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Guillaume A, Fuller JR, Srimal R, Curtis CE. Cortico-cerebellar
network involved in saccade adaptation. J Neurophysiol 120: 2583—
2594, 2018. First published September 12, 2018; doi:10.1152/
jn.00392.2018.—Saccade adaptation is the learning process that en-
sures that vision and saccades remain calibrated. The central nervous
system network involved in these adaptive processes remains unclear
because of difficulties in isolating the learning process from the
correlated visual and motor processes. Here we imaged the human
brain during a novel saccade adaptation paradigm that allowed us to
isolate neural signals involved in learning independent of the changes
in the amplitude of corrective saccades usually correlated with adap-
tation. We show that the changes in activation in the ipsiversive
cerebellar vermis that track adaptation are not driven by the changes
in corrective saccades and thus provide critical supporting evidence
for previous findings. Similarly, we find that activation in the dorso-
medial wall of the contraversive precuneus mirrors the pattern found
in the cerebellum. Finally, we identify dorsolateral and dorsomedial
cortical areas in the frontal and parietal lobes that encode the retinal
errors following inaccurate saccades used to drive recalibration. To-
gether, these data identify a distributed network of cerebellar and
cortical areas and their specific roles in oculomotor learning.

NEW & NOTEWORTHY The central nervous system constantly
learns from errors and adapts to keep visual targets and saccades in
registration. We imaged the human brain while the gain of saccades
adapted to a visual target that was displaced while the eye was in
motion, inducing retinal error. Activity in the cerebellum and precu-
neus tracked learning, whereas parts of the dorsolateral and dorsome-
dial frontal and parietal cortex encoded the retinal error used to drive
learning.

cerebellum; motor learning; oculomotor vermis; precuneus; saccade
adaptation

INTRODUCTION

To keep the sensory and motor systems in registration, the
brain tracks and uses errors to inform and drive changes in the
transformation of visual signals into motor commands (for
review see Krakauer and Mazzoni 2011; Shadmehr et al. 2010;
Wolpert and Flanagan 2016). In the case of saccades, the fast
eye movements that reorient gaze, this process is referred to as
saccade adaptation (for review see Hopp and Fuchs 2004;
Pélisson et al. 2010). Although the muscles that control the
eyes are perturbed over time because of a myriad of factors
(e.g., development and aging, disease processes, and even
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fatigue during the course of a day), our saccades remain largely
accurate because of these adaptive processes. The mechanisms
that control saccade adaptation appear to be in continuous
operation, using the accuracy of each and every saccade as an
input (Srimal et al. 2008).

In the laboratory, the way one traditionally studies saccade
adaptation involves displacing a visual target that is the goal of
a saccade while the saccade is in flight (McLaughlin 1967).
Transaccadic blindness causes the oculomotor system to inter-
pret the retinal error as motor command error. Over many
trials, the landing position of the saccade adapts; the end point
gradually shifts toward the displaced target and away from the
initial visual target. Neurophysiological studies in animals
(e.g., Barash et al. 1999; Optican and Robinson 1980) and
neuropsychological studies of humans with lesions (e.g., Pan-
ouilleres et al. 2013; Waespe and Baumgartner 1992) have
provided clear evidence that the cerebellum, especially the
oculomotor vermis (lobules VI and VII of the vermis), is
critical for saccade adaptation (Herman et al. 2013; Hopp and
Fuchs 2004; Pélisson et al. 2010; Prsa and Thier 2011).

Previous neuroimaging studies using positron emission to-
mography (PET) and functional magnetic resonance imaging
(fMRI) have investigated whether activity changes in the
human cerebellum correlate with saccade adaptation (Blurton
et al. 2012; Desmurget et al. 1998, 2000; Gerardin et al. 2012).
Unfortunately, the results from these studies have been incon-
sistent. The PET studies of Desmurget et al. (1998, 2000)
found that blood flow changes in the oculomotor vermis
occurred during saccade adaptation. The fMRI study by Blur-
ton et al. (2012) failed to replicate this effect. Using multivoxel
pattern analysis, Gerardin et al. (2012) reported that the pattern
of activity within the lateral cerebellum (lobules VIIb—VIIIa)
was distinct during saccade adaptation, but the classification
analysis was not performed in the oculomotor vermis. Results
across these studies were inconsistent in cortical areas as well.

There are a number of potential reasons for the inconsistency
of past imaging studies of saccade adaptation, which we aimed
to address here. First, the previous studies all used a region of
interest (ROI) approach, focused on different ROIs, and even
used different criteria to define ROIs. Obviously, this makes it
difficult to make direct comparisons across experiments in
attempts to replicate and establish consistency. Second, com-
putational theories of motor control postulate the existence of
inverse and forward models to produce the motor commands
and predict their effects (Haith and Krakauer 2013; Shadmehr
et al. 2010; Shadmehr and Krakauer 2008; Tin and Poon 2005).
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According to these theories, sensory prediction errors (i.e.,
differences between the predicted error and the actual error for
a given movement) drive motor learning (Shadmehr et al.
2010; Wolpert et al. 2011; Wong and Shelhamer 2011). Hence,
during adaptation several subprocesses are simultaneously in
play, including actual error registration, predicted error esti-
mation, and, by comparing these two signals, the computed
sensory prediction error. Each of these subprocesses is used to
optimize learning through the updating of internal models,
including both inverse and forward models (Aprasoff and
Donchin 2012; Chen-Harris et al. 2008). Perhaps the inconsis-
tency in previous neuroimaging studies of saccade adaptation
is due to their measurements being more or less sensitive to
different subprocesses of adaptation. Third, uncontrolled fac-
tors correlated with saccade adaptation might confound clean
measurements related to learning. Most notably, the changing
amplitudes of corrective saccades are highly correlated with
learning and could be driving much of the signal measured by
PET and fMRI. The hallmark of saccade adaptation is that
saccade landing gradually shifts toward the displaced target
over dozens of trials. However, after inaccurate saccades peo-
ple make corrective saccades to the displaced target. During
adaptation, these corrective saccades get smaller at the same
rate that the initial saccades are adapting. Therefore, what
previous studies may be measuring during adaptation is
changes in corrective saccade amplitude and not processes
directly related to learning (for similar arguments see Schlerf et
al. 2012; Seidler et al. 2002). Indeed, the amplitudes of mic-
rosaccades, even when they are <1°, predict the amplitudes of
fMRI signal (Tse et al. 2010), demonstrating that the effects of
even small saccades need to be controlled.

Here we addressed these three limitations by making mea-
surements from the whole brain during saccade adaptation,
modeling neural responses predicted by theoretical subcompo-
nent processes involved in motor learning (e.g., error measure-
ment and adaptive gain modification), and using a modified
adaptation procedure that avoids the potential confounding
influence of changing corrective saccade amplitudes. With
regard to the last point, we used a clamping procedure in which
we displaced the visual saccade target during the saccade but
only for a short time, after which we placed the target near the
measured point of gaze. The goal was to break the correlation
between corrective saccade amplitude and learning by affect-
ing the number and amplitude of corrective saccades. Criti-
cally, previous behavioral studies that have used this procedure
still found that saccades adapt (Havermann and Lappe 2010;
Noto and Robinson 2001; Wallman and Fuchs 1998), indicat-
ing that corrective saccades, per se, do not drive learning.
Finally, the mechanisms that control sensorimotor adaptation
may differ between externally triggered, reactive saccades and
internally triggered, voluntary saccades (Alahyane et al. 2007,
2008; Cotti et al. 2007, 2009; Gerardin et al. 2012). Even the
direction of adaptation, a shift backward resulting in a decrease
in saccade gain vs. a shift forward resulting in an increase in
gain, may require distinct mechanisms (see for review Hopp
and Fuchs 2004; Pélisson et al. 2010). In brief, these proce-
dures allow us to now describe a cerebral and cerebellar
network whose activity tracks different subcomponent pro-
cesses involved in the more traditionally studied reactive sac-
cade adaptation.

CORTICO-CEREBELLAR NETWORK INVOLVED IN SACCADE ADAPTATION

MATERIALS AND METHODS
Participants

Twelve neurologically healthy participants (right-handed; 24-40
yr old; 5 women, 7 men) participated in the study after giving written
informed consent. All had normal or corrected to normal visual acuity.
All procedures were reviewed by the human subjects Institutional
Review Board at New York University and were carried out in
accordance with the approved guidelines.

Experimental Procedures

Participants, lying in the supine position within the fMRI scanner,
viewed off a mirror stimuli projected onto a screen within the bore.
Movements of the left eye were recorded with an EyeLink 1000
system (SR Research) with a sampling rate of 1,000 Hz. A short
training phase allowed participants to be familiarized with visual
stimuli and the task. Each participant performed one scanning session
of 250 trials, divided into three phases. Participants were not told that
there were phases and were not aware that there would be intrasac-
cadic displacements of the visual targets. They were simply told that
we were interested in how the brain produces visually guided saccades
and were asked to produce accurate but fast saccades to acquire
peripheral targets. In phase I (Preadapt; 50 trials), we established
baseline saccade accuracy by measuring saccades while participants
simply made visually guided saccades to visual targets (black dots on
a gray background). Participants fixated a white cross at 5°, 6°, 7°, 8°,
or 9° to the right of a screen’s center for 2 s. After 0-200 ms (50-ms
steps), the fixation cross disappeared and a black target appeared 16°
to the left. Participants made leftward saccades to acquire this target.
In phase 2 (Adapt; 150 trials), we induced retinal error by displacing
the visual target intrasaccadically (i.e., during the flight of the sac-
cade) with the goal of measuring how saccades adapted to this
perturbation. When the leftward saccade was initiated and detected
through a velocity threshold of 30°/s, the target was displaced by 3°
to the right. Therefore, even when a perfectly accurate saccade was
generated, it resulted in retinal error. However, we modified the
standard procedure (McLaughlin 1967). After 160 ms during which
the participant could perceive the retinal error induced by the back-
step, we then displaced the visual target to 0.5° to the left of fixation.
In the present study, saccades to the target 16° to the left mostly lasted
between 55 and 65 ms. The velocity threshold for target displacement
was crossed ~25-30 ms after saccade onset. Therefore, the target was
visible on the retina for an average of 134.6 (*£11.3) ms before
displacement. Preliminary studies indicated that the timing and posi-
tion of the target displacement reduced the frequency and amplitude
of corrective saccades. The target remained on for 2 s, after which the
fixation cross for the next trial reappeared. Fixation time was random-
ized across trials to aid decomposition of the fMRI signal variance
related to learning and saccade generation and to reduce anticipatory
saccades. See Fig. 1A for a depiction of the classic and modified
versions of the task. In phase 3 (Deadapt; 50 trials), trials were the
same as during the baseline phase and allowed us to observe the
deadaptation process.

Image Acquisition

MRI data were collected with a 3.0-T head-only scanner (Allegra,
Siemens) at the Center for Brain Imaging at New York University.
Images were acquired with a custom four-channel phased-array re-
ceive coil (NOVA Medical) placed over lateral frontal and parietal
cortices. For the functional data, we used a T2*-sensitive echo planar
imaging pulse sequence. Scanning parameters were repetition time
(TR), 2,000 ms; echo time, 30 ms; flip angle, 75°; 36 slices; 3 X 3 X
4 mm voxels. At the end of each scanning session, T1-weighted
low-resolution anatomical images were first collected with the same
slice prescriptions as the functional data. Finally, high-resolution (1 X
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Fig. 1. Modified backstep paradigm used in the present study and behavioral results. A: examples of typical horizontal eye position traces for trials early in the
adaptation phase. Gray lines represent target position. Left (blue): the classic backstep paradigm with a backward target step during the saccade, which induces
a backward corrective saccade (data from Srimal et al. 2008). Right (red): in our modified paradigm, the backstepped target was presented for only 160 ms and
then was placed 0.5° to the left of fixation. B: amplitude of corrective saccades as a function of the trial number across all participants. Mean amplitude was
calculated with a sliding window of 10 trials. Shaded areas correspond to =1 SD. Blue curve corresponds to values obtained with the classic backstep paradigm
(data from Srimal et al. 2008) and red curve to values obtained with our modified backstep paradigm. Note how the amplitudes of corrective saccades track
learning only in the classic version. C: saccade gain as a function of trial number for a representative participant. An experimental session was divided into 5
phases of 50 trials each: Preadapt, Adapt (A1, A2, A3), and Deadapt. Thin dashed horizontal lines demark the amplitude of the target. Thick solid horizontal
lines correspond to mean saccade gain for each phase. Note how saccade gain decreases in each Adapt phase and then rebounds in the Deadapt phase. D:
distribution of saccade gain changes from Preadapt to A3 phases for each participant.

1 X 1 mm) T1-weighted scans were acquired for registration, seg-
mentation, and display.

Data Preprocessing

Functional imaging data were preprocessed and analyzed with
AFNI (https://afni.nimh.nih.gov/; Cox 1996). The preprocessing of
the functional data contained the following steps. Every image was
upsampled to 2 X 2 X 2 mm. The first two volumes of each run were
discarded to allow for T1 equilibration effects. Images were then
slice-time corrected and were aligned with the first TR of the first run.
All images were smoothed with a Gaussian kernel (full width at half
maximum = 4.0 mm), and finally the fMRI signal was scaled to 100.
The anatomical scan was also aligned with the volume of the first TR
of the first functional run to allow activity localization. After this
alignment, it was normalized to the Montreal Neurological Institute
(MNI) space (template N27caez in AFNI) to allow the normalization
of functional statistical results with the command @auto_tlrc of
AFNIL.

JMRI Design and Statistical Analyses

Each participant performed 10 runs, 25 trials each, that each lasted
284 s (142 TRs). The duration of a trial was pseudorandomly chosen
from a gamma distribution ranging from 4 to 14 TRs, where 70% of
all trials had a duration of 5—8 TRs. The visual target occurred at the
beginning of the first TR plus 0-200 ms (50-ms step) to introduce
some temporal uncertainty. The first two runs were always baseline
Preadapt trials, followed by six runs of Adapt trials and finished with
the last two runs of the Deadapt trials.

After the preprocessing, images were analyzed in native space for
each participant by the general linear model (GLM) approach with the
3dDeconvolve function of AFNI. This function allows creation of
polynomial regressors (3rd-order polynomial, 4 regressors) separately
for each run to account for baseline level and slow drift of signal. Six
regressors were also created to account for potential activity variation
related to head movements. To search for activity variations related to
the task we ran four separate GLMs. In the first, we used a regressor
with delta functions time-locked to saccade initiation and convolved
with the default hemodynamic function in AFNI (GAM). This regres-
sor modeled each visually guided saccade across all five phases of the
experiment. 3 values for this regressor allowed evaluation of transient
blood oxygen level-dependent (BOLD) variation related to saccades.
The second GLM modeled the first four trial phases (Preadapt, Al,
A2, and A3). We split the Adapt phase into three blocks, A1, A2, and
A3, so we could estimate several combinations of BOLD variation
during the experiment (e.g., Preadapt vs. Al to measure changes at the
beginning of the adapt phase). We also ran follow-up GLMs that
allowed us to conduct parametric analyses of learning-related changes
during the three Adapt phases. As in the first GLM, we modeled each
saccade with a delta function. To estimate BOLD changes associated
with a decrease in saccade gain during adaptation, we scaled the
height of each delta function of a second regressor by the gain change
of that saccade (trial n) relative to the previous saccade (trial n — 1I).
Values for this regressor were demeaned for orthogonalization and
convolved with a hemodynamic response function. Only saccades
showing a gain decrease were modeled, in order to target adaptation
specifically. To control for changes associated with random fluctua-
tions in saccade amplitude, we ran a parametric analysis aimed at
estimating BOLD changes associated with the reduction in amplitude
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of saccades during the Preadapt phase, in the absence of adaptation.
To make the control analysis as similar as possible, we only modeled
saccades showing a gain decrease from the previous trial. Finally, we
ran another parametric analysis aimed at estimating BOLD changes
associated with the amount of retinal error following each saccade
during the three Adapt phases. Here, the height of each delta function
of a second regressor time-locked to the saccades was scaled by
distance between the backstepped target and the saccade end point.
Because hypermetric errors drive learning, we only modeled saccades
with hypermetria.

For each GLM, group analyses were conducted separately for the
cerebrum and the cerebellum. For the cerebrum, maps of 3 values of
interest, or of difference in 3 values, in native space were normalized
to MNI space with the transformation obtained through the normal-
ization of the anatomical scan (see above). For the cerebellum, to
improve the normalization procedure required for the group analysis
we used the SUIT toolbox [spatially unbiased infratentorial template
(Diedrichsen 2006)]. The cerebellum of each participant was isolated
and normalized to the SUIT atlas. The resulting transformation was
used to bring results of first-level analyses (the 4th GLM described
above) into SUIT space, thus improving alignment (see Diedrichsen
2006).

Group-level analyses consisted of one-way ANOVAs (with phases
as levels) and z-tests on the 8 values or differences in 3 values. For
each group analysis, the level of significance was set initially to P
uncorrected < 0.005 at a voxel level that corresponded to r = 3.580.
To account for multiple comparisons, we used results of Monte Carlo
simulations (AFNI 3dClustSim program) giving the minimum size of
a cluster a threshold of P corrected < 0.05. Results were 250 voxels
for the cerebrum and 150 voxels for the cerebellum, considered
separately because isolated with the SUIT toolbox. The only analysis
for which chosen values were different was that to globally identify
saccade areas in which activations were large and robust. We used a
P uncorrected < 0.002 (+ = 4.033) and a minimum cluster size of
1,000 voxels. For visualization purposes, the surviving clusters were
projected on the cortical surfaces for the Colin 27 brain and on a flat
representation of the cerebellar cortex (SUIT toolbox).

RESULTS
Behavior

We used a modified backstep paradigm with the aim of
inducing saccade adaptation while removing the correlation of
corrective saccade amplitude and the process of adaptation.
Figure 1A depicts example trials obtained with this modified
protocol (Fig. 1A, right) compared with a trial obtained with
the classic backstep paradigm (Fig. 1A, left; data from Srimal
et al. 2008). It should be noted that the corrective saccade was
minimized by displacing the backstepped target near the point
of gaze. Compared with the Preadapt phase, the frequency of
corrective saccades did not change during the Adapt phase
[#(11) = —1.71, P = 0.12]. Critically, the amplitude of correc-
tive saccades was effectively constant across the phases and
thus did not predict learning. Compared with the Preadapt
phase, the amplitudes of corrective saccades did not change
during the Adapt phase [#(11) = —0.70, P = 0.49]. In Fig. 1B,
we plot the amplitudes of corrective saccades across trials in
the Preadapt and Adapt phases. During the Preadapt phase,
small leftward corrective saccades compensate for slightly
hypometric initial saccades, as expected. During the Adapt
phase, small rightward corrective saccades compensate for
overshooting the backstepped target in the classic paradigm,
and the decreasing amplitudes of these corrective saccades
track saccade adaptation closely (Fig. 1B). However, in our

CORTICO-CEREBELLAR NETWORK INVOLVED IN SACCADE ADAPTATION

modified double-step paradigm the rapid placement of the
visual target near the fovea resulted in small leftward correc-
tive saccades that were of the same amplitude across the
Preadapt and Adapt phases (Fig. 1B). Although the amplitudes
of corrective saccades did not change during the phases of the
task, participants still showed strong evidence of saccade
adaptation similar to previous behavioral studies (Noto and
Robinson 2001; Wallman and Fuchs 1998). In Fig. 1C, we plot
the change in saccade gain over the trials in each phase of the
task for a representative participant. Note how the gain of
saccades is just slightly hypometric during the Preadapt phase
and then becomes more and more hypometric during the Adapt
phases. Moreover, one can observe the slow return of the
original gain during the Deadapt phase, when the target no
longer backsteps. In Fig. 1D, we show the distribution of
saccade gain changes during adaptation for each participant.
We computed the gain difference between the Preadapt phase
and the third period of the Adapt phase (A3) for each partici-
pant. A paired #-test comparing mean gain in Preadapt vs. A3
demonstrated a statistically significant decrease in saccade gain
[#(11) = 4.83, P = 0.0005) representing 39% of what would be
a complete adaptation. At the single-participant level, 10 of the
12 participants showed a significant reduction in gain. Overall,
these behavioral results enable us to now examine how BOLD
signal changes in the human brain might predict processes
associated with saccade adaptation without the confounding
influence of corrective saccades.

Imaging Results

Saccade generation. Before analyzing BOLD changes re-
lated to saccade adaptation, we first identified areas active
during the production of visually guided saccades without
regard to the experimental phase. This analysis verified the
sensitivity of our measurements and identified the classic
saccade network (Curtis and Connolly 2008; Grosbras et al.
2005; Lynch and Tian 2006) (Fig. 2). Particularly strong
responses were noted in dorsolateral frontal and parietal cortex,
including the precentral and intraparietal sulcus. Along the
medial wall, we observed responses in the paracentral sulcus,
the dorsal anterior cingulate, and the precuneus. Classic visual
areas in occipital cortex were also active, because of the visual
saccade targets and other visual inputs sweeping across the
retina with saccades to the target and back to fixation. Saccades
drove activity in the cerebellum, too. This included the ocul-
omotor vermis, in lobules VI and VII, and the lateral cerebel-
lum, in lobules VI and VIIb/VIIa. Recall that our task involved
making 16° leftward saccades on each trial. Not surprisingly,
we found that generating visually guided leftward saccades
caused slightly larger BOLD activity in the right cortex and the
left cerebellum. This aligns with the contraversive control of
saccades in cortex and the ipsiversive control of saccades in the
cerebellum. Moreover, we find this although participants al-
ways made rightward saccades to acquire fixation and begin
the next trial.

Adaptive processes. Our next goal was to identify brain
areas whose activity changed during the course of adaptation.
We conducted a group-level repeated-measures ANOVA on
the B estimates for each phase (4 phase levels: Preadapt, Al,
A2, A3), which resulted in no cluster surviving the threshold
for multiple comparisons (see MATERIALS AND METHODS). A
closer examination of the data suggested a couple of reasons
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t-value

for this null result. First, several participants showed quite
strong changes across the phases, and these participants were
the ones who showed the strongest behavioral evidence of
saccade adaptation. Second, the bulk of the learning, based on
rate of change of the saccade gain, was most limited to the first
phase of the adapt period (Al). Thus we conducted another
ANOVA, limiting the analysis to the Preadapt and Al phases
and using each participant’s level of saccade adaptation as a
covariate (Fig. 34). In fact, Desmurget et al. (1998, 2000) used
this exact same procedure to identify cerebellar activity during
learning. We simply computed the saccade gain change be-
tween the Preadapt and A1 phases for each participant and used
this as a covariate in the analysis testing for differences in
BOLD activity between Preadapt and Al phases. In Fig. 3B,
we plot the distribution of gain changes that were used as the
covariate. Now, when taking into account the adaptation level
of each participant, we found three statistically significant
clusters (Fig. 3A, Table 1). In the left oculomotor vermis (Crus
I and II regions of lobule VIIa) and the right precuneus, we
found that increases in BOLD activity in the Al phase com-
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Fig. 2. Cortical and cerebellar activity during
visually guided saccades. 7-Statistic maps are
projected onto an inflated model of the left
and right hemispheres of the human brain
(lateral and medial views), where dark gray
corresponds to the sulcal folds and light gray
to the gyral convexities. For the cerebellum,
the results are projected on a flat representa-
tion of the cerebellum. Roman numerals de-
note cerebellar lobules according to the Lar-
sell notation (Schmahmann et al. 2000). Note
the larger activations in the right cortex and in
the left cerebellum during leftward saccades.

Vlla/ Crus1

Vlla / Crus2
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Vllla
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pared with the Preadapt phase were larger in participants
whose saccades adapted the most. We also found one area, an
intermediate region of the right cerebellum (Crus II), whose
BOLD activity decreased in A1 compared with Preadapt, again
as a function of the level with which participants’ saccades
adapted. Curious about the two participants whose saccade
gain increased between the Preadapt and Al phases (Fig. 3B),
we plotted for each of these three clusters the difference
between the 3 values in these two phases against each partic-
ipant’s saccade gain change (Fig. 3C). Here, one can clearly
see the linear relationship between changes in BOLD activity
and changes in saccade gain during learning. Interestingly, the
two participants who showed gain increases showed BOLD
decreases in the right precuneus and left oculomotor vermis.
Next, we expanded our search for learning-related signals
across the all three Adapt blocks. The efficacy of the mecha-
nisms that support learning likely varies randomly across trials.
Indeed, behaviorally one can see variability in the reduction of
saccade gain during the course of adaptation (Fig. 1C). We
reasoned that trials in which the saccade gain decreased rela-
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A

Fig. 3. Cortical and cerebellar activations related to adap-
tation of saccades. A: results of the group analysis for the
contrast between the Preadapt and Al (Adapt) phases.
During the first phase of Adapt when the saccade gain
decreased the most, blood oxygen level-dependent
(BOLD) signal increased in the oculomotor vermis (lobule
VIla) and on the medial wall of the parietal cortex, in the
right precuneus. There was also a decrease in activity in
the right cerebellar hemisphere (lobule VIIb/Crus 2). B:
mean gain change between these 2 phases for each partic-
ipant, which was entered as a covariate in the general
linear model (see MATERIALS AND METHODS). C: for each
cluster in A, we graph the covariation between the change
in BOLD signal (B) during saccade adaptation and the
degree of saccade gain change during adaptation.

tive to the previous trial were trials in which the mechanisms
that drive learning were most robust, and more likely to be
measurable. Therefore, we identified these trials in each par-
ticipant and calculated the gain difference between frial n and
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trial n — 1 for all trials in the Adapt phase (Al, A2, and A3).
We then ran a GLM analysis, again focused on trials when the
saccade gain decreased, that used the size of this gain differ-
ence as a parametric regressor; each saccade was modeled by

Table 1. Location and size of significant clusters of activations in each of the GLMs
MNI Coordinates of Maximum, mm
Hemisphere X Y VA Cluster Size, voxels P (cluster)
GLM phase Al vs. Preadapt, with gain change as a covariate
Cerebellar vermis lobule VIIa (Crus 1 and 2) L -7 =79 —30 903 <0.001
Cerebellar hemisphere (Crus 2) R 25 —62 —42 552 <0.001
Precuneus R 4 —65 51 261 <0.03
GLM parametric regressor: gain change from trial n — 1 to trial n
Supramarginal gyrus R =35 49 347 <0.005
Precuneus R 11 —69 46 334 <0.005
GLM parametric regressor: error (hypermetria)

Calcarine gyrus L —10 —60 -1 11,091 <0.001
Calcarine gyrus R 21 —62 10 8,063 <0.001
Superior occipital gyrus (V3A) R 19 —80 25 4,132 <0.001
Superior occipital gyrus (V3A) L —24 —78 24 3,127 <0.001
Parieto-occipital sulcus L —-13 -73 21 1,235 <0.001
Parieto-occipital sulcus R 20 —60 27 1,025 <0.001
Cerebellar hemisphere lobule VI R 23 =71 —21 791 <0.001
Cerebellar hemisphere lobule V L -6 —61 -7 736 <0.001
Intraparietal sulcus L —27 —58 47 730 <0.001
Precentral sulcus R 40 =7 54 652 <0.001
Anterior insula R 57 11 -2 576 <0.001
Temporo-parietal junction R 60 —41 25 486 <0.005
Medial superior frontal gyrus R 6 -1 58 255 <0.03

GLM, general linear model; L, left; MNI, Montreal Neurological Institute; R, right.
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a delta function whose height was scaled by the demeaned
difference in saccade gain. This analysis produced two signif-
icant clusters after correction for multiple comparisons. The
same region of the right precuneus identified by the previous
analysis was again observed, providing further evidence for its
role in the saccade adaptive process (Fig. 4A4). Although the
exact coordinates slightly differed (Table 1), lowering the
threshold (P = 0.01 rather than P = 0.005) resulted in a
complete overlap of the two clusters (not shown). On the
lateral parietal cortex, increases in activity in the right supra-
marginal gyrus also predicted significant trial-to-trial gain
changes (Fig. 4B). We wanted to rule out that these results
could be driven by trial-by-trial gain decreases in saccade
amplitude unrelated to changes due to adaptation. Thus we
performed a control analysis using the data from the Preadapt
phase. Indeed, the mean change in saccade gain between two
consecutive trials showing a gain decrease during the Preadapt
phase trended toward being smaller compared with the Adapt
phases [1.03° vs. 1.27°% #(11) = 1.99, P = 0.07]. Therefore,
using data from the Preadapt phase, we ran another parametric
GLM analysis in which we modeled each saccade as a delta
function whose height was scaled by the demeaned difference
in saccade gain. No voxels were significant, suggesting that our
findings with regard to the precuneus and supramarginal gyrus
were not due to random changes in saccade amplitude but
instead were due to learning.

Saccade targeting errors. Adaptive processes are initiated
when motor errors are detected. Next, we aimed to identify
areas in the brain whose activity is involved in the detection
and/or processing of these motor errors. We used the amplitude
of saccade error induced by the backstepped target as our
measure of motor error. This metric is also the degree of retinal
error between the visual target and the saccade landing posi-
tion. We ran a GLM analysis that used the size of saccade error
as a parametric regressor; each saccade was modeled by a delta
function whose height was scaled by the demeaned saccade
error. The goal of learning was to reduce hypermetria induced
by the backstepped target, and saccade hypermetria and hy-
pometria are represented differently in the brain (Liem et al.
2013; Pélisson et al. 2010). Therefore, we focused on the
hypermetric saccade errors that may be driving learning. We
find that the size of saccade error evoked large bilateral
activations in visual areas (calcarine sulcus), in the parieto-
occipital sulcus, and in the superior occipital gyrus (Fig. 5).
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Saccade error also drove activation in the left hemisphere of
the intraparietal sulcus and the right hemisphere of the superior
precentral sulcus, the paracentral sulcus, and the temporo-
parietal junction. Consistent with Blurton et al. (2012), we
observed activity in the insula, but only in the right hemi-
sphere. Finally, two clusters in the cerebellum were sensitive to
the amplitude of saccade errors, including the left cerebellum
(lobule V) and the right cerebellum (lobule VI), both of which
were identified by general saccade generation (Fig. 2).

DISCUSSION

Using fMRI and concurrent eye tracking, we aimed to
identify a network of human cerebral and cerebellar brain areas
involved in saccade adaptation. Moreover, by using a modified
version of the classic backstep paradigm and modeling fMRI
responses conditioned on parametric measures associated with
learning, we both avoided confounds and isolated subprocesses
of saccade adaptation. In summary, we observed clear behav-
ioral evidence of saccade adaptation even when the duration of
retinal error was so short that corrective saccade amplitude did
not track learning. This was critical because it allowed us to
then isolate signals related to learning and not corrective
saccades. We found that activity in the oculomotor vermis
increased during saccade adaptation in a manner that was
proportional to the strength of adaptation within the learner.
We found a similar pattern in a cortical area on the medial wall
of the parietal cortex, in the precuneus. A follow-up analysis
showed that activity in the precuneus also tracked the trial-to-
trial reductions in saccade gain during adaptation, further
supporting its role in saccade learning. Distinct from these
learning effects, we found that portions of the dorsolateral and
dorsomedial frontal and occipital cortex responded in a mono-
tonically increasing manner as the postsaccade retinal error
grew. Below, we interpret these findings in the context of
previous theoretical and empirical work.

Lesions to the monkey (Barash et al. 1999; Optican and
Robinson 1980; Robinson et al. 2002; Takagi et al. 2003) and
human cerebellum, more specifically the dorsal part of the
vermis known as the oculomotor vermis (Alahyane et al. 2008;
Straube et al. 2001; Tseng et al. 2007; Waespe and Baumgart-
ner 1992), impair oculomotor learning. Transcranial magnetic
stimulation of the human oculomotor vermis impairs saccade
adaptation (Jenkinson and Miall 2010; Panouilleres et al.

Fig. 4. Activity in contraversive precuneus
(A) and supramarginal gyrus (B) track reduc-
tions in gain during saccade adaptation.
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Fig. 5. Cortical and cerebellar activations
obtained in the parametric analysis based on
the size of saccade error introduced by the
target step. Blood oxygen level-dependent
(BOLD) variations with amplitude correlated
to the size of the error were found bilaterally
in the calcarine sulcus, in the parieto-occipital
sulcus, and on the superior occipital gyrus.
One cluster was found in the intraparietal
sulcus of the left hemisphere and 2 others in
the frontal cortex of the right hemisphere: 1
in the precentral sulcus and 1 on the medial
superior frontal gyrus. Activations were also
observed in the right anterior insula and in the
right temporo-parietal junction. Two clusters
were found in the cerebellum (left lobule V
and right lobule VI).

2012). Using PET, Desmurget et al. (1998, 2000) demonstrated
that blood flow in the oculomotor vermis bilaterally increased
during saccade adaptation and this increase depended on the
degree to which individuals adapted. We replicate and extend
their results here. We found that BOLD signal increased during
adaptation proportional to the strength of adaptation within
each learner and did so selectively in the ipsiversive oculomo-
tor vermis. The higher spatial resolution of fMRI over PET and
our improved registration of cerebellums both may have al-
lowed us to measure the lateralized effect. Indeed, electric
microstimulation of the macaque oculomotor vermis evokes
ipsiversively directed saccades with very short latencies (~15
ms) (Fujikado and Noda 1987). Purkinje cells in the oculomo-
tor vermis send inhibitory efferents through the caudal fastigial
nucleus that influence the metrics, including the amplitude, of
saccades via their direct effects on the brain stem (Yamada and
Noda 1987). For example, this inhibitory circuit could dampen
the amplitude of saccades by reducing their duration. Consis-
tent with our results, unilateral injection of muscimol to caudal
fastigial nucleus in monkeys causes hypermetric ipsiversive
saccades (Robinson et al. 2002), and one would predict that
during learning where saccades are adapting toward hypome-
tria, the ipsilateral cerebellum would be most important. The
fMRI study of saccade adaptation by Blurton et al. (2012) did
not find learning-related effects in the oculomotor vermis,

CORTICO-CEREBELLAR NETWORK INVOLVED IN SACCADE ADAPTATION

perhaps because they did not use learning performance as a
covariate.

Interestingly, our findings suggest that the dorsal precuneus
may be a key cortical area in oculomotor learning. We found
that BOLD signal in the contraversive precuneus increased
during adaptation proportional to the strength of adaptation.
Moreover, activity in the precuneus predicted trial-to-trial
reductions in saccade gain during adaptation. To the best of our
knowledge, this is the first time that the precuneus has been
linked to reactive saccade adaptation. Previous imaging studies
did not include it in the list of a priori ROIs (e.g., Blurton et al.
2012; Desmurget et al. 1998, 2000), although the dorsal pre-
cuneus is considered to be a part of the saccade network
(Cavanna and Trimble 2006; Margulies et al. 2009) and sac-
cade production reliably evokes activity in the human precu-
neus (e.g., Berman et al. 1999; Grosbras et al. 2005; Lynch and
Tian 2006; Miiri 2006). We too find strong responses in the
dorsal precuneus during saccade generation regardless of learn-
ing (Fig. 2). Interestingly, the adaptation of voluntary, but not
reactive, saccades activates a nearby area (Gerardin et al.
2012), in contrast to the present results, suggesting that future
work needs to address to what degree different mechanisms are
involved or if these differences are the result of different
experimental methods. This cortical area in humans may cor-
respond to a medial parietal (MP, PGm, or 7m) area in
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macaques (Cavanna and Trimble 2006; Kravitz et al. 2011;
Leichnetz 2001; Pandya and Seltzer 1982; Thier and Andersen
1998). MP is interconnected with the oculomotor network,
including the frontal eye field, lateral intraparietal area, and the
intermediate layer of the superior colliculus (SC) (Leichnetz
2001). Intriguingly, microstimulation of neurons in the MP
evokes saccades, but the amplitude of these evoked saccades
depends on the starting orbital position of the eye (Thier and
Andersen 1998). A gaze shift to acquire a target in retinal space
is naturally composed of both eye and head movements, and as
the amplitude of the gaze shift increases so does the contribu-
tion from the head. Perhaps under natural conditions outside of
the scanner where head movements are allowed, the fairly
large 16° saccades made by participants would contain a
substantial mixture of head movements. Nonetheless, the fact
that activity in the precuneus tracked learning under these
circumstances may suggest that its involvement at the cortical
level could facilitate the combined adaptation of gaze shifts of
both the eye and the head. Although trials varied in the starting
position of the eye in the orbit, they did so randomly across
trials during the Preadapt and Adapt phases and therefore
cannot account for these findings.

Similar to the precuneus, activity in the right anterior infe-
rior parietal lobule (alPL), specifically in the supramarginal
gyrus, also predicted trial-to-trial reductions in saccade gain
during adaptation. Unlike the precuneus, the magnitude of
adaptation did not modulate its activity. Therefore, these two
parietal areas likely make distinct contributions to saccade
adaptation. The alPL has been linked to a diverse set of visual,
spatial, and motor functions, including both visual and motor
adaptation (Chapman et al. 2010; Diedrichsen et al. 2005;
Girgenrath et al. 2008). Damage to right alPL causes hemine-
glect (Heilman et al. 2000; Mort et al. 2003), and its activity
changes with attention state changes (Corbetta and Shulman
2002; Singh-Curry and Husain 2009). Some have argued that
the alPL plays an important role in motor attention, rather than
visual or spatial attention, with the important distinction that
attention is directed toward components of an effector in
preparation for action rather than toward the features of exter-
nal cues (Curtis and Connolly 2008; Rushworth et al. 2001a,
2001b). Such attention signals may be important for adaptive
processes whether or not they impact the overall rate or degree
of adaptation.

Adaptation begins when a motor error is detected. To study
the mechanisms that maintain the calibration between the
visual and motor systems, we artificially induced motor errors
with intrasaccadic displacements of the target. We found that a
number of cerebral and cerebellar areas tracked the size of
saccade errors during the Adapt phase (Fig. 5). We found two
clusters in the cerebellum whose activity tracked the size of
saccade errors. These were surprisingly not in the oculomotor
vermis but in left lobule V and right lobule VI. One previous
fMRI study designed to identify regions of the cerebellum
sensitive to saccade error reported that errors near what our
participants experienced (~2°) were associated with greater
cerebellar activity in lobule VI than larger (~5°) errors (Liem
et al. 2013; see also Schlerf et al. 2012). During arm reaches to
visual targets that are displaced during the reach, targeting
errors activate portions of the posterior parietal cortex similar
(Diedrichsen et al. 2005) to what we observed during saccades
to displaced targets. This may indicate that the process of
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monitoring the consequences of motor error is not specific to
the effector adapting. The literature is not consistent here,
however, as reaching errors induced by prism glasses activate
a different part of the intraparietal sulcus (Luauté et al. 2009)
compared with what we found with saccades, indicating that
there may indeed be some effector specificity.

Unlike Diedrichsen et al. (2005) and Luauté et al. (2009), we
also find that in both the dorsolateral premotor and dorsomedial
supplementary motor portions of frontal cortex, activity tracks
the size of the saccade error. The areas where we found that
errors are encoded, the superior precentral sulcus and paracen-
tral sulcus, are thought to be the human homologs of macaque
oculomotor areas frontal eye field and supplementary eye field,
respectively (Curtis and Connolly 2008; Curtis and D’Esposito
2003; Miller et al. 2005). Therefore, the representation of error
appears to be distributed in frontal and parietal cortex. Blurton
et al. (2012) reported that activity in the dorsomedial frontal
cortex decreased during saccade adaptation proportionally to
the amount of adaptation, suggesting that it was an important
area for oculomotor learning. However, the change in ampli-
tude of saccade errors across learning, and the fact that such
change would result in the smallest errors in participants with
the greatest amount of adaptation, suggests that their effects
could be driven by error processing and not learning. When we
avoided that potential confound, we found that the dorsomedial
frontal cortex tracks saccade errors and not adaptation per se.
Similarly, the changes in activity in the temporo-parietal junc-
tion during saccade adaptation reported by Gerardin et al.
(2012) may be driven by the difference in the visual target on
the retina and current eye position following saccade errors.
We find no evidence of learning-related signals in that area but
do identify a small area nearby that does track saccade error.

Interestingly, in our task we always adapted leftward sac-
cades, and since we used a backward step, the target error was
always toward the right visual hemifield. Perhaps this explains
the laterality of our findings. In frontal cortex, we find saccade
error representations in the right superior precentral sulcus and
paracentral sulcus, in the hemisphere contralateral to the sac-
cade direction. In the parietal cortex, we find error representa-
tions in the left intraparietal and parietal-occipital sulcus, in the
hemisphere contralateral to the retinal position of the visual
saccade target. Indeed, neurons in the right premotor cortex of
the macaque track the errors in the left arm while reaching
(Inoue et al. 2016), consistent with our observations. More-
over, electrical stimulation of the left SC just after the saccade
can introduce an error signal that drives adaptation, causing a
gain decrease for leftward saccades (Kaku et al. 2009; Kojima
et al. 2007; Soetedjo et al. 2009). It is plausible that the lateral
parietal areas, which are connected with the SC, could also
represent the contralateral visual error. Thus the visual and
motor aspects of error might be differentially represented in the
parietal and frontal cortex, possibly in different coordinate
frames for vision and action.

These results have implications for theories of saccade
adaptation if we consider the several subcomponents of sen-
sorimotor adaptation within the control theory of motor learn-
ing (Shadmehr et al. 2010). Control of the eyes may involve an
internal model that alters motor commands based on a feed-
forward model shaped by previous motor errors. In this frame-
work, the feedforward model computes the predicted sensory
consequences of saccades. Errors arise when the sensory con-
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sequence of a movement mismatches the predicted conse-
quence (Miall and Wolpert 1996). The cerebellum is thought to
house neurons that act as a forward model that computes
sensory prediction errors (Popa et al. 2016; Shadmehr et al.
2010; Sokolov et al. 2017; Streng et al. 2017). Our results
provide additional support in the following ways. We found
that activity in the oculomotor vermis increased during the
adaptation of ipsiversive saccades, and the strength of this
effect was proportional to the strength of adaptation within the
learner. We did not observe learning-related activity during the
later blocks of that Adapt phase (A2 and A3), when very little
gain changes were observed in our participants, and we did not
observe significant changes that predicted trial-to-trial gain
changes across the entire Adapt phase. Moreover, the contri-
bution of the cerebellum to saccade learning is unrelated to
corrective saccades that could be used as a motor teaching
signal and unrelated to the size of the saccade error during
adaptation. Setting aside obvious issues related to the sensitiv-
ity of our measurements, we take the oculomotor vermis
findings at face value. Doing so, we conclude that if the
cerebellum acts as a forward model, it only adapted during the
very first block of the Adapt phase (Al) and did so only in
individuals who showed behavioral evidence of learning. Our
modification of the classic double-step saccade adaptation
experiment allowed us to rule out that the metrics of corrective
saccades drove our measurements of learning. The mecha-
nisms, whether visual feedback (Becker and Fuchs 1969; Tian
et al. 2013) or extraretinal in nature (Collins and Wallman
2012; Weber and Daroff 1972), that prepare corrective sac-
cades operate not only after the end of but also simultaneously
with the preparation of primary saccades. If corrective sac-
cades adapt along with primary saccades, the patterns of fMRI
activation that we measured could be influenced by these
adaptive mechanisms as well. However, the most parsimonious
explanation is simply that our results are driven by the mech-
anisms that adapt primary saccades.

In the dorsomedial precuneus, we found increased activity
during the adaptation of contraversive saccades, and again the
strength of this effect was proportional to the strength of
adaptation within the learner. Here, however, we did observe
learning-related activity that predicted trial-to-trial gain
changes throughout the Adapt phase, when one could argue it
had very little effect on the overall reduction in measured
saccade gain. Given that the position of the eye in the orbit is
encoded by the neurons in a putatively homologous area in the
macaque (Thier and Andersen 1998), we can speculate that it
could help compute an inverse model of saccade control. To
compute the saccade command, an inverse model needs to
know the starting position of the eye. We may have potentiated
this area with the use of multiple eye positions during our task,
although this was not intended. Perhaps during the Adapt
phase, saccade errors initiated updates to an inverse model
encoded in the precuneus. Indeed, macaque area MP (aka 7m)
shows strong spatially tuned postsaccade responses that are
modulated by the current position of the eyes (Raffi et al.
2007). These quantities would be useful for computing inverse
models of saccade control and adaptation. Optimal calibration
of visually guided movements might depend on a control
system that utilizes cooperating, but not necessarily synchro-
nized, forward and inverse models of motor control (Aprasoff
and Donchin 2012; Chen-Harris et al. 2008).
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