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Support of a patient—specific therapeutical acoustic stimulation in
tinnitus by numerical modeling
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Abstract—The pathogenesis of tinnitus involves multiple hier-
archical levels of auditory processing and appraisal of sensory
saliency. Early tinnitus onset is most likely attributed to home-
ostatic plasticity in the periphery, while the chronification and
decompensation are tightly linked to brain areas for the allocation
of attentional resources, such as e.g., the thalamocortical feedback
loops and the limbic system. Increased spontaneous firing after
sensory deafferentation might be sufficient to generate a phantom
perception, yet the question why not every peripheral hearing loss
automatically elicits a tinnitus sensation is still to be addressed.
Utilizing quantitative modeling of multiple hierarchical levels
in the auditory pathway, we demonstrate the effects of lateral
inhibition on increased spontaneous firing and the resulting ele-
vation of firing regularity and synchronization of neural activity.
The presented therapeutical approach is based on the idea of
disrupting the heightened regularity of the neural population
response in the tinnitus frequency range. This neural activity
regularity depends on lateral dispersion of common noise and
thus is susceptible for edge effects and might be influenced
by a change in neural activity in bordering frequency ranges
by fitted acoustical stimulation. We propose the use of patient
specifically adapted tailor-made notched acoustic stimulation,
utilizing modeling results for the optimal adjustment of the
stimulation frequencies to archive a therapeutical edge—effect.

I. INTRODUCTION

In the majority of cases tinnitus is associated with a pe-
ripheral high—frequency hearing loss. The population of high—
risk—groups for hearing loss due to noise exposure or age,
thus also has a higher prevalence for tinnitus [1]. Tinnitus
can also occur in normal hearing subjects, but is in most of
these cases characterized by a significantly lower degree of
severity compared to tinnitus sufferers with hearing loss [2].
A recent study by Schaette et al. [3] demonstrates a reduced
amplitude of the wave I potential in brainstem audiometry
in tinnitus sufferers with a normal audiogram. This reduction
hints towards a ’hidden hearing loss” and peripheral origin of
the tinnitus as the neural response magnitude is renormalized
within subsequent processing stages. Experimental support
for this hypothesis was presented by Weisz et al [4]. This
phenomenon of phantom perceptions related to peripheral
deafferentation is not strictly related to the auditory pathway,
but appears also in a number of comparable symptomatologies
as phantom (limb) pain (PP) [5] or Charles Bonnet (CB) syn-
drome due to macular degeneration [6]. All these symptoma-
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tologies have in common a hyperactivity / hyperexcitability
of the deafferentated midbrain neurons, demonstrated, e.g., by
increased metabolism rate [7], [8] (CB),[9] (PP). Mulders et
al. recently presented experimental results on the relationship
between hair cell loss, auditory thresholds and spontaneous
activity in the central nucleus of the inferior colliculus (CNIC)
in guinea pigs [10] related to frequency bands with peripheral
hearing loss after acoustic trauma. The authors could assess
an increase of spontaneous neural activity in the CNIC in
frequencies less than one octave in distance to the frequency
of the acoustic trauma with a maximum near or slightly above
the exposure frequency. The persistent spontaneous firing
frequency of CNIC neurons in the tonotopic range of the noise
exposure frequency increased significantly in animals with
severe acoustic trauma [10]. The increase of the spontaneous
firing rate can be considered as a physiological compensation
process in response to a notch like hearing loss and the related
deafferentation of higher levels of sensory processing.

This phenomenon is yet not sufficient to explain why
and how the tinnitus percept arises and the mechanisms of
tinnitus decompensation. Also the discrepancy of subjectively
perceived tinnitus loudness and objective loudness masking
measures is not explicable on the base of the increased
spontaneous firing rate alone. Studies in non-linear dynamics
demonstrated a phase synchronization of limit—cycle oscil-
lators, e.g., Hodgkin—Huxley oscillators, subject to common
impulse noise input [11], [12]. As the cortex is driven by
weak but synchronously active thalamocortical synapses [13]
the probability of generating a percept as result of higher—
order spiking correlation in a population of thalamocortical
neurons increases with the firing rate [14]. The increased
spiking coherence must thus be seen as base for synchronous
activity across a neural population, which might be suffi-
cient to activate higher processing stages. Attentional top—
down mechanisms further boost the synchronous activity of
thalamocortical neuron populations in the sensory pathway
[15], improving the competitive advantage of the stimulus
in perceptual rivalry [16], [17] which might consequently
lead to a consolidation of information processing during the
chronification process.

Pantev et al demonstrated the therapeutical effect of
tailor-made notched acoustical stimulation (TMNAS) in
tinnitus sufferers [18]. After one year of TMNAS therapy,
the patient group reported reduced subjective tinnitus distress
accompanied with reduced evoked activity in auditory cortex
compared to a placebo treated reference group. The authors
attribute the improvement of subjective tinnitus loudness to
induced cortical reorganization by lateral inhibition [19] and
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activation of the brain’s reward system as result of pleasant
acoustic stimulation [20]. As the cortical effects of acoustic
stimulation in the TMNAS therapy are already analyzed
in detail, we focused in this article on the simulation of
subthalamic effects of increased compound action potentials
and lateral inhibition, providing additional support or the use
of tailor-made notched acoustic stimulation as support in the
tinnitus intervention.

II. MATERIALS AND METHODS

For modeling purposes we can describe the spontaneous
activity of a nerve by a Poisson point process, in which
each point represents a spike, due to the fact that no actual
information is conveyed by the shape of the action potential
[21].

A. Modeling homeostatic plasticity

The increase in spontaneous neural activity in the periphery
of the auditory pathway can be attributed to homeostatic
plasticity. Schaette et al [22] presented a quantitative model
for simulating the elevated neural response due to peripheral
deafferentation. The averaged population firing rate f for a
given stimulus intensity / of the auditory nerve (AN) in healthy
condition can be described by

for I <Iy

b 7 ey
iy p)dl
fsp"’(fmax_fsp)l?fT for 1> 19

where f;, is the spontaneous neural activity, p(I) is the
probability density distribution of the stimulus intensity level
I. finax denotes the maximum discharge rate of the neural
population. Iy is a threshold—intensity [22], [23].

The threshold of AN fibers 6 increases proportional to a
loss of outer hair cells or stereocilia, leading to a elevated
probability of spontaneous firing and reduced stimulus driven
activity. A downstream neuron receives spontaneous input
from AN with rate f;, and from other sources f,q4q. The
spontaneous firing rate ry, of this downstream neuron is given
by

fl) =

g(fvp +fadd) -0

) for g(fxp"’fadd) >0
Thigh

2
in which the slope steepness depends on a gain factor g and
the summed activity of the preceding neuron and additional
sources compared to a threshold value 8. The mean firing rate
of the neural population 7 is calculated by
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in which ¢(r) denotes the probability density distribution of the
models firing rate. ry, and r,,,, depend on g so that 7 increases
with increasing g. The aforementioned effects result in a
decrease of the mean firing rate due to an overrepresentation of
spontaneous activity. If the mean firing rate 7 does not match
a preset value r*, homeostatic plasticity takes places to restore

the mean firing rate by increasing the gain factor g, amplifying
also the spontaneous neural activity rate.

B. Dorsal cochlear nucleus (DCN) numerical model

The DCN model is based on the neuromime model by
MacGregor et al [24] and the implementation by Zheng et al.
[25] The membrane potential V., in this single—compartment
model is influenced by variable gating parameters gg, gex, and
gin, denoting potassium, excitatory, and inhibitory conduc-
tances. It is

AVinem
TmemT =— Vinem — gK(Vmem - EK) - gex(Vmem - Eex)
— &in (Vmem - Ei )
J 4
TK% = —gk +bkS (5)
1
S=1if Ve, >0 (6)

where Ex, E,,, and Ej, are potassium, excitatory, and inhibitory
reversal potentials. The parameter bx influences the models
sensitivity to potassium conductance and S indicates a gener-
ated action potential. The variable conductance g for the target
cell, representing N converging synapses is given by
N

r‘:lfz—g+oi):isi )
where o is the step conductance increase and and 7 the
response time constant to incoming spikes. S; is a series of
spikes derived from output of the antecedent processing stages.
The DCN model accounts for three types of neurons. Please
enquire [25] for a list of intrinsic neuron—type parameters.
Figure 1 depicts the neural interconnection for a single patch
of the DCN.
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Fig. 1.  Schematic representation of the DCN neural interconnections.
Depicted are 3 types of DCN neurons: P(Type III/Type 1V), 12(Type II),
W(wideband inhibition). Ball shaped synapses are excitatory, cone shaped
synapses are inhibitory. AN(Auditory Nerve).

C. Lateral inhibition network

For the lateral inhibition network of a Inferior Colliculus
(IC) model we set up a lattice structure of 800 princi-
pal neurons, interconnected by inhibitory interneurons. The
strength and width of lateral inhibition is given by a Gaussian
distribution. The simulated network on which the effects of
lateral inhibition and spontaneous hyperactivity were tested is
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based on Izhikevich’s simple spiking neuron model [26]. The
intrinsic dynamics of the model follow the coupled differential
equations

d
d% = 0.04% + 5v+ 140 — u+ Linpu

du (b ) ®)
— =a(bv—u
dt
with a reset condition:
. v=c
if v(¢) > 30mV, then )
u=u+d

The parameter v indicates the membrane potential, u is a recov-
ery variable. I;,,,, is the spike series output of the antecedent
DCN model. The parameters a, b, ¢, and d were adjusted to
match the neural properties of IC neurons. Parameter a alters
the temporal scale of the recovery variable u, while parameter
b regulates the sensitivity of u to subthreshold membrane
fluctuations. The parameter ¢ determines the after—spike reset
potential; d alters the after—spike reset of u.

Distribution of
lateral inhibition strength

Fig. 2. Schematic representation of the lateral inhibition network and spatial
attenuation of inhibition strength.

III. RESULTS AND DISCUSSION

The increase of stimulus intensity and neural firing rate has
a direct influence on the neural response reliability (RR). The
coefficient of variation (CV), given by ﬁ with A denoting
mean and variance of the underlying Poisson distribution,
decreases with increasing spontaneous activity. In our sim-
ulation, we modeled the influence of elevated firing rates
due to acoustical stimulation on neural RR. Lateral inhibition
accounts for an increase of CV while the neural populations
bordering the hearing notch respond to an acoustic stimulus.
The reduction of RR might provide an auspicious base for
early therapeutical intervention. Using a notched acoustical
stimulation centering the tinnitus frequency the effect de-
scribed above can be archived. See Pantev et al. for experimen-
tal results in tailor-made notched—music tinnitus therapy [18].
For further early therapeutical intervention we propose the use
of patient—specifically adapted tailor-made notched acoustic
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Fig. 3. Exemplary coefficient of variation over 800 artificial neurons in
the lateral inhibition network model for spontaneous activity with increased
firing rate due to homeostatic plasticity (grey line — arrow indicates neural
population with elevated mean firing rate) and for stimulated activity with
exaggerated neural response frequencies in regions bordering the simulated
hearing impairment (black line).
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stimulation, combined with psychological counseling. The
auditory stimulator’s frequency bands can be modified using a
patient—specific notch filter centered on the individual tinnitus
frequency. This approach allows for a reduction of neural RR
and subsequent involuntary allocation of attentional resources
in support of conventional tinnitus therapy and retraining. To
minimize technical noise in the devices and for a limitation of
the overall noise exposure, we only exaggerate the frequencies
bordering the subjective tinnitus. The presented models of
the subthalamic auditory system can serve as guideline for
the patient—specific adaptation of these acoustic stimulation
devices.
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Fig. 4. Mean activity in tonotopic area of cochlear lesion after acoustical
stimulation. Stimulus was notched with bandwidths of 1.4kHz (dark grey),
1.6kHz (medium grey) and 2kHz (light grey) centering the modeled tinnitus
frequency. Level of spontaneous mean activity is indicated by dashed line.
Left bars indicate pure stimulus without edge frequency amplification. For
middle and right section the amplification factor for frequencies bordering
the notch was 1.3 and 1.6 respectively.

In figure 4 and table I we show the effects of notched
stimulation on simulated neural response rates in comparison
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to mean spontaneous firing. The efficiency of notched stim-
ulation on mean activity rates and firing reliability depends
on the characteristics of the edge effect and thus from notch
bandwidth and exaggeration of bordering frequencies. Ideally
the pathologically increased spontaneous firing, resulting from
homeostatic compensation processes in the tinnitus frequency
can be reduced to the level of mean spontaneous activity in
the physiological condition. For narrow notch bandwidth and
moderate exaggeration of bordering frequencies, the simulated
pathologic neural activity was reduced to an almost physiolog-
ical state of spontaneous firing.

TABLE I
EXEMPLARY MEAN FIRING RATES AND STANDARD DEVIATIONS FOR
NOTCHED STIMULATION WITH VARIABLE NOTCH BANDWIDTH AND
EXAGGERATION OF FREQUENCIES BORDERING THE NOTCH; Y DENOTES
AMPLIFICATION FACTOR. THE SIMULATED HEARING DEFICIT IS LOCATED

AT 3KHZ
Notch bandwidth y=1 y=13 y=16
in kHz
1.4 18.96(+0.96) | 17.72(£1.21) | 17.26(+1.34)
1.6 19.31(£0.81) | 18.18(+0.94) | 17.59(+0.87)
2.0 19.68(+0.95) | 19.80(+1.39) | 18.75(£0.94)

A. Limitations and future work

The spread of coherent information in the auditory pathway
due to lateral inhibition is still a parameter in the proposed
model that is hard to access in the individual tinnitus patient.
The design of adaptable paradigms capitalizing, e.g., on the
Zwicker tone illusion [27] or masking effects, is inevitable in
the patient—specific adaptation of the therapeutical stimulators
for tinnitus treatment and for future refinement of the pro-
posed models. Although we can not reliably present absolute
numbers for firing rates, the characteristic trend of neural
behaviour becomes visible. Lateral inhibition in physiological
condition is asymmetrical, generating a shift in the compound
action potential of neighboring neuron populations [28]. Future
work will involve refinement of the proposed rudimentary
framework using animal-experimental data on the spread of
lateral inhibition. The prospective high—resolution data allows
for a detailed adjustment of the few free model parameters to
physiological conditions.
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