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Abstract

The supplementary motor area (SMA) has been showe tnvolved in interval timing but its
precise role remains a matter of debate. The prasedy was aimed at examining, by means
of intracerebral EEG recordings, the time coursthefactivity in this structure, as well as in
other functionally connected cortical (frontal, gihate, insular and temporal) areas, during a
visual time reproduction task. Four patients undegrg stereo-electroencephalography
(SEEG) for presurgical investigation of refractdogal epilepsy were enrolled. They were
selected on the presence of depth electrodes iteplavithin the SMA. They were instructed
to encode, keep in memory and then reproduce thatidn (3, 5 and 7 s) of emotionally-
neutral or negative pictures. Emotional stimuli ev@ised with the aim of examining neural
correlates of temporal distortions induced by eorotiEvent-related potentials (ERPs) were
analyzed during three periods: During and at thenetxon of the target interval (TI) and at
the beginning of the reproduction interval (RI)e&tophysiological data revealed an ERP
time-locked to Tl-offset whose amplitude varied ratmmically with Tl-duration. This effect
was observed in three out of the four patientse@sfly within the SMA and the insula. It
also involved the middle and anterior cingulatetexgr the superior, middle and inferior
frontal gyri and the paracentral lobule. Thesea#f@vere modulated by the prior TI-duration
and predicted variations in temporal reproductiocuaacy. In contrast, modulations of ERPs
with TI-duration, emotion or temporal performanceridg the target or the reproduction
interval were modest and less consistent acrosenpat These results demonstrate that,
during reproduction of supra-second time interviide, SMA, in concert with a fronto-insular
network, is involved at the end of the target imér and suggest a role in the duration
categorization and decision making operations terétively in the preparedness of the

timing of the future movement that will be executkating the reproduction phase.
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1. Introduction

The ability to perceive the passage of time is msaefor individuals to adapt to a changing
environment. Numerous studies aiming at elucidating neurobiological basis of time
perception in the milliseconds to seconds range, {nterval timing) presuppose the existence
of a dedicated clock in the brain and are basedhen“pacemaker-accumulator” model
(Gibbon, 1977). According to this information-presegng model, pulses are emitted by an
oscillatory pacemaker with a certain frequency gathered into an “accumulator” via a
“switch” (controlled by attention) that closes amplens at the onset and the offset of the to-
be-timed event, respectively. The content of theuawlator indexing the perceived event
duration is stored transiently in a working memsygtem and/or permanently in a reference
memory system. Finally, a decision mechanism coewpdne current duration values with

those in reference memory to perform an adequdtavier.

Neuroimaging and neuropsychological studies hawgested that interval timing
mechanisms are distributed in the brain and coald on a large network including the
cerebellum, the basal ganglia as well as the ftopgaietal and temporal cortices. It has been
proposed that the engagement of each specific wejion could depend on the duration
range (seconds or sub-seconds), the sensory mpofaditial, auditory, tactile or multimodal)
or the nature (perceptual or sensori-motor) oftés& at hand (lvry and Spencer, 2004; Lewis
and Miall, 2003; Merchant et al., 2013). Interegiyn a review of functional magnetic
resonance imaging (fMRI) studies by Wiener et 2D10) using a conjunction analysis
pointed the supplementary motor area (SMA) anditfte inferior frontal gyrus (IFG) as the

only structures consistently activated irrespeativa specific timing context.

Great attention has been given to the SMA whichgannection with the striatum,
might provide the neural substrate of the accurrariaprocess commonly postulated in
models of time processing (Pouthas et al., 200Bjs Putative role is supported by a high
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number of fMRI studies showing that SMA activityrohg timing perceptive task increases
with physical duration (Pouthas et al., 2005; Weetal., 2010), perceived duration (Tipples
et al., 2013), or the amount of attention allocatedhe duration of stimulus (Coull et al.,
2004; Henry et al., 2015; Hermann et al., 2014)tHarmore, Coull et al. (2015) suggested
that SMA selectively codes the accumulation of terap magnitude by showing that its
activity increased incrementally as a function oftbphysical and perceived duration, but not
as function of distance. This role of SMA in temgdaaccumulation is also in line with single-
cell recordings in monkeys showing increasing SM#vity as a function of duration during
temporal prediction (Akkal et al., 2004), or repuotion of single (Mita et al., 2009) or
multiple intervals (Merchant et al., 2013). Simijarscalp EEG studies in humans have
shown that the amplitude of the contingent negatraeiation (CNV), a slow negative
potential usually recorded over medial frontal gfetes and supposed to originate from the
SMA (Gomez et al., 2003; Kononowicz et al., 201%ntb et al., 2013), varies in line with
the perceived duration (Macar and Vidal, 2002). Whéaysically identical target durations
are compared to a previously memorized standdatgar negativity is associated to a longer
duration judgment (Bendixen et al., 2005; Macaailet1999). This pattern of results suggests
that the level of activation for the subjectivebngier durations is relatively high as compared
to the pre-defined level stored in reference menaoy provides a strong argument that the

CNV indexes the accumulation process (Macar efl809).

However, other empirical findings raise questiongle exact process that is reflected
by the CNV recorded during the to-be-timed interffé@nonowicz et al., 2016; Van Rijn et
al., 2011, for review). Using a time production gedure, the seminal work by Macar and
colleagues (1999) has shown that larger CNV angssguare observed when the target
duration is over-produced, which seems to be atsoadh the construct of temporal

accumulation. Indeed, if a higher level of neg#yiveflects an accelerated accumulation of



pulses, one can predict that the threshold valaesponding to the target duration is reached
earlier (Van Rijn et al., 2011). High-amplitude CNiNals are thus supposed to be associated
with a response that occurred before the targedtidur and not afterwards. Interestingly, in
reproduction tasks for which a number of differempet intervals were used, the amplitude of
the CNV recorded during the reproduction phasetesen found to be negatively correlated
with the duration of the target interval, a findimdnich appears to be inconsistent with an
accumulation account (Elbert et al., 1991; Konomawet al, 2015). In addition, larger
amplitude of both the early (initial CNV: ICNV) ardte (late CNV: ICNV) components of
the CNV during the reproduction phase has also l@ssociated with underproduction of
intervals and this effect was more pronounced foe shorter reproduction interval
(Kononowicz et al, 2015). From these results, Kawvanz and colleagues (2015) proposed
that the negative relationship between temporameseés and iICNV amplitude is likely to
reflect preparatory and anticipatory processedated right after the beginning of the
reproduced interval and suggested that the praparkgvel is larger for the shorter target

interval (Kononowicz et al, 2015).

The challenge in establishing the factors on whigh link between CNV and time
processing depends is emphasized by recent elagsiggical studies that have failed to find
any performance-related effects on the CNV ampditud similar motor timing tasks
(Kononowicz and Van Rijn, 2011; Tamm et al., 206énonowicz et al., 2016, for review).
Moreover, some studies demonstrated that the giugetiming of supra-second time
intervals was better reflected by EEG activity atinig at the beginning of the interval
(Kononowicz et al., 2015; Kononowicz and Van Rig915) or by post-interval ERPs that
follow the CNV resolution (i.e. amplitude of N1-R®mplex; Kononowicz and Van Rijn,
2014a). In the context of a time production taskwhich a motor response is generated,

higher beta power measured at the onset of theoed interval appears to be associated



with overproduced durations (Kononowicz and VamRR015). Among the post-duration

ERPs, the N1-P2 complex varies according to thenmade of difference between target and
comparison intervals (Kononowicz and Van Rijn, 28014dnd the late positive component of
timing (LPCt) is modulated with the difficulty ofemporal decision (i.e. when spacing
between comparison intervals is reduced; Paul.e2@l1) or with physical duration (Gontier
et al., 2009; Lindbergh and Kieffaber, 2013). Cdileely, these electrophysiological studies
indicated that at least some timing mechanismsimaatafter the offset of the to-be-timed
stimulus and questioned the role of climbing newetivity in the subjective timing, as

indexed by the CNV (Kononowicz et al., 2016, foriesv).

Finally, fMRI studies found an activity resemblit@ an accumulation process in the
middle (Bueti and Macaluso, 2011) and posteriort{Wann et al., 2010) parts of the insula
but not in the SMA during the encoding phase ofgteral reproduction tasks. This activity
would be followed by the activation of a frontaltwerk encompassing the pre-SMA and the
anterior insular cortex/inferior frontal gyrus (AIEG) during the reproduction phase,
suggesting that SMA is not involved in the accuriataprocess. Preparatory processes to an
upcoming stimulus (Kononowicz and Van Rijn, 2014aftor inhibition (Coull et al., 2016;
Kononowicz and Van Rijn, 2015), keeping a represtmt of the target interval during the
reproduction phase (Wittmann et al., 2010), or garegnitive effort irrespective of whether
the task requires to process temporal informatiomat (Livesey et al., 2007) have been

considered as alternative proposals to describeotbef the SMA in interval timing.

Stereo-electroencephalographic (SEEG) recordindsr i unique opportunity to
explore the time course of activity in targetedticat brain regions thus making possible
precise measures of where and when activity odoutise brain. To date, there has been no
attempt to examine the neural correlates of tinregmion by means of this technique. Given

the putative role of SMA in the build-up and in tkeeping of a representation of a time



interval, the aim of the present study was to itigate the temporal dynamics of intracerebral
EEG activity in this brain region during the encwyli the retention and the reproduction of
time intervals. Considering the hypothesis of arfperal hub” with a distributed network of
brain structures (Merchant et al., 2013, for reyieactivity was also examined in the other
implanted brain regions. The task was similar tat tised by Wittmann et al. (2010) or by
Kononowicz et al. (2015). Participants were preser target interval (Tl: 3, 5 and 7 s) they
had to encode, to keep in memory, and then to dejoe In order to bias the subjective
perception of time, emotionally-negative picturesown to induce distortion of temporal
judgment (Droit-Volet and Meck, 2007, for reviewhdaneutral pictures were presented
during the encoding phase. This task was preseotddur subjects with drug-refractory
epilepsy who had intracerebral electrodes implairiethe SMA. Because a putative neural
accumulator located in the SMA is supposed to kelwed during the coding and retrieval of
a target interval (Coull et al., 2008), we predictleat the amplitude of theNV-like activity
recorded in the SMA during the encoding and repctidn phases correlates with the
subjective duration (i.e. with trial-to-trial fluzations of temporal performance), and also with
temporal distortions induced by emotion. Withirstbbnceptual framework, we expected that
the amplitude of th€NV-like activity evoked by the target interval (TI) and the repudidun
interval (RI) should increase and decrease, respedct when participants over-produced
temporal intervals. Alternatively, if SMA activitpcked to the onset of the RI reflects motor
preparation and expectation, higher amplitude efGhV-like activity should be associated
with both the short TI-duration (i.e. 3s intervklpert et al., 1991; Gibbons & Rammsayer,
2004; Kononowicz et al., 2015) and under-producgdrvals (Kononowicz et al., 2015).
Under the assumption that temporal processing moes after Tl-offset, we predicted that the
brain responses recordedring the retention phase would be modulated accordinthe

length of Tl-duration and temporal performance.



2. Material and methods

2.1. Patients and electrodes implantation

Four patients (one female, mean age + SD: 32.0.& y&ars) with drug-refractory epilepsy
and undergoing stereo-electroencephalographic (SE&@luation of possible surgical
intervention participated to the study. SEEG recwydvas performed in order to define the
epileptogenic zone (Talairach and Bancaud, 1978g Ghoice of electrode location was
based on pre-SEEG clinical and video-EEG recordamgsmade independently of the present
study. Thus, each patient had a unique combinatioacording sites. This study did not add
any invasive procedure to depth EEG recordingslusmen criterion was the presence of
intracerebral electrodes located in the SMA. Aneagive description of brain structures
explored by intracerebral electrodes is given ibl&dl. The four patients had from 9 to 15
intracerebral electrodes stereotaxically implantealch electrode had a diameter of 0.8 mm
and contained from 5 to 17 contiguous contacts win2 in length separated by 1.5 mm (Dixi
Medical, Besancgon, France). Detailed informationtio& electrode implantation procedure
can be found in Jonas et al. (2014). One patieasgnted a brain lesion identified by
structural MRI and one patient presented a cortidgsplasia identified by SEEG
investigation. All patients were fully informed alidhe aim of investigation before providing
written consent for this study. They had normalcorrected-to-normal vision and they
underwent neuropsychological assessment with etiahsaof global efficiency, working

memory, episodic memory, executive functions.

Insert Table 1 here



2.2. SEEG recordings

Intracerebral recordings were conducted using aosl8EEG monitoring system that allowed
the simultaneous recording of 128 SEEG channe®&2TM 64 Headbox; Micromed, Italy)
sampled at 512 Hz (0.15 — 250 Hz bandwidth; timestant = 1.06 s) during the experimental
paradigm. One of the contact sites in the whitetenatas chosen as a reference. However, all
signals were re-referenced to their nearest neigbbothe same electrode, 3.5 mm away

before analysis (bipolar montage).

2.3. Experimental paradigm

We used a temporal reproduction task including $essions of around 25 minutes that were
performed successively separated by a 10-min p&isssh session was made of 5 blocks of
15 trials. There were a total of 150 trials, divldep into 25 trials for each combination of
duration (3, 5 and 7 s) and emotion (neutral, negpat The different types of trials were
presented in a pseudo-random order. Stimulus piagssm and response collection were

controlled via E-prime (PST - Psychology SoftwamolE, Pittsburgh, PA, USA).

Each trial began with the presentation of a picfarea target interval (TI) of 3, 5 or 7
s that the participants had to memorize. After astant delay of 3500 ms, the reproduction
interval (RI) started with the onset of a gray squan the screen. The participants had to
press a button when they judge the duration ofythg square as equal to the memorized TI.
If no button press occurred within a delay equa2.®times the Tl (7.5, 12.5 or 17.5 s), the

gray square disappeared and the trial was coustadmssed triglFigure 1).
Insert Figure 1 here (full width)

We used one hundred and fifty pictures from theerimtional Affective Pictures

System (IAPS; Lang et al., 2008) rated from 1 t@rDthe arousal and valence scales.
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Seventy-five pictures were unpleasant with highusab and low valence (mean arousal 6.05,
mean valence 2.81) and seventy-five pictures weugral with low arousal and intermediate

valence (mean arousal 3.16, mean valence 5.01).

Not a single subject had seizures within the 12foreethe reproduction task
administration. The participants performed a tragnblock (10 trials) before each session. A
feedback (“too short”, “too long” or “correct”) wagven after each training trial to inform the
participants on their performance. The performawes considered as “correct” when the

reproduction interval (RI) was less than 35% shastelonger than the TI. No feedback was

given during test trials.

2.4. Behavioral data analysis

The accuracy of temporal estimation was examineddmputing for each patient, each Tl
and each emotionRI/TI ratio. Since the Tl was considered as the referenB¥Taratio <1
(or > 1) corresponds to BRI shorter (or longer) than the TI. The precisiontemporal
reproduction was also examined by computing fohgerticipant, each Tl and each emotion,
the coefficient of variationQV) with the following formula: Standard DeviationljR Mean

(RI).

For each patient, a one-way ANOVA using linear casts with TI-duration (3, 5, 7 s)
as a between-groups factor were first performedetermine whether the reproduction task
was well executed, i.e. whethr increased with TI-duration. Then, a two-way ANOWith
Tl-duration (3, 5, 7 s) and Emotion (neutral, neggt as between-groups factors were
performed to determine whether tiR¥/Tl ratio was influenced by TI-duration and by

emotion. The Bonferroni correction was applieddost-hoc comparisons.
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2.5. Intracerebral ERP preprocessing

577 sites were recorded in 4 subjects with an @eeoh 144 sites recorded simultaneously per
patient (Table 1). There were a total of 390 bipalarivations with an average of 97 per
patient. Each electrode contact was located in one of tightefollowing regions: The
supplementary motor area (SMA proper and pre-SMRAg, superior frontal gyrus (SFG,
outside of SMA), the middle frontal gyrus (MFG),ethnferior frontal gyrus (IFG), the
orbitofrontal cortex (OFC), the paracentral lob(f&CL), the middle and anterior cingulate
cortex (MCC/ACCQC), the insular cortex (IC) and thera-frontal regions (including temporal,
parietal and occipital cortices, hippocampus anggala). Few contacts were outside the
brain and were not taken into account. To deternfiiae electrode contact was located within
the SMA, we used the most restricted boundarieth@fmesial premotor cortex reported in
the meta-analysis of functional neuroimaging stsidiy Mayka et al. (2006). Lateral, caudal,
rostral and ventral boundaries were at x = + 15 jm;-12 mm, y = 0 mm and z = 44 mm for
SMA proper and at x = £ 15 mm, y = 0 mm, y = 12 mand z = 40 mm for pre-SMA.
Localization of the contacts outside the SMA wa®niified by Talairach Daemon
(http://www.talairach.org/daemon.html) and AnatoatidAutomatic Labelling parcellation
(AAL, Tzourio-Mazoyer et al., 2002). On this basikere were 37 contacts (7%) in the
SMA/pSMA, 113 (21%) in the SFG, 83 (15%) in the MFX (5%) in the IFG, 32 (6%) in
the OFC, 45 (8%) in the PCL, 85 (15%) in the MCC@BC0 (4%) in the IC and 111

electrodes (20%) in extra-frontal regions.

Event-related potentials (ERPs) were computedioné-lising a combination of scripts
and routines implemented in the EEGLAB v6.03b toallfDelorme and Makeig, 2002) for
each bipolar derivation. We focused on the SEE@®@igctrecorded during the to-be-timed

periods, i.e. during encoding (ERPs time-locked kmnset) and reproduction (ERPs time-
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locked to RI-onset) and also at the end of the @ingoperiod (ERPs time-locked to TI-

offset).

In classical EEG experiments, when S1-S2 interasddonger than 1 s, the contingent
negative variation (CNV) is generally made of twomponents, an early component
developing between 200 and 1000 ms after S1, dateacomponent developing before S2
(Loveless and Sanford, 1974). For ERPs time-lo¢ked-onset, analyses were performed on
both the early (iCNV-like between 0.2 and 1 s) &émellate (ICNV-like between 1 s and TI-
offset) activity. For ERPs time-locked to Tl-offsahalyses were performed over the whole
retention period (between 0.2 and 3 s). Finally, tfee reproduction period, analyses were
performed only on the iCNV-like activity (between20and 1 s) as the later activity was
influenced by motor response. For each bipolawvdédn selected for statistical analyses (see
next section), a visual inspection of the SEEQgsngas performed and enabled the rejection

of trials with interictal activities or artifacts.

2.6. Intracerebral ERP statistical analyses

2.6.1. ERPstime-locked to TI-onset

Because the patients were not informed about whieturation would be presented at each
trial, no effect of Tl-duration (3, 5, 7 s) was exped for ERPs time-locked to Tl-onset.
Analyses were first performed on the early (iCNke) activity (between 0.2 and 1 s). Two
time windows were defined (twl: 200-600ms, tw2: A000ms) and the average voltage
between -400 and 0 ms preceding Tl-onset was usedseline. We investigated whether the
amplitude of the iICNV-like activity time-locked t®l-onset was affected by emotion and
whether these effects could be related to the itnglaemotion on time estimation. The mean

amplitude of the iICNV-like activity time-locked fb-onset was computed separately for the
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trials associated with each emotion (neutral, negptFor each patient, the derivations in
which visual inspection revealed an iCNV-like aityiwhose amplitude varied with emotion
were selected for statistical analyses. Then, omg-WNOVAs with Emotion (neutral,
negative) as between-group factor were performpdragely for each selected derivation and
each time window. We also investigated whether ghwlitude of the ICNV-like activity
time-locked to Tl-onset reflected the accuracyemporal estimation. The 150 trials were
sorted into four quartiles (Q1, Q2, Q3, Q4) on asis of theRI/TI ratio. The first (Q1) and
fourth (Q4) quartiles correspond to the shortestlangesiRI/TI ratio, respectively, while the
second (Q2) and third (Q3) quartiles corresponthé&RI/TI ratio just below and above the
median, respectively. Because W®IéTI ratio generally decreases as a function of Tl-duration
(Lejeune & Wearden, 2009; Vierordt, 1869), this Wbilead to a higher number of 7s-TI
trials in the first quartile and a higher numbeBsfTlI trials in the fourth quartile. Therefore, a
sorting was first performed separately for eaclddiation in order to have an equal number
of trials for each Tl-duration per quartile. ForckaTl-duration, there were 13 trials for
guartiles Q1 and Q4, and 12 trials for quartilesa@@ Q3, respectively. Afterwards, trials of
the same quartile were pooled together acrossidnsatvith a total of 39 trials for quartiles
Q1 and Q4 and 36 trials for quartiles Q2 and Q3nThhe mean amplitude of ERPs time-
locked to Tl-onset was calculated for the derivagian which visual inspection revealed an
ICNV-like activity varying depending on thRBI/TI ratio. One-way ANOVAs with linear
contrasts usingRI/TI ratio (quartiles Q1, Q2, Q3, Q4) as between-group factere

performed separately for each derivation and eaud window.

Analyses were also performed on the late (ICNV)liketivity (between 1 s and TI-
offset) in order to test whether a monotonicallgreasing or decreasing activity could be
observed. The derivations in which visual inspetticevealed an activity varying

monotonically between 1 and 3 s following Tl-on&mt each TI-duration were selected for
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statistical analyses. Five time windows were defi(tev1: 1000-1400ms, tw2: 1400-1800ms,
tw3: 1800-2200ms, tw4: 2200-2600ms, tw5: 2600-30§)0amd the average voltage between -
400 and 0 ms preceding Tl-onset was used as basélisiope (s1-3) was calculated between
twl and tw5 and one sample t-tests were perforroedietermine whether it differed from
zero. In this case, we tested whether the actootytinued to increase or decrease between 3
and 5 s following Tl-onset for the 5s-Tl and theTIs Five time windows (tw6: 3000-
3400ms, tw7: 3400-3800ms, tw8: 3800-4200ms, twd042600ms, twl0: 4600-5000ms)
allowed to calculate a slope (s3-5) and one sartyésts were performed to determine
whether it differed from zero and was in the sanmmection as sl1-3. Finally, for the
derivations in which s1-3 and s3-5 had the same a&igl were different from zero, we tested
whether the activity continued to increase or deseebetween 5 and 7 s following Tl-onset
for the 7s-Tl. Five time windows (twl1l: 5000-5400nw12: 5400-5800ms, tw13: 5800-
6200ms, twl4: 6200-6600ms, twl5: 6600-7000ms) atbwo calculate a slope (s5-7) and
one sample t-tests were performed to determinehenét differed from zero and was in the

same direction as s1-3 and s3-5.

2.6.2. ERPstime-locked to Tl-offset

The EEG was segmented into epochs starting 400efmseband ending 3000 ms after TI-
offset. Seven time windows were defined (twl: 200+6s, tw2: 600-1000ms, tw3: 1000-
1400ms, tw4: 1400-1800ms, tw5: 1800-2200ms, twB022600ms, tw7: 2600-3000ms) and
the average voltage between -400 and 0 ms prec@&thofijset was used as baseline. For each
patient, the derivations in which visual inspectienealed the presence of ERPs time-locked
to Tl-offset whose amplitude varied with TI-duratjeemotion oRI/TI ratio were selected for
statistical analyses. Then, one-way ANOVAs usingedr contrasts were performed
separately for each selected derivation and eawh window, with Tl-duration (3, 5 and 7 s)
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or RI/TI ratio (quartiles Q1, Q2, Q3, Q4) as between-group facoe-way ANOVASs with
Emotion (neutral, negative) as between-group faatere also carried out for each selected

derivation and each time window.

2.6.3. ERPstime-locked to RI-onset

The analyses were performed on the iCNV-like attifbetween 0.2 and 1 s) following RI-
onset. Two time windows were defined (twl: 200-680tw?2: 600-1000ms) and the average
voltage between -400 and 0 ms preceding RI-onsstusad as baseline. For each patient, the
derivations in which visual inspection revealedi@NV-like activity varying depending on
the Tl-duration or theRI/TI ratio were selected for statistical analyses. Then, veane-
ANOVAs using linear contrasts with Tl-duration B.and 7 s) oRI/TI ratio (quartiles Q1,
Q2, Q3, Q4) as between-group factor were perforsegirately for each selected derivation

and each time window.

2.6.4. Satistical procedure

For each one-way ANOVA, a correction was applie&wkhe Levene test failed to confirm
the homogeneity of variance of ERP data. FurtheemarBonferroni correction was applied
for conducting analyses in multiple time windows<{p05/number of time windows). The
Bonferroni correction was also applied for post-nomparisons. For the derivations in which
statistical analyses revealed a significant effgcill-duration, emotion oRI/TI ratio on

ERPs, Brodmann areas and corresponding gyri weetiitced by Talairach Daemon and

AAL (http://www.talairach.org/daemon.html; TzourMazoyer et al., 2002).

3. Results
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3.1. Behavioral results

For all patients except patient B, significantly increased with Tl-duration, the 5k4eing
reproduced significantly longer than the 3s-Tl asignificantly shorter than the 7s-TI
(patients 2, 3 and 4: t > 12.79, p < .001 and Bwafe-corrected p < .001 for all post-hoc t-
tests, patient 1: t(146) = 1.86, p = .06 and Baof@rcorrected p > .10 for all post-hoc t-tests;
see Figure 2-a, Tables S1-a and S1-b). Therefoeetask was well-executed by all patients,
except by patient 1. Furthermore, the effect s{@shen’s d; Table S1-b) were significantly
larger in patient 3, indicating better discriminatibetween each Tl-duration than in the other

patients as illustrated in Figure 3.
Insert Figure 2 here (single column)

The two-way ANOVA performed to test individuallyeheffect of TI-duration and
Emotion on theRI/TI ratio revealed a main effect of TI-duration for all patis except patient
3 (Figure 2-b) and no main or interaction effectewhotion (Tables S1-a and S1-c). In all
patients except patient 3, tiR/TI ratio decreased with TI-duration and was significantly
larger for the 3s-TI than for the 7s-TI, a pattefmesults in line with Vierordt's law (Lejeune

& Wearden, 2009; Vierordt, 1869).
Insert Figure 3 here (full width)

3.2. ERPsresults

3.2.1. ERPstime-locked to Tl-onset

The early (iCNV-like) activity following TI-onset as modulated by emotion only in patient 2

on one derivation located in the AIC (Table 2-gufe S1-a). The presence of ERPs varying
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linearly with RI/TI ratio was also observed only in patient 3 on two deiovetlocated in the

SFG and IFG (Table 2-b, Figure S1-b).
Insert Table 2 here

During the late activity period, an increasing ecikasing activity between 1 and 3 s
was observed on 4 derivations in patient 1, 15vdédns in patients 2, 10 derivations in
patients 3 and 18 derivations in patients 4. Whentested for the 5s-Tl and the 7s-TI
whether the activity continues to increase or desebetween 3 and 5 s, two derivations
located in the SMA (patient 1 and 3), and one @giow located in the SFG (patient 4) and
two derivations located in the PCL (patient 4)e@ed a slope s3-5 different from zero and in
the same direction as slope s1-3. For these fivead®ns, the slope s5-7 measured for the
7s-Tl was not significantly different from zero @re 4). For the derivations in which the
ICNV-like activity varied continuously between 1dab s, we tested whether the slope
between 1 and 3 s (s1-3) or the mean amplitudedest® and 3 s (m1-3) were modulated by
emotion or byRI/TI ratio. The one-way ANOVAs with Emotion (neutral, negajivas
between-group factor and the one-way ANOVAs withedir contrast usingrl/Tl ratio
(quartiles Q1, Q2, Q3, Q4) as between-group fagtdmot reveal any significant effect for

s1-3 and m1-3.

Insert Figure 4 (single column)

3.2.2. ERPstime-locked to Tl-offset

The activity following Tl-offset was modulated by-duration in three patients (patients 2, 3
and 4). ANOVAs with linear contrasts indicated tlERPs time-locked to Tl-offset varied
significantly in amplitude with TI-duration on atab of 42 bipolar derivations (Table 3,

Figures 5 and 6). Bonferroni post-hoc comparis@awealed differences in ERPs amplitude

18



between the 3s-TI and the 7s-TI in all the casesyéen the 3s-Tl and the 5s-TI in 29% of
cases and between the 5s-Tl and the 7s-Tl in 26%asds. The effect was observed within
the SMA (SMA proper and pre-SMA), the insular carfanterior and posterior), the middle
frontal gyrus (MFG) and the middle and anteriorgeilate cortex (MCC/ACC) in the three
patients, within the inferior and superior frongglri (IFG, SFG) in two patients (patients 3
and 4), within the orbitofrontal cortex (OFC) atn thippocampus (H) only in patient 2, and
within the paracentral lobule (PCL) only in patieh{Figure 7). Ay2 test revealed that the
number of contacts showing a modulation of ERPsli&ame with Tl-duration (relatively to
the number of electrode contacts) differed betwwam regionsy2 = 43.6, df = 8, p <.001).
The ratio of electrode contacts showing an effezs$ Wigher into the insula (8/20, 40%) and
the SMA/pSMA (13/37, 35%) than in the other regighgure 8). The modulations of ERPs
amplitude with TI-duration were observed betweefl 26d 3000 ms after Tl-offset but the
time-course of the effect differed between bragiaoes (2 = 82.1, df = 48, p <.001, Table
4). Although effects were globally observed onhle retention period, most of the effects
were observed over earlier time-windows (TW1 and2)\W the SFG and MFG, and over

later time-windows (TW3, TW4 and TWS5) in the SMAMS& and ACC/MCC.
Insert Tables 3 & 4, Figures 5 (full width), 6al(fwidth) & 6b (full width) here

ERPs time-locked to Tl-offset were modulated byogam only in patient 3 on one
derivations located in the SFG (Table 5-a, Figugap The presence of ERPs varying
linearly with RI/TI ratio was observed only in patient 4 on one derivatomated in the MCC

(Table 5-b, Figure S2-b).

Insert Table 5, Figures 7 (single column) & 8 (&ngplumn) here

3.2.3. ERPstime-locked to RI-onset
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The early (iCNV-like) activity following RI-onset a modulated by TI-duration in two
patients (patients 3 and 4) on a total of four\dgions located within the MFG in the two
patients and in the PCL only in patient 4 (Tablar@l Figure S3-a). Bonferroni post-hoc
comparisons revealed differences in ERPs amplihetereen the 3s-Tl and the 7s-Tl in all
the cases but not between the 3s-Tl and the 5&4Thetween the 5s-Tl and the 7s-TI (Table
6 and Figure S3-a). The presence of ERPs varymegitly withRI/TI ratio was also observed
in two patients (Patients 3 and 4) on a total off fderivations located in the MFG and MCC

in the patient 3 and in the pSMA and the IFG ingiagent 4 (Table 7 and Figure S3-b).

Insert Tables 6 & 7 here

3.2.4. ERPs time-locked to Tl-offset: Evolution of the Tl-duration effects across the

duration of the experiment

The most consistent result revealed by the presenty was the presence of ERPs time-
locked to Tl-offset whose amplitude was modulatgdTb-duration. Further analyses were
performed to examine whether the effect could be tduhabituation to the temporal context
and would arise in the course of the experimene I80 trials (50 trials per duration) were
split in two parts of 75 trials (P1 for the firsh Trials and P2 for the last 75 trials). Then, for
each bipolar derivation and each time window in clhithe amplitude of ERPs was
significantly modulated by TI-duration, one-way AN@s using linear contrasts with TI-
duration as a between-groups factor were perforrseparately for each part of the
experiment (Table S2). The total number of ele@rodntacts with a significant effect of TI-
duration (using a p<.05 level of significance) didt significantly differ between the two
parts of the experimentgd = 0.9, df = 1, p > .10). However, as shown inuFggS4, the ratio
of electrode contacts showing an effect was higiier the insular cortex than in the other

brain regions in P1 (8/20, 40%2 = 19.1, df = 1, p < .001) but not in P2 (4/20922 = 1.9,

20



df = 1, p > .10). By contrast, the ratio of eled@acontacts showing an effect was higher into
the SMA than in the other brain regions in P2 (Z3&5%,y2 = 24.8, df = 1, p <.001) but not

in P1 (6/37, 13%;2 = 1.4, df = 1, p >.10).

3.2.5. ERPs time-locked to Tl-offset: Modulation by the Tl-duration presented in the

prior trial

The presence of ERPs time-locked to Tl-offset whas®litude was modulated by TI-

duration suggests that this post-interval actigibyld reflect temporal categorization of the
TI-duration in comparison to an expected duratiasda on the temporal context. However,
the value of this expected duration could vary frivials to trials depending on the previous
TI-duration. The amplitude of post-interval ERPs lztually been shown to vary with the
duration presented in the prior trial (Wiener & hiqmson, 2015) and longer (shorter) prior
intervals lead to shorter (longer) perceived doreti(Wiener et al., 2014). If the temporal
context indeed impacts the ERPs time-locked toffdet, the magnitude of the TI-duration

presented in the prior trial should predict the kughe of this post-interval activity.

To test this assumption, a visual inspection &f #Hveraged waveforms was first
performed for the 42 bipolar derivations in whichspinterval activity was shown to vary
linearly with Tl-duration. This enabled us to digfuish two patterns of post-interval activity
modulated by TI-duration depending on the derivat{d@) a phasic activity consisting of two
peaks, a negativity (or positivity) followed by agitive (or negative) deflection, with a
shorter Tl-duration associated with a larger peakdak difference, or (2) a tonic activity
consisting in a sustained activity modulated bydUitation. The pattern was considered as

phasic on 24 derivations (0 in patient 2, 18 ingudt3 and 6 in patient 4), and tonic on 18
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derivations (8 in patient 1, 3 in patient 3 andn7patient 4). For derivations in which the
pattern of post-interval activity modulated by Tlrdtion was phasic, we calculated a phasic
activity index (mean amplitude of the 400ms timendaws corresponding to the positive
peak minus mean amplitude of the 400ms time windmuyeesponding to the negative peak).
For derivations in which the pattern of post-intdractivity modulated by TI-duration was
tonic, we calculated a tonic activity index (meanpéitude over the successive 400ms time

windows revealing a significant effect of TI-durat).

Simple regression analyses were first conductégy Tconfirmed for the 42 bipolar
derivations that Tl-duration was a significant potal of the phasic or tonic activity index
(Table S3-a). It is of note that in all cases, ar&r Tl-duration predicted a larger phasic
activity index (the regression coefficient was rtegg. Then, multiple regression analyses
were carried out to determine whether the phastortc activity index was also predicted by
the Tl-duration presented in the prior trial. Inr@xperiment, each TI-duration had higher
probability to be preceded by a different rath@mtlby the same TI-duration. Thus, there was
a negative correlation between the TI-duration gmé=d in the current trial and the TI-
duration presented in the prior trial. Thereforedtiration in the current trial and Tl-duration
in the prior trial were both entered as predictoighe phasic or tonic activity index. TI-
duration in the prior trial was shown to be a digant predictor of the phasic or tonic activity
index in the three patients on a total of nine lapdalerivations located in the MCC in two
patients (patients 2 and 3), in the OFC only irgmat2, in the pSMA, SFG, MFG and IFG
only in patient 3, and in the PCL only in patienfTéble S3-b). In all but one case, the signs
of the regression coefficients were opposite fer Th-duration in the current trial (Table S3-
a) and the Tl-duration in the prior trial (Table-B3 This indicates that when post-interval
activity index was predicted by shorter Tl-duratiorthe current trial, it was also predicted by

longer TI-duration in the prior trial, in line widn impact of the temporal context on the post-
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interval activity (Figure S5-a). This suggests theten the prior TI-duration was longer, the
current Tl-duration was categorized as shorter thod, should have been under-produced.
However, we did not observe any effect of the pfibduration on the temporal reproduction
accuracy. This could be due to an opposite bidsetinto the reproduction time of the
precedent trial. In line with this assumption, frregression analyses revealed that, in
patients 1, 2 and 4, the reproduction time in tlveeant trial was positively associated with the
reproduction time in the prior trial, when corrett®r the current and the prior TI-duration

(patient 1: r = .35, p < .001; patient 2: r = .@2; .011; patient 4: r = .35, p <.001).

3.2.6. ERPs time-locked to TI-offset: Prediction of the temporal reproduction

performance

ERPs time-locked to Tl-offset were modulated bydUkation in each patient except patient 1
who was the only patient who was not able to colygzerform the reproduction task. This
suggests that this post-interval activity coulddicethe temporal reproduction performance.
Although previous ANOVAs revealed that ERPs timekled to Tl-offset varying linearly
with RI/TI ratio only in patient 4 on one derivation located in MEC (section 3.2.2), new
regression analyses were performed on the 42 bimdavations in which post-interval
activity was shown to vary linearly with TI-duratioWe used the phasic and tonic activity
indexes calculated in the previous section (3.2Ie aim was to determine whether this
post-interval index was a key predictor of the miagle of the reproduction intervarl) and

of the accuracy of temporal estimatidi/T1 ratio).

Simple regression analyses were first conductetherd?2 derivations to determine
whether the phasic or tonic activity index was gngicant predictor of the reproduction
interval Rl). The phasic or the tonic activity occurring aftee extinction of the target

interval predicted the magnitude of the reprodurciicterval RI) in the three patients on a
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total of 38 derivations (Table S4-a). In all cagks,sign of the regression coefficient between
TI-duration and the post-interval activity indexaflle S3-a) had the same direction as the
sign of the regression coefficient between the-pastval activity index andRl (Table S4-a).
This indicates that when a shorter TI-duration foted a larger post-interval activity, a larger

post-interval activity in turn predicted a shomeproduction interval.

Then, for these 38 derivations, further regressamalyses were conducted to
determine whether the phasic or tonic activity mdeas also a significant predictor of the
accuracy of temporal estimation (RI/TI ratio). ind with Vierordt's law, theRI/TI ratio
decreased with Tl-duration in patients 2 and 4 (fg3). For these patients, multiple
regression analyses were performed in which the-iptexyval activity index and the TI-
duration were entered as predictors and the R#fld was entered as the dependent variable.
For the patient 3, in whom no central tendency atffigas observed (Figure 3), simple
regression analyses were conducted in which theip@sval activity index was entered as
unique predictor. The post-interval activity inde®as shown to be a significant predictor of
the RI/TI ratio in the three patients on a total of six bipolarions located in the SMA in
two patients (patients 2 and 3), in the MCC in quati3, and in the PCL in patient 4 (Table
S4-b). In all cases, the sign of the regressiorificent between Tl-duration and the post-
interval activity index (Table S3-a) had the sanimedlion as the sign of the regression
coefficient between the post-interval activity imdand theRI/TI ratio (Table S4-b). This
indicates that when a shorter TI-duration predicaethrger post-interval activity, a larger

post-interval activity in turn predicted a shofRTI ratio (Figure S5-b).

3.2.7. Late activity time-locked to the 7s-Tl: Modulation by the TI-duration presented

inthe prior trial
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During the presentation of the 7s-Tl, we observedige derivations a late activity which
varied monotonically until 5 s and then returnedé&seline. This activity could reflect the
expected duration based on the temporal contextinggifor the duration categorization
process and may thus depend on the prior trial. \d&bly expected smaller CNV-like
activity and more rapid return to baseline aftsharter Tl-duration as observed in a previous
EEG study using a bisection task (Wiener & Thomp&@i5). Then, for the five derivations,
we tested whether the slope or the mean amplitetieden 1 and 5 s (s1-5 and m1-5) and
between 5 and 7 s (s5-7 and m5-7) were modulatetiéb¥ I-duration presented in the prior
trial. Simple regression analyses revealed in agrévation in patient 4 located in the PCL
that the slope of the activity between 1 and 5welbas the amplitude of the activity between
5 and 7 s were more positive when the prior Tl-torewas longer (s1-5, p = .008; m5-7, p =
.020). In another derivation in patient 4 locatedhe SFG, the slope between 5 and 7 s was
more positive (s5-7: p=.031) when the prior Tl-dima was shorter, indicating a more rapid

return to baseline (Figure S6).

4. Discussion

The present study constitutes the first attemphvestigate, by means of intracerebral EEG
recordings, the neural correlates of time perceptithe SEEG activity was investigated in
four epileptic patients within the SMA, as well esother functionally connected cortical
(notably frontal, cingulate and insular) regions ileththey performed a visual time
reproduction task. The patients had to encode, keememory and then reproduce the
duration (3, 5 and 7 s) of emotionally-neutral egative pictures. Our aim was to determine
whether the ERPs varied in amplitude accordinght® duration of target interval (at the
extinction of the target interval and at the begignof the reproduction), to the emotion of

target stimulus (during and at the extinction @ thrget interval) and to the intra-individual
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variations of temporal accuracy (at the beginning at the extinction of the target interval

and at the beginning of the reproduction interval).

The most consistent finding in the current studyg Waat ERPs occurring at the offset
of the target interval varied linearly with the diwation. This result was observed in three out
of the four patients within the SMA/pSMA as welliagnsular, frontal and cingulate regions.
Further analyses revealed that, in several locstitiis post-interval activity was predicted by
the Tl-duration presented in the prior trial anddicted the inter-trial variations in temporal
reproduction accuracy. Less consistent evidencefowasl for the effects of Tl-duration and
of temporal performance on ERPs time-locked to dhset of the reproduction interval.
Similarly, performance-based variations in theudtstimeasured at the beginning of the target
interval (ICNV-like) were only observed in one pati on two different locations.
Furthermore, a late (ICNV-like) activity varying matonically during the presentation of the
target interval was observed within the SMA andeotlirontal medial frontal regions.
However, no relationship was established betwees tblimbing’ activity and the
performance in temporal reproduction. Finally, el stimuli did not have any effect on
the temporal performance and only modest effectenabtion were observed on the ERPs

time-locked to Tl-onset and to Tl-offset.

4.1. ERPs time-locked to TI-offset varying with Tl-duration and with temporal

performance

We observed ERPs at the end of the target inteviiase amplitude varied linearly with TI-
duration. This effect was primarily located wittime insular cortex (anterior and posterior),
the SMA (SMA proper and pre-SMA). These two regiorege involved in three out of the
four patients and the ratio of electrode contabtswéng the effect was 40% (8/20) in the

insula and 35 % (13/35) in the SMA/pSMA. The effe@s also observed within the middle
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and anterior cingulate cortex (MCC/ACC), the superimiddle and inferior frontal gyri
(SFG, MFG and IFG), the paracentral lobule (PChg orbitofrontal cortex (OFC) and the
hippocampus (H). This modulation of post-interv&Rs with the duration of target interval
occurred from 200 to 3000 ms following the TI-offdeut different time courses were
observed according to the brain region. The SFG MR&G were mainly engaged during
earlier time windows (200 to 1000 ms), whereasSMA/pSMA and the MCC/ACC were

more importantly involved during later time-windo00 to 2200 ms).

The fact that this effect was not limited to eatiltpe-windows and was especially
frequent on derivations localized into frontal, utes and cingulate cortical areas argues
against a low order visual response such as ari &ghal or a rebound effect which is
usually found in the retina and visual areas (Dogset al., 1996). It is also noteworthy that
among the four patients, patient 1 was the onlywhe did not manage to differentiate the
three target interval durations (Figures 2 andrg) whose SMA activity at Tl-offset was not
modulated by Tl-duration (Figure 5). By contrasRHS time-locked to Tl-offset showed the
most acute effect of TI-duration for the patien(FR3gures 5 and 6), who had also the best
ability to differentiate the three target intendurations (Figures 2 and 3). Therefore, the
specific pattern of neuronal activity and the temapondividual performance obtained for
these two patients suggest that the modulatiorost-imterval ERPs with Tl-duration does not
simply reflect implicit processing of Tl-duratiomé@ could be associated with mechanisms
that contribute to an explicit and accurate reprieg®on of the target interval duration. This
idea is reinforced by the fact that ERPs time-lacke Tl-offset predicted the magnitude of
the reproduction interval for most of the derivashowing an effect of Tl-duration and also

predicted the accuracy of temporal estimation uess of these derivations.

Interestingly, the effects of the Tl-duration o tBRPs time-locked to Tl-offset were

observed on two different patterns of post-inteaetivity: a phasic activity consisting of a

27



negativity (or positivity) followed by a positivityfor negativity), and a tonic activity
consisting in a sustained activity whose amplitu@s modulated by TI-duration. The pattern
of the post-interval activity modulated by TI-ducat was phasic on 24 derivations and tonic
on 18 derivations. Shorter TI-duration was assediatith larger phasic post-interval activity
(peak-to-peak difference). By contrast, no paréicidssumption could be formulated about
the direction of the relationship between the Tiation and the tonic post-interval activity.
Actually, because tonic post-interval activity cisbtesd in a sustained activity in opposite
directions for the shortest and the longest Tl-lana one could not determine whether the
higher level of activity was associated to the ®roor longer TI-duration. Hence, the
functional interpretation of this pattern of adwiremains ambiguous and could equally
correspond to memory storage mechanisms with &ctincreasing with the length of the
interval to be remembered (Ng et al., 2009) or ttan preparation with higher level of
activity when patients reproduced the 3s Tl intef@nonowicz et al., 2015). It is of note
that, in patient 4, a ‘climbing’ activity was obsed during the target interval in several
derivations in which the tonic post-interval adijvivas modulated by the TI-duration (X1-
X2, M2-M3 and P4-P5). However, for the 7s-Tl, thape of this climbing activity decreased
after 5 s (central Tl-duration). Thus, the modwlasi of the tonic post-interval activity with
TI-duration observed on these derivations couldallt reflect differences in the slope of the

ICNV-like activity just before the Tl-offset.

In a large number of derivations, the phasic poral activity was shown to be
larger at the extinction of a shorter Tl-durati@nfirst hypothesis is that this signal may be
related with a post-interval component termed #ie positive component of timing (LPCt)
that prior scalp ERP studies observed immediateliowing the comparison interval in
temporal discrimination (Tarantino et al., 2010;n@er et al., 2009), generalization (Paul et

al., 2011) or bisection (Wiener & Thompson, 201Bidberg & Kieffaber, 2013) tasks. Some
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of these studies showed that the amplitude of tR€tLscaled linearly depending on the
objective or subjective durations that had justnbeeesented, with larger positive amplitudes
at fronto-central sites for the shorter duratiokdigher & Thompson, 2015; Lindberg &
Kieffaber, 2012; Tarantino et al., 2010). This pattof brain activity was associated with a
decrease of mean reaction times from short to loogparison intervals in a temporal
discrimination task (Tarantino et al.,, 2010) andhwfaster response times for “long”
responses relative to “short” responses in a teatgmsection task (Lindberg & Kieffaber,
2012). The decrease in the amplitude of post-iatemetivity with TI-duration in the present
study is reminiscent of these previous findings sindlarly indicates that decision regarding
the temporal interval may be consistently time-Egtko stimulus offset for the shortest
durations, while the main part of the decision lhesn processed before the end of the longest
durations (Lindberg & Kieffaber, 2012; Tarantinoadt, 2010). Our results would not only
confirm that this specific pattern activity reflectthe neural signature of temporal
categorization and decision-making operations inuaddition, reveal that this brain response
depends on a network involving primarily the SMAdahe insula and occurs immediately
following the encoding of the Tl-duration even tigbhuno response is required, as is the case
following a comparison interval in temporal dischiation or bisection tasks. These data
support previous single-cell electrophysiologidaldings that neurons in the frontal cortex
(Genovesio et al., 2009) or the basal ganglia (€kibal., 2008) are active at the extinction of
S1 in a timing task in which monkeys have to deamate the duration of two successive
stimuli S1 and S2. Genovesio et al. (2009) notdblynd that the level of post-interval
activity in substantial populations of frontal nens correlated positively (climbing activity)
or negatively (declining activity) with S1 duratio®f particular note, a recent study using
single-cell recording in the primate pre-SMA fouwategory-selective neurons whose activity

predicts the future categorical choice made by dahéemal in a bisection temporal task
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(Mendoza et al., 2018). More importantly, the celgt were associated with the short
category selection increased their activity after presentation of the test interval whereas the
neurons associated with the long category selestimnved increased activity before the test
interval offset. The larger post-interval activibpserved in the SMA and in functionally
connected cortical regions at the extinction ofr&roTI-duration is consistent with these
different findings showing that post-interval adivpredicts the categorical decision and that
long intervals are categorized as soon as the edafisie exceeds the subjective boundary

between short and long intervals (Mendoza et QL8

Previous neuroimaging studies also indicate thatSMA plays a role in temporal
predictability (Cui et al., 2009; Bueti et al., 2)1In a cued reaction-time task, Cui et al.
(2009) observed that the activation of the SMA reasd at the moment of the target
appearance increased with the duration of a variabt uncertain foreperiod. Strikingly, this
effect was no longer observed in a countdown candih which the arrival time of the target
was known in advance, suggesting that the cumelatonditional probability of the target
occurrence rather than elapsed time was coded by &dfivity. Analogously, TI-durations
are variable and uncertain in the present studydautirary to Cui et al's (2009) findings, the
SMA activity was shown to decrease with increasprgbability of TI-offset. In both
temporal reproduction and cued reaction-time task@ectancy depends on a posteriori
probability distribution called the “hazard funatip namely the increasing conditional
probability over time that an event (i.e. the erfdtie target duration or the end of the
readiness period) will occur given that it has aloeéady occurred (Luce, 1986; Coull, 2009).
In these tasks, an uncertainty is generated byatttethat the target duration in the current
trial is not known in advance. But, since time alwalows forward, the conditional
probability increases inexorably over time so thia@ more time lapses, the more the

uncertainty about the duration of the currentlyspréged target interval decreases and the
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more the expectation rises. However, the differenneterms of post-interval activity in the
SMA could rely on the specific requirements of etask. Participants in the study by Cui et
al. (2009) had to take a motor decision immediaadlgr the target appearance whereas in our
study, at the ending of the target interval, theepds had to keep a representation of the TI-
duration in memory in order to anticipate the meanoment of the future button press that
will be executed in the reproduction period. Wetaéimely propose that declining activity in
the SMA in the present study codes for decisionintaknechanisms build upon the decrease
of uncertainty while climbing SMA activity reportdry Cui et al (2009) could instead index
the increase of temporal expectation with foremkdaoration. Considering that uncertainty
about the duration of the current interval is maadiinefore the end of the 3s-TI, the higher
amplitude of ERPs time-locked to the end of thetglsd TI-duration may thus reflect the fact
that the resolution of the uncertainty is at itsghe Consistent with this explanation, the
LPCt immediately following the end of to-be-timadtdrval has recently been considered as
an electrophysiological marker of decision uncetiaduring temporal processing (Wiener &

Thompson, 2015).

Assuming that the decrease of SMA activity with dliration is associated with
learned temporal expectations about the proballity¥l-offset, this effect should be more
important as the patient is habituated to the ewpmrtal context, and thus be more
pronounced in the second than in the first parthef experiment. We did not find any
significant increase in the number of derivationshwa significant effect of TI-duration
between the first and second parts of the expetintéowever, in comparison with other
brain regions, the ratio of derivations with a digant effect of TIl-duration was higher into
the insular cortex in the first part of the expezithwhereas it was higher into the SMA in the
second part of the experiment. This suggests igatmiodulation of post-interval activity with

TI-duration increased in the SMA across the duratibthe experiment and thus could reflect
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increased knowledge of temporal expectation dusatwtuation to the experimental context.
By contrast, the modulation of post-interval adyiwvith TI-duration observed in the insular
cortex decreased in the course of the experimedt culd be involved in the explicit

representation of the time interval which wouldftshrogressively towards a more implicit

representation.

If the post-interval activity reflects categoripat of the TI-duration in comparison to
an expected duration, we assumed that the valti@oexpected duration should vary from
trials to trials depending on the Tl-duration preaed in the prior trial. We notably expected
that if post-interval activity increases (or deces) when the Tl-duration presented in the
current trial is shorter, it should similarly inases (or decreases) when the TI-duration
presented in the prior trial is longer. Such cavgreeffects were actually observed on several
derivations located in different brain region, raling that the post-interval effects were
influenced by the temporal context. However, thgnitaide of the reproduction interval was
also expected to be shorter after a longer priedurhtion. Yet, no effect of the prior TI-
duration on the temporal reproduction accuracy whserved. However, complementary
analyses revealed that this perceptual influenceth& prior TI-duration would be
compensated by an opposite bias according to whitie intervals are more likely
reproduced similarly to the preceding trial in liméh a previous study revealing a similar

decisional effect during a bisection temporal td&kener et al., 2014).

These modulations of post-interval ERPs were piilsn@bserved within the pre-SMA
and SMA proper and insular cortex. It also involw&tgulate, middle frontal, inferior frontal
and premotor cortical regions which are known to fbactionally and/or structurally
connected to the SMA/pSMA and/or the insula. Tloatal aslant tract (FAT) has been shown
to connect the SMA/pSMA with the IFG and a systdmshmrt U-shaped fibers interconnects

the SFG, MFG and IFG (Catani et al., 2012). Besidesting-state fMRI studies revealed that
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the insula is functionally connected to the ACGt&anterior part and to the MCC and the
SMA proper in its posterior part (Cauda et al., BDeen et al., 2011; Taylor et al., 2009). A
recent study investigating the connectivity of thental and insular regions using cortico-
cortical evoked potential (CCEP) revealed conndgtisbetween SMA/pSMA, insula,

ventrolateral and dorsolateral premotor cortex (@Pdhd dPMC), ACC and OFC (Enatsu et
al., 2016). Interestingly, connections were maoihgerved from the dPMC, vPMC and insula
in the direction of the SMA/pSMA which could expiahat, in our study, the modulations of
ERPs occurring at the extinction of the encodingsius were mainly limited to the early

post-interval period within the premotor (Brodmaarea 6) while they continued for a longer

period within the SMA/pSMA.

4.2. ERPs time-locked to RI-onset varying with Tl-duration and with temporal

performance

In a recent EEG/MEG study by Kononowicz et al. &0asing reproduction of 2, 3 and 4 s
target intervals, the amplitude of the CNV activitycurring at the beginning (between 300
and 600 ms) of the reproduction period was showdetwease with TI-duration. Furthermore,
the CNV amplitude was also shown to correlate witbr-individual variations of th&I/TI
ratio. Based on these results, they suggested thatBfedetivity occurring at the beginning
of the reproduction period (i.e. correspondinghe early CNV) would reflect preparedness
and anticipation of the precise moment of the fthotton press that will be executed to
reproduce the Tl-duration. Higher level of prepaess and of anticipation would be required
for the reproduction of shorter Tl-durations anaharsely, for a given Tl-duration, would
result in shorteRI/TI ratios. In the present study, the ERPs time-locked tobénginning of
reproduction interval revealed a similar effectg{ife S1) but it was observed in only two
patients on a total of four derivations located nmddle frontal gyrus (MFG) and the
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paracentral lobule (PCL). The ERPs time-locked tofset were also shown to vary linearly
with RI/TI ratio in two patients in the MFG, IFG, pre-SMA and MC&yions. However, no
CNV was clearly observed and it is not clear whethese differences were related to more
activity for shorter or for longer TI-durations. hetheless, Kononowicz et al. (2015)
suggested that these preparedness and anticigmtorsses could actually occur before the
reproduction period. We propose that the higheriviagt observed into a network
encompassing the SMA and the insula after the b&féshorter TlI-duration could reflect a
higher level of preparedness and anticipation ihdtelpful to be optimally prepared for a
decision at a certain point in time (i.e. presdimg button at the right moment in time). This
would be in line with an fMRI study revealing ththe activity within a network including the
SMA and the right insula increased several secpnds to self-initiated movements (Sakata
et al.,, 2017) as well as with another study showihgt slow intrinsic hemodynamic
fluctuations within the SMA and insula are relateddhe moment at which a subject freely

decide to press a key (Pfurtscheller et al., 2014).

4.3. ERPstime-locked to Tl-onset varying with temporal performance

No consistent evidence was found at the beginninghe TI-onset regarding the
presence of ICNV-like activity whose amplitude eatilinearly with RI/TI ratio. This effect
was observed in only one patient in the SFG and riégions making difficult to conclude
about modulations of this early activity with tri@-trial fluctuations of temporal judgment.
Within the SMA (2 patients), the PCL (1 patient)dathe SFG (1 patient) regions, an
increasing or decreasing activity was observed éetwl and 3 s following Tl-onset for each
Tl and also between 3 and 5 s for the 5s-TI and7&d| during the temporal windows
corresponding to the late CNV. However, for theTTsthe ICNV-like activity stopped
increasing or decreasing between 5 and 7 s. Iniquewscalp EEG studies using duration
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discrimination tasks, CNV activity has been showpeak at the end of the memorized rather
than to the current duration (Macar and Vidal, 20Bfeuty et al., 2005) suggesting that it
could reflect the expected duration. Such pattdraadivity was also observed in an EEG
study using a temporal odd-ball paradigm in whiod €NV was found to peak at the moment
of maximum expectation and then to return to basefor the longer deviant intervals.
Furthermore, the CNV became larger and steeper tiite-on-task suggesting that this
activity could provide an automatic temporal expacy signal that is being progressively
built across the whole experimental session (Mettal., 2013). At odds with the idea that
the late activity following Tl-onset indexes thecamulation of pulses over time, we found
that the amplitude and the slope of this activity mbt significantly vary with RI/TI ratio but
instead deflected at 5 s (i.e. the mean of theepted target intervals) for the longer TI-
duration. Our results thus suggested that thiskitignneuronal activity in the SMA, but also
in the PCL and the SFG, reflects an implicit medsrmnunderlying temporal expectancy
based on the temporal context of the experimenin{Met al., 2013). In keeping with this
view, complementary analyses performed for the [7seVealed an effect of the prior TI-
duration on two derivations located in the PCL #mlSFG. Depending on the derivation, the
amplitude of the ICNV-like activity was more impant or returned more slowly to baseline

when the prior TI-duration was longer (cf figure) S5

4.4. Effects of Emotion on temporal performance and ERPs

Emotional stimuli were used in the encoding phaserder to produce temporal distortions

and then to examine correlations with variationstbjective duration induced by emaotion.

However, behavioral data did not reveal any sigaiit effect of emotion on tHel/TI ratio.

A possible reason is that the pictures that wectsdefrom the IAPS database were not the
most arousing and unpleasant (e.g., pictures oillated persons) ones. Their level of arousal
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was relatively low compared with that used in poegi studies showing a lengthening of
perceived duration by the negative emotional chafgectures (Droit-Volet and Meck, 2007,
for review). Concerning SEEG analyses, the emotieffact was modest and was observed
for ERPs time-locked to Tl-onset in one patienthia anterior insular cortex (AIC), and for
ERPs time-locked to Tl-offset in another patienthie superior frontal gyrus (SFG). Due to
lack of behavioral effect, it is not possible tanclude about a role of these brain regions in

emotion-induced distortion of time.

4.5. Limits of the study

Altogether, the results of this intracerebral EBEGdg revealed that, during reproduction of
supra-seconds intervals, the SEEG activity withinetwork, including primarily the SMA
and the insula, is involved just after the endifithe target interval, possibly in the coding of
elapsed time during this interval. Interestinglfist activity predicted the trial-to-trial
variability in temporal reproduction accuracyhese results confirm that the monitoring of
temporal information continues after the Tl-duratend that the neural signatures of interval
timing should be explored before and after and ey during the to-be-timed periods
(Kononowicz et al., 2017). However, such interpietes should be considered with cautious
due to several limits. First, the filtering chaeaddtics of the SEEG recording system (i.e.
time constant = 1.06 sec) could attenuate the l@guencies fluctuations within the raw
signal and thus impact the ramping activities dyrthe encoding and the reproduction
periods. Further studies should either use longee tconstants or investigate shorter
durations to determine whether a larger pool ofpiaugn activities associated with interval
timing can be observed through SEEG recordiagd whether this activity is related to
temporal performance. Considering that beta oratlpetwer is assumed to be involved in
interval timing (e.g. Bartolo et al., 2014; Gu ét 2015; Kononowicz and van Rijn, 2015,
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2014b; Wiener and Kanai, 2016), an investigatiothefdynamics of neural oscillations using
SEEG data could help to override the effect offilber parameters. Further examinations of
time-frequency data in SEEG should thus provideafale information on whether oscillatory
power measured during the encoding, the retentortlae reproduction periods indexes trial-
to-trial variability in temporal reproduction andordribute to determine the neural

mechanisms of interval timing.

Second, although several arguments suggest thaib$erved modulations of ERPs
with Tl-duration reflect explicit coding of Tl-dutian, the absence ofon-temporal tasio
not allow us to rule out that it actually refleatgplicit coding of the TI-duration. It is also not
possible to determine whether the observed effeete related to motor preparation or
whether similar effects would have been observed fime discrimination task. In addition,
further studies should consider the importance amipulate the probability of occurrence of
the different TI-durations in order to dissociateets due to elapsed time from effects due to
conditional probability. Finally, the results ofiStSEEG study were obtained in few patients
with heterogeneity in electrode location but thisitiation is inherent to the SEEG technique.
One way to overcome this variability would be tpligate these experiments in a larger

sample of patients which altogether will allow egler coverage of the regions of interest.

5. Conclusions

The aim of the present study was to investigatedfreamics of intracerebral EEG activity
into the SMA during the encoding, the retention dnel reproduction of time intervals in
order to precise their role in interval timing. Tresults demonstrate that the SEEG activity
occurring at the end of the target interval in awoek including the SMA as well as frontal,
insular and cingulate cortices, varied linearlyhwii-duration. This effect indicates that these

regions could play a role in the categorization aedision making operations that occur
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following the TIl-ending or in preparedness and @pétion of the precise moment of the
future movement that will be executed to reprodaceurately the target interval. This study,
which constitutes the first attempt to examine rikeeral correlates of time perception by the
means of SEEG recordings, also shows the inteféktsoapproach for a better understanding

of the neural bases of temporal processing.
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Table 1.Clinical data and SEEG investigation of the foutigras.

Patient Pat. 1 Pat. 2 Pat. 3 Pat. 4
Age (year) 48 21 20 39
Sex M F M M
WAIS 75 75 119 85

full scale 1Q

Epileptogenic zone

Structural lesion

Side of focus

# of Electrodes L and R

# of electrode contacts
# of bipolar derivations
Structures explored

Left amygdala,

hippocampus, collateral

sulcus, temporal pole
and lateral pre-motor
cortex

Atrophic lesion in the
left temporal polar
region

L

14 L
160
107

L: A, ACC, AIC, H,
IFG, IPG, ITG, MCC,

MFG, MTG, OFC, SFG,

SMA, TP

Right amygdala, anterior

insula and anterior
cingulate cortex

Normal MRI

R
3L,12R
178

102

L: ACC, IFG, IPG,
MFG, OFC, PCC

R: ACC, AIC, H, FP,
IFG, ITG, MCC, MFG,

MTG, OFC, SFG, SMA,

P

Right superior frontal

gyrus (supplementary
motor area) and mid-

cingulate sulcus

Normal MR

Right mid-cingulate
sulcus focal cortical
dysplasia (SEEG
investigation)

R
2L,10R
126
88

L: SFG, SMA
R: ACC, AIC, IFG,

MCC, MFG, SFG, SMA

Right superior and
middle frontal gyrus

Normal MRI

R
9R
113
93

R: ACC, AIC, FP, IFG,
MCC, MFG, MO, PIC,
PCL, PO, SFG, SMA

Global cognitive efficiency was investigated wikietWAIS-III in Pat. 1, the WAIS IV in Pat 2, Paga8d Pat. 4.

The structures are listed by subregions in theut3tres Explored” line. A, amygdala; ACC, anteargulate cortex; AlC,
anterior insular cortex; FP, frontal pole; H, hippmpus; IFG, inferior frontal gyrus; IPG, inferiparietal gyrus; ITG,
inferior temporal gyrus; MCC, middle cingulate @t MFG, middle frontal gyrus; MO, motor operculuMTG, middle

temporal gyrus; OFC, orbitofrontal cortex; PCC, teasr cingulate cortex; PIC, posterior insulartear PCL, paracentral

lobule; SFG, superior frontal gyrus; SMA, supplettaey motor area; SPG; TP, temporal pole; L, leftright.
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Table 2. ERPs time-locked to target interval (Tl) onset whasnplitude varied (a) with

emotion (neutral, negative), or (b) linearly wRhTI ratio (quartiles Q1, Q2, Q3, Q4).

Region / Bipolar Talairach Time

Patient Brodmann area derivations coordinates (x, y, z) windows t pvalue
a. Early ERPstime-locked to Tl-onset whose amplitude varied with Emotion
Pat. 2 R. AIC/BA 13 12-13 35,23,4 tw2 2.64 .009

b. Early ERPs time-locked to TI-onset whose amplitude varied linearly with RI/TI ratio
Pat. 3 L.SFG/BA®6 M'9-M'10  -24, 11, 66 twl -3.28 .001
R.IFG/BA 44 07-08 57, 4, 16 twl -2.34 .021

Time windows of analysis: twl = 200-600ms, tw2 H4M00ms after Tl-onset.
AIC, anterior insular cortex; IFG, inferior frontgyrus; SFG, superior frontal gyrus.
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Table 3. ERPs time-locked to target interval (T1) offset whaamplitude varied linearly with

TlI-duration (3, 5 and 7 s).

. i i i i Bonferroni post-hoc tests
Patient Ereogollﬁ?agn area c?tle?ﬁ):trions Igclﬁlc;iarlgtes (X, Y, 2) vT\/liwc?ows t pvalue 3vs.5s 3 vz 7s 5vs. 7s
Pat. 2 R. SMA /BA 6 M2-M3 7,-3,57 tw2 3.77 <.001 .976 .001 .018

tw3 2.77 .006 1.000 .019 .030

twa 3.59 <.00% 1.000 .001 .002

twb 3.21 .002 1.000 .005 .014

R.ACC/BA32 S1-S2 7,22,22 twé -4.14  <.001 .863 <.001 .008
twb -3.95 <.001 1.000 <.001 .001
R.ACC/BA32  S2-S3 10, 22, 22 tw4 3.27 .001 1.000 .004 <.001
twb 3.80 <.001 1.000 .001 <.001

R.MCC/BA24 R1-R2 6,-1, 32 tw3 -2.95 .004 .067 .011 1.000
twa -3.52 <.001 .010 .002 1.000

twh -4.21  <.001 111 <.001 .109

twé -3.85 <.001 .210 .001 .130

tw7 -5.02  <.001 .180 <.001 .006

R. MFG/BA9 S10-S11 38, 26, 27 twl -3.22 002  09.1 .005 .810
tw2 -2.97 .004 .002 011 1.000

R.OFC/BA 10  X10-X11 38,50, 0 w4 -3.34  .001 931 .003 427
R. AIC/BA 13 11-12 32,22,2 tw3 3.24 .002 .627 .005 .155
tw4 3.05 .003 1.000 .009 125

twb 3.23 .002 1.000 .005 .030

R.H/BA28 B1-B2 22,-11, -21 twh 3.04 .0038 .285 .008 .526
Pat. 3 R.pSMA/BA6 M1-M2 5, 6,54 w2 2.81 0.006 0.002 0.017 1.000
R.pSMA/BA6 M2-M3 8,7,56 twl 5.65 <0.001 0.002 <0.001 0.078
R. SMA/BA 6 P1-P2 7,-10, 53 tw4 2.80 0.006 @13 0.017 1.000
twb 2.76  0.007 0.089 0.020 1.000

twé 2.86 0.005 0.006 0.014 1.000

R. SMA/BA 6 P2-P3 10, -11, 55 tw3 3.08 0.0p2 810 0.007 1.000
L.pSMA/BA6  M'2-M'3 -9,7,50 tw3 -3.69 <0.001 0.206 0.001 0.204
tw4 -3.40 <0.001 0.669 0.003 0.096

L. pPSMA/BA 6 M'3-M'4 -11, 8,52 tw3 -3.34 0.001 .094 0.003 0.778
R.MCC/BA24 C2-C3 7, 8,37 tw2 3.32 0.001 0.020 0.003 1.000
R.MCC/BA32 C3-C4 10,9, 38 twl -4.12 <0.001 0.015 <0.001 0.660
tw4 3.63 <0.001 0.011 0.001 1.000

R.SFG/BA6 M6-M7 19,9, 64 twl -2.84  0.005 @53 0.016 0.398
R. SFG/BA8 F1-F2 4, 34,39 twl 455 <0.0010.032 <0.001 0.189
R.SFG/BA8 S7-S8 23, 28, 45 tw3 291 0.004 D.72 0.013 0.261
L.SFG/BAG6 M'6-M'7 -17,9, 59 twl -3.19 0.062 .465 0.005 0.258
L.SFG/BAG6 M'7-M'8 -20, 10, 61 tw2 -3.18 0.002 0.067 0.005 1.000
L.SFG/BAG6 M'8-M'9 -22,10, 64 tw2 3.17 0.002 .11 0.011 0.846
L.SFG/BAG6 M'9-M'10  -24, 11, 66 tw2 2.85 0.006 0.047 0.009 1.000
R. MFG/BA 10 X10-X11 35, 43, 20 twl -3.10 0.002 1.000 0.007 0.060
R. MFG/BA6 R1-R2 33,-2,50 twl -3.50 <0.Q01 0.591 0.002 0.087
R. MFG/BA6 R2-R3 36, -2, 50 twl -5.16 <0.001 0.090 <0.001 0.027
tw2 -4.78 <0.001 0.038 <0.001 0.165

R. MFG/BA6 R3-R4 40, -2, 50 twl 5.41 <0.001 0.001 <0.001 0.338
tw2 3.33 0.001; 0.012 0.003 1.000

R.IFG/BA 44 0O7-08 57,4, 16 tw7 -3.29 0.001 0.002 0.004 1.000
R. AIC/BA 13 02-03 41,5,13 twl -3.54 <0.001 0.001 0.002 1.000
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Pat. 4 R.pSMA/BA6 L1-L2 11,9,45 tw3 3.14 (OO 0.139 0.006 0.769
tw4 2.88  0.005 0.034 0.005 1.000

R.MCC/BA 24 C1-C2 3,-19, 38 tw2 278 0.006 &6 0.018 0.354
R. SFG/BA6 X1-X2 6, 22,49 twl 2.82  0.005 1.000 0.016 0.182
tw2 4.53 <0.001 0.390 <0.001 0.010

tw3 451 <0.001 0.521 <0.001 0.006

tw4 4.72  <0.00% 0.221 <0.001 0.013

tw5 4.69 <0.001 0.101 <0.001 0.036

twb 4.32 <0.001 0.101 <0.001 0.094

tw7 421 <0.00% 0.049 <0.001 0.229

R. SFG/BA6 X5-X6 11, 23, 62 tw2 -3.27  0.001 4B4 0.004 0.224
tw3 -3.71 <0.003 0.006 0.001 1.000

tw4 -3.04 0.003! 0.018 0.009 1.000

twb -2.91 0.004 0.260 0.013 0.729

R. MFG/BA 8 F9-F10 32,22, 39 tw5 299 0.003 00O 0.010 0.052
tw7 3.49 <0.001 1.000 0.002 0.014

R.IFG/BA 44 B1-B2 31,16, 24 twl 3.58 <0.001 0.989 0.001 0.033
tw2 3.62 <0.00f 0.587 0.001 0.070

R.PCL/BA6 M2-M3 6, -16, 54 tw3 -3.78 <0.001 0.055 0.001 0.498
tw4 -3.38 <0.001 0.093 0.003 0.690

tw5 -3.59 <0.001 0.010 0.001 1.000

twb -3.37 <0.001 0.007 0.003 1.000

tw7 -3.91 <0.001 0.002 <0.001 1.000

R.PCL/BA6 M6-M7 15, -16, 66 twl 3.52 <0.001 0.341 0.003 0.219
tw2 2.90 0.004 0.559 0.013 0.366

R.PCL/BA6 M7-M8 17, -16, 69 tw3 3.47 <0.001 1.000 0.002 0.001
tw4 3.90 <0.001 1.000 <0.001 0.004

twb 3.62 <0.00f 0.759 0.001 0.048

tw7 3.61 <0.00L 0.221 <0.001 0.114

R.PCL/BA6 M8-M9 19, -16, 72 twl -3.04 0.004 7M1 0.012 0.227
R.PCL/BA6 P4-P5 14, -29, 57 tw3 -2.80 0.006 346. 0.018 0.679
tw4 -4.33 <0.001 0.324 <0.001 0.022

tw5 -3.94 <0.001 0.570 <0.001 0.029

tw6b -3.78 <0.001 0.108 0.001 0.298

tw7 -4.30 <0.001 0.012 <0.001 0.523

R.PIC/BA 13 R3-R4 45, -30, 18 tw4 3.48 <0.0010.027 0.002 1.000
R.PIC/BA 13 R6-R7 54,-34, 19 twl -3.89 <0.0010.138 0.001 0.150
tw2 -3.60 <0.001 0.148 0.002 0.269

Time Windows of analysis: twl = 200-600ms, tw2 H8®M00ms, tw3 = 1000-1400ms, tw4 = 1400-1800ms, 2wisB00-
2200ms, tw6 = 2200-2600ms, tw7 = 2600-3000ms dft@ffset.

AIC, anterior insular cortex; ACC, anterior cingwacortex; H, Hippocampus; IFG, inferior frontalrgy; MCC, middle
cingulate cortex; MFG, middle frontal gyrus; OFGbitofrontal cortex; PCL, paracentral lobule; Pl@jsterior insular
cortex; pSMA, pre-supplementary motor area; SFQesar frontal gyrus; SMA, supplementary motor ar@@per.
Significant Bonferroni post-hoc p values are natedold.
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Table 4. Brain regions in which the amplitude of ERPs tilneked to target interval (TI)
offset varied linearly with Tl-duration (3, 5, 7®yumber of electrodes contacts (within each

brain region) showing an effect of Tl-duration ouee successive time-windows (twl to

tw7).

Regions twl tw2 tw3 tw4 twh tw6 tw7
SMA/pSMA 2 4 9 8 4 2 0
SFG 8 8 6 4 2 4 1
MFG 8 5 0 0 2 0 2
IFG 2 2 0 0 0 0 2
OFC 0 0 0 2 0 0 0
PCL 4 2 6 6 5 6 6
ACC/MCC 2 4 2 7 5 2 2
IC 4 2 2 4 2 0 0
Extra-frontal 0 0 0 0 2 0 0
TOTAL 30 27 25 31 22 14 13

Time Windows of analysis: twl = 200-600 ms, tw2G86.000 ms,

tw3 = 1000-1400 ms, tw4 = 1400-1800 ms, tw5 = 18200 ms,

tw6 = 2200-2600 ms, tw7 = 2600-3000 ms after Tseff

IC, insular cortex; IFG, inferior frontal gyrus;

MCC/ACC, middle and anterior cingulate cortex; MFddle frontal gyrus;
OFC, orbitofrontal cortex; PCL, paracentral lob &G, superior frontal gyrus;
SMA/pSMA, supplementary and pre-supplementary mateas.
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Table 5. ERPs time-locked to target interval (TI) offset whoamplitude varied (a) with

emotion (neutral, negative), or (b) linearly wRhTI ratio (quartiles Q1, Q2, Q3, Q4).

Patient Region / Bip_olar_ Talair_ach Ti_me t pvalue
Brodmann area  derivations coordinates (X, y, z) windows
a. Early ERPstime-locked to Tl-offset whose amplitude varied with Emotion
Pat. 3 R. SFG/BA9 G3-G4 12,34, 34 tw2 3.15 .002
twb 3.65 <.001
tw6 3.46 <.001
tw7 3.46 <.001

b. Early ERPs time-locked to TI-offset whose amplitude varied linearly with RI/TI ratio
Pat. 4 R.MCC/BA24 C1-C2 3,-19, 38 twl -3.28 010

Time windows of analysis: twl = 200-600ms, tw2 HAMO0ms after Tl-offset.
MCC, middle cingulate cortex; SFG, superior frorggtus.
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Table 6. ERPs time-locked to reproduction intervdl) onset whose amplitude varied

linearly with target interval (TI) duration (3, Bi& 7 s).

patient  R€gion/ Bipolar Talairach Time i p value Bonferroni post-hoc tests
brodmann area  derivations coordinates (X, y, z) windows 3vs.5s 3vs7s b5vs.7s

Pat. 3 R.MFG/BA6 R2-R3 36, -2, 50 tw2 2.71 .008 .897 .023 272
R.MFG/BA 6 R3-R4 40, -2, 50 tw2 -2.53 .013 1.00 .038 179

Pat. 4 R.MFG/BA 46 G11-G12 42,41, 26 twl 2.71 008. 319 .023 .870
R.PCL/BA2 P11-P12 38, -35, 57 twl 2.82 .006 37.3 .017 .680

Time Windows of analysis: twl = 200-600ms, tw2 94®M00ms after RI-onset.
MFG, middle frontal gyrus; PCL, paracentral lobule.
Significant Bonferroni post-hoc p values are natedold.
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Table 7. ERPs time-locked to reproduction intervdl) onset whose amplitude varied

linearly with RI/TI ratio (quartiles Q1, Q2, Q3, Q4).

Patient Region / Bip_olar_ Talair_ach Ti_me ¢ pvalue
Brodmann area  derivations coordinates (X, y, z) windows
Pat. 3 R. MFG/BA 8 C7-C8 22,13,43 twl 3.24 .002
tw2 2.68 .008
R.MCC/BA32 C6-C7 19, 12,42 twl -3.39 .001
tw2 -2.30 .023
Pat. 4 R.pSMA/BA6 L1-L2 11,9, 45 twl -2.74 700
tw2 -2.51 .013
R.IFG/BA 44 B1-B2 31, 16, 24 twl 2.58 .011
tw2 468 <.001

Time Windows of analysis: twl = 200-600ms, tw2 H4MO00 ms after RI-onset.
IFG, inferior frontal gyrus; MCC, middle cingulatertex; MFG, middle frontal gyrus;
pSMA, pre-supplementary motor area.
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Table S1.Behavioral data and statistical analyses.

Patient Pat. 1 Pat. 2 Pat. 3 Pat. 4

a. MeanRI, RI/TI ratio and CV_measured for each TI-duration (3, 5 and 7 s) andneotion (Nt and Ng) in each patient

RI R/TI  CV RI R/TI  CV RI R/TI  CV RI R/TI  CV
(ms) ratio (ms) ratio (ms) ratio (ms) ratio
3s Nt 3250 1.08 0.46] 3730 124 03P 2798 093 0[4 13681.23  0.17
Ng 3389 113 0.34} 3565 1.19 03D 2741 091 019 64161.39  0.19
5s Nt 3352 0.67 0.28] 5523 110 022 4954 099 041 15091.02  0.18
Ng 3979 0.80 0.38{ 6022 120 0.1 4747 095 0j13 25251.05 0.24
7s Nt 4034 058 032 7330 1.05 0.18 6638 0.95 007 5656094  0.21
Ng 3552 051 0.25) 7363 1.05 025 6445 092 010 2644092 0.16
b. Effect of Tl-duration on the RI
One-way t 1.89 13.88 34.43 12.80
ANOVA df 144 146 147 147
p value .061 <.001 <.001 <.001
Cohen’s d 3vs.5s 0.26 [-0.14, 0.66] 1.84[1.37, 2.31] 3.90 [3.23, 4.56] 1.32[0.89,61.7
[95% Cl] 3vs.7s 0.39[-0.01, 0.79] 2.69[2.14, 3.23] 7.22[6.14, 8.29] 2.56 [2.03,9.0
5vs. 75 0.11[-0.28, 0.51] 1.10[0.68, 1.52] 2.89[2.32, 3.45] 1.15[0.73,81.5
c. Effect of TI-duration and Emotion on theRI/TI ratio
Effectof TI- F 4361 4.33 2.00 41.84
duration df 2,141 2,143 2, 144 2, 144
p value <.001 .015 139 <.001
Bonferroni 3vs.5s <.001 .851 175 <.001
post-hoc tests 3 7 <.001 .01z 1.0¢ <.001
5vs.7s .007 199 425 .047
Effect of F 0.48 0.13 2.07 2.80
Emotion df 1,141 1,143 1,144 1,144
p value .490 722 152 .096
Tl-duration F 1.29 0.93 0.10 2.31
X Emotion df 2,141 2,143 2,144 2,144
P value .278 .397 903 .103

TI: Target IntervalRl: Reproduction IntervalCV: Coefficient of Variation = Standard Deviation Rf / Mean of RI;RI/TI
ratio: ratio between the reproduction interval and tiheldration; Nt: emotionally neutral stimuli; Ng: etonally negative
stimuli. Significant p values are noted in bold.
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Table S2.ERPs time-locked to Tl offset whose amplitude \@tirearly with Tl-duration (3,

5 and 7 s). Effects of TI-duration over the fi8iLf and second (P2) parts of the experiment.

patient  R€gioN/ Bipolar Talairach Time First part (P1) Second part (P2)
Brodmann area derivations coordinates (x, y, z) windows t p value t p value
Pat. 2 R.SMA/BA®6 M2-M3 7,-3,57 tw2 -3.44 .001 -2.04 .035
tw3 -1.65 104 -2.21 .031
twa -2.15 .035  -2.88 .005
twb -2.33 .023  -2.18 .032
R.ACC/BA32 S1-S2 7,22,22 tw4 2.69 .009 3.12 .003
twh 2.46 .016 3.06 .003
R.ACC/BA32  S2-S3 10, 22, 22 tw4 -3.02 .004 -1.62 110
twb -3.26 .002  -2.08 .043
R.MCC/BA24 R1-R2 6, -1, 32 tw3 1.20 .132 2.98 .004
twa 2.14 .035 2.80 .007
twb 2.25 .027 3.61 .001
tw6 1.90 .061 3.43 .001
tw7 3.60 .001 3.58 .001
R. MFG/BA9 S10-S11 38, 26, 27 twl 2.66 .010 1.89 .063
tw2 1.92 .059 2.29 .025
R.OFC/BA10 X10-X11 38,5,0 tw4 2.14 .036 2.59 .012
R. AIC/BA 13 11-12 32,22,2 tw3 -2.72 .010 -2.34 .024
twa -2.29 031  -2.19 .034
twh -3.80 .001 -0.95 .349
R.H/BA28 B1-B2 22,-11,-21 twb -2.31 .024  -1.97 .053
Pat. 3 R.pSMA/BA6 M1-M2 5, 6,54 tw2 -1.53 130 -2.41 .019
R.pSMA/BA6 M2-M3 8,7,56 twl -3.70  <.001 -4.25 <.001
R.SMA/BA 6 P1-P2 7,-10, 53 tw4 -1.35 .182 -2.56 .012
twh -1.10 276  -2.76 .007
tw6 -0.62 536 -3.46 .001
R. SMA/BA 6 P2-P3 10, -11, 55 tw3 -0.90 .373-3.78 <.001
L. pPSMA/BA6  M'2-M'3 -9,7,50 tw3 161 114 385 <.001
twa 1.30 197 3.49 .001
L. pPSMA/BA6  M'3-M'4 -11, 8, 52 tw3 2.38 .023 2.49 .015
R.MCC/BA24 C2-C3 7,8,37 tw2 -2.86 .006 -1.87 .066
R.MCC/BA32 C3-C4 10,9, 38 twl 510 <001 1.00 .322
twa -1.17 224 -3.81 <.001
R.SFG/BAG6 M6-M7 19,9, 64 twl 2.27 .026 1.80 .076
R.SFG/BAS8 F1-F2 4,34, 39 twl -2.12 .039 -4.31 <001
R.SFG/BAS8 S7-S8 23,28, 45 tw3 -1.62 .109-2.42 .018
L.SFG/BA®6 M'6-M"7 -17,9, 59 twl 1.21 .230 3.23 .002
L.SFG/BA6 M'7-M'8 -20, 10, 61 tw2 2.06 .043 2.49 .015
L.SFG/BA6 M'8-M'9 -22, 10, 64 tw2 -1.67 .099 -2.82 .009
L.SFG/BA®6 M'9-M'10 -24,11, 66 tw2 -1.31 195 -2.71 .011
R.MFG/BA 10 X10-X11 35, 43, 20 twl 3.68 <.001 0.92 .360
R. MFG /BA 6 R1-R2 33, -2, 50 twl 2.28 .025 2.66 .010
R. MFG /BA 6 R2-R3 36, -2, 50 twl 483 <001 272 .009
tw2 406 <.001 272 .009
R. MFG /BA 6 R3-R4 40, -2, 50 twl -432 <001 -3.27 .002
tw2 -2.27 .026  -2.43 .018
R.IFG/BA 44 0O7-08 57,4, 16 tw7 2.19 .032 247 .016
R. AIC/BA 13 02-03 41,5, 13 twl 3.09 .003 1.96 .054
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Pat. 4 R.pSMA/BAG6 L1-L2 11,9,45 tw3 -1.07 728 -3.17 .003
tw4 1.34 189 -3.00 .004
R.MCC/BA24 C1-C2 3,-20, 38 tw2 -3.29 .002 -0.68 .501
R.SFG/BAG6 X1-X2 6, 22,49 twl -1.19 .239 -2.65 .010
tw2 -3.04 .003 -3.31 .001
tw3 -3.24 .002 -3.10 .003
tw4 -3.39 .001 -3.26 .002
twb -3.36 .001 -3.23 .002
twé -3.16 .002 -2.92 .005
tw7 -3.12 .003 -2.82 .006
R. SFG/ BA 6 X5-X6 11, 23, 62 tw2 2.96 .004 154 128
tw3 3.25 .002 1.92 .060
tw4 199 .050 2.30 .025
twoé 2.09 .040 2.03 .047
R. MFG/ BA8 F9-F10 32,22, 39 tw5 -3.30 .002 -1.02 .312
tw7 -2.34 .023 -2.56 .020
R.IFG/BA 44 B1-B2 31,16, 24 twl -2.78 .007 -2.33 .023
tw2 -3.80 <.001 -1.57 .120
R. PCL / BA6 M2-M3 6, -16, 54 tw3 3.81 <001 1.65 .102
tw4 3.08 .003 1.79 .078
tw5 2.73 .008 2.40 .019
twb 2.94 .004 1.83 .071
tw7 3.15 .002 2.42 .018
R.PCL/BAG M6-M7 15, -16, 66 twl -1.41 163 -3.51 .001
tw2 -0.76 449 -3.22 .002
R.PCL/BAG M7-M8 17,-16, 69 tw3 -2.11 .039 -2.72 .008
tw4 -3.33 .001 -2.42 .019
twé -2.39 .020 -2.66 .010
tw7 -2.98 .004 -2.51 .015
R.PCL/BAG M8-M9 19, -16, 72 twl 1.56 167 2.98 .007
R.PCL/BAG6 P4-P5 14, -29, 57 tw3 1.98 .052 1.97 .052
tw4 3.25 .002 2.86 .006
twb 2.58 .012 2.93 .005
twé 2.54 .013 2.81 .006
tw7 2.63 .010 3.47 .001
R.PIC/BA 13 R3-R4 45, -30, 18 tw4 -3.26 .002 -1.95 .055
R.PIC/BA 13 R6-R7 54, -34, 19 twl 2.62 .012 2.93 .005
tw2 3.51 .001 1.93 .060

Time Windows of analysis: twl = 200-600ms, tw2 H8®M00ms, tw3 = 1000-1400ms, tw4 = 1400-1800ms, #wisB00-
2200ms, tw6 = 2200-2600ms, tw7 = 2600-3000ms dftenffset. Significant p values are noted in boRke Table 3 for
abbreviations.

59



Table S3.Post-Target Interval activity indexes predicted(ay the Tl-duration presented in

the current trial, and (b) the Tl-duration presdntethe prior trial (controlling for the effect

of the Tl-duration presented in the current trial).

patient  R€GION/ Bipolar Talairach Activity (@) (b)
Brodmann area  derivations coordinates (X, y, z) index B t p value B t p value
Pat. 2 R. SMA/BA 6 M2-M3 7,-3,57 T2-5 0.31 3.93<.001
R. ACC/BA24 S1-S2 7,22,22 T4-5 -0.33 -4.25<.001
R.ACC/BA24  S2-S3 1, 22,22 T4-5 0.22 2.68 .008
R.MCC/BA24 R1-R2 6,-1,32 T3-7 -0.37  -4.80<.001 | -0.16 -1.98 049
R.MFG/BA9 S10-S11 38, 26, 27 T1-2 -0.26  -3.34.001
R.OFC/BA10  X10-X11 38,50,0 T4 -0.27 -3.35.001 0.18 215 .033
R. AIC/BA 13 11-12 32,22,2 T3-5 0.35 3.71 <.001
R.H/BA28 B1-B2 20, -6, -24 T5 0.26 3.06 .003
Pat. 3 R.pSMA/BA6 M1-M2 5,6, 54 P12 -0.39  #.9 <.001
R.pSMA/BA6 M2-M3 8,7,56 P31 -0.55  -7.59<.001
R. SMA/BA 6 P1-P2 7,-10, 53 T46 0.26 3.14 .002
R. SMA/BA 6 P2-P3 10, -11, 55 P13 -0.30  -3.64.001
L. pSMA/BA6  M2-M'3 -9,7,50 T34 -0.30 -3.75<.001 | 0.19 235 .020
L. pSMA/ BA 6 M'3-M'4 -11, 8,52 P31 -0.36 -4.53 <.001
R.MCC/BA24 C2-C3 7,8, 37 P42 -0.39  -4.87<.001
R.MCC/BA32 C3-C4 10,9, 38 P14 -0.57 -7.87<.001 | 0.24 3.32 .001
R. SFG/BA 6 M6-M7 19,9, 64 P13 -0.24  -2.81 006
R.SFG/BA8 F1-F2 4, 34,39 P21 -0.41 -4.95.001 | 0.19 229 .024
L.SFG/BA®6 M'6-M'7 -17,9, 59 P15 -0.23  -2.72 .006
L. SFG/BA6 M'7-M'8 -20, 10, 61 P24 -0.23 -2.70 .008
L.SFG/BA®G6 M'8-M'9 -22,10, 64 P42 -0.26  -2.81.006
L.SFG/BA®6 M'9-M'10  -24, 11, 66 P42 -0.28  -2.98.004 { 0.38 422 <.001
R.SFG/BA8 S7-S8 23,28, 45 P13 -0.17  -2.07.040
R.MFG/BA 10 X10-X11 35,43, 20 P13 -0.20 -2.44 016
R.MFG/BA 6 R1-R2 33,-2,50 P12 -0.46  -6.12<.001 | 0.26 344  .001
R.MFG/BA 6 R2-R3 36, -2, 50 P14 -0.42  -4.51<.001
R.MFG/BA6 R3-R4 40, -2, 50 P31 -0.44 -5.66<.001
R.IFG/BA6 07-08 57,4, 16 T7 -0.26  -3.14 .002 | 0.18 220 .030
R.AIC/BA13  02-03 41,5, 13 P15 -0.40  -5.10<.001
Pat. 4 R.pSMA/BA6 L1-L2 11,9, 45 T3-4 0.28 3.3 .001
R.MCC/BA24 Ci1-C2 3,-20, 38 P4-2 -0.23  -2.81.006
R.SFG/BA6 X1-X2 6, 22, 49 T1-7 0.37 4.60 <.001
R. SFG/BA 6 X5-X6 11, 23, 62 T2-6 -0.32  -3.70<.001
R.MFG/BA 8 F9-F10 32,22,39 P3-7 -0.30  -3.50<.001
R.IFG/BA 44 B1-B2 31, 16, 24 P6-2 -0.29 -3.55<.001
R.PCL/BA®6 M2-M3 6, -16, 54 T3-7 -0.31 -3.79<.001
R.PCL/BAG6 M6-M7 15, -16, 66 P3-1 -0.24  -2.72.008 | 0.18 2.00 .048
R.PCL/BAG6 M7-M8 17, -16, 69 T3-7 0.35 4.06 <.001
R.PCL/BA®6 M8-M9 19, -16, 72 P1-3 -0.23  -2.28.025
R.PCL/BAG6 P4-P5 14, -29, 57 T3-7 -0.35  -4.30<.001
R.PIC/BA 13 R3-R4 45, -30, 18 T4 0.27 3.35.001
R.PIC/BA 13 R6-R7 54,-34,19 P1-4 -0.26 -2.58.012

P or T: phasic or tonic post-interval activity ixdéor example, P2-5 corresponds to the amplitudasured on the second

time window minus that measured on the fifth timmdow, whereas T2-5 corresponds to the mean ofathplitudes
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measured from the second to the fifth time wind®aly significant results are presented in the sdc®ries of regression
analyses (b). See Table 3 for abbreviations.
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Table S4.Post-Target Interval activity indexes (a) predigtihe reproduction interval (RI),

and (b) predicting th&I/TI ratio (controlling for the effect of TI-duration in patits 2 and 4).

patient  R€gioN/ Bipolar Talairach Activity (@) (b)
Brodmann area  derivations coordinates (X, y, z) index B t p value B t p value
Pat. 2 R. SMA/BA 6 M2-M3 7,-3,57 T2-5 0.34 4.34<.0011 0.21 258 .011
R. ACC/BA24 S1-S2 7,22,22 T4-5 -0.17 -2.11.037
R.ACC/BA24  S2-S3 1, 22,22 T4-5 0.09 1.09 279
R.MCC/BA24 R1-R2 6,-1,32 T3-7 -0.17  -2.15.033
R.MFG/BA9 S10-S11 38, 26, 27 T1-2 -0.21  2.63.009
R.OFC/BA10 X10-X11  38,50,0 T4 -0.20 -2.51.013
R. AIC/BA 13 11-12 32,22,2 T3-5 0.22 2.25 .026
R.H/BA28 B1-B2 20, -6, -24 T5 0.14 1.67 .098
Pat. 3 R.pSMA/BA6 M1-M2 5,6, 54 P1-2 -0.42 56. <0011 -0.16 -2.01 .047
R.pSMA/BA6 M2-M3 8,7,56 P3-1 -0.53  -7.48<.001
R. SMA/BA 6 P1-P2 7,-10, 53 T4-6 0.26 3.23 .002
R. SMA/BA 6 P2-P3 10, -11, 55 P1-3 -0.33  -4.1%.0011 -0.19 -2.32 .022
L. pSMA/BA6  M2-M'3 -9,7,50 T3-4 -0.29  -3.72 <.001
L. pSMA/ BA 6 M'3-M'4 -11, 8,52 P3-1 -0.34 -4.39 <.001
R.MCC/BA24 C2-C3 7,8,37 P4-2 -0.39  -5.06<.001
R.MCC/BA32 C3-C4 10, 9, 38 P1-4 -0.59  -8.58<.001; -0.20 -2.38 .019
R. SFG/BA 6 M6-M7 19,9, 64 P1-3 -0.25  -3.07 003
R.SFG/BA8 F1-F2 4, 34,39 pP2-1 -0.42 -5.3k.001
L.SFG/BA®6 M'6-M'7 -17,9, 59 P1-5 -0.20 -2.43 .016
L. SFG/BA6 M'7-M'8 -20, 10, 61 P2-4 -0.22 -2.72 .007
L.SFG/BA®6 M'8-M'9 -22,10, 64 P4-2 -0.26  -2.96 .004
L.SFG/BA®6 M'9-M'10  -24, 11, 66 P4-2 -0.28 3.1 .002
R.SFG/BA8 S7-S8 23,28, 45 P1-3 -0.13  -1.59 14.1
R.MFG/BA 10 X10-X11  35,43,20 P1-5 -0.22  -2.74.007
R.MFG/BA 6 R1-R2 33,-2,50 P1-2 -0.43  -5.75<.001
R.MFG/BA 6 R2-R3 36, -2, 50 P1-4 -0.37  -4.04<.001
R.MFG/BA6 R3-R4 40, -2, 50 P3-1 -0.42 -5.50<.001
R.PCL/BAG6 07-08 57,4, 16 T7 -0.27  -3.36 .001
R. AIC/BA 13 02-03 41,5, 13 P1-5 -0.40 -5.26<.001
Pat. 4 R.pSMA/BA6 L1-L2 11,9, 45 T3-4 0.21 25 .013
R.MCC/BA24 C1-C2 3,-20, 38 P4-2 0.16 2.01 .046
R. SFG/BA6 X1-X2 6, 22, 49 T1-7 0.27 3.33 .001
R. SFG/BA 6 X5-X6 11, 23, 62 T2-6 -0.19  -2.20.030
R.MFG/BA 8 F9-F10 32,22,39 P3-7 -0.19  -2.20.021
R.IFG/BA 44 B1-B2 31,16, 24 P6-2 -0.29  -3.68<.001
R.PCL/BA®G6 M2-M3 6, -16, 54 T3-7 -0.19  -2.37 .019
R.PCL/BA®G6 M6-M7 15, -16, 66 P3-1 -0.35 -4.21<.0011 -0.26 -3.64 <.001
R.PCL/BA®G6 M7-M8 17, -16, 69 T3-7 0.19 2.20 .029
R.PCL/BAG6 M8-M9 19, -16, 72 P1-3 -0.43  -4.90<.001! -0.36 -4.79 <.001
R.PCL/BAG6 P4-P5 14, -29, 57 T3-7 -0.22  -2.78.006
R.PIC/BA 13 R3-R4 45, -30, 18 T4 0.08 0.99 322
R.PIC/BA 13 R6-R7 54,-34,19 P1-4 -0.32 -3.30.001

P or T: phasic or tonic post-interval activity ixdéor example, P2-5 corresponds to the amplitudasured on the second
time window minus that measured on the fifth timmdow, whereas T2-5 corresponds to the mean ofathplitudes

measured from the second to the fifth time wind®aly significant results are presented in the sdc®ries of regression
analyses (b). See Table 3 for abbreviations.
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Figure 1. Schematic representation of the reproduction tAskeutral or emotional picture
was presented during the target interval wheregseg square was presented during the

reproduction interval.

Figure 2. The reproduction time (a) and tRETI ratio (b) measured for the 3, 5 and 7 s-Tl in
the four patients (*: <0.05; ***: <0.001, after Bfamroni correction). Horizontal dashed lines
in figure 2a indicate the TI-duration (deep greg; @grey: 5s; light grey: 3 s). TI: Target

Interval; RI: Reproduction Interval.

Figure 3. Proportion of trials per reproduction time for edatget interval duration (TI =3, 5
and 7 s) in each patient. Vertical dashed linegatd the Tl-duration (deep grey: 7s; grey: 5s;

light grey: 3 s).

Figure 4. ERP recorded in the supplementary motor area (SM#),superior frontal gyrus
(SFG) and the paracentral lobule (PCL) time-lock®darget interval (TIl) onset and whose
slope calculated between 3 and 5s was differem fzero and in the same direction as slope
between 1 and 3s for the 5s-Tl and the 7s-Tl andselslope between 5 and 7s was not

significant different from zero for the 7s-TI (deggey: 7s; grey: 5s; light grey: 3 s).

Figure 5. ERPs recorded in the supplementary and pre-supplanye motor areas
(SMA/pSMA) time-locked to target interval (Tl) ofsand whose amplitude varied linearly
with Tl-duration (deep grey: 7s; grey: 5s; lightgr 3 s), except for patient 1. The arrows
indicate the time windows for which the ERPs sigaiftly decreased in amplitude with TI-
duration. ERP waveforms are temporally smoothedgusliding time windows of 100-ms

width. See Table 3 for abbreviations.
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Figure 6. ERPs recorded outside of the SMA/pSMA time-lockedatrget interval (T1) offset
and whose amplitude varied linearly with TI-durati@eep grey: 7s; grey: 5s; light grey: 3 s).
The arrows indicate the time windows for which tB&Ps significantly decreased in
amplitude with Tl-duration. ERP waveforms are temaflp smoothed using sliding time-

windows of 100-ms width. See Table 3 for abbrewiati

Figure 7. Spatial distribution of electrode contacts on aeschtic brain representation
(Talairach and Tournoux coordinates). Cross, squeeangle and circle symbols correspond
to contacts in patients 1, 2, 3 and 4, respectivitg sites where the amplitude of ERPs time-
locked to target interval (TI) offset varied lingawith TI-duration (3, 5 and 7 s) are noted in
large and filled symbols. The transparent grey sspialelineate the boundaries of the
supplementary and pre-supplementary motor area®\(S8MA) corresponding to the most
restricted boundaries of the mesial premotor conteported by Mayka et al. (2006).
Abbreviations: VAC, vertical line through the an¢er commissure; VPC, vertical line

through the posterior commissure.

Figure 8. Number of patients and ratios of electrode contsletsving a modulation of ERPs
time-locked to target interval (TI) offset with @uration by brain region. See Table 3 for

abbreviations.

Figure S1. ERPs time-locked to target interval (TI) onset whaamplitude (a) varied
according to emotion (neutral: grey line, negatigtack line) and (b) varied linearly with
RI/TI ratio (quartiles are in shades of grey, from the lightesthe darkest: Q1, Q2, Q3 &

Q4). The arrows indicate the time windows for whitte amplitude of ERPs varied
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significantly with emotion (a) and witlRl/TI ratio (b). ERP waveforms are temporally

smoothed using sliding time windows of 100-ms wi@ke Table 3 for abbreviations.

Figure S2. ERPs time-locked to target interval (Tl) offset whoamplitude (a) varied
according to emotion (neutral: grey line, negatigtack line) and (b) varied linearly with
RI/TI ratio (quartiles are in shades of grey, from the lightesthe darkest: Q1, Q2, Q3 &
Q4). The arrows indicate the time windows for whitte amplitude of ERPs varied
significantly with emotion (a) and witlRl/TI ratio (b). ERP waveforms are temporally

smoothed using sliding time windows of 100-ms wi@ke Table 3 for abbreviations.

Figure S3. ERPs time-locked to reproduction interval (RI) dnedéose amplitude varied
linearly (a) with Tl-duration (deep grey: 7s; grég; light grey: 3 s) and (b) witRI/TI ratio
(quartiles are in shades of grey, from the lightesthe darkest: Q1, Q2, Q3 & Q4). The
arrows indicate the time windows for which the aitaple of ERPs varied significantly with
Tl-duration (a) and withRI/TI ratio (b). ERP waveforms are temporally smoothed using

sliding time windows of 100-ms width. See TableBdbbreviations.

Figure S4.Ratios of electrode contacts showing a modulatioBERPs time-locked to target
interval (TI) offset with TI-duration by brain remi and for each part of the experiment (Part

1 for the first 75 trials and Part 2 for the laSttials). See Table 3 for abbreviations.

Figure S5.(a) Example of one derivation located in the SMApiatient 3 in which post-
interval activity was predicted by the target intdr(TI) duration and by the TI-duration
presented in the prior trial (3 or 7 s). (b) Exaenpf one derivation located in the MCC in

patient 3 in which post-interval activity was pretéd by the target interval (TI) duration and
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predicted inter-trial variations of thRl/Tl ratio. High and lowRI/TI ratios correspond to
RI/TI ratios which are respectively below and above the mediaasured separately for each
TI-duration. The seven time windows (twl to tw7yéa length of 400 ms and are defined

between 0.2 and 3 s. See Table 3 for abbreviatindgor the definitions.

Figure S6.ICNV-like component time-locked to the 7s targdemal (Tl) whose amplitude
was modulatedby the duration presented in the prior trial. THieén time windows of (twl
to twl5) have a length of 400 ms and are definevd®en 1 and 7 s. See Table 3 for

abbreviations.
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