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Abstract

A growing body of research is focused on identifying and understanding the
neurophysiological mechanisms that underlie tinnitus. Unfortunately, however, most current
models cannot adequately explain the majority of tinnitus features. For instance, although tinnitus
generally appears within minutes after entering a silent environment, most models postulate that
tinnitus emerges over a much larger timescale (days). Similarly, there is a limited understanding of
how the severity of tinnitus can differ in patients with a similar degree of hearing loss. To address
this critical knowledge gap, we have formulated a novel explanatory model of tinnitus, the
perception-update (PU) model, which rests on a theory of information processing and can explain
several key characteristics of tinnitus onset. The PU model posits that the brain continuously
updates the information received from the inner ear by comparing it to the received information
immediately before. That is, the auditory system processes the relative change in sensory input, as
opposed to the absolute value of the auditory input. This is analogous to the functioning of data
compression technology used for music and images called differential pulse code modulation
(differential PCM). The PU model proposes that the inner ear transmits sound change to the
auditory cortex via an auditory N1 response, an event-related potential component that
constitutes is a prime signaler of auditory input change. In cases of hearing impairment, the PU
model posits that the auditory system finds itself in a state of uncertainty where perception has to
be predicted based on previous stimulation parameters, which can lead to the emergence of
tinnitus.
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Model of tinnitus by signal processing theory

TR, AFEAEDETMITHBENMIDZNCEWEB A7 —L (A%) ([2hbiz> CTHET
BLE LTS, RS, RREOHEZET5BE TR, FBOEEERED L)
ICRR DB LDV TOESCHATE A, ZOERLMBEOF v v 7 o5y
D010, Foxld, HEOHLWHHEFT L THIHME - T8 (PU) EFLE2ERL
F L7, JHUE, EEHAHOBRICESNTEY . HBEFIEDOW L S0 BB
MTEET, PUETMI, WMARNENLRZE LB REZEANIZE Lo FH & ik
THZLICE > THREMICEF T 5 LELTWET, T72bb, BREY 257 AT, I
TSI DOHFE & 1T BRI, TRREA S O AR Z LA M L E T, 2L, 08
IWARFHEH (25 PCM) LRI 5 B 3Pl S5 7 — & JEME S O RE LS
ElcnEd, PUET/MIEL, NEABEEN 1RE4 0 L OB RE IS OE A fmEd
I LERRLET, W N RS 20 > NEEOBER MR ER TH Y | T
AN OEACDOFEIMZE T, BREEDSHE, PUET /BN T, LETORIE/ 7
A= F SO T PR END S EMENFHIERIREIC D D LTS 2T LAVHIET L
FINEISDRAE SRS FREMENR H D £,

Introduction

Tinnitus is the perception of a sound in the absence of a corresponding external acoustic stimulus.
Most individuals experience a transient and punctual form of tinnitus, whereas chronic tinnitus
affects approximately 10%-15% of the population (Langguth et al., 2013). Although many
explanatory models of tinnitus have been proposed to date, few adequately explain the ensemble
of features that characterize the phantom percept (Sedley et al., 2016). Almost all models
hypothesize that a change in neural activity or an auditory cortex structural abnormality is the
main driver of tinnitus (Henry et al., 2014). However, the neural changes proposed by these
models would develop over several days (Henry et al., 2014), which is in stark contrast with
some of the temporal features of tinnitus:

1. Tinnitus can suddenly occur within a few minutes after a person is placed in a completely
silent environment, only to subside as soon as the person returns to a normal environment (Heller
and Bergman, 1953; Tucker et al., 2005; Del Bo et al., 2008).

2. Tinnitus is almost immediately attenuated (generally within one minute) by the presentation
of a masker sound; when the masker sound is removed, the tinnitus percept returns to pre-masker
levels within a few minutes (Roberts et al., 2006; Adjamian et al., 2012; Schaette and McAlpine,
2011; Weisz et al., 2006).

HIGIE, G920 S BRI 72 WG E O FOME T, 1Z& A D NT—mEDH
2R L3708, BHNRERIIANOBEZE 10%005 15%I128 2 v £9° (Langguth
et al, . 2013) , S HETIZEZLKOHBETANRBEINTEXE LD, JIRORHEE
HEENZFHAT 2 b DITIZEAEH Y £H A (Sedley et al, . 2016) . 1 FELAEFTITO
BTN, REEOLME IR EMEDEE N HFHOFERERNTHD & LT
£9 (Henry et al, . 2014) , L/ L2RL, ZNHDET /ML > TIRE I N
OEAIFEH ZZE L (Henry et al, . 2014) | ZIUIHEBORMARFHLDO N Dk
2 KHRTY

1. ADEERERBREEICE NN E, BOoUNICHRNIERBIEL X T8, @HE O
BREICHE D &9 <IZiEE Y £7 (Heller and Bergman, 1953; Tucker et al, . 2005; Del
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2HBII AT —FORICE>TUTEAET I (FRIIC 1 5 UNIC) B L E7,
< AN —FNE RS &, BRI UNICY A —RIO L JLIZREY £9

(Roberts et al, . 2006; Adjamian et al, . 2012; Schaette and McAlpine, 2011; Weisz

etal, . 2006) .

Here, we present a novel mechanistic model of tinnitus, the perception-update (PU) model. The
model is an information-processing model based on a data compression technology commonly
used for compressing music and image files, called differential pulse code modulation
(differential PCM; Cutler, 1950), and posits that tinnitus results from a data compression error.
The model further postulates that the auditory cortex recognizes sound inputs by comparing it to
the input of the previous instant, and thus acts as a detector of input changes. In this model, the
auditory N1, a prominent electromagnetic response of the auditory cortex that is elicited
approximately 100ms after the onset and offset of a discrete tone or after an alteration of a
continuous tone (Zhang et al., 2016), serves as a marker of this change detection process within
auditory cortex. Indeed, recent studies have revealed that the auditory N1 detects change by
comparing the information of a preceding stimulus with that of a subsequent stimulus (Inui et al.,
2010).

The PU model will be described in greater detail below, and illustrations of how it successfully
explains tinnitus features will be provided. First, the following section will present current
models of tinnitus.

AT HBOH LA =X LET /L, perception-update (PU) ETF /L &I L FE T,
DT IV, E oV AR S (Differential PCM; Cutler. 1950) & FEiXiL 5 35388
77 A NRENG T 7 AV DEMEIC A STV D T — ZEME AN RS <
WILEET LV THY, T—FEMT 7 —NRETEBRELL EHELTWET, £
TITE B, BERLZENFIOBOAN T E T 52 LIk THEANEZTIH L.
L7z TANEOREZGRE LTHRET L2 ERELTWHWET, ZOET/LTIE, Bl
HREOHEREBHEK)SETHIHERN 1 (ZHIEHHm T OB IO T#., £
T3 T OZE%EF1 00m s T siLd (Zhangb, 2016) ) 23, Bl
RRENOEABE T e AD~—H—ThHbHELTWET, EEE. RITOMFIE TIL.
P N1 2N EATRIE OEH & SRRl OB A 45 Z LI K> TRk x i35 2
EDRHLMMZENTWET (Inuietal, . 2010) ,

PUET/ME, UTFICXVEFEMIHHIN, WL THIBORMEZ > £<HHT
MORENREINET, T, kOB Z > a r TCIHBEGFOHBEOET LEZHEN L E
kR

Article types

A Hypothesis and Theory article within the specialty of Auditory Cognitive Neuroscience.
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Current models of tinnitus
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Model of tinnitus by signal processing theory

Many different models have been proposed to explain how tinnitus develops. Although many
have shown promise, they, for the most part, do not adequately account for the majority of
observed tinnitus features.

For instance, the peripheral model (Mulders and Robertson, 2009) proposes that plastic
processes within the auditory system following damage to the peripheral nerves contribute to the
emergence of tinnitus. The prevailing view nowadays is rather that tinnitus originates mainly in
the central auditory system (CAS) (Jastreboff, 1990; Penner and Bilger, 1995; Lockwood et al.,
1998), in part because tinnitus was shown to increase following auditory nerve excision (House
and Brackmann, 1981).

The Tonotopic Reorganization Model (Rauschecker, 1999) proposes that the cause of tinnitus
lies in the expansion of the tonotopic map at the edge of the hearing loss. Recent research,
however, has indicated that macroscopic tonotopic reorganization of the auditory cortex is not
necessary for the emergence of tinnitus (Yang et al., 2011), and the model has difficulty
accounting for tinnitus that has broadband pitch characteristics (Henry et al, 2014). Both the
central gain model, which hypothesizes that tinnitus emerges following an increase in gain (or
sensitivity) within the CAS (Jastreboff, 1990; Schaette and Kempter, 2006; Norefa, 2011), and
the neural synchrony model (Norefa and Eggermont, 2003; Seki and Eggermont, 2003),
stipulate that tinnitus is the result of excessive local neuronal firing synchrony. However,
computational studies demonstrate that phase locked (synchronous) activity among auditory
neurons is more likely to depolarize postsynaptic targets than temporally incoherent inputs to the
same neurons (Stevens and Zador, 1998; Singer, 1999; Niebur et al., 2002). The filling-in model
(De Ridder et al., 2015; Roberts et al., 2013; De Ridder et al., 2014a), which proposes that
deafferented parts of the auditory cortex receive inputs from adjacent normally functioning
cortex, assumes that spontaneous subcortical input is reduced in hearing loss. However, recent
evidence has shown that it is, in fact, increased (Sedley et al., 2016). Many human and animal
studies comparing hearing-impaired tinnitus subjects to normal hearing controls indicate that
spontaneous neural activity patterns in the auditory pathway are altered (\Weisz et al., 2007;
Adjamian et al., 2012; Brozoski et al., 2002; Norefia and Eggermont, 2003; Weisz et al., 2005).
However, these neural changes are presumably due to the hearing loss rather than to tinnitus
itself, and there is little evidence supporting a correlation between tinnitus and these neuronal
changes (Adjamian et al., 2012; Sedley et al., 2016). On the other hand, the recently published
predictive coding model, which posits that the brain predicts perception based on previous
stimulation states, can also explain the majority of observed tinnitus features (Sedley et al.,
2016). Both the similarities and differences between this model and the PU model will be
discussed below.

HENEDLHIIZHETUDINEZMAT L7010, Z<ORBDZETIANEEINLTVE
T, ZLUITALETHDL OO, R EROEREFEZHAT L Z Skl Tn
jz‘é‘o

B 2 IX KK £ /L (Mulders and Robertson, 2009) Ti, RIgHHRE~DHEEHE OREE RN O
W 0 ANEEBOREICHEGETHZ ENRBREISNTOET, UL, BEEHARY]
BRIZICEIG I 2 Z & RSN 2 & bR R 720 . 4T, HFBO
FCJR S R BEE > A 7 & (CAS)  (Jastreboff, 1990; Penner and Bilger, 1995;
Lockwood et al, . 1998) (House and Brackmann, 1981) (Z& 5 &\ 9 B A3 B
Td,
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Tonotopic Reorganization Model (Rauschecker, 1999) %, FHEORENHE /I D
S CRME MK OIEEICH D Z E2RELTWET, L, EOWIEIT, BERE
B o BE AR JE R O BAERLS BEIGOHBICKHETITRNZ L 2RLTEY
(Yang et al, . 2011) . F7=. ZOETTIVIILHARE v FRMEAZ AT 5 Hig &2 i 4
L2 EMEELY (Henry &, 2014) , HRFIFEE T /L% CAS (Jastreboff, 1990;
Schaette and Kempter, 2006;Norefia, 2011) (ZBWCTHIE (F7- 1332 ME) A
52 THEBAHBLT S ERE L, MRRFEE 7 /L (Norefia and Eggermont, 2003; Seki
and Eggermont, 2003) &, HIE BRI RFi=a—w ) v VRO ETHDL = &
AHELTWET, LarL, #tELONIZEZ, R =2 —a R ONFHFS ([F5)

HENS, FML=a2—8a U ~ORFFMICIREE L7 AT L0 b 7 A BIER % i 55 ik
SHDAHREMER SV E A2 FEEEL TV E T (Stevens and Zador, 1998; Singer. 1999;
Niebur et al, . FEREFOFEENL BEET 2 EF ICHEEET 2 E 6 DO AT 2321 TH
%IRRT L HEEET L (De Ridder et al, . 2015; Roberts et al, . 2013; De
Ridder et al, . 2014a) (X, FE/IEFIZBWTEE FTOBEBAINIMNT T2 &HE L T
WET, L2L, mEOFERIC L D &, ZRIFERICITEML TV ET (Sedley et
al, . 2016) . BERIEEFOWRERE & EFREROMGRA KR L2 FEB LT
Y OWFEIT, BRI O B I RARRIEE N — N LTnDH Z e 2R LT
9 (Weisz 5, 2007; Adjamian %, 2012; Brozoski ©, 2002;Norefia and Eggermont,
2003; Weisz etal, . 2005) ., L2L., Z#bDOMROEIITHE L HIBZDHDT
FR<<HEIRRICE2bOTHY, HREZNAOLD=2—a rOE(bE OB % 3§
THRLTIFEAEDHY EHA (Adjamian etal, . 2012; Sedley etal, . 2016) .

— F T, RIIREXINTZ, PRES(ET VL, MM REHRT L >HOT, B
BT Ry 7 ZAOLETENRPLZET, ZOFFNLLEPUETIILEOROKEELS & FE
EROWM G 2% Tim CET,

Most current tinnitus models posit underlying neurophysiological changes to explain its
emergence. It is difficult to reconcile this hypothesis with the rapid onset and offset of the
tinnitus percept (Henry et al.,, 2014). Spontaneous hyperactivity in the cochlear takes
approximately seven days after sound exposure to occur (Salvi et al., 1978). Similarly, changes
in the spontaneous firing rates of auditory neurons typically take longer to develop in subcortical
(Kaltenbach et al., 2004) and cortical (Norefa and Eggermont, 2003) auditory regions. Auditory
cortex map expansion typically takes place over days or even weeks (Rajan et al., 1993; Willott
et al., 1993). The network model (De Ridder et al., 2014b) does not specify the neural origin of
tinnitus, but rather proposes that a wide network of brain areas is implicated to explain several of
its features, such as its conscious perception and associated distress and autonomic reactions
(Schlee et al., 2008; Schlee et al., 2009; Rauschecker et al.,, 2010). Even in people not
chronically affected by tinnitus, a tinnitus percept can easily emerge after inserting earplugs
(Schaette et al., 2012) or after entering an anechoic chamber (Del Bo et al., 2008). Similarly, the
tinnitus percept is found to quickly dissipate when returned to normal hearing conditions. Finally,
when presented with a masker stimulus, the tinnitus percept decreases for the majority of chronic
tinnitus patients, a phenomenon known as residual inhibition (Roberts et al., 2008; Adjamian et
al., 2012).

4 ODEBET VT, MRAEBPNELICE > TEEBRHBRT A L@ L W ET,
L E B0 RERBECE L L5 S5 Z LIXNEETT (Henry et al,
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2014) , WAFIZRT 5 HEEBOTTEIL, SORBORRELTHEHN 7 HEAELET
(Salvi et al, . 1978) , FEIZ, R == —v2 > OBHBFEAKRIT, KET
(Kaltenbach et al, . 2004) 3 L UVE (Norefiaand Eggermont, 2003) DI’ fAE
THRT 572 DI ITI P IZRER 23 00 5, BEREE ~ » 7 Od5RIE, @F. H
F AR T > TiTH 5 (Rajan et al, . 1993; Willott et al, . 1993) , * v
U —2Z7%E7 /L (De Ridder et al, . 2014b) (%, HISOMREIRZFE S DD TIE7R
< JRELPHORRFEI DO R v N T — 7 D3 Z O EFEAY IR I L OB T <0 3 R
Jt~ (Schlee %, 2008; Schlee ©. 2009; Rauschecker ©., 2010) 7z EDWL DD KF
BEDHATHZEEZRBL TS, EBEMICEEOZ2WATY, HEf (Schaette et
al, . 2012) ZHALE, FRIFEERIZASTRICHBMENEZICHENLD Z &
Né % (Del Bo &, 2008) . [FlIERIC, HARIL, EFREREICE 72 & & IZHE
I B Z ENRRMEND, KEIC, v AT —filizRrT 5 &, BEFRESD
RESOFRMFENMET L, ZAUFEELE S LTHONTWAELG THS (Roberts
etal, . 2008; Adjamianetal, . 2012) .

4 The PU model: tinnitus as an error of sound change integration
4.1 Auditory N1 as a change detector
2R & L COREE N1

As stated above, the auditory N1 is a prominent cortical electroencephalographic response to
both the onset (On-response; On-N1) and offset (Off-response; Off-N1) of an auditory
stimulus (Zhang et al., 2016). An auditory N1 can also be elicited by infrequent changes in pitch
or timbre of a continuous complex tone (\VVaz Pato and Jones, 1999; Change-N1). The amplitude
of Change-N1 components has been shown to increase as a function of the magnitude of
pitch/timbre change (Arlinger et al., 1982; Jerger and Jerger, 1970; Kohn et al., 1978;
Lavikainen et al., 1995; McCandless and Rose, 1970; Spoor et al., 1969; Yingling and Nethercut,
1983). Multiple types of continuous natural stimuli with changing pitch patterns have been
known to produce Change-N1s, such as fricative to vowel transitions (Ostroff et al., 1998) and
vowel to vowel transitions (Martin and Boothroyd, 2000), both of which are important for
phoneme perception.

Eikoo X 51z, BERN 1%, RO (v ih ; £2-N1) BXOF 7k vy
N (7RO A7-N1) OWGITHT 2BERKEMERSTHSD (Zhanghb,
2016) ., BENILITEZ, EROREMR F—r oy FERITEROENLRE
IMIZEZ>THEFERINGES (Vaz PatoBLDOPJones, 19994 ; Ch a
nge-N1), Change — N1KZTOEREL EvF EFREIELOKEIDOHN
BELTHEMTD2ZENRENTHD (Arlingerb, 19824 ; Jerg
erBlNPJerger, 19704 ; Kohnb, 19784 ; Lavikain
enb, 19954) ., ; McCandlessBILDOPRose, 19704 ; Sp
oorbhb, 19694 ; YinglingBLlU®Natherscut, 1983
), BB — B RS ~DER (Ostroff etal, . 1998) CREHE 6 REEF ~DE
¥ (Martin and Boothroyd, 2000) 72 &, & F ¥ — 038 0T 5 EEFRIH O Y
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72Hil% Ay Change-N1 Z/ERT 5 Z ENMOBNTWETN, ZHIFIRICERMTIZ L
> TCHETT,

The MMN (mismatch negativity) (Naatanen and Winkler, 1999; Naatanen et al., 2005;
Naatanen et al., 2007; Picton et al., 2000; Kujala et al., 2007) is an electroencephalographic
response that is elicited between 150 and 200 ms following the onset of a change in any regular
aspect of auditory stimulation. An MMN is commonly obtained under a so-called oddball
paradigm (Inui et al., 2010)—a stimulus sequence where a deviant tone irregularly appears
among a series of identical tones (Naatanen and Picton, 1987). Both the MMN and the Change-
N1 have been used to investigate the mechanisms of change-detection in the auditory system
and their relation to sensory memory (Jones et al., 2000; Hung et al., 2001; Vaz Pato et al.,
2002; Jacobsen et al, 2003; Noda et al., 1999). Sensory memory has been defined as the shortest
memory in the multi-store memory model (Atkinson and Shiffrin, 1968), and is believed to last
in the range of 10 (Sams, 1993) to 15 seconds (Winkler and Cowan, 2005). Furthermore,
sensory memory is attention-independent, modality-specific (Nishihara et al., 2014).

MMN ( I A~ v F[&M ) (Naiatanenand Winkler -~ 1999 4= ;Naatanen &5 -~ 2005
;Naatanens ~ 20074F; Pictons ~ 20004F; Kujalas ~ 20074F) (X =2 0OEFIRED
ZALDIGE Y 7> 5150 5200msDEICEEFE S N A MMESICTT . MMNIE, »
bdAEFTY KR—=NLAZ9 A4 A (Inuibs~20108F) - i —223—HEHD[E
—D h =D CAREANIIEN AR — 7T A-O N T—fklilEonsd (Naata
nen?%i?fPi cton~1987) - MMNBJLUChange - N1DEJlX
Hﬁﬁ& BIIAZEEBEDAHA=ZALB LU Z0 6 LRRELREE DR EFREST 57

DIFEREINTEE (Joness~20004F; Hungs ~20014F: Vaz
Patos-~200 4£ﬁ) 2002; Jacobsens ~ 2003; Nodas ~ 1999) . EVEZCE X
VIVTFARTETINVICRITAEESEE L TEEEINTEHB N (Atkinson and Shiffrin ~
1968 ) . 10¥) ( Sams ~ 1993 ) 73\%15@@%ﬁﬁf?§rf¢6 EEZ6NTWES
(Winkler and Cowan ~ 2005) . X5(2. EEzZCEI CREFERET. YY) 7 412
HEMTH S (Nishiharaetal - -~ 2014)

In contrast to Change-N1, ON-N1 has been described as an “obligatory” cortical response to
sound input (May and Tiitinen, 2010), as opposed to a response to a change in input. Both ON-
N1 and OFF-N1 responses are often believed to represent similar automatic cortical responses
owing to their similar properties in latency, topography, and source localization (Pantev et al.,
1996; Hari et al., 1987; Yamashiro et al., 2009; Nishihara et al., 2011; Noda et al., 1998).
Nishihara et al investigated the similarity between the ON-N1 with the Change-N1 and their
relationship with sensory memory (Nishihara et al., 2011). They concluded that ON-N1 and
Change-N1 are both generated by the same neural mechanism and are part of the change
detection system that is based on sensory memory. Furthermore, they showed that
whereas a Change-N1 response is elicited by any change in acoustic stimulation, ON-
N1 is a response elicited by a change from preceding silence. Finally, Yamashiro et al
(Yamashiro et al., 2009) reported that, similar to ON-N1, OFF-NL1 is also a response based on
sensory memory systems, and that both ON-N1 and OFF-N1 can be considered as subtypes of
Change-N1. In light of these findings, ON-N1 and OFF-N1 are now also considered responses
that signal a detected change in auditory stimulation.

Change-N1 & 133, ON-N1 (X, ASTOZAICHKT DL TiE <, BHE AN
X5 W] OFERIGE LTl & T& £ L~z (May and Tiitinen, 2010) ., O
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N - N1ISEELOFF - N1JSEOWAIE, B, Biln, B MEERSMICE
FAHENLDFEUOREDO T OIZEHB O BB RZERINERT E LI LITEZ 26 TW
5 (Pantevb, 1996 ; Harib, 1987 ; Yamashirob, 1
986), . 2009%F ;7KL 20114 ; Nodab, 199 84F) ,
Nishihara %%, ON-N1 & Change-N1 & O¥E{EIME, BIORFEELEL O L OREL%
Z & L7- (Nishihara et al, . 2011) . %51, ON-N1 & Change-N1 [ZEH 6 % [A]
CHIREA = X LT Ko TER S, EREREBICESSEBRESY AT 50— TH
LA E L, S5, M 51E. Change-N1 BUSIEHZERRL O] & 2D Ak
Lo THFHEINDDITK LT, ON-NT (FEATT DERN D DELIC L > THHE SN D
IS ThHZ xR LT, &%IZ. Yamashiro et al (Yamashiro et al, . 2009) I3,
ON-N1 & [REEEIZ, OFF-N1 &R FEIET AT DRSS KIHTH Y. ON-N1T & OFF-N1
DO )57 Change-N1 OH 74 A4 7L LTEALNLAZ EE2HELE LT, ZILHOH
RIS LT, ON - N1BLUOOFF - N1 b, BEREMOKBE SN2 %
HHEDINEE RS TnD

4.2 Sound perception is achieved by integrating sound change

FOMEIL, FOLELERST LI L THLAD

To illustrate how the integration of sound input change leads to sound perception, Figure 1
presents the example of a discrete tone burst (e.g. 6000 Hz) arriving in the auditory system. A
marked change in neuronal firing in the auditory cortex takes place at the onset and offset of the
stimulus. If the brain derives sound intensity (volume) based on a change in the auditory input, it
is necessary to integrate the actual value of change. The driving hypothesis behind the PU model
is that sound perception is continuously updated within the auditory system by determining at
any given moment the relative change in input from the immediately preceding moment, rather
than being obtained by determining the absolute sound parameters.

For example, let us examine the situation where an auditory stimulus is initially at 30 dB, then
increases to 80 dB at time point I, is then further increased to 100 dB at time point Il, only to
finally decrease to 50 dB at time point Ill. The auditory cortex receives new information—that is
distinct from previously received information—from the inner ear at time-points I, I1, and, I11; at
each of these time points, an auditory N1 is elicited by the sound change. The PU model
proposes that the auditory N1 signals the magnitude of change (+50, +20, and -50), as opposed
to the absolute magnitude (e.g. sound level) of the stimulus. Consequently, the auditory system
achieves perception by integrating the relative values provided by the auditory N1.

BRANEADOESRNED LI L THEFRBMRICORN D0 EHIAT 572010, ¥ 1
%, FER AT DZBIET WS h—rN—X & (il 21X, 6000Hz) DOHFl%ERT,
FRIFICB T D=2 —n R KOBEEREIZT, FEOBRMGIS L OMEIRRFICE Z 5,
ERFER AT OBECIZE SN TEE (FE) 28N 501X, EBEOE{LEEZF Y
TOVLEND D, xDOETNOERICHDEBNGIL., TR AT LT, Hxtm
eEEEZHNT 2O TR EATOBEMIZHIE Sz Lovd b ORI 72 2L %
45 Z L2k o T, RICERERN TSNS LV H 2 LT,

Bz 01X, EEOFEN ML 30dB TH Y, Kl | T 80dB (ZH# i L. KEA 11 T 100dB
ICE SITHIN L, BREANZHIES I C 50dB 12T 2k ZiH~<2% (X 1B) . FERE
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R  BEXONOFRES I THRHENGLURNCSZE LTEBEREIZR 28 LW EHRE <
F#éo_MEwﬁmm%ﬂ%M’%wf FEE N1 N EOBIc L > Tol & HEn 5,
Hx o7 VE, BER N1 2RO e K& & ST RIcZfbo KE & (a, b,
c) ZEHFTHIEAREL, BRI N1 2K > TR S D FEXHEZ F5 53
HZ Ko TR EERT 5,

The PU model is analogous to a data compression/decompression technology called differential
pulse code modulation (differential PCM) (Cutler, 1950). Differential PCM is used for
processing data that is correlated with adjacent data, such as for the processing of voice and
image files. Figure 2 illustrates how differential PCM works using an example of a climber
walking along a mountain ridge. To measure the height of the ridge (relative to sea level), we
can: (1) directly measure the height at each point, or (2) measure the ridge height at point (a)
only, and then calculate the difference in elevation at each adjacent point (relative to the previous
point).

PU 7 /UL, #0532 a— REH (25 PCM)  (Cutler, 1950) & RFEEND T —

& FEREIEARREREMT I L TWET, 25 PCM X, BEFRBLIOEG T 7 1 L O

Bl &%ﬁﬁ‘é?‘ HEFBEOH DT —H BT L0 INE T, 2 1%

BB DINTEIZ » THRITT 26120 LT, 28 PCM BN ED X ICEET 200~ L
TWET,

If we want to measure the height at very short intervals (e.g. every 10 m), it becomes a more
tedious task because of the many measurement points. At very short intervals, the difference in
height between adjacent points also decreases, reducing the size of the relative height difference.
This is precisely how data compression methods would treat the data to reduce the information
by using fewer bits than the original representation, which is essential for processing large
amounts of continuous information at very fine intervals. We propose here that the auditory
system processes sound information in a similar manner. In practice, data compression and
decompression calculations are achieved with mathematical integration and differential
equations to deal with continuously changing values. However, for simplicity, we will consider
here that these stepwise changes can be assessed by simple addition and subtraction to better
illustrate the model.

FEFITEOER (B2, 10m) TEIZHELZWEE, Z2< ORIESNH D=8
KB BRI/ D, FEFITEWGER T \Mﬁﬁémﬁ@mé@#%itﬂﬁb
FAXTHI72 S S DFED YA MBI 5, ZiUd. F—FERENRR, EO Xt
THHREID /NSy MUETUET 202 EMRISRLTEB Y, FEFI :%Eﬁ>b\Fﬁﬁ%7fi_
T D REODEFEREZWHT H72DORETHY £9, Z 2 TliE, TR AT 2N[FEEE
@ﬁ&f FIEMA LS D Z & AT T 5, EBRISEBAI ﬁmﬁém’ﬂmﬁé
720I2iE, OBl s HWwWTT— ?E%%i@%ﬁ@ﬁ@ﬁbﬂé UL,
%%@t 12, BB b OB MEREIC L > TETF LA LD KK KRBT H 2L
MTEXET,

4.3 Arbitrariness of sound perception results from uncertainty within the auditory system
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RS AT ANDORHEFEMEN A U A E R OFEEM

The PU model posits that the auditory system constantly updates its perception state based on
changes in the acoustic signal, and that perception is updated when an auditory N1 is evoked. In
the absence of an N1 response, the PU model proposes that perception can be maintained for the
duration of sensory memory. Given the existence of multiple short-term storage systems in the
brain, it may be possible for the auditory system to maintain perception for a short duration
without requiring an update in the sensory input. Such systems include sensory memory and
echoic memory, which are believed to last between 10 (Sams et al., 1993) and 15 seconds
(Winkler and Cowan, 2005), although some authors have argued that these storage systems may
preserve the sensory trace for even longer periods (Sams et al., 1993; Crowder and Morton,
1969; Watkins and Todres, 1980). However, if inner damage inhibits the ability of the auditory
system to perceive a specific sound frequency, it may not be able to properly detect the volume
of sounds presented at that same frequency. Figure 3 (panels A and B) illustrates this situation,
where the auditory system cannot reliably detect sound changes that produce maximal volumes
under 30dB. In the case of tinnitus (panel C), the PU model proposes that once the acoustic
stimulation drops below the lower limit of hearing capability for a given frequency for a duration
period longer than the length of sensory memory, perception cannot be maintained and becomes
uncertain. Since sensory memory gradually decreases following the offset of a stimulus, and
lasts approximately 10 seconds (Sams et al., 1993), its influence on sensory perception also
gradually decreases and ends approximately after 10 seconds. In such cases, perception becomes
arbitrary as it can take various different values, including those that produce phantom auditory
percepts.

PUET/WVIL, BRI AT ARHFEESOEIZESWTEOMEIRBA#E 2 3 BT
L., TOHEDPEREN 1 DPFRINTZEXICHEHISNSGZ EE2RET D, N1
WS, PUET VI, MIRMSERIEOF MR ORI R I NGED Z L 2R
T 5, MANICEBOBEMFRE S AT LANFET LI E2EX DL, TRV AT LK
TATIOEFH 2 B T ICEYMOMITIMREEHEET 2 ENAETH D, TD L
VIRV AT NMIEFRRLEL L O a—flEE2E A, TN 61X 10 # (Sams et al, .
1993) »>5 15 B (Winkler and Cowan, 2005) Ofil#i< LELHNLTWVWD, S HICE
WHIRT, FriT oRtiEIc oV Thim b T\b, (Sams et al, . 1993; Crowder
and Morton, 1969; Watkins and Todres. 1980) ., L/22L7Z&n 6, WHHEEIC L e
DEWEDOEF MR T DR AT LAORIVITFoNS &, ZORKEHRTERRIN
FOEREZIELBRHETHZENTERVDE LLERA, 3 (XA BLUB)
L. ZORWERLTWET, Z2C, BRI AT AlE, 30dB KD EHE =D H DAL
rEFEIIMETEETA, HIBEDOLE (L C) . PUET VL, FTEDEEED
EHEA, BEFE LY S ERRICOTE > THRREH O FIRZ TR &, MR 2R
THLIENTETAEICRD ERET D o EERREITRE O LI > TR & (2
L. K10 k< T (Sams 5, 1993) | JEEHEIIHT HEDOREL -1k~
WL, 810 BRRICK TT 5, 20X R5A, MRISHEARMEZEDZ EINTE
HZETHEICRY, SIROERMTEZERHL D D,
Tinnitus perception predicted by predictive coding and the free energy principle

THFF AL L B L F = IS L0 RIS 5 HIRER
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The PU model posits that, when there is no change in auditory input, perception becomes
uncertain and the auditory system then infers perception. The PU model is built upon the
predictive coding framework (Friston and Kiebel, 2009), which permits inferred perceptions. The
model assumes that the sensory system is hierarchically organized: the higher-level areas
generate predictions and communicates them to the lower level states, whereas the lower level
areas communicate the difference between the actual input and the prediction (i.e prediction
error) to the higher-level areas. The auditory system is thus updated by these bi-directional
feedback loops, which helps improve the accuracy of subsequent predictions. Both the prediction
error and the prediction compete with one another to influence the final percept.

PUET /WX HLUJ\ﬁ AL Ip N E & RIIAESEICR Y, £ L CHE

iAU'ﬁLé’#ﬁ{ﬂ' HERET D, PUET/MI, THISHNTZHEZ AHEIC
—F 47 7L —ALU—27 (Friston and Kiebel, 2009)
WTHEIN TS, ZOET/VE, BERPBEREAICHER S TWD E0EL TW
F9, ®mUVEBII TR EZ AR L, EAL AR L VIREBICRET S, KL
WVEEIBIIEBEO AN & FHIE OO (T70bb PHERE) 26 LVERICEET
Ho LTEMoT, BERRIIINGDOM AR T 4 — RNy 7 )—FIZ K> TEB S,
ZIUTZDHRDO TROREE 2 LSS5 DIC&ESLD,  THIEEZE L PRIOW G, Hik
BRI B A 5 2 DO HWICHAS LET

Figure 4 illustrates how differential PCM applies to the predictive coding model. The differential
PCM system is built into the lowest sensory input level. Remarkably, the origin of predictive
coding can be traced back to early differential PCM studies (e.g. O'Neal, 1966). "Prediction™ and
"prediction error" in the predictive coding model roughly correspond to what we termed "current
data" and "difference” in differential PCM (see Figure 2). Thus, differential PCM and predictive
coding model share the common idea that the overall flow of the system is calculated by the
difference between two adjacent data.-The model illustrated in Figure 4 depicts a prediction loop
where "the predicted value (dB)" and "the perceptual value (dB)" are applied in parallel for all
frequencies. Perception is achieved at the highest level of the hierarchical loop. All levels,
including the perception level, generate their own set of predictions and communicate them to
the lower levels. To determine the “predicted value”, we can select one of the higher levels close
to the perception level and view it as a "representative higher level”. The predicted value
generated at this level is defined as the "predicted value". Unless there is a large prediction error
(due to an irregular external stimulus), the predicted values tend to be stable (Rao and Ballard,
1999). When the prediction error is small, the "predicted value™ is approximately equal to the
value observed at the other higher levels and at the highest level. It is also approximately equal
to the actual perceptual value. When the external stimulus can be predicted perfectly, the
prediction error becomes zero, and the perceptual value equals the predicted value. In actual
experiments, if the stimulus is constant, the prediction error is zero and the percept is accurately
reflected by the prediction (Rao and Ballard, 1999).

X 4 1%, 5 PCM N ED X DI TFHIFFEALET VICHEH SN E R L TNET, #
4y PCM ¥ 27 DT HRAR O K AT I/f\/bu_ﬁllifu?\ H@Th\ T, IEHITREZ LI,

PR BALORIFIZHI 0755 P CMIFRICE TENDIES Z LR TE S (FlzIE,
O'Neal, 1966) ., THIFFZ{LET /LD ff(F“JJ & il ﬂ IX. 74y PCM T [EBifE
DTF =] & [FE] EFARELDIIREMSLET (K2 22]) . LEBn-T, £
P CMBLOTHIFFALET VIZ, VAT LAOREOFILN 2 DOET — 2 O
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ZIZLoTHEAEIN I WO HEOE 2 2 FT 5, K437 0F, T HHAME
(dB) | BLO MmRME (dB) | DI _XTOFEEIZ LTIHTLTHEHHIND
THN—T %R T, MRIEEERL— T Ofm LIV TER SIS, MLV EE
LT _XTOL~L L, MADOTHE Y FEEKL, TNHE FALL-VITREL £,
[P Z2RETH7201C, BRLIVIZIEVWE Y EWNWL LD H H0 1 D& &R
L. Z%& IMEMNR2IVENLL] L LTRAZENTED, 2O LUV THRL
SN THEZ TFRIE) CERLET,  OREAIZRAATHRBEIZ L D) RERTHIEA
ENIRVIRY . PHEIZZET 2B H Y £4 (Rao and Ballard, 1999) . THIFA
EZNNENEE, TTPRME] MO XV ENL LB LOELEWLLTHESN
HAEICIZIEE LV, ZAUTE T EREOHMRTMEITIZIEE L, AR ZERIC TRl S
NELEE, PHERAFEICRY, MRMEITTHEMEICE LV, EEOFEBRTIL,
WMRN—EDOSE, THEREIZERIZZRY, BRI THICK > TEMICKBSIET
(Rao and Ballard, 1999) .

In the lowest level, the bottom-up communication consists of the “prediction error” (i.e. change
in sound input), whereas the top-down information coming from the top level consists of the
“predicted value” (i.e. the current intensity of the sound input). It has been proposed that the
predictive coding is achieved in the brain in a manner that follows the free energy principle
(Friston and Kiebel, 2009), which applies statistical physics to perceptual processes. The free
energy principle stipulates that “precision” of each input stimulus is important, because
weighting the precision for each input stimulus leads to more accurate prediction. “Precision”
and “uncertainty” share a reciprocal relationship in this model. Uncertainty is expressed by the
variance of the probability distribution of inputs. For instance, a percept that can take any value
means that its uncertainty is infinite and its reciprocal precision is zero. When the change of
sensory input (prediction error) is uncertain, the precision is null and the prediction error is not
weighted at all, and it cannot be reflected in perceptual reasoning.

AL~V Tl A bAT v TEEE TTRRRZE] (TRbb, §F A OZ)
INBRY ETA, by T LBk D by TE T AERIE TPRE (Tabb,
FOBUEDOHFRE) MO £, TSI, MEEEICHADEEZEH T 5
Al x/L¥—Jf8# (Friston and Kiebel, 2009) (2t 5 HIE TN TERIND Z &
PIEESN TS, HHZFAX—OFRAITIE, FANREOKE 2 BEAM TS &
KO ERRTHAGEOND D, FANREO THE] PEZETH L EHESH T
F9,  DRE) & TR#EME ZZoeT7 VTIEEEBERA A L TOET, RiEE
PRI, ADDOWMERGAOFBIC I~ TERENES, LExF EEDEZ LS LR
TEDHZ LT, TORHENEDPERRTHY . TOPEEER L THDL Z L2 E%®
LEd, BEADOZ L (PRRGE) BAEETHLLE. MEIErTHY, Tl
RAEFECEAT SN TE LT, T EAIHER I K S SR 0

Even in such instances, the communication between each level is maintained and the perceptual
value and “the predicted value” are sufficiently in line with one another. In a person with normal
hearing, sensory inputs from the outside world are constantly received at the lowest level, where
the difference between the prediction received from the upper levels and the sensory input is
calculated. However, if the prediction error becomes uncertain and its contribution disappears,
there is no interference from the outside world. As a result, the perceptual value and the
predicted value may drift from the actual sensory input value while maintaining similar
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Model of tinnitus by signal processing theory

values. Such a drifting is probably caused by the gradual amplification of the error in
information exchange between the different hierarchical levels. The magnitude of the drift may
be fairly constant within an individual, but it may vary between individuals. A phantom sound
will be perceived when there is a large drift, that is, when the "predicted value" substantially
deviates from the value of environmental sound.

FOXEHIRBPETH, FLNHOaI a=r— g TR IN, mEme [
B TEWZHDIc—&LTWb, EFREREEZAETDHANTIE, RN LOMEANT]
ILFICRIRL XL TZE I, T THEHVRADNLZE ST EREAT & DR’
DENFEIND, 72720, THRRENARHEEIZRY ., TOFENHEAD & AR
SOTHIEHY FH A, ZTOMRE, MRMEBXOTHMIEL, BEEOMEEZHERE L2 D
EEOBBEANENS FY 7 ST 58NS D, TO XD RERIT. BF5L, A
72 DR LAV OE AR BT D = T — OB I RIC L > TS EZ &N b,
FRUZ7ROREIFEMANTIEHARE -ETHLND LILVETALN, ZIU3E AR/
TRV ILNETA, RERRV 7 IRBDHEE, Thabb [THME] NERES
DEN B EZEWINIHND & &, ORFIIHREINDTEAS D

4.4 Time scale of the predicted value

In the previous section, we saw that the predicted value reflects the perceptual value (the sound
intensity at a specific frequency) during a certain period of time. The principle of free energy
states that three different time scales are important, the first is one with a rapid time scale of a
few milliseconds, the second is one with a time scale of a few seconds, whereas the last operates
on a much slower timescale (Friston et al., 2006).

The dynamics of high-level representations unfold more slowly than the dynamics of lower level
representations (Friston and Kiebel, 2009). This is because the state of a higher level prescribes a
system that guides the flow of lower states. Based on these principles, the processing time scale
at the sensory level (lowest level) of the PU model is on the order of a few milliseconds, which is
in good agreement with the processing time required to detect sound changes. The predicted
value processed at the highest level (perception) is on a time scale of a few seconds or more.

Here, among the possible predicted values, the one corresponding to the frequency of tinnitus is
defined as TL. In other words, the emergence of tinnitus corresponds to the perception of the TL,
which is an erroneous predicted value.

A THRNED X A DA r— 1

FiOE 7 v a Tk, PHES —EHMEOHREME FFEDOBEHRTOFORS) %X
ML CWAZ Ea2MRLE L, BHZRXAX—DFHIIL, 3 DO LHEFH A7 —L
MWEETHDL LB TWET, 1 2HIE, HIVBOEWNY A LATF—LEFOLD,
2 oBIX. BRHOX A LA r— )V EE o80T, (Fristonetal, . 2006) .

MLV DORBEDOZ A FI 7 AT, KLV _XVORBLOX AT I T AL Hpo-< D &
P L ¥ 9 (Friston and Kiebel, 2009) ., Z#u. LD EWLULDIREED, K VK
VYRIEDN ZEL VAT AEZHEL TND72HTT, THLDOFERBIZESWT, P
UTT VDT L~V (KIEKL L) TOWMERFB A7 —VIdE I VBRETHY .,
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CRIBEOBILERIT 5O LEARMEIR & <KL TWE, RO ()
W) COE ST TR L LORRRETH D

::Tﬁ\ﬂ%k%wﬁwi% B FEEICRHINT 20T L EERTD
WL Z AUE. BEEOHBIX, BB FHRIETH A TL OERIZH IS L TWET

]

4.5 Acute and chronic phases of tinnitus

When the perceptual value drifts owing to lack of sound change input in a person with either
normal hearing or early acute tinnitus, tinnitus may not emerge because the value is within the
usual range of environmental noise. However, when the perceptual value reaches a magnitude
superior to that of the environment, tinnitus can emerge.

The basic assumption of the PU model is that tinnitus is a perception of an erroneous predictive
value, TL. In a quiet environment, the perceptual value is equal to TL (=tinnitus loudness) for
individuals with tinnitus. When an external sound input is present, the perceptual value is equal
to the loudness of the external input added to TL. This concept is illustrated in Figure 5: when a
sound change input arrives at time point I, by definition of the PU model the next perceptual
value is calculated by adding the change input to the current perceptual value (TL). Subsequent
calculations of perceptual value are continued based on the current value from baseline added to
the TL. That is, the TL behaves like an integral constant in a mathematical integration.
Therefore, external input is perceived in addition to the tinnitus percept at the corresponding
frequency band (e.g.4000 Hz).

4.5 Hig D2k X OV

EFFENEZXRMAEEREZET 2 NCBW T, EELATORMO 7= DI AL
MRY 7 R 5E& \LwW1\%mw%mmﬁwmﬂmf%@tm_ﬂmh%m&w
TERDHD, LoLens, MRESERER LD KERMEICET D &, BRSBTS
REMER DV F T,
PUTT/VOIERRLRUET, BB THETLOMETHL LW ZETH
éoﬁ#&ﬁ%f@ HREIXEEOH D NCES>TULITL GEBEBOKRE &) &LV,
SNERE A SIDFET D56, MRAZREIX TL IZEBI S V=B AT uivcgrb<
BN ET, ZOMSIIX S IIREINTWD, ERLATINRRER TIZBEETHE, PU
ETIVDOEFRICIY . IROFTAE \%kﬂﬁ%%ﬁ@mm%(Tl)QMX &
X - TEHEEIND, ZO®ROHRMOFHEIX, TLI Lm*thgx74/mb@
BRAEEIZ ST o ES, 2F D, TLITEFEIREDIC HIEDTEBD X DI
WRHHENET, LIN-o T, ®IST 2REEHEE BliE40 0()117) THIBHRIZ
M TISHEANTID R S D

Further, we consider the case where external input continues afterward. When there is sufficient
external input, TL is not necessarily fixed with the wrong value all the time. Rather, the wrong
TL may be corrected to ensure an internal consistency (Figure 5, b). Friston et al. (Friston et al.,
2006) explain that in the theory of free energy, the brain uses generalized coordinates to optimize
predictive coding. Generalized coordinates are common concepts in physics, typically used for
assessing object position and momentum. For example, when viewing a landscape from a
moving train, it is recognized that the position of the landscape is fixed though the viewpoint
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changes. The impression that the viewpoint changes according to the movement is what the
brain learned about the causal structure of the world. We believe that the concept of moving
coordinates also applies to the perception of sound volume. This is because modifying the
integral constant TL is analogous to moving coordinates. For differential PCM, errors due to
such integration constants are likely to occur frequently, and there should be a way to deal with it.

ifl\ CO)Tﬁﬁ:)%HBJ\ﬁy)“I&)L 754’%& Do ‘l_‘/\f&/ﬂ‘lrﬁj\ﬁf)‘ Jﬁu\ TL iiﬁ?éz
%Eotﬁ;lméhéki&@iﬁho%9Tiﬁ< %@oﬁTLbWw@*E%
PRAET A7 DIEEESNA b LILEYA (X 5, b) . Friston %,  (Friston et
mo\zmm):i H T XL X—OHHE TIE, T — R CEAE %2 6 > T TR 51 %
RiELT DI EEHBHL TV, —ALEEIL, MEFCRB T RN ETHY
%ﬁ\ﬁ7/3/ ~ONE EEENE AT T AR S E T, HliE. Bt
DINENSRAEZ R TV DEE, A Zboo THREROMEIZEE SN TS LR
WD, BEIZL o THA /J\Tb 5 eV EISIE, AR O KB GE IZ OV T
ANIEHLDOTYT, BEIEEOHSIIEEOMTICOY T ELEELET, Z U, B
DIE TL #EIET 5 Z L DB ENERE] ’{L)Tb\ H12HTYd, %57 PCM T, 2 k9
IR ERIC X DR ENHBRICRETHEENRD Y, ENELET 5 HENS HIX
EIGCE

Individuals with normal hearing can perceive sounds of low amplitude. Even if the TL is
initially inaccurate, the brain can still correct the TL to an appropriate value by calculating the
occurrence probability of such low-volume sounds in the normal environment. By correcting the
TL value to a value of zero, the tinnitus perception thus becomes zero. This precise situation
corresponds to a state of acute tinnitus.

On the other hand, once the perceptual value has shifted for a long time, it is difficult to correct
the TL any more, even with sufficient external input. Since the perception of fantasy had been
the basis of daily life, clues to the normal world have been lost. Hearing impaired lack
information to obtain accurate recognition. In that case, TL is not corrected and remains
wrong. The sound change inputs are calculated in a state shifted upward by TL (as if TL is an
integral constant), and external sounds are perceived accompanied by tinnitus (Figure 5, a).
Afterward, if there is no more change in the external sound input, the predicted value and the
perceptual value will again drift toward the TL. The value of this chronic tinnitus patient gets a
tendency towards TL when drifting. As such we have defined TL.

EFHEREZRONL, NEREEZHRTHIENTEET, L&A TLARINIAIE
ﬁf%of% BIE. BEOBRBICBITAZFED L D /NS WEEDE DI EER %53
RHyprok ;ofm%&LfTL%mw&L IZFiET 52 EmTED, TLMEZEZE
mmmm@¢¢@_ CEoT, HBARIIT IR, Z OEMRRILIL AN
DIRREIZHRT S LET,

— . WRENERRS 7 D E. FoRIABANIRH->TH TL 2 Z bl EfiiET

:&ﬁﬁ%?To%ﬁ@mﬁﬂﬁ%iﬁ@ﬁmfbotwf I OHFA~DFH
MY TR E L, BREEFICIEHRERE SO DERNPKIT TWVET,
ZOHA, TLIZBESHT, MESs7-FFICRD £, TOZBDO AL (TL 23EH
EBTHAHPDOLHIZ) TL 2T Ry 7 S LEREETEE S v, Ao ST HE 20k
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625 STHREINET (K5, a) . TO%, IMNFEFR AT ENLL LR 2 0GE

626 {jtll Ml & FnRAE I RO TL (21 ﬁxof FUZ RLET, ZOEMEEGEE OMIEITETTR
627 (CTLICHm2 AR £9, TR, TLEERLELLE

628 This TL concept is similar to the predictive value of tinnitus in Sedley model (Sedley et al.,
629 2016). Both theories argue that tinnitus is of the result of incorrect predictions within the
630 framework of predictive coding. In the PU model, predicted values are defined for each
631 frequency, where the perception is expressed as a sum of the TL and the value of the external
632 sound for a given frequency. On the other hand, in Sedley model, the predicted value of the
633 tinnitus percept is defined separately. However, both models can still adequately account for the
634 emergence of tinnitus.

635 ZOTL oA, Sedley DET /RIS D EEBOFHMEIZEL TV E 3 (Sedley et aIO .
636 2016) . MWiHOBEIL, HEA TR SALOPSEAN OB T2 FRIOFRE R TH %

637 TLTWD, PUETFTATIE, THMEITEEKI SIERIS L, FRIE, A J(DH{EZ
638 BIZOWTOTL ENMEEDOMELE DEFHE LTEHIND, -J7. Sedley ®ET/LTIL,
639 FmEo PHIEIIAMICER SN TWET, LA LERS, MET/LEHEKARE LT
640 HoHB A2 +oICHT 52 LN TE S

641 Small summary

642 1. The predicted value represents a perceived sound volume averaged over several seconds for a
643 given frequency. Each frequency has its own corresponding predicted value.

644 2. TL is one of the predicted values, especially for the tinnitus frequency band.

645 3. Tinnitus leads to a perception of an erroneous predictive value TL.

646 @ Typical Situation

647 tinnitus loudness = TL.

648 [No external sound: silence]:

649 the perceptual value = TL (=tinnitus loudness).

650 : Only tinnitus can be heard

651

652 [With external sound]:

653 the perceptual value= TL (=tinnitus loudness) + external sound volume.

654 : external sound and tinnitus can be heard.

655 @ In cases of Residual inhibition

656 tinnitus loudness < TL.: described later.

657 4. Acute tinnitus: TL is variable and can be corrected to 0.

658 5. Chronic tinnitus:

659 (D TL is nearly constant and cannot be corrected to O..

660 @ The perceptual value is calculated by changes of external sound with TL being the
661 reference value (integral constant).
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@ When the perceptual value drifts, it heads toward the TL.
INEED

L. THEL, FTEDMBEEIZOWTEBBOFEE S nmEEREEZER T, &0
BT EN TSSO TREZ A9 2,

2. TL1E, R HS AR O TFHIED 1 ST,
3. HRITFES7-THMET LOMRE TH 5,
O HIRy 72 4R
HigoR& &=TL,
[FME 72 Lo ]
HEE=TL GHIBEOKREZ) .

 HISOBDHEZ 2 5

PrBEAH V] -
HEE=TL GHIEORE I) Mg =
CANEE L HIRARZ X D,
@FRAFHI DG E
HEOKEESTL : k45,
3. BMEHIG : TLIZAZETHY . 0ITMHIETE D,
4. 1BPEEE
OTL 2MEFE—E T, 0 ITHIETE 220

@M. TL ZHYEM (EEGER) & LT, MBS ORI, bR LET,
@FIHMA Y 7 k9% &, TLIZHAVET

4.6 The perception-update model and the auditory pathway

Figure 4 shows the auditory path of information flow beginning in the inner ear and leading up to
perception. Based on the information to the inner ear, auditory N1 components are generated to
represent the change in auditory input. The sensory system is updated by modifying
(integrating) the information change. This process consists of the application of the differential
PCM procedure to the incoming information, as it is a necessary step to process acoustic
information with a large number of parameters that can change quickly over short time intervals.
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The difference represented by the auditory N1 can be viewed as the "prediction error" of the free
energy principle (Friston and Kiebel, 2009).

41, NENLREVHRTICED ETORROMN ORI 2 RT, NWHEADONF
WIZESNWT, FERATOELERBET H7-OICHERN 1 i BERSnb, iR
AT ML, WHROELZEE D) 72 LICLoTHEFINET, ZOTrER
I3, BRI IR CRURIC 2 LT D ATREMEDN 8 D 2D /X T A — & & FID T H G )
BT 572 0OICMER AT v T TH D720, ANEHR~DZESP CMOEH NG 72
. WENLIZX-oTRESNLGAER T, A=A F—FHH (Friston and
Kiebel, 2009) ®© ['FHlFEE] LRRTZELENTED,

The basic functioning of the PU model is consistent with the findings from electrophysiological
studies. For instance, intracellular potentials recorded from inner hair cells accurately reflect the
waveform of the original tone burst (Palmer and Russel, 1986). In the auditory nerve, strong
activity is seen at the onset of the tone (Sumner and Palmer, 2012), and in the brainstem, ON-
responses are observed, but no OFF response is observed. On the other hand, both ON- and
OFF-responses are observed in the P1 waveform, which is a positive peak preceding the auditory
N1, believed to originate in the auditory cortex (Nishihara et al., 2014). In the auditory
cortex, both ON-response (ON-N1) and OFF-response (OFF-N1) are induced by the onset and
offset of the tone burst, respectively (Abeles and Goldstein, 1972).

PUET /VOERPKEREIX, EX/EEFIMENL O E —E L Tnb, Fl2iX.
WA EMAED HRLE S TN EN X, JeD b —2 /X —2 N OWIE Z IEMEIZ K L
TV % (Palmer and Russel. 1986) . R ClE., BIEOPIAFFIZTRVEEIN L6
XU (Sumner and Palmer, 2012) . MME2TlX ON SUSHBIZR S5 DY, OFF Sl
gy, —FH, BEREEICHKRTL2LEEZONTWARERE N1 12875 EOY
— 7 To%h Pl HIETIE., ON JBZ& L OFF I0Z0mFNEIZ S ET (Nishihara et
al, . 2014) ., BEREZE TIX, ON fUi (ON-NT) & OFF fjts (OFF-N1) D5 A3,
TNEN R = X=X DM EA 7Yy MiZkoTHEREIND (Abeles and
Goldstein, 1972) .

The change detection system based on sensory memory is established in the region after P1
where both ON and OFF responses are observed (Nishihara et al., 2014). Of course, additional
information not directly related to the ON- and OFF responses can also be transmitted to the
auditory cortex (Nourski, 2014). However, the auditory system has sufficient resolution to
distinguish these inputs.

A FEBICES S B b AT A%, P1 2D A &4 7 OO i 3
RN DHERICHS. S TW5S (Nishihara et al, . 2014) , HHA5A, ON BLW
OFF LB ICEBERMR L2 WEMOE M G R EImET 52 LN TEE7 (Nourski,
2014) . L2vL., BRI AT HMIZ NG D AT % KB 2D DI +4y 72 it 25 - T
WET,

4.7 Clinical features of tinnitus explained by the perception-update model

1. Numerous experiments have shown that tinnitus can transiently appear, in otherwise
unaffected individuals, when they experience sudden situations of auditory deprivation.
Studies have shown that between 64% and 94% of unaffected individuals will experience
tinnitus within five minutes after entering an anechoic chamber (Heller and Bergman,
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1953; Tucker et al., 2005; Del Bo et al., 2008). Schaette et al. reported that 14 of 18
subjects who used earplugs consecutively for 7 days experienced tinnitus, which
immediately subsided when the earplugs were removed (Schaette et al., 2012). The PU
model explains this phenomenon by stipulating that such short-term episodes of auditory
deprivation mimic hearing impairments given that normally ambient sounds are no longer
being detected.

If the external sound input is significantly reduced, as when in a soundproof room,
perception will rapidly become uncertain for a wide frequency band and the auditory
system becomes ready for acute tinnitus. In such instances, as shown in Figure 4, “the
predicted value” will gradually increase as TL. Although the growth rate of TL varies from
person to person, TL can be perceived as tinnitus within a few minutes because the
"predicted value" is processed in seconds. Since earplugs produce weaker sound insulation
than a soundproof room does, TL is less likely to arise, and, if it does, it will occur for a
more limited frequency band and likely require more time prior to being perceived.

AT7HFFFHET VI X o THP S5 B ORGIR AR

%< OERIT. HIRBORWANZE W T HEROBERFIL S 72 R T T, B2
—HRFRCHINL ) A2 BR LT, MR KD L. BIEDOR W AND64%~94% HY
BRI A TSN UNICEBRZ KRBT A - LA RSN TWET (Heller and
Bergman, 1953; Tucker et al, . 2005; Del Bo etal, . 2008) . Schaette®, H
feZ7 A FERE L TR L7218 NDOHERE O 5 BI4AANNEG 2R L, Biedist
ENDHETITIRED LB L7 (Schaetteetal, . 2012) , PUET VL, £
D L5 AR O MERRER, BRI X o CRE O F PO S MR S A0
RIMERAE T D EHETHZ LI T OHLEEFHIAT 5,

B =RDOGED XL 21, AEOEFATINEFE LT 5 & MRITIAVE R E
HAR ok L CABICARETEIZZRY , T L TR AT MMIAMERICHR 5 Z &
MNTELHEIITRD, ZOXIGaE., MAZRT LoIC, TPHME] ZTLE L
THRAIZENMLUET, TLOBEMRIIANCL > TR 323, [FHIE] 1350
T I A0, TUIBDURNICHEEE LCRES NI EERS Y £, H
FRIEBEE L0 HEEMERTI -0, TLRRAET A REEIT K< . BAELTH XL
DR SN ER B RCRAE L., MR IND E TICEMNR D A EER H 0 £
j—

The vast majority of patients with tinnitus have some degree of hearing loss (Axelsson and
Ringdahl, 1989; Henry and Wilson, 2001). Furthermore, even in cases where the
audiological assessment reveals no hearing impairments, there may still be undetected
damage to the auditory system, particularly in the cochlea (\Weisz et al., 2006; Roberts,
2011), which can manifest itself as a slight hearing threshold elevation in the tinnitus
frequency range (Roberts et al., 2008).

The PU model explains that for tinnitus to become chronic, it is necessary that there is no
sound input of a specific frequency. In individuals with normal hearing, there is little
probability that an absence of sound input will continue for extended periods of time.

HIEDH 2 BEHEORLZHIL., HOLBREOHIEZ K > Tk ¥ (Axelsson and
Ringdahl, 1989; Henry and Wilson, 2001) ., & 512, BERSAAVREAM CHER fEE
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D72 EDRH BN 556 T, RIS TITRER RICE SR ST
RWEERH D LT (Weisz et al, . 2006; Roberts, 2011) . Z UL EHIE
JE R EE P O o R BEE B & L CHN S AREMENH Y £ (Roberts et
al, . 2008) , PUET /UL, HEMEMHIZ/RHT-OIZIX, FFEDBEEEDOEH
ADWIRNZ ERMETHD EHIAL TS, FEREAERZREATIE, AL
DIRNT ENEMREF S FTREEIXIZEA LD D THA

Even in patients with a similar level of hearing loss, the magnitude (i.e. loudness) of the
tinnitus percept tends to vary (Roberts et al., 2006; Adjamian et al., 2012; Schaette and
McAlpine, 2011; Weisz et al., 2006). When there is an absence of external input, the TL can
take various different values. In individuals with normal hearing, there is generally little drift of
the predictive value (Figure 4), so it rarely reaches a loudness greater than that of the
background noise of the environment. As the duration of a period without external input
increases, the probability that the perceptual value and the predicted value will drift also
increases. In instances where this is repeated often, the drift may stabilize and become fixed.
However, the magnitude of the drift depends on various intrinsic factors. For example, it is
suggested that increased attention to sensory input improves “precision” and affects
perception (Feldman and Friston, 2010), and that brain plasticity facilitates the influence that
learning and repetitive stimulation can have on perception (Friston et al., 2006). These
individual differences explain why some individuals with similar levels of hearing loss will
develop moderate tinnitus while others will develop severe tinnitus, and will have direct
repercussions on the chosen treatment approach.

FEED L~V OBE K EZHETHBRFICBWVWTE X, BEBMRORES (TbbT
7 RRR) |3kEx TH D (Roberts &, 2006 4 ; Adjamian &, 2012 4= ; Schaette
and McAlpine. 2011 4 ; Weisz &, 2005 4) , 2006) ., #MBATIN20EA. TL
TS EIERMEZRY £5, BEESEF22ATIE, —KICTHEDO KU 7 MIIZ LA
Elonwle (M 4) BEONRY I 777 R)IAXLD S RERBFEIZETDH L
XD o7l £ A, MBAN R LOWM ORI BT 0T, MmiEfE s THlfE
NDRY 7 NTHAEEMELEED T, ZHUPHEBEICEYVEIND2GAIE. FU 7 FR
ZELTCHEESNDZENHV ET, 2770, FUZ7FOREESIZESEIEREHED
BERIZK > TERD 3, X, BRATT~OFEEDREED & THE] BmlkL,
HRIC B 5.2 5 2 L NRIB &L (Feldman and Friston, 2010) . A% AfEEME AN
B L AERPEDN RN RNE T B AR T 5 2 EVURIB S LTV %  (Friston et al,
2006) ) ZHHDOEANZEL, FEED LA L OEERE 2 £ O] N D>D NS FE D B iE
BRIET D THOANDEEDOHIBZRBIE L, £ L CGERIR SN IRFRIEICEEREE
Hx HBHBAZHIT 5

4.8 Perception-update model and residual inhibition

Residual inhibition (RI) refers to the phenomenon where the tinnitus percept remains suppressed
following the offset of an appropriate masking stimulus and typically lasts for a period on the
order of tens of seconds (Terry et al., 1983; VVernon and Meikle, 2003). R1 is optimally induced
by a masking sound with an intensity greater than the minimum intensity required to mask the
tinnitus (Roberts et al., 2008).
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Galazyuk et al (Galazyuk et al., 2017), using in vivo extracellular recording in awake mice,
found that about 40 % of spontaneously active inferior colliculus neurons exhibited forward
suppression after sound offset. They showed the duration of this suppression increased with
sound duration and lasted about 40 s following a 30-s stimulus offset and concluded that
these characteristics are similar to the psychoacoustic properties of RIl. We show that the RI
phenomenon can also be explained by the PU model. Consequently, we believe that both
theories are not mutually exclusive and can coexist.

4.8 HI T T L & R ]

FREME] (R &%, @R~ A%y ZHEOEIEZ S BT H S N2EETH
D, AR iﬁ+@&f®%%%ﬁﬂ7%@%%f(ﬁmyaah\1%3Vamn
and Meikle, 2003) . R I, Hﬂ%%zxﬂ%//ﬂ HDITWE L SN DE/NRE XY
HREWVWHELZAETAVAF U T HFIZLoTHREIZCHEEINS (Rober ts b,
2008) .

Galazyuk & (Galazyuk &, 2017) %, REE~ 7 AIZET 5 in vivo MIkaFGFLE A H
T, Tﬁﬁﬁﬁ%mﬁﬁﬁ®MWJm%#*@FL& CHIGIHIZ R 2 s 2 R LT,
P BlE, Z oMl OFHeR 23 B O FifeRe ] & 36 ﬁML/&Jﬂ@WMﬁ7?/F&
:7?/3 40 W2t xR L., 26 ORMEIL Rl OFZ LA REIZEEI L TV b

CRERRfAT 7=, Rl BGU% PU T LICL > THRMHATE S k%Tfo%@ﬁ%\
B2 T OGP AIZPHA) TIER < fFTEH EE L5

Figure 6 illustrates how the RI of a chronic patient is explained by the PU model. In this specific
example, a 4000Hz masker is presented. Note that, although this example is specific to a sound
of 4000 Hz, this phenomenon is thought to occur simultaneously in parallel for all
frequencies. Prior to time point I, the perceptual value is equal to the TL in the usual state and is
equal to the predicted value (TL) of this chronic patient. At time point I, the masker loudness
(ML) is added resulting in the perceptual value equal to TL+ML. The model stipulates that when
the masker is presented for a longer duration than that of sensory memory, the perceptual value
(TL+ML) cannot be maintained. As previously highlighted, when the perceptual value becomes
uncertain and drifts, it gravitates towards the TL. However, because perception is updated owing
to the fluctuation of the masker sound, it limits the perceptual drift and consequently the
perceptual value does not reach TL.

X 6 1%, BYEEFED R N PU EF ML TEDLIICHHA SN LA TR LTWET,
- @’%E@WJ X, 4000HzZ D~ AT —NERm I TWET, ZOH1X 4000 Hz 0
IZHAEO LD TN, ZOBRZIT X TORBEEKITK L TRIFHCIEAT L THRET 2 &
EZEZONHZLICEBELTLLSEZEY, BT XEiTiE, MmEETEEIRECBT 5
TLIZZELL, ZOEMEEZFOTFHHE (TL) 1LY, BEEIICBWT, vAL—
77 KA (ML) Nz 5, MBEAENRTL + ML f/*[,<1f*cgo EFUL, <
AT — DR FLE O L 0 b RWHIRIE RS D &, FRpiifE (TL + ML)
ERERFT D 2 EMTERNEREL TN D, Huﬂ:@ot I\, FITERIAGAE DS ARSI 70
DR Z b 5L, ZRETLIZSIETFEONET, LorLaens, MRIEvAT—F
DEBMCEIVEHINDIOT, MERY 7 MEHIRL, ZOREMRMIXT LIZEL
AQTAR
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When the masker sound stops, the change (subtraction) in input decreases the perceptual volume
(RL) and causes a temporary inhibition of the tinnitus percept. However, when the unchanged
state lasts longer than the limit of sensory memory (time 1V), it becomes impossible to maintain
perception. The perceptual value then shifts from the RL to the TL.

The validity of the PU model can be verified by examining the relationship between the tinnitus
loudness (TL), the masker loudness (ML), the masker duration (time I-time Ill: masker tone
presentation time), the RI depth (TL-RL: the rate of decrease in the tinnitus loudness after the
cessation of the masker), and the RI duration (time I - time V). The results of previous studies, as
described later in this section, are in close agreement with this hypothesis.

YA —EHRIEED L ANOZE (BE) 1TmERE (RL) 2D S8, FHHMEO
RISl 25 R I LET, L, BIELARAWIRENERZEORA LY K<
fe< & (RFf V) | R EZHERT 5 2 EBARAEEICAR D, FRAMBEIZE NS RL
mH TLIZYZ M5, PUETAOZYEMEIL, FIBOKEE (TL) , AAT—DOK
T3 (ML) . ~A B —OFkiRf (KT ~FRMTI I 1 ~Ah— b— 2 ORI
%)\RI@{é(ll)@ﬁmm%nga_gwiof&@f% RL : ~%
I — O IO HIGE O RE SO BILOR 1 Fpchei (FFH [ ~H#F'Fﬂ V) .
Zok7varTRET L XD DRTOMEORRIZZ DG E X< —& L TWE
+
For RI to occur, the masker loudness must exceed the tinnitus loudness, and the masker duration
should preferably last 10 seconds or more. As the masker duration increases, the RI duration is
increased as a (logarithmic) function of the masker duration, approaches an asymptote after
approximately one minute, and then reaches a plateau (Terry et al., 1983). This relationship
between masker loudness, duration, and RI duration is also in good agreement with the
predictions made by the PU: once the masker duration exceeds the duration of 10 seconds,
which correspond to the duration of sensory memory, the perceived sound intensity gradually
decreases. The longer the masker duration (time point I to time point Il1), the longer the period
from time point |1 to time point 111, and thus the greater the decrease in perceived sound intensity
before time point I1l. This results in a greater RI depth and a longer RI duration. The RI duration
is limited by the maximal RI depth, which implies that increasing the masker duration beyond a
certain point will not have an additional effect on RI. The RI duration is typically approximately
a few tens of seconds, but it is not uncommon for the RI to last more than a few minutes (\ernon
and Meikle, 2003).

RINAELDEOICIE, ~AD—F 7 RXRTHBT Y RRAZB2 R TER ST,
F LT~ AN —FRI 3 £ L3 1 OBL Ef X&EThH D, ~ AT —Frl i
DEIIT 21250 T, R 1 BcheiliT~ 27— o Gebs) s L,
1 o®IClnEficrS&, WNTT 7 b—IlZETD (Terryb, 1983) .
VAN —D T KRR A, FfpREf. BEI ORI FgRf oMo Z 0%, PU 12Xk -
TiThLdTPHIE X< —F L TWET, ~ A —Eife R 2 ECR 3008 O i IREE] 12 %
6T 5 10 BoOFRRMEZEZ 5 &, AREREIIRAICED LET, ~ 27 —HifH
(RE R IR T I 1 £T) ﬁ§f%b\ IERERT IOHRET 1T 1 ETOMMNE
KKV, LN TRERT T ITUANZHRE SNAEDOREDDNRKEL D, T
X, TV RELRRIBEIBIVEDVEWR I FREMEA2Z 7579, R I Eekbix
KRR TIEREICE > THIBREN, ZhiE, HEREBX T AN — mm%m@w%
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THLRIWCEORDIEEBERITIRVWI E2EWT 5, Rl OFfgRrEliZE s L2
FROCT 2, RIS ER ZEIZ2 L H D £H A (Vernon and Meikle, 2003) .

This can be explained as follows. Even in a very quiet environment, several sounds can still be
heard (e.g. breathing, rubbing of clothes). Depending on the hearing ability of each individual,
these low magnitude inputs may or may not lead to perceptual updates within the auditory
system. If these sounds remain below the hearing threshold of an individual, without perceptual
updates, the perceptual value will drift smoothly toward the TL. Conversely, if the sounds are
heard, the perceptual drift toward the TL is delayed. In other words, when individuals with
better hearing are in noisier environments, the reappearance of tinnitus is delayed.

ZHEFRDEDICHHATE S, HFERICHPRERETH, WSONOEFERBHZI AL L
W ET (B Pk, KIROEE) . BEAOFENIIIET T, ZHbD/NSRAT
iffw_/x T ANOHFERERFIC OB LG8 HIE, €5 TRVWEELH D £7,
MERREFRLIC, ZhoOBEMNMINOIERREMEZ T ->72E £ THNIL, HERY
ﬁﬁﬁtiTLc:ﬁﬂﬂ»oﬁfwwaaw_} U7 F9HTLEI, #iZ, XM ZAE TL ~
OIMER R RY) 7 MIEND, WL, L0 RBVWEEZFEOMEANE L LVER
BFIZWD L& HIBOHFIITEN D
Both Roberts et al. and Terry et al. indicated that RI depth is proportional to the masker loudness
provided the tinnitus is completely masked (Roberts et al., 2008; Terry et al., 1983). It was also
shown that RI depth depends on the center frequency of the masking sound (Roberts et al., 2008).
Furthermore, the best RI depth is obtained when using the masking sound with the frequency
region where hearing impairment present (Roberts, 2006). These studies indicated that tinnitus
and its RI suppression depend on processes that span the frequency region of the hearing
impairment and not on mechanisms that enhance cortical representations for sound frequencies
at the edge of the hearing impairment area (audiometric edge). Based on these facts, the
authors suggested that the neuron synchronization model may be able to explain the RI
mechanisms more adequately than the Tonotopic Reorganization Model (Roberts et al., 2008).
The PU model can also explain the fact that the RI depth is theoretically maximized by a masker
that matches the frequency of the hearing impairment. This is derived by combining the
relationship between the tinnitus and the hearing impairment (see Figure 3) and the relationship
between the tinnitus and the masking sound (see Figure 6) at each frequency. Finally, the PU
model can be further validated by examining the relationship between RI depth and duration in
tinnitus patients by parametrically manipulating the presented masker loudness and frequency.

Roberts 53, HIENFERICYAF L 7SN TWDHIRY | Rl ORI IFZ~ AT —DEFREIT
tt@l]ﬁ‘é_& %~ L7- (Roberts et al, . 2008; Terry et al, . 1983) , F7=. Rl D%
SFE~YAXF T EOFRLBERBRICEGFAT A2 b anannE L7z (Roberts et al, |
m%)oé%F B ENFET D E B HEK T~ A IV E 2T . KB
?D Rl EE RS birLi’Eﬁ (Roberts, 2006) . Zi#LbDOMf%EIE, HIBIB I ZEDOR 1 #]
$M\mmg§ JE F ks o7 B Tﬂﬁaﬁ/ﬁft/wudﬁﬁwW¢WE (HE 7 0]
ETyY) BT 5 EEEERORERRZ BT 2 A=A NUIRFEL RN &
ZRLTc, TRHDOHRERRIZESNT, FEHELHIF, ==2—v FPETANN/ FE Y
7 FHimET VXD HEEIC Rl A= AAwaT% AREMER B B LR LT
(Roberts et alo . 2008) ., PUETNETERL, BWEEEOHEIC—ETDHYAT—
2L > TR I zw;mumkm*m EWVIFEZHATLHZENTED, I
. BRI HHEHELHETEELEOBGE (X 3 22K) CHBL~vAXF I
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EOBR (X 6 2&0R) ZARGLELZEICL-~THELNLET, &ZIZ., PUET
WE, BRENTZ~V AT —DT T RRAABIOEKEZ T A N v 7 IZBIET D Z
EWCE o T, HIBEFIZBITAR 1IRE L FFRMEOROBEBREFRRD Z Lk -
TIBITHEES NS D,

5 Validation of the perception-update model

5.1 Regular perceptual updates reduce the likelihood of potential perceptual drifts

The PU model assumes that perceptual drifts will occur if there is no change in sound input. We
can verify that the perceptual drift is delayed by promoting perception updates several times
during the RI period. Specifically, we can experimentally confirm whether the RI effect will be
limited by making changes within the period of no change.
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51.1 Experiment 1. After masker presentation (time 111 to time V)

The perceptual value after a masker presentation corresponds to RL, which is the value of the
tinnitus reduced by the RI. During the silent period after the masker presentation, there is no
change in input and, consequently, perception is not updated. This leads to perceptual
uncertainty and creates a perceptual drift. If a slight change in input is produced during this
period, it should promote a perceptual update and reduce the drift. This could be achieved by
presenting short click sounds in the same frequency band as the tinnitus after the masker
presentation to investigate the time required for the tinnitus loudness to return to TL. This should
prove to be effective at reducing tinnitus because the rapid changes in volume will produce
perceptual updating, which will in turn cause further delay in the tinnitus recovery time, even for
a small number of presentations at a low volume. The influence of stable sound and noise on
delay of tinnitus recovery time will be smaller than click sound of shorter duration. At the
beginning of the experiment, it will be necessary to identify the optimal conditions (type of
masker sound, masker loudness, masker presentation time) for a soundproof room that produces
the best RI for each patient with chronic tinnitus. Masker presentation is repeated under the same
conditions in the following measurements.
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In a control condition, during the silence after the masker presentation, we propose to first
investigate the shape of the recovery curve from RL to TL in silence. The RL is measured
immediately after the presentation (0 minutes) using an inspector (standard apparatus used for
determining the tinnitus loudness by presenting sounds with various volumes so that the patient
can select the one with the volume closest to that of the tinnitus). For each measurement, the
time from the end of the masker presentation to the measurement varies from 1 minute to 10
minutes in 1-minute step, and RL is measured at each time. It should be noted that repeating the
masker presentation itself produces a reduction of the tinnitus, so the number of measurement in
a day is limited. This procedure allows for the time pattern of the tinnitus volume recovery (e.g.
logarithmic, linear, or exponential) after the masker presentation to be ascertained. We
hypothesize that this time curve will correspond to the perceptual drift from RLto TL as it is a
composite measure of the decay speed of sensory memory and the speed of drift.
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5.1.2 Experiment 2: During masker presentation (time I-time I11)

For this experiment, if sound inputs are provided during the presentation of the masker,
perceptual updating takes place in the auditory system causing the drift to slow down and
decreasing the RI effect. This could be achieved by adapting the masker sound so that it pulses
rapidly with increasing and decreasing sound volume changes of 10 dB (Figure 7B). Even if a
second pulsating masker is presented with an opposite polarity (increasing when the other is
decreasing and vice-versa), resulting in the same total amount of masker volume, the RI will still
decrease because of perceptual updating.

For the control condition, we propose to use a regular usual masker sound and to derive the time

curve of the perceptual drift of the overall loudness (Masker + tinnitus)(Figure 7A). The tinnitus
loudness can be estimated before masker presentation by using an inspector. In each
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measurement the masker sound presentation time differs by 1-second step from 1 second to 10
seconds or more, and RL is measured immediately after the end of the masker presentation. This
time sequence of the RL obtained for different masker presentation times is thought to parallel
the time sequence of the perceptual drift of the overall loudness (Masker + tinnitus percept). This
allows us to infer the drift curve of the perceptual value during masker presentation. We
hypothesize that it is a composite of the decay speed of sensory memory and the speed of drift.
51.2 38R 2 : ~ A —3EKH (FFf T ~FFRE D)

ZOERTIZ, AT —ORFTIZEFANPTOND & FRARTHMREEFRNITH
v, RUZ EBRES D, RIEMETLES, 24U, ~A—F% 10 dB OF&E
OIS CTRHIC SV AT L XIS 2 2L CHEETEET (K 7B) . #2
DBy~ A T — PR ORI (L7238 LT & X3 L ., W £ T
RENTRILKREBEO AT —BEZ L5 LTVTH, MEFHFOZDIZR TIHEKKRE L
T %,

KL LT, BHEOYAD—FEMEHL, RENRT7 7 RXZAOMERH RY 7 K
OFsfE AR (v A —+ HIg) 28T 2RELET (K 7A) . HIEOKRE S
X, AR T2 LI Ko T AN —Z IR T ORNCHEET 222 TE D, &
WECBNT, v AN —EFORFRREFIZ 1225 1 OMULEETIHAT v 7 THRARY
RLIIY AT —DRFOK TERZRICHESND, 2D~ AN —2RERIZOWTES
NIZRLOZORERINL, BEMRT T FRAOMENRFY 7 b (7 A0 —+ HIBEH)
DIRFRINEATTHEBZZbND, ZHUTED, AT —FKRFOHTEDO KV 7
— 7ML LN TEET, AT PERELEORZHEE L N 7 FOEED
BETHDL EIELET

6  Conclusion

The present paper describes the PU model, an explanatory model of the emergence of tinnitus. It
is based on concepts taken from signal processing theory and proposes that the auditory system
is essentially a change detector, one that operates with similar principles to those used for
differential PCM. The basis of this model is that perception becomes uncertain in instances
where there are no longer changes in sound input. The model is also in good alignment with the
theory of predictive coding where the brain predicts perception. The model also adequately
accounts for several aspects of the acute phase of tinnitus that had been difficult to explain
before. It is also in good agreement a number of other tinnitus features, such as the time course
of masker-induced RI, the relationship between tinnitus frequency and hearing loss frequency,
and the diversity of tinnitus magnitude that exists for cases with similar hearing loss.
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7 Figure Legends
FIGURE 1. Sound perception achieved by integrating sound change

The magnitude of the N1 response is proportional to the value of acoustic change. In order for the
auditory system to derive the magnitude of the acoustic signal, it must integrate the change in
acoustic signal relative to its value prior to the change. In this example, the volume of the acoustic
signal changes from 30 dB to 80 dB, then rises to 100 dB, to finally fall to 50dB. During this
process, an auditory N1 is evoked at time points I, 11, and 11l. Each N1 is proportional to the actual
change in acoustic signal (a (50dB), b (20dB), ¢ (-50dB)), and not to the actual absolute intensity of
the signal (e.g. 80dB, 100dB, 50dB). Thus, the auditory system achieves perception by comparing
the relative values of the acoustic signal across time.
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FIGURE 2. Differential PCM illustrated with an example of ridge height measurement

In panels A and B, it can be seen that as the measurement interval decreases, the height difference
between each interval point decreases. When the number of required measurements increases, it is
advantageous to measure the height of each point relative to neighboring points, as opposed to
having to measure to the absolute height from sea level (Om) for each measurement. Panel C
illustrates this approach, where the next data point (Data [n+1]) is derived by adding the change in
attitude (difference [n]) relative to the current data point (Data [n]). This constitutes an example of
differential PCM, a concept that also applies to the example depicted in Figure 1.
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FIGURE 3. Process of tinnitus generation in patients

Panel A illustrates the situation where sound changes cannot be detected below a certain threshold
in the event of inner ear damage. Panel B illustrates the absence of N1 responses for sub-threshold
acoustic changes (time points V, V1, VII). Panel C illustrates how tinnitus emerges in the
perception-update model; in situations where the acoustic stimulation drops below the hearing
threshold for a specific frequency, a gradual perceptual drift will take place throughout the duration
of sensory memory. Once the sensory memory can no longer exert influence on perception, it
becomes uncertain and can lead to a phantom auditory percept.
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FIGURE 4. Conceptual diagram of the PU model

When perception becomes uncertain, the auditory system infers the perception. In the PU model, a
differential PCM system is built within the sensory input level of the predictive coding model. In
the predictive coding model, the sensory system is hierarchically organized. Each level receives
prediction errors (black arrows) from the lower levels and predictions (white arrows) from the
higher levels. Competition between prediction and prediction error eventually leads to counscious
perception. The differential PCM system is built into the lowest sensory input level, sends an
auditory N1 as the prediction error, and receives prediction data from above. One of the higher
levels within the auditory system is "the representative higher level", where “the predicted value”
generated here is taken as the value that is representative of the higher levels. As long as a
prediction error is not too large, the surrounding higher levels will have nearly the same predicted
values. However, when there is no change input, the precision of the prediction error of the lowest
level becomes zero, and the prediction error is not reflected in the perceptual process. In this
situation, the perceptual value and “the predicted value” are nearly identical, whereas in situations
where the error is amplified both values may become large.
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FIGURE 5. Acute and chronic phases of tinnitus and TL.

In a quiet environment, tinnitus is initially perceived with a perceptual value of TL. When an external
sound is presented at time point I, its value will be added to the TL value. However, when sufficient
external sounds are present (time point Il), two alternatives are possible. In the case of acute tinnitus
(b), the brain corrects the TL to zero for consistency, whereas in the case of chronic tinnitus (a), the
TL is not corrected and remains the reference value for all incoming sounds.
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FIGURE 6. Process of residual inhibition in a tinnitus patient

Panel A illustrates the actual volume of the acoustic signal. It increases with the addition of the
masker volume (ML) at time point | and then decreases back to baseline levels at the offset of the
masker sound at time point Ill. Panel B illustrates that ON-N1 responses will be evoked by the
onset of the masker sound and that OFF-N1 responses will be evoked by the offset of the masker
sound.-Panel C illustrates the perceptual volume. Tinnitus is suppressed during the presentation of
the masker sound and reemerges once it is turned off. Prior to time point I, the perceptual volume
corresponds to the tinnitus loudness (TL). (Note that in chronic tinnitus, TL is a fixed value.) At
time point I, the masker loudness (ML) is added resulting in a perceptual volume equal to
TL+ML. If the masker lasts longer than the length of sensory memory, perception then becomes
uncertain and the perceptual volume drops to a smaller value in this acoustic environment. Once the
masker is removed, the change in intensity (ML) is integrated (subtracted from) to produce the
perceptual lower intensity volume (RL), which is lower than the initial volume of the tinnitus.
Although there is no longer any masker sound at time point Il1, the tinnitus attenuation continues
for a short period. However, once the unchanged state lasts longer than the upper limit of sensory
memory (time point 1V), perception becomes uncertain again and the perceptual volume becomes
equal to the tinnitus intensity (TL).
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FIGURE 7. Experiment 2: During masker presentation

Panel A illustrates an experiment designed to derive the time curve of the perceptual drift as a
control. For each measurement, the masker presentation time differs by 1-second steps from 1 to 10
seconds or more, and the RL is measured immediately after the end of the masker presentation.
This time sequence of the RL (gray curve) for different masker presentation times is thought to be
parallel to the time curve of the perceptual drift of the overall loudness (Masker + tinnitus) (black
curve). Various perceptual drifting curves can be estimated based on this curve.

Panel B illustrates a comparative experiment in which the masker sound pulses rapidly with
increasing and decreasing sound volume changes of 10 dB. The upper figure shows the time course
of the perceptual values induced by a standard masker with constant volume (black line) and by a
pulsating masker (grey line). Both are approximate curves estimated based the on perceptual drift
curves obtained during the control experiment. The perceptual value by pulsating maskers decreases
late because of perceptual updating, resulting in a difference between the two RLs.
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