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a b s t r a c t 

Recently, Bayesian brain-based models emerged as a possible composite of existing theories, providing an 

universal explanation of tinnitus phenomena. Yet, the involvement of multiple synergistic mechanisms 

complicates the identification of behavioral and physiological evidence. To overcome this, an empirically 

tested computational model could support the evaluation of theoretical hypotheses by intrinsically en- 

compassing different mechanisms. The aim of this work was to develop a generative computational tin- 

nitus perception model based on the Bayesian brain concept. The behavioral responses of 46 tinnitus 

subjects who underwent ten consecutive residual inhibition assessments were used for model fitting. 

Our model was able to replicate the behavioral responses during residual inhibition in our cohort (me- 

dian linear correlation coefficient of 0.79). Using the same model, we simulated two additional tinnitus 

phenomena: residual excitation and occurrence of tinnitus in non-tinnitus subjects after sensory depriva- 

tion. In the simulations, the trajectories of the model were consistent with previously obtained behavioral 

and physiological observations. Our work introduces generative computational modeling to the research 

field of tinnitus. It has the potential to quantitatively link experimental observations to theoretical hy- 

potheses and to support the search for neural signatures of tinnitus by finding correlates between the 

latent variables of the model and measured physiological data. 

© 2021 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Subjective tinnitus is a conscious auditory perception in the ab- 

ence of external or internal sound sources. Up to 30% of the pop- 

lation experience bothersome tinnitus, but this depends on the 

ethodology and age group surveyed ( McCormack et al., 2016 ). 

vidence of abnormal neural activity along the auditory pathway 

p to the auditory cortex and other high-level networks suggests 

hat both peripheral and central systems are involved in the devel- 

pment and maintenance of tinnitus ( Carpenter-Thompson et al., 

014; De Ridder et al., 2011; Eggermont and Roberts, 2004; Jastre- 

off, 1990; Norena, 2011; Silchenko et al., 2013; Xiong et al., 2019 ). 
∗ Corresponding author at: Hearing Research Laboratory, ARTORG Center for 

iomedical Engineering Research, University of Bern, Switzerland. 
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A variety of models have been developed to explain tinni- 

us and related sound-triggered phenomena ( De Ridder et al., 

015; 2014c; Norena and Eggermont, 2003; Noreña and Egger- 

ont, 2006; Rauschecker et al., 2015; Roberts et al., 2013; Schaette 

nd McAlpine, 2011; Seki and Eggermont, 2003; Zeng, 2013 ). Re- 

ently, modelling approaches based on the Bayesian brain, a funda- 

ental framework for predictive processes, have gained attention 

n tinnitus research. Under the Bayesian brain perspective, percep- 

ion is considered as the active inference of environmental states 

nder uncertainty based on internal representations of the brain 

 Clark, 2013; Friston, 2010; Knill and Pouget, 2004 ). This notion 

as been applied in predictive coding ( Friston, 2010; Rao and Bal- 

ard, 1999 ) and hierarchical Bayesian inference, namely the Hier- 

rchical Gaussian Filter (HGF) ( Mathys et al., 2011; 2014 ), which 

nvolves the inclusion of hierarchical predictions of sensory input 

nto the brain. At each layer of the hierarchically structured sen- 
under the CC BY-NC-ND license 
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ory systems, bottom-up signals (likelihood) from the layer below 

re compared with the top-down prediction (prior) from the layer 

bove. Their deviations are denoted as prediction errors (PEs) and 

re passed to the higher layers to update the predictions with the 

im of minimizing the PEs. The magnitude of the PEs is calcu- 

ated based on the proportion of the confidence levels (precision) 

f the input and the prediction. Bayesian tinnitus theories assume 

hat tinnitus is a compensatory process to minimize elevated PEs 

aused either by bottom-up excitatory inputs, false top-down in- 

ibitory predictions, or a combination of both ( De Ridder et al., 

014a; 2014b; Hullfish et al., 2018; 2019a; Kumar et al., 2014; Lee 

t al., 2017; Sedley et al., 2019; 2016a; Vanneste and De Ridder, 

016 ). Sedley et al. (2016a) proposed a Bayesian brain model in 

hich tinnitus can be synergistically triggered by neurophysiologi- 

al, hormonal and neurochemical factors. Each of these factors can 

nfluence the precision of the bottom-up signal, i.e. the tinnitus 

recursor, to the auditory cortex. Normally, the top-down default 

rediction (i.e. the prediction in the absence of external stimuli 

r ‘silence’) prevents the auditory perception from tending towards 

he tinnitus precursor and ignores it as irrelevant noise. However, a 

ufficiently high precision of the tinnitus precursor leads to a lower 

egree of confidence in the default prediction - resulting in a de- 

iation from the default perception of ”silence”. Ultimately, suffi- 

iently long tinnitus chronicity can lead to the formation of a new 

efault prediction (from ‘silence to ‘tinnitus’) that maintains the 

ersistence of the tinnitus. 

The Bayesian brain concept can provide explanations for sev- 

ral phenomena observed in tinnitus patients, including residual 

nhibition (RI) and residual excitation (RE). RI and RE denote the 

ransient suppression or amplification of tinnitus loudness percep- 

ion after exposure to an acoustic stimulus. A detailed understand- 

ng, in particular of RI, is of central importance, as it could be ap-

lied to temporarily modulate tinnitus for management and relief 

n suffering patients ( Fournier et al., 2018; Hu et al., 2021 ). More-

ver, RI enables to investigate tinnitus characteristics using behav- 

oral test paradigms. However, there exists a paradox of neuronal 

ctivity in the auditory cortex during RI and RE. RI has been hy- 

othesized to be the consequence of a temporary reduction of suc- 

essive spontaneous firing and neuronal synchronicity that occur 

n response to peripheral lesions ( Galazyuk et al., 2017; Roberts 

t al., 2008 ). Neural imaging studies reported a reduction in low 

requency (i.e. delta/theta bands) and high frequency (i.e. gamma 

and) oscillations in the auditory cortex during RI ( Adjamian et al., 

012; Kahlbrock and Weisz, 2008; Sedley et al., 2015; 2012 ). Dur- 

ng RE, however, contrary to the expected increase of oscillations, 

 decrease of gamma oscillation was observed ( Sedley et al., 2012 ). 

agnetoencephalography data collected from patients with tin- 

itus showed predominantly gamma power positively correlates 

ith tinnitus intensity in those experiencing RI, but the opposite 

elationship in those experiencing RE ( Norena, 2011 ). This sug- 

ests that auditory cortical gamma oscillations suppress, rather 

han cause, the perception of tinnitus. Applying the Bayesian brain 

oncept, both suppression (RI) and enhancement (RE) of tinnitus 

an be explained as transient modulation processes of the tinnitus 

recursor and the default prediction. In both phenomena, the pro- 

ess aims at minimizing the prediction error caused by the acous- 

ic stimulation and manifests itself in a reduction of gamma oscil- 

ations. 

Although the Bayesian brain approach is promising, the lack of 

ossibilities to link the concepts to observable behavioral or phys- 

ological data limits further analysis. To overcome this limitation, 

enerative computational models were proposed in various areas 

f psychological research. In the related field of auditory hallu- 

inations, studies demonstrated that patients with strong priors 

prediction) are more likely to experience hallucinations ( Cassidy 

t al., 2018; Corlett et al., 2019 ) and that patients with halluci- 
2 
ations are less likely to update their prior beliefs with new sen- 

ory input ( Powers et al., 2017 ). Computational modelling of tinni- 

us was applied in previous studies ( Chrostowski et al., 2011; Gault 

t al., 2020; Parra and Pearlmutter, 2007; Schaette and Kempter, 

0 06; 20 09; 2012 ). To evaluate whether these concepts could be 

dvanced, we aimed to develop a generative computational tin- 

itus model based on the Bayesian brain concept. Such a tinni- 

us model could be of scientific and clinical importance for sev- 

ral reasons. First, it would enable the quantitative inference of ob- 

ervable data from proposed neurophysiological mechanisms. Sec- 

nd, differences in model parameters could be used for a refined 

ub-typing of tinnitus, to identify pathophysiological mechanisms 

nd potentially provide a personalized treatment based on behav- 

oral measurements ( Stephan et al., 2015 ). Third, generative com- 

utational models could be applied to generate sub-type-specific 

ynthetic data as a basis to design and assess hypotheses of be- 

avioral studies. Fourth, the individual parameter values for each 

ubject address the heterogeneity across tinnitus patients allow- 

ng patient tailored treatment in the future, for instance, in com- 

ination with neuro-feedback that demonstrated promising results 

 Gntensperger et al., 2017 ). We hypothesized that a Bayesian brain- 

ased approach can be used to reproduce RI behavior in tinnitus 

ubjects by introducing a novel generative HGF-based model, the 

innitus Hierarchical Gaussian Filter (tHGF). The model was tested 

ith behavioral data of tinnitus subjects collected during RI assess- 

ent. Since the Bayesian brain concept is also able to explain the 

henomena of residual excitation and the occurrence of tinnitus 

fter temporary sensory deprivation (e.g. by using ear plugs), the 

pplicability of the model to generate such phenomena was evalu- 

ted. 

. Materials and methods 

.1. Tinnitus Hierarchical Gaussian Filter (tHGF) 

Our computational model is based on the HGF, which applies 

ariational Bayes to infer an individual’s belief and uncertainty of 

idden environmental states from sensory inputs ( Mathys et al., 

011; 2014 ). The hidden states evolve over time as a hierarchy 

f coupled Gaussian random walks. At each level of the HGF, the 

olatility over the hidden states is dynamically estimated by the 

tates of the next higher level. We adopted the HGF in our ex- 

ended tinnitus model (tHGF) by assessing the continuous updat- 

ng of subjects’ beliefs in tinnitus perception in response to acous- 

ic stimulation. In addition, our model applies the Bayesian ap- 

roach proposed by Sedley et al. (2016a) , in which the posterior 

istribution represents the auditory perception and is proportion- 

lly depending on the sensory evidence (likelihood) and the brain’s 

redictions (prior distributions). These distributions are Gaussian, 

ith the mean representing the auditory intensity (dB SL) and 

he inverse variance the precision of the perception. According to 

edley et al. (2016a) , the likelihood distribution reflects the spon- 

aneous activity along the auditory pathway to the auditory cortex 

nd is denoted as tinnitus precursor. In non-tinnitus subjects, the 

nfluence of the tinnitus precursor is eliminated by the prior dis- 

ribution (the default prediction) with ”silence” as the mean value 

defined at 0 dB SL) and a dominant precision. Tinnitus occurs ei- 

her when the mean value of the default prediction is displaced 

rom 0 dB SL or when the precision of the tinnitus precursor in- 

reases significantly, which leads to a updated posterior distribu- 

ion (i.e. auditory perception). 

In the tHGF, we combine the approaches of the HGF and the 

ayesian theory proposed by Sedley et al. (2016a) . A graphical 

epresentation of the tHGF is shown in Fig. 1 . The trajectories of 

he hidden environmental states (including the auditory percep- 

ion) are derived from the perceptual model (blue and yellow ar- 
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Fig. 1. Graphical representation of the Tinnitus Hierarchical Gaussian Filter (tHGF). Diamonds and hexagons represent quantities that change in time, while hexagons addi- 

tionally depend in a Markovian fashion on the previous state in time. Parameters in circles are time-invariant constants. A two-level continuous HGF was used as the basis 

(blue area).The acoustic stimulation, i.e. u s , is used as a model input (sensory input). The first level x 1 estimates the auditory perception of the subjects, while its certainty 

is controlled by the second level x 2 with the coupling strength κ1 and the logarithmic volatility ω 1 . The estimation of auditory perception additionally depends on a second 

input, the tinnitus precursor u t (yellow area). The certainty of the tinnitus precursor is determined by the higher level b. The volatilities of the second levels (i.e. x 2 and b) 

are determined by the time-invariant parameters ϑ 2 and ϑ b . The behavioral response y (model output; red area) depends on the inferred value of x 1 , indicated as a dashed 

line. 
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as in Fig. 1 ), while the response model (red area in Fig. 1 ) trans-

ates them into the behavioral responses of the subjects. The dis- 

ributions of the hidden states, i.e., their mean and precision, are 

ontinuously updated according to the acoustic stimulation ( u s ; 

odel input) leading to transiently modulated auditory perception 

nd consequently behavioral responses ( y ; model output). In our 

odel, the sensory evidence is assumed to be formed as a joint 

istribution of the tinnitus precursor ( u t ; a fitted model variable) 

nd external acoustic stimuli ( u s ; model input). The probability dis- 

ribution of the external acoustic stimulation can be represented 

y a Gaussian distribution with mean at the stimulation level (in 

B SL) and a high precision. In the absence of stimulation, a level 

f 0 dB SL and a low precision are used as model input. The proba-

ility distribution of the tinnitus precursor is approximated as con- 

isting of a time-invariant mean representing a subject-specific au- 

itory intensity and a time-varying precision updated based on its 

igher level. This model offers the possibility to choose between 

xed parameters or to fit all time-invariant constants (i.e. circles in 

ig. 1 ), the prior distribution (i.e., the initial values for mean and 

ariance before any external stimulation, i.e., the steady state) of 

he time-varying states (i.e., hexagons in Fig. 1 ), and the the tin- 

itus precursor (i.e., the time-invariant mean value and the prior 

ariance of u t ). The details of the models used for the evaluation 

i.e. which parameters were selected as fixed or tuned by model 

tting) are presented in the Section 2.3 . 

.1.1. Perceptual model 

The perceptual model in the tHGF is based on a two-level con- 

inuous HGF ( Mathys et al., 2014 ) for estimating the behavioral re- 

ponses y (k ) of the subjects (model output or decisions), where k 

epresents a time index. We extend the model by adding the com- 

onents regarding the tinnitus precursor. The lower level x (k ) 
1 

rep- 

esents the hidden state about the intensity of an auditory percep- 

ion (in dB SL). The precision, i.e. how certain a subject is about 

he perception, is determined by the state of the second level x (k ) 
2 

. 
3 
n the following description, the expected values of posterior be- 

iefs about the states at a certain level i are called μ(k ) 
i 

, while ˆ μi 
(k ) 

s used to denote predictions before new inputs are observed. 

The sensory input in the tHGF is composed of the acoustic stim- 

lation u (k ) 
s (model input) and the tinnitus precursor u (k ) 

t to infer 

he hidden state x (k ) 
1 

, with the variances (i.e. the inverse of the 

ensory precision) 

(
π(k ) 

s 

)−1 

and 

(
π(k ) 

t 

)−1 

, respectively. The sen- 

ory precision πs is lower in the absence of stimulation (denoted 

s �0 ): 

 

(k ) 
s ∼ N 

(
x (k ) 

1 
, 
(
π(k ) 

s 

)−1 
)
, (1) 

 

(k ) 
t ∼ N 

(
x (k ) 

1 
, 
(
π(k ) 

t 

)−1 
)
, (2) 

(k ) 
s = 

{
�0 if x (k ) 

1 
= 0 dB SL 

�s if x (k ) 
1 

= stimulus level (in dB SL) with �s � �0 .

(3) 

The tinnitus precursor u (k ) 
t is defined as spontaneous activity 

long the auditory pathway ( Sedley et al., 2016a ). In our model, 

 

(k ) 
t is approximated as a time-invariant and subject-specific au- 

itory intensity (referred to as U t ) above tinnitus perception level. 

he updating equation for the posterior belief on auditory percep- 

ion μ(k ) 
1 

after receiving sensory input is: 

(k ) 
1 

= ˆ μ1 
(k ) + 

ˆ π(k ) 
s 

π(k ) 
1 

· δ(k ) 
s + 

ˆ π(k ) 
t 

π(k ) 
1 

· δ(k ) 
t , (4) 

ith the prediction errors 

(k ) 
s = u 

(k ) 
s − ˆ μ1 

(k ) 
, (5) 

(k ) 
t = U t − ˆ μ1 

(k ) 
. (6) 
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In addition, we have 

ˆ 1 
(k ) = μ(k −1) 

1 
, (7) 

(k ) 
1 

= ˆ π(k ) 
1 

+ ˆ π(k ) 
s + ˆ π(k ) 

t , (8) 

ˆ (k ) 
1 

= 

1 (
π(k −1) 

1 

)−1 + exp 

(
κ1 · μ(k −1) 

2 
+ ω 1 

) . (9) 

The precision of the first level is determined by the belief about 

he state of the higher level x (k ) 
2 

(i.e., ˆ μ(k ) 
2 

), which is updated via 

he prediction error δ(k ) 
1 

, weighted by the precision: 

(k ) 
2 

= ˆ μ(k ) 
2 

+ 

1 

2 

· 1 

π(k ) 
2 

· κ1 · w 

(k ) 
1 

· δ(k ) 
1 

and (10) 

 

(k ) 
1 

= exp 

(
κ1 · μ(k −1) 

2 
+ ω 1 

)
· ˆ π(k ) 

1 
, (11) 

ith 

(k ) 
1 

= 

(
1 

π(k ) 
1 

+ 

(
μ(k ) 

1 
− ˆ μ1 

(k ) 
)2 

)
· ˆ π(k ) 

1 
− 1 , (12) 

(k ) 
2 

= ˆ π(k ) 
2 

+ 

1 

2 

· κ2 
1 · w 

(k ) 
1 

·
(
w 

(k ) 
1 

+ (2 · w 

(k ) 
1 

− 1) · δ(k ) 
b 

)
, (13) 

ˆ (k ) 
2 

= 

1 (
π(k −1) 

2 

)−1 + ϑ 2 

. (14) 

We introduce an AR(1) auto-regressive process to the state x (k ) 
2 

, 

ushing x (k ) 
2 

towards a restriction parameter m 2 with a change rate 

f φ2 , to prevent the occurrence of infinite precision: 

ˆ (k ) 
2 

= μ(k −1) 
2 

+ φ2 ·
(
m 2 − μ(k −1) 

2 

)
(15) 

In our model, the precision of the tinnitus precursor π(k ) 
t is de- 

ermined by the second level b (k ) (with a fixed variance ϑ b ), that is

odulated proportionally to the deviations between the posterior 

erception μ(k ) 
1 

and the tinnitus precursor U t (i.e. the prediction 

rror δ(k ) 
b 

). Greater deviations lead to an increased uncertainty (i.e. 

ecrease of the precision) of the tinnitus precursor. 

ˆ (k ) 
t = exp 

(
−
(
κt · μ(k ) 

b 
+ ω t 

))
, (16) 

(k ) 
b 

= ˆ μ(k ) 
b 

+ 

1 

2 

·
(
π(k ) 

b 

)−1 · κt · δ(k ) 
b 

, (17) 

(k ) 
b 

= 

(
1 

π(k ) 
1 

+ 

(
μ(k ) 

1 
− U t 

)2 
)

· ˆ π(k ) 
t − 1 . (18) 

Same as for x (k ) 
2 

, an AR(1) auto-regressive process was imple- 

ented to prevent infinite precision of tinnitus precursor in the 

econd level b (k ) : 

ˆ b = μ(k −1) 
b 

+ φb ·
(
m b − μ(k −1) 

b 

)
. (19) 

For the precision of the second level of the tinnitus precursor 

 

(k ) we have 

(k ) 
b 

= ˆ π(k ) 
b 

+ 

1 

2 

· κ2 
t ·

(
1 + δ(k ) 

b 

)
, (20) 

ˆ (k ) 
b 

= 

1 (
π(k −1) 

b 

)−1 + ϑ b 

. (21) 

The coupling factors ( κ1 , κt ) and the volatilities ( ω 1 , ω t ) control

he dependence of the precision of the first levels on the states of 

he second levels. The updating of the precision decreases as κ1 or 

t are reduced, corresponding to a stronger belief in priors. 
4 
.1.2. Response model 

A Gaussian noise model is used to map the subjects’ belief in 

erception μ(k ) 
1 

to their behavioral responses y (k ) : 

 (y (k ) | μ(k ) 
1 

) = N (μ(k ) 
1 

, ζ ) , (22) 

here the variance ζ represents the noise in the measurement, 

eural processing, and additional noise sources not covered by the 

erceptual model. 

.2. Behavioral data 

.2.1. Data collection 

The behavioral data used for modeling were collected in a 

tudy investigating the association between RI and neural activ- 

ty in subjects with tinnitus. The study was approved by the lo- 

al institutional review board (reference number: KEK-BE 2017- 

2037). A detailed description of the measurement setup and pro- 

edures for audiometric and tinnitometric assessment is provided 

n the published study protocol ( Hu et al., 2019 ). The behavioral 

ask consisted of ten consecutive trials. In each trial, a personal- 

zed narrow-band noise stimulus was presented bilaterally to the 

ubjects for 60 s to cause RI ( Hu et al., 2019 ). The subjects were

sked to rate the RI depth on an 11-point Likert scale (range: -5 to 

; -5 complete suppression, 0 no change, +5 enhancement) imme- 

iately after stimulus end. The next trial was started after the sub- 

ects indicated that their tinnitus had reached the initial tinnitus 

oudness level (i.e. by indicating 0). During the experiments, the 

ndicated RI depth and time of response (referred to as ”RI time”) 

ere recorded ( Fig. 2 (a)). For the model, we used data from 46 

innitus subjects that were susceptible to substantial RI, i.e. sub- 

ects who achieved an averaged maximum RI depth of -5 or -4 

ver the 10 trials, corresponding to a complete or almost complete 

uppression of tinnitus ( Hu et al., 2021 ). The demographic details 

f the subjects can be found in Supplementary Table. 

.2.2. Data preprocessing 

For an appropriate model output, the behavioral responses of 

iscrete-time categorical variables were mapped to continuous tra- 

ectories of tinnitus loudness in dB sensation level (SL). For this 

urpose, the individual tinnitus loudness (in dB SL) determined 

rom tinnitometry ( Hu et al., 2019 ) was used as the reference level,

orresponding to an RI depth of 0. The RI depth of -5 was defined 

s a tinnitus level of 0 dB SL (complete suppression). A sigmoid 

unction was fitted to the discrete RI depth responses of the ten 

rials to generate a single continuous behavioral response at a sam- 

ling rate of 10 Hz, corresponding to a sampling step of 0.1 s ( Fig. 2

b)). The found continuous tinnitus loudness trajectory was repli- 

ated ten times and applied as the model output based on the ro- 

ustness of the short-term repeatabilty of the subjects’ responses 

uring RI ( Hu et al., 2021 ). During stimulation, the behavioral re- 

ponse to acoustic perception of the subjects was defined to be 

dentical to the stimulus level ( Fig. 2 (c)). In addition, eight-minute 

ong baseline periods with the initial tinnitus loudness level prior 

o and at the end of the 10 trials were added, assuming that the 

innitus loudness of all subjects remained in a steady state before 

nd after the behavioral task ( Fig. 2 (c)). 

.3. Model fitting and model selection 

To evaluate the performance of tHGF, we compared it with 

hree other perceptual models. (i) Model 1 is a conventional two- 

evel continuous HGF ( Mathys et al., 2014 ). It was used as a base-

ine for performance evaluation. (ii) Model 2 is a simplified ver- 

ion of tHGF to investigate the influence of the tinnitus precursor. 

t was specified such that the precision of the tinnitus precursor 

s assumed to be zero (i.e. without tinnitus precursor; π(k ) = 0 ). 
t 
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Fig. 2. (a) Behavioral data collection using ten consecutive trials with acoustic stim- 

ulation of 60 s duration. After stimulus offset, the subjects were asked to indicate 

the residual inhibition (RI) depth on a Likert scale. Consecutive trials were initi- 

ated after the subjects indicated the return of the tinnitus to the initial loudness 

level. (b) The categorical behavioral responses collected during the residual inhibi- 

tion task were mapped to continuous dB sensation level (SL) values and fitted with 

a sigmoid function to produce a single continuous trajectory for each subject. The 

black diamonds represent the combined behavioral responses of ten trials, while 

the blue line indicates the fitted trajectory. (c) To generate the model output, the 

fitted trajectory was replicated ten times, interleaved by the acoustic stimulation. In 

addition, eight-minute non-stimulus periods before and after the assessment task 

were added (green areas). The black dashed line represents the model input with 

0 dB SL for silence and a subject-specific level (here: 20 dB SL) for acoustic stimu- 

lation. The blue solid line represents the model output reflecting the auditory per- 

ception. 
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iii) In model 3, we included a fixed tinnitus precursor (i.e. with 

 time-invariant precision: π(k ) 
t = �t ). iv) Model 4 represents the 

omplete tHGF and enables the reduction in the sensory preci- 

ion of the tinnitus precursor after stimulation, which leads to a 

tronger belief in perceiving silence. We combined each perceptual 

odel with two different response models, with either a fixed or 

 subject-fit noise parameter ζ . 

All models were fitted with the collected behavioral data from 

6 subjects. For each model parameter, its prior distribution, i.e. 

he prior mean and prior variance, was defined before model fit- 
5 
ing. In all tested models, it was assumed that the tinnitus percep- 

ion of the subject remained constant before the behavioral task. 

herefore, the mean value of the prior distribution for perception 

(0) 
1 

was fixed to the subject specific tinnitus intensity, while the 

ean values of the prior distributions of other states, i.e. μ(0) 
2 

and 

(0) 
b 

, were set to a neutral value of zero. Additionally, the prior 

istributions were determined for the model parameters to ensure 

he constant trajectories of the states and their precision before the 

ehavioral task (steady-state; μ(k ) 
i 

! = μ(k −1) 
i 

and π(k ) 
i 

! = π(k −1) 
i 

). An 

verview of the parameter settings (i.e., which parameter was set 

o be fixed or subject to fitting) of 8 models (4 perceptual mod- 

ls times 2 response models) and their prior distributions are pre- 

ented in Table 1 . A parameter was defined as fixed if an infinite

rior precision (i.e. a prior variance of zero) was used. Parameters 

ith a non-zero prior variance, including the tinnitus precursor, 

ere fitted. 

For parameter estimation, maximum-a-posteriori (MAP) was 

pplied using the prior distribution of the model parameters and 

ptimised with a quasi-Newton optimisation algorithm. For model 

nversion (model fitting), the HGF-Toolbox version 4.1 from the 

APAS package was used ( Toolbox, 2020 ). To validate the perfor- 

ance of the tHGF the protected exceedance probability (PXP) us- 

ng the log model evidence (LME) was calculated for each of the 

 models. The LME metric considers the trade-off between model 

rchitecture and model fit by penalizing model complexity. Across 

ll subjects, the PXP showed that the full tHGF with the subject- 

pecific noise parameter for the response model (PXP = 0.97) ex- 

lained the behavior of the subjects with the highest probability. 

herefore, the reproduction of RI and additional simulations were 

erformed with the full tHGF and the subject-specific response 

odel. 

.4. Model test scenarios 

To assess the generality of the tHGF, three scenarios of common 

erceptual tinnitus phenomena were simulated with the identical 

odel structure: (1) residual inhibition, (2) residual excitation and 

3) the occurrence of tinnitus in non-tinnitus subjects after tem- 

orary sensory deprivation (e.g. as caused by ear plugs or a longer 

tay in a soundproof chamber). For all simulations, the model in- 

ut (i.e. the external stimulus in dB SL) was used to generate 

he model output (i.e. the behavioral responses indicating tinnitus 

oudness mapped to dB SL). 

.4.1. Residual inhibition 

Testing of the RI scenario was performed by applying the 

ubject-specific parameters found from model inversion to the 

odel using the same subject-specific acoustic stimulation to gen- 

rate the behavioral responses in our cohort. We compared the 

enerated model output with the raw data of each subject’s be- 

avioral response with the aim of reducing possible information 

dded by pre-processing. Data at the same time points after au- 

itory stimulation as the raw data were sampled from the gen- 

rated model output over ten trials. A linear regression with zero 

ntercept was performed for each subject using the raw data as the 

ependent variable and the sampled model output as the indepen- 

ent variable. The linear correlation coefficient was used to assess 

he similarity of the model output with the subject responses. In 

rder to investigate the influence of the coupling factor κt , which 

ontrols the volatility of beliefs in the tinnitus precursor, on RI, the 

odel outputs were additionally evaluated using six empirically 

elected magnitudes for the tinnitus precursor coupling factor ( κt 

 0, 0.0 01, 0.0 05, 0.01, 0.05, 0.1). As a saturation of RI even using

xtended stimulation durations was observed by Terry et al. (1983) , 

e compared the model output with four stimulation durations (5, 
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Table 1 

Overview of the model parameter settings. 

Model Input/Output Parameter Description Parameter setting (prior mean; prior variance) 

Model 1 Model 2 Model 3 Model 4 

Sensory Stimulation u s Stimulation level (dB SL) Subject-specific stimulation level (dB SL) 

�s Precision with stimulation �0 ; 0 1 ; 4 2 15 · �0 ; 4 2 

�0 Precision without stimulation 0.1 ; 4 2 π(0) 
t 

(
μ(0) 

t 

μ(0) 
1 

− 1 

)
; 0 

Responses y Auditory perception (dB SL) 

Perceptual Model Model 1 Model 2 Model 3 Model 4 

Perception μ(0) 
1 

Initial mean of inferred perception Subject-specific tinnitus level (dB SL) ; 0 

σ (0) 
1 

Initial variance of μ1 1 ; 4 2 1 

3 ·(�0 + π(0) 
t ) 

; 4 2 

κ1 Coupling strength to π1 0.05 ; 0 

ω 1 Learning rate of π1 0.1 ; 4 2 log 

(
1 

ˆ π(0) 
1 

− 1 

π(0) 
1 

)
; 0 

μ(0) 
2 

Initial mean of 2 nd level 0 ; 0 

σ (0) 
2 

Initial variance of 2nd level 3 ; 4 2 3 ; 4 2 

ϑ 2 Learning rate of π1 -8 ; 0 1 

ˆ π(0) 
2 

− 1 

π(0) 
2 

; 0 

m 1 Restriction parameter - ; - - ; - 0.5; 0 

Model 1 Model 2 Model 3 Model 4 

Tinnitus Precursor μ(0) 
t Mean of tinnitus precursor - ; - - ; - μ(0) 

1 
· (0 . 5 · ( 

√ 

u s 

μ(0) 
1 

− 1) + 1) ; 4 2 

κt Coupling strength to πt - ; - - ; - - ; - 0.05 ; 0 

ω t Learning rate of πt - ; - - ; - log 

( 

μ(0) 
t ·

(
μ(0) 

1 
−μ(0) 

t 

)2 

μp −0 . 5 ·μ(0) 
1 

) 

; 0 

b (0) Initial mean of 2 nd level - ; - - ; - - ; - 0 ; 0 

σ (0) 
b 

Initial variance of 2 nd level - ; - - ; - - ; - 5 ; 4 2 

ϑ b Learning rate of πb - ; - - ; - - ; - 1 

ˆ π(0) 
b 

− 1 

π(0) 
b 

; 0 

m b Restriction parameter - ; - - ; - - ; - 5 ; 4 2 

Response Model Model 1 Model 2 

ζ Inverse decision 0.001 ; 4 2 0.001 ; 0 
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0, 60, and 180 s) to evaluate RI saturation effects predicted by the 

odel. 

.4.2. Residual excitation 

Sedley et al. (2016a) suggested that stimulation at a level simi- 

ar to that of the tinnitus precursor could lead the brain to believe 

t will perceive a higher intensity by modifying the default prior 

nd/or posterior to become more similar to the tinnitus precursor, 

esulting in a temporary enhancement in tinnitus perception while 

educing the precision-weighted prediction error (PWPE). To inves- 

igate whether the tHGF model could replicate this phenomenon 

ith the same model structures (i.e., fitted values of model pa- 

ameter using RI behavioral data), we applied the stimulation at a 

evel identical to the estimated mean of the tinnitus precursor to 

imulate RE for an exemplary subject in the second scenario (i.e. 

 s 
! = U t ). 

.4.3. Transition from residual inhibition to residual excitation 

Since we assume that perceptually similar stimuli can produce 

E, a transition of the effect from weak RI to RE and back to RI

hould be observed for increasing stimulation levels, depending on 

he tinnitus precursor. Furthermore, it was shown that higher in- 

ensities produce stronger RI ( Terry et al., 1983 ). To illustrate the 

ransition, we computed and compared the synthetic output of the 

HGF for different stimulation levels. 

.4.4. Tinnitus after temporary sensory deprivation 

An empirical study reported 64% of subjects without tinnitus 

xperienced tinnitus-like sounds after sitting in a sound booth for 

0 min ( Tucker et al., 2005 ). Another study demonstrated that 70% 

f participants wearing a monaural earplug experienced tinnitus 

n the plugged side (17/27 in the plugged ear only, or in both ears, 

ut louder in the plugged ear 2/27) ( Brotherton et al., 2019 ). Ac-

ordingly, it was hypothesized that the occurrence of tinnitus in 

ubjects without tinnitus after a prolonged stay in a silent envi- 

onment (e.g., in an acoustic chamber or with the use of earplugs) 
6 
ould cause an increase in the sensitivity of sensory cells in the 

eprived regions potentially leading to an increase in neural re- 

ponse gain in the central auditory system ( Hullfish et al., 2019b; 

chaette et al., 2012 ). This can be modelled by an decreased re- 

triction parameter ( m b ) of the auto-regressive process in the sec- 

nd level of the tinnitus precursor. For the third scenario, a syn- 

hetic non-tinnitus subject was created by setting the initial pa- 

ameter of the posterior perception to a small value ( μ(0) 
1 

= 0 . 01 ).

he coupling factor was also set to a small value to mimic the 

inor volatility in the tinnitus precursor ( κt = 0 . 001 ). The initial

alues of the other model parameters were updated according to 

able 1 . Sensory deprivation was simulated by manually modulat- 

ng the value of m b for the subject (without changing other model 

arameters). Additionally, we hypothesized that non-tinnitus sub- 

ects experiencing no tinnitus after staying in a silent environment 

around 30 % ( Brotherton et al., 2019 )) might have minimal tinni- 

us precursor volatility. To test this assumption, a second synthetic 

on-tinnitus subject was created with κt = 0 . 0 0 01 . 

. Results 

.1. Residual inhibition 

Fig. 3 (a) and (b) illustrate the model parameter trajectories 

f the tHGF levels for an exemplary subject (subject number 22). 

ig. 3 (a) shows a rapid decrease in the precision-weighted predic- 

ion error of the tinnitus precursor at stimulus onset and a grad- 

al decrease during stimulation. In the absence of external acoustic 

timulation, the error increases again to reach the previous level. 

onsequently, the uncertainty of the tinnitus precursor increases 

uring stimulation, but returns to its initial state after stimulus off- 

et (yellow shaded area in Fig. 3 (b)). The large tinnitus precursor 

ncertainty leads to a temporary reduction of the perceived tin- 

itus level immediately after the stimulus, eventually converging 

oward the initial tinnitus level (blue line in Fig. 3 (a)), which cor- 
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Fig. 3. Panels (a) and (b) demonstrate the trajectories of the tHGF during residual 

inhibition shown for three out of ten repetitions. (a) Precision-weighted prediction 

error (PWPE) of the tinnitus precursor. (b) Acoustic stimulation level (model input; 

black line), mapped behavioral response of the subject (red line), tinnitus precursor 

(yellow line) and the simulated behavioral response from the tHGF model (model 

output; blue line). The yellow shaded area represents the uncertainty (95% confi- 

dence interval) of the tinnitus precursor. Panels (c) and (d) show the effect of the 

coupling factor κt demonstrated in a single trial with a 60 s stimulus with 53 dB 

SL. The black dotted line represents the stimulus offset. The uncertainties of the 

tinnitus precursor are shown in (c) . The trajectories in (d) represent the auditory 

perception (posterior μ1 ). 
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esponds to a typical RI response. Supplementary Table S2 summa- 

izes the fitted values of the model parameter. 

.1.1. Influence of coupling factors 

The trajectories of the posterior of the second level of the tinni- 

us precursor (i.e. μb ) reflect the evolution of its precision (i.e. πt ), 

hich is influenced by the coupling factor κt . Fig. 3 (c) and (d) 

llustrate the impact of different magnitudes of κt on RI and the 
7 
innitus level. Increased values of κt accelerate the decrease of the 

innitus precursor’s precision to reach saturation during stimula- 

ion (upper panel of Fig. 3 (c)), allowing maximum suppression of 

he tinnitus perception after stimulation offset. However, they also 

ncrease the recovery of the tinnitus (i.e. less time of suppression). 

ow values of κt reduce the influence of the acoustic stimulation 

n the precision leading to a partial suppression of the tinnitus 

 κt = 0 . 001 ) or no suppression at all ( κt = 0 ). 

.1.2. Influence of stimulus duration 

Fig. 4 compares the RI responses for four different stimulation 

urations. With a sufficiently long acoustic stimulation (60 s), the 

ncertainty of the tinnitus precursor reaches the saturation level 

 Fig. 4 (a)), resulting in maximum tinnitus suppression ( Fig. 4 (b)). 

n prolonged stimulation duration (180 s) does not further in- 

rease the uncertainty of the tinnitus precursor. The trajectories of 

he uncertainty of the tinnitus precursor and the posterior percep- 

ion μ1 after stimulation offset (right panels of Fig. 4 (a) and (b)) 

re nearly identical for the 60 and 180 s stimuli. In contrast, an in- 

ufficient stimulation length (5 s and 10 s) results in a smaller tin- 

itus precursor uncertainty, which indicates a stronger belief in the 

innitus precursor and leads to less tinnitus suppression ( Fig. 4 ). 

.1.3. Comparison with raw data 

We observed a median linear regression coefficient of 0.79 for 

ll 46 subjects in Fig. 5 , indicating that the generative model is 

ble to reproduce the behavioral responses of the subjects in most 

f the cases. 

.2. Residual excitation 

The tHGF was able to reproduce RE with the trained model pa- 

ameters in all subjects (RE duration; median: 152 s; inter-quartile 

ange: 91 s). The simulation of RE on an exemplary subject is il- 

ustrated in Fig. 6 . A stimulation at a level equal to the mean value

f the individual tinnitus precursor ( u s = U t ) leads to an increase

n the precision of the tinnitus precursor. This causes a stronger 

elief in the tinnitus precursor, resulting in a perceived tinnitus 

oudness at the level of the tinnitus precursor, which is per defi- 

ition higher than the initial tinnitus loudness level. Therefore, an 

nhancement of the tinnitus loudness can be observed after stimu- 

ation offset. The tinnitus loudness level returns to its original level 

fter approximately 30 s after the stimulation offset in the exem- 

lary subject. Similar to the RI scenario, the stimulation results in 

 decrease of precision-weighted prediction errors for the tinnitus 

recursor, which return to pre-stimulation levels over time. 

The simulation of the different behavioral responses of an ex- 

mplary subject (subject 26) after a range of stimulation levels 

rom low to high is demonstrated in Fig. 7 . The transition from a 

eak RI effect at a low stimulation level, to RE using levels similar 

o the tinnitus precursor, back to RI can be observed. An RI effect 

an be observed for stimulation levels deviating from the level of 

he tinnitus precursor. The opposite is observed when the stimula- 

ion level is close to the tinnitus precursor, resulting in RE with a 

aximum effect when stimulated exactly at the tinnitus precursor. 

.3. Tinnitus after temporary sensory deprivation 

The simulated behavioral response for the synthetic non- 

innitus subject ( κt = 0 . 001 ) is shown in Fig. 8 . In the first 250 s

he subject perceives silence due to the low precision of the tinni- 

us precursor. Between 250 and 1200 s, the restriction parameter 

or the second level of the tinnitus precursor ( m b ) is reduced to 

imic deprived sensory cells caused by earplugs or a silent en- 

ironment. This causes the precision of the tinnitus precursor to 

ncrease (i.e. a decrease in the yellow shaded areas in the lower 
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Fig. 4. RI during stimulation (left hand side; solid lines) and after stimulation (right hand side; solid and dashed lines) for stimuli presented at 53 dB SL: Panel (a) shows 

the tinnitus precursor uncertainty for stimulus durations: 5 s (blue), 10 s (red), 60 s (yellow) and 180 s (purple). Panel (b) shows the perceived tinnitus suppression (i.e., 

posterior μ1 ) of the four different stimulation durations. 
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anel of Fig. 8 ). Over time, the the non-tinnitus subject is perceiv- 

ng the tinnitus. After resetting the parameter m b , (i.e. the earplugs 

re removed or the subject leaves the acoustic chamber) the tin- 

itus gradually disappears. Fig. 9 shows the behavioral responses 

or the second synthetic non-tinnitus subject with minimal tinni- 

us precursor volatility (i.e. κt = 0 . 0 0 01 ). No tinnitus could be per-

eived in this subject. 

. Discussion 

This study presents the tHGF, a Bayesian generative computa- 

ional model that enables to estimate the behavioral response of 

innitus subjects in experiments involving acoustic stimulation. The 

pplicability of the model was demonstrated in three common per- 

eptual tinnitus phenomena: RI, RE, and occurrence of tinnitus af- 

er sensory deprivation. 

.1. Residual inhibition and residual excitation 

Sedley et al. (2016a) introduced the term ”tinnitus precursor”

o describe the sensory input that corresponds to the spontaneous 

ctivity along the auditory pathway. They suggested that a bottom- 
8 
p compensation could be reflected as a modulation of the tinni- 

us precursor. Furthermore, resetting the default silence prediction 

ould be considered as a maladaptive top-down compensation. In- 

reasing the precision of the tinnitus precursor (with an inherently 

ow precision in non-tinnitus cases) would lead to the occurrence 

f tinnitus, while shifting the mean value of the default silence 

rediction to a certain intensity would contribute to the develop- 

ent of chronic tinnitus. Temporary tinnitus suppression follow- 

ng acoustic stimulation (i.e. RI) could be understood as a decrease 

n the precision or intensity of the tinnitus precursor. Presentation 

f a stimulus that is perceptually similar to the tinnitus precursor 

ould lead to a shift of the prediction distribution towards the tin- 

itus precursor or a decrease of the prediction precision, resulting 

n a stronger belief in the perception of tinnitus at a higher in- 

ensity (i.e. RE). Both phenomena, RI and RE, would result in a de- 

rease in precision-weighted prediction errors. Since the amplitude 

f gamma oscillations in the auditory cortex has been assumed to 

eflect precision-weighted prediction errors ( Sedley et al., 2016a ), 

he approach explains the paradox of reduced gamma oscillations 

n both RI and RE. 

For the RI scenario, the overall acceptable correlation be- 

ween the model-generated and measured behavioral re- 
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Fig. 5. Linear regression coefficient between the tHGF model output and the behavioral responses of 46 tinnitus subjects. Example trajectories are shown for very low (0.16), 

low (0.42), medium (0.78) and high (0.95) linear regression coefficients. Red points indicate the raw behavioral responses and blue lines indicate the output of the tHGF 

model. 
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ponses demonstrates the applicability of the tHGF model. 

oberts et al. (2008) suggested that RI corresponds to a temporal 

e-balancing of neural excitation and inhibition after the presenta- 

ion of a stimulus with sufficient intensity, which manifests as a 

ecrease in neuronal synchronicity in deafferent regions. 

Since the tinnitus precursor represents a sensory input, we 

rgue that reducing its precision relatively limits the excitatory 

nfluence on the auditory cortex and thus could be considered 

s restoring the balance of excitation and inhibition. Further- 

ore, hearing loss could lead to an increase in the sensitivity 

f cells in deafferented regions to detect the missing information 

 Hullfish et al., 2019b ). According to our model, this is reflected in

he increase in the precision of the tinnitus precursor. With suffi- 

ient stimulation the sensitivity is temporarily downgraded lead- 

ng to RI. In addition, low frequency neural oscillations have been 

iscussed as being responsible for modulating the precision of the 

innitus precursor. The decrease in precision in tHGF can be in- 

erpreted as the observed decrease in low frequency oscillations 

n the auditory cortex during RI in the human neuronal imaging 

tudies ( Adjamian et al., 2012; Kahlbrock and Weisz, 2008; Sedley 

t al., 2015; 2012 ), while the decrease in gamma oscillations could 

e interpreted as a minimization of precision-weighted prediction 
9 
rrors of the tinnitus precursor as mentioned above. Alternatively, 

I could be explained by forward masking of spontaneous activity 

n the auditory pathway, which would reduce the intensity of the 

innitus precursor instead of its precision ( Sedley et al., 2016a ). 

In the RE scenario, stimulation of the subject’s individual fit- 

ed tinnitus precursor resulted in increased precision of the tinni- 

us precursor, which would lead to a stronger belief of the subject 

n the tinnitus precursor. Since the tinnitus precursor (obtained 

hrough model fitting) has a higher intensity than the original tin- 

itus loudness, both prediction and posterior perception would up- 

ate towards a higher perceptual intensity hence a higher tinnitus 

erception after acoustic stimulation. Similar to the RI scenario, the 

odel reproduces reduced precision-weighted prediction errors of 

he tinnitus precursor during stimulation. The reduced prediction 

rrors can be interpreted as a reduction in gamma oscillations, as 

bserved in previous tinnitus studies for both RI and RE ( Arnal 

t al., 2011; Sedley et al., 2016b ). Considering the successful gen- 

ration of synthetic behavioral responses after acoustic stimulation 

hat reflected the RE phenomenon in all subjects in our cohort, it 

s worth discussing whether all tinnitus subjects could experience 

E through a specific stimulus at their tinnitus precursor that is 

f higher intensity than the tinnitus loudness. In previous studies, 
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Fig. 6. Trajectories of the tHGF in a simulated case of residual excitation. (a) 

Precision-weighted prediction error (PWPE) of the tinnitus precursor. (b) Acoustic 

stimulation level (model input, black line), simulated behavioral response of the 

subject (model output, blue line) and the tinnitus precursor (yellow line). In the 

RE scenario, the stimulation is presented at the mean value of the tinnitus precur- 

sor. The yellow and blue shaded areas represent the uncertainty (95% confidence 

interval) of the tinnitus precursor and the posterior, respectively. 

Fig. 7. Behavioral response of an exemplary subject for different stimulation levels 

two seconds after stimulus offset, illustrating the predicted transition from a weak 

RI effect to RE and to strong RI, eventually saturating for high stimulation levels. 
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E was observed in the minority (from a range of about 7-27%) 

ubjects ( Neff et al., 2019; Sedley et al., 2012 ). According to the 

HGF model, one explanation for the occurrence of RE in a limited 

umber of subjects could be the coincidental use of an acoustic 

timulation level close to the individuals’ tinnitus precursor. 

The transition of behavioral responses using different levels of 

timulation also suggests that no change in tinnitus perception, RI, 

nd RE might be experienced by the same subject. In our case, a 
10 
timulation level close to that of the tinnitus precursor produces 

n enhancement of the tinnitus for a subject who experienced RI 

hen using a sufficiently high stimulation level, or no change in 

erception when simulating with a level not similar to the tinnitus 

recursor (below or above the tinnitus precursor). Future work to 

nvestigate this speculation, not only considering the similarity in 

timulation level but also spectral characteristics, is worth to be 

erformed. In line with the literature ( Terry et al., 1983 ), Fig. 7 also

llustrates the transition from low RI effect to a substantial RI effect 

hen sweeping from low to high stimulation levels. 

.2. Tinnitus precursor coupling factor 

In our model, the suppression effect (i.e. the depth and dura- 

ion of RI) is influenced by the coupling factor of the tinnitus pre- 

ursor. The uncertainties (i.e., inverse precision) of the tinnitus pre- 

ursor increase logarithmically to saturation to prevent them from 

ecoming infinite, while the growth rate depends positively on the 

oupling factors κt . Therefore, we argue that the volatility of in- 

ividuals’ belief in the perception of tinnitus, which depends on 

he external environment, is controlled by a certain strength κt . 

he less confident a subject is about the tinnitus precursor, the 

tronger their belief in the perception of silence after the stimu- 

ation will be. A full suppression of tinnitus can only be achieved 

y saturation of the uncertainty of the tinnitus precursor. Lower 

oupling factors κt result in an overall lower RI depth (i.e. less 

uppression). In the extreme case of κt = 0 , the subject perceives 

he tinnitus at the previous level immediately after the stimulation 

ffset. In other words, these subjects experience neither tinnitus 

uppression nor enhancement. Conversely, larger coupling factors, 

.e. the strength of volatility to the change in the external environ- 

ent, also lead to a faster recovery of uncertainty, resulting in a 

horter RI time. Interestingly, in our previous work we observed 

 slightly increased maximal suppression effect immediately after 

he stimulation offset, but a modestly shortened RI time after ten 

onsecutive RI assessments ( Hu et al., 2021 ). In combination with 

HGF, this might be explained by a minor increase in coupling fac- 

ors after ten repetitions of RI. 

The coupling parameters control the volatility of beliefs in the 

innitus precursor. Partyka et al. (2019) have postulated that the 

redisposition to developing tinnitus may be contingent on an in- 

ividuals tendency to engage in auditory predictive processing (i.e. 

trength of reliance on pre-existing beliefs). Here, the proposition 

s that individuals with tinnitus exhibited stronger expectations 

hich in turn induce the pre-activation of tonotopically specific 

timulus templates in the auditory cortex in order to pre-empt 

xpected inputs. This notion has some neurobiological plausibility 

ince, in the visual cortex, it has been shown that expectations in- 

uce similar patterns of cortical activation compared to the actual 

isual stimulus ( Kok et al., 2017 ). 

.3. Stimulation duration 

Using the tHGF, we demonstrated that the RI depth and dura- 

ion saturate with increased stimulus durations as the precision of 

he tinnitus precursor saturates. This is in accordance to the work 

f Terry et al. (1983) , who observed a non-linear saturation effect. 

urther studies, with refined stimulation protocols need to be per- 

ormed to test the predictions of the tHGF model. 

.4. Tinnitus occurrence in non-tinnitus subjects 

The occurrence of tinnitus in non-tinnitus individuals is a com- 

on phenomenon. According to current tinnitus model proposed 

y Sedley et al. (2016a) , non-tinnitus subjects have a tinnitus pre- 

ursor with a relatively high uncertainty. In a previous study, audi- 
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Fig. 8. Simulated behavioral data of a synthetic non-tinnitus subject ( κt = 0 . 001 ). (a) Precision-weighted prediction error (PWPE) of the tinnitus precursor. (b) Zero acoustic 

stimulation level (model input, black line), simulated behavioral response of the subject (model output, blue line) and the tinnitus precursor (yellow line). The yellow shaded 

area represents the uncertainty (95% confidence interval) of the tinnitus precursor. The black dotted lines represent the modification times of the model parameter. The 

synthetic subject perceives the tinnitus in the period between 250 and 1200 s. 

Fig. 9. Simulated behavioral data of a synthetic non-tinnitus subject with minimal tinnitus precursor volatility (i.e. κt = 0 . 0 0 01 ). (a) Precision-weighted prediction error 

(PWPE) of the tinnitus precursor. (b) Zero acoustic stimulation level (model input, black line), simulated behavioral response of the subject (model output, blue line), and 

the tinnitus precursor (yellow line). The yellow shaded area represents the uncertainty (95% confidence interval) of the tinnitus precursor. The black dotted lines represent 

the modification times of the model parameter. In this case, no tinnitus is perceived by the synthetic subject. 
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ory phantom sensation could be induced in the majority of sub- 

ects after placing them in a sound-proven booth within 20 min 

 Tucker et al., 2005 ). Similarly, the majority of subjects who used 

arplugs experienced a phantom sound ( Brotherton et al., 2019; 

chaette et al., 2012 ). This phenomenon may be explained by an 

ncrease in neural gain, based on the theory of gain adaptation 

nd/or homeostatic plasticity in response to auditory deprivation. 

he increased neural gain in turn may be reflected as an increased 

ottom-up sensory expectation or an increased tinnitus precursor 

recision for Bayesian brain-based tinnitus theories. In the case of 

he tHGF, the neuronal changes in the auditory system might be 

ccounted by the model parameters at the higher levels of the tin- 

itus precursor. Therefore, we expected the occurrence of tinnitus 

n non-tinnitus subjects after adjusting the values of model param- 

ters in the second level of the tinnitus precursor, that mimic the 

onsequences of sensory deprivation, e.g., gain adaptation mech- 

nism and homeostatic plasticity. In this study, we have demon- 

trated that the tHGF enables the reversible occurrence of tinnitus 

y modulation of the restriction parameter m b , which functions to 

revent the subject from infinitely increasing the belief of perceiv- 

ng an intensity as the tinnitus precursor. The decreased m b could 

eflect gain adaptation or homeostatic plasticity and allows the 

ynthetic subject to increase the belief in the tinnitus precursor, re- 

ulting in an increase in auditory perception. After resetting m b to 

he original value, the synthetic subject’s perception returns to si- 

ence, which is consistent with a previous study in which earplugs 

ere used to produce a tinnitus-like perception that disappeared 

fter the earplugs were removed ( Schaette et al., 2012 ). Further- 

ore, the tinnitus was not perceived by the synthetic subject with 

inimal tinnitus precursor volatility. The different results due to 

ndividual model parameters could provide an explanation for the 

ubgroup without tinnitus after staying in a silent environment. 

.5. Prediction of residual excitation stimulation 

The model provides the opportunity to quantitatively test the 

peculation of the experience of RE in individuals with RI. Based 

n the tinnitus loudness, stimulation level, and the behavioral re- 

ponse of a subject, a stimulation level that can produce RE (i.e., 

t the fitted level of the tinnitus precursor) could be estimated. A 

tudy paradigm including this hypothesis could provide strong ev- 

dence for or against the basic assumptions underlying our model. 

.6. Strengths and limitations 

The tHGF demonstrates the potential of computational model- 

ng and may provide new insights into tinnitus research. We be- 

ieve that the use of computational modeling can bridge the gap 

etween current tinnitus theories and behavioral and physiologi- 

al observations by enabling the quantitative investigation of the 

roposed hypotheses. The assumption that insignificant and incon- 

istent results in the literature due to multiple synergistic mecha- 

isms of tinnitus could be verified with a computational and em- 

irically tested model has been proposed ( Sedley, 2019 ). In addi- 

ion, the model could be used as a basis for model development 

n future studies with refined behavioral tasks. Another capability 

f the model is the inference of its latent variables with behavioral 

nd physiological states of the subjects after input stimuli. Com- 

ined with the estimation of individual model parameters for each 

ubject, the model has the potential to guide specific treatment 

utcomes for the individual. 

One limitation of our study is the lack of evidence to associate 

he latent model parameters with physiological characteristics of 

he subjects. The RI test paradigm applied in this study ( Hu et al.,

019 ) does not provide sufficient behavioral data to estimate the 

ull range of model parameters or trajectories in the latent states 
12 
hat might enable an interpretation of physiological parameters. 

herefore, the fitted model may be challenged with an overestima- 

ion of the parameters that may have reached local minima dur- 

ng optimization. Further model-optimized tasks, e.g. performing 

I with different stimulation levels and durations or tasks suitable 

or measuring mismatch negativity (MMN), are required in future 

tudies to validate and advance the model. Furthermore, the pre- 

ented model does not include the entire range of tinnitus-related 

sychoacoustic features. The model could be further advanced by 

ncluding other factors such as tinnitus laterality and spectral in- 

ormation. 

Another limitation of our work is that the behavioral responses 

sed for model fitting applied a sigmoid function mapped from 

he original discrete responses from a Likert scale of ten trials. 

he preprocessing the raw data could introduce additional infor- 

ation that would contaminate the model fit. This was performed 

ue to the small amount of sparsely sampled data and the po- 

ential inherent uncertainties of the subjects in behavioral deci- 

ions. Future studies could either apply behavioral test paradigms 

ith continuous responses or directly use binary ( Mathys et al., 

014 ) or categorical levels with a higher sampling rate as model 

nput (i.e. without preprocessing) for fitting. Furthermore, although 

e used LME to account for the model complexity and model 

t, the paradigm of using a single stimulation level in this work 

ay not provide enough observations to cover the full range of 

he data distribution, leading to possible overfitting and the po- 

ential problem of local minima. Future experiments with differ- 

nt stimulation levels that provide additional information comple- 

enting the necessary observations would improve the goodness 

f fit. Also, responses with more time stamps would provide more 

nformation that would enable the development of a more so- 

histicated response model for estimating subject-specific behav- 

or. In this study only a single group of tinnitus subjects with RI 

as included, and no neuroimaging analysis was performed. The 

ombination of computational modeling, functional neuroimaging 

nd clinical measures could further extend the model and enable 

odel-based neuroimaging analyses such as fMRI and EEG/MEG. 

 correlation between model parameters and trajectories of hid- 

en states with neuronal activity in specific regions in the audi- 

ory system and other part of the brain of different subgroups (i.e. 

ith the control group) would consolidate the model and provide 

vidence for the role of the Bayesian brain in tinnitus physiology. 

evertheless, the presented work is part of an ongoing study in- 

olving within-subject EEG measurements in combination with re- 

eatable RI. The collected EEG data will be analysed together with 

HGF. Further details on the measurement procedure are available 

n Hu et al. (2019) . Beside the bottom-up compensation in the au- 

itory system, previous studies showed that other non-auditory 

ystems, including memory, attention and limbic systems, can be 

nvolved in the development and maintenance of tinnitus ( De Rid- 

er et al., 2014b; 2015; Rauschecker et al., 2015; Roberts et al., 

013 ). The necessity of establishing a default tinnitus prediction 

as been suggested to cause chronic tinnitus ( Sedley et al., 2016a ). 

o simplify the model, the development of tinnitus chronification 

as not included in the tHGF. Nevertheless, the precision of u s = 0 

i.e. �0 ) can be used to model the belief in the perception of si- 

ence. Modulation of �0 can therefore represent a shift of the de- 

ault prediction from silence toward tinnitus. 

In future work, the model can be extended to include modula- 

ion of top-down and bottom-up mechanisms to describe the de- 

elopment of tinnitus. For instance, an additional component can 

e introduced that is automatically updated over time in response 

o the external and internal environment to control for maladap- 

ive top-down compensation and thus the default tinnitus predic- 

ion. It can be speculated that the updating of this component is 

elated to the failure of noise cancellation from the frontostrial gat- 
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ng model and modifications in the salience and memory network. 

urthermore, its changes in responses to sensory input can pro- 

ide predictions for restoring the default prediction of silence. In 

ddition, the model may include a component related to hearing 

mpairment that automatically modifies the model parameters of 

he tinnitus precursor to reflect the consequence of sensory depri- 

ation, e.g. gain adaption, homeostatic or allostatic plasticity. Al- 

ernatively, other tinnitus-related computational models that focus 

n the microscopic level can be used to link to the specific model 

arameters ( Schaette and Kempter, 2012 ). 

. Conclusion 

We present a computational model based on the Bayesian brain 

ramework to quantitatively and qualitatively explain perceptual 

innitus phenomena. The replication of RI as well as the simulation 

f other common perceptual tinnitus phenomena demonstrates the 

pplicability of the model to capture processes involved in tinni- 

us. Our approach introduces generative computational modeling 

o the research field of tinnitus. It has the potential to quantita- 

ively link experimental observations to theoretical hypotheses and 

o support the search for neural signatures of tinnitus by finding 

orrelates between the latent variables of the model and measured 

hysiological data, and consequently to predict the outcomes of 

pecific treatments for individuals. 
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