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A parahippocampal-sensory Bayesian vicious
circle generates pain or tinnitus:
a source-localized EEG study

Dirk De Ridder',I ®Karl Friston,2 William Sedley3 and ®Sven Vanneste®®

Pain and tinnitus share common pathophysiological mechanisms, clinical features, and treatment approaches. A source-localized rest-
ing-state EEG study was conducted in 150 participants: 50 healthy controls, 50 pain, and 50 tinnitus patients. Resting-state activity as
well as functional and effective connectivity was computed in source space. Pain and tinnitus were characterized by increased theta
activity in the pregenual anterior cingulate cortex, extending to the lateral prefrontal cortex and medial anterior temporal lobe.
Gamma-band activity was increased in both auditory and somatosensory cortex, irrespective of the pathology, and extended to
the dorsal anterior cingulate cortex and parahippocampus. Functional and effective connectivity were largely similar in pain and tin-
nitus, except for a parahippocampal-sensory loop that distinguished pain from tinnitus. In tinnitus, the effective connectivity between
parahippocampus and auditory cortex is bidirectional, whereas the effective connectivity between parahippocampus and somatosen-
sory cortex is unidirectional. In pain, the parahippocampal-somatosensory cortex is bidirectional, but parahippocampal auditory cor-
tex unidirectional. These modality-specific loops exhibited theta—gamma nesting. Applying a Bayesian brain model of brain
functioning, these findings suggest that the phenomenological difference between auditory and somatosensory phantom percepts re-
sult from a vicious circle of belief updating in the context of missing sensory information. This finding may further our understanding
of multisensory integration and speaks to a universal treatment for pain and tinnitus—Dby selectively disrupting parahippocampal-
somatosensory and parahippocampal-auditory theta—gamma activity and connectivity.
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Introduction

Multiple pathophysiological models have been proposed for
tinnitus and pain, identifying common and overlapping me-
chanisms." ! This reflects the similar clinical characteristics
of pain and tinnitus,"*”>? and has fostered the development
of similar treatment approaches.'* For example, thalamo-
cortical dysrhythmia, i.e. theta—gamma cross-frequency
coupling has been shown to be of relevance for both pain
and tinnitus, as well as their common co-morbidity in de-
pression. %! The amount of auditory gamma-band activ-
ity correlates with the loudness of tinnitus and is
characteristically nested in theta activity.'>'* Similarly, som-
atosensory gamma activity correlates with the intensity of
pain,'® and is also nested in theta activity.'® In this work,
we test the hypothesis that these electrophysiological corre-
lates of message passing—in the auditory and somatosensory
hierarchies—reflect (Bayesian) belief updating that under-
writes the experience of pain and tinnitus.

There is growing evidence for ‘Bayesian’ accounts of brain
function, such as predictive coding, in which perception de-
pends upon internal models of the sensed up world or envir-
onment, which are updated and refined based on sensory
input from the different modalities.>'®>° Bayesian percep-
tion involves both automatic stimulus-based perceptual in-
ference and active response-based inference that
underwrites the active sampling of predicted sensory stim-
uli.?®?! This kind of inference is thought to mediate
Bayesian belief updating via the exchange of (top-down) pre-
dictions and (bottom-up) precision-weighted prediction er-
rors among neuronal populations in sensorimotor
hierarchies that have distinct electrophysiological correlates.
Top-down predictions have been associated with beta band
activity,”**° the precision of predictions with alpha
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activity,” and prediction errors with gamma oscillatory ac-
tivity in sensory cortex.*®? Predictions in active inference
have also been associated with theta activity,®® precision
with delta,** and prediction errors with gamma activity in
hippocampus and related cortical areas.

Two pathophysiological models for tinnitus have been pro-
posed that are based on belief representations of the environ-
ment in the setting of auditory uncertainty.>'****¢ One
account postulates that tinnitus is the result of memory-based
prior beliefs about sounds, which are mobilized in compensa-
tion for the absence of evidence from sensory input.*!'*-3°-3¢
Alternatively, spontaneous activity in the ascending auditory
pathway (a ‘tinnitus precursor’) provides evidence against the
default prediction of ‘no sound’, and chronic tinnitus occurs
when this activity gains sufficient ‘precision’ to influence per-
ceptual inference or updating higher in the hierarchy.>**”
Both accounts hypothesise an increase in precision-weighted
prediction errors at various levels of the auditory hierarchy
that, neurophysiologically, would correspond to an increase
in the postsynaptic gain or excitability of neuronal populations
broadcasting prediction errors (generally thought to be super-
ficial pyramidal cells)**-**

In this predictive coding formulation, gamma-band activ-
ity in the auditory cortex has been linked to prediction error
processing.”*?%*%*! Yet, this prediction error needs to be
propagated to higher or deeper levels of hierarchical process-
ing, before Bayesian belief updating can be phenomenologic-
ally linked to tinnitus.***? Indeed, auditory cortex activity, if
not connected to default mode and frontoparietal (central
executive) network activity does not reach awareness, as
identified by studies involving neurochemical and traumatic
disorders of consciousness.***”

However, the auditory system does not work in isolation:
in hierarchical inference the brain uses a kind of abductive
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reasoning, by means of multisensory integration, to verify
whether auditory information is a true reflection of states
of affairs in the outside world.*®*° Multisensory integration
allows for more precise (i.e. confident) representations than
possible with a single sensory system, by accumulating coin-
cident and consistent evidence from each sense,’** in keeping
with abductive reasoning: anecdotally, reflecting the duck test:
‘When I see a bird that walks like a duck and swims like a duck
and quacks like a duck, I call that bird a duck’.*® This is entirely
in keeping with a Bayesian account of perception, as the poster-
ior probability of a common cause increases with congruent
multisensory evidence. Multisensory integration requires mul-
tisensory interactions, which means that prediction errors de-
tected in one modality need to be weighted in relation to the
precision of sensory input in other senses. This precision engi-
neered multisensory integration is seen between the auditory
and the visual system, evident in for example lipreading, the
McGurk effect and ventriloquism.>**° The McGurk illusion
occurs when the auditory component of one sound is paired
with the visual component of another sound, leading to the
perception of a third sound.’®>” This necessarily requires the
right balance of precision for each sensory modality—and
the relative precision of sensory and prior prediction errors.
For example, I will attend to auditory cues in a dark room
(with imprecise visual cues) but may rely upon my prior beliefs
in the absence of audiovisual sensory information—leading to
illusory phenomena or hallucinosis.

For example, somatosensory-auditory interactions can gener-
ate the skin parchment illusion,’® in which subjects rub their
hands together while the sound of rubbing is recorded. When
played back, the subjects report the skin on their hands turning
dry as parchment.’® The somatosensory-auditory interaction
may also be involved in suppressing self-generated sounds, e.g.
in chewing,”” and in permitting normal speech.®®®! In terms
of precision weighting, this would correspond to the attenuation
of sensory precision, i.e. suspending attention to the conse-
quences of movement to allow the movement to occur.**

In a recent study, the effective connectivity in tinnitus was
shown to be reduced between auditory cortex and parahippo-
campus as well as the inferior frontal gyrus,®® which may reflect
auditory deprivation. But increased effective connectivity was
identified in tinnitus patients between frontal and auditory cor-
tex, in comparison to controls,’® which may reflect an increased
sensitivity to bottom-up auditory prediction errors (the effective
connectivity between the parahippocampus and auditory cortex
was not reported). It has been shown that—in auditory deaffer-
entation—the brain calls on prior beliefs about the most likely
cause of impoverished auditory input, e.g. priors in parahippo-
campal auditory memory.*"*”*® As such, the missing input is
“filled in’ to optimally balance prior beliefs against the imprecise
sensory evidence, associated with auditory deprivation.'?
Assuming the parahippocampus is relevant for contextual mem-
ory processing, it can be hypothesized that multisensory prior
(i.e. contextual) information is stored in the parahippocam-
pus.**7!

In summary, based upon a predictive coding formulation of
multisensory information, we hypothesised an abnormality of
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precision-weighted prediction error message-passing in two
conditions that share electrophysiological and phenomeno-
logical characteristics; namely, tinnitus and chronic pain condi-
tions. Our question was whether aberrant precision was
unique to each condition—i.e. expressed at lower, modality
specific, hierarchical levels—or common to both conditions
—i.e. expressed that higher, modality general, hierarchical le-
vels; such as the parahippocampal formation, or both.
Equipped with an association between characteristic electro-
physiological frequencies of top-down predictions, bottom-up
prediction errors, and their precision, we performed whole-
brain analyses of activity, i.e. current density, followed by
more local region of interest (ROI) analyses of connectivity,
both functional and effective connectivity, extracted from
resting-state EEGs of patients with chronic tinnitus or pain.
We report the commonalities and differences between the
two pathologies, in comparison to healthy controls without
tinnitus or pain. We present a comprehensive analysis of
both regional electrophysiological responses and coupling be-
tween ROI in source space averaged over the entire recording
time. In brief, we report whole-brain analyses using statistical
parametric mapping and a set of complementary measures of
neuronal message passing, based upon (frequency specific)
functional and effective connectivity. To protect against false
positives, we used a step-down approach: (i) basing our ROI se-
lection on whole-brain analyses for subsequent connectivity
analyses, and (ii) using multivariate [multivariate analysis of co-
variance (MANOVA)] tests that, if significant, licensed posthoc
univariate [analysis of covariance (ANOVA)] tests. Our hope
was to further elucidate the mechanisms of multisensory inte-
gration in the brain that, more specifically, may speak to the de-
velopment of specific treatments for tinnitus and pain.

Methods

A total of 150 participants (age: 53.23 + 11.02 years; males:
84; females: 66; all Caucasian) were recruited for this study.
The healthy control group (N=350; age: 54.24+10.21
years; males: 29; females: 21) reported no history of
neurological or neuropsychiatric disorders. Tinnitus subjects
(N =505 age: 51.24 + 12.932years; males: 24; females: 26)
were screened by a tinnitus specialist. Using a standardized
history taking pulsatile tinnitus, Meniere’s disease, otoscler-
osis, and chronic headache were excluded. Meniere’s disease
was broadly defined as tinnitus with associated paroxysmal
vertigo and/or low frequency hearing loss (=probable
Meniere). Neurological disorders such as brain tumours
were also excluded. All tinnitus patients had tinnitus for
more than one year. A pain specialist screened pain patients
(N =350; age: 53.76 +12.22 years; males: 31; females: 19)
for neuropathic pain related to deafferentation (i.e. periph-
eral nerve, root, or central tract lesions), and ensured that
the pain was present for more than one year. Anxiety and de-
pression, as co-morbidities of tinnitus and pain were not
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excluded. The study was in accordance with the ethical stan-
dards of the Helsinki declaration (1964) and was approved
by the institutional ethics committee. Data is available on
reasonable request.

EEG data were collected using a conventional procedure: re-
cordings were made with each subject sitting upright in a mo-
dest but supportive chair in a well-lit room. The recording
was about five minutes long. Using Mitsar-201 amplifiers
(NovaTech, http:/www.novatecheeg.com/), the EEG was
captured with 19 electrodes arranged in accordance with
the recommended 10-20 International arrangement. It was
verified that the impedances were less than 5 kQ. Closed
eyes were used for data collection (band passed between
0.15 and 200 Hz; sampling rate: 500 Hz). To prevent
alcohol- or caffeine-induced changes in the EEG 72-74, par-
ticipants were instructed not to consume alcohol 24 hours
before the EEG recording or caffeinated beverages one
hour before the recording.”*”’* It was requested of the parti-
cipants not to alter their drug regimen.

In order to minimize potential amplification of the theta
power due to drowsiness, the participants’ attentiveness
was continuously measured by observing both slowing of
the alpha rhythm and the presence of spindles in the EEG
stream.”” Offline data were down-sampled to 128 Hz, band-
pass filtered in the frequency range of 2-44 Hz, and then
transferred into Eureka! Software,”® plotted, and visually re-
viewed for manual artifact-rejection. The EEG time series
were cleaned of any episodic artifacts, including eye blinks,
eye movements, clenching of the teeth, body movements,
and ECG artifact. For the frequency bands delta (2-
3.5Hz), theta (4-7.5Hz), alpha (8-12 Hz), beta (13-
30 Hz), and gamma (30.5-44 Hz), average Fourier cross-
spectral matrices were calculated.

The intracerebral sources were reconstructed using standar-
dized low-resolution brain electromagnetic tomography
(sSLORETA). Prior to using the SLORETA technique, a com-
mon average reference transformation’” was carried out as
routine procedure. sSLORETA does not make any assump-
tions about the number of active sources; instead, it models
electric neural activity as current density (A/m2). The lead-
field matrix and solution space utilized in this investigation
were created using the LORETA-Key program, which is ac-
cessible for free at http:/www.uzh.ch/keyinst/loreta.htm.
This software applies the lead field created, which applies
the boundary element approach to the MNI-152, and revis-
ited realistic electrode coordinates (Montreal Neurological
Institute, Canada). Based on probabilities provided by the
Demon Atlas, the SLORETA-key anatomical template di-
vides and labels the neocortical (including hippocampus
and anterior cingulate cortex) MNI-152 space in 6239 vox-
els of dimension 5 mm?>. The co-registration uses the ideal
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conversion between the Talairach and Tournoux space and
the MNI-152 space.

For our ROIs, the log-transformed electric current densities
were estimated in the theta (4-7.5 Hz) and gamma frequency
bands (30.5-44 Hz). The left and right parahippocampus,
the left and right auditory cortex, the left and right somato-
sensory cortex, and the pregenual anterior cingulate cortex
were the ROIs in the current investigation. These ROIs
were chosen based on the variations in activity that the
whole-brain study identified. At each time step, the power
in all 6239 voxels was normalized to a power of 1, then
log transformed. Thus, for each frequency, the numbers for
the ROI represent the log-transformed fraction of the overall
power across all voxels. We just utilized one voxel because
each ROI has a voxel size of 5 mm>. We do not distinguish
between left and right in the pregenual anterior cingulate
cortex because of how close they are to the midline.
Volume conduction makes it more difficult to distinguish lat-
erality in regions near the midline. Under the limits of whole-
brain analysis, these ROIs and frequency bands were chosen
based on our hypothesis, which was presented in the intro-
duction (a priori) (please see below).

Typically, coherence and phase synchronization are viewed
as signs of ‘connectivity’ between time series pertaining to
various ROIs. However, a quick, non-physiological input
from volume conduction heavily contaminates any measure
of dependency.”® The confounding effect of volume conduc-
tion was completely eliminated by Pascual-Marqui’s”” intro-
duction of measurements of coherence and phase
synchronization that maintain only non-instantaneous (de-
layed) connection. The degree of cross-talk between the re-
gions generating the source activity can be inferred from
this ‘delayed phase coherence’ between two sources. %3981
Cross-talk can be understood as information sharing by
axonal transmission, or neural message passing, because
the two components oscillate coherently with a phase lag.
Specifically, the discrete Fourier transform breaks the signal
down into a finite number of cosine and sine waves at the
Fourier frequencies. The cosine waves lag behind their sine
counterparts by a quarter of the period, which is inversely
proportional to frequency; for instance, the period of a sinus-
oidal wave at 10 Hz is 100 ms. The sine is moved by 25 ms,
or one-fourth of a cycle, in relation to the cosine. Lagged
phase coherence thus shows coherent oscillations with a
25 ms delay at 10 Hz, 12.5 ms at 20 Hz, etc. According to
asymptotic calculations, the threshold of significance for a
particular lagged phase coherence value can be found.
Measures of the multivariate time series’ linear coherence
(dependency) were also assessed. When there is independ-
ence, these non-negative measurements take the value zero.
The next terms—delta (2-3.5 Hz), theta (4-7.5 Hz), alpha
(8-12 Hz), beta (13-30 Hz), and gamma (30.5-44 Hz)—
were defined in the frequency domain.
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By measuring how well the signal in the seed region can predict
the signal in the target region, Granger causality measures the
level of effective connectedness (i.e. directed interactions) be-
tween two regions.*>%* Or put another way, it qualifies as a di-
rected functional connection. Granger causality is based on the
formulation of a multivariate autoregressive model, which is
then used to calculate the appropriate partial coherences after
all irrelevant connections have been set to zero. In order to iden-
tify the coupling among empirically sampled neural systems, we
choose to apply Granger causality, which can be directly ap-
plied to any time series.®*

The advantages of Granger causality in furnishing
frequency-dependent and multivariate measures have been
clearly demonstrated in previous electrophysiology re-
search.®>*%¢ All technical details can be found in Stokes and
Purdon.®” In general, the autoregressive coefficients corres-
pond to Granger causality.®®%? The significance of Granger
causality is defined as the log-ratio between the error vari-
ance 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. Remember that Granger causality does not indicate
anatomical connectivity between regions but rather func-
tional coupling between two sources that may be mediated
by polysynaptic connections (i.e. vicariously via intermediate
sources or ROIs). In this study, we focused on the functional
connectivity for the theta frequency band between the left
and right parahippocampus, left and right auditory cortex,
left and right somatosensory cortex, and posterior cingulate
cortex. Based on the analysis of functional connectivity mea-
surements presented above, we chose the theta frequency

band.

A useful indicator of non-linear coupling between cortically
distant areas is theta—gamma coupling (e.g. through nest-
ing).”° Phase-amplitude cross-frequency coupling was used
to assess this theta—gamma nesting in the left and right
parahippocampus, left and right auditory cortex, and left
and right somatosensory cortex. Phase-amplitude cross-
frequency coupling was selected in favour of power-power
because the former has been demonstrated to mirror a
physiological mechanism for electrophysiological coupling
in the human brain.” The time-series for the x, y, and z com-
ponents of the SLORETA current for each voxel of each ROI
were first obtained in order to compute nesting. These are the
three orthogonal directions in space’s three electrical current
time series. Then, these were band-pass filtered in the theta
(4-7.5 Hz) and gamma (30.5-44 Hz) frequency ranges. A
principal component analysis was performed for the overall
x, y, and z component in each frequency band and for each
ROL. For the theta and beta/gamma bands, the first compo-
nent was kept. The signal envelope was kept while the gam-
ma component’s Hilbert transform was computed. Keep in
mind that each source or ROI has nested dynamics that are
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indexed by cross frequency coupling (as opposed to connect-
ivity between sources).

The methodology used was statistical parametric mapping.
This is based on estimating, via randomization, the empirical
probability distribution for the max-statistic under the null
hypothesis.”" 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.”" These whole-brain comparisons were per-
formed by sSLORETA through multiple voxel-by-voxel com-
parisons using a logarithm of F-ratio. The significance
threshold for all tests was based on a permutation test with
5000 permutations. Comparisons were made between the
tinnitus and non-tinnitus subject groups.

We performed a combination analysis in addition to the
group comparison of the tinnitus and pain individuals.”**°
By locating regions that are active during independent sub-
traction, a conjunction analysis can determine a ‘shared pro-
cessing component’ for two or more tasks/situations.”* >
Although general conjunction analysis is utilized in a within
group condition, Friston ez al.”® also stated that it can be ap-
plied between groups, for example.”®”” To leave just patho-
logical activity (activity that differed from the healthy
individuals) for the tinnitus and pain subjects, we chose to
subtract the control group from the tinnitus and pain sub-
jects. We performed a conjunction analysis on the tinnitus
and pain participants to determine the regional pathologies
they share.

We used the pregenual anterior cingulate cortex’s log-
transformed current density for the theta frequency band
as dependent variables and the group (controls, tinnitus,
and pain) as independent variables in a MANOVA.
Additionally, we conducted a MANOVA using the log-
transformed current density for the gamma frequency band
for the left and right parahippocampus, left and right audi-
tory cortex, and left and right somatosensory cortex as de-
pendent variables and group (controls, tinnitus, and pain)
as independent variables. If the MANOVA result was signifi-
cant, a univariate ANOVA was carried out independently
for each region. To account for the various univariate
ANOVAs, the Holm-Bonferroni multiple correction proced-
ure was used.”®

Lagged phase coherence or functional connectivity compari-
son between tinnitus and non-tinnitus patients were calcu-
lated for the various frequency bands (delta, theta, alpha,
beta, and gamma). Based on a permutation test with 5000
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permutations, the significance threshold was determined.
Multiple testing is corrected using this process (i.e. for the
collection of tests performed for all voxels, and for all fre-
quency bands).

We performed a conjunction connectivity analysis”> ™ to

further contrast tinnitus and pain individuals. In order to
leave just pathological connection (connectivity that di-
verged from the healthy individuals) for the tinnitus and
pain subjects, we chose to subtract the control group from
the tinnitus and pain patients. We performed a conjunction
connectivity analysis on for the tinnitus and pain partici-
pants to determine what pathological connectivity they
share.

A MANOVA including the Granger causality for the effect-
ive connectivity (pgACC—left AUD, pgACC-left AUD,
pgACC—left SOM, pgACC-right SOM, pgACC-left
PHC, pgACC-right PHC, left AUD-pgACC, right
AUD-pgACC, left SOM—pgACC, right SOM—pgACC,
left PHC—pgACC, right PHC—pgACC) as dependent vari-
ables and group (controls, tinnitus and pain) as independent
variables for the theta frequency band was conducted. If the
outcome of the MANOVA was significant,a MANOVA was
conducted for the pgACC—left AUD and left
AUD-pgACC, for the pgACC-right AUD and right
AUD-pgACC, for the pgACC—left SOM and left
SOM-pgACC, for the pgACC-right SOM and right
SOM—-pgACC, for the pgACC-left PHC and left
PHC—-pgACC, and for the pgACC—right PHC, and right
PHC—pgACC, separately. If the outcome of the
MANOVA was significant, a one-way ANOVA was applied
that was further explored if significant using a pairwise com-
parison. A correction for multiple comparisons using the
Holm-Bonferroni method was applied to correct for the dif-
ferent univariate ANOVAs.”®

Furthermore, a MANOVA including the Granger causal-
ity for the effective connectivity (left AUD— left PHC, left
PHC-left AUD, right AUD- right PHC, right
PHC-right AUD, left SOM— left PHC, left PHC—left
SOM, right SOM— right PHC, right PHC—right SOM) as
dependent variables and group (controls, tinnitus and pain)
as independent variables for the theta frequency band was
conducted. If the outcome of the MANOVA was significant,
a MANOVA was conducted for the left AUD— left PHC and
left PHC—left AUD, for the right AUD— right PHC and
right PHC—right AUD, for the left SOM— left PHC
and left PHC—left SOM, and for the right SOM— right
PHC and right PHC—right SOM, separately. If the outcome
of the MANOVA was significant, a one-way ANOVA was
applied that was further explored if significant using a pair-
wise comparison. A correction for multiple comparisons
using the Holm—Bonferroni method was applied to correct
for the different univariate ANOVAs.”®

D. De Ridder et al.

Finally, a MANOVA including the effective connectivity
(left PHC—right PHC, right PHC—left PHC) as dependent
variables and group (controls, tinnitus and pain) as inde-
pendent variables for the theta frequency band was con-
ducted. If the outcome of the MANOVA was significant, a
one-way ANOVA was applied that was further explored, if
significant, using a pairwise comparison. A correction for
multiple comparisons using the Holm-Bonferroni method
was applied to correct for the different univariate
ANOVAs.”

We performed a MANOVA including the phase-amplitude
coupling for theta—gamma as dependent variables for left
and right auditory cortex, left and right somatosensory cor-
tex, and the left and right parahippocampus for gamma fre-
quency band as dependent variables and group (controls,
tinnitus and pain). If the outcome of the MANOVA was sig-
nificant, a univariate ANOVA was conducted for the differ-
ent cross-frequency couplings separately, using the Holm—
Bonferroni correction for multiple comparisons.”®

The data used in this study are not publicly available, al-
though the authors are willing to share it upon reasonable
request.

Results

A comparison between tinnitus and control subjects demon-
strates significantly increased activity in the pregenual anter-
ior cingulate cortex extending into the ventral medial
prefrontal cortex for the theta frequency band for the tin-
nitus subjects (F = 3.22, P < 0.05). For the gamma frequency
band, we found significantly increased activity in the audi-
tory cortex extending into the left and right somatosensory
and motor cortex (F=2.83, P < 0.05). No significant effects
were observed for the delta, alpha, and beta frequency
bands. See Fig. 1 for an overview.

Subjects with neuropathic pain demonstrated significantly
increased activity in the pregenual anterior cingulate cortex
extending into the ventral medial prefrontal cortex for
the theta frequency band in comparison to control subjects
(F=3.51, P <0.05). Furthermore, increased gamma-band
activity was revealed in the left and right somatosensory
and motor cortex as well as the subgenual anterior cingulate
cortex for pain subjects in comparison to control subjects
(F=2.91, P<0.05). No significant effects were observed
for the delta, alpha, and beta frequency bands. See Fig. 1
for overview.
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Figure | Activity. Top left: A comparison between tinnitus and control subjects demonstrates an increased activity in the pregenual anterior
cingulate cortex for the theta frequency band for the tinnitus subjects (statistics: permutation testing, F-ratio). Top right: increased gamma
frequency band activity in the auditory cortex extending into the left and right somatosensory and motor cortex in tinnitus (statistics: permutation
testing, F-ratio). Middle left: Subjects with neuropathic pain demonstrates an increased activity in the pregenual anterior cingulate cortex extending
into the ventral medial prefrontal cortex for the theta frequency band subjects (statistics: permutation testing, F-ratio). Middle right: Increased
activity was revealed in the left and right somatosensory and motor cortex as well as the subgenual anterior cingulate cortex for pain subjects
(statistics: permutation testing, F-ratio). Bottom left and right: A conjunction between neuropathic pain and tinnitus (after subtraction of activity in
controls) yields an effect for both the theta and gamma frequency band. For the theta frequency band, increased activity in the pregenual anterior
cingulate cortex extending into the ventral medial prefrontal cortex is identified, while for the gamma frequency band increased activity was also
found in the left and right somatosensory cortex extending into motor cortex, the left and right auditory cortex and the left and right

parahippocampus for the gamma frequency band (statistics: Z-score).

Conjunction between pain and tinnitus subjects

A conjunction between neuropathic pain and tinnitus
(after subtraction of activity in controls) yielded a signifi-
cant effect for both the theta and gamma frequency
band. For the theta frequency band, we found increased
activity in the pregenual anterior cingulate cortex extend-
ing into the ventral medial prefrontal cortex (Z=1.96,

P <0.05). Increased activity was also found in the left
and right somatosensory cortex extending into motor cor-
tex, the left and right auditory cortex and the left and right
parahippocampus for the gamma frequency band (Z =
1.96, P <0.05). No significant effects were observed for
the delta, alpha, and beta frequency bands. See Fig. 1 for
overview.
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To characterise the differences between chronic tinnitus and
neuropathic pain, we conducted a ROl analysis for the theta
frequency band, including the pregenual anterior cingulate
cortex and—for the gamma frequency band—the left and
right auditory cortex, the left and right somatosensory cor-
tex, and left and right parahippocampus. The selection of
these frequency bands and ROIs was based on our hypoth-
esis and confirmed (post hoc) by the whole-brain analysis.

An ANOVA of the log-transformed current density for the
pregenual anterior cingulate cortex as dependent variable
and group (controls, tinnitus and pain) as independent vari-
ables for the theta frequency band showed an overall effect
(F=4.74, P =0.010, #* = 0.06; see Fig. 2). A pairwise com-
parison revealed an increased current density for tinnitus
subjects (F=7.84, P=0.006, 17 =0.05) and pain subjects
(F=6.30, P=0.013, #”=0.04) in comparison to controls.
No significant difference was obtained between tinnitus
and pain subjects (F=0.08, P=0.77, ° = 0.001). These ef-
fects remained after Holms—Bonferroni correction.

A MANOVA of the log-transformed current density for
the left and right auditory cortex, the left and right somato-
sensory cortex, and left and right parahippocampus as de-
pendent variables and group (controls, tinnitus, and pain)
as independent variables for the theta frequency band
showed an overall effect (F=6.15, P<0.001, °=0.21;
see Fig. 3). An univariate ANOVA revealed a significant ef-
fect left and right auditory cortex (left: F=12.93, P<
0.001, > =0.15 | right: F=5.04, P=0.008, #°=0.06; see
Figs 3A and B), the left and right somatosensory cortex
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pgACC F=4.74, p=0.010
*
8.00 - ' !
: * %

~
£ T
~
<
> 6.00
@
c
Q
©
T 4.00 -
g
5
O

2.00 -

0.00 T T 1

control tinnitus pain

Figure 2 The role of the pregenual anterior cingulate
cortex. A pairwise comparison revealed an increased current
density for tinnitus subjects and pain subjects in comparison to
controls for the pregenual anterior cingulate cortex (pgACC)
subjects (statistics: ANOVA). *P < 0.05; **P < 0.01.

D. De Ridder et al.

(left: F=13.24, P <0.001, #°=0.15 | right: F=14.34, P=
0.001, »° = 0.16; see Figs 3C and D) and left and right para-
hippocampus (left: F= 5.80, P = 0.004, > = 0.07 | right: F =
4.96, P=0.008, #° = 0.06; see Figs 3D and E).

For the left auditory cortex, a pairwise comparison re-
vealed an increased current density for tinnitus subjects
(F=25.85, P<0.001, #°=0.15) and pain subjects
(F=6.76, P=0.010, #° = 0.04) in comparison to controls.
Tinnitus subjects had increased current density for the left
auditory cortex in comparison to pain subjects (F=6.18,
P =0.014, ° =0.04). For the right auditory cortex, a pair-
wise comparison yielded a significantly increased current
density for tinnitus subjects (F=6.86, P =0.010, %= 0.05)
and pain subjects (F=8.21, P=0.005, #*=0.05) in com-
parison to controls. No significant difference was revealed
between tinnitus and pain subjects for the right auditory cor-
tex (F=0.06, P=0.81, 5°=0.001).

For both the left and right somatosensory cortex, a pair-
wise comparison revealed an increased current density for
pain subjects (left: F=26.45, P<0.001, #°=0.15 | right:
F=28.68, P <0.001, #*=0.16) and tinnitus subjects (left:
F=6.37, P<0.013, °=0.04 | right: F=7.35, P=0.008,
#°=0.05) in comparison to controls. Pain subjects had in-
creased current density for the left somatosensory cortex in
comparison to tinnitus subjects (left: F=6.90, P=0.010,
n* =0.05 | right: F=6.99, P=0.009, ° = 0.05).

For the left parahippocampus, a pairwise comparison re-
vealed an increased current density for tinnitus subjects
(F=8.01, P=0.005, 5 =0.05) and pain subjects (F=9.33,
P =0.003, #*=0.06) in comparison to controls. No signifi-
cant difference was obtained between tinnitus and pain
subjects (F=0.05, P = 0.82, 7> = 0.001). For the right para-
hippocampus, a pairwise comparison revealed an increased
current density for both tinnitus subjects (F=7.135,
P =0.008, #°=0.05) and pain subjects (F=7.71, P =0.006,
#° = 0.05) in comparison to controls. No significant difference
was obtained between tinnitus and pain subjects (F=0.01,
P=0.92, ” =0.001).

A comparison between tinnitus and control subjects revealed
significantly decreased connectivity between the pregenual
anterior cingulate cortex, and the left and right auditory cor-
tex and left and right somatosensory cortex, respectively
(F=3.54, P <0.05). Increased connectivity was further re-
vealed between the left and right auditory cortex as well as
between the left and right somatosensory cortex and be-
tween the left and right parahippocampus for tinnitus sub-
jects in comparison to control subjects. Furthermore,
increased connectivity was seen between the left auditory
cortex and the left somatosensory cortex as well as the left
auditory cortex and the left parahippocampus, and the left
somatosensory cortex and the left parahippocampus for
the theta frequency band for the tinnitus subjects. Similar dif-
ferences in connectivity were revealed for the right
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Figure 3 The role of the auditory, somatosensory, and parahippocampal cortex. (A-B) A pairwise comparison revealed an increased
current density for both tinnitus subjects and pain subjects in comparison to controls at the auditory cortex. Furthermore, tinnitus subjects had
increased current density for the left auditory cortex in comparison to pain subjects. No significant difference was revealed between tinnitus and
pain subjects for the right auditory cortex. (statistics: univariate ANOVA) (C-D) For both the left and right somatosensory cortex (SOM)
increased current density is identified in pain subjects and tinnitus subjects in comparison to controls. Pain subjects also had increased current
density in comparison to tinnitus subjects (statistics: univariate ANOVA). (E) The left parahippocampus (PHC) revealed an increased current
density for tinnitus subjects and pain subjects in comparison to controls. (F) The right parahippocampus revealed an increased current density for
both tinnitus subjects and pain subjects in comparison to controls (statistics: univariate ANOVA). *P < 0.05; **P < 0.01, ***P < 0.001.
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hemisphere between the auditory cortex, somatosensory cor-
tex and parahippocampus for the theta frequency band. No
significant effects were observed for the delta, alpha, beta,
and gamma frequency bands. See Fig. 4 for overview.

A comparison between pain and control subjects demonstrated
significantly decreased connectivity between the pregenual an-
terior cingulate cortex, and the left and right somatosensory
cortex and left and right auditory cortex, respectively (F=
4.02, P < 0.05). Increased connectivity was further revealed be-
tween the left and right somatosensory cortex as well as be-
tween the left and right auditory cortex and between the left
and right parahippocampus for pain subjects in comparison
to control subjects. Furthermore, increased connectivity was
seen between the left auditory cortex and the left somatosen-
sory cortex as well as the left auditory cortex and the left para-
hippocampus, and the left somatosensory cortex and the left
parahippocampus for the theta frequency band for the pain
subjects. Similar connections were revealed for the right hemi-
sphere between the auditory cortex, somatosensory cortex and
parahippocampus for the theta frequency band. No significant
effects were observed for the delta, alpha, beta, and gamma fre-
quency bands. See Fig. 4 for overview.

A conjunction between neuropathic pain and tinnitus after
subtraction of controls yielded a significant effect for the theta
frequency band (Z =12.01, P < 0.05). That is, significantly de-
creased connectivity between the pregenual anterior cingulate
cortex, and the left and right somatosensory cortex and left
and right auditory cortex, respectively. Increased connectivity
was further revealed between the left and right somatosensory
cortex as well as between the left and right auditory cortex and
between the left and right parahippocampus for pain and
tinnitus subjects in comparison to control subjects.
Furthermore, increased connectivity was found between the
left auditory cortex and the left somatosensory cortex, as
well as the left auditory cortex and the left parahippocampus,
and the left somatosensory cortex and the left parahippocam-
pus for the theta frequency band for the pain and
tinnitus subjects. Similar differences in connectivity were found
for the right hemisphere between the auditory cortex, somato-
sensory cortex and parahippocampus for the theta frequency
band. No significant effects were observed for the delta, alpha,
beta, and gamma frequency bands. See Fig. 4 for overview.

Based on functional connectivity, we looked specifically at
the directionality between the pregenual anterior cingulate
cortex, and the left and right auditory cortex, the left and
right somatosensory cortex, and the left right parahippocam-
pus, respectively, between tinnitus, pain and control subjects
for the theta frequency band.

D. De Ridder et al.

A MANOVA of the Granger causality for the effective con-
nectivity  (pgACC—left AUD, pgACC-left AUD,
pgACC—left SOM, pgACC-right SOM, pgACC-left
PHC, pgACC-right PHC, left AUD-pgACC, right
AUD—-pgACC, left SOM—pgACC, right SOM—pgACC,
left PHC—pgACC, right PHC—pgACC) as dependent vari-
ables and group (controls, tinnitus and pain) as independent
variables for the theta frequency band showed an overall ef-
fect (F=1.91, P=0.008, 5* =0.14) (see Fig. 5 and Table 1).

Based on these findings, a MANOVA including the effect-
ive connectivity (pgACC—left AUD, left AUD—pgACC) as
dependent variables and group (controls, tinnitus and pain)
as independent variables for the theta frequency band
showed an overall effect. A one-way ANOVA showed a sig-
nificant effect for pgACC—left AUD, indicating tinnitus and
pain subjects showed decreased coupling for pgACC—left
AUD in comparison to controls. No difference was identified
between tinnitus and pain. A one-way ANOVA for left
AUD-pgACC did not reveal a group effect.

A MANOVA of the Granger causality pgACC—right AUD
and right AUD—pgACC for the theta frequency band revealed
a group effect. A one-way ANOVA showed a group effect for
the connection pgACC-right AUD, but not right
AUD-pgACC. For the coupling between pgACC—right
AUD, a pairwise comparison revealed that tinnitus subjects
had decreased Granger causality in comparison to control
and pain subjects. In addition, tinnitus subjects had decreased
Granger causality for pgACC—right PHC in comparison to
controls subjects.

For the communication pgACC—left SOM and left
SOM-pgACC, a MANOVA yielded a significant effect. A
one-way ANOVA revealed a significant effect for both the com-
munication pgACC—left SOM and left SOM—pgACC. For
pgACC—left SOM, our data revealed that pain subjects had
significantly decreased communication in comparison to con-
trols, but not with tinnitus patients. Tinnitus subjects did not
differ from controls either.

A MANOVA revealed a significant effect for the communi-
cation pgACC—right SOM and right SOM—pgACC. A one-
way ANOVA revealed for both pgACC—right SOM and right
SOM-pgACC a significant effect. For pgACC—right SOM, a
decrease in communication was revealed for pain and tinnitus
subjects in comparison to control subjects. No effect was found
for pain and tinnitus subjects. For right SOM—pgACC, a de-
creased coupling was revealed for pain subjects in comparison
to tinnitus and control subjects. No difference was identified
between tinnitus and control subjects.

A similar analysis revealed an overall effect in the communi-
cation for pgACC—left PHC and left PHC—pgACC. A one-
way ANOVA showed a significant effect for pgACC—left
PHC, but not for the left PHC SOM—pgACC. A pairwise com-
parison revealed that both tinnitus and pain subjects have de-
creased communication for pgACC—left PHC in comparison
to control subjects. In addition, tinnitus subjects have reduced
for pgACC—left PHC in comparison to pain subjects.
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Figure 4 Connectivity. (A). A comparison between tinnitus and control subjects revealed significantly decreased connectivity between the
pregenual anterior cingulate cortex (pgACC), and the left and right auditory cortex (AUD) and left and right somatosensory cortex (SOM),
respectively. Increased connectivity was further revealed between the left and right auditory cortex as well as between the left and right
somatosensory cortex and between the left and right parahippocampus for tinnitus subjects in comparison to control subjects. Furthermore,
increased connectivity was seen between the left auditory cortex and the left somatosensory cortex as well as the left auditory cortex and the left
parahippocampus (PHC), and the left somatosensory cortex and the left parahippocampus for the theta frequency band for the tinnitus subjects.
Similar differences in connectivity were revealed for the right hemisphere between the auditory cortex, somatosensory cortex and
parahippocampus for the theta frequency band (statistics: permutation testing, F-ratio). (B). A comparison between pain and control subjects

(continued)
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A MANOVA further demonstrated a significant effect for
pgACC—left PHC and left PHC —pgACC. A one-way
ANOVA yielded a significant effect for pgACC—left PHC,
but not for the left PHC —pgACC. A pairwise comparison
revealed that both tinnitus and pain subjects have decreased
communication for pgACC—left PHC in comparison to con-
trol subjects. No significant difference was identified be-
tween tinnitus and pain subjects. A similar analysis
including pgACC—right PHC and right PHC —»pgACC re-
vealed the same results.

A MANOVA of the Granger causality for the effective con-
nectivity (left AUD— left PHC, left PHC—left AUD, right
AUD- right PHC, right PHC—right AUD, left SOM— left
PHC, left PHC—left SOM, right SOM— right PHC, right
PHC—right SOM) as dependent variables and group (con-
trols, tinnitus and pain) as independent variables for the the-
ta frequency band showed an overall effect (F=2.80, P <
0.001, #*=0.14) (see Fig. 6 and Table 1).

A MANOVA for the coupling between left AUD— left
PHC and left PHC—left AUD revealed a significant effect.
A one-way ANOVA showed both left AUD— left PHC
and left PHC—left AUD were significant. For the left
AUD- left PHC, increased significant coupling was ob-
tained for the tinnitus subjects in comparison to pain and
control subjects. No effect was identified between pain and
control subjects. For left PHC—left AUD, a significant effect
showed an increase in coupling for pain subjects in compari-
son to tinnitus and control subjects. No difference was iden-
tified between tinnitus and control subjects.

For the coupling between right AUD— right PHC and
right PHC—right AUD, an overall significant effect was re-
vealed. Both right AUD— right PHC and right PHC—right
AUD were significant. A pairwise comparison showed that
for right AUD— right PHC tinnitus subjects showed in-
creased coupling in comparison to control and pain subjects.
No difference was revealed between control and pain sub-
jects. For the right PHC—right AUD, a comparison showed

Figure 4 Continued

D. De Ridder et al.

that both tinnitus and pain subjects have increased Granger
causality in comparison to controls and that there was no dif-
ference between tinnitus and pain subjects.

A significant overall effect was identified for the coupling
between left SOM— left PHC and left PHC—left SOM. A
one-way ANOVA showed both left SOM— left PHC and
left PHC—left SOM were significant. For the left SOM—
left PHC, increased significant coupling was found for the
tinnitus subjects in comparison control subjects. No effect
was seen between pain and control subjects, or between
pain and tinnitus subjects. For left PHC—left SOM, a signifi-
cant effect showed increased coupling for both tinnitus and
pain subjects in comparison to control subjects. No differ-
ence was identified between tinnitus and pain subjects.

For the communication for right SOM— right PHC and
right PHC—right SOM again, an overall significant effect
was demonstrated. Both right SOM— right PHC and right
PHC—right SOM were significant. A pairwise comparison
showed that for both right SOM—right PHC and right
PHC-right SOM in pain subjects showed increased coup-
ling in comparison to tinnitus and control subjects. No dif-
ference was revealed between tinnitus and control subjects.

A MANOVA of the effective connectivity (left PHC—right
PHC, right PHC—left PHC) as dependent variables and
group (controls, tinnitus and pain) as independent variables
for the theta frequency band showed an overall effect (F=
4.00, P=0.004, 7> =0.07). A one-way ANOVA showed a
significant effect for both left PHC—right PHC (F=35.15,
P=0.007, ” =0.065) and right PHC—left PHC (F=4.32,
P=0.015, #* =0.055), indicating tinnitus (left PHC—right
PHC:F=8.36, P=0.004, 7>=0.054| right PHC-left
PHC: F=6.25, P=0.014, #°=0.041) and pain (left
PHC-right PHC: F=7.03, P=0.009, *=0.046| right
PHC—left PHC: F=6.70, P=0.011, #°=0.044) subjects
showed increased communication in comparison to controls.
No difference was identified between tinnitus and pain (left

demonstrated significantly decreased connectivity between the pregenual anterior cingulate cortex, and the left and right somatosensory
cortex and left and right auditory cortex, respectively. Increased connectivity was further revealed between the left and right somatosensory
cortex as well as between the left and right auditory cortex and between the left and right parahippocampus for pain subjects in comparison to
control subjects. Furthermore, increased connectivity was seen between the left auditory cortex and the left somatosensory cortex as well as the
left auditory cortex and the left parahippocampus, and the left somatosensory cortex and the left parahippocampus for the theta frequency band
for the pain subjects. Similar connections were revealed for the right hemisphere between the auditory cortex, somatosensory cortex and
parahippocampus for the theta frequency band (statistics: permutation testing, F-ratio). (C). A conjunction between neuropathic pain and tinnitus
after subtraction of controls yielded a significant effect for the theta frequency band. Decreased connectivity was identified between the pregenual
anterior cingulate cortex, and the left and right somatosensory cortex and left and right auditory cortex, respectively. Increased connectivity was further
revealed between the left and right somatosensory cortex as well as between the left and right auditory cortex and between the left and right
parahippocampus for pain and tinnitus subjects in comparison to control subjects. Furthermore, increased connectivity was found between the left
auditory cortex and the left somatosensory cortex, as well as the left auditory cortex and the left parahippocampus, and the left somatosensory cortex
and the left parahippocampus for the theta frequency band for the pain and tinnitus subjects. Similar differences in connectivity were found for the right
hemisphere between the auditory cortex, somatosensory cortex and parahippocampus for the theta frequency band (statistics: permutation testing,
F-ratio).

€20z ke L€ uo Jasn dieys suusyied Aq Z09LE L Z/ZE L PEOY/E/S/8]011B/SWILOoUIRIC/WOo0 dno olwapede//:sdiy Woll papeojumo(]



Parahippocampal-sensory cycle causes pain or tinnitus BRAIN COMMUNICATIONS 2023: Page 13 of 22 |

0.080 - 0.080 -
A F=3.83 p=0.024 B F=2.99 p=0018
*
*
0.060 - 0.060 -
B z
= =
- =
T 0.040 - G 0.040
i S
(] Q
[T [=T]
o =
£ 8
o Q
0.020 - 0.020
0.000 - o 0.000 L
pgACC - AUD left  AUD left - pgACC pgACC -» AUD right AUD right - pgACC
0.080 - 0.080 -
C F=2.77 p=0.028 D F=3.77 p = 0.006
*
—
0.060 A 0.060 A
= =
= z (=
B =
) =
T 0.040 T 0.040 :|—
f f
[ [
[=T] [=T]
= {
e o
(U] o
0.020 | 0.020 A
0.000 - L 0.000 - — o
PgACC -> SOM left  SOM left - pgACC pgACC - SOM right SOM right = pgACC
0.080 - 0.080 -
E F=4.08 p =0.003 F F=3.26 p=0.012
*
0.060 - * 0.060
2 z
B * 2
& 0.040 & 0.040
— P
& &
= c
< =
G G
0.020 A 0.020
0.000 A L 0.000
pgACC - PHC left ~ PHCleft - pgACC pgACC > PHCright PHC right - pgACC

Econtrol Otinnitus Ipain|

Figure 5 Effective connectivity, the role of the pregenual anterior cingulate cortex. (A) A significant effect for pgACC—left AUD,
indicating tinnitus and pain subjects showed decreased coupling for pgACC—left AUD in comparison to controls. No difference was obtained
between tinnitus and pain. A one-way ANOVA for left AUD— pgACC did not revealed a group effect (statistics: univariate ANOVA). (B) For the
coupling between pgACC—right AUD tinnitus subjects had decreased Granger causality in comparison to control and pain subjects. Tinnitus
subjects had decreased Granger causality for pgACC—right PHC in comparison to controls subjects (statistics: univariate ANOVA) (C) For the
communication pgACC—left SOM and left SOM—pgACC, an effect was found for both the communication pgACC—left SOM and left
SOM—pgACC. For pgACC—left SOM, pain subjects demonstrated significantly decreased communication in comparison to controls, but

(continued)
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Table | Granger causality

D. De Ridder et al.

The role of the pregenual anterior cingulate cortex

Control Tinnitus Pain F-value P-value n

F=3.83, P=0.024, n* =0.05

pgACC—left AUD 0.049* 0.033° 0.039° 3.83 0.024 0.05

left AUD—pgACC 0.059 0.042 0.049 1.70 0.186 0.23
F=299, P=0.018, n*=0.039

pgACC—right AUD 0.045% 0.025° 0.036° 3.95 0.049 0.026

right AUD—pgACC 0.053 0.037 0.048 0.83 0.362 0.006
F=2.77,P=0.028, n* =0.036

pgACC—left SOM 0.056* 0.047%* 0.035° 3.85 0.023 0.050

left SOM—pgACC 0.056* 0.039° 0.034° 4.14 0.018 0.053
F=3.77, P=0.006, * = 0.048

pgACC—right SOM 0.057% 0.040° 0.031° 5.32 0.006 0.067

right SOM—pgACC 0.056* 0.48° 0.031° 5.56 0.005 0.070
F=4.08, P=0.003, #° = 0.053

pgACC—left PHC 0.066* 0.039° 0.043¢ 7.16 0.001 0.089

left PHC—pgACC 0.058 0.039 0.049 2.47 0.086 0.032
F=3.26,P=0.012, 7> =0.042

pgACC—right PHC 0.054* 0.032° 0.039° 5.54 0.005 0.070

right PHC—pgACC 0.053 0.035 0.049 1.96 0.144 0.026
The communication between the auditory cortex, somatosensory cortex and the parahippocampus

Control Tinnitus Pain F-value P-value 7

F=4.44, P=0.002, ° =0.06

lefc AUD— left PHC 0.033° 0.043° 0.031° 5.15 0.007 0.07

left PHC—left AUD 0.026 0.027° 0.035° 455 0.012 0.06
F=4.35, P=0.002, 2 =0.07

right AUD—pgACC 0.028° 0.039° 0.028° 5.14 0.007 0.065

left PHC—left AUD 0.026 0.035° 0.035° 36l 0.029 0.047
F=10.329, P=0.012, 1> =0.043

left SOM—left PHC 0.009* 0.011%* 0.015° 6.03 0.003 0.076

left PHC—left SOM 0.011? 0.014° 0.017° 416 0.018 0.053
F=3.15P=0.0015, * =0.041

right SOM—right PHC 0.013 0.011° 0.018° 3.49 0.033 0.045

right PHC—right SOM 0.014° 0.18° 0.021%* 3.62 0.029 0.047

Different superscripts a and b denote a statistically significant difference of P < 0.05.

PHC-right PHC: F=0.06, P=0.96, n*=0.001| right
PHC—left PHC: F=0.008, P =0.93, ° =0.001). See Fig. 6.

We used theta—gamma phase-amplitude coupling to further
characterise the connectivity between the left and right audi-
tory cortex, left and right somatosensory cortex, and left and

Figure 5 Continued

right parahippocampus for tinnitus, pain, and control sub-
jects at the theta—gamma coupling. Our findings above
showed increased activity in the gamma frequency band
for left and right auditory cortex, left and right somatosen-
sory cortex, and left and right parahippocampus for tinnitus
and/or pain subjects and increased effective connectivity be-
tween the left and right auditory cortex, left and right som-
atosensory cortex, and left and right parahippocampus for
tinnitus and pain subjects, in the theta frequency band.

not with tinnitus patients. Tinnitus subjects did not differ from controls either. (statistics: univariate ANOVA) (D) For pgACC—right SOM, a
decrease in communication was revealed for pain and tinnitus subjects in comparison to control subjects. No effect was found between pain and
tinnitus subjects. For right SOM—pgACC, a decreased coupling was revealed for pain subjects in comparison to tinnitus and control subjects. No
difference was obtained between tinnitus and control subjects. (statistics: univariate ANOVA) (E) A comparison revealed that both tinnitus and
pain subjects have decreased communication for pgACC— left PHC in comparison to control subjects. In addition, tinnitus subjects have reduced
for pgACC—left PHC in comparison to pain subjects. (F) A comparison revealed that both tinnitus and pain subjects have decrease
in communication for pgACC—right PHC in comparison to control subjects. In addition, tinnitus subjects have reduced communication for
pgACC—right PHC in comparison to pain subjects. (statistics: univariate ANOVA) *P < 0.05; pregenual anterior cingulate cortex (pgACC);
auditory cortex (AUD); somatosensory cortex (SOM); parahippocampus (PHC).
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This suggests that interregional coupling is expressed in the
theta frequency band and that local activity is generated in
gamma activity. Previous research indicates that theta—gam-
ma coupling is an effective marker of nonlinear communica-
tion between cortically distant areas,”® where low
frequencies are proposed to function as carrier waves on
top of which high frequencies are nested; presumably con-
veying neuronal messages that mediate belief updat-
ing,90-29-103

Overall, a MANOVA of theta—gamma phase-amplitude
coupling for the left and right auditory cortex, the left and
right somatosensory cortex, and left and right parahippo-
campus as dependent variables and group (controls, tinnitus,
and pain) as independent variables—for the theta frequency
band—showed an overall effect (F=2.76, P=0.001, 5° =
0.11; see Fig. 7). A one-way ANOVA showed a significant ef-
fect in left and right auditory cortex, the left and right som-
atosensory cortex, and left and right parahippocampus. For
all these areas, we see a similar significant trend, where both
tinnitus and pain subjects showed increase theta—gamma
phase-amplitude coupling in comparison to control subjects.
No significant effect was identified between pain and tinnitus
subjects.

Discussion

A whole-brain analysis of current density fluctuations de-
monstrated that tinnitus and pain share elevated theta activ-
ity in the ventromedial prefrontal cortex/pregenual anterior
cingulate cortex, extending into the dorsolateral and ventro-
lateral prefrontal cortex laterally, and anterior temporal
area, both medially and laterally. A more detailed ROI ana-
lysis—of the pregenual anterior cingulate cortex—showed
that tinnitus and pain both differ significantly in theta
band activity from controls, but not from each other. The
pregenual anterior cingulate cortex is involved in suppres-
sing both the experience of pain®*1°41% and sound.>%1°”
199 This region is regarded, in conjunction with the dorsal
lateral prefrontal cortex, as the apex of the descending
pain inhibitory pathway in the somatosensory system, and
the noise cancelling pathway in the auditory system. These
pathways may run in parallel, from the dorsal lateral pre-
frontal cortex to the pregenual anterior cingulate cortex, ex-
tending to the reticular nucleus of the thalamus and from
there to the periaqueductal grey for pain,'*>!%!1 and the
adjacent tectal longitudinal column for the auditory sys-
tem.''?"11® The descending inhibitory system further extends
to the rostroventral part of the medulla oblongata and to the
dorsal horn to suppress further pain input. Analogously, the
noise cancelling system connects from the tectal longitudinal
column to the olivocochlear bundle, inhibiting auditory
input.117-118

The ventromedial prefrontal cortex/pregenual anterior
cingulate cortex is part of the default mode network, a self-
referential network, likely involved in integrating pain and
tinnitus into the self-percept.!'”!?° This same area is
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instrumental in hedonic processing in general.'*! An increase
in theta may however reflect a slowing of normal alpha activ-
ity, analogous to what has been detailed for thalamocortical
dysrhythmia.* In other words, theta reflects a ‘pathway that
is asleep’.'* Thus, pain and tinnitus are the consequence of a
deficient pain and noise inhibitory pathway, as has been pro-
posed for both pain and tinnitus,>*'*'%” increasing not only
the sensory aspects of pain and tinnitus perception but also
reducing hedonia. From a Bayesian perspective, the (para)
hippocampal derived prediction of the expected auditory fre-
quencies may be transmitted in theta ranges to the auditory
and somatosensory cortex as a consequence of contextual
predictions from the pregenual anterior cingulate cortex. In
summary, the pregenual anterior cingulate cortex suppresses
input from the sensory areas, by informing the parahippo-
campus to pull the missing information from memory. This
hypothesis can be verified by looking at connectivity mea-
sures (see below). In terms of precision weighted prediction
errors, a deficient inhibitory, noise cancelling role fits com-
fortably with the failures of sensory attenuation that are
thought to underlie a whole range of neurological and psy-
chiatric phenomena.'?3"13°

For the gamma band, tinnitus and pain share activity in-
creases in the auditory and somatosensory cortex, the dorsal
anterior cingulate cortex and parahippocampus, extending
in the temporo-occipital junction laterally. This suggests
that the auditory bottom-up prediction error'*! is propa-
gated to the medial and lateral and descending pain and audi-
tory networks.> All these areas have been identified
previously in chronic tinnitus and pain.?®#'32"137 The dor-
sal anterior cingulate cortex is part of the medial system and
reflects the affective-motivational component of the pain and
tinnitus,>'%* leading to affective experience and suffering.
This is associated with the sensory-discriminative aspects
of the pain and tinnitus which are encoded by the lateral sys-
tem, i.e. the somatosensory and auditory cortex.® This com-
ponent links the pain and tinnitus to the salience network,
which encodes the behavioural relevance of the pain and tin-
nitus.*!%* The parahippocampus has been identified as pro-
cessing context dependent modulation of pain and tinnitus,
via its contextual memory function.®””%!3¥ It extends to
the temporo-occipital junction, a component of the
goal-oriented central executive network.'>”'*% A more de-
tailed ROI analysis demonstrates that in pain not only the
somatosensory cortex, but also the auditory cortex evinces
more gamma-band activity, as well as the parahippocampus.

Whereas multisensory integration is a good candidate for
common increased gamma in multiple sensory cortices, an
alternative explanation could be that unimodal deafferen-
tation leads to a combination of deafferentation-related
gamma activity in the deafferented cortex based on thalamo-
cortical dysrhythmia, and compensatory increased gamma-
controlled gain associated with sensory sensitivity increase
in the other,'*!14

Yet, tinnitus and pain are emergent properties of hierarch-
ical processing and distributed network activity,'+*>143:144
and thus measures of connectivity may differentiate patients
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Figure 6 The communication between the auditory cortex, somatosensory cortex and the parahippocampus. (A) For the left
AUD— left PHC, increased significant coupling was obtained for the tinnitus subjects in comparison to pain and control subjects. No effect was
obtained between pain and control subjects. For left PHC—left AUD, a significant effect showed an increase in coupling for pain subjects in
comparison to tinnitus and control subjects. No difference was obtained between tinnitus and control subjects. (statistics: univariate ANOVA) (B)
A comparison showed that for right AUD— right PHC tinnitus subjects showed increased coupling in comparison to control and pain subjects. No
difference was revealed between control and pain subjects. For the right PHC—right AUD, a comparison showed that both tinnitus and pain
subjects have increased Granger causality in comparison to control and that there was no difference between tinnitus and pain subjects. (statistics:
univariate ANOVA) (C) For the left SOM— left PHC, increased significant coupling was found for the tinnitus subjects in comparison to control

(continued)
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with tinnitus from pain, as activity in the respective sensory
cortex clearly does not, evidenced by patients with disorders
of consciousness, who have auditory and somatosensory cor-
tex activation without conscious percepts.*>14°147

Functional connectivity, which evaluates statistical
co-activation between different areas'*®'*” was clearly dif-
ferent between pain and healthy controls, as well as between
tinnitus and healthy controls. And intriguingly, analogous to
what has been shown for activity, functional connectivity is
very similar between tinnitus and pain. For both clinical co-
horts, the pregenual anterior cingulate cortex had reduced
functional connectivity with the somatosensory and auditory
cortices, as well as to the parahippocampal areas. This sug-
gests that pain and tinnitus suppression is deficient, and
that the suppression is deficient for contextual memory. In
other words, this functional disconnection permits the som-
atosensory cortex and auditory hierarchy to be dominated
by prior constraints in parahippocampal memory. And this
is confirmed by the fact that the parahippocampus has in-
creased functional connectivity with both the auditory and
somatosensory cortex. This, however, leads to a conundrum:
if both auditory and somatosensory processing pulls infor-
mation from the parahippocampus, why does not every pa-
tient with tinnitus have pain and vice versa? Pain and
tinnitus are often co-morbid,"*°"%? but mostly independent
clinical entities.

Effective connectivity is a measure of directed connectiv-
ity;'*” it describes from where to where the information is
passed. One way of computing effective connectivity is via
Granger causality analysis. In addition, tinnitus and pain dif-
fer from healthy controls in their patterns of information
flow, but analogous to what has been identified for activity
and functional connectivity, tinnitus and pain also share a
similar pattern of information flow in theta and gamma,
with one fundamental difference between the two clinical
conditions. Pain is characterized by bidirectional informa-
tion flow between parahippocampus and somatosensory
cortex, in contrast to tinnitus, in which information in theta
frequencies flows from parahippocampus to somatosensory
cortex. Tinnitus is characterized by the opposite phenom-
enon. The parahippocampus is bidirectionally connected in
theta to the auditory cortex but unidirectionally to the som-
atosensory cortex.

What could be the significance of this crucial difference?
The parahippocampus is the contextual sensory gate to the

Figure 6 Continued
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hippocampus, and in tinnitus and pain, contextual memory
information is sent from the parahippocampus to both corti-
ces to inform both cortices on what to expect; i.e. as top-
down predictions of sensory input. Yet, in deafferentation,
the thalamus slows down from alpha to theta activity and
sends information to the parahippocampus that it is deprived
of the deafferented (i.e. missing) information, requiring the
missing information so multisensory congruence is achieved,
fulfilling the duck test. This leads to a vicious circle of
parahippocampal-somatosensory theta effective connectiv-
ity in pain, and a vicious circle of parahippocampal-auditory
theta effective connectivity in tinnitus. From a Bayesian
point of view, the parahippocampus keeps sending a predic-
tion to the auditory cortex, and the auditory cortex returns a
prediction error signal, stating no bottom-up auditory input
has arrived. Consequently, the parahippocampus generates
the missing auditory input, which is perceived as tinnitus.
This is exactly consistent with the predictive coding explana-
tions for hallucinosis and hallucinations in computational
psychiatry; namely an ‘arms race’ between the precision af-
forded prediction errors at sensory levels of the hierarchy
and prior precision at higher levels.'?”'*35° This vicious
circle has been attributed to a primary failure of sensory at-
tenuation in hierarchical predictive coding, that is compen-
sated for by an increase in prior precision.'?®'*¢ This may
represent the common mechanism for chronic tinnitus and
pain’®71%? that is expressed in a domain specific fashion in
the respective sensorimotor cortices with a common involve-
ment of the domain general, multisensory representations in
the parahippocampal formation.

Yet, this leads to another conundrum. How does the theta
effective connectivity link to the gamma-band-related pre-
diction errors? It has been shown that gamma-band activity
is commonly nested on theta activity, in which the theta band
acts as a kind of carrier wave, and the gamma band as fast
belief updating nested on the theta band.”%!0%160-162 Thjg
nesting can be evinced by cross-frequency coupling, in which
the phase of the theta is correlated with the envelope of the
gamma amplitude. And indeed, as expected, the theta—gam-
ma cross-frequency coupling is increased in pain and tinnitus
in the auditory, somatosensory, and parahippocampal cor-
tex. Also, here there is no differentiation between tinnitus
and pain. This Bayesian explanation argues that the forward
theta connectivity constitutes a prediction error signal (re-
flected by gamma activity nested on theta), which is

subjects. No effect was seen between pain and control subjects, or between pain and tinnitus subjects. For left PHC—left SOM, a significant effect
showed increased coupling for both tinnitus and pain subjects in comparison to control subjects. No difference was obtained between tinnitus and
pain subjects. (statistics: univariate ANOVA) (D) A pairwise comparison showed that for both right SOM— right PHC and right PHC—right SOM
that pain subjects showed increased coupling in comparison to tinnitus and control subjects. No difference was revealed between tinnitus and
control subjects. (statistics: univariate ANOVA) (E) Coupling between the left and right parahippocampus, indicating tinnitus and pain subjects
showed increased communication in comparison to controls. No difference was obtained between tinnitus and pain. (statistics: univariate
ANOVA) *P < 0.05; pregenual anterior cingulate cortex (pgACC); auditory cortex (AUD); somatosensory cortex (SOM); parahippocampus

(PHC).
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Figure 7 Theta~-Gamma phase-amplitude coupling. (A-F) A significant effect in left and right auditory cortex, the left and right

somatosensory cortex, and left and right parahippocampus. For all these areas, we see a similar significant trend, where both tinnitus and pain
subjects showed increase theta—gamma phase-amplitude coupling in comparison to control subjects. No significant effect was obtained between
pain and tinnitus subjects. (statistics: univariate ANOVA)
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generated by the incongruence between the backward
prediction signal that maintains the tinnitus percept.
Alternatively, the increased forward theta connectivity could
indicate that sensory cortex exerts a greater influence of

spontaneous activity in the deprived sensory cortex attempt-
ing to update (para)hippocampal predictions.

Although our research is very promising, a potential
weakness is the number of different analyses. However,
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every method and analysis was built on the previous analysis
and can be seen as a cross-validation. For example, using
functional connectivity was further confirmed by effective
connectivity and added additional information. However,
this does not exclude that further replication needs to take
place by other groups to confirm our findings.

In conclusion, this analysis offers a unique explanation of
the difference between tinnitus and pain, both consequences
of deafferentation. The brain seems to use universal mechan-
isms, irrespective of the sensory domain, to solve this sensory
uncertainty, by pulling the missing information from con-
textual memory as a Bayesian attempt to fill in the missing
information.>'”*® The phenomenological difference be-
tween an auditory and somatosensory illusory or phantom
percept seems to be determined not by activity, nor by func-
tional connectivity, but by a vicious circle of constant belief
updating in the absence of sensory constraints. This opens
the possibility of arresting the hippocampal-sensory vicious
circle through highly specific targeted neuromodulation, dis-
rupting theta effective connectivity.

Funding

There is no funding to report.

Competing interests

The authors report no competing interests.

References

1. De Ridder D, Elgoyhen AB, Romo R, Langguth B. Phantom per-
cepts: Tinnitus and pain as persisting aversive memory networks.
Proc Natl Acad Sci U S A. 2011;108(20):8075-8080.

2. DeRidder D, Van de Heyning P. The darwinian plasticity hypoth-
esis for tinnitus and pain. Prog Brain Res. 2007;166:55-60.

3. De Ridder D, Vanneste S. The Bayesian brain in imbalance:
Medial, lateral and descending pathways in tinnitus and pain: A
perspective. Prog Brain Res. 2021;262:309-334.

4. Llinas RR, Ribary U, Jeanmonod D, Kronberg E, Mitra PP.
Thalamocortical dysrhythmia: A neurological and neuropsychi-
atric syndrome characterized by magnetoencephalography. Proc
Natl Acad Sci U S A. 1999;96(26):15222-15227.

5. Moller AR. Similarities between severe tinnitus and chronic pain. |
Am Acad Audiol. 2000;11(3):115-124.

6. Moller AR. Similarities between chronic pain and tinnitus. Am
Otol. 1997;18(5):577-585.

7. Moller AR. Tinnitus and pain. Prog Brain Res. 2007;166:47-53.

8.  Rauschecker JP, May ES, Maudoux A, Ploner M. Frontostriatal
gating of tinnitus and chronic pain. Trends Cogn Sci. 2015;19-
(10):567-578.

9. Tonndorf J. The analogy between tinnitus and pain: A suggestion
for a physiological basis of chronic tinnitus. Hear Res. 1987;28-
(2-3):271-275.

10. Vanneste S, Song JJ, De Ridder D. Thalamocortical dysrhythmia
detected by machine learning. Nat Commun. 2018;9(1):1103.

11. Vanneste S, To WT, De Ridder D. Tinnitus and neuropathic pain share
a common neural substrate in the form of specific brain connectivity

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

2S.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

BRAIN COMMUNICATIONS 2023: Page 19 0f22 | 19

and microstate profiles. Prog Neuropsychopharmacol Biol
Psychiatry. 2019;88:388-400.

De Ridder D, Moller A. Similarities between treatments of tinnitus
and central pain. In: Moller A Langguth B De Ridder D and
Kleinjung T, eds. Textbook of tinnitus. Springer; 2011:753-762.
van der Loo E, Gais S, Congedo M, et al. Tinnitus intensity de-
pendent gamma oscillations of the contralateral auditory cortex.
PL0S One. 2009;4(10):¢7396.

De Ridder D, Congedo M, Vanneste S. The neural correlates of
subjectively perceived and passively matched loudness perception
in auditory phantom perception. Brain Bebav. 2015;5(5):¢00331.
De Pascalis V, Cacace I, Massicolle F. Perception and modulation
of pain in waking and hypnosis: Functional significance of
phase-ordered gamma oscillations. Pain. 2004;112(1-2):27-36.
Friston K. The free-energy principle: A rough guide to the brain?
Trends Cogn Sci. 2009;13(7):293-301.

Friston K, Adams RA, Perrinet L, Breakspear M. Perceptions as hy-
potheses: Saccades as experiments. Front Psychol. 2012;3:151.
Knill DC, Pouget A. The Bayesian brain: The role of uncertainty in neur-
al coding and computation. Trends Neurosci. 2004;27(12):712-719.
De Ridder D, Vanneste S, Freeman W. The Bayesian brain: Phantom
percepts resolve sensory uncertainty. Neurosci Biobehav Rev. 2014;
44:4-15.

Friston K. The free-energy principle: A unified brain theory? Nat
Rev Neurosci. 2010;11(2):127-138.

Friston K, FitzGerald T, Rigoli F, Schwartenbeck P, O Doherty ],
Pezzulo G. Active inference and learning. Neurosci Biobehav Rev.
2016;68:862-879.

Chao ZC, Takaura K, Wang L, Fujii N, Dehaene S. Large-Scale
cortical networks for hierarchical prediction and prediction error
in the primate brain. Neuron. 2018;100(5):1252-1266 €3.
Auksztulewicz R, Friston KJ, Nobre AC. Task relevance modu-
lates the behavioural and neural effects of sensory predictions.
PLoS Biol. 2017;15(12):2003143.

Sedley W, Friston KJ, Gander PE, Kumar S, Griffiths TD. An inte-
grative tinnitus model based on sensory precision. Trends
Neurosci. 2016;39(12):799-812.

Sedley W, Gander PE, Kumar S, ef al. Neural signatures of percep-
tual inference. Elife. 2016;5:¢11476.

Strube A, Rose M, Fazeli S, Buchel C. Alpha-to-beta- and gamma-
band activity reflect predictive coding in affective visual process-
ing. Sci Rep. 2021;11(1):23492.

Strube A, Rose M, Fazeli S, Buchel C. The temporal and spectral
characteristics of expectations and prediction errors in pain and
thermoception. Elife. 2021;10:¢62809.

Nickel MM, Tiemann L, Hohn VD, et al. Temporal-spectral sig-
naling of sensory information and expectations in the cerebral pro-
cessing of pain. Proc Natl Acad Sci U S A. 2022;119(1):
e2116616119.

Gueguen MCM, Lopez-Persem A, Billeke P, et al. Anatomical dis-
sociation of intracerebral signals for reward and punishment pre-
diction errors in humans. Nat Commun. 2021;12(1):3344.

Hein TP, Herrojo Ruiz M. State anxiety alters the neural oscilla-
tory correlates of predictions and prediction errors during reward-
based learning. Neuroimage. 2022;249:118895.

Lewis AG, Bastiaansen M. A predictive coding framework for ra-
pid neural dynamics during sentence-level language comprehen-
sion. Cortex. 2015;68:155-168.

Roehe MA, Kluger DS, Schroeder SCY, et al. Early alpha/beta os-
cillations reflect the formation of face-related expectations in the
brain. PLoS One. 2021;16(7):¢0255116.

Barron HC, Auksztulewicz R, Friston K. Prediction and memory:
A predictive coding account. Prog Neurobiol. 2020;192:101821.
Arnal LH, Doelling KB, Poeppel D. Delta-Beta coupled oscillations
underlie temporal prediction accuracy. Cereb Cortex. 2015;25(9):
3077-3085.

De Ridder D, Joos K, Vanneste S. The enigma of the tinnitus-free
dream state in a Bayesian world. Neural Plast. 2014;2014:612147.

€20z ke L€ uo Jasn dieys suusyied Aq Z09LE L Z/ZE L PEOY/E/S/8]011B/SWILOoUIRIC/WOo0 dno olwapede//:sdiy Woll papeojumo(]



20

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51,

52.

53.
54.

55.

Se.

57.

58.

| BRAIN COMMUNICATIONS 2023: Page 20 of 22

De Ridder D, Vanneste S, Langguth B, Llinas R. Thalamocortical
dysrhythmia: A theoretical update in tinnitus. Fron Neurol. 2015;
6:124.

Partyka M, Demarchi G, Roesch S, ez al. Phantom auditory percep-
tion (tinnitus) is characterised by stronger anticipatory auditory
predictions. BioRxiv. 2022.

Shipp S. Neural elements for predictive coding. Front Psychol.
2016;7:1792.

Bastos AM, Usrey WM, Adams RA, Mangun GR, Fries P, Friston
K]J. Canonical microcircuits for predictive coding. Neuron. 2012
76(4):695-711.

Lee SY, Chang M, Kwon B, et al. Is the posterior cingulate cortex
an on-off switch for tinnitus? : A comparison between hearing loss
subjects with and without tinnitus. Hear Res. 2021;411:108356.
Lee SY, Choi BY, Koo JW, De Ridder D, Song JJ. Cortical oscilla-
tory signatures reveal the prerequisites for tinnitus perception: A
comparison of subjects with sudden sensorineural hearing loss
with and without tinnitus. Front Neurosci. 2020;14:596647.

De Ridder D, Vanneste S, Weisz N, et al. An integrative model of
auditory phantom perception: Tinnitus as a unified percept of in-
teracting separable subnetworks. Neurosci Biobehav Rev. 2014;
44:16-32.

Vanneste S, De Ridder D. The auditory and non-auditory brain
areas involved in tinnitus. An emergent property of multiple paral-
lel overlapping subnetworks. Front Syst Neurosci. 2012;6:31.
Akeju O, Loggia ML, Catana C, et al. Disruption of thalamic func-
tional connectivity is a neural correlate of dexmedetomidine-induced
unconsciousness. Elife. 2014;3:¢04499.

Boly M, Faymonville ME, Peigneux P, et al. Cerebral processing of
auditory and noxious stimuli in severely brain injured patients:
Differences between VS and MCS. Neuropsychol Rehabil. 2005;
15(3-4):283-289.

Boly M, Faymonville ME, Peigneux P, et al. Auditory processing in
severely brain injured patients: Differences between the minimally
conscious state and the persistent vegetative state. Arch Neurol.
2004;61(2):233-238.

Laureys S, Perrin F, Faymonville ME, et al. Cerebral processing in
the minimally conscious state. Neurology. 2004;63(5):916-918.
Basura GJ, Koehler SD, Shore SE. Multi-sensory integration in
brainstem and auditory cortex. Brain Res. 2012;1485:95-107.
Foxe ]J, Morocz IA, Murray MM, Higgins BA, Javitt DC,
Schroeder CE. Multisensory auditory-somatosensory interactions
in early cortical processing revealed by high-density electrical map-
ping. Brain Res Cogn Brain Res. 2000;10(1-2):77-83.

Foxe JJ, Wylie GR, Martinez A, et al. Auditory-somatosensory
multisensory processing in auditory association cortex: An fMRI
study. | Neurophysiol. 2002;88(1):540-643.

Wu C, Stefanescu RA, Martel DT, Shore SE. Listening to another
sense: Somatosensory integration in the auditory system. Cell
Tissue Res. 2015;361(1):233-250.

Meredith MA. On the neuronal basis for multisensory conver-
gence: A brief overview. Brain Res Cogn Brain Res. 2002;14(1):
31-40.

Riley JW. Poems & prose sketches. Portable Poetry; 2017:86.
CaoY, Summerfield C, Park H, Giordano BL, Kayser C. Causal in-
ference in the multisensory brain. Newuron. 2019;102(5):
1076-1087 e8.

Sperdin HF, Cappe C, Murray MM. The behavioral relevance of
multisensory neural response interactions. Front Neurosci. 2010;
4:9.

Kaiser J, Hertrich I, Ackermann H, Mathiak K, Lutzenberger W.
Hearing lips: Gamma-band activity during audiovisual speech per-
ception. Cereb Cortex. 2005;15(5):646-653.

Kanaya S, Yokosawa K. Perceptual congruency of audio-visual
speech affects ventriloquism with bilateral visual stimuli.
Psychon Bull Rev. 2011;18(1):123-128.

Jousmaki V, Hari R. Parchment-skin illusion: Sound-biased touch.
Curr Biol. 998;8(6):R190.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

D. De Ridder et al.

Shore SE, Zhou J. Somatosensory influence on the cochlear nucleus
and beyond. Hear Res. 2006;216-217:90-99.

Trudeau-Fisette P, Ito T, Menard L. Auditory and somatosensory
interaction in speech perception in children and adults. Front Hum
Neurosci. 2019;13:344.

Ohashi H, Ito T. Recalibration of auditory perception of speech
due to orofacial somatosensory inputs during speech motor adap-
tation. | Neurophysiol. 2019;122(5):2076-2084.

Brown H, Adams RA, Parees I, Edwards M, Friston K. Active in-
ference, sensory attenuation and illusions. Cogn Process. 2013;
14(4):411-427.

Parees I, Brown H, Nuruki A, et al. Loss of sensory attenuation in
patients with functional (psychogenic) movement disorders. Brain.
2014;137(Pt 11):2916-2921.

Zeller D, Litvak V, Friston KJ, Classen J. Sensory processing and
the rubber hand illusion-an evoked potentials study. | Cogn
Neurosci. 2015;27(3):573-582.

Limanowski J. Precision control for a flexible body representation.
Neurosci Biobehav Rev. 2021;134:104401.

Chen J, Zhao Y, Zou T, et al. Sensorineural hearing loss affects
functional connectivity of the auditory Cortex, parahippocampal
gyrus and Inferior prefrontal gyrus in tinnitus patients. Front
Neurosci. 2022;16:816712.

Song JJ, Park J, Koo JW, et al. The balance between Bayesian infer-
ence and default mode determines the generation of tinnitus from
decreased auditory input: A volume entropy-based study. Hum
Brain Mapp. 2021;42(12):4059-4073.

Vanneste S, De Ridder D. Deafferentation-based pathophysio-
logical differences in phantom sound: Tinnitus with and without
hearing loss. Neurolmage. 2016;129:80-94.

Aminoff E, Gronau N, Bar M. The parahippocampal cortex med-
iates spatial and nonspatial associations. Cerebral cortex. 2007;
17(7):1493-1503.

Aminoff EM, Kveraga K, Bar M. The role of the parahippocampal
cortex in cognition. Trends Cogn Sci. 2013;17(8):379-390.

Bar M, Aminoff E, Schacter DL. Scenes unseen: The parahippo-
campal cortex intrinsically subserves contextual associations, not
scenes or places per se. | Neurosci. 2008;28(34):8539-8544.
Volkow ND, Logan J, Fowler JS, et al. Association between age-related
decline in brain dopamine activity and impairment in frontal and cin-
gulate metabolism. Am ] Psychiatry. 2000;157(1):75-80.

Logan JM, Sanders AL, Snyder AZ, Morris JC, Buckner RL.
Under-recruitment and nonselective recruitment: Dissociable neural
mechanisms associated with aging. Neuron. 2002;33(5):827-840.
Siepmann M, Kirch W. Effects of caffeine on topographic quanti-
tative EEG. Neuropsychobiology. 2002;45(3):161-166.
Moazami-Goudarzi M, Michels L, Weisz N, Jeanmonod D.
Temporo-insular enhancement of EEG low and high frequencies
in patients with chronic tinnitus. QEEG study of chronic tinnitus
patients. BMC Neurosci. 2010;11:40.

EureKa! (Version 3.0) [Computer Software]. Knoxville, TN:
NovaTech EEG Inc. Freeware available at http://www.
novatecheeg.com. 2002.

Pascual-Marqui RD. Standardized low-resolution brain electro-
magnetic tomography (sSLORETA): Technical details. Methods
Find Exp Clin Pharmacol. 2002;24(Suppl D):5-12.
Pascual-Marqui R. Instantaneous and lagged measurements of lin-
ear and nonlinear dependence between groups of multivariate time
series: Frequency decomposition. arxiv. 2007.

Pascual-Marqui R. Discrete, 3D distributed, linear imaging meth-
ods of electric neuronal activity. Part 1: Exact, zero error localiza-
tion. arxiv. 2007.

Congedo M, John RE, De Ridder D, Prichep L, Isenhart R. On the
“dependence” of “independent” group EEG sources; an EEG
study on two large databases. Brain Topogr. 2010;23(2):134-138.
Vanneste S, Alsalman O, De Ridder D. Top-down and bottom-up
regulated auditory phantom perception. | Neurosci. 2019;39(2):
364-378.

€20z ke L€ uo Jasn dieys suusyied Aq Z09LE L Z/ZE L PEOY/E/S/8]011B/SWILOoUIRIC/WOo0 dno olwapede//:sdiy Woll papeojumo(]


http://www.novatecheeg.com
http://www.novatecheeg.com

Parahippocampal-sensory cycle causes pain or tinnitus

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Geweke J. Measurement of linear dependence and feedback be-
tween multiple time series. | Am Stat Assoc. 1982;77:304.
Granger CWJ. Investigating causal relations by econometrics mod-
els and cross-spectral methods. Econometrica. 1969;37:424.
Friston K, Moran R, Seth AK. Analysing connectivity with granger
causality and dynamic causal modelling. Curr Opin Neurobiol.
2013;23(2):172-178.

Bosman CA, Schoffelen JM, Brunet N, et al. Attentional stimulus
selection through selective synchronization between monkey vis-
ual areas. Neuron. 2012;75(5):875-888.

Barrett AB, Murphy M, Bruno MA, et al. Granger causality ana-
lysis of steady-state electroencephalographic signals during
propofol-induced anaesthesia. PLoS One. 2012;7(1):29072.
Stokes PA, Purdon PL. A study of problems encountered in granger
causality analysis from a neuroscience perspective. Proc Natl Acad
Sci US A.2017;114(34):E7063-E7072.

Granger R, Boussinesq J, Girard JP, Rossi JC, Vidal JP. [Acid cat-
alyzed oxidation of cyclanones. 3. Influence of the structure of al-
koylcyclohexanones and  alkoylcyclopentanones on  the
orientation of oxidation by H202 and SeO2]. Bull Soc Chim Fr.
1969;8:2806-2812.

Valdes-Sosa PA, Roebroeck A, Daunizeau ], Friston K. Effective
connectivity: Influence, causality and biophysical modeling.
Neurolmage. 2011;58(2):339-361.

Canolty RT, Edwards E, Dalal SS, et al. High gamma power is
phase-locked to theta oscillations in human neocortex. Science.
20063313(5793):1626-1628.

Nichols TE, Holmes AP. Nonparametric permutation tests for
functional neuroimaging: A primer with examples. Hum Brain
Mapp. 2002;15(1):1-25.

Price CJ, Friston KJ. Cognitive conjunction: A new approach to
brain activation experiments. Neuroimage. 1997;5(4 Pt 1):
261-270.

Friston KJ, Holmes AP, Price CJ, Buchel C, Worsley KJ. Multisubject
fMRI studies and conjunction analyses. Newuroimage. 999;10(4):
385-396.

Friston KJ, Penny WD, Glaser DE. Conjunction revisited.
Neurolmage. 2005;25(3):661-667.

Nichols T, Brett M, Andersson J, Wager T, Poline JB. Valid conjunc-
tion inference with the minimum statistic. Neurolmage. 2005;25(3):
653-660.

Heuninckx S, Wenderoth N, Swinnen SP. Systems neuroplasticity
in the aging brain: Recruiting additional neural resources for suc-
cessful motor performance in elderly persons. ] Neurosci. 2008;
28(1):91-99.

Bangert M, Peschel T, Schlaug G, et al. Shared networks for audi-
tory and motor processing in professional pianists: Evidence from
fMRI conjunction. Neurolmage. 2006;30(3):917-926.

Holm S. A simple sequential rejective multiple test procedure.
Scand | Stat. 1979;6:65-70.

Freeman WJ, Rogers L]J. Fine temporal resolution of analytic phase
reveals episodic synchronization by state transitions in gamma
EEGs. | Neurophysiol. 2002;87(2):937-945.

Lisman JE, Jensen O. The theta-gamma neural code. Neuron.
2013;77(6):1002-1016.

von Stein A, Chiang C, Konig P. Top-down processing mediated by
interareal synchronization. Proc Natl Acad Sci U S A. 2000;97-
(26):14748-14753.

Buzsaki G, Logothetis N, Singer W. Scaling brain size, keeping tim-
ing: Evolutionary preservation of brain rhythms. Neuron. 2013;
80(3):751-764.

Buzsaki G, Mizuseki K. The log-dynamic brain: How skewed dis-
tributions affect network operations. Nat Rev Neurosci. 2014;
15(4):264-278.

De Ridder D, Adhia D, Vanneste S. The anatomy of pain and suf-
fering in the brain and its clinical implications. Newurosci Biobehav
Rev. 2021;130:125-146.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

BRAIN COMMUNICATIONS 2023: Page 21 of 22 | 2I

Kong J, Loggia ML, Zyloney C, Tu P, Laviolette P, Gollub RL.
Exploring the brain in pain: Activations, deactivations and their re-
lation. Pain. 2010;148(2):257-267.

Bingel U, Lorenz J, Schoell E, Weiller C, Buchel C. Mechanisms of
placebo analgesia: RACC recruitment of a subcortical antinocicep-
tive network. Pain. 2006;120(1-2):8-15.

De Ridder D, Vanneste S, Gillett G, Manning P, Glue P, Langguth
B. Psychosurgery reduces uncertainty and increases free will? A re-
view. Neuromodulation. 2016;19(3):239-248.

Leaver AM, Seydell-Greenwald A, Turesky TK, Morgan S, Kim
HJ, Rauschecker JP. Cortico-limbic morphology separates tinnitus
from tinnitus distress. Front Syst Neurosci. 2012;6:21.
Rauschecker JP, Leaver AM, Muhlau M. Tuning out the noise:
Limbic-auditory interactions in tinnitus. Neuron. 2010;66(6):
819-826.

Bushnell MC, Ceko M, Low LA. Cognitive and emotional control
of pain and its disruption in chronic pain. Nat Rev Neurosci. 2013;
14(7):502-511.

Fields H. State-dependent opioid control of pain. Nat Rev
Neurosci. 2004;5(7):565-575.

De Ridder D, Vanneste S, Menovsky T, Langguth B. Surgical brain
modulation for tinnitus: The past, present and future. | Neurosurg
Sci. 2012;56(4):323-340.

Marshall AF, Pearson JM, Falk SE, ez al. Auditory response prop-
erties of neurons in the tectal longitudinal column of the rat. Hear
Res. 2008;244(1-2):35-44.

Pack AK, Slepecky NB. Cytoskeletal and calcium-binding proteins
in the mammalian organ of corti: Cell type-specific proteins dis-
playing longitudinal and radial gradients. Hear Res. 1995;91-
(1-2):119-135.

Saldana E, Vinuela A, Marshall AF, Fitzpatrick DC, Aparicio MA.
The TLC: A novel auditory nucleus of the mammalian brain.
Neurosci. 2007;27(48):13108-13116.

Vinuela A, Aparicio MA, Berrebi AS, Saldana E. Connections of
the superior paraolivary nucleus of the rat: II. Reciprocal connec-
tions with the tectal longitudinal column. Front Neuroanat. 2011;
S:1.

Attanasio G, Barbara M, Buongiorno G, et al. Protective effect of
the cochlear efferent system during noise exposure. Ann N 'Y Acad
Sci. 1999;884:361-367.

Behrens EG, Schofield BR, Thompson AM. Aminergic projections
to cochlear nucleus via descending auditory pathways. Brain Res.
002;955(1-2):34-44.

De Ridder D, Vanneste S, Smith M, Adhia D. Pain and the triple
network model. Front Neurol. 2022;13:757241.

Baliki MN, Mansour AR, Baria AT, Apkarian AV. Functional re-
organization of the default mode network across chronic pain con-
ditions. PloS one. 2014;9(9):e106133.

Kuhn S, Gallinat J. The neural correlates of subjective pleasant-
ness. Neuroimage. 2012;61(1):289-294.

Llinas R, Urbano FJ, Leznik E, Ramirez RR, van Marle HJ.
Rhythmic and dysrhythmic thalamocortical dynamics: GABA
systems and the edge effect. Trends Newurosci. 2005;28(6):
325-333.

Ainley V, Apps MA, Fotopoulou A, Tsakiris M. ‘Bodily precision’:
A predictive coding account of individual differences in interocep-
tive accuracy. Philos Trans R Soc Lond B Biol Sci. 2016;371-
(1708):20160003.

Friston KJ. Precision psychiatry. Biol Psychiatry Cogn Neurosci
Neuroimaging. 2017;2(8):640-643.

Limanowski J. (Dis-)Attending to the body. In: Metzinger TK and
Wiese W, eds. Philosophy and predictive processing. MIND
Group; 2017:1-13.

Parr T, Benrimoh DA, Vincent P, Friston K]J. Precision and false
perceptual inference. Front Integr Neurosci. 2018;12:39.

Sterzer P, Adams RA, Fletcher P, ez al. The predictive coding ac-
count of psychosis. Biol Psychiatry. 2018;84(9):634-643.

€20z ke L€ uo Jasn dieys suusyied Aq Z09LE L Z/ZE L PEOY/E/S/8]011B/SWILOoUIRIC/WOo0 dno olwapede//:sdiy Woll papeojumo(]



2 |

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

BRAIN COMMUNICATIONS 2023: Page 22 of 22

Palmer CE, Auksztulewicz R, Ondobaka S, Kilner JM.
Sensorimotor beta power reflects the precision-weighting afforded
to sensory prediction errors. Neuroimage. 2019;200:59-71.
Hobson JA, Gott JA, Friston KJ. Minds and brains, sleep and
psychiatry. Psychiatr Res Clin Pract. 2021;3(1):12-28.

Powers AR, Mathys C, Corlett PR. Pavlovian conditioning—in-
duced hallucinations result from overweighting of perceptual
priors. Science. 2017;357(6351):596-600.

Arnal LH, Wyart V, Giraud AL. Transitions in neural oscillations
reflect prediction errors generated in audiovisual speech. Nat
Neurosci. 2011;14(6):797-801.

Joos K, Vanneste S, De Ridder D. Disentangling depression and
distress networks in the tinnitus brain. PLoS Omne. 2012;7(7):
e40544.

Maudoux A, Lefebvre P, Cabay JE, et al. Connectivity graph ana-
lysis of the auditory resting state network in tinnitus. Brain Res.
2012;1485:10-21.

Maudoux A, Lefebvre P, Cabay JE, et al. Auditory resting-state
network connectivity in tinnitus: A functional MRI study. PloS
one. 201257(5):¢36222.

Mohan A, Davidson C, De Ridder D, Vanneste S. Effective con-
nectivity analysis of inter- and intramodular hubs in phantom
sound perception—Identifying the core distress network. Brain
Imaging Bebav. 2020;14(1):289-307.

Sedley W, Gander PE, Kumar S, et al. Intracranial mapping of a
cortical tinnitus system using residual inhibition. Curr Biology.
2015;25(9):1208-1214.

Vanneste S, van de Heyning P, De Ridder D. The neural network of
phantom sound changes over time: A comparison between
recent-onset and chronic tinnitus patients. Eur | Neurosci. 2011;
34(5):718-731.

Leknes S, Berna C, Lee MC, Snyder GD, Biele G, Tracey I. The im-
portance of context: When relative relief renders pain pleasant.
Pain. 2013;154(3):402-410.

Chand GB, Dhamala M. Interactions among the brain default-
mode, salience, and central-executive networks during perceptual
decision-making of moving dots. Brain Connect. 2016;6(3):
249-254.

Cole MW, Repovs G, Anticevic A. The frontoparietal control sys-
tem: A central role in mental health. Neuroscientist. 2014;20(6):
652-664.

Orekhova EV, Stroganova TA, Schneiderman JF, et al. Neural gain
control measured through cortical gamma oscillations is associated
with sensory sensitivity. Hum Brain Mapp. 2019;40(5):1583-1593.
Orekhova EV, Sysoeva OV, Schneiderman JF, et al.
Input-dependent modulation of MEG gamma oscillations reflects
gain control in the visual cortex. Sci Rep. 2018;8(1):8451.
Adamchic I, Hauptmann C, Tass PA. Changes of oscillatory activ-
ity in pitch processing network and related tinnitus relief induced
by acoustic CR neuromodulation. Front Syst Neurosci. 2012;6:18.
De Ridder D, Perera S, Vanneste S. State of the art: Novel applica-
tions for cortical stimulation. Neuromodulation. 2017;20(3):
206-214.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

D. De Ridder et al.

Boly M, Faymonville ME, Schnakers C, et al. Perception of pain in
the minimally conscious state with PET activation: An observa-
tional study. Lancet Neurol. 2008;7(11):1013-1020.

Laureys S. The neural correlate of (un)awareness: Lessons from the
vegetative state. Trends Cogn Sci. 2005;9(12):556-559.

Laureys S, Faymonville ME, Peigneux P, ez al. Cortical processing
of noxious somatosensory stimuli in the persistent vegetative state.
Neuroimage. 2002;17(2):732-741.

Friston K. Beyond phrenology: What can neuroimaging tell US
about distributed circuitry? Amnu Rev Neurosci. 2002;25:
221-250.

Friston KJ. Functional and effective connectivity: A review. Brain
Connect. 2011;1(1):13-36.

Kim YH, Park YG, Han KD, Vu D, Cho KH, Lee SY. Prevalence of
tinnitus according to temporomandibular joint disorders and den-
tal pain: The Korean national population-based study. J Oral
Rehabil. 2018;45(3):198-203.

Langguth B, Hund V, Busch V, et al. Tinnitus and headache.
Biomed Res Int. 2015;2015:797416.

Langguth B, Hund V, Landgrebe M, Schecklmann M. Tinnitus pa-
tients with comorbid headaches: The influence of headache type
and laterality on tinnitus characteristics. Front Neurol. 2017;8:
440.

Adams RA, Stephan KE, Brown HR, Frith CD, Friston K]J. The
computational anatomy of psychosis. Front Psychiatry. 2013;4:
47.

Ranlund S, Adams RA, Diez A, et al. Impaired prefrontal synaptic
gain in people with psychosis and their relatives during the mis-
match negativity. Hum Brain Mapp. 2016;37(1):351-365.
Benrimoh D, Parr T, Vincent P, Adams RA, Friston K. Active infer-
ence and auditory hallucinations. Comput Psychiatr. 2018;2:
183-204.

Benrimoh D, Parr T, Adams RA, Friston K. Hallucinations both in
and out of context: An active inference account. PLoS One. 2019;
14(8):e0212379.

Gu X, Eilam-Stock T, Zhou T, et al. Autonomic and brain re-
sponses associated with empathy deficits in autism spectrum dis-
order. Hum Brain Mapp. 2015;36(9):3323-3338.

Hoskin R, Berzuini C, Acosta-Kane D, El-Deredy W, Guo H,
Talmi D. Sensitivity to pain expectations: A Bayesian model of in-
dividual differences. Cognition. 2018;182:127-139.

Seymour B, Mancini F. Hierarchical models of pain: Inference,
information-seeking, and adaptive control. Neurolmage. 2020;
222:117212.

Buzsaki G, Buhl DL, Harris KD, Csicsvari J, Czeh B, Morozov A.
Hippocampal network patterns of activity in the mouse.
Neuroscience. 2003;116(1):201-211.

De Ridder D, van der Loo E, Vanneste S, et al. Theta-gamma dys-
rhythmia and auditory phantom perception. | Neurosurg. 2011;
114(4):912-921.

Doesburg SM, Green JJ, McDonald JJ, Ward LM. Theta modula-
tion of inter-regional gamma synchronization during auditory at-
tention control. Brain Res. 2012;1431:77-85.

€20z ke L€ uo Jasn dieys suusyied Aq Z09LE L Z/ZE L PEOY/E/S/8]011B/SWILOoUIRIC/WOo0 dno olwapede//:sdiy Woll papeojumo(]



	A parahippocampal-sensory Bayesian vicious circle generates pain or tinnitus: �a source-localized EEG study
	Introduction
	Methods
	Subjects
	EEG collection and processing
	Data collection
	Source localization
	Region of interest analysis
	Lagged phase coherence
	Granger causality
	Cross-frequency coupling

	Statistical analysis
	Whole brain
	Whole-brain conjunction analysis
	Region of interest
	Lagged phase coherence
	Whole-brain lagged phase coherence
	Granger causality
	Phase-amplitude coupling

	Data availability

	Results
	Whole-brain analysis
	Tinnitus versus control subjects
	Pain versus Control subjects
	Conjunction between pain and tinnitus subjects

	Region of interest analyses
	Functional connectivity
	Tinnitus versus Control subjects
	Pain versus control subjects
	Conjunction between pain and tinnitus subjects

	Effective connectivity: Granger causality
	The role of the pregenual anterior cingulate cortex
	The communication between the auditory cortex, somatosensory cortex, and the parahippocampus
	Coupling between the left and right parahippocampus

	Theta–Gamma phase-amplitude coupling

	Discussion
	Funding
	Competing interests
	References




