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Abstract

Adaptationto delayed sensory feedback followiagaction produces a subjectitime

compression between the action and the feedback (temporal recalibrationf&ECciTRE is
important for sensory delay compensatiomaintain a relationship between causally related
eventslt is unclear whethefRE is a sensory modality-specific phenomenion3 experiments
employing a sensorimotor synchronization task, we investigated this question using cathodal
transcranial direct-current stimulation (tDCS). We found that cathodal tDCS over the visual cortex,
andto a lesser extent over the auditory cortex, produced decreased visual TRE. However, both
auditory and visual cortex tDCS did not produce any measurable effects on auditory TRE. Our
study revealed different nature of TREauditory and visual domains. Visual-motor TRE, whgh
more variable than auditory TRIES,a sensory modality-specific phenomenon, modulbyeitie
auditory cortex. The robustness of auditory-mdBE, unaffectedy tDCS, suggests the
dominance of the auditory systemtemporal processingpy providing a frame of referende the

realignment of sensorimotor timing signals.



I ntroduction

Temporal recalibration refets the subjective realignment of asynchronous sensory signals
reduce the timing difference between inter-related stimuli, after adapta#oconstant timing
difference between the two stimuli. For example, when a delayed auditory st{eglu$50ms)s
repeatedly presented after a visual stimulus, the auditory stimsylesceivedasearlier than the

visual stimulus when the delay/subsequently removed (Fujisaki, Shimojo, Kashino, & Nishida,
2004;Vroomen, KeeteldDe Gelder, & Bertelson, 2004Temporal recalibration occurs not only
between presentation of sensory stimuli, but also betaeantion andts sensory consequences.

For exampleStetson, Cui, Montague, and Eaglenf2006) found that, when participants observe a
repeatedly inserted delay between an action and the sensory consequence of that action, this delay
adaptatiorcanshift anobserver's point of subjective simultaneity (PSS: the point where two stimuli
are perceivedsoccurring simultaneouslyj the direction of the delay, hence producing a
subjective compressiarf time. Therefore, temporal recalibratimimportant for sensory delay
compensationo maintain a causal relationship between events. Howevdate, mechanisms

underlying temporal recalibration are not fully understood.

A supramodal mechanism, beyond the modality-specific brain areas regulating sensorimotor
temporal recalibration, was propodggHeron, Hanson, and Whitaker (2009). They found that
temporal recalibrationanbe observedh visual, auditory and tactile modalities, azahbe
transferred between modalities. For examateauditory stimulus was usea the adaptation period
and a visual stimulus was usedhe testing periotb observe temporal recalibratidBugano,
Keetels, and Vroomef2010) found consistent results but suggested that temporal recalibration
might bean outcome of a shifin the motor component instead of a shifthe sensory component,
allowing temporal recalibration transference between modalities. However, some findings are not
explainedby the supramodal accour@fgano, Keetels, & Vroomef012, 2014; Yarrow,
Sverdrup-Stueland, Roseboom, & Arnold, 20&8)he motor component shift account (Sugaho
al., 2012, 201p For instance, usingsnsorimotor synchronization task, requiring synchronized

finger tappingo a rhythmic sequena# regular stimuli, Suganetal. (2012) found that temporal



recalibration effect (TRE) transfers from vist@abuditory modality but not vice versa. One would
expect the same transference effect between moddiitilesre was a supramodal mechanism or
shiftin the motor componenit is possible that visual timing informatiestransferredo the

auditory systensothat visual temporal recalibrati@anbe transferretb auditory modality;

however, auditory temporal informatiomay not be transferretb the visual system. This suggests a
critical role of the auditory corteix timing across different stimulus modaliti€suttman, Gilroy,

& Blake, 2005;Grahn, Henry, & McAuley2011;Kanai, Lloyd, Bueti, & Walsh, 201 Meyer,
Baumann, Marchina, & Janck2Q07; Suganetal., 2012). Therefore, the auditory cortex might be
a candidate for amodainme regulation (analogous visualcortex rolein auditory spatial

perception, Lewald, Meister, Weidemann, & Top@804;Zimmer, Lewald, Erb, Grodd, &
Karnath,2004; also see ventriloquism effect, Chen & Vroomen, 2013) and its role might extend
temporal recalibration process. However, this hypothesis has not been tested directly using brain

stimulation.

Here,we performed three experimeritsinvestigate the critical role of the auditory cortex and
visual cortex during temporal recalibrationauditory and visual modalitiésy using transcranial
direct current stimulation (tDCS). tDGSa noninvasive brain stimulation technique that delivers a
small current (typically 1-2mA) through surface electromehe scalpto modulate excitability of
neurons underneath the electrodes (Mgt al., 2008) We used cathodal tDC® suppress

activity in these sensory cortical areas. Based on previous studies suggesting auditory system
dominancen timing processs(Gutmanetal., 2005; Kanagtal., 2011; Suganetal., 2012)we
hypothesized that auditory cortex stimulation would significantly impact upon temporal
recalibration regardless stimulus modality, but visual cortesimulation would affect visual

temporal recalibration only.



Experiment 1

We firstly investigated a possibility of double dissociaiioa 2by 2 factorial desigio test

whether or not temporal recalibratia sensory modality-specific phenomenon. This possibility
has not been tested befolfetemporal recalibratiors anentirely sensory specific phenomenoe,
would find a cross-over interaction effect: auditory temporal recalibration would only be affected
by auditory cortex tDCS, and visual temporal recalibration would only be infludrycedual

cortex tDCS. Based on auditory cortex dominandening, we hypothesized that auditory cortex
stimulation would significantly impact upon temporal recalibration bo#uditory and visual

TRE.

Method

Participants

Forty-seven student voluntedrem the University of Sheffield (20 females, mean age 2412,

4.2, 8 left handed) participated. They had normal or corrégtedrmal vision and hearing, and

they did not report any history of psychiatric/neurological conditions including seizure disorders.
All control variables were reported Table 1. Al participants gave informed consent. The study
was approvetty the Department of Psychology Research Ethics Comnaittbe University of

Sheffield.

Table 1 about here

Apparatus and materials

Because timing was of critical importarnicethis study, we usean open-source Arduino Mega
2560 micro-controller board (ATmega256@6)control experimental events and record data within a

few milliseconds timing accuracy (Teikatal., 2012). Responses were collected using a



customized button box (with Sanwa OBSFS 30 Silent arcade buttons) cortngbedame

Arduino board. The visual stimulus was providsda small white LED (5mm diameter with a
luminance of 4 cd/ attachedo the centeof a customized 19-inch black background monitor.
Theduration of the LED stimulus was 10ms. The auditory stimulus was a binaurally presented tone
burst (10ms duration, 1504z squarewave at a sound pressure level of approximately 74 dB) via
SennheiseHD 202 Stereo headphones. During the experiment, participants listermustant 64

dB white noise¢o mask the mechanical noise ofithieutton presses (Sugaatal., 2012).

Transcranial Direct-Current Stimulation (tDCS)

Direct current was delivered with two saline-soaked surface sponge electrodes (cathode electrode:
5 cmx5 cm; reference electrode: 5 cmx7 cm) using a battery-driven constant current regulator (TCT
research, Hong Kong). Current strength was 2 Wa stimulated the right auditory cortéy

placing the cathode electrode oVeraccordingo the international 10-2BEG electrode placement
system. The right auditory cortex was targeted instead of the left, because the right auditory cortex
was reportedo be involvedn both auditory and visuaiime discrimination tasks a previous
transcranial magnetic stimulation (TMS) study (Kaetal., 2011). Consistent with this, the right
auditory cortex was involveid higher-order auditory temporal processinghe currentime

window of investigatior{a few hundred milliseconds), whereas the left auditory cortex was
associated with a fine-grained analysis of auditory signasshortime window (25-50ms)
(Clunies-Ross, Brydges, Nguyen, & Fox, 2015). Furthermore, right sided activity wasriound
varioustime perception studies using fMRIMiener, Turkeltaub, & Coslett, 2010). For visual

cortex stimulationthe cathode electrode was placed @erin both stimulation conditions, the
reference electrode was placed over the left cheek over the buccinator tousabéd potential
confounding effects of cortical stimulation beneath the reference electrode (Nitsth&008;

Yau, Celnik, Hsiao, & Desmon@014). To reduce adverse effects of electric current being

delivered abruptly, electric current was increasea ramp-like fashion over 30 seconds uibtil
reachedo 2 mA (Nitscheetal., 2003a). The stimulation duration of 9 minutes was chosen, because

it would produce upo 1-hour aftereffect (Nitschet al., 2003b) covering the entire duration of our



adaptation/post-SMS task sessions (approximately 25 min). During tDCS, some participants
reported a severe burning sensation (n=1), sleepiness (n=3) and trouble concentrating (n=1) using
the tDCS Adverse Effects Questionnaire (Bruredral., 2011). However, participants did not report

these adverse effects lasting beyond the experimental period.

Procedure

We used a sensorimotor synchronization (SMS) taskeasure temporal recalibration effdntthe
task, participants are askemtapin synchrony with a regular sequence of pacing stimuli. Taps
typically precede the stimulus onggt20to 80ms on average, whichknownasthe Negative

Mean Asynchrony (NMA) (see Repp, 2005; Repp and Su, 2013 for review). TheisNMA
consideredo be participans point of subjective impression of tap-stimulus synchrony
(Aschersleben, 2002). Sugaetal. (2012, 2014, 2015) have shown that sensorimotor
synchronization taskanmeasure temporal recalibration effegtcomparing the participarits

NMAs before and after delay adaptation. They showed that comjgaemedielay adaptation
condition, participants who were adapted50ms delay between their button press and feedback
had greater NMA. In our study, using the same paradigve,applied tDCS over the areas of
interest immediately before the delay adaptation period to investigate the effect of stimulating the

auditory and visual cortices.

Task modality (auditory or visual) was a between-subjects factor: approximately half of the
participants completed a visual sensorimotor synchronizatior{hask23), the remainder of
participants performedn auditory sensorimotor synchronization tgisk= 24). All participants
attended two tDCS sessions separated minimum of 2 days (mean = 138.1 hosdss 67.5) and

stimulation order was counterbalanced (tDCS over the auditory vs. visual cortex).

In eachsession, they completed pre-sensorimotor synchronization task just before tDCS and
adaptation/post-sensorimotor synchronization task immediately after tD@f&. pre-sensorimotor

synchronization task, they were requitegbress the buttom synchrony with the pacing stimuli.



There vasa practice trial followedby 25 main trialsin each trial, pacing stimuli (auditory or

visual) were presentelb times with a constant 750ms inter-stimulus interval. Participants were
askedo attendto the first 2 stimulto get into the rhythm, and theémtapin synchrony with the rest

of the stimulus sequence. Immediately after the completion of the pre-sensorimotor synchronization
task of 25 trials (no delay adaptation involved), cathodal tDCS over the area of interest began for 9
minutes. After the completion of tDCS, participants completed 25 pairs of delay adaptation and
post-sensorimotor synchronization tridfsanadaptation trial, participants voluntarily pressed the
button 15 times: they were instructieckeep similar pact the pre-sensorimotor synchronization

task. A feedback stimulus was delivered 150ms after each button press (i.e., delay aylafiation
delay duration was chosen becaiides been shown that approximately 150ms delay adaptation
produced the highest level of temporal recalibration effect (Hetrah, 2009; Stetsoet al., 2006).
Immediately after one adaptation trial, one post-sensorimotor synchronization task trial began
which was identicato the pre-sensorimotor synchronization task. Participants statdnrial ata

time of their own choosingy pressing the start button. The entire experiadgrocedure lasted

approximately 60 minutes.

Results

In eachtrial, negative mean asynchronies (NMAs) above and below two standard deviations were
consideredasoutliers and removed froeachtrial before obtaining average NMAs across trials for
eachcondition(3% of total data including participantmissing button presses were removed).
Temporal recalibration effect (TRE) was calculdbdgdubtracting averaged pre-test NMAs from

the averaged post-test NMAs. When the Mauchley sphericity test concerning the homageneity
variance was violatedye adjustedhe degreesf freedomin the following analyseby using the
Greenhouse-Geisser correction. Handedness (medsuEstinburgh Handedness Inventory;

Oldfield, RC., 1971) and musical sophistication scores (meabyrésldsmiths Musical
Sophistication Index; Millensiefen, Gingras, Musil, & Stewart, 2014) were not significantly

different between auditory and visual task groups (ps > .25).



Temporal recalibration effects (TRE: post-test NMAs minus pre-test NMAS) for each condition
were shownn Figure 1. A 2x2 mixed-mod@&NOVA was conducted on TRE values with task
modality (auditory vs. visual taska}a between-subjects factor and with stimulation area (tDCS
over the auditory cortex vs. visual cort@s@a within-subjects factor. There was a significant
interaction effect between task modality and stimulation area [F (1, 45) = 4.3, p =/p043,

0.088]. Pairwise-comparisons showed that auditory cortex tDCS condition had significantly higher
TRE than visual cortex tDCS conditiomthe visual task [F (1, 45) = 6.0, p = .038% = 0.118].
However, TRE did not significantly differ for auditory and visual cortex tixCthe auditory task
condition [F (1, 45) = 0.26, p = .61]. TRE was not significantly different between the auditory and
visual tasks withireachof stimulation conditions (p > .05). Neither the main effect of the task [F

(1, 45) = 0.16, p = .69] nor the main effect of the stimulation area was significant [F (1, 45) = 1.8, p
=.18].

Figure 1 about here

As a control analysis, we conducted another mixed maANEVA on TRE value$y adding

session orderAC or VC tDCS first)asa between-subjects factmrexamine a potential carryover
effect between sessions. Neither the main etiesession order [F (1, 43) = 0.93, p = .339] nor any
interaction effects involving the session order factor was significgarfurther investigate the

nature of differencem the pre-test NMAs between groups (see Tablev@xamined the effedf
stimulation ordeasa between-group factor (A@ VC tDCS first) withineachtask group on pre-

test NMAs. In the auditory task group, NMAs significantly increased when the task was performed
2"timein the AC tDCS condition (before stimulation) [F (1, 43) = 5.13, p = 0.9@38= 0.107]

but there was no significant stimulation order effacheVC tDCS condition [F (1, 43) = 0.12,

p > .25]. This finding suggests that participants had increased NiMiAsy hadvC tDCSin their

first session, compared the participants who did the task for the ftiste. The same effect did

not occur when participants hAC tDCSin their previous sessioim the visual task group, this
carry-over effect waata trend level of significance [AC tDCS condition, F (1, 43) =3.08, p

= .086,p% = 0.067].



Experiment 2

In Experiment 1, we found that the visual task, auditory cortex stimulation resuitedigher
temporal recalibration effect (TRE) compatedisual cortex stimulation. Howevan the auditory
task, auditory and visual cortex stimulation did not have differential impacts on TRE. kence,
did not find the cross-over interaction effect indicating that T&REsensory-modality specific
phenomenon. The TRE differenicethe visual task could be because of increase@VIifE
producedby tDCS over the auditory cortex. Alternativeiywould be consequencé decreased
visual TREasa result of tDCS over the visual cortéx Experiment 2ye tested whether tDCS
over the auditory cortex increased visual TREemploying auditory cortex tDCS and sham tDCS

groupsin a between-group design.

Method

Participants, apparatus and materials

A new sample of sixty student volunteers frdma Wniversity of Sheffield (20 males, mean age
20.02,sd=1.39, 4 left handed) participated. Apparatus and materials were idémtivasein

Experiment 1.

Procedure

In a between-group design, half of the participants wetlee real tDCS conditio(N = 30), the
remainder half wergn the sham tDCS conditigiN = 30). All participants performed both auditory

and visual tasks one session before and after tDCS. Task order was counterbalanced across
participants, but the same task order before and after tDCS was used for the same participant. For
shamtDCS, the current increaseda ramp-like fashion over 30 s and then stopped. This method
has been showo be effective for producing the feeling the real stimulatioto the participants

(Gandiga, Hummel, & Cohe2006; Yauetal., 2014). Some participants reported that they had

10



severe itching (n=1), tingling (n=1), sleepiness (n=2) mood change (n=1) and trouble concentrating

(n=2) during tDCS. These adverse effects did not last beyond the experimental period.

Results

Data analysis was the sa&n Experiment 1 including outlier removal (2.8% of total data

removed). Handedness and makgophistication scores were not significantly different between

real and sham groups (ps > .05).

Figure 2 about here

Three participants were excluded from the further analysis (n=2 from real, n = 1 frorA€ham
tDCS group) du¢o excessive TRE valug€2 SD above group mean). A 2x2 mixed mod@&OVA
was conducted on TRE values with stimulation group (real vs. Searf)etween-subjects factor
and with task modality (auditory vs. visuaBa within-subjects factor. The interaction effect
between stimulation condition and task modality was not signif{€ait, 55) = 1.89, p = 0.174,
np2 = 0.033]. Neither the main effect of grdép(1, 55) = 1.60, p = 0.21hp2 = 0.028] nor the
main effect of taskF (1, 55) = 0.63, p = 0.441p2 = 0.011] was significant. Nonetheless,
shownin Figure 2we found a trend levedf between-group differenge the visual task, indicating
decrease of visual TRE produdeglauditory cortex real tDCH- (1, 55) = 3.06, p = 0.086p2 =
0.053].

Pre-Test NMA Differences Between Groups

As in experiment 1, since there were differenicethe pre-test NMAs (see Tablg #e conducted

a 2x2x2 mixed modeANOVA on pre-test NMAs with experimental group (Real vs. SA&n
tDCS) and task order (Auditory vs. Visual Task Fiesthetween-subjects factors and with task
modality (Auditory vs. Visual Taskgsa within-subject$actor. There was a significant interaction

effect between task order and task mod4ktyl, 53) = 6.04, p = .01%p2 = 0.102]. Pairwise

11



comparisons showed that participants had smaller NMAs when they performed the task again with
different modality (auditory task first, F (1, 53) = 4.07, p = 0.049,= 0.071; visual task first, F

(1, 53) = 29.50, p < 0.009p2 = 0.358). However, task order effect was not significant within each
task modality, all ps > .05. This pattern of interaction was suppbytadsignificant main effect of

the task modalityF (1, 53) = 27.96, p < .004p2 = 0.345]; participants had larger NMAsthe

auditory task than they haad the visual task. Finally, neither the main effect of task difélét, 53)
=0.034, p = .85] naits interaction effect with experimental gro[fp(1, 53) = 1.22, p = .27] was

significant.

12



Experiment 3

In Experiment 2in a between-group designe found that auditory TRE was not different between
auditory cortex (AC) tDCS real and sham groups, consistent with Experiment 1 employing a
within-group design. Furthermoraninspection of Figure 2 suggested a decrease of visual TRE
producedy auditory cortex tDCSf cathodal tDCS over th&C decreasd visual temporal
recalibration, the difference betweAg and visual cortex (VC) tDCS on visual temporal
recalibratiorwe foundin experiment 1 would be becalg€ tDCS decreased visual temporal
recalibration more thaAC tDCS did.To directly test this predictionye performed a third
experiment comparing the effects of 3 experimental tDCS groups (AC ICHCS, and sham
tDCS) on visual temporal recalibratioiVe used a between-group desigrorderto avoid a
possible effect of repeated tDCS or task ordéz.investigated these effects only for visual
temporal recalibration becausethe previous experimenige did not find any tDCS effects on

auditory temporal recalibration process.

Participants, apparatus and materials

Seventy-three student volunteers from the University of Sheffield (25 males, mean aged9.63,
2.48, 12 left handed) participatefs with the two previous experiments, all satisfied our inclusion

criteria. Apparatus and materials were identical to Experiment 1 and 2.

Procedure

In a between-group design, approximately one third of the participantsnateesauditory cortex
(AC) real tDCS grougN = 24), the other approximately one third of the participants wetee
visual cortex (VC) real tDCS groypl = 23) and the remainder of the participants vietee sham
tDCS group(N = 26). Half of the participants the sham group were the AC sham grougN =
13) and the remainder half waretheVVC sham grougN = 13). All participants completed visual

task which was identicab that usedn Experiment 1 and 2. The entire experimental procedure

13



lasted approximately 40 minutes including task instructions, practice, tDCS and the main

experiment.

Results

Data analysis and outlier removal (3.8%otal data) procedure was the saaséor previous

experiments. Four participants were excluded from the further analysis (n=3 from VC, n = 1 from

sham tDCS group) due excessive temporal recalibration effects (TREB{2above group means).

Figure 3 and Table 2 about here

Figure 3 shows a significant TRE difference betwé€nreal and sham tDCS groups [t(43) = -
1.856, p =.035, d = 0.566, one-taijledhereforejn line with our hypothesis, cathoddC tDCS

had a lowering effect on visual TRE compategham tDCSAC real tDCS group exhibited an
intermediate level of TRE that did not differ significantly from either sham tDCS [t(42) = 1.160, p
=.126, one-tailed] ovC tDCS group [t(47) = -0.591, p = .278, one-tailed].

A one-way ANOVA on pre-test NMAs showea significant differences between real AZC and
sham tDCS groups [F (2,66) = .46, p > 0.25]. Groups also did not significantly differ for their post-
stimulation subjective ratings (in terms of paattention and fatigue, ps > .25) indicating sham and
real tDCS groups had the same perceived tDCS experienagdition, there was no significant

difference between groupsterms of handedness and musical sophistication scores (ps > .05).

14



Discussion

We investigated the contributions of the auditory and visual cotbdasth auditory and visual
temporal recalibration effect (TRE). Experiment 1 suggested that either visual TRE was affected
auditory cortex tDCShly increasing TRE) or affectdal visual cortex tDCS (by decreasing TRE).
Experiment 2 showed a trend tlaaditory cortex tDCS decreased visual TRE compared with sham
stimulation. Across these 2 experiments, auditory cortex tDCS did not change auditory TRE.
Experiment 3 revealed that visual cortex tDCS significantly decreased visual TRE compared with
sham tDCS, but auditory cortex tDCS produaadhtermediate effect that did not differ from either
visual cortex or sham tDCS effect. Taken togetiverfound that cathodal tDCS over the visual
cortex, ando a lesser extent over the auditory cortex, produced decreased visual TRE. However,
both auditory and visual cortex tDCS did not produce any measurable effects on auditory TRE,

indicating the robustness of auditory temporal processing.

This study provides direct evidence for the involvement of the visual dartesuo-motor

temporal recalibratioriVe found that cathodal tDCS over the visual cortex decreased visual TRE,
instead of increasinig. Cathodal tDCS has a neural suppression elffediecreasing neuronal

firing rate (Nitscheet al., 2008). Because temporal recalibraisoa compensatory process for
reducing a temporal delay between causally linked stimuli (Fujetali, 2004), the decrease of
TRE following the neural suppression of the primary visual cortex would mean that this
compensatory processgjis disrupted, and that the mechanism of visual T&RE&ensory-specifito

the visual system. This explanatigconsistent with the perceptual shift accanniRE (Di Luca,
Machulla, and Ernst, 2009; Sugagial., 2015; Yarrow, Minaei, and Arnold, 2015). One might
argue that visual cortex tDCS slowed down visual sensory processing speed, hence creating a
further subjective delay between action and feedback during delay adaptation period. Against this
possibilityis that the slowing downf processing speed would also affect post-test NNtAgis

case, TRE would be increased rather than decreased. Alternatiwedy,possible that visual cortex

tDCS did not slow down visual sensory processing speed but thatuptedan adaptive speeding

15



of the detection of the pacing signal, thus, leatindecreased TRE (see Fig 1, Sugano, Keetels &
Vroomen, 2015).

Our finding that tDCS over both auditory and visual cortices produced a decreasing effect of visual
TRE is consistent with a previous transcranial magnetic stimulation (TMS) study reporting that both
the auditory and visual cortices are involwedisual temporal discrimination process (Kaegal.,
2011).In particular, our finding of auditory cortex involvement during visual temporal

recalibration, albeit perhaps weak, suggests that visualcBREe transferretb the auditory

system. This may explain why TRE occurred after adaptatidelayed visual feedbaak auditory
modality, but not the opposi{Sugancetal., 2012)In line with otherswe suggest that temporal
informationis requiredto be transforradinto auditory representation (Gutmetal., 2005; Kanai

etal., 2011;Shih, Kuo, Yeh, Tzeng, & HsieR009; Suganetal., 2012)If the visual temporal
informationis being translated intan auditory code, translation might require increased processing
load for the visual temporal information than the auditory temporal information. Hence, this process

might make visual temporal recalibration more vulner&bt®CS.

We found that tDCS over the auditory cortex did not produce significant chamgeditory TRE.

It has been shown that the auditory system has higher temporal precision and faster processing
speed than the visual system (Andreassi & Greco, 1975; Mokiain 2002; Stonetal., 2001).
Consequently, auditory timing information could be used for a frame of reference for temporal
judgements (Di Lucatal., 2009). With tDCS over the auditory cortex, auditory temlpor
recalibration process would not be affected, because the auditory signal miglatssereterence

(i.e., more trusted sensory estimate,Bekucaetal., 2009 for further discussiprHence, we

suggest that the perceptual latency shift can doctie motor component during auditory temporal
recalibration, whereas the visual temporal recalibration this sluéinoccurin the visual sensory

component (see Figure 4B).

Figure 4 about here
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Decreas®f TRE by applying cathodal tDC8anhave therapeutic implications for patients
exhibiting increased TRE. Increased TRE can cansecreasef illusory reversals of cause and
effect (Stetsortal., 2006) which diminishes sense of agency (SoA: feeling of authorship over
one’s action). For exampl diminished SoA associated with increased TRE(M, Schonwiesner,
SanMiguel, & Schrége2014) would resulin attributing self-generated thoughts and actiorem
external forcen schizophrenia. Patients with schizophrenia sttbavsimilar increased contraction
of subjectivetime between their voluntary action aitsl consequence througtmintentional

binding paradigmHaggard, Martin, Taylor-Clarke, Jeannerod, & Frar2Q3;Maedaetal., 2012
Vossetal., 2010). Given that visual sensory adaptation could be transtemeaditory TRE
(Heronetal., 2009; Suganetal., 2010, 2012), this transference effect would ried@® examined

in patient studies when examining auditory TRE for future interventional studies.

There are some issuesconsiderin interpreting our results. Firste found pre-test negative mean
asynchrony (NMA) differences between conditions and groups, comp&wdbtesein Suganaet

al., (2015), even though handedness and musical sophistication scores were not different between
groupsin our study. NMAscanbe affectedy several factors suasmusical ability, task modality

and practice (see Repp, 2005; Repp and Su, 2012 for peVieevissuef pre-test NMA difference

is difficult to resolve. Nonetheless, our control analyses showed that our results were not
significantly affected. Secondly, a related finding should be ristigxtwe found participants had
increased NMASf they had visual cortex tDAS8 their first session, compargalthe participants

who did the task for the firsime in the auditory task group Experiment 1, although sessions

were separatelly a minimum of 2 days. This effect would neaede further investigateasvisual

cortex tDCS may produce a long-lasting effect for auditory temporal processing. Finally, we chose
the right auditory corteasour stimulation site, based on right auditory cortex involvenment

interval discrimination taskis both auditory and visual modalities (Kaeaal., 2011), and a meta-
analytic studies of fMRtime perception studies indicating right-sided auditory cortex activity

across variousme perception tasks (Wienetal., 2009)lt is possible thatve did not stimulate

the correct area (i.e., the left auditory cortexpbserve a disruption effect on auditory TRE.

Against this possibility was thate observed a modulatory effect (albeit weak) of the right auditory
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cortex on visual TRE. This remote, indirect effect has frequently been repolkteth tDCS and

TMS literature (Langetal.,2005; Blankenburgtal., 2010) We suggest that auditolyRE might be
difficult to disturb because of the higher temporal precision of the auditory system and faster
processing of the auditory modality than the visual modality (Andreassi & Greco, 1975; Meltholm

al., 2002; Stonetal., 200).

In conclusion, the present study showed, for thetiirst, that temporal recalibration procesm

be affectedy brain stimulation techniques suakcathodal tDCSWe found robust evidence for
modality-specific contribution of the visual cortex on visual TR, together with the robustness of
auditory temporal recalibration process. Future studies wouldtevéadus on cross-modal

temporal recalibration transference atscheural basisasit may have therapeutic implications for
patients with abnormal TRE. With relatively large samples across three experiments, this study

provided a basis for such future studies.
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Figure and table captions

Figure 1. Temporal recalibration effects auditory cortex (AC) and visual cortex (VC) tDCS
conditionsin auditory and visual task groups. Temporal recalibration eff@eticulatedy
subtracting pre-test negative mean asynchronies from post-test negative mean asynchronies. Errors

bars represent SEMs. Values converted into positive for illustration purposes. *p = 0.018.

Figure 2. Temporal recalibration effects accordioghe modality of the tasik eachstimulation
group (auditory cortex real tDCS group vs sham tDCS group). Temporal recalibrationseffect
calculatedoy subtracting pre-test negative mean asynchronies from post-test negative mean

asynchronies. Error bars represent SEM. Values converted into positive for illustration purposes.

Figure 3. Temporal recalibration effects for the Auditory Cortex (AC), Sham and Visual Cortex
(VC) tDCS groups. Temporal recalibration effesctalculatedoy subtracting pre-test negative
mean asynchronies from post-test negative mean asynchronies. Errors bars represent SEMs. Values

converted into positive for illustration purposes. *p = 0.035 (one-tailed).

Table 1. Mean control variables age, gender, handedness and musical sophistication for the sub-

groupsof all three experiments.

Table 2. Means and standard deviations for Negative Mean Asynchronies (NMAs) and Temporal

Recalibration Effects (TRES) for three experinsent

Note: NMAs are presented millisecond. Negative values indicate tap comes before the stimulus
time. Temporal recalibration effect (TRE) calculatssubtracting pre-test performance from post-
test performance. Standard deviations are presentbd parenthesis. Variabiligf the current
results are consistent with previous studies using SMSdaskasure temporal recalibration

(Sugancetal., 2012; 2014; 2015).
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Figure 4. Schematic representation of temporal recalibraticasensorimotor synchronization
paradigm and differential modality effects of delay adaptafione is notto scale(A) A pacing

stimulus (either audity or visual stimulus) was presented 15 times with a constant 750ms inter-
stimulus interval. Tapping responses precede the stimulustpn@to 80 milliseconds on

average before temporal recalibration (pRetapping). This negative mean asynaely¢NMA)

may represent participantsubjective tap-stimulus synchrony. After a delay adaptation phase
(illustratedin Figure 4B), participants tap even earlier (pidRttapping) than pré&R tapping,

thereby establishing a new subjective tap-stimulus asynchrony. Temporal recalibration effect (TRE)
was obtainedby subtracting averaged pi& NMA from averaged postR NMA values. Note that

the perceptual element of the pacing stimulus was asstinbedconstant (not shifted post TR)in
diagram A.(B) Potential mechanisms of subjectiume compression following adaptatiooa

repeated button press and a delayed feediackir study, participants voluntarily pressed the

button 15 times and a delayed feedback (150ms) was delivered after each buttdrRgpesguces

a subjectivegime compression between the action and the feedback. Our results suggest that motor-
auditory delay adaptatigiM-A) causes a slowing down of the motor component (dashed arrow
pointing right). Thigs supportedy the robustness of auditory TRE against the effect of tB$S.
contrast, motor-visual delay adaptat{dém-V) produces speeding-up of visual processing (dashed
arrow pointing left). Thiss supportedy the decreasing effect of visuadrtex tDCS on visual

TRE.
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Figurel, 2,3and 4 are presented in separatefiles
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Tablel

Task Stimulation Age Gender Handedness Musical
Modality ArealType (number of Sophistication
males)
Auditory AC Real 25.2(4.7) 11 L: 49(5.2), 82.8(16.0)
R:15.1 (5.2)
Experiment 1 VC Real 25.2(4.7) 11 L: 4.9 (5.2), 82.8 (16.0)
R:15.1 (5.2)
Visual AC Real 23.3(3.5) 16 L: 4.0 (6.5), 79.5 (19.8)
R: 16.0 (6.5)
VC Real 23.3(3.5) 16 L: 4.0 (6.5), 79.5 (19.8)
R: 16.0 (6.5)
Auditory AC Real 20.1 (1.7) 10 L: 3.9 (5.2), 60.6 (15.2)
R:15.7 (5.3)
Experiment 2 AC Sham 19.9(1.1) 9 L: 2.1 (3.2), 62.0 (11.0)
R:17.9 (3.2)
Visual AC Real 20.1 (1.7) 10 L: 3.9 (5.2), 60.6 (15.2)
R:15.7 (5.3)
AC Sham 19.9(1.1) 9 L: 2.1 (3.2), 62.0 (11.0)
R:17.9 (3.2)
Visual AC Real 20.9 (5.8) 10 L: 2.9 (4.3), 65.8 (17.7)
R:13.7 (5.9)
Experiment 3 VC Real 19.7 (3.1) 7 L: 5.0 (5.6), 61.8(11.5)
R:11.6 (5.5)
Visual Sham 19.3(1.3) 6 L: 3.8 (4.3), 61.2 (14.6)
R:14.3 (4.5)
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Table2

Task Stimulation Pre-test Post-test TRE
Modality Area/Type
Auditory  AC Real -101.5 (45.8) - 131.4 (45.8) -29.8 (29.9)
Experiment 1 VC Real -89.3(55.7) -123.1(52.2) -33.8 (29.4)
Visual AC Real -90.2 (34.7) - 135.5(49.4) -45.3 (49.4)
VC Real -104.1 (51.5) - 130.6 (47.4) -26.5 (45.0)
Auditory  AC Real -111.8(60.4) -131.6(55.2) -19.7 (39.4)
Experiment 2 AC Sham -125.1 (47.3) -147.1(37.2) -22.0 (32.9)
Visual AC Real -90.1 (48.1) -106.4 (45.0) -16.2 (37.4)
AC Sham -74.0 (50.7) - 108.7 (46.0) -34.7 (42.1)
AC Real -73.4(56.3) -107.1 (46.4) -33.7 (42.9)
Experiment 3 VC Real -87.6(55.9) -108.3 (50.7) -20.6 (28.8)
Sham -73.6 (52.6) -114.5(50.7) -40.8 (41.1)
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