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Abstract: Cerebral '®F-deoxyglucose positron emission tomography (FDG-PET) has shown altered auditory
pathway activity in tinnitus. However, the corresponding studies involved only small samples and analyses
were restricted to the auditory cortex in most studies. Evidence is growing that also limbic, frontal, and pari-
etal areas are involved in the pathophysiology of chronic tinnitus. These regions are considered to mediate
perceptual, attentional, and emotional processes. Thus, the aim of the present study was the systematic eval-
uation of metabolic brain activity in a large sample of tinnitus patients. Ninety one patients with chronic tin-
nitus underwent FDG-PET. The effects of tinnitus severity (assessed by a tinnitus questionnaire score),
duration and laterality were evaluated with statistical parametric mapping (SPM) in whole brain analyses.
In addition, region of interest analyses were performed for primary auditory areas. Tinnitus duration corre-
lated positively with brain metabolism in right inferior frontal, right ventro-medial prefrontal, and right pos-
terior cingulate cortex. Tinnitus distress correlated positively with activation of left and right posterior
inferior temporal gyrus as well as left and right posterior parahippocampal-hippocampal interface. Region
of interest analysis demonstrated an overactivation of left in contrast to right Heschl’s gyrus independently
from tinnitus laterality and anatomical hemispheric differences. Tinnitus duration and distress were associ-
ated with areas involved in attentional and emotional processing. This is in line with recent findings indicat-
ing the relevance of higher order areas in the pathophysiology of tinnitus. Earlier results of asymmetric
activation of the auditory cortices in tinnitus were confirmed, i.e., left-sided overactivation was found inde-
pendently from tinnitus laterality. Hum Brain Mapp 34:233-240, 2013.  © 2011 Wiley Periodicals, Inc.
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INTRODUCTION

Tinnitus constitutes the perception of sound in the ab-
sence of an external auditory stimulus and is experienced

by 5-15% of the general population. The manifestation of
tinnitus can vary, ranging from intermittent tinnitus per-
ception with little impact on daily life to a very bother-
some tinnitus preventing the ability to do intellectual
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work and leading to social isolation. It is estimated that
the condition severely affects quality of life in 1% of the
population [Axelsson and Ringdahl, 1989; Khedr et al,
2010b]. In these patients tinnitus is often accompanied by
other symptoms such as anxiety, depression, irritability,
agitation, stress, depression, and/or insomnia [Croénlein
et al, 2007; Langguth et al., 2007]. In the light of this
symptomatology of high diversity, heterogeneous patho-
physiological mechanisms within tinnitus patients are to
be expected.

Functional and structural imaging techniques have been
applied to identify brain structures involved in tinnitus [for
reviews see Adjamian et al., 2009; Lanting et al., 2009]. On
the cortical level tinnitus is accompanied by an overactiva-
tion of auditory cortical areas as revealed by functional mag-
netic resonance imaging [fMRI; Smits et al., 2007], single
photon emission computed tomography [SPECT; Gardner
et al., 2002; Marcondes et al., 2006], and positron emission
tomography [PET; Arnold et al., 1996; Langguth et al., 2006;
Plewnia et al., 2007]. In addition to the altered activity in au-
ditory pathways, imaging studies also revealed an involve-
ment of nonauditory brain areas. Functional imaging
demonstrated alterations in prefrontal and parietal areas
which seem to be involved in conscious perception and
attention allocation, and also alterations in limbic areas
which seem to be involved in emotional processes [for an
review see Adjamian et al., 2009]. Structural abnormalities
were detected in the subgenual anterior cingulate cortex
[Leaver et al, 2011; Miihlau et al., 2006], hippocampus
[Landgrebe et al., 2009], and auditory cortex [Husain et al.,
2011; Schneider et al., 2009]. Furthermore, magnetoencepha-
lography (MEG) indicated that tinnitus is related to abnor-
mal neuronal connectivity in a larger network involving
auditory and nonauditory areas [Schlee et al., 2008, 2009a,b].

It remains speculative to which extent the observed
changes in nonauditory areas are genuinely related to tinni-
tus perception or to which extent they might only reflect
the impact of tinnitus distress, since in most studies patient
groups were not differentiated according to the amount of
distress. Moreover, most investigated samples were rather
small and not stratified according to clinical characteristics
[Adjamian et al., 2009]. Up to now, only one imaging study
specifically addressed the neuronal correlates of tinnitus-
related distress. In this study EEG source localization was
used to compare tinnitus patients with low and high levels
of distress, respectively. The results suggest that tinnitus
distress was related to increased synchronized o-activity in
the subcallosal anterior cingulate cortex, insula, parahippo-
campal areas, and the amygdala [Vanneste et al., 2010]. An
MEG study explored the changes of neuronal network ac-
tivity occurring with increasing tinnitus duration [Schlee
et al., 2009a]. This analysis showed that tinnitus with a du-
ration of more than 4 years is related to a more widespread
and distributed network activity as compared to shorter
lasting tinnitus.

Here, we conducted an '®F-deoxyglucose (FDG) PET
study with a large sample size. We aimed to investigate

the neuronal activation patterns associated with specific
clinical tinnitus characteristics and to replicate previous
findings of asymmetric auditory cortex activation in tinni-
tus patients [Arnold et al., 1996; Langguth et al., 2006].

First, we examined correlations of tinnitus duration, lat-
erality, and distress with brain metabolism in whole brain
analyses. We expected correlations of tinnitus duration
and distress in auditory cortex as well as in frontal, parie-
tal, and limbic areas processing conscious perception,
attention allocation, and emotional processes related to tin-
nitus. With respect to laterality we had no particular
hypotheses except the assumption that the overactivation
of left auditory areas occurs independently from perceived
tinnitus laterality. This assumption was based on previous
FDG-PET studies [Arnold et al., 1996; Langguth et al.,
2006] and tested in the present large sample by region of
interest (ROI) analyses.

MATERIALS AND METHODS
Sample

We included 91 patients [65 males; 49 + 12 (20-65)
years] with chronic tinnitus [duration 85 + 102 (6-420)
months]. Thirty patients reported a predominantly left-
sided, 23 a predominantly right-sided tinnitus, and 38
patients described their tinnitus as bilateral or originating
within the head. Tinnitus distress was assessed by the
German version [Goebel and Hiller, 1994] of the Tinnitus
questionnaire [TQ; Hallam et al., 1988] at the day of PET
measurement. TQ overall scores ranged from 3 to 78 (40 +
17) indicating a large variety in tinnitus distress.

Patients suffering from Meniere’s disease, presenting
conductive hearing loss or displaying hints of objective
tinnitus were not included. Eighty-three patients under-
went a complete otologic and audiologic examination
including pure tone audiometry, tympanometry, stapedius
reflex tests, and otoscopy. As patients were measured in
the context of clinical trials investigating PET-guided neu-
ronavigated repetitive transcranial magnetic stimulation
[f'TMS; Kleinjung et al., 2005; Langguth et al., in prepara-
tion] only patients were included that were eligible for
r'TMS treatment. Thus, patients with cardiac pacemakers,
history of seizures, suspected diagnosis of organic brain
damage or any other severe somatic, neurologic, or psychi-
atric diagnosis were not included. The study was
approved by the Ethics Committee at the University of
Regensburg. All procedures involved were conducted in
accordance with the last revision of the Declaration of Hel-
sinki. All participants gave written informed consent after
a comprehensive explanation of the procedures.

Measurement and Analysis

Neuroimaging data were assessed by '®F-deoxyglucose
(FDG)-PET measurements. All patients rested in a supine
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position with closed eyes in a quiet, dimly lit room. Exter-
nal acoustic stimulation was eliminated by plugging both
ears hermetically. After 10-20 min resting PET neuroimag-
ing was performed for 15 min, beginning 25-60 min after
the injection of 112-265 MBq FDG. An ECAT EXACT 47
PET Scanner (Siemens, Germany) was used for this study.
The imaging protocol employed a 3D acquisition of three
frames (5 minutes/frame). Image reconstruction was done
on the frame plane sum by filtered back projection (Shepp
filter with axial filtering and scatter correction, matrix size
256 x 256 pixels, zoom 2.5) after automated attenuation
correction.

Preprocessing and statistical analysis (one scan per sub-
ject) were done with statistical parametric mapping
(SPMS, http://www fil.ion.ucl.ac.uk/spm/). After normal-
ization to the SPM PET template, data were smoothed
with a 12-mm full-width at half maximum (FHWM) ker-
nel. For the first issue of the study (“tinnitus characteris-
tics”) we used multiple regression designs to associate
tinnitus duration, laterality, and distress with cerebral glu-
cose utilization in separate design matrices. We used a rel-
ative threshold masking of 0.8 and an implicit mask
(exclusion of voxels with zero values in any of the sub-
jects), proportional scaling, and for global normalization a
grand mean scaled value of 50 ml/dl/min. Every statisti-
cal design was done without and also including the cova-
riates age, gender, area under the audiogram curve [area
between 0 dB hearing level (HL) and audiogram curve] of
the left and right ear. Nearly 77 of the 91 patients were
included in the covariance analyses as in 8 patients no au-
diology data were available and 6 additional patients had
to be excluded due to severe hearing loss (hearing loss
above 35 dB in every frequency of a standard audiogram
in at least one ear). As covariates can produce or extin-
guish statistical effects [Miller and Chapman, 2001] we
present only voxels that were significant in both analyses.
This was done by masking the contrast of one analysis
with the contrast of the other analysis. A statistical thresh-
old of 0.001 uncorrected for multiple comparisons was
used. Localization of significant clusters was indicated by
the MNI (Montreal Neurological Institute) coordinates of
the peak voxel. Anatomical labeling of significant clusters
was done by means of the WFU_PickAtlas [Maldjian et al.,
2003], Anatomy toolbox [Eickhoff et al., 2007], and ana-
tomical automatic labeling [AAL; Tzourio-Mazoyer et al.,
2002]. Correlation coefficients of significant clusters were
calculated with SPSS 18.0.0 (SPSS, USA) after extracting
data based on the above mentioned design matrix from
significant clusters with the SPM toolbox MarsBar (http://
marsbar.sourceforge.net/). T values of significant associa-
tions are related to the peak voxels of the cluster as
obtained by SPM and r values are related to the
whole cluster as obtained by SPSS. Cluster sizes are indi-
cated by kg

For the second issue (region of interest “primary audi-
tory cortex,” anatomically defined), we extracted the mean
metabolic activation for the left and right Heschl’s gyrus

(primary auditory cortex) with the SPM toolbox MarsBar
(http:/ /marsbar.sourceforge.net/) according to AAL using
the same design matrix specification as for issue 1 (relative
threshold masking of 0.8, implicit mask, proportional scal-
ing, and grand mean scaled value of 50 ml dl"! min ).
Data were further analyzed with SPSS 18.0.0 (SPSS, USA).
We calculated an analysis of variance (ANOVA) with the
repeated measures factor side (activation in left and right
Heschl’s gyrus) and the between subjects factor tinnitus
laterality (left, both, right) and focused on the side main
effect and the side by laterality interaction effect. In ac-
cordance to the analysis procedure of issue 1 of this study
we repeated the ANOVA with covariates. To counter the
argument that side effects are due to differences in the
extent of the auditory cortices [Ide et al., 1999] we
repeated the same analysis for spherical regions of interest
covering the left and right Heschl’s gyrus (radius of 20
mm around x = +45; y = —15; z = 9 MNI coordinates)
generated with the WFU_PickAtlas (http://www.
nitrc.org/projects/wfu_pickatlas/).

RESULTS
Tinnitus Characteristics

Significant positive correlations of glucose metabolism
with tinnitus duration were found in the right inferior
frontal cortex (MNIL: kg = 68; x =44,y =42,z =10; T =
3.7, r = 0.350), in the border region of the right ventro-
medial prefrontal cortex and the temporal pole rather
accentuated in the frontal cortex (MNI: kg = 170; x = 24, y
=16,z = -28; T = 4.1, r = 0.436), and right posterior cin-
gulate cortex (MNI: kg = 41; x =12, y = —44,z =34, T =
3.9; r = 0.414; Fig. 1A and Fig. 2). Tinnitus distress as
assessed by the tinnitus questionnaire score was positively
correlated with activity in the left and right posterior infe-
rior temporal gyrus (MNI: kg = 150; x = =56, y = —56, z
=22, T=40,r=0415 kg =72, x =60, y = —54, z =
—26; T = 4.0; r = 0.433) as well as left and right posterior
parahippocampal-hippocampal interface (MNI: kg = 67; x
=-24,y=-24,2z=-10; T =3.6; v = 0.434; kg = 129; x =
40,y = —20, z = —6; T = 3.5; r = 0.430; Fig. 1B and Fig. 2).
Negative correlations of tinnitus duration and distress,
and differences between groups with left, right, and non-
lateralized tinnitus were not significantly associated with
brain metabolism. Neither tinnitus duration, nor tinnitus
lateralization, nor tinnitus distress were significantly asso-
ciated with activity in auditory areas in the whole-brain
analysis.

Primary Auditory Cortex

A 2 x 3 ANOVA showed a significant main effect of
hemisphere (F = 13.410; df = 1.88; P < 0.001) but no sig-
nificant interaction effect between hemisphere and tinnitus
laterality (F = 2.577; df = 2.88; P = 0.082). ANCOVA with
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VMPFC IFC

Figure I.

Brain areas with positive correlations of glucose metabolism
with tinnitus duration (A, C) and tinnitus distress (B) on an
uncorrected significance threshold of 0.001 masked with the
contrast of the same design matrix additionally including the
covariates age, gender, and audiometric data. MNI coordinates
indicate the peak of significant effects. (A, C) Significant associa-
tions for tinnitus duration were found in right inferior frontal
cortex (IFC), MNl: x = 44, y =42, z = 10, T =37, r =
0.350), right ventro-medial prefrontal cortex (VMPFC), (MNI: x
=24,y =16,z = —28; T = 4.1; r = 0.436), and right posterior
cingulate cortex (PCC), MNL: x = 12,y = —44, z = 34, T =
3.9; r = 0.414). (B) Significant associations for tinnitus distress
as measured with tinnitus questionnaire were found in left and
right posterior inferior temporal gyrus (ITG), (MNI: x = —56, y
= —-56,z=-22,T=40;r=0415x =60,y = —54, z =
—26; T = 4.0; r = 0.433) and left and right posterior parahippo-
campal-hippocampal interface (HC), (MNI: x = —24,y = —24, z
=—10;T=36r=0434,x=40,y = 20,z = —6; T = 3.5;
r = 0.430).

age, gender, and audiogram data as covariates indicated
again a significant effect of hemisphere (F = 11.362; df =
1.70; P = 0.001) and no significant interaction effect (F =

0.773; df = 2.70; P = 0.465). Analyses with spherical region
of interests showed the same results. In summary, metabo-
lism was higher in left in contrast to right auditory cortex
independently from tinnitus laterality not influenced by
anatomical asymmetry in auditory areas.

DISCUSSION

Steady state FDG-PET measurements in 91 patients with
subjective tinnitus indicated an association of tinnitus du-
ration with activity in the right inferior frontal, right ven-
tro-medial prefrontal, and right posterior cingulate cortex
and an association of tinnitus distress with brain metabo-
lism in the posterior parahippocampal-hippocampal inter-
face and posterior inferior temporal gyrus in both
hemispheres.

Tinnitus Duration

The longer the tinnitus had been present the more brain
metabolism was found in right inferior frontal (IFC), right
ventro-medial prefrontal (VMPFC), and right posterior cin-
gulate cortex (Fig. 1A and Fig. 2). These results are in line
with recent MEG studies investigating long range func-
tional connectivity in tinnitus patients. Schlee et al.
described a fronto-parietal network accented in the right
hemisphere [Schlee et al., 2008] with increasing relevance
of frontal and parietal areas in the course of prolonged tin-
nitus duration [Schlee et al., 2009a,b]. However, it should
be considered that functional connectivity and activity are
not necessarily associated, i.e., increases in connectivity are
not necessarily accompanied by increases in activity.

An important role for the prefrontal cortex in tinnitus
pathophysiology was already postulated long ago in theo-
retical frameworks [Jastreboff, 1990]. Neuroimaging stud-
ies confirmed prefrontal cortex involvement [for a review
see Adjamian et al., 2009; Lanting et al., 2009] without
illustrating the role of the distinct prefrontal areas. How-
ever, a recent framework paper points out the relevance of
the VMPFC. The VMPEFC is closely connected to limbic
areas [Ongﬁr and Price, 2000] and involved in the auto-
nomic response to emotional music [Johnsen et al., 2009].
Lesions of the VMPFC result in failure to extinguish aver-
sive reactions associated with an auditory stimulus [Quirk
et al., 2000]. Structural differences in this area have been
identified in tinnitus patients by voxel-based morphometry
and it has been suggested that this finding might reflect
reduced function of the VMPFC resulting in inefficient in-
hibitory control of the tinnitus signal on thalamic level
[Leaver et al., 2011; Miihlau et al.,, 2006]. In this context
the increase of metabolic activity in the VMPFC with
increasing tinnitus duration may reflect the unsuccessful
attempt to extinguish the tinnitus signal.

Unlike VMPFC, TIFC was not identified as a tinnitus-
related brain area in previous neuroimaging studies. How-
ever, an activation of the inferior frontal cortex has been
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Scatter plots of significant correlations of the mean cluster glucose metabolism with tinnitus du-
ration and tinnitus distress on an uncorrected significance threshold of 0.001 masked with the
contrast of the same design matrix additionally including the covariates age, gender, and audio-
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reported during verbal auditory hallucinations in schizo-
phrenic patients [Kithn and Gallinat, 2010]. The right IFC
constitutes a network involved in the detection of behav-
iorally relevant stimuli together with the temporo-parietal
cortex [Corbetta and Shulman, 2002]. Furthermore, the
right IFC serves as the core region of response inhibition
[Aron et al., 2004] and IFC activity might mirror the
attempt to control the bottom-up attention allocation to the
tinnitus percept in a top-down manner. The posterior cin-
gulate cortex (PCC) is part of a self-referential network
involved in conscious perception and stimulus evaluation
[Vogt and Laureys, 2005] and has already been shown to
be involved in tinnitus [Schlee et al., 2009a,b] and tinnitus
distress [Vanneste et al., 2010].

Summarizing our findings, patients suffering from
chronic tinnitus showed higher brain metabolism in frontal
regions and PCC, which is probably reflecting evaluation
of and attention allocation to the tinnitus percept as well
as an attempt of top-down control of the tinnitus signal.
Confirmatively, we found this association only for areas in
the right hemisphere, which constitutes the dominant
hemisphere for selective attention [Schlee et al., 2009a,b;
Shulman et al., 2010].

Tinnitus Distress

Tinnitus distress has been described to be related to
increased glucose metabolism in bilateral posterior para-
hippocampal-hippocampal interface. The vital involve-
ment of hippocampal areas in tinnitus was documented by
the transient tinnitus diminution after suppression of the
amygdalo-hippocampal complex by amobarbital [De Rid-
der et al., 2006]. Hippocampal deficits have been described
in animal models of tinnitus [Goble et al., 2009; Kraus
et al.,, 2010], and structural imaging in tinnitus patients has
demonstrated a decrease in grey matter in the hippocam-
pus [Landgrebe et al, 2009]. EEG studies suggest the
involvement of the parahippocampal area as well. Tinnitus
patients differed from health controls by increased delta
and theta activity in the parahippocampal gyrus [Moa-
zami-Goudarzi et al.,, 2010]. Moreover, highly distressed
tinnitus patients showed increased alpha activity in a
larger network including the parahippocampal gyrus com-
pared to patients with lower distress levels. The parahip-
pocampal area has been hypothesized to play a central
role in memory recollection, sending information from the
hippocampus to the association areas [Diederen et al.,
2010]. A dysfunction in this mechanism has been posited
as an explanation for complex auditory phantom percepts
such as auditory hallucinations [Diederen et al., 2010]. The
converging findings of hippocampal and parahippocampal
involvement in tinnitus and tinnitus distress suggest a
similar mechanism for tinnitus. One may speculate that
tinnitus distress results from a continuous learning pro-
cess, where—in the absence of an external input—the
phantom percept is reinforced and the connection with
aversive emotional associations is updated continuously.

In addition to metabolism in posterior parahippocam-
pal-hippocampal interface, increased activity in the left
and right posterior inferior temporal gyrus was also asso-
ciated with higher tinnitus distress. The left and the right
inferior temporal gyrus are involved in sensory memory
and serve as multisensory integration areas. A correlation
between increased activity in these areas and tinnitus se-
verity has already been documented in two previous neu-
roimaging studies [Marcondes et al., 2006; Plewnia et al.,
2007]. As tinnitus distress is associated with concomitant
increased glucose metabolism in hippocampal areas and
posterior inferior temporal cortex the involvement of the
posterior inferior temporal gyri fits well with the above
mentioned mechanism of maladaptive memory consolida-
tion. Recently, interplay of the hippocampus and the pos-
terior inferior temporal cortex could be shown in an
experiment investigating memory consolidation during
acute stress [Henckens et al., 2009].

Alternatively the increased glucose metabolism in these
areas could reflect unsuccessful attempts to integrate the
phantom sound in a multisensory experience. Failure of
multisensory integration has been recently proposed as a
potential mechanism involved in the generation and main-
tenance of aversive phantom perceptions [De Ridder et al.,
2011]. In this sense, the auditory percept of tinnitus with-
out any visual percept of a sound source may represent a
multisensory conflict.

We did not find any differences in brain activation when
patients with left sided, right sided, and bilateral tinnitus
were compared. Irrespectively of tinnitus laterality, ROI
analyses of the primary auditory cortex showed an overac-
tivation of the left in contrast to the right auditory cortex. In
order to account for the larger volume of the left Heschl’s
gyrus as a potential confounding factor (i.e., larger Heschl’s
gyrus = higher brain metabolism) we conducted two analy-
ses, one with equal sized spheres and one based on an ana-
tomical atlas. Both analyses confirmed the left-lateralization
in tinnitus. Thus, our study is in line with previous findings
of increased left sided metabolic activity of the auditory
cortex [Arnold et al., 1996, Langguth et al., 2006; Wang
et al., 2001], whereas other methods suggest that abnormal-
ities of neuronal activity predominantly occur contra-later-
ally to the perceived tinnitus side [De Ridder, 2010; Khedr
et al., 2010a; Weisz et al., 2007]. This discrepancy may be
mainly due to the fact that the different brain imaging
methods identify different aspects of neuronal activation.
The goal of this study was to detect alterations of metabolic
brain activity which are related to specific tinnitus charac-
teristics. Therefore only tinnitus patients were investigated
and no control group without tinnitus. For this reason we
cannot draw any conclusions from our data on metabolic
alterations related to tinnitus per se. For example we cannot
preclude the possibility that the observed left-lateralization
of auditory cortex activation is unspecific and not related to
tinnitus at all.

Furthermore it remains to be elucidated by interven-
tional studies whether the observed correlations reflect
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causal relations or pure epiphenomena. Moreover, we ana-
lyzed only the effects of selected clinical characteristics.
Other clinically relevant factors such as tinnitus loudness
or hyperacousis [Gu et al.,, 2010] may influence metabolic
brain activity as well.

The effects detected in the present study were rather
moderate (liberal significance threshold, big sample size,
medium correlation coefficients). However, they were in
accordance with the tinnitus literature [Gu et al., 2010].
Nevertheless, the moderate effects suggest that steady
state PET measurements are not very sensitive for high-
lighting the role of cortical networks in tinnitus in more
detail. Radiation exposure due to the application of radio-
active tracers is a further limiting factor for the use of PET
both in diagnostic and scientific applications. Preferable al-
ternative methods could be soundless tools such as EEG/
MEG and perhaps near-infrared spectroscopy [Fallgatter
et al, 2004; Obrig and Villringer, 2003], an optical
approach to measure blood flow changes in cortical areas,
as soundless tools. Compared to fMRI, which bears other
handicaps (scanner noise) in the investigation of tinnitus
patients [Eichhammer et al., 2007], all these methods are
limited in spatial resolution.

The FDG-PET scans analyzed in this study were per-
formed for identifying the target for rTMS treatment.
Whether FDG-PET is useful in this context has to be eluci-
dated by further investigations. Recent preliminary data
suggest that steady state FDG-PET is not best suited for
target identification [Mennemeier et al.,, 2011] and has no
advantages over coil positioning based on anatomical
landmarks [Langguth et al., in preparation].

CONCLUSION

In conclusion, we could confirm that tinnitus duration
and distress are related to activation of brain areas
involved in attentional, emotional, and memory proc-
esses. In contrast, tinnitus characteristics were not associ-
ated with activity in auditory areas. These findings are in
line with recent suggestions of involvement of higher
order areas in generation and maintenance of severe
tinnitus.
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