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a b s t r a c t 

Previous behavioral, clinical, and neuroimaging studies suggest that the neural substrates of adaptation of sac- 

cadic eye movements involve, beyond the central role of the cerebellum, several, still incompletely determined, 

cortical areas. Furthermore, no neuroimaging study has yet tackled the differences between saccade lengthening 

( “forward adaptation ”) and shortening ( “backward adaptation ”) and neither between their two main compo- 

nents, i.e. error processing and oculomotor changes. The present fMRI study was designed to fill these gaps. 

Blood-oxygen-level-dependent (BOLD) signal and eye movements of 24 healthy volunteers were acquired while 

performing reactive saccades under 4 conditions repeated in short blocks of 16 trials: systematic target jump 

during the saccade and in the saccade direction (forward: FW) or in the opposite direction (backward: BW), 

randomly directed FW or BW target jump during the saccade (random: RND) and no intra-saccadic target jump 

(stationary: STA). BOLD signals were analyzed both through general linear model (GLM) approaches applied 

at the whole-brain level and through sensitive Multi-Variate Pattern Analyses (MVPA) applied to 34 regions of 

interest (ROIs) identified from independent ’Saccade Localizer’ functional data. Oculomotor data were consistent 

with successful induction of forward and backward adaptation in FW and BW blocks, respectively. The different 

analyses of voxel activation patterns (MVPAs) disclosed the involvement of 1) a set of ROIs specifically related 

to adaptation in the right occipital cortex, right and left MT/MST, right FEF and right pallidum; 2) several ROIs 

specifically involved in error signal processing in the left occipital cortex, left PEF, left precuneus, Medial Cingu- 

late cortex (MCC), left inferior and right superior cerebellum; 3) ROIs specific to the direction of adaptation in 

the occipital cortex and MT/MST (left and right hemispheres for FW and BW, respectively) and in the pallidum 

of the right hemisphere (FW). The involvement of the left PEF and of the (left and right) occipital cortex were 

further supported and qualified by the whole brain GLM analysis: clusters of increased activity were found in PEF 

for the RND versus STA contrast (related to error processing) and in the left (right) occipital cortex for the FW 

(BW) versus STA contrasts [related to the FW (BW) direction of error and/or adaptation]. The present study both 

adds complementary data to the growing literature supporting a role of the cerebral cortex in saccadic adapta- 

tion through feedback and feedforward relationships with the cerebellum and provides the basis for improving 

conceptual frameworks of oculomotor plasticity and of its link with spatial cognition. 
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. Introduction 

Exploration of our visual environment relies on the generation of

accadic eye movements about three times per second. Saccades are usu-

lly defined as “reactive ” when reflexively triggered by sudden changes

n the visual scene and as “voluntary ” when intentionally elicited to ex-

lore a stable visual scene. Keeping saccades accurate despite life pertur-
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ations (like fatigue, aging, growth, neurological condition, etc) is there-

ore essential for our daily activities. This is achieved by saccadic adap-

ation. In the lab, this well-studied sensorimotor plasticity is induced

ith the double-step paradigm first described by McLaughlin (1967) .

his procedure consists in presenting a visual target that the participant

s instructed to gaze at, and then in slightly shifting this target as soon

s the saccade is launched. Going unnoticed due to saccadic suppres-

ion ( Bridgeman et al., 1975 ), this intrasaccadic target displacement

licits an error signal which shortly triggers a secondary, corrective,

accade. When repeated in similar double-step trials ( ∼100-200 in hu-
ust 2022 
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ans: Pélisson et al 2010 ), such error signals lead the saccadic system

o progressively adapt and eventually aim closer to the displaced than

o the initial target location. “Backward “ saccadic adaptation decreases

accade amplitude due to target shifts directed opposite to the saccade

hereas “forward “ saccadic adaptation increases saccade amplitude in

esponse to target shifts along the saccade direction. 

An abundant literature has notably provided evidence that backward

nd forward saccadic adaptation involve different mechanisms. Indeed,

t is a typical observation that, relative to backward adaptation, for-

ard adaptation reaches a lower and more variable steady state level,

hich nonetheless requires more trials (e.g. Straube & Deubel, 1995 ,

thier et al., 2008 , Bey et al, 2021 ; for review Pélisson et al., 2010 ).

ifferent changes of saccade dynamics (duration or peak velocity) be-

ween the two types of adaptation have also been observed in some

tudies ( Golla et al., 2008 ; Schnier & Lappe, 2011 ). Importantly, the

wo types of adaptation seem to rely on different substrates in the

erebellum, as shown by the opposite effects on backward adapta-

ion (inhibition) and forward adaptation (boost) of trans-cranial mag-

etic stimulation (TMS) applied over the lateral cerebellar hemisphere

Crus I) ( Panouillères et al., 2012a ). Also, spatial patterns of adap-

ation transfer, i.e. from an adapted saccade originating at a given

rbital position toward untrained saccades originating at varying or-

ital eye positions, can also differ between the two adaptation types,

eading Semmlow et al. (1989) to suggest that forward adaptation in-

olves target remapping processes whereas backward adaptation in-

olves motor execution processes (see also Ethier et al., 2008 ). Fur-

hermore, other studies showed that the two types of adaptation also

iffer in their pattern of transfer to other motor tasks, such as antisac-

ades ( Panouillères et al., 2009 ), subsequent saccades in sequential tasks

 Panouillères et al., 2012b ) or hand pointing movements ( Cotti et al.,

007 : backward; Hernandez et al., 2008 : forward). In these last stud-

es, stronger transfers were observed following forward adaptation than

fter backward adaptation. 

It has become clear over the last two decades that beyond motor

hanges, saccadic adaptation can also affect visuo-spatial localization

nd even attention (reviewed by Zimmermann & Lappe, 2016 ). Using

ocalization tasks in the context of saccadic adaptation is particularly in-

eresting since these tasks allow us to access the internal representations

f the target and of the saccade itself, derived from the ‘corollary dis-

harge’ (CD) of the oculomotor command, by contrasting fixation and

rans-saccadic conditions, respectively ( Cheviet et al., 2021 ). Moreover,

accadic adaptation can affect both kinds of internal representations as

upported by recent modelling work ( Masselink & Lappe, 2021 ). In-

eed perceptual judgements of a flashed stimulus under gaze fixation

ecame biased in the direction of the target shift after -versus before-

 saccadic adaptation training phase, especially in the case of forward

daptation ( Zimmermann & Lappe, 2010 , 2011; Schnier & Lappe, 2012 ;

chnier et al., 2010 ; and in monkey: Gremmler et al., 2014 ), pleading in

avour of Semmlow et al. (1989) ’s remapping hypothesis. Additionally,

n even stronger bias has been commonly observed when localization

erformance was assessed under a trans-saccadic condition ( Bahcall &

owler, 1999 ; Collins, Rolfs, Deubel & Cavanagh, 2009 , Collins, Heed

 Röder, 2010 ; Schnier, Zimmermann & Lappe, 2010 ; Klingenhoefer &

remmer, 2011 ; Schnier & Lappe, 2012 ; Souto, Gegenfurtner & Schütz,

016 ). Such perceptual biases observed in both gaze fixation and trans-

accadic conditions are consistent with the hypothesis that saccadic

daptation is a multicomponent plasticity process altering to different

xtents the motor command, its internal representation and the tar-

et internal representation ( Masselink & Lappe, 2021 ; Cheviet et al.,

022 ). Finally, studies have disclosed that saccadic adaptation can mod-

fy the focus of visuospatial attention. This has been shown by the post-

daptation performance changes of the detection or discrimination of a

isual stimulus presented either just before the saccadic response (‘pre-

accadic’ shift of attention: Doré-Mazars & Collins, 2005 ; Collins & Doré-

azars, 2006 ; Khan et al., 2010 ) or under complete ocular fixation con-

ition (‘covert’ shift of attention: Habchi et al., 2015 ; Nicolas et al.,
2 
019a , 2020 ). Taken together, these studies of transfer to visuo-spatial

erceptual tasks suggest that the neural substrates of saccadic adapta-

ion may not be limited to oculomotor structures regulating the saccade

mplitude, like the cerebellum and brainstem, but could additionally

ecruit cortical areas involved in visuo-spatial processing. Does this pre-

iction match the state of current knowledge? 

There is a large consensus on the critical involvement in saccadic

daptation of the cerebellum, both in humans ( Desmurget et al., 1998 ,

000 ; Straube et al., 2001 ; Alahyane et al., 2008 ; Choi et al., 2008 ;

olla et al., 2008 ; Xu-Wilson et al., 2009 ; Jenkinson & Miall, 2010 ;

anouillères et al., 2012a , 2013 , 2015 ; Avila et al., 2015 ) and non-

uman primates ( Optican & Robinson, 1980 ; Straube et al., 1997 ;

arash et al., 1999 ; Takagi et al., 1998 ). Among the human studies of

daptation neural substrates, only three used fMRI, as far as we know.

ll three focussed on backward adaptation of reactive saccades but

onetheless reported an involvement of the cerebral cortex: the supple-

entary eye fields (SEF) and the temporal lobe / posterior insula com-

lex ( Blurton et al., 2012 ); the temporo-parietal junction (TPJ), hMT/V5

omplex, and a pre-frontal area corresponding to the frontal eye fields

FEF) ( Gerardin et al., 2012 ); and the precuneus ( Guillaume et al.,

018 ). Note that two additional areas of the intra-parietal sulcus (me-

ial and posterior) were related to adaptation of voluntary saccades

 Gerardin et al., 2012 ). Besides, patient studies have suggested that the

erebello-thalamo-cortical pathway plays a role in saccadic adaptation

 Gaymard et al., 2001 ; Zimmerman et al., 2015). All together, these data

uggest that the cerebellum is the core of a saccade adaptation neural

ystem which also involves cortical areas. However, the role and exact

xtent of this cortical network is still unknown. In monkeys, a direct in-

olvement of the cerebellum in computing and providing the brainstem

accade generator with an adaptation-related corrective signal is largely

upported by physiological evidence (see Iwamoto and Kaku, 2010 for

eview); in contrast, a role of the cerebral cortex in saccadic adapta-

ion has rarely been studied and remains disputed (e.g. Steenrod et al.,

013 , but see Zhou et al., 2016 ). One possibility is that cortical areas

ubtend the saccade-related changes of visual perception which have

een evidenced by the human behavioural studies reviewed above. Ac-

ording to this hypothesis, the changes of activity in the cerebral cor-

ex, possibly through the influence of the cerebellum, would account

or the perceptual effects of adaptation ( Zimmerman et al., 2016 ). An

lternative possibility is that the cerebral cortex is causally involved in

daptation, namely by contributing to the error processing mechanisms

hich trigger the adaptive oculomotor changes within the brainstem

nd cerebellum ( Zhou et al., 2016 ; Guillaume et al., 2018 ). Note that in

his second possibility, the cerebellum could also contribute to such er-

or processing function ( Liem et al., 2012 ), simultaneously to its causal

ole in plastic oculomotor changes. 

Thus, to overcome the limitations of knowledge delineated above,

he first objective of the present fMRI study was to determine the cortical

nd subcortical areas involved in reactive saccade adaptation, as well as

hose specifically involved in encoding the visual error signal. Its second

bjective was to disclose any difference between the neural substrates

nvolved in forward adaptation and in backward adaptation. This study

mplements a well-established target double-step procedure to compare

orward and backward saccadic adaptations to each other, as well as to

wo non-adaptation conditions with or without a random error signal. 

. MATERIALS AND METHODS 

.1. Subjects 

Twenty-four subjects participated in the experiment (13 females,

ean age ± Standard Deviation – SD: 26 ± 4 years). All of them had a

ormal or corrected to normal vision, and none of them had any history

f brain lesion or neurological disorder. Participants were instructed to

estrain from alcohol and psychotropic substances consumption the day

efore the experiment and to have a good night of sleep. They gave their
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Fig. 1. Experimental design. A): the sequence of the five experimental runs (EXP 1 to EXP 5: dark grey) interspersed with two localizer runs (LOC1 - LOC2: light 

grey) and an anatomical run (ANAT). B): the localizer runs comprize 8 saccadic blocks and 9 fixation blocks. C): the experimental runs contain three repetitions of 

the four conditions [BW: backward jump (-), FW: forward jump ( + ), RND: random jump ( + /-), and STA: stationary, i.e. without target jump (ø)], yielding 12 saccade 

blocks of 16 trials each, interleaved with 7 fixation blocks. TR = number of MRI scans (TR duration = 1950 msec). 
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ritten informed consent and received a payment for their participation.

ll procedures fulfilled the Declaration of Helsinki’s requirements and

ere approved by the ethics committee (CPP Est-III, France, ID-RCB:

018-A00932-53). 

.2. Set-up and eye-movement recording 

The experiment was performed with a 3-Tesla Siemens PRISMA

RI scanner (Siemens AG, Germany) at CERMEP (Centre d’Etude et

e Recherche Multimodal Et Pluridisciplinaire, Bron, France). Partici-

ants’ head was stabilised with foam padding and horizontal and verti-

al movements of the right eye were continuously recorded thanks to an

yeLink 1000 Plus infrared camera (SR Research, Canada), with a sam-

ling rate of 1000 Hz (Illuminator: 𝜆= 940 nm; spatial resolution = 0.01°

RMS); accuracy = 0.25-0.5°). Both infrared eye camera and illuminator

ere placed behind the scanner magnet, just outside the bore. A tilted

irror affixed to the head coil above the subjects’ head permitted to

ransmit the image of the subjects’ right eye to the Eyelink camera. The

tandard EyeLink calibration procedure was performed at the beginning

f the session, before starting any scan acquisition, using the following 5

oints: 1 central point (0°/0°), 1 point above (0°/ + 10.1°), 1 point below

0°/-10.1°), 1 point left (-18°/0°) and 1 point right ( + 18°/0°). 

The computer image (screen resolution: 1920 ∗ 1080; refresh rate:

20 Hz) was projected through a VPixx projector onto a plexiglass screen

screen width: 61 cm) located inside the scanner at a distance of 73 cm

rom the participant. A cardboard with a midline horizontal aperture

as placed in front of the VPixx projector to restrict its beam within a

ectangular area [about 10 cm (height) x 60 cm (width), corresponding

o 7.8° x 39.4° of visual angle] containing the stimuli, in order to re-

uce light intensity for the participant’s comfort. Subjects could view the

ack-projected stimuli onto the plexiglass screen through the same head-

oil mirror used for eye monitoring. All visual stimuli (except for Eye-

ink calibration: see above) were presented along an horizontal merid-

an centered within the 7.8° aperture, at an eccentricity varying between

 /- 15° in Localizer blocks or between -8°/ + 17° in Experimental blocks.

.3. General design 

The top row of Fig. 1 represents the timeline of the experiment. It

omprised two ‘localizer’ functional runs (LOC) to identify regions of
3 
nterest (ROIs) related to visuo-saccadic processing, an anatomical run

ANAT), and the five ‘experimental’ functional runs (EXP) to assess our

ain hypotheses. Each LOC run contained 181 MRI scans (5 min and 53

ec), each EXP run comprised 242 scans (7 min and 52 sec), the anatom-

cal run contained 224 scans (11 min and 12 sec). Thus, a scanning ses-

ion amounted to roughly 1h, including additional scans not shown in

he figure (alignment and localisation scans, followed by field map im-

ges acquired for offline compensation of geometric distortions due to

he inhomogeneity of the magnetic field B 0 ). All functional scans were

2 ∗ -weighted Echo Planar Images (EPI), with the following parameters:

R = 1950 ms, TE = 30 ms, flip angle = 90 °, resolution = 2.4 × 2.4 × 2.4

m. Each scanned volume (13.44 cm) was acquired in 56 slices with

 multiband sequence (no gap, interleaved, acceleration factor of 2,

redits for providing the sequence to CMRR, Center for Magnetic Res-

nance Research, Minnesota, USA). During functional runs, 3 dummy

cans were launched before triggering the saccade tasks. The experi-

enter could supervise in real-time the experiment by monitoring the

RI scans, the visual display, the eye movements recordings and the

otential occurrence of head movements (FIRMM, NOUS Imaging). Dur-

ng the anatomical run, T1-weighted anatomical scans (TI = 1100 ms,

R = 3000 ms, TE = 3.7 ms, flip angle = 8°, resolution = 0.8 × 0.8 × 0.8

m) were acquired. Between each run, participants were told about po-

ential difficulties encountered in the preceding run (head motion, an-

icipations, blinks during crucial peri-saccadic periods) and were asked

ow they felt, if they wanted to rest and when they felt ready to proceed

nto the next run. 

.3.1. Experimental runs 

To assess our main hypotheses, four types of saccade blocks designed

o induce different neurophysiological processes (see 2.4.1.Overview of

MRI analyses) were presented three times in each of the five experimen-

al runs (‘EXP 1’ to ‘EXP 5’ in Fig. 1 ). These saccade blocks corresponded

o the following four conditions: FW-blocks containing 16 saccade trials

ith a forward target jump (FW-trial), BW-blocks containing 16 saccade

rials with a backward target jump (BW-trial), RND-blocks containing a

andom sequence of eight FW-saccade trials and eight BW-saccade tri-

ls, and STA-blocks containing 16 trials of saccades without any target

ump. The order of the saccadic block types (or saccade conditions) was

andomized within each repetition and between runs and subjects. Each

accadic trial began in a similar manner: participants had to look at a
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Fig. 2. The target double-step paradigm. A) temporal schematics of a backward trial (upper panel) and of a forward trial (lower panel). Fixation point and primary 

target (T1) presented respectively at -8° and 12° on the horizontal axis, secondary target (T2) presented during the saccade at 7° or 17° (jump of -5° or + 5°). B) spatial 

schematics of the fixation point (FP) and targets (T1/T2) configurations in backward (BW) and forward (FW) trials: T1 at 12° jumps to T2 at 7° or 17°, or T1 at 8°

jumps to T2 at 4° or 12° (in all cases corresponding to a 25% jump). 
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s  
isual point (dark circle of 1° of visual angle on the screen grey back-

round) presented to the left and at an 8° eccentricity relative to the cen-

er of the screen (-8°). After a random fixation time (from 300 to 1500

s), the fixation point was switched off and simultaneously a target ap-

eared to the right at + 8° or + 12° of the screen center (16° or 20° from

he fixation point, respectively) in a randomized order between trials

nd subjects (see Fig. 2 B top). Participants then had to execute a sac-

ade in response to this first target displacement. As soon as this primary

accade was detected and while the eyes were still moving (online ve-

ocity threshold: 22°/sec and acceleration threshold = 4000 °/sec/sec),

he target either jumped a second time to the left (backward, see Fig. 2 A

op) or to the right (forward, see Fig. 2 A bottom) by 25% of the initial

arget eccentricity (i.e. 4° or 5° for a 16° or 20° initial jump, respectively;

ee Fig. 2 B bottom), or remained stationary. Finally, after a random time

from 150 to 900 ms) the target disappeared and the participants were

sked to move their gaze back to the original fixation point and to blink

f needed. Note that the randomization of the duration of the fixation

oint and of the jumped target led to a total trial duration which on

verage equalled the MRI scan duration (TR = 1950 msec) but which

aried between trials (from 1250 to 2900 ms), thus leading to a jitter

etween the scanning sequence and the saccadic task. Finally, each ex-

erimental run also comprised seven fixation (FIX) blocks (lasting six to

ight MRI scans) in which subjects had to look at a stationary fixation

oint at the center of the screen. The order of the FIX-blocks was the

ollowing: one at the beginning, one at the end and the remaining five

fter every two saccade blocks. 

.3.2. Localizer runs 

To identify regions of interest (ROIs) related to visuo-oculomotor

ontrol for the analysis of blood-oxygen-level dependent (BOLD) signals

ecorded in the 5 experimental runs (see ‘2.4.3. Overview of fMRI analy-

es’), participants also performed two localizer runs (‘LOC1’ and ‘LOC2’

n Fig. 1 ). Each localizer run consisted in eight saccade blocks (16 scans

ach) intermingled with nine fixation blocks (five to eight scans, fixa-

ion point remaining at the center of the screen). In saccade blocks, a

isual target was displayed in a fast pace [one presentation every 400
4 
o 850 ms (mean = 650 msec) where the saccade target for a given trial

cted as the fixation point for the next trial ( Gray et al., 2014 )] at seven

ossible positions along the horizontal meridian (0°, + /-5°, + /- 10° or

 /-15°). There were 48 target presentations per block, i.e. four pseudo-

andom sequences of 12 target presentations, each sequence containing

ix different target displacements (5° Left, 5° Right, 10° Left, 10° Right,

5° Left, 15° Right) repeated twice. There was no intra-saccadic target

ump during saccades. 

.4. Data analysis 

.4.1. Eye-movement analysis 

Oculomotor data of experimental runs (horizontal position of right

ye, see examples in Inline Supplementary Figure 1) were analysed of-

ine with a lab-made routine in Matlab R2015b (MathWorks Inc., Sher-

om, MA). First, instantaneous eye velocity was obtained by tempo-

al derivation of the position signal, then primary saccades were auto-

atically detected based on a 45°/sec eye velocity threshold. After a

ystematic visual check, the starting and ending positions of each sac-

ade, as well as the corresponding time values, were extracted. Trials

ere manually discarded when: a blink occurred during or just before

he saccade, the saccade amplitude was less than half of the target dis-

ance, or the latency (time between the target appearance and the start

f the saccade) was lower than 100 ms or greater than 500 ms. Tri-

ls with an EyeLink signal loss at a critical period were also discarded.

n total, across subjects and conditions, 9.2 + /- 7.7% (mean + /- SD)

f the trials were discarded, corresponding to 218 + /- 20 remaining

alid trials (out of 240) in the FW condition, 217 + /- 17 in the BW con-

ition, 220 + /- 17 in the RND condition and 217 + /- 21 in the STA

ondition. 

For each trial, saccade horizontal amplitude was calculated as the

ifference between the horizontal starting and ending positions of the

accade, the gain as the ratio between horizontal saccade amplitude and

esired saccade amplitude (distance between the saccade starting posi-

ion and the first target position). The change of saccade gain was mea-

ured for each block of each run (n = 12 × 5) by the slope of the linear
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egression between saccade gain and trial number (16 trials) within the

lock (see examples in Inline Supplementary Figure 2); saccade gain

hange was calculated separately in each participant and then averaged

cross participants. Statistical analyses were performed with Statistica

Statsoft, V13.5.0.17). 

.4.2. fMRI data pre-processing 

All fMRI data were processed on SPM12 software (Well-

ome Centre for Human Neuroimaging; https://www.fil.ion.ucl.

c.uk/spm/software/ ) in MATLAB environment. All DICOM scans

ere converted into NIfTI files, using the dcm2nii function of SPM12,

xcept the 2 first ones of each functional run which were discarded to

ccount for the scanner preparation time. A standard pre-processing

rocedure was applied, including correction of head movements (the

 estimated movement parameters - 3 translations along the reference

lanes and 3 rotations around the orthogonal reference axes - were later

ncluded as covariates in the design matrix of the general linear model

GLM) analyses), correction of geometric distortions (with a Voxel

isplacement Map (VDM) created by estimating the inhomogeneity of

he magnetic field B 0 ); then the images were resliced, co-registered,

egmented, and normalised to MNI space. Spatial smoothing (Gaussian

ernel of 6 mm full width at half maximum) was only applied for the

hole brain GLM analyses, including those used for ROIs definition,

ut for MVPA non-smoothed images were used instead (see Haynes and

ees 2006 ; Gerardin et al 2012 ). 

.4.3. Overview of fMRI analyses 

The data collected in the 5 experimental runs were submitted to a

hole-brain GLM analysis and to a set of ROI-based MVPAs. ROIs were

unctionally identified based on another whole brain GLM of indepen-

ent data collected in the 2 localizer runs. Then, for each ROI and par-

icipant, the 100 most active voxels were selected; finally, the activation

evels of these 100 voxels determined in three event-related whole-brain

LM analyses of non-smoothed experimental data were used to feed

he MVPAs (see details below). The rationale of fMRI analyses (GLM

ontrasts or MVPA classifications) was the following. The four condi-

ions (FW, BW, RND, STA) were intended to elicit specific neurophysi-

logical processes: STA = planning and execution of leftward saccades;

ND = planning and execution of leftward saccades + processing of

arget error in both directions (elicited by intra-saccadic target step ran-

omly to the left or to the right); FW (or BW) = planning and execution

f leftward saccades + processing of consistent target error and adapta-

ion in the forward (or backward) direction [elicited by intra-saccadic

arget step systematically to the right (or left)]. Note that some addi-

ional neurophysiological processes can be more directly related to the

ntra-saccadic target perturbation itself (FW, BW and RND), to endoge-

ous errors unrelated to intra-saccadic target jump (STA) and to some

ery fast component of adaptation in RND (effect of target jump in trial

 on saccade in trial n + 1: see Srimal et al., 2008 ). However, although we

annot fully rule them out, these additional effects will negligibly impact

ur fMRI results and will be overcome by the large differences of neural

rocessing delineated in the following planned comparisons, whether

ased on GLM contrasts or MVPA classification procedures. First, com-

arisons of the combined FW and BW trials versus STA trials (FW + BW

s STA) should disclose neural substrates of adaptation and/or error

rocessing unrelated to direction, and comparisons between combined

W and BW trials versus RND trials (FW + BW vs RND) should disclose

ubstrates of adaptation only, again unrelated to direction. Second, the

elineation of error processing substrates should be revealed by com-

aring RND to STA (RND vs STA). Third, to gain insight into the mech-

nisms specifically related to the direction of adaptation, comparisons

f FW (or BW) trials versus STA trials should reveal substrates of adap-

ation and/or error processing in the forward (or backward) direction,

hereas comparisons of FW trials versus RND + trials (or BW trials ver-

us RND- trials) should reveal substrates of adaptation only and in the
5 
orward (or backward) direction. A summary of all GLM analyses and

VPAs is provided in the Inline Supplementary Table 1. 

.4.4. GLM-1: Block-design whole-brain GLM analysis of experimental 

uns 

We first performed a block-design whole-brain GLM analysis (here-

fter called GLM-1) of the experimental runs for each subject (first level

nalysis) and used the results for a second GLM at the group level (sec-

nd level analysis). The design matrix was the same for all subjects ex-

ept for subject 12 where one run was discarded from both fMRI and eye

ovement analyses due to a critical loss of eye signals. This design com-

rised, for each run, the five conditions (FW/BW/RND/STA/FIX) which

ere used as interest regressors and the six head movement parame-

ers which were included as non-interest regressors. The onsets of the

onditions were defined as the start time of the first trial of each block

fixation point presentation), and the duration was set to the duration

f the block (16 scans for saccadic blocks, 5-8 scans for fixation blocks).

ll condition blocks were modelled as box-car functions and convolved

ith the Hemodynamic-Response-Function (HRF). 

The rationale to disclose at the whole-brain level the neural areas

elated to saccadic adaptation and error signals processing is as follows:

W blocks involve adaptation and error signals in the forward direction,

W blocks involve adaptation and error signals in the backward direc-

ion, RND blocks involve bi-directional error signals, and STA blocks in-

olve saccade behaviour with no adaptation and no error signal. Hence,

ctivations related to adaptation (‘Adaptation’) and error signals pro-

essing (‘Error’) were estimated at the subject level by the following

ve t-contrasts: 1) the (FW & BW) > STA contrast estimated the global

ctivation related to adaptation and/or error signals (‘Adaptation + Er-

or’); 2) the (FW & BW) > RND contrast estimated the activation related

pecifically to adaptation (‘Adaptation’); 3) the RND > STA contrast esti-

ated the activation related specifically to error signals (‘Error’); 4) the

W > STA contrast estimated the activation related to saccadic adapta-

ion and/or error in the lengthening (FW) direction (‘Adaptation + Er-

or FW’); 5) finally the BW > STA contrast identified activation related

o saccadic adaptation and/or error in the shortening (BW) direction

‘Adaptation + Error BW’). For each contrast, the results of these 24

ndividual-level analyses were entered in a group-level analysis (paired

-test). 

.4.5. GLM-2: Block-design whole-brain GLM analysis of experimental 

uns 

The same block-design whole-brain GLM analysis (hereafter called

LM-2) of the experimental runs was again performed for each sub-

ect (first level analysis), but this time on non-spatially smoothed data,

o provide data set (beta values) for the ROIs-based multivoxel pattern

nalyses (MVPAs). Also, instead of the t-contrasts between the different

onditions computed by GLM-1 (e.g. FW & BW > STA), in GLM-2 the

-contrasts of each condition relative to fixation were extracted (e.g. FW

 BW > FIX and STA > FIX) to produce the beta values required by

VPA pair-wise comparisons (e.g. FW & BW vs. STA). 

.4.6. Block-design whole-brain GLM analysis of localizer runs 

Another block design whole-brain GLM analysis was conducted on

he localizer runs to identify the regions of interest (ROIs) for the mul-

ivoxel pattern analysis (MVPA). The processing steps were the same as

escribed above for the analysis of the experimental runs (GLM-1) ex-

ept that the two conditions of the localizer runs (SAC/FIX) were used as

nterest regressors (non-interest regressors involved again the six move-

ent parameters). The SAC vs. FIX t-contrasts were calculated at the

roup-level (p-threshold of 0.001, no voxel extent threshold) to iden-

ify cortical and sub-cortical areas involved in processing visual and/or

culomotor signals for saccade planning and execution. These clusters

ere later used to identify the ROIs on which MVPAs were performed

see Results section). 

https://www.fil.ion.ucl.ac.uk/spm/software/
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.4.7. Event-related whole-brain GLM analyses of experimental runs 

The following three event-related whole-brain GLM analyses of non-

moothed data were performed to feed the MVPAs detailed in the para-

raph below (2.4.8. MVPA analyses).The first one (hereafter called GLM-

.1) was designed to investigate the direction of the error signal, differ-

ntiating in the RND blocks the trials with a forward target jump (RND + )

rom those with a backward jump (RND-). This event-related analysis

as defined with one event per behavioural trial, with the onset syn-

hronized to the presentation of the first target and the duration set to

, each trial being modelled as a delta function and convolved with the

RF. In addition to RND + and RND- trials, the 4 other types of trials

conditions FW, BW, STA, FIX) were also included and defined with the

ame event-design, allowing us to provide the t-contrasts needed to per-

orm the following pair-wise MVPA comparisons: RND + vs. STA; RND-

s. STA; FW vs. RND + ; and BW vs. RND-. As in the previous GLMs, the

ix movement parameters were included as non-interest regressors. 

A second event-related GLM (hereafter called GLM-3.2) was created

s a test complementing GLM-2 and GLM-3.1. GLM-3.2 aimed at identi-

ying neural areas involved in the processing of absolute post-saccadic

arget error (between saccade endpoint and final target position). This

arameter was estimated across the different conditions, thus quantify-

ng the size of error signals due to the combined effects of target jumps

nd of natural fluctuations of saccade amplitude. The distribution of

his parameter was obtained for each subject and each run. Based on

hese distributions, two groups were defined which contained respec-

ively 25% of trials (48 trials per run and per subject) with the largest

accade error (‘High error’ group, grand mean = 5.4° + /- 0.25°) and 25%

f trials with the smallest error (‘Low error’ group, grand mean = 0.8°

 /- 0.21°). ‘High error’ trials, ‘Low error’ trials and Fixation trials (event

uration = 0, event onset = presentation of the first target or fixation

rial onset) were modelled again as delta function convolved with the

RF and included as three regressors of interest, all remaining trials and

ll movement parameters being set as regressors of non-interest. 

Finally, a third event-related GLM (hereafter called GLM-3.3) was

esigned in order to check whether areas deemed to be involved in

daptation processes are not in fact merely encoding saccade metrics

absolute saccade size). Similar to GLM-3.2, GLM-3.3 differentiated two

roups of trials based on the distributions of saccade gain calculated for

ach subject and each run, containing respectively 25% of trials with the

argest saccade gain (‘High amplitude’ group, grand mean gain = 0.84

 /-0.07, mean amplitude estimated for a theoretical saccade toward a

8° target = 15.1°) and 25% of trials with the smallest saccade gain (‘Low

mplitude’ group, grand mean gain = 0.72 + /- 0.06, mean amplitude for

 theoretical 18° saccade = 13.0°). 

.4.8. fMRI: MVPA analyses 

We first selected 34 spherical regions of interest (ROIs) based on

lusters identified by the whole-brain GLM analysis of the localizer runs

see results in Section 3.3 ). Then, for each ROI and each participant, the

00 most active voxels in that GLM localizer contrast were identified.

inally, again for each ROI and each participant, we created datasets

lled with the beta-values of these 100 voxels resulting from each of the

our whole brain GLM analyses performed on non-smoothed data (GLM-

, GLM-3.1, GLM-3.2, GLM-3.3). These four whole brain GLM analyses

ere used as inputs for different MVPA classifications (see Inline Supple-

entary Table 1): (A) the block-design GLM-2 analysis with the FW, BW,

ND, STA and FIX blocks provided a dataset with five predictors per run

obtained respectively from the following five contrasts: FW > FIX, BW

 FIX, RND > FIX, STA > FIX and FW & BW > FIX); (B) the event-related

LM-3.1 analysis with the FW, BW, RND + , RND-, STA and FIX trials as

vents led to a dataset of five predictors per run (obtained respectively

rom the following five contrasts: FW > FIX, BW > FIX, RND + > FIX,

ND- > FIX, and STA > FIX); (C) the event-related GLM-3.2 analysis with

igh error, Low error, and FIX trials as events gave a dataset composed

f two predictors per run (obtained respectively from the High error >

IX and Low error > FIX contrasts); (D) the event-related GLM-3.3 anal-
6 
sis with High amplitude, Low amplitude and FIX trials as events gave a

ataset composed of two predictors per run (obtained respectively from

he High amplitude > FIX and Low amplitude > FIX contrasts). 

The beta values of each voxel were z-score normalised run by run,

hen only the data corresponding to the two conditions of interest of

ach pair-wise MVPA classification were kept. 

We used a Support Vector Machine (SVM) classifier and we per-

ormed for each search between the two conditions of interest a “leave-

ne-run-out ” cross-validation procedure: the classifier was trained on

our runs and tested on the remaining one. This procedure was repeated

or all the runs, i.e. five classification rounds were performed, the fi-

al classification accuracy being the mean performance over these five

ounds (chance level = 0.5). 

The results were corrected for multiple comparisons with Monte-

arlo based clustering statistics, following a CoSMoMVPA built-in func-

ion ( Oosterhof et al., 2016 ). As shown in Inline Supplementary Figure

, a total of 10,000 comparisons were performed with Threshold Free

luster Enhancement (TFCE) between the original set of classification

ccuracies and a null distribution of classification accuracies randomly

rawn from 100 null-datasets. Each null-dataset was computed by ran-

omizing the conditions’ labels and launching the SVM classifier with

hese newly-labelled conditions. The 10,000 TFCE calculations resulted

n a final z-score for each ROI and each pair-wise classification: the ROI’s

lassification accuracy was judged to be significantly larger than 0.5 af-

er correction for multiple comparisons whenever the z-score was above

.65 (alpha = 0.05). We also calculated from the z-score the equivalent

-value. 

As described in the Results section (see also Inline Supplementary

able 1), we performed two independent analyses of these results: one

ocused on the delineation between adaptation vs. error signal (MVPA-

), and the other aiming to differentiate between forward vs. backward

irections (MVPA-2). For this, we considered six pair-wise classifications

n MVPA-1 and six pair-wise classifications in MVPA-2, so in both cases

e applied a further correction for multiple comparisons (Bonferroni,

 = 6). 

. Results 

This study had two main objectives: first, to determine the neural

ubstrates of saccadic adaptation per se and of error signal process-

ng and second, to determine whether these cortical and sub-cortical

ubstrates differ according to the direction (forward versus backward)

f adaptation. In the following, we first report behavioural measures

o check whether adaptation of reactive saccades was readily induced

uring the FW and BW blocks of trials (systematic intra-saccadic target

umps) compared to the RND block (random target jumps eliciting sac-

ade errors) and the STA block (no jump: control saccades toward sta-

ionary target). We then present the neuroimaging data collected during

hese Experimental runs, using analyses of BOLD signal relying both on

hole brain GLM approaches and on ROIs-based MVPAs (ROIs defined

ased on BOLD signal from Localizer runs). 

.1. Behavioral measures: Saccadic adaptation 

We determined the effect of adaptation by computing the gain

hange within each block as the slope of the gain vs. trial number linear

t (see Inline Supplementary Figure 2 for a representative example in

ach condition). We submitted the saccadic gain change to a repeated

easures ANOVA (rmANOVA) with the three within-subject factors: run

EXP1, EXP2, EXP3, EXP4, EXP5), condition (FW, BW, RND, STA) and

epetition of the condition within an experimental block (repetition 1,

epetition 2, repetition 3). This rmANOVA revealed a main effect of con-

ition (F(3,60) = 226.41; p < 10E-6, 𝜂2 = 0.92) and a significant interaction

etween condition and repetition (F(6,120) = 2.90; p = 0.011, 𝜂2 = 0.13),

n addition with a significant triple interaction run x condition x rep-

tition (F(24,480) = 1.89; p = 0.007, 𝜂2 = 0.09). All other main effects or
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Fig. 3. Saccade gain change in the 4 conditions. (A) Overall gain change across runs plotted for the 4 conditions (median and 25-75 percentil range). (B) Mean gain 

change for the 4 conditions plotted for the 5 experimental runs (error bars = standard errors of the mean). 
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nteractions were not significant (all F < 1.5 and p > 0.13). Note that the

ain effect of condition was way stronger than the double and triple

nteraction effects (see corresponding 𝜂2 values). This pattern of results

s consistent with the adaptation being consistently induced in the BW

nd FW conditions and yielding much stronger gain changes than in

he RND and STA conditions. Indeed, as shown in Fig. 3 , post-hoc com-

arisons revealed that the slope in both BW and FW conditions (means

f -3.35 × 10 − 3 and 2.79 × 10 − 3 corresponding to mean gain changes

etween trials 1 and 16 of -0.054 and 0.045, respectively) was signifi-

antly steeper than in the RND and STA conditions (Bonferroni tests, all

 < 10E-6). The triple interaction effect seems to be due to the largest

ain decrease during the first repetition of the BW condition in EXP1 and

XP3, and the largest gain increase during the third repetition of the FW

ondition in EXP4, a pattern also consistent with the double interaction.

The results of the same ANOVA submitted separately to the saccadic

ain and the saccadic latency are reported in the Inline Supplementary

ata. 

.2. fMRI: Whole-brain univariate analysis of Experimental runs 

For each of the five contrasts of the GLM-1 analysis (see Material and

ethods section: ‘Adaptation’, ‘Adaptation + Error’, ‘Adaptation + Error

W’, ‘Adaptation + Error FW’, ‘Error’), statistical maps were computed

ith a voxel-level p-value of p < 0.001 and a cluster-level p-value cor-

ected for multiple comparisons (Family Wise Error correction) p FWE_corr 

 0.05 (see Table 1 ). In the ‘Adaptation’ contrast (FW & BW > RND), only

 significant cluster was found in the left temporal area. No significant

ctivation was found in the ‘Adaptation + Error’ contrast (FW & BW

 STA). In the direction-specific ‘Adaptation + Error BW’ and ‘Adap-

ation + Error FW’ contrasts, the right occipital cortex was activated

or the backward direction (BW > STA), whereas a large and bilateral

luster was found in the occipital cortex for the forward direction (FW

 STA). Finally, for the ‘Error’ contrast (RND > STA), two significant

lusters were found in the left hemisphere, one in SPL and the other

orresponding to the PEF (see Inline Supplementary Figure 5). 

.3. fMRI: Whole-brain univariate analysis of Localizer runs: ROIs 

efinition 

Regions of interest (ROIs) were identified as cortical and sub-cortical

reas which were significantly more active during the saccade blocks
7 
han during the fixation blocks of the localizer runs, or vice versa . To this

im, a whole-brain GLM analysis was performed and saccade vs. fixa-

ion contrasts were computed at the group-level (p-threshold of 0.001

nd no voxel extent threshold). A total of 30 clusters was identified (see

ig. 4 and Inline Supplementary Table 2): 12 pairs of clusters identi-

ed in both hemispheres, 2 medial clusters, and 4 clusters identified in

nly the right hemisphere (DLPFC, thalamus, pallidum) or the left hemi-

phere (frontal gyrus). Most of these 30 clusters reached significance

evel with p FWE_corr < 0.05, except three which were slightly below but

hich we considered of interest for the present study based on the lit-

rature ( van Broekhoven et al., 2009 ; Liem et al 2012 ; Srivastava et al

019 ): right angular gyrus (p FWE_corr = 0.058), left inferior cerebellum

p FWE_corr = 0.051) and right inferior cerebellum (p FWE_corr = 0.102). Also,

e delineated 4 additional clusters as the contralateral counterparts of

he 4 clusters found in only one hemisphere by flipping their X coor-

inate, yielding a total of 34 clusters. To conduct the MVPA analysis

escribed in the following paragraph, a spherical ROI was created for

ach of these 34 clusters and centered on the maximally-activated voxel

n the cluster (MarsBaR toolbox, Brett et al., 2002 ). A radius of 10 mm

as applied for cortical ROIs and of 8 mm for subcortical ROIs (cere-

ellum, thalamus, pallidum). This yielded in every subject at least 100

oxels activated in the saccade vs. fixation contrasts of the localizer (no

oxel extent threshold, uncorrected p-threshold of 1), except for the left

allidum: hence the radius of both left and right pallidum ROIs was in-

reased to 10 mm. Finally, for each subject and each ROI, the 100 most

ctive voxels were selected. 

.4. ROIs-based MVPA-1: adaptation vs. error signals processing 

As stated in the Material and Methods section, we performed two

ndependent analyses focusing respectively on the delineation between

daptation vs. error signal (MVPA-1) and between forward vs. backward

irections (MVPA-2). We used a multiple criteria approach involving six

air-wise classifications in MVPA-1 and six pair-wise classifications in

VPA-2, applying in both cases a Bonferroni correction for multiple

omparisons (n = 6, p-value < 0.0083). 

For the identification of ROIs related to saccadic adaptation

 Table 2 ), at least one of these three criteria was necessary: significant

iscrimination (1) between FW & BW vs. RND conditions (identifying

reas related to adaptation in general), (2) between FW vs. RND + condi-
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Table 1 

Whole-brain univariate results of experimental runs (group analysis, N = 24). MNI coordinates, cluster size and FWE-corrected p-values of 

clusters showing significant activation for the following contrasts: FW & BW > RND (Adaptation), BW > STA (Adaptation + Error BW), FW > 

STA (Adaptation + Error FW), RND > STA (Error). No significant cluster was found for the FW & BW > STA contrast (Adaptation + Error). 

L-inf_Temp: Left inferior temporal cortex; R-Occ and L-Occ: right and left occipital cortex; L-PEF: left parietal eye field; L-SPL: left superior 

parietal lobule. 

MNI coordinates 

Contrasts Anatomical Location X Y Z cluster size p FWE_corr 

Adaptation L-Inf_Temp -42 -9 -24 137 0.004 

Adaptation + Error BW R-Occ 18 -93 -3 301 < 0.001 

Adaptation + Error FW L-Occ -1 -88 7 • •
Adaptation + Error FW R-Occ 11 -62 -3 • •
Error L-PEF -37 -45 48 147 0.003 

Error L-SPL -16 -64 64 84 0.041 

Large cluster (1003 voxels, p < 0.001) with reported L-OCC and R-OCC peaks 

Fig. 4. Visuo-saccadic network identified by whole-brain GLM of Localizer runs. Results of Saccade > Fixation contrast (upper two rows) and of reverse contrast 

(Fixation > Saccade, 3d row). Twelve pairs of clusters were identified across hemispheres (one not shown: angular gyrus), 4 clusters only in the right hemisphere 

(pallidum, and 2 not shown: DLPFC, thalamus) or the left hemisphere (frontal gyrus), and 2 medial clusters (one not shown: orbitofrontal cortex). See text for details. 

Abbreviations: Occ: occipital; MT/MST: medial temporal & medial superior temporal; inf_Temp: inferior temporal; PEF: parietal eye field; SPL: superior parietal 

lobule; FEF: frontal eye field; TPJ: temporo-parietal junction; Precun: precuneus; MCC: middle cingulate cortex; Post-Ins: posterior insula; Pall: pallidum; Inf-CB: 

inferior cerebellum; Sup-CB: superior cerebellum. 
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ions (areas related to forward adaptation), or (3) between BW vs. RND-

onditions (areas related to backward adaptation). As can be seen in

able 2 , five out of the 34 tested ROIs met at least one criterion (i.e. a

onferroni-corrected p-value of classification performance < 0.05). Both

eft and right temporo-occipital cortices (L-MT/MST and R-MT/MST),

s well as the right FEF, significantly discriminated between FW &

W and RND. Examination of the two other, direction-specific, criteria,

urther disclosed that the right temporo-occipital cortex (R-MT/MST)

as involved in backward adaptation whereas the homologous area (L-

T/MST) was involved in forward adaptation. Finally, two other ROIs

ere disclosed for a single adaptation direction: the right pallidum (R-
8 
all) in forward adaptation and the right occipital cortex (R-Occ) in

ackward adaptation. 

There is a possibility that some of these ROIs deemed to be involved

n saccadic adaptation processes might in fact host neural processes that

ake place during adaptation but are not directly related to saccadic

daptation. For example, even though unrelated to saccadic plasticity

echanisms, ROIs that encode saccade amplitude are expected to be

ecruited during saccadic adaptation phases. To address this possibility,

e performed an additional MVPA using the output of GLM-3.3 (see Ma-

erials and Methods) to test whether any of the 34 ROIs could discrimi-

ate between ‘High amplitude’ vs. ‘Low amplitude’ saccades. The results
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Table 2 

ROIs related to saccadic adaptation. These 5 ROIs significantly discriminated FW & BW vs. RND, FW vs. RND + , or 

BW vs. RND-. Accuracy: mean discrimination accuracy ( + /-SD) across the 24 subjects; p-value: Bonferroni-corrected 

p-values converted from the Z-scores of the Monte-Carlo based clustering approach. Significant results (p-value < 

0.0083) are highlighted in bold. Abbreviations: Occ: occipital; MT/MST: medial temporal & medial superior temporal; 

FEF: frontal eye field; Pall: pallidum. 

GLM-2: FW & BW vs. RND 

(Adaptation) 

GLM-3.1: FW vs. RND + 
(Adaptation FW) 

GLM-3.1: BW vs. RND- 

(Adaptation BW) 

R-Occ Accuracy 0.54 + /- 0.11 0.55 + /- 0.12 0.59 + /- 0.08 

p-value 0.5 0.5 0.0006 

R-MT/MST Accuracy 0.61 + /- 0.11 0.55 + /- 0.09 0.58 + /- 0.08 

p-value 0.0025 0.1460 0.003 

L-MT/MST Accuracy 0.61 + /- 0.12 0.58 + /- 0.08 0.59 + /- 0.11 

p-value 0.0037 0.0021 0.0085 

R-FEF Accuracy 0.59 + /- 0.11 0.52 + /- 0.10 0.53 + /- 0.09 

p-value 0.0053 0.5 0.5 

R-Pall Accuracy 0.54 + /- 0.07 0.56 + /- 0.07 0.54 + /- 0.06 

p-value 0.1492 0.0016 0.1617 

Table 3 

ROIs related to error signals processing. Significant results (p-value < 0.0083) are highlighted in bold (same conventions as in Table 2 ). These six 

ROIs significantly discriminated FW & BW from STA but not FW & BW from RND (all p > 0.0083), with two ROIs also discriminating between High 

error vs. Low error. The RND vs. STA discrimination did not reach significance for any ROI. Abbreviations: Occ: occipital; Precun: precuneus; 

PEF: parietal eye field; MCC: middle cingulate;Inf-CB: inferior cerebellum; Sup-CB: superior cerebellum. 

GLM-2: FW & BW vs. STA 

(Adaptation + Error) 

GLM-2: FW & BW vs. RND 

(Adaptation) GLM-2: RND vs. STA (Error) 

GLM-3.2: High_Error vs. 

Low_Error 

L-Occ Accuracy 0.66 + /- 0.13 0.56 + /- 0.09 0.64 + /- 0.18 0.78 + /- 0.21 

p-value 0.0002 0.0619 0.0157 0.0001 

L-Precun Accuracy 0.60 + /- 0.11 0.55 + /- 0.09 0.58 + /- 0.20 0.69 + /- 0.24 

p-value 0.0059 0.1492 0.5 0.0191 

L-PEF Accuracy 0.64 + /- 0.13 0.58 + /- 0.13 0.55 + /- 0.23 0.76 + /- 0.22 

p-value 0.0009 0.1492 0.5 0.0005 

MCC Accuracy 0.61 + /- 0.12 0.55 + /- 0.09 0.55 + /- 0.22 0.53 + /- 0.30 

p-value 0.0059 0.1916 0.5 0.5 

L-Inf-CB Accuracy 0.59 + /- 0.10 0.54 + /- 0.13 0.54 + /- 0.17 0.46 + /- 0.30 

p-value 0.0059 0.5 0.5 0.5 

R-Sup-CB Accuracy 0.59 + /- 0.09 0.55 + /- 0.09 0.55 + /- 0.15 0.46 + /- 0.32 

p-value 0.0017 0.1916 0.5 0.5 
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isclosed no significant discrimination for any of the ROIs, including

hose reported in Table 2 . Note that this negative result is unlikely due

o insufficient sensitivity as the mean difference of gain between these

wo populations of saccades (0.12) was larger than the mean change

f gain during BW and FW blocks (see above: 0.099) which nonetheless

ed to significant MVPA results. In conclusion, this analysis suggests that

OIs listed in Table 2 are likely related to saccadic adaptation processes

nd not to the resulting change of saccade size. 

For the identification of ROIs involved in error signals processing

 Table 3 ), we used as first and necessary criterion a significant discrim-

nation between FW & BW vs. STA conditions without significant dis-

rimination between FW & BW vs. RND conditions; the other two crite-

ia were a significant discrimination between RND vs. STA or between

igh error vs. Low error, respectively. The first criterion was met by six

ut of 34 ROIs (L-Occ, L-PEF, L-Precun, L-Inf-CB, R-Sup-CB and MCC),

mong which two (L-Occ, L-PEF) additionally fulfilled the “High error

s. Low error ” discrimination criterion (see Table 3 for details). No ROI

dditionally fulfilled the 2nd criteria (RND vs. STA). 

.5. ROIs-based MVPA-2: forward vs. backward directions 

To disclose which of the 11 just-described ROIs involved in adap-

ation and/or error signal are specifically related to the forward or

ackward direction, we used a multiple criteria approach based on six

air-wise MVPA discriminations, three encoding the forward direction

 Table 4: ‘Adaptation + Error FW’, ‘Error FW’ and ‘Adaptation FW) and
9 
hree encoding the backward direction ( Table 5: ‘Adaptation + Error

W’, ‘Error BW’ and ‘Adaptation BW). 

For the forward direction ( Table 4 ), we relied on the “FW vs. STA ”,

RND + vs. STA ”, and “FW vs. RND + ” discriminations. The left occipi-

al cortex (L-Occ) significantly discriminated between FW vs. STA and

etween RND + vs. STA conditions, whereas both L-MT/MST and right

allidum (R-Pall) significantly discriminated between FW vs. RND + con-

itions. 

For the backward direction ( Table 5 ), the criteria used were the dis-

riminations of the exact symmetrical conditions: “BW vs. STA ”, “RND-

s. STA ” and “BW vs. RND- ”. Results displayed in Table 5 disclosed only

wo ROIs, R-Occ and R-MT/MST, which both met the criterion of a sig-

ificant discrimination between BW vs. RND- conditions. 

. Discussion 

.1. Summary of results 

The aim of the present study was to investigate the cortical and

ubcortical areas involved in both forward and backward adaptation of

ightward reactive saccades, and to disentangle them from those specif-

cally involved in encoding the visual error signals leading to adapta-

ion. Our behavioral results indicate that exposure to the short blocks

f systematic double-step targets successfully induced saccadic adapta-

ion, in both the forward and backward directions. Our localizer task

nvolving bi-lateral reactive saccades allowed us to reconstruct a wide
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Table 4 

ROIs related to the forward direction. Significant results (p-value < 0.0083) are highlighted in bold (same conventions 

as in Tables 2 and 3 ).These three ROIs significantly discriminated FW vs. STA, or RND + vs. STA or FW vs. RND + . 
Abbreviations: Occ: occipital; MT/MST: medial temporal & medial superior temporal; Pall: pallidum. 

GLM-2: FW vs. STA 

(Adaptation + Error FW) 

GLM-3.1: RND + vs. STA 

(Error FW) 

GLM-3.1: FW vs. RND + 
(Adaptation FW) 

L-Occ Accuracy 0.76 + /- 0.21 0.65 + /- 0.16 0.55 + /- 0.10 

p-value 0.0001 0.0022 0.2404 

L-MT/MST Accuracy 0.59 + /- 0.18 0.58 + /- 0.13 0.58 + /- 0.08 

p-value 0.3797 0.1825 0.0021 

R-Pall Accuracy 0.46 + /- 0.19 0.54 + /- 0.08 0.56 + /- 0.07 

p-value 0.5 0.1825 0.0016 

Table 5 

ROIs related to the backward direction. Significant results (p-value < 0.0083) are highlighted in bold (same conven- 

tions as in Tables 2 , 3 and 4 ). These two ROIs significantly discriminated BW vs. STA, or RND- vs. STA or BW vs. 

RND-. Abbreviations: Occ: occipital; MT/MST: medial temporal & medial superior temporal. 

GLM-2: BW vs. STA 

(Adaptation + Error BW) 

GLM-3.1: RND- vs. STA 

(Error BW) 

GLM-3.1: BW vs. RND- 

(Adaptation BW) 

R-Occ accuracy 0.56 + /- 0.23 0.53 + /- 0.10 0.59 + /- 0.08 

p-value 0.5 0.5 0.0006 

R-MT/MST accuracy 0.57 + /- 0.20 0.55 + /- 0.12 0.58 + /- 0.08 

p-value 0.5 0.5 0.03 
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a  
isuo-saccadic network of cortical and subcortical structures ( Fig. 4 and

nline Supplementary Table 2), closely corresponding to the network

dentified over the years by complementary methods in both human

e.g. Grosbras et al., 2005 ; Lynch & Tian, 2006 ; Curtis & Connolly, 2008 ;

cDowell et al., 2008 ; Domagalik et al., 2012 ; Bender et al., 2013 ;

erveg et al., 2014 ; Petit et al., 2015 ; Coiner et al., 2019 ) and non-

uman primates (see Munoz & Everling, 2004 for review). Then, as sum-

arized in Fig. 5 , our main experimental task of rightward reactive sac-

ades disclosed the involvement of various brain regions in adaptation

echanisms (bilateral MT/MST; the inferior temporal cortex in the left

emisphere; and in the right hemisphere: the occipital cortex, FEF and

allidum) and in error processing (in the left hemisphere: occipital cor-

ex, PEF, SPL, precuneus, inferior cerebellum; in the right hemisphere:

uperior cerebellum; in the midline: cingulate cortex). Finally, a selec-

ivity for the direction of adaptation could be established for the occipi-

al cortex and MT/MST complex (left and right hemispheres for forward

nd backward, respectively) and the pallidum (right hemisphere for for-

ard). 

.2. Behavioral results 

The saccadic gain significantly decreased during BW blocks and in-

reased during FW blocks, consistent with backward and forward adap-

ation, respectively. Indeed the linear fits of gain change within BW and

W blocks disclosed negative and positive slopes, respectively, which

oth significantly differed from those computed in the RND and STA

locks. Note that the global saccadic gain in all 4 types of blocks de-

reased along the experiment. As detailed in Inline Supplementary data,

he irregular pattern of such gain decrease across runs argues against a

ure fatigue effect and rather suggests some temporal carry-over of the

tronger saccade shortening achieved in BW blocks compared to the sac-

ade lengthening in FW blocks. Finally, the values of the gain change

lope in the FW and BW conditions (2.79 × 10-3 and -3.35 × 10-3, re-

pectively) compare well with the literature [FW adaptation: 0.7 × 10-3

n Panouillères et al (2012a) ; BW adaptation: -8.5 × 10-3, -0.69 × 10-3, -

.4 × 10-3 and -0.52 × 10-3 in Gerardin et al (2012) , Blurton et al (2012) ,

anouillères et al (2012a) and Guillaume et al (2018) , respectively]. To-

ether, these behavioral findings suggest that despite their limited du-
10 
ation (31.2 s) and number of trials (16), BW and FW blocks could elicit

eliable and reproducible adaptation of reactive saccades. 

.3. Adaptation + Error 

One of the challenging aims of this study was to tease apart the sac-

adic adaptation mechanisms contributing specifically to the adaptive

hanges of saccades from those involved in the processing of saccadic er-

ors which lead to such oculomotor changes. Most previous neuroimag-

ng studies of saccadic adaptation contrasted blocks of saccades toward

ouble-step targets (second step during the saccade) vs. blocks of sac-

ades toward single-step targets (PET: Desmurget et al., 1998 , 2000 ),

r blocks of saccades toward double-step targets with a short vs. long

ost-saccadic delay of the second step (fMRI: Gerardin et al., 2012 ;

lurton et al., 2012 ). This approach of contrasting between ‘adapta-

ion’ and ‘control’ blocks (corresponding to our ‘BW’ / ‘FW’ versus ‘STA’

locks) could not exclude the participation of mechanisms of error pro-

essing and of corrective saccades generation in the sources of metabolic

ctivation. The same limitation applies to the only existing MEG study

f saccadic adaptation to date ( Nicolas et al., 2019b ) which reported an

ncrease of gamma-band activity (GBA) during backward adaptation of

eftward reactive saccades in a large cortical region of the right hemi-

phere including the posterior parietal cortex (PPC). Indeed, this elec-

rophysiological signature of increased cortical excitability ( Jensen &

azaheri, 2010 ; Martinovic & Busch, 2011 ) could as well be related to

he change of saccade error signal during adaptation exposure, a pos-

ibility consistent with the previously proposed role of GBA in saccade

oal encoding by the PPC ( Medendorp et al., 2007 ; Van Der Werf et al.,

008 ). Overall, these studies together clearly point at a contribution of

ortical networks to saccadic adaptation, but could not attribute any

pecific role to these networks in the oculomotor plasticity component

ersus error signals processing component of adaptation. 

.4. Error 

Guillaume et al. (2018) used an event-related fMRI approach to iden-

ify the activity specifically related to the size of the post-saccadic error

nduced by a backward target jump during leftward saccades, revealing

ctivation in the cerebellum (left lobule V and right lobule VI), in the
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Fig. 5. Summary of error-processing and adaptation networks. Superimposed on the GLM maps of visuo-saccadic areas identified by Localizer runs (see Figure 4 ), 

circles show MVPA-determined ROIs significantly related to error processing (left) or to adaptation (right). Blue and red circles / labels denote selectivity to the BW 

and FW directions, respectively. The involvment of L-PEF, as well as the selectivity of L-Occ and R-Occ to FW and BW directions, respectively, were confirmed by 

GLM analyses ( Table 1 ) which, in addition, also revealed 2 further clusters, one in L-SPL related to error processing (lower left) and in L-Inf-temp cortex related to 

adaptation (not shown). Abbreviations: Occ: occipital; MT/MST: medial temporal & medial superior temporal; PEF: parietal eye field; SPL: superior parietal lobule; 

FEF: frontal eye field; Precun: precuneus; MCC: middle cingulate cortex; Pall: pallidum; Inf-CB: inferior cerebellum; Sup-CB: superior cerebellum. 

s  

b  

a  

t  

e  

r

 

d  

f  

a  

t  

b  

(  

a  

g  

t  

w  

L  

m  

t  

e  

c  

c  

p  

m  

r  

e  

l  

p  

g  

a  

r  

t  

2  

a  

A  

i  

l  

t  

h  

(  

fi  

s  

t  

D  

e  

l  

fi  

r  

t  

e  

o  

S  

e  

e  

t  

a

4

 

p  

c  
uperior precentral sulcus and the paracentral sulcus of the right cere-

ral hemisphere (which they identified as FEF and SEF, respectively),

nd in the intraparietal and parieto-occipital sulci, the precuneus and

he supramarginal gyrus of the left hemisphere. These frontal and pari-

tal clusters were found in the ipsilateral or contralateral hemisphere,

espectively, relative to the direction of post-saccadic visual error. 

Our own results collected in a paradigm of backward target jump

uring rightward saccades disclosed the involvement of the left in-

erior cerebellum and right superior cerebellum, the cingulate cortex

nd in the following areas of the left hemisphere: the occipital cor-

ex, precuneus and parietal cortex (SPL and PEF). Disclosure of a cere-

ellar involvement agrees with several previous studies in humans

 van Broekhoven et al., 2009 ; Liem et al., 2012 ; Guillaume et al., 2018 )

nd in non-human primates ( Herzfeld et al., 2018 ). More specifically,

iven the size of errors relative to saccade size (4°/16° or 5°/20°) in

he present study, the left inferior and right superior hemispheric areas

e disclosed correspond to the lobules VIII/IX and lobule VI found by

iem et al. (2012) for their ‘large errors’ (5°/20°); in addition, the more

edial areas -including vermis- reported by Guillaume et al. (2018) for

heir 3° errors (relative to a 16° saccade size) were also reported by Liem

t al. for their ‘small errors’ (1.5°/20°). The presently demonstrated re-

ruitment of inferior cerebellar areas in error signals processing is also

onsistent with the possibility that activation of lobules VIIb–VIIIa re-

orted by Gerardin et al. (2012) during saccade adaptation exposure

ight in fact have been related to the processing of post-saccadic er-

ors. Importantly, the recruitment of cerebral cortical areas in saccade

rror encoding also confirms and extends previous findings. While the

eft precuneus and the left parietal cortex (SPL and PEF) were first re-

orted by Guillaume et al. (2018) , the involvement of the middle cin-

ulate cortex (MCC) is a quite novel finding in the context of saccadic

daptation, however fully consistent with its well-described role in er-

or detection or in performance monitoring in the more general con-
 i  

11 
ext of decision making and cognitive control (see e.g. O’Connell et al.,

007 ; Nieuwenhuis et al., 2001 ; Endrass et al., 2005 ; Rupp et al., 2011 ;

nd for meta-analyses Beckmann et al., 2009 and Garrison et al., 2013 ).

lso, our results echo the proposal of a hierarchical processing of errors

n the cerebral cortex according to which the parietal cortex evaluates

ow-level errors associated with the processing of visual target informa-

ion (e.g., target position perturbation) and the cingulate cortex encodes

igh-level errors that occur when participants fail to meet the task goal

 Krigolson & Holroyd, 2007 ). Further, our data regarding the PPC also

t with recent electrophysiological data in non-human primate which

uggest that the lateral intraparietal area (LIP) encodes saccadic mo-

or error ( Zhou et al., 2016 ; Munuera & Duhamel, 2020 ). Munuera and

uhamel (2020) notably reported a subpopulation of LIP neurons which

ncode errors specifically after contralateral primary saccades regard-

ess of the error direction. This last observation matches with the present

nding that parietal cortical areas (SPL, PEF, precuneus) recruited in

elation to post-saccadic errors were all in the left hemisphere, i.e. con-

ralateral to the primary saccades. Finally, the precuneus and, to a lesser

xtent, the posterior intraparietal sulcus and anterior portions of the

ccipital cortex, have been shown to encode eye position ( Williams &

mith, 2010 ) which might contribute to the computation of a saccadic

rror information. Overall, our neuroimaging findings bring additional

vidence based on oculomotor behavior in human to the above litera-

ure indicating that the cerebral network devoted to action monitoring

nd error detection involves both the cingulate cortex and the PPC. 

.5. Adaptation 

Our approach also allowed us to identify the neural substrates of the

lastic component of adaptation. Noteworthy, none of the 34 tested ROIs

ould discriminate between high and low saccadic amplitudes, suggest-

ng that the areas discussed below are likely linked to the adaptation
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tate itself and not to the resulting changes of saccade size ( Tse et al.,

010 ). 

Our results confirm the involvement of the MT/V5 complex found by

erardin et al. (2012) . However, whereas these authors reported only

he hemisphere contralateral to saccade direction (right hemisphere for

eftward saccades), we found a bilateral recruitment of this complex.

he fact that Gerardin et al’s study and ours used two different strate-

ies to elicit saccadic adaptation (post-saccadic or intra-saccadic target

teps, respectively) argues for a more direct implication in oculomo-

or plasticity of area MT/V5 than a mere responsiveness to visual mo-

ion stimuli ( Zeki et al., 1991 ; Watson et al., 1993 ). In contrast for the

EF, an opposite difference between the two studies was found, FEF

eing revealed in both hemispheres by Gerardin et al. (2012) but only

n the ipsilateral (right) hemisphere in the present study. Such differ-

nces of recruitment patterns for MT/V5 and FEF could be related to

he fact that we combined here the two directions of adaptation whereas

erardin et al (2012) studied only backward adaptation. The unilateral

nvolvement of the FEF reported here parallels that of the pallidum (re-

ruited solely in the right hemisphere), which could be related to the

nown anatomical and functional relationships of the basal ganglia with

he ipsilateral frontal cortex, including the FEF. This pallidal involve-

ent is an original finding signalling a possible role of the basal ganglia

n saccade adaptation. Consistent with this hypothesis, two clinical stud-

es have reported that Parkinson’s disease patients exhibit a decreased

mount, although without complete loss, of reactive saccades adaptation

 MacAskill et al., 2002 ; Abouaf et al., 2012 ). It is also well established

hat the basal ganglia system plays a critical role in various forms of

ehavioral plasticity (see for reviews Doyon & Benali, 2005 ; Lee et al.,

012 ; Hélie et al., 2015 ; Carland et al., 2019 ) with, in particular, a role

f the pallidum in encoding prediction errors during unsupervised rein-

orcement learning ( Garrison et al., 2013 ). While saccadic adaptation is

 supervised motor learning process, similar plastic changes of saccades

an be induced by unsupervised reinforcement learning ( Madelain et al.,

011 ). Further, adaptation can be boosted when the saccadic targets

onsist of social stimuli, which most likely increase reinforcing signals

 Meermeier et al., 2017 ). Together, these reports suggest that saccadic

daptation could to some extent rely on reinforcement learning, which

ould in turn account for the recruitment of the basal ganglia. This

uggestion echoes recent anatomical data showing that the cerebellar-

ortical loops and the basal ganglia cortical loops are more intertwined

han previously thought ( Bostan & Strick, 2018 ). 

Do cortical areas disclosed in the present study causally contribute to

he computation and the transmission to the brainstem saccadic gener-

tor of corrective oculomotor commands subtending adaptive changes

f saccade metrics? Or does their neural activity reflect the known con-

equences of saccadic adaptation on spatial localization performance

 Masselink & Lappe, 2021 ; Collins et al., 2009 ; Cheviet et al., 2022 ) and

isuo-attentional abilities ( Habchi et al., 2015 ; Nicolas et al., 2019a ,b,

020 )? The contribution of the FEF -and associated pallidum- may

e part of the former type, due to the rather direct FEF connection

ith the brainstem and superior colliculus saccadic circuitry. Alterna-

ively, one can note that the FEF area involved in the present study

ore closely corresponds to the medial FEF than to the lateral FEF

eported in previous neuroimaging works (reviewed in Cieslik et al

016 ; see Müri 2006 for another review discussing a similar dissoci-

tion between a superior FEF and an inferior FEF). These two review

apers propose that the medial -or superior- FEF is more involved in

ognitive control than in direct oculomotor control as opposed to the

ateral -or inferior- FEF, which would be consistent with the percep-

ual effects of saccadic adaptation ( Zimmerman et al., 2016 ), includ-

ng the effect of adaptation we previously disclosed on visual attention

 Habchi et al 2015 ; Nicolas et al 2019a ,b, 2020 ) and on visuo-spatial

ocalization ( Cheviet et al 2022 ). But the distinction between these two

on-exclusive hypotheses awaits further studies based on a causal ap-

roach, such as measuring the effects of neurostimulation or of patients’
12 
esion on adaptation levels. For the other cortical areas revealed here

occipital visual cortex, MT/MST, infero-temporal cortex) and even pos-

ibly the FEF, we would rather favour the latter type of functional rela-

ionship to saccadic adaptation, as these areas are all related to visuo-

patial processes underlying localization or attention performance. In-

eed, the occipital visual cortex and MT/MST are targeted by the supe-

ior colliculus through a tecto-thalamo-cortical pathway ( Wurtz et al.,

011 ) thought to provide an oculomotor corollary discharge subtend-

ng accurate trans-saccadic spatial localization ( Sommer & Wurtz, 2008 ;

hakkar et al., 2017 ; Cheviet et al., 2021 ). It has also been proposed

hat a cerebello-thalamo-cortical pathway supplies the cerebral cortex

ith a saccadic error signal between the predicted and actual conse-

uences of the eye displacement ( Peterburs & Desmond, 2016 ). And

uring saccadic adaptation, a cerebellar influence onto the cerebral cor-

ex has further been suggested based on the behavioral performance of

halamic patients ( Gaymard et al., 1994 ) and of patients with cerebel-

ar neurodegenerative disease ( Cheviet et al., 2022 ). The results of this

ast study were interpreted as the cerebellar pathology leading to in-

ppropriate adaptation-related updating of the cerebral representations

f both the saccade visual target and, to a lesser extent, the saccadic

ovement (efference copy). Taken together, we suggest that the cortical

isual network delineated here encodes cerebellar-derived, adaptation-

pdated, information about the desired and actual saccade metric. Note

hat the presently demonstrated involvement of the cerebellum in er-

or encoding but not in saccadic plasticity itself could be due to the fact

hat the oculomotor vermis previously reported ( Desmurget et al., 2000 ;

uillaume et al., 2018 ) was not part of the ROIs tested here. 

.6. Direction of adaptation/error 

Previous neuroimaging studies of saccadic adaptation have mainly

ocused on backward adaptation. In their PET study, Desmurget et al.

1998 , 2000 ) did test forward adaptation and reported activation in the

erebellar vermis but not in FEF and SC, a pattern similar to what they

ound when considering forward and backward adaptation together.

owever they did not consider the backward condition separately and

hus one cannot assess the specificity of this cerebellar activation rel-

tive to the direction of adaptation. Further, in their study of saccadic

rror processing, Liem et al. (2012) disclosed an involvement of the ver-

al areas and lobule VI for forward errors and of the lobules VIII/IX for

ackward errors. 

Here, we aimed through our last MVPA (MVPA-2: forward vs. back-

ard directions) at identifying within the neural substrates of adap-

ation and/or of error signals processing of rightward saccades those

pecifically evoked in the backward or in the forward condition. Com-

lementing Liem et al. (2012) ’s findings, our results revealed five non-

erebellar areas. The forward condition was associated to the right pal-

idum and two cortical areas in the left hemisphere (occipital cortex and

rea MT/MST). Interestingly the two homologous cortical areas in the

ight hemisphere were related to the backward direction. Since all tested

accades were directed to the right, these occipital cortex and MT/MST

reas were in the contralateral hemisphere relative to the adapted (back-

ard or forward) direction whereas the pallidum was found in the ipsi-

ateral hemisphere (relative to the forward direction). Further, accord-

ng to our MVPA procedure designed to discriminate between the plastic

nd error processing components of saccadic adaptation, the occipital

ortex encodes the contralateral saccadic errors, the MT/MST area re-

ates to contralateral adaptive saccade changes, and the right pallidum

elates to ipsilateral adaptive saccade change (the failure to identify the

eft pallidum could be caused by an insufficient sensitivity). Notewor-

hy, even though the right FEF was not highlighted by our backward vs.

orward discrimination analysis, its involvement in adaptive changes

ould be predicted, based on the basal ganglia cortical loops, to follow

he same directional specificity as that of the right pallidum. 
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.7. Conclusions 

Taken together, the present data add to the growing literature sup-

orting a role of the cerebral cortex in saccadic adaptation and error

rocessing through feedback and feed-forward relationships with the

erebellum. Such rather complex architecture of sensorimotor plasticity

nd of its impact on cognition provides new building blocks for future

onceptual models. 
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