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A B S T R A C T

Chronic tinnitus has been associated with brain structural changes in both the auditory system as well as limbic
system. While there is considerable inconsistency across brain structural findings, growing evidence suggests
that distress and other non-auditory symptoms modulate effects. In this study we addressed this issue, testing the
hypothesis that limbic changes in tinnitus relate to both disease-related distress as well as co-morbid psycho-
pathology. We obtained high-resolution structural magnetic resonance imaging (MRI) scans from a total of 125
subjects: 59 patients with bilateral chronic tinnitus (29 with a co-morbid psychiatric condition, 30 without), 40
healthy controls and 26 psychiatric controls with depression/anxiety disorders (without tinnitus). Voxel-based
morphometry with the CAT12 software package was used to analyse data. First, we analysed data based on a
2 ×2 factorial design (tinnitus; psychiatric co-morbidity), showing trend-level effects for tinnitus in ROI ana-
lyses of the anterior cingulate cortex and superior/transverse temporal gyri, and for voxel-based analysis in the
left parahippocampal cortex. Multiple regression analyses showed that the parahippocampal finding was mostly
predicted by tinnitus rather than (dimensional) psychopathology ratings. Comparing only low-distress tinnitus
patients (independent of co-morbid conditions) with healthy controls also showed reduced left parahippocampal
grey matter. Our findings demonstrate that depression and anxiety (not only subjective distress) are major
modulators of brain structural effects in tinnitus, calling for a stronger consideration of psychopathology in
future neurobiological and clinical studies of tinnitus.

1. Introduction

Tinnitus is characterised by phantom perceptions of humming or
ringing in one or both ears. It affects about one third of the general
population in its acute form (life-time risk) and about 5–15% chroni-
cally for more than three months, (Baguley et al., 2013; McCormack
et al., 2016; Rosing et al., 2016; Swan et al., 2017). Chronic tinnitus can
cause considerable distress and impairment in activities of daily life and
has high rates of psychiatric comorbidity: about 25% of chronic tinnitus
patients suffer from anxiety and/or depression correlated with higher
tinnitus-related distress. They are also more likely to suffer from in-
somnia and incapacity to work (Bhatt et al., 2017; Gul et al., 2015;
Zirke et al., 2013).

Current models of the generation and perpetuation of chronic

tinnitus implicate not only cochlear dysfunction but also involvement of
cortical and subcortical brain areas over the course of disease
(Eggermont, 2003; Rauschecker et al., 2010). Noise-induced or degen-
erative hearing impairment are assumed as a common origin of chronic
tinnitus (Kim et al., 2015; Theodoroff et al., 2015). While cochlear al-
terations might lead to tinnitus at first, it is assumed that altered input
causes reshaping of the auditory pathway leading up to subtle re-
organisation of cortical auditory areas (Langers et al., 2012). This me-
chanism is reflected in the close relationship of Tinnitus pitch and
frequency of maximum hearing loss (Schecklmann et al., 2012b).
However, even auditory neurectomy only improves tinnitus severity in
45% of cases, while the rest might report reporting worsening or un-
changed discomfort (House and Brackmann, 1981). Consecutive factors
in the maintenance of tinnitus are (additional) structural and functional
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changes in brain areas related to emotion processing, possibly due to
conscious or subliminal negative evaluation of the constant noise and
therefore inability to habituate (Goebel, 2015). The affected areas
overlap with structural and functional findings in depression or anxiety
patients (Goodkind et al., 2015), which corresponds to the high co-
morbidity with these illnesses as well.

There is now increasing evidence from neuroimaging studies of
tinnitus to support this model of alterations at both auditory sensory
and limbic areas (Adjamian et al., 2014; Simonetti and Oiticica, 2015).
However, different areas of increased or decreased grey matter volume
(GMV) have been reported across studies: GMV in Heschl's gyrus and
superior temporal gyrus showed changes in both directions in tinnitus
patients compared to healthy controls (Boyen et al., 2013; Husain et al.,
2011; Mahoney et al., 2011; Muhlau et al., 2006), whereas inferior
colliculus volume (Landgrebe et al., 2009) was decreased and medial
geniculate body volume was increased (Muhlau et al., 2006) in patients.
As for non-auditory limbic brain structures, decreased GMV has been
reported in ventromedial (vmPFC) and dorsomedial (dmPFC) prefrontal
cortices, nucleus accumbens, anterior (ACC) and posterior cingulate
cortices, hippocampus and supramarginal gyrus (Landgrebe et al.,
2009; Leaver et al., 2011; Leaver et al., 2012; Mahoney et al., 2011).
However, alterations in some of the areas were modulated by hearing
loss (Boyen et al., 2013; Husain et al., 2011; Melcher et al., 2013). In a
few studies, regional volumes were associated with comorbid depres-
sive and anxiety symptoms, such as the insula, cerebellum and ACC
(Leaver et al., 2012; Schecklmann et al., 2012a).

The model of altered sensory cortical/limbic interaction has also
received support from functional neuroimaging studies, which ad-
ditionally implicate areas involved in (emotional) memory and cogni-
tion. Resting state functional magnetic resonance imaging (rs fMRI) has
shown several areas of increased connectivity in tinnitus patients in-
cluding brain stem, basal ganglia, hippocampus and parahippocampal
gyri, inferior parietal gyri, as well as the cerebellum. Lower con-
nectivity values were shown for primary auditory cortex, prefrontal
areas, left fusiform gyrus and bilateral occipital regions (Simonetti and
Oiticica, 2015).

A limitation of several previous studies might have been the as-
sessment of emotional distress and psychiatric comorbidities, the latter
often being defined as an exclusion criterion for tinnitus patients
(Boyen et al., 2013; Husain et al., 2011; Landgrebe et al., 2009; Leaver
et al., 2011; Schecklmann et al., 2012a). This might have impeded
discriminating tinnitus effects (in a narrow sense) from psychiatric
comorbidity, and also differences in selection biases across (chronic)
tinnitus populations. However, psychiatric comorbidity might not only
be essential in developing more effective treatment programmes, but
also in integrating converging or overlapping biological pathways
leading to chronic tinnitus. Disentangling brain structures affected in
chronic tinnitus with and without manifest psychiatric co-morbidities
might also affect identification of new target areas for repetitive tran-
scranial magnetic stimulation (rTMS) for therapeutic interventions
(Lehner et al., 2016; Wang et al., 2015).

In the present study, we aimed to address the problem of over-
lapping vs. distinct brain structural alterations associated with distress
and psychiatric co-morbidity. We recruited chronic tinnitus patients
with different ranges of psychological distress, including also more
disabled patients with psychiatric co-morbidities, using both psychia-
trically healthy controls as well as psychiatric controls (without tin-
nitus) matched for psychopathology. Our first goal was to replicate
previous results comparing GMV between low-distress tinnitus patients
(a cohort most similar to that in previous tinnitus imaging studies) and
healthy controls. We then used all four cohorts in a 2× 2 factorial
design to contrast effects of tinnitus vs. those of psychiatric disorders/
co-morbidity, testing for the main effect of tinnitus vs. distress.

2. Methods

2.1. Participants

We included a total of 125 subjects, which fell into four cohorts
(matched for age and gender): low-distress chronic tinnitus, high-dis-
tress chronic tinnitus, healthy controls and psychiatric controls. All
participants gave written informed consent to a study protocol ap-
proved by the local Ethics Committee of Jena University Medical
School. This protocol included audiometry and structural brain ima-
ging, as well as psychometric measures of distress/psychiatric symp-
toms and comprehensive psychiatric evaluation using the German
version of the Structured Clinical Interview for DSM-IV Axis I Disorders
(SKID-I) (Lobbestael et al., 2011) (administered by a psychiatric re-
sident, B.B.). Resulting DSM-IV diagnoses were confirmed by two dif-
ferent psychiatrists (B.B. and I.N.) based on structured clinical inter-
views (using SKID-I interviews by a resident psychiatrist, B.B.) in all
participants of the study.

For assessment of psychological symptoms common in tinnitus, all
study participants completed well established self-ratings as well as
rater-based evaluations of symptoms: Depressive symptoms were
measured using Beck's depression inventory, BDI-2 (Beck and Steer,
1984), the Hospital anxiety and depression scale, HADS-D (Herrmann,
1997; Hinz and Brahler, 2011), and Hamilton depression scale, HAM-D
(Bailey and Coppen, 1976; Schwab et al., 1967; Worboys, 2013). An-
xiety was measured using the Hospital anxiety and depression scale
(Herrmann, 1997; Hinz and Brahler, 2011) (HADS-A) and Hamilton
anxiety scale, HAM-A (Gjerris et al., 1983). Somatoform symptoms
were assessed using the SOMS-2 Screening for somatoform symptoms
(Rief et al., 2001; Rief and Hiller, 1999). In addition, all participants
completed the Symptom checklist 90 revised (SCL-90-R), which can be
divided into ten subscales (Derogatis et al., 1974; Schmitz et al., 2000),
reflecting a range of psychopathologies and general psychological dis-
tress. An overview of demographic, audiometric and psychometric
characteristics of all four groups is given in Table 1.

General exclusion criteria for all participants were history of (other)
major neurological as well as untreated major general medical condi-
tions. All participants completed the MWT-B, a German inventory si-
milar to the NART (Antretter et al., 2013), to estimate IQ and confirm
the inclusion criterion of IQ higher 80. Handedness was assessed using
the Edinburgh Handedness Inventory (Oldfield, 1971).

The two tinnitus groups (total of n= 59 patients) included patients
with chronic, bilateral tinnitus with a duration of more than three
months. Patients were recruited from the specialised interdisciplinary
tinnitus entre (Ivansic et al., 2017) of the Department for Otorhino-
laryngology in Jena, were they had undergone extensive medical in-
vestigation before taking part in the study. Most of the tinnitus patients
suffered from hearing loss (4-pure tone average (4-PTA) > 25 dB in
pure tone audiogram). We assessed tinnitus distress using the well-es-
tablished German version of the tinnitus questionnaire (TQ) (Goebel
and Hiller, 1994). TQ values under 46 points indicated low-distress
tinnitus (n =37 of the sample) whereas higher scores defined high-
distress patients.

The total tinnitus cohort included subgroups with acute or history of
major comorbid psychiatric disease (n= 29) (other than minor symp-
toms of adjustment or distress), as well as without psychiatric co-
morbidity (n =30). The former included mostly affective disorders (22
patients: 9 with current depressive episode, 9 with history of depressive
disorder, currently remitted, 2 dysthymia, 2 with current minor de-
pression/adjustment disorder), in addition one had post-traumatic
stress disorder, one was addicted to analgesics, and two reported
harmful alcohol use (without dependence). Of these 29 tinnitus pa-
tients, 11 received antidepressant medication (either selective serotonin
inhibitors, SSRI, or combined serotonin-norepinephrine inhibitors,
SNRI), in one case< 2weeks, in the other cases > 2weeks.

A healthy control group (n= 40) was recruited from the community
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via press releases and contacted the laboratory through email or phone.
They neither had a current or a history of DSM-IV axis I psychiatric
disorders, no first-degree relative with a known psychiatric disorder,
nor tinnitus (other than sensations lasting up to few seconds spor-
adically) or hearing impairment with>25 dB (4-PTA) measured by
pure tone audiogram. None of the healthy controls received psycho-
tropic medication.

Finally, the psychiatric control group (n=26) included patients
with an affective or anxiety disorder, but no other medical history of
hearing loss (4-PTA < 25 dB). This cohort, included for the 2× 2
factorial design of the study, was intended to match as closely as pos-
sible the clinical psychiatric phenotype of the tinnitus subgroup with
psychiatric co-morbidities, since these are most common co-morbidities
among chronic tinnitus patients (Bhatt et al., 2017; Hiller and Goebel,
1992; Zirke et al., 2013). Patients were recruited from in- or out-patient
units of the Department of Psychiatry and Psychotherapy in Jena.
Among psychiatric controls 23 had a depressive disorder (22 with
major depression and current depressive episode, 1 remitted), 2 had
agoraphobia with panic disorder and one had a depressive episode with
somatoform pain disorder. Within this group 24 of the 26 patients re-
ceived antidepressants (SSRI or SNRI): 4 for< 2weeks, the other 20
for > 2weeks.

2.2. Magnetic resonance imaging (MRI)

We obtained high-resolution T1-weighted structural MRI scans on a
3 Tesla Siemens Prisma fit system (Siemens, Erlangen, Germany) using
a standard quadrature head coil and an axial 3-dimensional magneti-
zation prepared rapid gradient echo (MP-RAGE) sequence (TR 2300ms,
TE 2.07 ms, α 9°, 192 contiguous sagittal slices, in-plane field of view
256 mm, voxel resolution 1× 1×1mm; acquisition time 5:21 min).
Tinnitus patients received additional ear protection with earplugs and
earmuffs, which made MRI noise tolerable for all of them. None of the
study participants had a structural pathology, as assessed by a radi-
ologist, and all were visually inspected to confirm absence of artefacts.

2.3. Voxel-based morphometry

We used the CAT12 toolbox (http://www.neuro.uni-jena.de/cat;
Structural Brain Mapping Group, Jena University Hospital, Jena,
Germany) implemented in SPM12 (Statistical Parametric Mapping,
Institute of Neurology, London, UK) for voxel-based morphometry
(VBM) analysis of imaging data. All T1-weighted images were corrected
for bias – field inhomogeneities, then segmented into grey matter (GM),
white matter (WM) and cerebrospinal fluid (CSF) (Ashburner and
Friston, 2005) and spatially normalised using the DARTEL algorithm
(Ashburner, 2007). The segmentation process was further extended by
accounting for partial volume effects (Tohka et al., 2004), applying
adaptive maximum a posteriori estimations (Rajapakse et al., 1997).
After pre-processing and in addition to visual checks for artefacts, all
scans passed an automated quality check protocol. Scans were
smoothed with a Gaussian kernel of 8mm (FWHM). For exclusion of
artefacts on the grey/white matter border (i.e. incorrect voxel classifi-
cation), we applied an absolute grey matter threshold of 0.1.

For subsequent analyses, we considered previous studies of tinnitus
for anatomical hypotheses (Adjamian et al., 2014; Adjamian et al.,
2009; Simonetti and Oiticica, 2015), and performed regional analyses
using small volume correction for bilateral anterior and posterior cin-
gulate cortices, hippocampus, insula, medial frontal cerebrum, nucleus
accumbens, parahippocampal gyri, superior and transverse temporal
and supramarginal gyri, applying an image calculated according to the
SPM12 Neuromorphometrics atlas. In addition, whole-brain voxel-wise
analyses are reported.

2.4. Statistics

For statistical analysis of grey matter maps, we applied the general
linear model (GLM) approach implemented in SPM12. We performed
whole-brain and region-of-interest (ROI) analyses and included total
intracranial volume (TIV), age and gender as nuisance variables in
order to remove the related variance in all our analyses.

First, we sought to replicate former findings of brain structural

Table 1
Demographic and audiometric data on the four groups.

Tinnitus only
(n= 30)

Tinnitus & psychiatric comorbidity
(n= 29)

Healthy controls
(n= 40)

Psychiatric controls
(n= 26)

Between-subject-effects
–ANOVA p (F)

Mean age (SD) 51.9 ( ±12.5) 49.3 (± 12.3) 45.7 (± 15.7) 44.3 (± 11.2)
Gender 13 f, 17m 14 f, 15m 20 f, 20m 15 f, 11m
IQ 113.3 ( ± 15.9) 107.9 (± 14.6) 117.7 ( ±16.7) 110.8 ( ±14.7)
Handedness 0.7 (± 0.6) 0.7 ( ± 0.5) 0.8 ( ± 0.4) 0.7 ( ± 0.5)
TQ 41.6 ( ±13.1) 42.8 (± 18.6) n.a. n.a.
Mean left 4-PTA (SD) 24.4 ( ±11.9) 25.5 (± 14.7) 11 ( ±5.2) 10.6 (± 5.3)
Mean right 4-PTA (SD) 22.2 ( ±9.1) 23.2 (± 14.5) 8.8 ( ± 4) 9 (± 5)
Mean BDI-2 (SD) 9.2 (± 6.4) 15.7 (± 10) 2.5 ( ± 5.1) 22.4 (± 11.2) 0.0001 (34.63)
Mean HAM-A (SD) 9.1 (± 4.4) 12.8 (± 7.2) 0.7 ( ± 1.2) 13 (± 7.6) 0.0001 (37.22)
Mean HADS-D (SD) 2.3 (± 2.2) 6.9 ( ± 4.7) 1.1 ( ± 2.1) 9.9 ( ± 4) 0.0001 (44.51)
Mean HADS-A (SD) 4.9 (± 3.1) 7.6 ( ± 3.9) 2 (± 2.3) 9.3 ( ± 3.4) 0.0001 (32.8)
SOMS-2 SI (DSM-IV) (SD) 65.8 ( ±25.3) 80.8 (± 20.6) 43.7 (± 20.1) 77.4 (± 18.7) 0.0001 (22.05)
SCL-90-R SOM (SD) 0.4 (± 0.4) 0.7 ( ± 0.7) 0.2 ( ± 0.3) 0.6 ( ± 0.5) 0.0001 (7.52)
SCL-90-R OBS (SD) 0.5 (± 0.4) 1 (± 0.8) 0.2 ( ± 0.3) 1.1 ( ± 0.6) 0.0001 (20.58)
SCL-90-R INT (SD) 0.3 (± 0.4) 0.7 ( ± 0.8) 0.1 ( ± 0.2) 0.8 ( ± 0.8) 0.0001 (11.26)
SCL-90-R DEP (SD) 0.4 (± 0.3) 0.9 ( ± 0.7) 0.1 ( ± 0.3) 1.3 ( ± 0.8) 0.0001 (28.16)
SCL-90-R ANX (SD) 0.2 (± 0.3) 0.6 ( ± 0.6) 0.1 ( ± 0.2) 1 (± 0.6) 0.0001 (22.82)
SCL-90-R HOS (SD) 0.2 (± 0.3) 0.6 ( ± 0.7) 0.1 ( ± 0.3) 0.5 ( ± 0.5) 0.0001 (7.07)
SCL-90-R PHO (SD) 0.1 (± 0.2) 0.3 ( ± 0.4) 0.1 ( ± 0.3) 0.6 ( ± 0.7) 0.0001 (7.87)
SCL-90-R PAR (SD) 0.3 (± 0.4) 0.6 ( ± 0.7) 0.1 ( ± 0.3) 0.7 ( ± 0.8) 0.0001 (9.06)
SCL-90-R PSY (SD) 0.2 (± 0.3) 0.4 ( ± 0.4) 0.1 ( ± 0.2) 0.5 ( ± 0.5) 0.0001 (11.16)
SCL-90-R Z (SD) 3.9 (± 3.1) 6.7 ( ± 5.5) 1.1 ( ± 1.2) 6.9 ( ± 5.7) 0.0001 (8.15)

SD – standard deviation; f-female< , m-male; IQ – intelligence quotient; handedness ranging from −1 (purely left-handed) to 1 (purely right-handed); TQ – tinnitus
questionnaire; 4-PTA- pure tone average from frequencies 500 Hz, 1 kHz, 2 kHz and 4 kHz; HAM-A – Hamilton anxiety scale; HADS – D – Hospital anxiety and
depression scale, depression subscale; HADS – A – Hospital anxiety and depression scale, anxiety subscale; SOMS-2 SI – Screening for Somatoform Disorders,
Somatization Index (according to DSM-IV criteria); SCL-90-R subscales: SOM – Somatization, OBS – obsessive-compulsive, INT – interpersonal sensitivity, DEP –
depression, ANX – anxiety, HOS – hostility, PHO – phobic anxiety, PAR – paranoid ideation, PSY – psychoticism, Z - subscale for sleep disturbances.
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changes in tinnitus patients with low distress, comparing the low-dis-
tress tinnitus subgroup with TQ ratings lower than 46 (n= 37) with the
40 age and gender matched healthy controls using a two-sample t-test.

Second, we tested our main hypothesis applying a 2×2 factorial
ANOVA with the factors tinnitus and psychiatric co-morbidity across
the four groups, i.e.: tinnitus patients with (n= 29) and without
(n =30) psychiatric comorbidity, healthy controls (n=40) and psy-
chiatric controls (n=26). All groups were matched for age and gender
and the tinnitus groups showed no significant difference of mean 4-PTA
bilaterally (p > .1).

From these two analyses we extracted mean cortical volumes of
significant clusters for subsequent analysis and applied automatic linear
modelling in SPSS (IBM SPSS Statistics, version 23) to determine vari-
ables best predicting these structural variations: age, gender, diagnosis
of chronic bilateral tinnitus, psychiatric diagnosis, IQ, handedness,
psychometric measures (BDI-2, HADS-D, HAM-D, HADS-A, HAM-A,
SCL-90-R subscales, SOMS-2), bilateral 4-PTA, TIV.

For psychometric characterization of the four groups, we calculated
a multifactorial ANOVA to compare all self- and rater-assessment scales
between all groups using SPSS Statistics.

3. Results

3.1. Comparison of psychometric data across groups

The MANOVA revealed significant group differences regarding the
psychometric data (Pillai's trace: p < .0001, F=5.105).

Tinnitus patients with psychiatric comorbidity showed significantly
higher values in all psychopathology scales (except for the somatization
subscale of SCL-90-R) compared to tinnitus patients without psychiatric
comorbidity. They mostly did not differ from psychiatric controls ex-
cept for HADS-D, BDI-2 and SCL-90-R anxiety subscales, in which
psychiatric controls scored higher.

Tinnitus patients without psychiatric comorbidity had significantly
more symptoms than healthy controls except for SCL-90-R hostility,
phobia and psychotic subscale. They also had no significant differences
regarding somatoform symptoms (according to SOMS-2 and SCL-90-R
somatization subscale) to psychiatric controls, but had otherwise sig-
nificantly less psychiatric symptoms of all other scales.

Tinnitus patients with psychiatric comorbidity and psychiatric
controls had throughout significantly higher scale values than healthy
controls. Between- subject-effects are listed in Table 1.

3.2. Effects of tinnitus vs. psychiatric co-morbidity on brain structure
(2× 2 factorial ANOVA)

Testing the main hypothesis of our study by comparing effects of
tinnitus vs. psychiatric co-morbidity, we identified diverging effects of
the factors tinnitus vs. the psychiatric morbidity factor across several
brain regions.

Testing for the main effect of tinnitus (equalling a comparison of
tinnitus patients to both the healthy and the psychiatric control
groups), we found a trend at corrected threshold levels for decreased
GMV related to presence of tinnitus in the ROI analyses for ACC, su-
perior and transverse temporal gyri (p < .1, FWE-corrected), and a
significant decrease in ROI analysis for the parahippocampal cortex
(p= .012, FWE-corrected), with whole-brain level effects at p < .001
(uncorrected) mainly in left parahippocampal and fusiform gyri, as well
as right inferior parietal gyrus and precuneus (Table 3, Fig. 2).

Main effect of psychiatric diagnosis showed significantly increased
GMV in whole-brain analyses in psychiatrically ill patients (apart from
chronic tinnitus; p < .001) in several very small clusters. Only one
cluster exceeded expected cluster size of 158.37 with a size of k=260
and was located in right superior temporal gyrus (co-ordinates: 46;
−20; −4 and 42; −26; 0; T=3.5; p < .001 uncorrected at peak-
level).

3.3. Multiple regression analyses

The automatic linear modelling procedure identified 4–7 factors
predicting about 50% of each cluster (Figs. 34). All of the clusters
showed high associations with age and TIV. Apart from those two
factors, areas extracted from the two-sample t-test produced the fol-
lowing factors: left parahippocampal gyrus was mostly predicted by
HAM-D, less by handedness and tinnitus diagnosis. Left middle cingu-
late gyrus was predicted by tinnitus diagnosis and to a lesser extent by
somatoform and social anxiety symptoms (as derived from SCL-90-R
subscales). The model for the other peak defined next to age and gender
anxiety symptoms (HAM-A and SCL-90-R-phobia subscale) as the most
predictive factors. Left ACC was more predicted by tinnitus diagnosis
and right 4-PTA.

For our main hypotheses tested in the 2×2 ANOVA design, the left
parahippocampal cluster extracted from these analyses was mainly
predicted by tinnitus diagnosis and less by psychometric measures
(SCL-90-R psychoticism and paranoia subscales and BDI-2). The right
inferior parietal cluster was mainly predicted by tinnitus diagnosis,
anxiety measures (HAM-A, HADS-A) but also obsessive-compulsive
symptoms and sleep disturbance (SCL-90-R). GMV variation in pre-
cuneus was mostly predicted by tinnitus diagnosis (next to age, gender
and TIV).

3.4. Low-distress tinnitus vs. healthy controls (two-sample t-test)

Low-distress tinnitus patients had decreased GMV in anterior and
posterior cingulate gyri and parahippocampal gyri compared to healthy
controls (small-volume correction, p < .1, FWE-corrected), while
whole-brain analyses showed reduced GMV in patients in the left
parahippocampal and fusiform gyri, left anterior and middle cingulate
cortex, as well as right superior frontal gyrus (p < .001, uncorrected).

The low-distress tinnitus patients also showed higher GMV in right
cerebellum and superior and middle temporal gyri (p < .001, un-
corrected) with only trend-level significance FWE-corrected levels for
the superior temporal gyrus when applying small volume correction
(Table. 2, Fig. 1).

4. Discussion

In this study, we aimed to address the problem of psychiatric co-

Table 2
Overview of significant GMV differences between low-distress tinnitus patients
and healthy controls.

Anatomical region Co-ordinates k p (uncorrected
peak-level)

T

Low-distress tinnitus < healthy controls
Left parahippocampal and

fusiform g.
−33;−33;−15 319 0.0001 4.05
−30;−40;−9 4.02

Left middle cingular g. −4;24;34 40 0.0001 3.57
−16;−34;40 63 0.0001 3.53

Right superior frontal g. 14;12;46 7 0.0001 3.48
Left anterior cingulate g. −12;38;20 33 0.0001 3.45
ROI: bilateral ACC −12;38;20 33 0.096 (FWE-corr.) 3.45
ROI: bilateral PCC −16;-34;40 25 0.084 (FWE-corr.) 3.53
ROI: bilat. parahipp. g. −32;−32;−16 72 0.019 (FWE-corr.) 4.01

−30;−38;−10 3.78

Low-distress tinnitus > healthy controls
Right cerebellum (area 6) 12;−63;−28 242 0.0001 4.58
Right sup. and mid. temporal

g.
68;−46;18 67 0.0001 3.70

ROI: right superior temporal
g.

68;−46;18 42 0.091 (FWE-corr.)

k – number of voxels; ROI: “region of interest” (result of small volume cor-
rection); FWE: “family-wise-error” (method of correction for multiple com-
parisons).
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morbidity on the brain structural changes induced by tinnitus.
While our ROI-based analysis of brain areas implicated in tinnitus

(esp. parahippocampal cortex, ACC and superior temporal/transverse
temporal cortices) did show main effects (ROI, FWE-corrected) of

tinnitus in the parahippocampal cortex and trend-level findings in the
ACC and superior/transverse temporal cortices, several other findings
at whole-brain level (e.g. in the precuneus) did not survive more con-
servative correction for multiple comparisons. The parahippocampal

Fig. 1. Results of two-sample t-test between low-distress tinnitus patients and healthy controls presented as maximum intensity projections and overlays on an
average image of all participants, (A) significant clusters of decreased GMV in patients, (B) significant clusters of increased GMV in patients.

Fig. 2. Main effect of tinnitus diagnosis in the 2× 2 factorial ANOVA presented as maximum intensity projections and section overlays on an average image of all
participants.
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grey matter reduction was also seen in a comparison analysis of tinnitus
patients without psychiatric co-morbidity vs. healthy controls, thus
substantiating our findings.

Our findings confirm the clinical impression that tinnitus patients
suffer from psychological distress nearly as much as psychiatric pa-
tients. And even if they do not meet diagnostic criteria for psychiatric
co-morbidity they are more distressed than healthy controls. Our main
finding regarding brain structural associations of this distress in tinnitus
patients emphasizes the importance of limbic structures (anterior and
posterior cingulate gyri and parahippocampal gyri). These changes
appear to be multifactorial as they are predicted by several parameters
(age, gender, diagnosis, auditory function, psychometric data), which is
in line with recent studies of MR morphometry in tinnitus. They have
increasingly acknowledged that multiple factors appear to influence
both the magnitude as well as the location of changes throughout the
cortex and subcortical structures (Leaver et al., 2016; Leaver et al.,
2012). In particular, this has been the case for attempting to segregate
effects of hearing loss vs. tinnitus (Allan et al., 2016; Boyen et al., 2013;
Husain et al., 2011; Yoo et al., 2016), as well as (subjective) distress
(Leaver et al., 2012; Schecklmann et al., 2013), which differs con-
siderably across tinnitus populations. In view of the increasing diver-
gence of both structural and functional MR findings in tinnitus, it has
been argued that considering failures to replicate previous findings
(Melcher, 2013) as well as to appreciate the heterogeneity of patient
cohorts and the potential of subgroup analyses (Schmidt et al., 2018)
are important moves to clarify neural network changes.

Our findings add another layer to this ongoing research by ad-
dressing the problem of co-morbid psychiatric disorders. Three main
findings emerge from our results. First, we identify co-morbid mental
disorder as a major factor influencing the pattern of grey matter al-
terations associated with tinnitus. Importantly, this does not overlap
with mere levels of distress, but might be an independent source of
biological heterogeneity. Second, our findings highlight the problem of
this variable in recruitment of tinnitus patients: participation criteria
that are focused on excluding tinnitus patients with co-morbid mental
disorders might be a source of selection bias, which then again

influences sample composition and thus magnitudes and patterns of
structural (and/or functional) changes. Finally, our multiple regression
analyses demonstrate not only the magnitude of effects related to tin-
nitus (as compared to age or other variables), but also the differential
contribution of symptom profiles on effect sizes.

Several regional structural findings merit particular attention in
reference to the current literature. Grey matter volume reduction in the
(left) parahippocampal cortex is among the main regional findings of
this study, with effects in both the 2×2 factorial analysis as well as the
comparison of low-distress tinnitus vs. healthy controls (albeit at dif-
ferent thresholds of significance). This area has repeatedly been im-
plicated in studies of tinnitus, both structural (Schmidt et al., 2018;
Simonetti and Oiticica, 2015) as well as functional (Chen et al., 2017a).

In current models of tinnitus, the parahippocampal cortex has been
implicated in memory mechanisms related to phantom percept persis-
tence (Langguth et al., 2012). While recent functional studies have tied
parahippocampal connectivity to distress (Mohan et al., 2018) or dis-
ease duration (Lv et al., 2017) as well as possibly predictive of training
therapies aimed at reducing distress (Kim et al., 2016), the structural
findings rather appear to indicate a primary network role unrelated to
the clinical expression of distress. This is indeed in line with our mul-
tiple regression findings. A most recent study has provided initial evi-
dence for genetic modulation, with effects in this region being parti-
cularly present in Met allele carriers of the COMT Val158Met
polymorphism (Vanneste et al., 2018), but these findings have not yet
been extended to larger samples.

There are also multiple links to disturbed parahippocampal function
in tinnitus. A most recent functional MRI study found short-range
temporal lobe connectivity including the parahippocampal cortex to be
altered in chronic (rather than acute) tinnitus patients (Chen et al.,
2017b; Zheng et al., 2019). Already a previous meta-analysis of fMRI
studies has highlighted the role of this region in tinnitus (Chen et al.,
2017a). While these rs fMRI studies also provide a link to default mode
network dysfunction, the role of other structures like the precuneus is
still not being fully understood (Schmidt et al., 2017). A functional
study has suggested that the precuneus shows increased connectivity in

Fig. 3. Bar graphs illustrating predictive values of the four to five main factors contributing to GMV decrease in low-distress tinnitus patients compared to healthy
controls in (A) left parahippocampal gyrus (accuracy 53.7%), (B) and (C) left middle cingulate gyrus (accuracy 57.1% resp. 29.9%) and (D) left ACC (accuracy
55.5%). TIV – total intracranial volume, HAM-D – Hamilton depression inventory, EHI – Edinburgh handedness inventory, Tin_dg – tinnitus diagnosis, SCL – symptom
checklist 90 revised (SOM – subscale for somatoform symptoms, INT – subscale for symptoms of social insecurity, PHO – phobic symptoms), HAM-A – Hamilton
anxiety inventory, 4-PTA_r – right-sided 4- pure tone audiogram.
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recent-onset compared to long-term tinnitus (Carpenter-Thompson
et al., 2015). However, it is unclear, whether that transition might then
be accompanied by secondary structural changes. Parietal cortex plas-
ticity has, for example, been documented in targeted interventions for
tinnitus (Stein et al., 2015).

While our study is the first to explicitly address psychiatric co-
morbidity as a factor in structural changes in tinnitus, we also need to
consider that this might limit comparability to previous VBM studies.
Indeed, several previous studies have not included tinnitus patients
with psychiatric co-morbidity. While this might allow for more homo-
geneous samples, it is not congruent with the clinical realities of tin-
nitus not only being associated with subjective distress but also

manifest psychopathologies (Durai and Searchfield, 2016; Ivansic et al.,
2017; Jacques et al., 2013; Pattyn et al., 2016; Trevis et al., 2016; Ziai
et al., 2017). Even though our study aimed at addressing this factor, we
need to consider the limitation that our choice of psychiatric controls
mostly included depression/anxiety disorder patients (to match this
particular tinnitus sample), so expansion to other psychopathology di-
mensions is warranted. A further limitation to be noted is that several of
our findings (as indicated above) did not withstand more conservative
statistical corrections. This might not only be related to sample size
(which was nevertheless larger than in several other VBM studies), but
also the larger heterogeneity in our tinnitus samples.

Psychiatric co-morbidity, although in many cases correlated with,

Fig. 4. Bar graphs illustrating predictive values of
the four to eight main factors contributing to GMV
decrease as the main effect of tinnitus (with and
without psychiatric comorbidity) compared to con-
trols with and without psychiatric illness in (A) left
parahippocampal gyrus (accuracy 44.3%), (B) right
inferior parietal gyrus (accuracy 43.9%) and (C)
right precuneus (accuracy 33.4%). TIV – total in-
tracranial volume, Tin_dg – tinnitus diagnosis, SCL –
symptom checklist 90 revised (PSY – subscale for
psychotic symptoms, PAR – subscale for paranoid
symptoms, OBS – subscale for obsessive-compulsive
symptoms, Z – subscale for sleep disturbances), BDI-2
– Beck's depression inventory, HAM-A – Hamilton
anxiety inventory, HADS-A – anxiety subscale of
hospital anxiety and depression scale.
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is, however, not identical to subjective distress. While loudness might
be conceptualised as a dimensional parameter to be considered in sta-
tistical models, psychiatric co-morbidities are often treated as catego-
rical variables. Incorporating both would therefore necessitate not only
more complex clinical assessments, but also larger samples to dissect
variance related to the different sources. As shown in our multiple re-
gression analyses, which differentiate the impact of the various di-
mensions of psychopathologies (depressive, anxious, somatisation etc.),
the combination of dimensional and categorical approaches leads to a
more detailed analysis of the associations of regional brain structural
changes with clinical facets. Adding a further level of complexity, it also
remains unclear whether co-morbid psychiatric disorders exert additive
effects (with or without interactions) on brain parameters (Langguth
et al., 2011).

Our findings demonstrate that the current pathophysiogical models
of chronic tinnitus need to take into account not only the dimension of
subjective distress (Rauschecker et al., 2010; Rauschecker et al., 2015;
Schecklmann et al., 2013; Schmidt et al., 2018). Both (initial) hearing
loss as well as subsequent gating processes (Rauschecker et al., 2015)
and development of subjective distress might interact with (genetic or
developmental) liability of depression or anxiety disorders to generate a
complex interaction of auditory cortical, ACC, parahippocampal and
other regional changes. The identification of the differential associa-
tions might, however, be a crucial step in identifying neural targets of
interventions such as transcranial magnetic stimulation (rTMS). There
is increasing evidence that regional stimulation might improve tinnitus,
but the optimal target (or multiple targets) of stimulation is still under
debate (Chung et al., 2012; Lehner et al., 2016; Lehner et al., 2013; To
et al., 2018; Wang et al., 2015). While some research suggests that there
might be target areas like the DLPFC which are relevant to multiple
disorders (tinnitus, depression etc.), it is unclear whether subgroups of
(chronic) tinnitus patients might benefit from different stimulation
sites. A recent combined rTMS and VBM/fMRI study has also demon-
strated reversibility of structural effects following a treatment course of
rTMS in chronic tinnitus (Poeppl et al., 2018).

In summary, our findings provide some support for previous studies
implicating the (left) parahippocampal cortex as one of several key
areas in chronic tinnitus, which is not related merely to tinnitus dis-
tress. Psychiatric co-morbidity is a potentially significant modulator of
brain structural changes in tinnitus, and might have been under-
estimated in previous studies, due to sample selection. The dissection of
differential regional effects of the complex tinnitus network holds the

potential to provide improved selection of brain stimulation sites in
experimental treatments of tinnitus.
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