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Abstract
Auditory phantom percepts, such as tinnitus, are a heterogeneous condition with great interindividual variations regarding both the percept itself and its concomitants. Tinnitus causes a
considerable amount of distress, with as many as 25% of affected people reporting that it
interferes with their daily lives. Although previous research gives an idea about the neural correlates of tinnitus-related distress, it cannot explain why some tinnitus patients develop distress
and while others are not bothered by their tinnitus. BDNF Val66Met polymorphism (rs6265) is
a known risk factor for affective disorders due to its common frequency and established functionality. To elucidate, we explore the neural activation pattern of tinnitus associated with the
BDNF Val66Met polymorphism using electrophysiological data to assess activity and connectivity changes. A total of 110 participants (55 tinnitus and 55 matched control subjects) were
included. In this study, we validate that the BDNF Val66Met polymorphism plays an important
role in the susceptibility to the clinical manifestation of tinnitus-related distress. We demonstrate that Val/Met carriers have increased alpha power in the subgenual anterior cingulate
cortex that correlates with distress levels. Furthermore, distress mediates the relationship between BDNF Val66Met polymorphism and tinnitus loudness. In other words, for Val/Met carriers, the subgenual anterior cingulate cortex sends distress-related information to the
parahippocampus, which likely integrates the loudness and distress of the tinnitus percept.
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1 Significance statement
With a prevalence of up to 43% worldwide, chronic tinnitus lacks both widely
effective treatments and adequate understanding of its brain mechanisms. Tinnitus
describes a very heterogeneous condition with great interindividual variations regarding both the percept itself and its concomitants. Consistent with this idea, our
research shows that tinnitus-related distress is related to the underlying neurogenetic
architecture. We establish, in a human study, that BDNF Val66Met polymorphism
plays an important role in the susceptibility to the clinical manifestation that affects
the distress directly and tinnitus loudness indirectly.

2 Introduction
Tinnitus, the phantom perception of a sound in the absence of an external stimulus, is
a widespread disorder with a prevalence varying between 5% and 43% worldwide
(Axelsson and Ringdahl, 1989; Baguley et al., 2013). Tinnitus describes a very heterogeneous condition with great interindividual variations regarding both the percept
itself and its concomitants (Jagoda et al., 2018). Tinnitus causes a considerable
amount of distress, with as many as 25% of affected people reporting that it interferes
with their lives (Heller, 2003). Distress can play an important role in the development
of tinnitus, but not everyone who experiences tinnitus becomes chronically
distressed (Andersson and Westin, 2008).
Research has demonstrated that tinnitus-related distress is linked to anterior cingulate activity (Chen et al., 2018; Golm et al., 2013, 2016; Vanneste and De Ridder,
2015), and the amount of distress was correlated to the amount of alpha activity in
subgenual anterior cingulate cortex (Vanneste et al., 2010b). Highly distressed
tinnitus patients exhibit functional connectivity between the subgenual anterior
cingulate cortex and the left parahippocampus within the alpha frequency band
(Vanneste et al., 2014). Further research provided evidence that tinnitus-related distress results from activity and connectivity in subgenual anterior cingulate cortex
extending to the pregenual anterior cingulate cortex and the ventromedial prefrontal
cortex, amygdala and parahippocampal area (Chen et al., 2017, 2018; De Ridder
et al., 2011; Hullfish et al., 2018; Kandeepan et al., 2019; Qu et al., 2019;
Vanneste et al., 2014). Interestingly, this network overlaps with brain regions
implicated in distress in patients suffering from pain (Moisset and Bouhassira,
2007; Price, 2000), dyspnea (von Leupoldt et al., 2009), functional somatic syndromes, and posttraumatic stress disorder (Vermetten et al., 2007).
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Brain-derived neurotrophic factor (BDNF) (rs6265) has been widely studied as a
susceptibility factor for both stress and affective dysregulation. The BDNF Val66Met
polymorphism—named after a Valine-Methionine substitution at codon 66 within
the BDNF prodomain—is a known risk factor for affective disorders due to its common frequency and established functionality (Notaras et al., 2015). The heterozygous
Val/Met genotype occurs in approximately 20–30% of the Caucasian population.
The Val66Met substitution results in the diminished activity-dependent release of
BDNF (Egan et al., 2003), which has been associated with inefficient secretion compared to the valine variant. BDNF Met carriers have been associated with impairments in emotional processing, increased vulnerability to stress, and reduced
resilience (Duman et al., 1999; Hasler et al., 2004; Yu et al., 2012). Furthermore,
research has shown that BDNF Val66Met plays a role in the adaptation to stress
and noise (Nam et al., 2000; Uchida et al., 2011), in processing auditory information
during an acoustic startle paradigm (Hajcak et al., 2009), during an auditory oddball
task (Schofield et al., 2009), and for other auditory challenges (Juckel et al., 2010).
A large body of evidence supports the influence of the BDNF Val66Met polymorphism on the development, operation, and structure of brain regions and connections,
including the subgenual cingulate (Gerritsen et al., 2012; Wei et al., 2012), the
ventromedial prefrontal cortex (Forbes et al., 2012; Lotfipour et al., 2009), and
the (para)hippocampus (Montag et al., 2009; Nestler et al., 2002).
Although previous research gives an idea about the neural correlates of tinnitusrelated distress, it cannot explain why some tinnitus patients develop distress and
others are not bothered by their tinnitus. To elucidate this question, we explored
the neural activation pattern of tinnitus between BDNF Val/Met carriers and
Val-homozygotes using electrophysiological data (i.e., electroencephalography) to
assess activity and connectivity (both functional and effective) changes between
participants with and without tinnitus-related distress. Based on previous findings,
we hypothesize that Met carriers with tinnitus perceive more distress, that goes
together with increased activity in the subgenual anterior cingulate cortex for the
alpha frequency band, and have increased connectivity, between the subgenual
anterior cingulate cortex and parahippocampus for the alpha frequency band, than
Val-homozygotes.

3 Methods
3.1 Participants
A total of 55 tinnitus subjects (age: 54.49  15.29 years; males: 38; female: 17) and
55 matched control subjects (age: 54.63  12.71 years; males: 36; female: 19) were
enrolled in this study. All participants were Caucasian, due to the common occurrence of the Val/Met genotype in that population. Informed consent was obtained
from all participants in accordance with the protocols approved by the Institutional
Review Board of the University of Texas at Dallas. Healthy controls were carefully
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screened to match tinnitus patients for age, gender, and hearing loss. Individuals with
pulsatile tinnitus, Menière’s disease, otosclerosis, chronic headache, neurological
disorders such as brain tumors, traumatic brain injury or stroke, and individuals being
treated for mental disorders were not included in the study in order to increase the
sample homogeneity. There was no significant difference for gender (χ 2 ¼ 0.17,
P ¼ 0.68) nor age (t ¼ 1.01, P ¼ 0.32).
All participants reported their tinnitus-related distress over the last 2 weeks using
a visual analogue scale from 0 to 10; 0 meaning no stress and 10 indicating severely
stressed. All subjects were screened for the extent of hearing loss (dB HL) using a
pure tone audiometry using the British Society of Audiology procedures at 0.125,
0.25, 0.5, 1, 2, 3, 4, 6, and 8 kHz (Audiology, 2008). For unilateral tinnitus, the hearing loss contralateral to where the patient perceived the tinnitus was considered,
while for bilateral tinnitus patients we calculated the mean of hearing thresholds.
For the loudness severity, participants were asked to rate the loudness of their tinnitus
on a visual analogue scale from 0 to 10; 0 meaning no tinnitus and 10 indicating the
loudest tinnitus that they can imagine. This estimation was performed for both ears
(or documented as only occurring in one ear).
Tinnitus patients were further tested for the tinnitus pitch (frequency) by performing a tinnitus matching analysis. All tinnitus patients were first interviewed, as to the
perceived location of the tinnitus (the left ear, in both ears, the right ear), as well as
the tinnitus sound characteristics (pure tone-like tinnitus or noise-like tinnitus). In
unilateral tinnitus patients, tinnitus matching was performed contralateral to the tinnitus ear. In bilateral tinnitus patients, tinnitus matching was performed
contralateral to the worse tinnitus ear. First, a 1-kHz pure tone was presented contralateral to the (worse) tinnitus ear at 10 dB above the patient’s hearing threshold in
that ear. The pitch was adjusted until the patient judged the sound to resemble
his/her tinnitus most (Meeus et al., 2010, 2011). Based on the tinnitus frequency,
we calculated the hearing loss at the tinnitus frequency as obtained by tinnitus
matching. In five tinnitus patients we were not able to obtain a tinnitus matching
and pitch.
The Tinnitus Questionnaire (TQ) (Hiller and Goebel, 1992; McCombe et al.,
2001) is comprised of 52 items and is a well-established measure for the assessment of a broad spectrum of tinnitus-related psychological complaints. The TQ
measures emotional and cognitive distress, intrusiveness, auditory perceptual difficulties, sleep disturbances, and somatic complaints. As previously mentioned, the
global TQ score can be computed to measure the general level of psychological and
psychosomatic distress. In several studies, this measure has been shown to be a
reliable and valid instrument in different countries (Hiller and Goebel, 1992;
McCombe et al., 2001). A 3-point scale is given for all items, ranging from
“true” (2 points) to “partly true” (1 point) and “not true” (0 points). The total score
(from 0 to 84) was computed according to standard criteria published in previous
work (Hiller and Goebel, 1992; Hiller et al., 1994; Meeus et al., 2007). See
Table 1 for demographics.
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Table 1 Demographics.
Control

Tinnitus

Val
homozygotes
(n 5 34)

Val/Met
carriers
(n 5 21)

Val
homozygotes
(n 5 26)

Val/Met
carriers
(n 5 29)

Age

53.41 (12.87)

51.81 (18.78)

Gender
BDI
Tinnitus
duration
Tinnitus
type
Tinnitus
lateralization
Tinnitus
frequency
(Hz)

M:27 /F:7
2.70 (2.17)

56.62
(9.48)
M:12/F:9
3.67 (2.22)

M:17/F:9
4.31 (3.11)
3.42 (0.81)

56.90
(11.07)
M:21/F:8
6.62 (3.84)
2.52 (0.74)

0.68
0.24
0.65

N: 18/PT: 8

N: 20/PT: 9

0.98

UNI: 9/BIL: 17

UNI: 14/
BIL: 15
4518.52
(2407.85)

0.15

4000 (2166.94)

Pvalues
0.71

0.43

M: male; F: Female; NRS: numeric rating scale; N: noise-like tinnitus; PT: pure tone like tinnitus; UNI:
unilateral; BIL: bilateral. Hearing loss is measured based on a pure tone audiogram.

3.2 Genotyping
Genotyping of the SNP rs6265 was carried out at DNA Genotek in Ottawa (www.
dnagenotek.com). DNA was extracted from 700 μL of 60/60 Oragene saliva samples.
The average DNA yield was 7 μg (<1–24 μg) by PicoGreen measurement and 15 μg
(<1–59 μg) by Nanodrop. Sample MBR023T had a 260/280 ratio outside the desired
range of 1.6–2.5. This sample had a lower yield that may have contributed to the
lower purity. An aliquot of all samples was normalized to approximately 3 ng/μL
for genotyping using Taqman chemistry. All 60 samples were genotyped using Taqman chemistry for rs6265. All samples genotyped 100% on all markers. The TaqMan
assay is an allele discrimination assay using PCR amplification and a pair of
fluorescent dye detectors that target the SNP. One fluorescent dye is attached to
the detector that is a perfect match to the first allele and a different fluorescent
dye is attached to the detector that is a perfect match to the second allele. During
PCR, the polymerase will release the fluorescent probe into solution where it is
detected using endpoint analysis in a Life Technologies, Inc. (Foster City, CA)
7900HT Real-Time instrument. Primers and probes were obtained through Life
Technologies design and manufacturing. Due to a low number of Met/Met carriers
(n ¼ 5), we did not include these participants in this study.

5

ARTICLE IN PRESS
6

The neurogenetic architecture of tinnitus-related distress

3.3 EEG data collection
EEG data were obtained as a standard procedure. Recordings were obtained in a fully
lighted room with each participant sitting upright on a small but comfortable chair.
The actual recording lasted approximately 5 min. The EEG was sampled using a
64-electrode Neuroscan Quickcap, Neuroscan SynAmps2 amplifiers, and Scan
4.3.2. Impedances were checked to remain below 5 kΩ. Data were collected eyesclosed (sampling rate ¼ 1000 Hz, band passed 0.15–200 Hz). Using EEGlab offline,
data were resampled to 128 Hz, band-pass filtered in the range 2–44 Hz, plotted, and
carefully inspected for manual artifact rejection. All episodic artifacts including eye
blinks, eye movements, teeth clenching, body movement, or ECG artifacts were removed from the EEG stream. Average Fourier cross-spectral matrices was computed
for the alpha frequency band (8–12 Hz).

3.4 Source localization
Standardized low-resolution brain electromagnetic tomography (sLORETA)
(Pascual-Marqui, 2002) was used to estimate the intracerebral electrical sources.
As a standard procedure, a common average reference transformation (PascualMarqui, 2002) is performed before applying the sLORETA algorithm. SLORETA
computes electric neuronal activity as current density (A/m2) without assuming a
predefined number of active sources. The solution space used in this study and
associated leadfield matrix are those implemented in the LORETA-Key software
(freely available at http://www.uzh.ch/keyinst/loreta.htm). This software implements revisited realistic electrode coordinates (Jurcak et al., 2007) and the leadfield
produced by Fuchs et al. (2002) applying the boundary element method on the
MNI-152 (Montreal neurological institute, Canada). The sLORETA-key anatomical
template divides and labels the neocortical (including hippocampus and anterior cingulated cortex) MNI-152 volume in 6239 voxels of dimension 5 mm3, based on probabilities returned by the Daemon Atlas (Lancaster et al., 2000). The co-registration
makes use of the correct translation from the MNI-152 space into the Talairach and
Tournoux space.

3.5 Statistical analyses on the whole brain
The methodology used is a non-parametric permutation test. It is based on estimating, via randomization, the empirical probability distribution for the max-statistic,
under the null hypothesis comparisons (Nichols and Holmes, 2002). This methodology corrects for multiple testing (i.e., for the collection of tests performed
for all voxels, and for all frequency bands). Due to the non-parametric nature of
this method, its validity does not rely on any assumption of Gaussianity (Nichols
and Holmes, 2002). The significance threshold for all tests was based on a permutation test with 5000 permutations. A comparison was made between highand low-distress tinnitus patients (based on a median split for TQ), Val homozygotes,
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and Val/Met carriers that have tinnitus, and Val/Met carriers that are tinnitus or
control subjects. These comparisons were performed on a whole brain by sLORETA
statistical contrast maps through multiple voxel-by-voxel comparisons in a logarithm
of t-ratio.

3.6 Region of interest analysis
The log-transformed electric current density was averaged across all voxels belonging to the regions of interest. The regions of interest are the subgenual anterior
cingulate cortex for the alpha frequency band (8–12 Hz). An ANOVA was performed
with group (control vs. tinnitus subjects) and BDNF (Val homozygotes vs. Val/Met
carriers) as independent variables and the current density for the subgenual anterior
cingulate cortex for the alpha frequency band as the dependent variable. Pearson
correlations were calculated between the region of interest and the tinnitus-related
distress including Val homozygotes and Val/Met carriers. In addition, a mediation
analysis was calculated to look at the mediation of distress mediate between BDNF
Val66Met polymorphism and tinnitus loudness. The selection of this region of interest was based on previous literature as introduced in the introduction (a priori) and
confirmed by the comparison of activity between the tinnitus groups with Val homozygotes and Val/Met carriers (a posteriori).

3.7 Lagged phase coherence
Coherence and phase synchronization between time series corresponding to different
spatial locations are usually interpreted as indicators of connectivity. However, any
measure of dependence is highly contaminated with an instantaneous, nonphysiological contribution due to volume conduction (Pascual-Marqui, 2007a).
However, Pascual-Marqui (2007b) introduced new measures of coherence and phase
synchronization taking into accounts only non-instantaneous (lagged) connectivity,
effectively removing the confounding factor of volume conduction. Such “lagged
phase coherence” between two sources can be interpreted as the amount of cross-talk
between the regions contributing to the source activity (Congedo et al., 2010). Since
the two components oscillate coherently with a phase lag, the crosstalk can be interpreted as information sharing by axonal transmission. More precisely, the discrete
Fourier transform decomposes the signal in a finite series of cosine and sine waves
at the Fourier frequencies (Bloomfield, 2013). The lag of the cosine waves with
respect to their sine counterparts is inversely proportional to their frequency and
amounts to a quarter of the period; for example, the period of a sinusoidal wave
at 10 Hz is 100 ms. The sine is shifted a quarter of a cycle (25 ms) with the respect
to the cosine. Then the lagged phase coherence at 10 Hz indicates coherent oscillations with a 25 ms delay, while at 20 Hz the delay is 12.5 ms, etc. The threshold of
significance for a given lagged phase coherence value according to asymptotic results can be found as described (Pascual-Marqui et al., 2011), where the definition
of lagged phase coherence can be found as well. As such, this measure of dependence
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can be applied to any number of brain areas jointly, i.e., distributed cortical networks,
whose activity can be estimated with sLORETA. Measures of linear dependence
(coherence) between the multivariate time series are defined. The measures are
non-negative and take the value zero only when there is independence and defined
in alpha (8–12 Hz) the frequency domain. Based on this principle, lagged linear connectivity was calculated. Time-series of current density were extracted for different
region of interests using sLORETA. Power in all 6239 voxels was normalized to a
power of 1 and log transformed at each time point. Region of interest values thus
reflect the log transformed fraction of total power across all voxels, separately for
specific frequencies. The regions of interest selected were the subgenual anterior
cingulate cortex and the left parahippocampus.

3.8 Statistical analyses for the lagged phase coherence
Lagged phase synchronization/coherence or functional connectivity contrast maps
were calculated and correlated with the mean hearing loss, the range of the hearing
loss and the hearing loss at the tinnitus frequency for the different frequency bands.
The significance threshold was based on a permutation test with 5000 permutations.
This methodology corrects for multiple testing (i.e., for the collection of tests performed for all voxels). A comparison was made between high and low distress tinnitus patients, Val homozygotes and Val/Met carriers that have tinnitus, and Val/Met
carriers that are tinnitus or control subjects. To assign tinnitus subjects in the high and
low distress group we applied a median split analysis.

3.9 Granger causality
Granger causality reflects the strength of effective connectivity (i.e., causal interactions, extract activity of one are of causal influences of one neural element over another) from one region to another by quantifying how much the signal in the seed
region is able to predict the signal in the target region (Geweke, 1982; Granger,
1969). In other words, it can be considered as directional functional connectivity.
Granger causality is defined as the log-ratio between the error variance of a reduced
model, which predicts one time series based only on its own past values, and that of
the full model, which in addition includes the past values of another time series. It is
important to note that Granger causality does not imply anatomical connectivity between regions but directional functional connectivity between two sources.
A comparison was made between control subjects and tinnitus patients that are
Met carriers and Val/Val carriers on Granger causality outcome measure using a
MANOVA. Pearson correlations were calculated between the Granger causality outcome measures and tinnitus-related distress for Val homozygotes and Met carriers. In
addition, a mediation analysis was calculated to look at the mediation of Granger
causality outcome measure (sgACC ! PHC; PHC ! sgACC) between BDNF Val66Met polymorphism and distress.
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4 Results
4.1 Genetic characteristics
Hardy-Weinberg calculation showed no significant deviation from the equilibrium
(whole group P ¼ 0.17; tinnitus group P ¼ 0.16; control group P ¼ 0.57). The distribution of the BDNF genotype frequencies for the total group were 54.5% Val/Val
(n ¼ 60) and 45.5% for Val/Met (n ¼ 50). No participant had the genotype Met/Met.
This distribution was 47.3% Val/Val (n ¼ 26), 52.7% and for Val/Met (n ¼ 29) for the
tinnitus subjects and 61.8% Val/Val (n ¼ 34), 38.2% and for Val/Met (n ¼ 21) for the
control group. When comparing both the control and tinnitus group and their
frequency of being a Val/Val or Val/Met genotype, no significant effect was observed (χ 2(1) ¼ 2.35, P ¼ 0.13), suggesting that the distributions for the tinnitus
and healthy groups are similar. No difference in the distribution of the BDNF
genotype frequencies and gender (χ 2(1) ¼ 2.20, P ¼ 0.14). See also Table 1.

4.2 Behavioral results
Fig. 1 shows no significant difference for the audiogram between the groups (control
vs. tinnitus subjects)  BDNF (Val homozygotes vs. Val/Met carriers) (F(16,84) ¼
1.10, P ¼ 37).
A comparison between control and tinnitus subjects that are Val homozygotes or
Val/Met carriers for stress levels over the last 2 weeks showed that a main effect for

FIG. 1
Audiogram for the different groups.
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FIG. 2
Behavioral assessments: (A) The left top panel shows a comparison between control and
tinnitus subjects for the BDNF Val66Met polymorphism for stress levels over the last 2 weeks.
(B) The top right panel indicates a difference in tinnitus loudness as measure by a Visual
Analogue Scale (VAS) between Val homozygotes and Val/Met carriers. (C) Bottom left panel
demonstrates a difference in tinnitus-related distress as measured with Tinnitus
Questionnaire between Val homozygotes and Val/Met carriers. (D) Bottom right panel reveals
a mediation effect for distress between the BDNF Val66Met polymorphism and tinnitus
loudness (*** P < 0.001; ** P < 0.01).

the BDNF demonstrated that subject that are Val/Met carriers (M ¼ 4.04, Sd ¼ 1.83)
have a higher stress level in comparison to Val homozygotes (M ¼ 1.33, Sd ¼ 1.83)
(F(1,106) ¼ 66.52, P < 0.001; see Fig. 2). Furthermore, tinnitus subjects (M ¼ 3.11,
Sd ¼ 2.44) have higher stress levels in comparison to control subjects (M ¼ 2.27,
Sd ¼ 1.95) (F(1,106) ¼ 66.39, P ¼ 0.013). These effects moderated due to an interaction between BDNF (Val/Val vs. Val/Met)  subjects (control vs. tinnitus)
(F(1,106) ¼ 4.66, P ¼ 0.033). A simple contrast analysis showed that tinnitus
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subjects that are Val/Met carriers (M ¼ 4.82, Sd ¼ 1.77) have higher stress levels in
comparison to, tinnitus subject that are Val homozygotes (M ¼ 1.39, Sd ¼ 1.69;
F(1,106) ¼ 54.68, P < 0.001), control subject that are Val/Met carriers (M ¼ 3.26,
Sd ¼ 1.52; F(1,106) ¼ 10.03, P ¼ 0.002), and control subject that are Val homozygotes (M ¼ 1.27, Sd ¼ 1.80; F(1,106) ¼ 66.97, P < 0.001; see Fig. 2), respectively. Including gender as a covariate showed a similar effect for the BDNF  subjects
(F(1,105) ¼ 5.84, P ¼ 0.017). No effect is obtained for gender (F(1,105) ¼ 1.69,
P ¼ 0.20).
No significant effect was obtained between Val homozygotes and Val/Met
carriers for tinnitus pitch (F(1,49) ¼ 0.65, P ¼ 0.43). Furthermore, a comparison between Val homozygotes (M ¼ 41.50, Sd ¼ 19.93) and Val/Met carriers (M ¼ 56.41,
Sd ¼ 21.26) for Loudness Match (F(1,49) ¼ 6.65, P ¼ 0.013) was obtained. In addition, no effect was obtained for tinnitus lateralization (unilateral vs. bilateral and Val
homozygotes vs. Val/Met carriers) (χ 2 ¼ 1.05, P ¼ 0.31). For the tinnitus group, we
further show that there is a significant effect between Val homozygotes (M ¼ 4.07,
Sd ¼ 2.45; M ¼ 37.00, Sd ¼ 16,67) and Val/Met carriers (M ¼ 5.80, Sd ¼ 2.09;
M ¼ 25.31, Sd ¼ 12.61) for tinnitus loudness (F(1,53) ¼ 8.07, P ¼ 0.006; see Fig.
2) and tinnitus-related distress (F(1,53) ¼ 8.45, P ¼ 0.005; see Fig. 2). Given group
differences in tinnitus loudness and tinnitus-related distress between Val
homozygotes and Val/Met carriers, we assessed whether tinnitus-related distress
mediates the association between BDNF and tinnitus loudness. We found that
tinnitus-related distress significantly mediates the effect of BDNF on tinnitus loudness (Sobel test t ¼ 2.19, P ¼ 0.028; see Fig. 2). Including gender as a covariate, we
found a similar effect for the BDNF for tinnitus loudness (F(1,52) ¼ 8.18, P ¼ 0.006)
and tinnitus distress (F(1,52) ¼ 8.60, P ¼ 0.005). No effect is obtained for gender on
tinnitus loudness (F(1,52) ¼ 0.36, P ¼ 0.55) or tinnitus distress (F(1,52) ¼ 0.42,
P ¼ 0.52).

5 Behavioral
5.1 Whole brain analysis
1. Tinnitus vs. control subjects
For the alpha frequency band, a comparison between tinnitus and healthy
control subjects that are Val homozygotes did not show a significant effect
(F ¼ 1.67, P ¼ 0.56). A similar comparison for the Val/Met carriers showed a
significant difference (F ¼ 3.23, P < 0.05), demonstrating that tinnitus subjects
have increased synchronized activity over the subgenual anterior cingulate cortex
extending into the ventromedial prefrontal cortex as well as the left
parahippocampal area (see Fig. 3).
2. Tinnitus patients: High vs. low distress
A comparison between tinnitus patients with high vs. low distress shows a
significant effect for the alpha frequency band over the subgenual anterior
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FIG. 3
Whole brain analysis: (A) For participants with tinnitus, a comparison between high and low distress tinnitus patients. (B) For participants with
tinnitus, a comparison between Val/Met carriers and Met carriers. (C) Participants who are Val/Met carriers, a comparison between tinnitus vs.
control subjects.
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cingulate cortex extending into the ventromedial prefrontal cortex for highly
distress tinnitus patients (F ¼ 3.05, P < 0.05; see Fig. 3).
3. Tinnitus patients: Val/Met carriers vs. Val homozygotes
When comparing tinnitus patients that are Val/Met carriers with tinnitus
patients that are Val homozygotes, a significant effect was demonstrated for the
alpha frequency band for the subgenual anterior cingulate cortex extending into
the ventromedial prefrontal cortex for Val/Met tinnitus carriers (F ¼ 3.05,
P < 0.05; see Fig. 3).
4. Region of interest analysis
A region of interest for the subgenual anterior cingulate cortex for the alpha
frequency band between the control subjects and tinnitus subjects that are BDNF
Val/Val carriers or Val/Met carriers showed a significant main effect for both
subjects and BDNF as well as an interaction effect. For subjects (tinnitus vs.
control), a main significant effect (F(1,106) ¼ 17.66, P < 0.001) was revealed,
indicating that tinnitus patients (M ¼ 2.44, Sd ¼ 0.69) have increased alpha power
in the subgenual anterior cingulate cortex in comparison to control subjects
(M ¼ 2.34, Sd ¼ 0.53). For BDNF, a main significant effect was obtained,
revealing that Val/Met carriers (M ¼ 2.68, Sd ¼ 0.75) have increased alpha power
over the subgenual anterior cingulate cortex in comparison to Val homozygotes
(M ¼ 2.44, Sd ¼ 0.53) (F(1,106) ¼ 5.23, P ¼ 0.024). Furthermore, a significant
interaction was obtained between group  BDNF (F(1,106) ¼ 31.36, P < 0.001;
see Fig. 4). A simple contrast revealed that tinnitus subjects who are Val/Met
carriers (M ¼ 3.19, Sd ¼ 58) have increased alpha power in the subgenual anterior
cingulate cortex in comparison to tinnitus subjects whom are Val homozygotes
(M ¼ 2.37, Sd ¼ 0.55; F(1,106) ¼ 31.98, P < 0.001), control subjects who are
Val/Met carriers (M ¼ 2.17, Sd ¼ 0.52; F(1,106) ¼ 43.88, P < 0.001), and control
subjects who are Val homozygotes (M ¼ 2.52, Sd ¼ 0.50; F(1,106) ¼ 24.2,
P < 0.001), respectively.
A Pearson correlation between the current density for the subgenual anterior
cingulate cortex for the alpha frequency band and the tinnitus-related distress
as measured by the TQ showed a positive correlation (r ¼ 0.55, P < 0.001;
see Fig. 4), indicating that the higher the TQ score, the higher the current density
is for the subgenual anterior cingulate cortex.
Furthermore, given group differences in tinnitus-related distress and the
current density for the subgenual anterior cingulate cortex in alpha between
Val homozygotes and Val/Met carriers, we assessed whether current density for
the subgenual anterior cingulate cortex in alpha mediates the association
between BDNF and tinnitus-related distress. We found that current density
for the subgenual anterior cingulate cortex in alpha significantly mediates the
effect of BDNF on tinnitus-related distress (Sobel test t ¼ 3.59, P < 0.001; see
Fig. 4).
For the tinnitus group, our analyses did not reveal an effect of gender
(F(1,47) ¼ 0.07, P ¼ 0.66) and tinnitus laterality (F(1,47) ¼ 0.028, P ¼ 0.87) on
the subgenual anterior cingulate cortex in alpha. However the effect of BDNF
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FIG. 4
Region of interest analysis: (A) A comparison between control and tinnitus subjects for the BDNF Val66Met polymorphism for the current
density for the subgenual anterior cingulate cortex for the alpha frequency band (left panel). (B) A Pearson correlation between tinnitus-related
distress as measured by the tinnitus questionnaire (TQ) and the current density for the subgenual anterior cingulate cortex for the alpha
frequency band for Val homozygotes and Val/Met carriers (middle panel). (C) A mediation effect the current density for the subgenual anterior
cingulate cortex for the alpha frequency band between the BDNF Val66Met polymorphism and tinnitus tinnitus-related distress as measured by
the TQ (*** P < 0.001).
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remained (F(1,47) ¼ 28.85, P < 0.001). In addition, no interaction was obtained
between gender and BDNF (F(1,47) ¼ 2.19, P ¼ 0.15), tinnitus laterality and
BDNF (F(1,47) ¼ 0.06, P ¼ 0.81), gender and tinnitus laterality (F(1,47) ¼ 0.97,
P ¼ 0.33), or the three-way interaction between gender, tinnitus laterality and
BDNF (F(1,47) ¼ 0.02, P ¼ 0.88) on the subgenual anterior cingulate cortex for
the alpha frequency band.

5.2 Functional connectivity: Lagged phase coherence
1. Tinnitus vs. control subjects
A comparison between tinnitus subjects and controls subjects revealed a
significant difference in phase coherence for alpha frequency band revealing
increased coherence between the subgenual anterior cingulate cortex and left
parahippocampus for tinnitus subjects (F ¼ 3.11, P < 0.05; see Fig. 5).
2. Tinnitus patients high vs. low distress for tinnitus patients
For the alpha frequency band, a significant effect was obtained when
comparing high vs. low distress for tinnitus patients (F ¼ 3.72, P < 0.05;
see Fig. 5), indicating increased coherence between the subgenual anterior
cingulate cortex and left parahippocampus for high distress tinnitus patients.
3. Tinnitus patients: Val/Met carriers vs. Val homozygotes
A comparison between the Val/Val genotype and Val/Met carriers showed a
significant effect for the alpha frequency bands (F ¼ 3.41, P < 0.05; see Fig. 5).
Increased coherence was observed between the subgenual anterior cingulate
cortex and left parahippocampus for Val/Met carriers.

5.3 Effective connectivity: Granger causality
A MANOVA was conducted with group (tinnitus vs. controls subjects) and BDNF
(Met carriers vs. Val/Val genotype) as independent variables and the effective connectivity (subgenual anterior cingulate cortex (sgACC) ! left parahippocampus
(PHC) vs. left PHC ! sgACC) for the alpha frequency band as the dependent variable. This analysis revealed a significant main effects for both group (F(2,105) ¼
3.28, P ¼ 0.042) and BDNF (F(2,105) ¼ 8.60, P < 0.001). For the main effect group,
a significant effect was obtained for connection left PHC ! sgACC (F(1,106) ¼ 6.28,
P ¼ 0.014), indicating that tinnitus subjects (M ¼ 0.032, Sd ¼ 0.026) have an increased
connectivity in comparison to control subjects (M ¼ 0.021, Sd ¼ 0.019). For the connection sgACC ! left PHC, no effect was obtained for group (F(1,106) ¼ 1.41,
P ¼ 0.24). For the main effect BDNF, a significant effect was demonstrated for both
the connection sgACC ! left PHC (F(1,106) ¼ 5.14, P ¼ 0.025) and left
PHC ! sgACC (F(1,106) ¼ 17.07, P < 0.001), indicating for both connection that
Met/Val carriers (M ¼ 0.036, Sd ¼ 0.030; M ¼ 0.035, Sd ¼ 0.026, respectively) have
an increased connectivity in comparison to Val homozygotes (M ¼ 0.025,
Sd ¼ 0.018; M ¼ 0.018, Sd ¼ 0.017, respectively). In addition, a significant interaction
effect between group  BDNF was obtained (F(2,105) ¼ 3.71, P ¼ 0.028; see Fig. 6).
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FIG. 5
Functional connectivity between subgenual anterior cingulate cortex and left parahippocampus was revealed for (A) for tinnitus subjects that high
levels distress in comparison to low distress (left panel), (B) for tinnitus subjects that are Val/Met carriers in comparison to Val/Met carriers (middle
panel), (C) for participants who are Val/Met carriers, a comparison between tinnitus vs. control subjects (right panel).
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FIG. 6
Effective connectivity: (A) A comparison between control and tinnitus subjects for the BDNF
Val66Met polymorphism for the connection from the subgenual anterior cingulate cortex to the
left parahippocampus for the alpha frequency band (left top panel). (B) A comparison
between control and tinnitus subjects for the BDNF Val66Met polymorphism for the
connection from the left parahippocampus to the subgenual anterior cingulate cortex for the
(Continued)
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For the connection sgACC ! left PHC, a significant effect was obtained (F(1,106) ¼
5.40, P ¼ 0.022). A simple contrast analysis revealed that tinnitus subjects who are
Val/Met carriers (M ¼ 0.044, Sd ¼ 0.033) have increased connectivity for the alpha
frequency for the connection sgACC ! left PHC in comparison to, tinnitus subjects
who are Val homozygotes (M ¼ 0.023, Sd ¼ 0.017; F(1,106) ¼ 10.83, P ¼ 0.001), control subjects who are Val/Met carriers (M ¼ 0.028, Sd ¼ 0.021; F(1,106) ¼ 5.63,
P ¼ 0.020), and control subjects who are Val homozygotes (M ¼ 0.028, Sd ¼ 0.020;
F(1,106) ¼ 6.99, P ¼ 0.009), respectively. For the connection left PHC ! sgACC,
no significant effect was revealed (F(1,106) ¼ 0.17, P ¼ 0.68; see Fig. 6).
A Pearson correlation for the connection left sgACC ! left PHC between the
effective connectivity for the alpha frequency band and the tinnitus-related distress
as measured by the TQ showed a positive correlation (r ¼ 0.43, P ¼ 0.001; see Fig. 6),
indicating that the higher the TQ score, the higher is the effective connectivity for the
connection sgACC ! left PHC. A similar analysis for left PHC ! sgACC showed
also a positive correlation (r ¼ 0.36, P ¼ 0.008; see Fig. 6), indicating that the higher
the TQ score the higher is the effective connectivity.
Given group differences in tinnitus-related distress and the effective connectivity
for the subgenual anterior cingulate cortex and parahippocampus and vice versa in
alpha between Val homozygotes and Val/Met carriers, we assessed the effective connectivity between BDNF and tinnitus-related distress. We found that the connection
sgACC ! left PHC significantly mediates the effect of BDNF on tinnitus loudness
(Sobel test t ¼ 2.25, P ¼ 0.024; see Fig. 6), but not for the connection left
PHC ! sgACC (Sobel test t ¼ 1.94, P ¼ 0.054; see Fig. 6).
In the tinnitus group, including gender and tinnitus laterality in our analyses
together with BDNF, we did not reveal an effect for effective connectivity for the
subgenual anterior cingulate cortex and parahippocampus and vice versa for gender
(F(2,46) ¼ 2.54, P ¼ 0.09) and tinnitus laterality (F(2,46) ¼ 0.94, P ¼ 0.40). However
the effect of BDNF remained (F(2,46) ¼ 3.45, P ¼ 0.04). That is, for both the

FIG. 6—Cont’d
alpha frequency band (right top panel). (C) A Pearson correlation between tinnitus-related
distress as measured by the tinnitus questionnaire (TQ) and for the connection from the
subgenual anterior cingulate cortex to the left parahippocampus for the alpha frequency band
for Val homozygotes and Val/Met carriers (middle left panel). (D) A Pearson correlation
between tinnitus-related distress as measured by the TQ and for the connection from left
parahippocampus to the subgenual anterior cingulate cortex for the alpha frequency band for
Val homozygotes and Val/Met carriers (middle left panel). (E) A mediation effect for the
connection from the subgenual anterior cingulate cortex to the left parahippocampus for the
alpha frequency band between the BDNF Val66Met polymorphism and tinnitus-related
distress as measured by the TQ (bottom left panel). (F) A mediation effect for the connection
from the left parahippocampus to the subgenual anterior cingulate cortex for the alpha
frequency band between the BDNF Val66Met polymorphism and tinnitus-related distress as
measured by the TQ (bottom right panel). (*** P < 0.001; ** P < 0.01).
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connection sgACC ! left PHC (F(1,47) ¼ 7.02, P ¼ 0.011) and left PHC ! sgACC
(F(1,47) ¼ 4.35, P ¼ 0.042), indicating for both connection that Met/Val carriers
(M ¼ 0.043, Sd ¼ 0.033; M ¼ 0.041, Sd ¼ 0.029, respectively) have an increased connectivity in comparison to Val homozygotes (M ¼ 0.023, Sd ¼ 0.016; M ¼ 0.022,
Sd ¼ 0.019, respectively). In addition, no interaction was obtained between gender
and BDNF (F(2,46) ¼ 1.01, P ¼ 0.37), tinnitus laterality and BDNF (F(2,46) ¼
0.98, P ¼ 0.38), gender and tinnitus laterality (F(2,46) ¼ 2.20, P ¼ 0.12), or the
three-way interaction between gender, tinnitus laterality and BDNF (F(2,46) ¼
1.66, P ¼ 0.20) for the effective connectivity for the subgenual anterior cingulate
cortex and parahippocampus and vice versa.

6 Discussion
Our data provide several new insights into stress responses to tinnitus and its association with the BDNF Val66Met polymorphism. We show that BDNF Val66Met
polymorphism is a good predictor for tinnitus-related distress and indirectly predicts
for the loudness of the tinnitus percept, i.e., via mediation by tinnitus-related distress.
Met carriers have increased activity in the subgenual anterior cingulate cortex and
increased connectivity between the subgenual anterior cingulate cortex and the left
parahippocampus. In addition, the amount of distress seems to be mainly driven by
increased communication from the subgenual anterior cingulate cortex to the left
parahippocampus in tinnitus patients who are Met carriers. To our knowledge, this
is the first study investigating the clinical and associated electrophysiological effects,
both in activity and connectivity, of BDNF Val66Met polymorphism in tinnitus.
Interestingly, our data confirm previous findings that distress is related to alpha
power and coherence (De Ridder et al., 2011; Vanneste et al., 2010b, 2014). Previous
research has linked alpha oscillations to inhibition of task-irrelevant sensory modalities. For example, alpha power in auditory cortex has been positively associated with
both auditory attention (Anderson and Ding, 2011) and auditory oddball task performance (Bollimunta et al., 2008; Makeig and Inlow, 1993). These inhibitory alpha
modulations appear to be driven by the activity of frontal control regions
(Clayton et al., 2015). Studies using EEG in combination with fMRI (Liu et al.,
2016) have shown that alpha power correlates significantly with the activity of
medial prefrontal cortex. An increase in MEG-measured alpha power in the frontal
regions has been associated with inhibition of undesired, stimulus-driven attention
(Hwang et al., 2014). Specific to tinnitus, it is possible that alpha oscillations promote sustained attention to the tinnitus percept by suppressing distracting information. In addition, alpha power was found to mediate between BDNF Val66Met
polymorphism and mood (Zoon et al., 2013). This corroborates with our findings
indicating that Val/Met carriers are more distressed and that alpha power in the
subgenual anterior cingulate cortex mediates the effect between BDNF Val66Met
polymorphism and distress.
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Previous research on the effect of BDNF Val66Met polymorphism already suggests the relevance of this polymorphism for the activity of specific brain regions
including the ventromedial prefrontal cortex, the subgenual anterior cingulate cortex
and parahippocampus that are associated with mood, depression, high rumination in
life stress, post-traumatic stress disorders and neuroticism (Drevets, 2001; Mayberg,
2009; Terracciano et al., 2010). This is not surprising because the BDNF Val66Met
polymorphism exacerbates monoamine deficiencies at the genetic level (RenPatterson et al., 2005) and enhances hyperactivity in the emotional system because
of executive dysfunction at the neural level (Clasen et al., 2011). This corroborates
with our present findings, indicating that tinnitus patients who are Val/Met Carriers
have higher levels of distress in comparison to Val homozygotes. This goes together
with increased activity in the subgenual anterior cingulate cortex, the ventromedial
prefrontal cortex, and parahippocampus. The activity in the subgenual anterior cingulate cortex correlates with tinnitus-related distress. The parallel between what we
see for BDNF Val66Met polymorphism in tinnitus and other disorders including major depression, post-traumatic stress disorders, and pain is consistent with the idea of
a general distress network that can become activated by different triggers.
Our research also shows that distressed tinnitus patients have increased connectivity strength between the subgenual anterior cingulate cortex and the left hippocampus, similar to what was demonstrated in previous research (Vanneste et al.,
2014). Furthermore, this effect seems to be mainly driven by the BDNF Val66Met
polymorphism. Indeed, our data showed increased connectivity strength between
the subgenual anterior cingulate cortex and the left hippocampus for Val/Met
carriers. This communication goes mainly from the subgenual anterior cingulate
cortex to the left hippocampus in Met carriers, which correlates with distress and
mediates the effect between BDNF Val66Met polymorphism and distress. Previous
research has also shown greater connectivity in circuits important for emotional processing related to the BDNF Val66Met polymorphism (Beste et al., 2010; Wei et al.,
2012). The parahippocampal area is involved in different tinnitus characteristics
such as lateralization, tinnitus type, and tinnitus loudness (Carpenter-Thompson
et al., 2014; Sedley et al., 2015; Vanneste and De Ridder, 2016; Vanneste et al.,
2019, 2010a, 2011a,b). The parahippocampal area is also associated with tinnitusrelated distress (De Ridder et al., 2011; Vanneste et al., 2010b). It is therefore not
surprising that the parahippocampal area, which has a sensory gating function for
irrelevant or redundant auditory input (Boutros et al., 2008), and subgenual anterior
cingulate cortex, which has an attentional gating function, were functionally
coupled.
Interestingly, our data do not show an effect for tinnitus laterality or gender. Two
large studies in Swedish populations have reported significant differences in heritability between unilateral and bilateral tinnitus (Cederroth et al., 2019; Maas et al.,
2017). However, it is important to keep in mind that here we do not directly look
at the effect of tinnitus, but at the tinnitus related distress. So far, no research has
indicated that distress is modulated by tinnitus laterality. This is different for gender.
Research indicates that the BDNF polymorphism interacts with gender to influence
acute stress (Jiang et al., 2017); however, it is not known what the effect of gender is
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on chronic stress. Specifically for tinnitus, previous research indicated that gender
differences in tinnitus perception are mainly reflected by differences in scores on
depression, rather than distress related to the tinnitus (Vanneste et al., 2012). Our
data further indicates that gender does not moderate the effect of BDNF on distress,
or on brain activity, or the subgenual anterior cingulate cortex, or connectivity
between the subgenual anterior cingulate cortex and the parahippocampus for the
alpha frequency band.
Progress in finding a treatment for tinnitus has been hampered by the fact that
tinnitus represents a highly heterogeneous condition (Schecklmann et al., 2012,
2013). Hence, it was suggested that there might be different subtypes of tinnitus.
Our research fits with this idea, showing that there might be different subtypes of
tinnitus depending on, for example, the underlying BDNF genotype. Further studies
should be performed evaluating these results with other functional imaging techniques as well as neuromodulation techniques to confirm this idea of subtyping.
Some caveats warrant mention regarding the present work. First, although many important factors including age, race, sex, and past psychiatric illness were carefully
controlled, other factors such as early life stress and the environment could interact
with genes and influence the underlying neurobiology of the intermediate phenotype.
In conclusion, this study shows that the BDNF Val66Met polymorphism plays an
important role in the susceptibility to the clinical manifestation of tinnitus-related
distress. We demonstrated Val/Met carriers have increased alpha power in the subgenual anterior cingulate cortex that correlate with the distress perceived. Furthermore, distress mediates the relationship between BDNF Val66Met polymorphism
and tinnitus loudness. For Val/Met carriers, the subgenual anterior cingulate cortex
sends distress related information to the parahippocampus, which likely integrates
the loudness and distress of the tinnitus percept.
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