the data and then uses Monte Carlo simulations to determine with which
likelihood clusters of a certain size appear by chance. Only clusters whose size has a
likelihood smaller than p < 0.05 of appearing by chance are deemed significant.

In addition to group differences, we also looked for correlations between tinnitus-related
behavioral variables and the BOLD signal changes observed in the three stimulus
conditions. Again, the analysis was performed for each voxel in the brain, and the resulting
statistical maps were corrected for multiple comparisons by applying a single-voxel
threshold of p < 0.005 (corresponding to correlations of r > 0.60 or r < -0.60 for the 20
tinnitus patients) and a cluster size threshold given which only clusters whose size had a
likelihood smaller than p < 0.05 of appearing by chance were considered significant.

4.5.3. ROI analyses—For each ROI identified in either whole brain analysis, we then
extracted average BOLD responses for the three stimulus conditions, separately for each
participant. For those ROIs identified for group differences, we performed post-hoc t-tests to
identify which stimulus conditions contributed to the group differences. For all ROIs, we
computed the correlations between tinnitus-related behavioral variables and the tinnitus
patients’ BOLD responses in all conditions. These correlations are reported in Table 3. Since
a Bonferroni-correction for the large number of correlations computed here would yield
even the largest correlations statistically insignificant, the reported correlations should be
considered exploratory. As a criterion for which correlations should be discussed, we chose
Cohen's (1988) criterion of r > 0.50 for identifying “large” correlations.

In addition, we also extracted the time-course of the BOLD response following trial start
separately for the two groups and all three experimental conditions (see Figures 2C and 5C).
Note that in this case, the baseline relative to which the BOLD signal changes are measured
is not the same as in the GLM. Instead, the BOLD time course plots show signal changes
relative to the signal measured during the first volume acquisition of the same trial, and then
averaged across trials of the same condition. Because the first volume acquisition occurred
1.5 s after trial start (and, on trials with auditory stimulation, after the stimulation period),
the reference signal is measured at a point in time where the BOLD response has already
started to rise. Thus, the amplitude of the illustrated BOLD responses may be slightly
underestimated.
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4.5.4. Analyses ruling out influences of group differences other than tinnitus
—Since paired t-tests revealed differences between patients and controls regarding loudness
discomfort levels and hearing loss at certain frequencies, we performed additional analyses
to ensure that these differences were not responsible for the observed fMRI group
differences. First, we repeated the fMRI random-effects (RFX) group analyses described
above (section 4.5.2.) while excluding pairs of participants whose hearing levels were
mismatched most strongly (and without whom the pairwise t-tests did not show significant
group differences). Second, we performed analyses including all participants’ data while
including hearing loss and, in a separate analysis, noise sensitivity, as covariates. Since these
additional analyses identified group differences in the same brain areas identified in the
analysis including all participants and no covariates, only the results of the analysis
including all participants are reported.
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Abbreviations

BOLD blood oxygen level dependent

CoG center of gravity

CSF cerebrospinal fluid

CT control participant

fMRI functional magnetic resonance imaging

FOV field of view

GAD7 Generalized Anxiety Disorder questionnaire

GLM general linear model

HADS Hospital Anxiety and Depression Scale

IFG inferior frontal gyrus

LC locus of caudate

LDL loudness discomfort level

lPFC lateral prefrontal cortex

MGN medial geniculate nucleus

PHQ9 Patient Health Questionnaire

RFX random effects (analysis)

ROI region of interest

STG superior temporal gyrus

TE echo time

THI Tinnitus Handicap Inventory
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TP tinnitus patient

TR repetition time

TRN thalamic reticular nucleus

TSCHQ Tinnitus Sample Case History Questionnaire

VBM voxel-based morphometry

vmPFC ventromedial prefrontal cortex
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Figure 1.
Illustration of the scanning paradigm. (A) Time-course of a trial. At the beginning of each
trial, an auditory stimulus was presented, accompanied by a fixation circle. After 1.5
seconds, the fixation circle changed to a + sign, signaling participants to indicate via button
press whether the stimulus they had just heard was “normal” or an “oddball”. At the same
time, the first volume acquisition started. After three additional volume acquisitions (each
preceded by 1.5 seconds of silence), the next trial began. Volume acquisitions were timed so
as to capture the rise and fall of the expected hemodynamic response to the auditory stimuli.
The dashed red line indicates the response locked to chirp onset, the dotted line the response
to chirp offset, and the solid line represents the hemodynamic response relative to the middle
of the auditory stimulus, which was used for modeling the hemodynamic response function
in the GLM. The dark blue lines indicate the BOLD responses to the noise associated with
each of the scans shown. The light blue lines indicate the BOLD response to scanner noise
in a preceding trial. As becomes evident from this illustration, the frequent and regular
occurrence of scanner noise creates a continuously elevated level of activation. Any effects
evoked by experimental stimuli and/or task are measured relative to this elevated baseline
level. (B) To improve signal in inferior frontal areas, the volume acquisition box was tilted
30 degrees from the line connecting the anterior and posterior commissure (AC-PC line) to
avoid intersection of MRI slices with the sinuses.
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Figure 2.
Tinnitus-related group differences in ventromedial prefrontal cortex (vmPFC). (A) A cluster
of voxels in vmPFC identified in a whole-brain GLM for displaying a significant (p < 0.005,
k > 432 mm3) difference between tinnitus patients and controls regarding their BOLD
response to contrast “tinn-stim > no-stim”. The Talairach coordinates are provided for the
cluster's center of gravity, indicated by the crosshairs. The scatter plot illustrates the signal
difference associated with the contrast for all patients (black x'es) and controls (gray o's)
averaged across all voxels. Please note that this scatter plot should not be interpreted in
terms of the significance of the group difference. Since the voxels whose average is shown
here were selected for showing a group difference in the whole-brain analysis, assessing the
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significance of the illustrated ROI data would constitute a non-independence error
(Kriegeskorte et al., 2009). The scatter plot is shown merely to illustrate that the group
difference by which the ROI was identified was not driven by a few single outliers. In
addition, it is notable that for all except two tinnitus patients, the response to “no-stim” was
larger than that to “tinn-stim”, resulting in mostly negative values. (B) Average BOLD
signal changes for tinnitus patients and controls in the three different experimental
conditions. Error bars indicate standard errors. Differences marked with an asterisk are
significant at p < 0.017 (corrected for 3 tests). (C) Illustration of the BOLD time course in
the different conditions, shown separately for patients (black) and controls (gray). Signal
changes for the time course illustrations were computed relative to the signal measured
during the first volume acquisition of each trial (thus, all curves are at zero for that time
point).

Seydell-Greenwald et al. Page 23

Brain Res. Author manuscript; available in PMC 2013 November 16.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 3.
Correlations between BOLD signal changes and tinnitus characteristics in the right vmPFC
ROI identified for displaying group differences regarding contrast “tinn-stim > no-stim”.
Correlations with additional variables are listed in Table 3.
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Figure 4.
Overlap (green) between the vmPFC voxels displaying a significant group difference for
contrast “tinn-stim > no-stim” (blue) and the vmPFC voxels displaying a significant positive
correlation (yellow, r > 0.60) between the BOLD response on “tinn-stim” trials and general
tinnitus loudness ratings (A) and tinnitus awareness ratings (B). Talairach coordinates
indicate the location of the crosshairs intersection, which was chosen to best show the
overlap.
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Figure 5.
Group difference in right STG. (A) A cluster of voxels in STG identified in a whole-brain
analysis for displaying a significant (p < 0.005, k > 567 mm3) difference between tinnitus
patients and controls regarding their BOLD response to contrast “tinn-stim > no-stim”. The
Talairach coordinates are provided for the cluster's center of gravity, indicated by the
crosshairs. As in Figure 2, the scatter plot illustrates the signal difference associated with the
contrast for all patients (black x'es) and controls (gray o's), averaged across all voxels
displaying significance in the whole-brain analysis, and should thus not be interpreted in
terms of the significance of the group difference. (B) Average BOLD signal changes for
tinnitus patients and controls in the three different experimental conditions. Differences
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marked with an asterisk are significant at p < 0.0167. (C) Time-course of BOLD signal
changes compared to the signal in the first volume acquisition after trial onset. Error bars
indicate standard errors.
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Figure 6.
Tinnitus correlations in left and right inferior frontal gyrus (IFG). (A) The bilateral clusters
were identified in a whole-brain correlation analysis for displaying a significant (r > 0.60)
correlation between the BOLD response on “tinn-stim” trials and tinnitus loudness as rated
immediately after the scan. The scatterplots below illustrate the correlation, averaged across
all voxels of each cluster. As in Figures 2 and 5, these scatter plots are merely shown to
demonstrate that the correlations were not driven by a few outliers; however, note that the
depicted correlations overestimate the true effect size (of which we can only say that it
exceeds r > 0.60), since the voxels over which we averaged were selected for displaying a
significant correlation in the whole brain analysis (Vul et al., 2009). (B) In addition to the

Seydell-Greenwald et al. Page 28

Brain Res. Author manuscript; available in PMC 2013 November 16.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



correlations for which the clusters were identified, both clusters also displayed positive
correlations between the BOLD response on “no-stim” trials and tinnitus awareness ratings
(shown here is the correlation for left IFG, which exceeded 0.50). Note, however, that this
correlation may at least partly be caused by the correlation between tinnitus loudness ratings
and tinnitus awareness ratings (see Table S1). Both clusters also showed correlations
between the BOLD response on “other-stim” trials and post-scan tinnitus loudness ratings
(shown here is the correlation for right IFG, which exceeded 0.50).

Seydell-Greenwald et al. Page 29

Brain Res. Author manuscript; available in PMC 2013 November 16.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

Seydell-Greenwald et al. Page 30

Ta
bl

e 
1

T
in

ni
tu

s 
ch

ar
ac

te
ri

st
ic

s

T
in

ni
tu

s 
pa

ti
en

t
T

in
ni

tu
s 

de
sc

ri
pt

io
n

T
in

ni
tu

s 
lo

ca
ti

on
F

re
qu

en
cy

 m
at

ch
 (

H
z)

T
in

ni
tu

s 
on

se
t 

(y
ea

rs
 a

go
)

T
H

I 
sc

or
e

T
P1

to
ne

bo
th

 e
ar

s
84

84
5

8

T
P2

to
ne

bo
th

 e
ar

s
16

05
7

12

T
P3

no
is

e,
 c

ri
ck

et
s

ri
gh

t e
ar

52
97

1
38

T
P4

to
ne

ri
gh

t e
ar

78
8

1
16

T
P5

cr
ic

ke
ts

le
ft

 e
ar

18
94

1.
5

32

T
P6

to
ne

, n
oi

se
bo

th
 e

ar
s,

 w
or

se
 in

 le
ft

50
00

10
.5

34

T
P7

to
ne

bo
th

 e
ar

s,
 w

or
se

 in
 le

ft
59

46
0.

75
14

T
P8

cr
ic

ke
ts

bo
th

 e
ar

s,
 w

or
se

 in
 r

ig
ht

13
88

4
12

T
P9

no
is

e
bo

th
 e

ar
s

12
14

5
18

T
P1

0
to

ne
bo

th
 e

ar
s

72
6

0.
33

2

T
P1

1
to

ne
bo

th
 e

ar
s

10
61

7
2

14

T
P1

2
to

ne
bo

th
 e

ar
s,

 w
or

se
 in

 r
ig

ht
76

81
22

20

T
P1

3
ot

he
r

bo
th

 e
ar

s,
 w

or
se

 in
 r

ig
ht

39
29

1.
25

88

T
P1

4
no

is
e

le
ft

 e
ar

26
30

1.
16

70

T
P1

5
to

ne
bo

th
 e

ar
s,

 w
or

se
 in

 r
ig

ht
16

44
21

.5
28

T
P1

6
to

ne
bo

th
 e

ar
s,

 w
or

se
 in

 r
ig

ht
80

44
7

30

T
P1

7
no

is
e

ri
gh

t e
ar

44
10

4
38

T
P1

8
to

ne
bo

th
 e

ar
s

62
43

10
14

T
P1

9
to

ne
le

ft
 e

ar
10

55
3

1
50

T
P2

0
to

ne
bo

th
 e

ar
s

31
77

3
0

Brain Res. Author manuscript; available in PMC 2013 November 16.



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

Seydell-Greenwald et al. Page 31

Ta
bl

e 
2

Pa
rt

ic
ip

an
ts

 o
ve

rv
ie

w

H
L

 (
av

er
ag

ed
 a

cr
os

s 
bo

th
 e

ar
s)

 a
t

pa
ir

se
x

T
F

in
t

ag
e

37
5 

H
z

15
00

 H
z

60
00

 H
z

T
F

T
P

C
T

T
P

C
T

T
P

C
T

T
P

C
T

T
P

C
T

1*
°

F
84

84
15

57
56

25
.0

15
.0

20
.0

17
.5

(4
7.

5)
(2

2.
5)

60
.0

32
.5

2
F

16
05

30
56

58
7.

5
12

.5
(1

5.
0)

(1
2.

5)
12

.5
52

.5
15

.0
15

.0

3
F

52
97

30
66

66
12

.5
12

.5
12

.5
17

.5
(2

2.
5)

(4
7.

5)
22

.5
47

.5

4*
M

78
8

30
66

64
32

.5
15

.0
(3

5.
0)

(2
0.

0)
60

.0
17

.5
30

.0
15

.0

5
F

18
94

30
28

29
10

.0
5.

0
(1

0.
0)

(2
.5

)
22

.5
7.

5
10

.0
2.

5

6*
°

F
50

00
30

60
61

7.
5

10
.0

27
.5

12
.5

(7
0.

0)
(2

2.
5)

62
.5

30
.0

7
M

59
46

25
65

67
15

.0
10

.0
5.

0
7.

5
(5

0.
0)

(3
2.

5)
50

.0
32

.5

8
M

13
88

30
64

57
22

.5
15

.0
(1

2.
5)

(7
.5

)
20

.0
17

.5
22

.5
10

.0

9
F

12
14

30
33

41
0.

0
5.

0
(5

.0
)

(2
.5

)
10

.0
5.

0
7.

5
5.

0

10
M

72
6

30
45

50
(1

2.
5)

(1
0.

0)
25

.0
10

.0
30

.0
32

.5
17

.5
7.

5

11
*

F
10

61
7

20
48

53
27

.5
7.

5
32

.5
2.

5
(3

0.
0)

(1
2.

5)
35

.0
40

.0

12
M

76
81

30
34

34
10

.0
5.

0
10

.0
17

.5
(1

0.
0)

(1
7.

5)
7.

5
22

.5

13
*°

F
39

29
30

38
42

12
.5

12
.5

37
.5

15
.0

(5
7.

5)
(1

2.
5)

55
.0

12
.5

14
F

26
30

30
49

49
7.

5
5.

0
(1

2.
5)

(7
.5

)
20

.0
20

.0
22

.5
40

.0

15
°

F
16

44
30

47
53

7.
5

12
.5

(4
5.

0)
(1

0.
0)

27
.5

15
.0

45
.0

10
.0

16
°

M
80

44
25

43
46

7.
5

15
.0

17
.5

5.
0

(4
5.

0)
(-

2.
5)

50
.0

15
.0

17
F

44
10

30
33

30
15

.0
12

.5
5.

0
7.

5
(1

0.
0)

(1
5.

0)
7.

5
12

.5

18
M

62
43

30
42

46
5.

0
15

.0
10

.0
10

.0
(4

0.
0)

(2
5.

0)
40

.0
25

.0

19
M

10
55

3
30

37
42

5.
0

15
.0

7.
5

10
.0

(2
0.

0)
(1

5.
0)

17
.5

10
.0

20
M

31
77

30
23

27
15

.0
15

.0
(7

.5
)

(7
.5

)
12

.5
2.

5
10

.0
5.

0

m
ea

n
45

64
28

47
49

12
.9

11
.3

17
.6

10
.1

30
.9

19
.5

29
.4

19
.5

p 
(p

ai
re

d 
t-

te
st

)
0.

03
0.

38
0.

01
0.

04
0.

03

p*
 (

pa
ir

ed
 t-

te
st

)
0.

06
0.

59
0.

13
0.

52
0.

22

p°
 (

pa
ir

ed
 t-

te
st

)
0.

13
0.

27
0.

12
0.

51
0.

62

Pa
ir

 –
 p

ai
r 

of
 ti

nn
itu

s 
pa

tie
nt

 (
T

P)
 a

nd
 c

on
tr

ol
 p

ar
tic

ip
an

t (
C

T
) 

w
ho

 r
ec

ei
ve

d 
id

en
tic

al
 s

tim
ul

at
io

n;
 s

ex
, F

 –
 f

em
al

e,
 M

 –
 m

al
e;

 T
F 

– 
tin

ni
tu

s 
fr

eq
ue

nc
y,

 u
se

d 
as

 o
ne

 o
f 

th
e 

st
im

ul
us

 f
re

qu
en

ci
es

; i
nt

, i
nt

en
si

ty
(i

n 
dB

 S
L

) 
at

 w
hi

ch
 th

e 
st

im
ul

i w
er

e 
pl

ay
ed

; a
ge

 (
in

 y
ea

rs
);

 H
L

 –
 h

ea
ri

ng
 lo

ss
 in

 d
B

 H
L

. H
ea

ri
ng

 lo
ss

 is
 s

ho
w

n 
fo

r 
th

e 
th

re
e 

fr
eq

ue
nc

ie
s 

us
ed

 a
s 

st
an

da
rd

 s
tim

ul
i i

n 
th

e 
ex

pe
ri

m
en

t. 
N

um
be

rs
 in

 b
ra

ck
et

s
in

di
ca

te
 h

ea
ri

ng
 lo

ss
 f

or
 th

e 
st

an
da

rd
 f

re
qu

en
cy

 th
at

 w
as

 r
ep

la
ce

d 
by

 s
tim

ul
at

io
n 

at
 th

e 
tin

ni
tu

s 
fr

eq
ue

nc
y.

 O
ur

 e
ff

or
ts

 to
 m

at
ch

 p
at

ie
nt

s 
an

d 
co

nt
ro

ls
 f

or
 s

ex
, a

ge
, a

nd
 h

ea
ri

ng
 lo

ss
 r

es
ul

te
d 

in
 tw

o 
gr

ou
ps

 th
at

Brain Res. Author manuscript; available in PMC 2013 November 16.



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

Seydell-Greenwald et al. Page 32
di

d 
no

t d
if

fe
r 

si
gn

if
ic

an
tly

 r
eg

ar
di

ng
 a

ge
 o

r 
m

ea
n 

he
ar

in
g 

lo
ss

 (
av

er
ag

ed
 a

cr
os

s 
al

l f
re

qu
en

ci
es

 te
st

ed
 in

 th
e 

ex
te

nd
ed

 a
ud

io
gr

am
).

 H
ow

ev
er

, a
t t

he
 le

ve
l o

f 
in

di
vi

du
al

 T
P-

C
T

 p
ai

rs
 th

e 
m

at
ch

in
g 

w
as

su
bo

pt
im

al
 in

 s
om

e 
ca

se
s,

 a
s 

re
ve

al
ed

 b
y 

pa
ir

ed
 t-

te
st

s.
 T

o 
en

su
re

 th
at

 th
e 

ob
se

rv
ed

 f
M

R
I 

gr
ou

p 
di

ff
er

en
ce

s 
w

er
e 

no
t d

ue
 to

 th
es

e 
ca

se
s 

of
 s

ub
op

tim
al

 m
at

ch
in

g,
 w

e 
re

pe
at

ed
 th

e 
an

al
ys

es
 w

hi
le

 e
xc

lu
di

ng
th

e 
fi

ve
 p

ai
rs

 o
f 

pa
rt

ic
ip

an
ts

 w
ho

 s
ho

w
ed

 th
e 

la
rg

es
t c

um
ul

at
iv

e 
di

ff
er

en
ce

s 
in

 h
ea

ri
ng

 lo
ss

 a
cr

os
s 

al
l s

tim
ul

i u
se

d 
in

 th
e 

ex
pe

ri
m

en
t (

m
ar

ke
d 

by
 a

 *
) 

an
d 

w
hi

le
 e

xc
lu

di
ng

 th
e 

fi
ve

 p
ai

rs
 o

f 
pa

rt
ic

ip
an

ts
 w

ho
sh

ow
ed

 th
e 

la
rg

es
t d

if
fe

re
nc

es
 in

 h
ea

ri
ng

 lo
ss

 a
t t

he
 ti

nn
itu

s 
fr

eq
ue

nc
y 

(m
ar

ke
d 

by
 a

 °
).

Brain Res. Author manuscript; available in PMC 2013 November 16.



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

Seydell-Greenwald et al. Page 33

Ta
bl

e 
3

C
or

re
la

tio
ns

 b
et

w
ee

n 
B

O
L

D
 r

es
po

ns
e 

an
d 

be
ha

vi
or

al
 v

ar
ia

bl
es

 in
 th

e 
gr

ou
p 

of
tin

ni
tu

s 
pa

tie
nt

s.

A
) 

C
or

re
la

ti
on

s 
in

 R
O

Is
 d

is
pl

ay
in

g 
gr

ou
p 

di
ff

er
en

ce
s 

be
tw

ee
n 

T
P

s 
an

d 
C

T
s

ri
gh

t 
vm

P
F

C
ri

gh
t 

ST
G

ot
he

r-
st

im
ti

nn
-s

ti
m

no
-s

ti
m

ot
he

r-
st

im
ti

nn
-s

ti
m

no
-s

ti
m

ag
e

-0
.3

2
-0

.4
6

-0
.1

9
-0

.2
8

-0
.0

3
-0

.1
5

av
. h

ea
ri

ng
 lo

ss
0.

01
-0

.0
2

0.
27

-0
.3

6
0.

06
-0

.3
2

ne
ga

tiv
e 

m
oo

d
-0

.0
0

0.
11

0.
05

-0
.2

4
-0

.0
8

-0
.3

5

no
is

e 
se

ns
iti

vi
ty

0.
32

0.
35

0.
13

0.
08

0.
13

-0
.1

0

ge
ne

ra
l l

ou
dn

es
s

0.
39

0.
74

0.
48

-0
.0

9
-0

.0
8

-0
.1

4

po
st

sc
an

 lo
ud

n.
0.

29
0.

28
0.

30
0.

01
-0

.0
4

0.
07

tin
n.

 a
w

ar
en

es
s

0.
50

0.
59

0.
52

0.
00

0.
08

0.
09

T
H

I
0.

39
0.

41
0.

24
-0

.4
5

-0
.2

2
-0

.2
6

B
) 

C
or

re
la

ti
on

s 
in

 R
O

Is
 d

is
pl

ay
in

g 
st

ro
ng

 c
or

re
la

ti
on

s 
w

it
h 

ti
nn

it
us

 v
ar

ia
bl

es

le
ft

 I
F

G
ri

gh
t 

IF
G

ot
he

r-
st

im
ti

nn
-s

ti
m

no
-s

ti
m

ot
he

r-
st

im
ti

nn
-s

ti
m

no
-s

ti
m

ag
e

0.
18

-0
.0

4
-0

.2
2

0.
17

0.
19

-0
.0

3

av
. h

ea
ri

ng
 lo

ss
0.

17
0.

13
-0

.1
3

0.
21

0.
33

0.
13

ne
ga

tiv
e 

m
oo

d
-0

.1
6

0.
29

0.
13

0.
10

0.
33

0.
17

no
is

e 
se

ns
iti

vi
ty

-0
.0

2
0.

13
-0

.0
5

0.
30

0.
26

0.
11

ge
ne

ra
l l

ou
dn

es
s

0.
14

0.
39

0.
25

0.
27

0.
46

0.
24

po
st

sc
an

 lo
ud

n.
0.

46
**

*
0.

29
0.

51
**

*
0.

32

tin
n.

 a
w

ar
en

es
s

0.
09

0.
42

0.
59

0.
16

0.
34

0.
37

T
H

I
-0

.3
0

0.
16

0.
16

-0
.0

2
0.

28
0.

27

B
ol

d 
pr

in
t h

ig
hl

ig
ht

s 
co

rr
el

at
io

ns
 e

xc
ee

di
ng

 0
.5

0.
 S

ta
rs

 m
ar

k 
co

rr
el

at
io

ns
 u

se
d 

to
 d

ef
in

e 
th

e 
as

so
ci

at
ed

 R
O

I.
 “

ot
he

r-
st

im
” 

– 
tr

ia
ls

 w
ith

 s
tim

ul
i a

t a
 n

on
-t

in
ni

tu
s 

fr
eq

ue
nc

y,
 “

tin
n-

st
im

” 
– 

tr
ia

ls
 w

ith
st

im
ul

at
io

n 
at

 th
e 

tin
ni

tu
s 

fr
eq

ue
nc

y,
 “

no
-s

tim
” 

– 
tr

ia
ls

 w
ith

ou
t a

ud
ito

ry
 s

tim
ul

at
io

n.

Brain Res. Author manuscript; available in PMC 2013 November 16.


