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Abstract

The brain builds up expectations to future eveatel on the patterns of past events. This funbtien
been studied extensively in the auditory and vislaahains using various oddball paradigms, but bttlg
exploration of this phenomenon has been done isdh@tosensory domain. In this study, we explowe ho
expectations of somatosensory stimulations ardlkestad and expressed in neural activity as medsuith
magnetoencephalography. Using tactile stimulattoriie index finger, we compared conditions veitiual
stimulationto conditions witltomitted stimulationsboth of which were eithexxpectedr unexpected

Our results show that when a stimulation is expkbtd omitted, a time-locked response occurs ~185 m
subsequent to the expected stimulation. This saaatory response to “nothing” was source localiagte
secondary somatosensory cortex and to the inshia.pfovides novel evidence of the capability &f bmain of
millisecond time-keeping of somatosensory pattexrsss intervals of 3000 ms.

Our results also show that when stimuli are reeat® expectations are established, there is assdci
activity in the theta and beta bands. These thedébata band expressions of expectation were kszhio the
primary somatosensory area, inferior parietal coated cerebellum. Furthermore, there was gamma aetidty
in the right insula for the first stimulation aften omission, which indicates the detection ofwa sémulation
event after an expected pattern has been broken.

Finally, our results show that cerebellum playw@ci@l role in predicting upcoming stimulation amnd i
predicting when stimulation may begin again.

Keywords:expectations, somatosensory processing, magnejpleslography, time-keeping, mismatch
responses, cerebellum
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1 Introduction

Conceiving of the brain as not only a passive fenipof stimulation, but also as an active predicto
future stimulation dates back to at least Helmh@&67). In support of this notion, a seminal elgohysiological
experiment (Naatanen et al., 1978) demonstrateditbauditory cortex generates a characterissipaese to
deviant sounds in a sequence of otherwise starstaimts. This response, which manifested as a tolet
increased negativity in the electroencephalograBGErom about 130 ms to about 300 ms after stimohset
of the deviant stimuli over fronto-central electesgwas coined the MisMatch Negativity (MMN). ThéM has
subsequently been explored in numerous magnetoealogpaphy (MEG) and EEG studies for auditory patte
deviations in form of frequency, intensity, andation shifts (Giard et al., 1995) and also in fahphonemic
deviations (Naatéanen et al., 1997). Demonstratiegrivolvement of prediction in these responsed/&N has
even been found when the deviant “stimulationhighie form of a complete omission of sound, buy dimén if
the latency between sounds is briefer than ~15Qvaise et al., 1997). The neural generators of thttary
MMN have been localized to the primary and secondaditory cortices (Alho, 1995).

MMNSs have also been reported in the visual (Paz@#lz et al., 2003) and somatosensory (Karhu and
Tesche, 1999; Tesche and Karhu, 2000) domains.ukartl Tesche (1999) used MEG to investigate neural
responses to trains of median nerve stimulatioptiexpat a 2 Hz rate with random omissions occgrfib % of
the time. However, while including omissions initheimulation sequences, these authors focussédeon
differences between first stimulations after anssiin and the remaining stimulations, and thusdicexplore
time-locked responses to the omissions themsdivesfollow-up study (Tesche and Karhu, 2000) hasvethe
authors reported induced cerebellar activity inttteta and gamma bands after omissions of stimuli.

Most researchers on this topic have studied piiedictsing tasks where pattern deviations are erddat
form of variations in the actual sensory stimulat{e.g. frequency or intensity). For researchelerésted in
responses to violations of expectations, such &ition variations offer a very useful approach tapnout the
precision of the expectations and the sensitiatyidlations. However, for those interested ineélpectations
themselves, the approach contaminates the respbirgerest, since the neural response to a stimulavent is
formed by a combination of exogenous sensory sétiar, endogenous event expectations and a n&s@bnse
to the updating of that expectation. In our stway,aimed to separate the effects from the exogesensory
stimulation from the endogenous event expectations.

There has been renewed interest in the brain fumeinvolved in expectations of somatosensory svent
Allen et al. (2016) using functional Magnetic Regoce Imaging (fMRI), investigated connective praipsr
between areas of the brain when stimulations ureggly shifted from one hand to the other. Theynfbthat the
thalamus, the insula, the primary somatosensotgx¢8l), middle cingulate cortex (MCC) and the diéd
frontal gyrus (MFG) all show greater BOLD-responkesleviant stimulations than for expected stirtiatss.
Fardo et al. (2017) conducted an MEG study, algedtigating the responses to stimulations unexgicte
shifting from one hand to the other, and furthemround the inferior parietal cortex (IPC) and ithferior
frontal gyrus (IFG) to be involved.

1.1 Purpose and aims

In this study, we aimed to explore how expectatiminsomatosensory stimulations are established and
expressed. For this purpose, we used regular segsi@htactile stimulations at fixed intervals thegre
irregularly interrupted by omitted stimulations. dccomplish analysis of the neural responses tetaeents by
means of both time-locked and induced analysesissd a long inter-stimulus interval of 3000 ms.sTS
allowed us to explore expectancy responses relatde periodbefore at, andafter the point in time where
stimulations occurred (or should have occurred,mdritted). In terms of localizing activity relatenl
stimulations and unexpected omissions, we choBets on a list o& priori areas based on the findings of Allen
et al. (2016), Fardo et al. (2017) and Tesche arthtiK(2000). This included the insula, the thalgrthes middle
cingulate cortex (MCC), the middle frontal gyrusK®), the primary somatosensory cortex (Sl), theriof
parietal cortex (IPC), the inferior frontal gyrus6G) and the cerebellum. If cerebellum is involvadtivity
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should be seen ipsilaterally (Tesche and Karhu719%he two hypotheses of particular interest thhargeting
the expression of expectations — were:

1) Responses tatimulationdiffer within thea priori areas when comparing a condition where (i) an
expectation has been formed to (ii) one where pectation hasot been formed. (Table Repeated Stimulation
versuskirst Stimulation).

2) Responses two stimulationdiffer within thea priori areas when comparing (iii) a condition where an
expectation has been formed with (iv) one wherexgectations hasot been formed. (Table Omitted
StimulationversusNon-Stimulatioh

Table 1: Labelling of conditions as to whether stimulations and expectations are present. The
labels will be further explicated in the methods section.

Expectation No Expectation
Stimulation (i) Repeated Stimulation (ii) First Stimulation
No Stimulation (iii) Omitted Stimulation (iv) Non-Stimulation

For the time-locked responses, we were mainly ésted in the first two early components following
tactile stimulations: the contralateral S| compdredter ~60 ms, and the bilateral secondary soreasusy cortex
(SII) component after ~135 ms (Hari et al., 1984misl et al., 1998). For the induced responses, we mwainly
interested in differential activity between stimida and omissions in the mu-bands (mu-alpha: ~842nd
mu-beta: ~18-25 Hz). The theta (~4-7 Hz) and garf#8-100 Hz) bands were also of interest sinceraéve
studies have shown the involvement of these bandegoding memories (Nyhus and Curran, 2010; Osijgbv
al., 2006; Roux and Uhlhaas, 2014; Schack et @02p

MEG differs in the sensitivity that it has to theseas: especially thalamic activity may be chaglieg to
localize due to its sub-cortical position (Hamédiiret al., 1993). Insula and MCC are also in pafrthe brain
where MEG has low sensitivity (Hillebrand and Baxn2002), but where localization may still be fbesiSI and
MFG, IFG and IPC however are cortical and thus gaegets for MEG. Finally, more and more eviderse i
surfacing for MEG being sensitive to deep soureas. @ttal et al., 2012; Coffey et al., 2016; Gdoret al., 2015;
Tenney et al., 2013), demonstrating that localiratif cerebellar and thalamic activity is feasible.

2 Materials and methods

2.1 Patrticipants

Twenty participants volunteered to take part ingkperiment (eight males, twelve females, Mean Age:
28.7 y; Minimum Age: 21; Maximum Age: 47). The expgent was approved by the local ethics committee,
“Regionala etikprovningsndmnden i Stockholm”, it@dance with the Declaration of Helsinki.

2.2 Stimuli and procedure

Tactile stimulations were generated by using alatalble membrane (MEG International Services Ltd.,
Coquitlam, Canada) fastened to the participargbtrindex fingertips. The membrane was part ofsiaia
stimulation rig, and was controlled by pneumatitvea (model SYJ712M-SMU-01F;@MC Corporation,
Tokyo, Japan) using 1 bar of pressurized air. Rpeemental paradigm consisted of inflating the rhesme with
a regular interval of exactly 3000 milliseconds.p&eudo-random intervals, some of the inflationsevegnitted
such that there was a complete absence of stimnlathese omissions always happened at eithepthrthf fifth
or sixth place in the stimulation sequence; chasencounterbalanced manner. An illustration ofgeguence is
shown in Fig. 1.

One thousand trials were administered to eachcgaatit, of which six hundred were equally distrédmias
First Stimulation, Repeated Stimulation &2)dRepeated Stimulation (3jwo hundred were omissions, close to
evenly distributed betweddmitted Stimulation (4), Omitted Stimulation é)dOmitted Stimulation (6)The last



116 two hundred were distributed betweRepeated Stimulation (dndRepeated Stimulation (Speriods of fifteen
117 seconds of non-stimulation were interspersed betwesse sequences to obtain segments of dataepigated
118 omitted stimulation. These occurred approximategrg twenty-five trials, always started after anission, and
119 were cued by a three-second tone. The first treeersls were wash-out periodand also polluted by the tone,
120 and thereafter four trials (3000 ms) of non-stirtintatrials were segmented from the remaining teedgconds
121 of non-stimulation. This resulted in a total of and one-hundred-thirty epochs with no stimulatien gubject
122 (Non-Stimulatioh

3000 ms

o
UUQO Qe Q Q=) Qe

First Repeated (3) Repeated (5) First Repeated (3) First Repeated (3) Omitted (5)
Repeated (2) Repeated (4) Omitted (6) Repeated (2) Omitted (4) Repeated (2) Repeated (4)

Fig. 1. Experimental paradigm: An example sequence of the experimental paradigm is shown.
The annotations on the bottom show the coding used throughout for the different events of interest.
Stimulations happened at a regular pace, every three seconds. When omissions occurred, there
were thus six seconds between two consecutive stimulations.

123 During the stimulation procedure, participants w&etching a nature programme with sound being fed
124 through sound tubes (model ADU1c, KAR Oy, Helsirkpland) into the ears of participants at appratiety 65
125 dB, rendering the tactile stimulation completelsuidible. Participants were instructed to pay fti#ration to the
126 movie and to pay no attention to the stimulatiotheir finger, which was held under a table suet ihcould not
127 be seen. In this way, expectations should be matityulus driven, and thus not cognitively drivarattention
128 driven. Both before and after the administratiothef one thousand trials, a period of non-stimaitatasting 3
129 minutes was recorded. These were cut into segm&BB00 ms, resulting in 1200-Tasktrials recorded outside
130 the experiment. These were to be used as a comasatire activity for all four conditions (Table 1).

131 2.3 Preparation of subjects

132 In preparation for the MEG-measurement each subpattheir head shape digitized using a Polhemus
133 FASTRAK. Three fiducial points, the nasion and lésfé and right pre-auricular points, were digitizéidng with
134 the positions of four head-position indicator c¢i§1-coils). Furthermore, about 200 extra poirigstiding the
135 head shape of each subject were acquired.

136 2.4 Acquisition of data

137 Data was recorded by an Elekta Neuromag TRIUX aystside a magnetically shielded room (model
138 Ak3b (Vacuumschmelze GmbH) at a sampling frequexidy000 Hz and on-line low-pass and high-pasgsitle
139 at 330 Hz and 0.1 Hz respectively.

140 2.5 Processing of MEG data

141 Two kinds of analyses were done. In the first $etnalyses, we extracted responses time-lockeukto t
142 onset of the actual stimulatioR¢peate@ndFirst Stimulation) and to the expected onset of Dmitted

143 StimulationsIn the second set of analyses, we extracted editesponses to the same conditions. Both kinds of
144 analyses were also done féon-Stimulations.

145 For the time-locked responses the data were fiestAiftered (Taulu and Simola, 2006), using temporal
146 Signal Space Separation (tSSS) with a correlaiinit bf 98 %, movement corrected and line-baneféd (50
147 Hz). Subsequently the data were low-pass filtetetDaHz and then cut into segments of 1200 ms,ni2@re-
148 stimulus and 1000 ms post-stimulus. The delay betvtiee digital trigger and the onset of the stiriotawas



149 assessed to be 41.0 ms via a separate recordimgarsiaccelerometer attached to the tactile merabdter
150 subtracting the 41.0 ms delay, data was then desdeasing the pre-stimulus period. Segments ofidatading
151 magnetometer responses greater than 4 pT or gratBonesponses greater than 400 pT/m were rejefted.
152 independent component analysis was done on theesggdhdata to identify eye blink and heart beateel
153 components. These were subsequently removed fresetimented data. The omissions (occurring atipogit
154 5or 6 in a stimulation sequence) were collapstaldne response category®@initted Stimulationto maximize
155 the signal-to-noise ratio.

156 For the induced responses the data were first Ntax&d (Taulu and Simola, 2006), using tSSS with a
157 correlation limit of 98 %, movement corrected ainé4band filtered (50 Hz). Subsequently, the dateevthen cut
158 into segments of 3000 ms, 1500 ms pre-stimulusl&0@ ms post-stimulus adjusted with the measurkxy dé
159 41.0 ms. Data was demeaned using the whole seghtet.data was cleaned manually by removing segment
160 showing large variance. An independent componeailiysis was done on the segmented data to idenyfy e
161 blink, eye movement and heart beat related compgsn€hese were subsequently removed from the segohen
162 data. Then, from each segment of data the respdatie-locked response of the given condition wetracted
163 from that segment. This was done to minimize tles@nce of time-locked responses in the induceadnsss.
164 Time-frequency representations were calculated flerse segments of data according to condition oflé\!

165 wavelet analysis with 7 cycles was done for fregigsfrom 1-40 Hz and a multitaper analysis witlagers was
166 done for frequencies from 40-100 Hz. These weredoneach time point from 1500 ms pre-stimulu$%60 ms
167 post-stimulus. Data from gradiometer pairs wera tt@mbined by summing the powers from each. Fintiby
168 data were baselined by using the mean power fretN¢hTasktrials. To choose which time and frequency ranges
169 to run source reconstruction on, cluster statistitsensor-time-frequency triplets (Maris and Qogtéd, 2007)
170 was done on the differences betw&apeatedndFirst Stimulationand betwee®mittedandNon-Stimulation
171 To this end, separate mass-univariate tests warerrdhe differences respectively betw&apeate@ndFirst

172 Stimulationand betwee®mittedandNon-Stimulatiorwith a = 0.05. Individual time-frequency points were
173 considered to be part of a cluster if they wereifiicant on this tesandthey had neighbouring points in space,
174 i.e. sensors, and time-frequency of the same piggitive/negative, that were also significant. Each positive
175 and negative cluster, thesalues were then summed together givifigwalue. Subsequently, from a permutation
176 test with 2000 repetitions, labels, eRppeatedndFirst, were subsequently randomly allocated to eacheof t
177 conditions, giving a distribution of summed clustatues to compare against, i.e. a distributiof-gélues.

178 Clusters were considered significant if the likebld of theT-value, or of a more extrenievalue, of such a

179 cluster was 0.025 or smaller under the permutatistnibution. This controls the false alarm ratedhusters at a
180 level ofa = 0.05. Importantly, the multiple comparisons peaiis circumvented in this manner. The overalidal
181 alarm rate is controlled at a levelof 0.05, since the null hypothesis, namely thatllaig of conditions into,
182 say,RepeatedndFirst Stimulationis not different than any other (random) labelirg conditions, is only

183 rejected if at least one negative or one positiuster has d-value that is associated witlpavalue equal to or
184 smaller than 0.025 under the permutation distrdvuti

185 2.6 Source reconstruction

186 Two different strategies were followed for the smureconstruction of time-locked and induced respsn
187 respectively. For the time-locked responses, ailbliged solution based on the Minimum Norm Estin{M&lE)
188 (Hamalainen and limoniemi, 1994) was found, andHterinduced responses a beamformer approach wds us
189 See sections below for further details. The MNErapph was chosen for the time-locked responses #inc
190 provides a full-brain reconstruction with minimalsamptions about which sources are active in thexo

191 Oscillations have been argued to be best modejldsbamformers, however, (Hillebrand and Barnes5200
192 Most of the literature pertaining source reconsioms of oscillations is also using beamformers.

193 For source reconstructing the time-locked respongescquired Hi-res Sagittal T1 weighted 3D IR-
194 SPGR (inversion recovery spoiled gradient echopisdor each subject using a GE MR750 3 Tesla scawith
195 the following pulse sequence parameters: 1 mmapmresolution, FoV 240x240mm, acquisition matrix:
196 240x240, 180 slices, 1mm thick, bandwidth per pigdl7 Hz/pixel, Flip Angle=12 degrees, TI=400ms,



197 TE=2.4ms, TR=5.5ms resulting in a TR per slice38dms. 3D gradient inhomogeneity (linearisationy@ction
198 was applied (gradwarp). Based on these images sefyinentation of the head and the brain was dsing u
199 FreeSurfer (Dale et al., 1999; Fischl et al., 199Based on this segmentation, the boundarie$éoskin, skull
200 and brain surfaces were found using the waterslgeditam with the MNE-C software (Gramfort et &2013). A
201 source space restricting sources to the cortie@tshas created and a single compartment volunductor
202 model was set up based on the boundary for tha braface, also using MNE-C. For each subject thevds co-
203 registered to the subject’s head shape with theeiids and head shape points acquired with theeirulls

204 FASTRAK. A forward model was then made based ortrdmesformation, the volume conductor, the soupaes
205 model and the positions of the MEG sensors, (magneters and gradiometers). Source time courses were
206 reconstructed using MNE (Hamalainen and lImonieir@B4), with depth-weighting (Dale et al., 2000)eTh
207 noise-estimate necessary for doing the MNE wamasgid based on the pre-stimulus activity. The iddial
208 source time courses were then morphed onto a contengpiate, thésaveraggFischl et al., 1999hjfrom the
209 FreeSurfer software. Grand averages were thenal@rethe morphed data. For statistical evaluatiOnms
210 intervals were chosen around the peak times basaccombination of the literature and the obsepesks for
211 Sl and Sll (56 ms and 135 ms respectively) (Haalet1984; Mima et al., 1998).

212 For source reconstructing the induced responsessee the FieldTrip software (Oostenveld et al1120
213 after applying the transformation done above, tprent the T1-images into the brain, skull and $&ireach
214  subject. From the brain segmentation a single coimgat volume conductor was created. The sourceespas
215 the whole brain, and was thus not restricted tactréical sheet as in the reconstruction of theetlotked

216 responses. A beamformer approach was used (Dyraraging of Coherent Sources, DICS: Gross et aD1P0
217 Based on the identified components in the timetfesgy representations, trial segments were crojppedme
218 windows containing the component. From these tirimelaws, the Fourier transforms for the frequency of
219 interest for theRepeate@ndFirst Stimulationand theOmittedandNon-Stimulatiorwere done. Furthermore, a
220 Fourier transform was also done for te-Tasktrials collected outside the experiment, to be wed contrasting
221 condition for all conditions (Table 1). Finally, fager transforms were done for the combinationsawfh of the
222 conditions and thdlo-Taskrials outside the experiment. Based on these Fouriesfsems, sources underlying
223 the induced responses were reconstructed withshgeuof a common spatial filter estimated from the

224  combinations of the conditions and the-Taskrials outside the experiment. The co-registered souraeesfor
225 each subject was warped onto the standard Collr&@# (Holmes et al., 1998). The forward modeldach
226 subject was based on the warped source spacepshimps of the gradiometers and the volume cormtuct
227 Contrasts between beamformer reconstructed acfivityach of the condition&ifst, RepeatedDmittedand

228 Non-StimulationsandNo-TasKrials outside the experiment were calculated. &loias projected out and was

229 regularized with a lambda value set at 10% of tkamof the sum of the diagonal of the cross-spedrasity
230 matrix. These beamformer solutions revealed whigions generated the induced responses.

231 3 Results

232 Note that for all resultRepeated Stimulatids the second stimulation (Fig. 1 and Table 1),the one
233 following First Stimulation since this is where the expectation of anotheruation can be confirmedhe
234 reserved digital object identifier for the dataasitory, where data for this experiment can belyrdewnloaded
235 is:10.5281/zenodo.998518.

236 For the time-locked responses, grand averagesaatrelated across all participants separately dohef
237 the conditions. The sensor space results arerdhast in Fig. 2. No statistical analyses were dortee sensor
238 space. These were carried out in the source space.

239 Repeated@ndFirst Stimulationwere compared to one anothand so wer®©mittedto Non-Stimulation
240 (Table 1) The results showed thRepeate@ndFirst Stimulationwere very similar with the first component
241 occurring contralaterally to the stimulated han8@&ms over the somatosensory cortex (Sl-componghtth
242 was followed by a second bilateral component atrb8®ver the secondary somatosensory cortices (SlI-
243 component) (Fig. 2AB). Th®mitted Stimulatiotacked the initial SI-component observed for station

244  conditions at 56 ms, but showed an Sll-componeh8&atms, thus matching the timing of the secondpzmmant
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for bothRepeatedndFirst Stimulation(Fig. 2C).Non-Stimulatiordid not show any systematic components at
any of these time points (Fig. 2D).

A First Stimulation B Repeated Stimulation
56 ms 135 ms 56 ms 135 ms

® o

=2 00 0 200 400 600 800 1000 _s—goo 0 200 400 600 800 1000
C time (ms) D time (ms)
Omitted Stimulation Non-Stimulation
56 ms 135 ms 56 ms 135 ms
P / N

6.0

P Y 45 P e
C &
= 0.0 N

_—soo 0o 200 400 600 800 1000 - V] 200 400 600 800 1000
time (ms) time (ms)

Fig. 2. Timelocked responses: Butterfly plots of the time-locked responses for the 204
gradiometers with accompanying flattened topographical plots with root mean square values of the
gradiometer pairs. Coloured heads in the top-left corners of the butterfly plots indicate from which
sensors data are drawn. A) contralateral peak for First Stimulation after 56 ms (SI) and bilateral
peak after 135 ms (Sll). B) similar to A, but for Repeated Stimulation. C) a bilateral peak after 135
ms with SlI topography. D) For the Non-Stimulations, no clear components were found. Note the
different scales in the top row and the bottom row.

The Sl and SlII components shown in Figs. 2A andveBe expected after tactile stimulation, because th
responses in the somatosensory cortex are knota tmfolding at a very reliable and precise patieviing
sensory stimulations (Hari and Forss, 1999). Tinefiocked responses @mitted Stimulationvere however
more unexpected (Fig. 2C).

Using Minimum-Norm Estimates (as described in théhods) we reconstructed the sources for the two
responses (56 ms (Sl) and 135 ms (Sll); see Fig.a2est the statistical significance of thes@oeses, we
performed permutation tests (Maris and Oosten8@7) with a threshold af = 0.05 for the initial mass-
univariate test and a subsequent cluster thregtiold= 0.025 (Fig. 3). The data going into the test thas
difference between source reconstructed time ceursgphed tdsaveragavith a 10 ms interval around the peak
(i.e. 46-66 ms and 125-145 ms). Intervals wereatkas described in the methods

The influence from expectations etimulationswere explored by testing the differences betwRepeated
andFirst Stimulationfor the two response components at 56 ms and 13%heg-values for the biggest clusters
were respectively: Sp = 0.58; Slip = 0.21. Thus, the results showed no significafféi@inces between
Repeate@dndFirst Stimulationfor any of these two response components.

The influence from expectations duriogissionsvere explored by testing the differences between
OmittedandNon-Stimulationgor the same two peaks, 56 ms and 135 ms pRredues for the biggest clusters
were respectively: Sp = 0.58; Sll:p = 0.0001. Thus, the results showed a significéfdgrdnce betwee@mitted
andNon-Stimulatiorfor the second (but not the first) response corepbdriven by more activity in ipsilateral
Sl for Omittedcompared tdNon-Stimulation



B Omitted Stimulation

2,00 2,29 2,57 2,86 3,14 3,43 3,71 4,00 2,00 2,29 2,57 2,86 3,14 3,43 3,71 4,00 1,10 1,14 1,19 1,23 1,27 1,31 1,36 140 1,10 1,14 1,19 1,23 1,27 1,31 1,36 1,40
N N N N
C Omiitted relative to Non-Stimulation — statistical test

135 ms

Fig. 3. Timelocked responses following repeated and omitted stimulations. Grand averages
(dSPM values) for Repeated and Omitted Stimulation and a statistical map based on cluster
analysis for Sll-component for Omitted versus Non-Stimulation after 135 ms: A) grand average
source activity for Repeated Stimulation. This revealed bilateral activation of the Sl and
contralateral activation of Sl. B) grand average source activity for Omitted Stimulation. This
revealed bilateral activation of SllI. C) t-maps cluster-thresholded at 0.025 overlaid on the
fsaverage brain at 135 ms. The difference response is localized to the right superior temporal
gyrus, posterior insula and Sll. a=anterior, p=posterior.
266 For induced responses, grand averages were caldwatoss all participants. Similar comparisons
267 between conditions were made here as for the evasgibnses, that is, compariRgpeate@ndFirst
268 Stimulationon the one hand, and compari@mittedandNon-Stimulatioron the other. For both sets of analyses,
269 we baselined the induced responses with the indactadty from theNo-Tasktrials (segments of rest data before
270 the task begun, but with the movie running).

271 Investigating from stimulus onset till 2000 ms pssinulus, we found the classical responses tddact
272 sensory stimulation (Salmelin et al., 1995; Salmahd Hari, 1994), which include mu-alpha (~12 kizdl mu-
273 beta (~22 Hz) suppression from 150 ms to 500 msaand-beta (~18 Hz) rebound from 500 ms to 900Fits (
274 4). Furthermore, a theta synchronization (~7 Hainfr100 ms to 350 ms was found for bBRipeatecndFirst
275 Stimulation but with seemingly greater power feepeatedhan forFirst Stimulation(Fig. 4B). ForOmittedand
276 Non-Stimulatiorthese components were not clearly found (Fig. 4B).
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Fig. 4. Induced responses during stimulation and during the absence of stimulation: Grand
average time-frequency representations for gradiometer pairs. A) Repeated Stimulation channel
plots. B) Mean of channels in the red square in A) for all conditions (Table 1): both the mu-alpha
and mu-beta bands suppressions and the mu-beta rebound are seen for the stimulations, but not
for the absence of stimulation. C) Topographical plots for Repeated Stimulation, showing a
contralateral topography for all alpha and beta synchronizations and desynchronizations. D)
Beamformer surface source reconstructions of the activity underlying the topographical plots, with
activity significant at an alpha level of 0.05 (Red is greater than zero, blue is lesser than zero). For
all plots, power is relative to the power for the No-Task trials recorded outside the experiment.
The influence from expectations during stimulatiarese explored by testing the differences between
Repeate@ndFirst Stimulation.This comparisomevealed higher power fétepeatedhan forFirst Stimulationin
the theta, beta and gamma bands (Fig. 5). The llaeich increase was before and after the stimulétidriHz;
from -100 ms to 350 msh beta band increase followed the stimulation diyee-20 Hz; from 0 ms to 100 ms).
It is not likely that these differences were redtie phase-locked activity since no differencesedeund between
Repeate@ndFirst Stimulationin the time-locked responses (Fig. 2AB). The garbarad increase was found in
the pre-stimulus time period (-300 ms to 0 ms &t H4). Finally, the beta band showed increaseditcpre-
stimulus (~20 Hz; from -1300 ms to 0 ms). These foareases in synchronization were all identifiethe
biggest clusterg < 0.001) when testing the differences betwBepeatedndFirst Stimulation(Fig. 5B).

Since it is potentially possible that the thetadalmnd gamma band increasesRepeatedelativeto First
Stimulationare simply due to refractory activity from the geding stimulation, we examined this possibility by
calculating the temporal spectral evolution of thequency bands (Salmelin and Hari, 1994) (Fi). BV/e
demeaned the resulting time courses by taking #remrof the activity from -1300 ms to -500 ms toueaghat
any differences found were not consequences datafifferences. We then tested using cluster staishether
these peaks fdRepeated Stimulatiomere significantly higher than the correspondieghs forFirst Stimulation
The results showed that the increases in powdRdépeated@ompared td-irst Stimulation(Fig. 5) were
statistically significant for the thetp,< 0.001, and the beta bangs; 0.0015, but not for the gamma bapd;
0.0575. The clusters, respectively, for the theththe beta bands, extended from 19 ms to 232 chfram 15
ms to 92 ms, closely matching the periods fountthéninduced responses. This indicates that thedses in
induced responses found Repeatedelative toFirst Stimulationcannot be explained simply by increased
activity due to the preceding stimulation.
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Fig. 5. Differences in induced responses due to differences in expectations during
stimulation: Differences between Repeated and First Stimulation. A) Topographical plots
of theta, beta and gamma band differences. Channels that are part of the cluster found in

the permutation test are indicated by the blue dots on the channel topographies next to the
difference plots. Clusters shown are for the time point in between the two time points and
the frequency in the respective titles. B) Plot of a single channel showing the theta, beta
and gamma band differences. Differences associated with a cluster with a p-value lower
than an alpha of 0.025 are shown non-blurred. The position of the channel shown is
indicated by the blue dot on the topography. C) Temporal spectral evolution plots of the
theta, beta and gamma bands. These are based on an average of the four channels
indicated by the blue dots on the topography.
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Fig. 6. Differences in induced responses due to differences in expectations during during
the absence of stimulation: Differences between Omitted and Non-Stimulations. A) Lower power
in the alpha band (10 Hz) for Omitted relative to Non-Stimulation. Channels that are part of the
cluster found in the permutation test are indicated by the blue dots on the channel topography next
to the difference plot. The cluster shown is for the time point in between the two time points and the
frequency in the title. B) Plot of a single channel showing an alpha band difference. Differences
associated with a cluster with a p-value lower than an alpha of 0.025 are shown non-blurred. The
position of the channel shown is indicated by the blue dot on the topography. C) Temporal spectral
evolution plots of the alpha band. The lines are based on an average of the four channels indicated
by the blue dots on the topography.
299 The influence from expectations during stimulatisrese explored by testing the differences between
300 OmittedandNon-StimulationThis comparisomevealed lower power fddmitted Stimulatiorthan forNon-
301 Stimulationin the alpha band (Fig. 6). The decrease was fbotil before and after time point of the omitted
302 stimulation (~10 Hz; from -500 ms to 1000 mEhis decrease in synchronization was identifiethebiggest
303 cluster p <0.001) when testing the differences betwhlien-StimulatiorandOmitted StimulatioriFig. 6B).

304 The above results from the analysis of inducedaesgs were followed up with source space analyses
305 below. We performed beamformer source reconstmtior the alpha, beta, theta and gamma bandstgctiv
306 using the methods described in the methods se@tatistical tests for the priori areas of interest (insula,
307 thalamus, MCC, MFG, SI, IPC, IFG and cerebellumjenextracted below. For each of the areas the marim
308 unsigned value was extracted from each subjed¢hédrparcellation according to the AAL-atlas (TZour

309 Mazoyer et al., 2002). The statistical within-sulbjéetween-conditions testing was done basedasethalues
310 (Figs. 7-8 and Tables 2-3). No corrections for ipldtcomparisons were done on the beamformer réemtions
311 since the alpha level had already been controlied=20.05 by the earlier permutation test (i.e. Hete been no
312 significant effect of the permutation test, no bé@amer reconstructions would have been done). Natthe
313 IFG in this study is defined as Brodmann Area 44da on the coordinates supplied in Fardo et @L7R

314 The activity related to the mu-alpha band (12 taf 150 ms to 500 ms) and to the mu-beta band 22 H
315 from 150 ms to 500 ms; and from 500 ms to 900 r@4414) were localized to the contralateral somatssgnand
316 motor cortices (see Fig. 4D).

317 These source localizations replicate what has begorted in the literature for induced responsdsdfle
318 stimulation before (Cheyne, 2013) and thus senasamity check that our stimulation worked asridél. Since
319 no differences were found betwelRrpeate@ndFirst Stimulationin the induced responses for these bands, no
320 statistical comparisons were made. Note that noeflation was used for these alpha and beta baralgsas,

321 since these only served as sanity checks.

322 The role of expectations during stimulation wasetedy contrastiniRepeatecgainstFirst Stimulation.
323 Allthree bands, theta, beta and gamma, showedegneawer over contralateral S| and IPC Repeateds

324 compared td-irst StimulationgFig. 7). The Sl activity was however absent during the piratgus period, -1300
325 to 0 ms. Also folRepeatedontrasted téirst Stimulationsthe theta and beta bands showed greater power ove
326 the right cerebellum (Fig. 7). The theta and betads revealed very similar patterns of activatiésally, for

327 First contrasted again&epeated Stimulatiomgeater activation in the gamma band was founHerright insula
328 (Fig. 7).
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40-60 Hz: -300 to 0 ms

Fig. 7. Statistical t-maps of areas showing significant power differences based on
beamformer reconstructions of stimulations: Both the theta and beta bands showed more
activity for Repeated than for First Stimulations in the right-lateralized cerebellum and in the left
inferior parietal cortex. Sl, however, only showed increased activity at the times around stimulation.
The gamma band showed greater activity for First than for Repeated Stimulation in the right insula
Red: significantly greater activity for Repeated compared to First Stimulation. Blue: significantly




greater activity for Repeated compared to First Stimulation. An alpha threshold of 0.05 is used.
Tests are run across parcellations based on the AAL-atlas. Axis keys: L=Left, R=Right, A=Anterior,
P=Posterior. The slices viewed are respectively: x; = -44 mm, y; =-65 mm, z; = -26 mm; x, =-35
mm, y, = -57 mm, z, = 48 mm; X3 = -35 mm, y3 = -57 mm, z; = 48 mm; x4, = 48 mm, y, = -1 mm, z,
-4 mm, all in MNI space.

Brain Region 7 Hz (3-10 Hz) 20 Hz (16-30 Hz) 20 Hz (16-30 Hz) 47 Hz (38-54 Hz)
from -100 to 350 ms [from -1300 ms to 0 mg from O ms to 100 ms |from -300 ms to O I
Laterality Left Right Left Right Left Right Left Right

Insula t=-0.0006 |t=-0.407| t=0.145 t=1.50 t=1.88 t=-0.186 | t=-0.606 | t=-2.44
p>0.05 p>0.05 p>0.05 p>0.05 | p>0.05 p > 0.05 p > 0.05 p<0.05

Thalamus t=1.33 t=0.384 t=1.14 t=1.02 t=1.20 t=-0.333 | t=-0.315 | t=0.0078
p>0.05 p>0.05 p>0.05 p>0.05 | p>0.05 p > 0.05 p > 0.05 p > 0.05

MCC t=1.42 t=0.73 t=0.128 t=0.242 | t=1.33 t=0.460 t=-0.282 | t=-0.408
p>0.05 p>0.05 p>0.05 p>0.05 | p>0.05 p > 0.05 p > 0.05 p > 0.05

MFG t=1.09 t=-1.10 | t=-0.864 t=128 |t=0549 | t=-0.939 t=0.660 | t=0.568
p>0.05 p>0.05 p>0.05 p>0.05 | p>0.05 p > 0.05 p > 0.05 p > 0.05

Sl t=-0.600| t=-0.161 |t=-0.0893 t=0.631 t=-0.913 | t=0.0106
p>0.05 p<0.01 p>0.05 p > 0.05 p > 0.05 p > 0.05

IPC t=-0.917 t=1.25 t=0.839 t=0.153 | t=-0.0950
p>0.05 p>0.05 p > 0.05 p > 0.05 p > 0.05
IFG t=-0.302 |t=0.952| t=-1.12 t=0.911 | t=1.56 t=0.518 t=-0.107 | t=-1.20
p>0.05 p>0.05 p>0.05 p>0.05 | p>0.05 p > 0.05 p > 0.05 p > 0.05

Cerebellum 6 | t=-0.0821 t=1.26 t=1.57 t=-0.0218 t=-0.541
p>0.05 p>0.05 p > 0.05 p > 0.05 p > 0.05

Table 2. Tests of expectations during stimulation for the a priori areas: Statistical tests for
stimulation main effects (df = 19) for areas reported by Allen et al. (2016), Fardo et al. (2017) and
the cerebellum (Tesche and Karhu, 2000). Red: significantly greater activity for Repeated
compared to First Stimulation. Blue: significantly greater activity for Repeated compared to First
Stimulation. An alpha threshold of 0.05 is used.

The role of expectations during absence of stiralavas tested by contrasti@mittedto Non-
Stimulation For this contrast, the alpha band revealed gregtechronization in the right cerebellum (Fig f&)
Non-Stimulatiorcompared t@®mitted See Table 3 for a summary of all the a prioraare

Omitted relative to Non-Stimulation

Fig. 8. Statistical t-maps of areas showing significant power differences based on
beamformer reconstructions of stimulations: The alpha band showed less activity for
Omitted than for Non-Stimulation in the right-lateralized cerebellum. Blue: significantly greater
activity for Non-Stimulation compared to Omitted. An alpha threshold of 0.05 is used. Tests are
run across parcellations based on the AAL-atlas. Axis keys: L=Left, R=Right, A=Anterior,
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P=Posterior. The slices viewed are: x; = 28 mm, y; =-59 mm, z; =-29 mm in MNI space.

Brain Region 10 Hz from 0 ms to 1110 ms
Laterality Left Right

Insula t=-0.513 t=0.193
p>0.05 p>0.05

Thalamus t=0.0581 t=-2.01
p>0.05 p>0.05

MCC t=-0.945 t=-1.02
p>0.05 p>0.05

MFG t=1.62 t=1.36
p>0.05 p>0.05

Sl t=0.260 t=-1.40
p>0.05 p>0.05

IPC t=-0.210 t=-1.87
p>0.05 p>0.05
IFG t=0.768 t=-0.256
p>0.05 p>0.05

Cerebellum 6 t=0.921 t=-2.42
p>0.05 p<0.05

Table 3. Test of expectations during absence of stimulation for the a priori areas: Statistical
tests for stimulation main effects (df = 19) for areas reported by Allen et al. (2016), Fardo et al.
(2017) and the cerebellum(Fardo et al., 2017) (Tesche and Karhu, 2000). Blue: significantly
greater activity for Non-Stimulation compared to Omitted. An alpha threshold of 0.05 is used.

4 Discussion

In this study, we explored how expectations of dosEnsory stimulations are established and exgasse
neural response patterns as measured with MEGgsiperimental conditions with actual stimulatioda
omitted stimulations, both of which were either exied or unexpected, we aimed at elucidating theession of
expectations both during stimulations and duringssians.

4.1 A precisely time- and phase-locked manifestatioof expectation

As an initial data quality control, we observed tblassical” responses subsequent to all our actual
stimulation events, both in terms of time-lockesp@nses (Fig. 2AB) and induced responses in the tim
frequency domain (Fig. 4). The time-locked resperismnce displayed the typical somatosensory Slir€0and
Sl (~135 ms) components (Hari and Forss, 1999);tha induced responses displayed the expectedpha-a
and mu-beta patterns with desynchronization atarftP~22 Hz from 150 ms to 500 ms and a beta rebatni8
Hz from 500 ms to 900 ms (Fig. 4CD) (Salmelin et H95; Salmelin and Hari, 1994).

Our study also provide new findings: When a stirtiokais expected but omitted, there is a time-lack#
and right insular response occurring at ~135 msement to the expected stimulat{ig. 3). These results
revealed a precisely time- and phase-locked regplotiswing the expected onset of @mitted Stimulation
despite an inter-stimulus interval of 3000 ms (Ri@), and thus provide novel evidence of the cdipabf the
brain for doing very precise time-keeping of expdatvents across extended intervals. This findingarticularly
surprising, considering related results from theitany modality, where time-locked responses tottadi
stimulations have only been demonstrated whemtiee-stimulus interval is twenty times shorter glésan 150
ms) (Yabe et al., 1997). The difference in timegieg across inter-stimulus intervals between thditary and
somatosensory systems might be due to the diffesebetween the quality of auditory stimuli (suclspeech
and environmental sounds), which typically areflaied abrupt, and the quality of tactile stimulhieh are often
comparatively slow and prolonged. Note however ¢hisgcent study of Naeije et al. (2018) did nod famy
evidence for timelocked activity related to omitsmmatosensory stimulations when the inter-stimimtesval
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was 500 ms event though their source reconstrigtitso localized the source to Sll. The disagre¢etween
their results and our present results indicateltmeger inter-stimulus interval than 500 ms 3000mag/ be
necessary to generate Sll responses of a suffiaraptitude for identification.

4.2 Theta, beta, and gamma increases after expectstimulations

Our study also shows that when compafRepeated Stimulatidio First Stimulationand hence isolating
the influence of expectations during stimulatidghgre is an increase in theta band synchronizétiéiHz, from -
150 ms to 350 ms) and beta band synchronizatio® K22 from 0 ms to 100 ms) associated with expigctat
(Fig. 5). For these two increases in synchronipati@amforming revealed increased activitiRepeatedelative
to First Stimulationin somatosensory, parietal and cerebellar sofégs7 & Table 2). Leading up to the
stimulation, we also found increased beta (~20ftdm -1300 ms to 0 ms) and gamma band synchrooizati
(~47 Hz, from -300 ms to 0 ms) (Fig. 5). For ther@ase in beta band synchronization before stiipualat
beamforming revealed parietal and cerebellar sgutng no somatosensory sources. This indicatés tha
stimulations are followed by refractory activitytime inferior parietal cortex and the cerebellurd #rat these
synchronizations result in the increase in syndaadion of Sl theta and beta band activity (Allérak, 2016). A
similar role of inferior parietal cortex has alsgeb reported by Fardo et al. (2017), where refwoits
localizations of event-related fields from a tactiddball indicated that inferior parietal corteasanvolved in
updating expectations.

One could possibly argue that the differencesatetland beta betwe®&epeated and First Stimulation
(Figs. 5 & 7 & Table 2) could simply be interpretasi gating activity, (Arnfred et al., 2001; Swewdlet al.,
1992), attenuating the magnitude of the subseqaadtexpected stimulations. If this was the cdsepbserved
increase in power would reflect increased inhibitid the processing of such expected stimulatiows. things
however speak against such an interpretation., Rioshabituation effects were observed on the eldikéds
(Fig. 2), while habituation has been reported inlgts with shorter inter-stimulus intervals (< Z8heng et al.,
2017; Hsiao et al., 2013). Second, conversely tatwas found here, the influence from gating om bet
oscillations have been shown to shioigyher synchronization for the first than for the secatichulation when
stimulations are presented in pairs (Hsiao e@all3). The increase in theta and beta power betReprated
andFirst Stimulationin our results hence appears to be a true maatif@stof expectation rather than a gating
phenomenon.

Another interpretation of the observed increadecita power betwedRepeated StimulatiorandFirst
Stimulationis that the beta band would be signalling theustgtio as according to Engel and Fries (2010). An
intuitive conception of what the status quo amotmis exemplified by idling rhythms, e.g. the niywahm over
central sensors and the alpha rhythm over posteeiosors, when the subject is at rest (Niedermane@Silva,
2005). Engel and Fries, however, extended thefmrestatus quo from an idling rhythm (Pfurtschebeal.,
1996) to also include the perceptual set, the sgres@ectations, where they hypothesize that maartee of the
sensory expectation would cause increased syndation in the beta band. Such an increase may Henedat
we see in the beta band change at stimulation10@ans, (Figs. 5 & 7) frorfirst Stimulation where no sensory
expectation is yet established,Repeated Stimulatiomvhere the sensory expectation is establishedhaeads to
be maintained, which the present results wouldcaiei would be done by inferior parietal cortex aacebellum
(-1300 ms to 0 ms) (Fig. 7 & Table 2).

The present results may seem to be in oppositi@atiger results where expected and attendeddactil
stimuli were accompanied by desynchronizationsiéntieta band (van Ede et al., 2011, 2010). Theséopis
experiments, however included activetask for the participants, contrary to the curexgerimentapassive
protocol. This means that that in those previoudiss, the tactile stimulations must be processtedtavely for
the research participant to perform the task atcaeptable level. In the current study, no task®wwolved, and
hence no such attentive or otherwise active praogsgs necessary. Rather, subjects were engagiedoaking
at a documentary movie and if anything directingjrtattention away from the tactile stimulations.
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The gamma differences were wholly related to éedivity for Repeatedelative toFirst Stimulation
activity in the right insula, an area which hasrbesported to be related to anticipation for thesemuences of
touch (Lovero et al., 2009) and coordinating attivelated to prediction errors regarding upconstigiulation
(Allen et al., 2016). The gamma-band activity likeerves the purpose of updating the internal statee
network, with right insula signalling that a newaahof stimulations has begun (Allen et al., 208y. 7 &
Table 2).

Neither the thalamus, the MCC nor the frontal gyalll included among the priori areas — showed any
differences between the conditions. However, bo¢hthalamus and the MCC are in areas where MEGsshow
little sensitivity (Hillebrand and Barnes, 2002)dshence the present study might be underpowerfiadtdhem.
Also, in the study of Fardo et al. (2017) the IF®wed effects relative to attention and not disetl
expectation.

BetweenNon-Stimulations and Omitted Stimulationseflecting the role of expectations in the absesfce
stimulations— we found a difference in the alpha band (~10 HznfO ms to 1100 ms) (Fig. 6). This comparison
revealed lower power in the right cerebellum@nitted Stimulationsompared tdNon-Stimulationg he activity
difference does not emerge as related to the eaghectset of th©mitted Stimulationbut rather as a continuing
desynchronization, as compared\Nion-Stimulatior(Fig. 6D). At this moment, it is not entirely cleahat this
represents.

4.3 Role of cerebellum and parietal cortex — maintaing the status quo?

Our results also showed power differences in tijiet ierebellum for the theta and beta bands, wittem
activation forRepeatedhanFirst Stimulation(Figs. 7-8 and Tables 2-3). The refractory agtiintthe beta band
after a stimulation (Fig. 5) was found in left irife parietal cortex and the right cerebellum.

A tentative interpretation of this is that duriragtile stimulationFirst Stimulation activates continuing
cerebellar and parietal responses and that eaclstimaulation,Repeated Stimulatiois accompanied by stronger
Sl activation at stimulation due to these contiguierebellar and parietal activities. In this setise refractory
cerebellar activity and inferior parietal cortextire beta band may be responsible for maintairtiegstatus quo
(Engel and Fries, 2010). To strengthen this intggtion, it would however be necessary to findaliggive
evidence, such as cases where there is no betgbakdt the time of stimulation (as in Fig. 5SE¢rethough the
stimulation is a repetition. From the earlier e (Tesche and Karhu, 2000), it has been siedstt the
cerebellar activity has a refractory period of &-4uture studies could therefore aim at varyimgitier-stimulus
interval and including intervals beyond this refomg period. Given the refractory period of 2-4s ¢erebellar
activity, it would furthermore be interesting toréstigate how dependent the time-locked effechithe duration
between stimulations, within and outside the 2ebrd time window. Indeed, the results of Naeijalef2018)
indicate that there might also be a lower limitvamen this effect can be detected, as indicatethéabsence of a
significant effect for omitted stimuli when theentstimulus interval was 500 ms.

One thing that one must always consider in MEGistid how much credibility one is willing to assitp
subcortical localizations. The cerebellum gainglitiéty by having been detected in earlier studiBssche and
Karhu, 2000) and also from the theoretical knowtetlgat cerebellum is activated ipsilaterally tonstiation, as
was also found in the current study (Fig. 10). Atsare and more studies are surfacing for MEG bsérgsitive
to deep sources (Attal et al., 2012; Coffey et2dl16; Garrido et al., 2015; Tenney et al., 20E%che and Karhu,
1997). The sensitivity to deep sources is also niggre on the MEG sensors used, with magnetomesgéng b
more sensitive to deep sources than gradiometerhdy planar or axial. For future work, it woulel &f great
value to have more detailed models for the ceretvediuch that the orientations and positions ofmg@ksources
can be modelled with greater accuracy and thusesuiesitly raise our belief in subcortical localinas.

To explore the consistency of the cerebellar laa#ibns, different lambda values were tested tdlsee
impact of regularization (Supplementary Materib§mbda values based on 15, 20, 30, 40, 50, 75 @%b Df
the mean of the sum of the diagonal of the crosstsl density matrix were explored. For the thmtad (~7 Hz
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from -100 to 350 ms) and the beta band (~20 Hm@ao 100 ms), Cerebellum 6 was found consisteRty the
beta band (~20 Hz, from -1300 to 0 ms), Cerebebumnas found less consistently with activity being
reconstructed closer to the Vermis, as also foyntiesche and Karhu (2000). Finally, for the alphad(~10 Hz,
from 0 to 1100 ms), the reconstructions moved nwneard Cerebellum 9. These results show that thebedar
results are robust, but that finer cerebellar modal advanced method will advance the precisiooanehope to
obtain for MEG of the cerebellum.

Finally, it should be mentioned that understandiegformation and resilience of expectations mayp ake
important for understanding clinical conditionssas schizophrenia and psychosis where patientseptons
are often (wrongfully) biased by their expectati¢hleman et al., 2003; Teufel, 2018). The presemagdigm may
be a valuable tool for exploring these facets.

5 Conclusions
This study aimed at elucidating the expressiorxpeetations both during actual tactile stimulatiansl

during omitted stimulations. The results providevriesights into how the brain updates and mainttiies
expectations towards sensory touch. We show thathprocessing of omissions occurs in a precigelg-
locked manner, and that it is generated by postersnla and Sll for the time-locked responsessTiniicates
that the brain keeps a very precise timing of weneents are expected to happen even across intef2090 ms,
well beyond what has been earlier reported initheature. We also show that gamma band activiiyvslved in
updating the brain about new stimulations. In gy the insula plays a dual role, showing actittiigt correlates
both with omitted stimulations and with the firitaulation of new chains of stimulation.

Refractory beta band activity was found in the bellem and the inferior parietal cortex after a
stimulation. Extra involvement of Sl when stimutaits were repeated was also found. This may bepheted as
the beta band signalling the status quo — thaeédigiable sequence of stimulations is expected tidéta band
also showed cerebellar, inferior parietal cortest 8hactivity for repeated stimulations relativenew
stimulations.
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