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Abstract

Humans readily learn and remember new motor skills, a process that likely underlies adaptation to
changing environments. During adaptation, the brain develops new sensory-motor relationships,
and if consolidation occurs, a memory of the adaptation can be retained for extended periods.
Considerable evidence exists that multiple brain circuits participate in acquiring new sensory-
motor memories, though the networks engaged in recalling these and whether the same brain
circuits participate in their formation and recall has less clarity. To address these issues, we
assessed brain activation with functional MRI while young healthy adults learned and recalled
new sensory-motor skills by adapting to world-view rotations of visual feedback that guided hand
movements. We found cerebellar activation related to adaptation rate, likely reflecting changes
related to overall adjustments to the visual rotation. A set of parietal and frontal regions, including
inferior and superior parietal lobules, premotor area, supplementary motor area and primary
somatosensory cortex, exhibited non-linear learning-related activation that peaked in the middle of
the adaptation phase. Activation in some of these areas, including the inferior parietal lobule,
intra-parietal sulcus and somatosensory cortex, likely reflected actual learning, since the activation
correlated with learning after-effects. Lastly, we identified several structures having recall-related
activation, including the anterior cingulate and the posterior putamen, since the activation
correlated with recall efficacy. These findings demonstrate dynamic aspects of brain activation
patterns related to formation and recall of a sensory-motor skill, such that non-overlapping brain
regions participate in distinctive behavioral events.
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Sensory-motor adaptation occurs when an environmental perturbation alters performance to
create a mismatch between predictions and outcomes. To restore normal function, the brain
creates or updates new sensory-motor relationships based on error signals and stores them
for future use. A common method to assess behavioral and brain correlates of sensory-motor
adaptation entails using visual-motor adaptation to induce a discrepancy between movement
direction and its visual representation (Krakauer et al. 2005), which yields rapid
improvements in accuracy, followed by more graduate accuracy improvements, and finally
in automaticity. To determine whether new sensory-motor relationships have formed, one
can measure after-effects, characterized by reaching errors opposite to the original
perturbation (Shadmehr and Mussa-Ivaldi 1994) or savings, by comparing performance
during recall to that observed during initial learning (Krakauer et al. 2005).

How the brain mediates adaptation to perturbations to maintain or to restore performance
and how it recalls acquired motor memories remains incompletely specified, especially at
the systems level. Typically, brain representations of a memory shift across brain regions
during its formation and evolution towards automaticity (Frankland and Bontempi 2005;
Kelly and Garavan 2005). Although, several brain areas have clear involvement in sensory-
motor adaptation, including cerebellar and basal ganglia structures and fronto-parietal
cortices (Doyon and Benali 2005; Kelly and Garavan 2005; Shadmehr and Krakauer 2008),
a comprehensive accounting of brain activation related to the formation and recall of motor
memories related to visual-motor adaptation has not emerged. Specifically, can brain regions
that mediate sensory-motor adaptation, much like those engaged during learning and
rehearsing arbitrary visual-motor associations (e.g., Bédard and Sanes 2009; Eliassen et al.
2003), become differentiated by their role(s) across dynamic processes that mediate initial
adaptation, or error reduction, short-term rehearsal, and immediate recall?

Prior work has implicated cerebellar processing during an initial error reduction phase but
also upon recalling acquired memories (Debas et al. 2010; Shadmehr and Holcomb 1997;
but see Nezafat et al. 2001), while others have demonstrated basal ganglia involvement in
recall but not learning (Bédard and Sanes 2011; Marinelli et al. 2009). The posterior parietal
cortex (PPC, Della-Maggiore et al. 2004) and primary motor cortex (M1, Orban de Xivry et
al. 2011) appear to become engaged during a period when errors have declined substantially
and rehearsal has likely just begun, thus, after initial formation of new rules to sensory
perturbations. These studies showed that disrupting processing in PPC or M1 with
transcranial magnetic stimulation (TMS) early in learning, when errors are high, had little
effect on adaptation; however, applying TMS later in learning, when errors are low, yielded
less adaptation. Collectively, these findings suggested existence of variegated brain
networks that become engaged as humans pass through various phases of sensory-motor
adaptation.

Despite the existing knowledge, it remains unclear whether M1 and PPC have similar
involvement during visual-motor adaptation relying on processes other than force-field
adaptation (Diedrichsen et al. 2005; Rabe et al. 2009). Furthermore, other brain areas might
have more involvement during rehearsal than during initial rule formation. Finally, few
studies have examined brain processes when humans recall visual-motor adaptations. Thus,
prior work has either not completely assessed sensory-motor adaptation at the systems level
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or has not assessed whether individual brain regions have involvement during specific
phases of early adaptation, rehearsal or recall.

We used functional MRI to measure whole brain activation during formation and immediate
recall of a visual-motor adaptation memory. We hypothesized that cerebellar structures
would have involvement in error reduction, exhibiting activation function that would adhere
to an exponential or power trend, and thus, cerebellar activity should correlate with
adaptation rates. By contrast, we reasoned that M1 and PPC will have maximal activation
after the initial error reduction phase occurred, reflecting the formation of a new sensory-
motor memory as showed in prior TMS studies (Della- Maggiore et al. 2004; Orban de
Xivry et al. 2011). Finally basal ganglia structures would show activation changes during
recall (Bédard and Sanes 2011; Marinelli et al. 2009).

We recruited 14 participants from the local community (mean age of 24 + 4 yr; seven
females) all right-handed as assessed by a modified handedness scale (Oldfield 1971). No
participant had a history of neurological or sensory-motor disorder. All participants provided
written informed consent according to established and approved Institution Review Board
guidelines for human participation in experimental procedures at Brown University. We
adhered to the principles of the Declaration of Helsinki. Participants received modest
monetary compensation.

Tasks, Apparatus and Procedures

Participants performed a goal-directed, center-out movement task (Girgenrath et al. 2008;
Graydon et al. 2005; Seidler et al. 2006) consisting mainly of wrist movement using an
MRI-compatible joystick (Mag Design and Engineering, Sunnyvale, CA). They used their
right hand while laying supine in the MRI system with the right arm, in a semi-prone, fully
extended position beside their right side. Participants wore a set of headphones for ear
protection and communication with the experimenter. All visual stimuli appeared on a
projection screen positioned at the rear of the MRI system for viewing stimuli using an
angled mirror mounted on the head coil of the MRI system. The mirror was located ~15 cm
from a participant s eyes. Joystick displacements controlled a black cursor (0.75 cm
diameter; 2.86° of visual angle) on the visual display. Participants always initiated their
movements from a start position that consisted of a black annulus (1.25 cm diameter; visible
throughout the experiment; 4.76° of visual angle) located in the center of the visual display;
participant would then move toward targets that consisted of a black dot (1 cm diameter;
3.8° of visual angle) that appeared either up, right, down or left of the home position at 5.5
cm of eccentricity from the home position (Fig. 1A). Thus, the peripheral targets subtended
an angle of 5.2° (2.6° left and right) from the center of the home position. Targets appeared
in order (up, right, down, and left), one at a time and remained visible throughout a trial. We
designed an event-related experiment with a trial onset asynchrony (TOA) based on
fractions of the fMRI acquisition time (i.e., TR = 2.72 sec see below). We used steps of one-
quarter of a TR, 0.68 sec, thus yielding TOAs of 3.4, 4.08, 4.76, 5.44, or 6.12 sec jittered
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across sets of five trials. We choose a variable TOA to reduce anticipation and promote
rapid adaptation (Bock et al. 2005; Huang and Shadmehr 2007). We used the Windows
version of PsychToolbox v.2.54 (www.psychtoolbox.org, Brainard 1997; Pelli 1997) for
Matlab 6.5 (Mathworks, Natick, MA) to generate visual stimuli and record the joystick
position at 500 Hz.

Using “normal” visual conditions and before entering the MRI system, each participant
received training to acquire the target using a rapid ballistic movement without on-line
movement corrections or substantial curved trajectories. Participants repositioned the cursor
at the home position after each movement. We exhorted participants not to implement on-
line movement corrections since these type of corrections do not necessarily improve
adaptation in healthy individuals (Tseng et al. 2007) and on-line control relies on some of
the brain structures thought to have involvement in learning, such as the cerebellum
(Desmurget et al. 2001; Diedrichsen et al. 2005; Lee and van Donkelaar 2006). Note that
Debas et al. (2010) reported cerebellar activation at recall using a task with on-line
corrections. We believe that our procedures reduced the possible confounds of on-line
correction (see text below on percentages of “corrected” trials).

The experiment had two main conditions. In a Null condition, the cursor accurately
represented the joystick movements without distortion such that forward joystick
movements displaced the cursor upward and backward movements displaced the cursor
downward and right and left joystick movements displaced the cursor right and left. For the
perturbation condition (Fig. 1A), the direction of the cursor was rotated 30°
counterclockwise (CCW) from the joystick trajectory about the home target. Participants
practiced Null trials outside the MRI system for ~40 trials and again inside the MRI system
for another ~40 trials before acquisition of functional MRI data. While we did not
specifically assess training adequacy, we visually ensured that participants executed the
movements as instructed.

The experiment was divided in five segments, each separated by a short break of less than 1
min (Fig. 1B). In the first segment, participants performed 40 Null trials. In each of the
second and third segments, they performed 80 trials of the visual perturbation condition
(cursor rotated CCW by 30°). In the fourth segment, participants performed 80 Null trials
and in the fifth segment, participants performed 80 trials in the perturbation condition. We
acquired functional MR images during all but the fourth segment.

We used a 3T TIM Trio MRI system (Siemens Medical Solutions, Erlangen, Germany) to
acquire anatomical and functional MR images. Participants lay supine inside the magnet
bore with the head resting inside a receive-only eight-channel volume head coil used for
radio frequency reception; the body coil transmitted radio frequency signals. Cushioning and
mild restraint reduced head movements. The magnetic field was shimmed before MR data
acquisition. For the functional data, we generated T2*-weighted gradient echo planar images
(EPI) using the blood oxygenation level-dependent mechanism (Kwong et al. 1992) with TR
=2.72 sec, TE = 28 msec, field of view = 192 mm, image matrix = 64 x 64, flip angle = 90°,
3 mm slice thickness for 3 mm isotropic voxels, and acquired 46 slices per volume to cover
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the whole brain. The MRI system acquired the functional images in an interleaved,
ascending manner and did not collect any data for the first two EPI volumes of each segment
because of T1 saturation effects. We also acquired a high resolution three-dimensional
anatomical image consisting of 160 1 mm sagittal slices (magnetization prepared rapid
acquisition gradient echo sequence, MPRAGE), with TR = 1900 msec, TE = 2.98 msec, 1
mm isotropic voxel, 256 mm field of view. We acquired EPI data during the Null (segment
1), Learning (segments 2 and 3), and Recall (segment 5) collecting 80, 145, 145, and 145
volumes, respectively (Fig. 1B). We acquired the anatomical images during segment 4
(while participants performed 80 Null trials).

Behavioral data analysis

We calculated the cursor trajectory by taking the square root of the sum of squared x and y
coordinates and filtered the data with a low-pass Butterworth filter using a 8 Hz cut-off. We
differentiated the position of the cursor to yield tangential velocity and determined
movement onset when the cursor velocity increased beyond 1% of its peak and movement
end when the cursor velocity declined below 1% of its peak. We measured reaction time
(RT) as the time elapsed between target presentation and movement onset and movement
time (MT) as the time elapsed between movement onset and its end. We measured
movement accuracy by calculating the angle between a line that joined the start position
(central circle in Fig 1A.) to the target with a line that joined the position of the cursor at
movement onset to the position of the cursor at peak velocity. CCW errors were deemed
positive and clockwise (CW) errors negative.

We also aimed to reduce potential confounds related to on-line control since, as noted
above, some brain areas may have common involvement in learning and on-line corrections.
To address this potential confound, we implemented a kinematic analysis to identify trials
that participants likely implemented on-line movement corrections. After reorienting the x
and y coordinates to the straight ahead target, we differentiated them separately to yield
direction (x) and extent (y) velocity profiles, respectively, with the extent component as the
main movement axis. We then used these velocity profiles to determine characteristics of the
movement, particularly whether corrections occurred. We considered a movement having an
on-line correction as one that had either a changed sign in velocity or with a second velocity
burst after the main peak velocity, and further, if the change in velocity (1) occurred at least
120 msec after movement initiation, (2) for which the corrective movement lasted at least 50
msec, and (3) covered a distance of at least 5 cm (for a similar analysis see Bédard and
Proteau 2001; 2004; Chua and Elliott 1993; Khan et al. 2006; Meyer et al. 1988; van
Donkelaar and Franks 1991). With these criteria, we viewed changes in velocity profiles
before 120 msec as reflecting pre-programmed movement intent rather than sensory-based
corrections (Desmurget and Grafton 2000; Saunders and Knill 2003; 2004). By contrast,
small velocity changes occurring at the end of a movement would more likely have relation
to stopping movements (Plamondon and Alimi 1997). Therefore, while some movements
did indeed have curved trajectories, we viewed them as not likely reflecting on-line
corrections, but rather reflecting a planned curved trajectory. Across the group, participants
corrected 3.93 + 4.6% movements across the experiment, thus, a very small percentage of
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the total number of movements. We discarded these corrected trials from all further
behavioral and fMRI analyses.

We grouped trials into bins of 20 trials, yielding two Null blocks, eight Learning blocks, and
four Recall blocks, and computed the means and within-participant variability of reaching
error for each block, using the standard deviation of actual error. We binned trials in blocks
of 20 to increase the strength of the estimated fMRI signal (see below). The binning
procedure retained the characteristics of the learning curve (Fig. 3) reported by others with a
similar paradigm but using fewer trials per blocks. Note, we did not include the first eight
trials of the second Learning segment (learning block 5), and the first eight trials of the
Recall segment (Recall block 1) in the behavioral and functional MRI analyses, thereby
yielding 12 trials (instead of 20) for the fifth Learning block and the first Recall block. The
rationale to exclude these trials related to transitory increases in error after pauses in the
experimental procedures as participants adapt to visual-motor rotations (Krakauer et al.
2005; Seidler et al. 2006; Reis et al. 2009). Omission of these ‘initial’ trials after pauses has
precedence in work investigating behavioral mechanisms of sensory-motor adaptation
(Shadmehr and Holcomb 1997; Caithness et al. 2004; Krakauer et al. 2005). We used
Matlab 7.4 and the R project (www.r-project.org) for statistical analyses of motor behavior.

MRI signal processing and statistical analysis

We used AFNI (Analysis of Functional Neurolmages; Medical College of Wisconsin,
National Institutes of Health: http://afni.nimh.nih.gov/afni, Cox 1996; Cox and Hyde 1997)
and FSL (FMRIB Software Library, http://www.fmrib.ox.ac.uk/fsl, Smith et al. 2004)
software packages to process, analyze and visualize the MR images. We first scaled each of
the EPI time series by their mean and multiplied by 100 to yield percentage signal change
values. We then concatenated these time series and used a six-parameter rigid-body cubic
polynomial interpolation (3dvolreg tool in AFNI) to motion correct these referring to the
third image acquired and adjusted for slice timing offsets. Baseline drift was removed with a
quadratic polynomial during the regression procedures for each MRI segment separately
(see below). We then co-registered and normalized the anatomical and functional data sets
to the MNI152 template (FLIRT tool in FSL) and finally spatially smoothed the functional
data set with a 6 mm full-width half-maximum Gaussian kernel.

For statistical analysis, we initially implemented a first-level analysis (participant-level,
fixed effect). Events of interest comprised the time of the target presentation for each trial in
each of the Null, Learning, and Recall blocks that we then convolved with a gamma variate
function (Cohen 1997) to yield an impulse response function. We then used these reference
functions and the six motion correction parameters as inputs to a multiple regression
analysis (3dDeconvolve tool in AFNI) to estimate the p weights in the functional MRI data
from each block of trials separately. We then used these 5 weights in a second-level group
analysis with participants as a random factor to determine brain representations of (1) error
reduction, (2) learning and (3) recall. To assess learning-related changes, we first subtracted
the estimated [ weights obtained during the two Null blocks (pooled together) from that of
each of the eight learning blocks to yield a more appropriate measure of learning.
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For the first analysis, we aimed to identify brain areas that potentially coded for the rate of
decreasing reaching error during learning. To do this, for each participant, we first averaged
reaching error in blocks of eight trials, thus yielding 20 eight-trial blocks, and then fitted
these reaching error blocks with a power function, y = a * ', with y representing the
reaching error across blocks (n = 20) and x representing the blocks (EzFit toolbox in
Matlab). We used eight-trial blocks as a compromise between fitting the learning curve
using all the data, which commonly exhibits extreme trial-by-trial variability, and a running
average that reduces variability across trials while preserving the behavioral phenotype. This
power function explained on average 45% + 20 of the variance across participants, more so
than an exponential function, y = a * exp(r*x), which explained 30.2% % 19 or a double
exponential, 42% + 24. We then correlated the resulting rate (r) of each participant with their
brain activation obtained during Learning (pooled across all eight learning blocks). We
thresholded the resulting maps by retaining voxels that satisfied a probability threshold of p
< 0.005 corresponding to an R=> 0.661. Then, we corrected for multiple comparisons by first
estimating the spatial structure of the noise in the functional MRI time series using the
3dFWHMXx tool in AFNI by setting as an input the residuals of the time series after the GLM
procedures. Using a threshold of p < 0.05 at the cluster level, an activation cluster needed to
include at least 51 contiguous voxels (alphasim tool in AFNI). The correction procedure
used Monte Carlo simulations to calculate the probability of having a cluster of a certain size
being due to chance (noise) alone. Thus, it computes the probability of a random field of
noise producing a cluster of a given size after the noise is thresholded at a given level.

For the second analysis, we assessed learning-related brain activation. As stated in
Introduction, we aimed to determine whether brain areas exhibited activation patterns that
peaked as performance approached a plateau, as would be predicted from the PPC
stimulation study (Della-Maggiore et al. 2004). Della-Maggiore et al. (2004) found that
TMS directed to PPC disrupted reaching when performance approached a plateau,
suggesting that brain activation in PPC actively contributed to that particular phase of
learning and not during other aspects of the learning process. Our behavioral results showed
that reaching error and reaching variability (Fig. 3A, B) attained a plateau at block 5-6
(block 3-4 of the Learning phase). If brain activation peaks as performance reaches a
plateau, we reasoned that a linearly increasing or a quadratic function (with an inverted “U”
shape) could fit the data reasonably well. Therefore, we used regression methods with linear
and quadratic functions, run independently across all eight learning blocks (3dRegAna tool
in AFNI; note that the program computes increasing and decreasing linear functions as well
as quadratic functions with an “U” or an inverted “U” shape). We report on those voxel
activation clusters that satisfied a probability threshold of p < 0.005, F (1, 110) = 8.2, and
corrected for multiple comparisons at p < 0.05 for 51 contiguous voxels (alphasim tool in
AFNI).

Finally for the last analysis, we assessed recall-related brain activation. Specifically, we
assessed whether the brain activation observed during learning would shift to different brain
areas when participants recalled the memory developed during learning. To assess this
potential outcome, we used t-tests to contrast the activation obtained during Recall (pooled
across the four blocks) to that obtained during the last two blocks of Learning (Shadmehr
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and Holcomb 1997). Here, either an increase or decrease of activation from Learning to
Recall would reveal a shift in activation. We then thresholded these statistical maps on a
voxel basis (p < 0.005, t(13) < or = 3.37) and corrected for multiple comparisons at p < 0.05
for 51 contiguous voxels. Overall, we used the brain atlas of Duvernoy (1991), the
cerebellum atlas of Schmahmann et al. (1999), a navigable web-based human brain atlas
(https://www.msu.edu/~brains/brains/human/index.html), and tools in FSL to localize
activation to brain areas. We have found that these atlases provide more accurate anatomical
localization than the built-in tools of brain imaging platforms.

We also implemented an ROI based analysis focussing only on specific brain areas, that is
the right cerebellum and left putamen, for which we had strong a priori hypothesis about
their role in reducing error and memory recall, respectively. For the cerebellum analysis, we
used the whole right hemisphere with a voxel threshold of p < 0.005 and corrected for
multiple comparisons at p < 0.05 for 24 contiguous voxels. We correlated the brain
activation during the learning phase with the rate of the power function. For the putamen
analysis, because we found a cluster that also encompassed regions of the thalamus and
insula, we decided to restrict the analysis to include only the putamen itself. We used a p <
0.005 and corrected for multiple comparisons at p < 0.05 for 6 contiguous voxels. We
correlated the activation of this regions with the recall success and savings. We used tools in
AFNI to draw the cerebellar and putamen ROI. In each of the two analyses, we determined
the criteria for the minimum number of voxels contained within a cluster by using the same
procedure as mentioned earlier.

Behavioral performance

Figures 2 and 3 illustrate the behavioral outcomes observed across all the experimental
phases. Since the current results have substantial similarity to prior data using the visual-
motor adaptation paradigm (e.g., Krakauer et al. 2005), we describe the current results
succinctly and refer the reader to the figures for details of the inferential statistical tests.
Reaching error and variability (Fig. 3A-B, respectively) remained low in the Null phase,
increased upon introducing the perturbation (block 3) but rapidly decreased to attain an
asymptote level at block 4 (block 5 for variability). At Recall, error (Fig. 3A) was slightly,
but significantly, greater (pooled across the four blocks) than during Learning (last two
blocks), while reaching variability (Fig. 3B) was slightly but significantly lower at Recall
than during Learning. Finally, we assessed savings by by taking the difference in accuracy
between the first and second block of Learning and Recall (Krakauer et al. 2005) and only
found significant effects for the first block (t(13) = 2.63, p < 0.05; t(13) = 0.33, p=0.75)
along with lower variability for the first two Recall blocks compared to the first two
Learning blocks (t(13) = 4.99, p < 0.0005 and t(13) = 3.36, p < 0.005). The gradual
improvement in reaching accuracy and decrease of variability and the presence of after-
effects suggest that participants adapted successfully to the perturbation and formed a new
motor memory, while the presence of savings and the essential similarity of reaching and
variable errors between Recall and late Learning suggested that participants had good recall
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of the motor memory that they developed during Learning, thereby supporting the claim of
successful visual-motor adaptation.

Next, we assessed whether MT or RT (Fig. 3C circles and triangles, respectively) may, by
themselves, have confounded the findings related to reaching error and variability. MT
remained relatively constant across all experimental phases with no significant difference
from the Null to the Learning phase or from late Learning to Recall with no difference
across the eight Learning blocks. Concerning RT, there was a significant increase from the
Null to the Leaning phase but with no significant difference from late Learning to Recall.
During the learning phase RT remained constant from block 3 to block 10. To formally
assess whether a speed-accuracy tradeoff mechanism occurred, which might trivially explain
the neuroimaging results, we regressed MT over reaching error for each participant across
the eight Learning blocks and found no significant relationship between reaching error and
MT (t-test on the slopes coefficients, t(13) = 0.43, p = 0.67). We also applied robust
regression methods to address the possibility that outlying data points may have prevented
rejection of the null hypothesis; this procedure failed to reveal any significant effects.
Concerning RT and reaching error, the same analysis revealed no significant relationship
(t(13) = 0.60, p = 0.56). The fact that RT increased from the Null to the Learning phase
suggested that participants had more difficulty in performing movements under the visually
perturbed conditions. However, since RT remained constant across the Learning phase, an
alternative explanation related to task difficulty would not likely explain the functional MRI
results (see below). Similarly, since RT and MT did not differ between late Learning and
Recall any potential difference in activation between these two task phases would not likely
relate solely to RT or MT. These behavioral results appear to suggest that while participants
formed and recalled new motor memories upon visual-motor adaptation, they did so without
trading speed for accuracy.

While performance changed only slightly after block 4 and 5, the prolonged practice most
likely enhanced memory formation via an over-learning effect stipulating that even after
attaining an asymptotic level of performance prolonged practice enhances long-term
retention (Melnick 1971; Joiner and Smith 2008).

Brain Activation

Learning—We first aimed to identify brain areas that may code for the rate of decreasing
reaching error during learning. Therefore, we correlated the rate of decreasing reaching
error, as measured by a power function, with brain activation during learning (see Methods).
We found no area that exhibited a significant correlation between error and activation using
our statistical thresholds (see Methods). To address the possibility that we had insufficient
statistical power and because we had strong a priori hypothesis about the role of the
cerebellum in reaching error reduction, we restricted our analysis to the right cerebellum
(see Methods; Debas et al. 2010). We found a cluster in a region of the right cerebellum
encompassing portions of Crus-VIIB and Crus-I1 with a non-negligible trend toward a
learning effect (mean R=0.74, max R=0.80; x =30, y = -63 z = -42; 22 voxels, p = 0.07).
Fig. 4B depicts the relationship between the functional MRI signal in the cerebellum and the
learning rate obtained from each participant. To address the question whether outlying data

Neuroimage. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bédard and Sanes

Page 10

points may have unduly affected the results, we used robust regression methods and still
rejected the null hypothesis of no correlation between activation and learning rate (p < 0.01).
We also used a Spearman rank correlation rank test and found a significant correlation for
the cerebellum (R=0.56, p < 0.05). Finally, we also re-analyzed the data removing the data
points associated with the participant that showed a low learning rate and recalculated the
correlation coefficient, finding a significant correlation for the cerebellar cluster (p < 0.05);
thus we believe that these results have robustness. As can be seen, higher learning rates, that
is, faster declines in reaching error, yielded greater brain activation. Although this outcome
strongly suggests a relationship between brain activation and decreasing error, it could also
reflect formation of a new motor memory specifically related to the perturbation. If the
activation in the cerebellum related to learning, rather than merely decreasing error, then the
observed activation should correlate with at least one measure of the quality of a motor
memory, such as after-effects or savings magnitude. However, activation in the cerebellum
did not correlate with after-effects defined as the error in the first cycle (i.e., first four trials)
of that phase (p > 0.25, R< 0.33; note we obtained similar results when using 2, 3 or 4
cycles or even the first block of 20 trials of after-effects). Similarly, the cerebellum
activation did not correlate with savings, defined as the difference in error between the first
block of the Learning and Recall phases (p > 0.24, R < 0.34; note that we obtained similar
results when using the first two trial blocks). Thus, it does not appear that the activation
related to the learning rate reflected formation of new motor memory; instead, the observed
cerebellar activation during Learning seemed more consistent with changes in behavioral
performance, that is, decreased error magnitude or variability.

We next asked whether brain responses during Learning conformed to a linear or a quadratic
fit aiming to provide additional clarity on activation patterns observed during learning (see
Methods for rationale). We failed to find activated clusters with a significant linear fit across
the trials blocks. However, we identified nine clusters with activation conforming to a
significant quadratic fit; all of these clusters exhibited an inverted U-shaped activation
pattern (Fig. 5A, Table 1). We did not find clusters having the reverse relationship, that is, a
U-shaped function, even when using a generously relaxed cluster threshold of p= 0.2. The
activation clusters with the inverted U-shaped activation pattern appeared in the right
parietal cortex involving mostly the inferior parietal lobule (IPL), the left superior parietal
lobule (SPL), the left intra-parietal sulcus (IPS), the left superior temporal gyrus (STG), the
right superior frontal gyrus (SFG) that also included a region that most likely corresponded
to the pre-supplementary motor area (pre-SMA\), a region encompassing the left primary
somatic sensory cortex (S1) and the precuneus on the medial cortical wall (S1/precuneus),
the right S1, left middle occipital gyrus (MOG), and the right prefrontal cortex (PFC). Fig.
5B depicts the functional MRI signal for these clusters across the eight learning blocks.

To complement this analysis, we assessed whether learning-related brain activation in these
areas may have corresponded to metrics of motor memory formation in the context of
visual-motor adaptation, such as after-effects or savings; note that for this analysis we used
the functional MRI signal occurring (and pooled) during blocks 3 to 6 since other blocks
exhibited brain activation indistinguishable from baseline. For analyzing and illustrating the
after-effects, we used the absolute value (i.e., positive values) of the observed error for
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intuitive clarity. A regression analysis revealed that the right IPL, left IPS, left S1-
precuneus, right S1 and and left MOG exhibited activation with a significant positive
correlation to the magnitude of after-effects (Fig. 5C; all p < 0.05, R> -0.48). This positive
correlation indicated that more brain activation was associated with larger after-effects, a
metric of visual-motor memory formation (Shadmehr and Mussa-lvaldi 1994). We failed to
find a significant correlation between brain activation and savings. This outcome suggested
that these structures had a greater role than others in developing new motor memories
related to visual-motor adaptation, but not necessarily in recalling these memories. We also
found that the structures with this non-linear activation profile showed little evidence of any
change in activation during Recall (Fig. 5B, open circle to right of activation profile).

Cognitive strategies—We also asked whether the longer RT observed during Learning
compared to that occurring during the Null phase reflected the implementation of a cognitive
strategy during Learning. One might expect that if the higher RT during Learning related to
implementation of a cognitive strategy, then we would observe a statistically significant
relationship between brain activation and RT, either directly, such as finding correlated
activation with RT, perhaps reflecting different brain processing to implement the cognitive
strategy. When correlating the functional MRI signal of the clusters activated during
Learning with the concurrent observed RT, we found only a single cluster with a significant
negative activation-RT correlation, located in the superior frontal gyrus (R=-0.66, p< 0.01;
SFG in Fig. 5A). The negative sign of the correlation indicates that higher brain activation
was associated with lower RT, which might have inconsistency with the simple minded
notion of higher activation signifying implementation of a cognitive strategy, which
typically would yield higher RT. Furthermore, since RT did not decline once participants
learned the visual rotation, that is, in the final Learning trials when performance stabilized,
also argues against participants implementing a cognitive strategy.

In summary, the analysis on learning rates (Fig. 4 and associated text above) assessed how
the dynamics of behavioral changes occurring during visual-motor adaptation influenced
brain activation. As noted, this analysis suggested that the activation in the cerebellum
related more to error reduction than to formation of a new motor memory, perhaps
consistent with prior reports that reaching error can yield activation in brain areas thought to
have involvement in motor learning (Diedrichsen et al. 2005; Grafton et al. 2008). The
subsequent analyses (Fig. 5 and associated text) identified regions with specific activation
trends related to learning. Differences in behavioral measures (Fig. 3) between the Null and
Learning phases are unlikely to explain these results as they differed markedly from a
quadratic activation pattern. Additionally, our methods and analyses reduced considerably
the confound of on-line corrections.

Recall—We next assessed brain activation related to recall by contrasting the functional
MRI signal obtained during Recall to that acquired late in Learning (Fig. 6A-B; Table 2).
This analysis revealed a cluster in frontal cortex straddling the right ACC and the
frontopolar gyrus, a cluster that included the mid cingulate gyrus and paracentral lobule, a
cluster bilaterally in the cerebellum (CR 1V), a cluster that included the right insula and the
temporal gyrus (inferior to superior portions), and a cluster in the left putamen that also
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included part of the insula and thalamus (labelled putamen in Fig. 6A-B and in Table 2). We
found no brain area that exhibited less activation during Recall than during Learning. To
examine this negative result further, we assessed the contrast of Learning > Recall without
using a cluster thresholding procedure, only finding one activation cluster of two voxels,
located in the left insula, with greater activation during Learning than Recall; thus, we
would conclude that processes related to Recall only yielded relative increases in activation
compared to Learning.

We also considered whether the slightly greater reaching error during Recall than that
observed late in Learning (Fig. 3A) may have yielded the greater activation during Recall
compared to that occurring late in Learning. To assess this possibility, we correlated the
functional MRI signal in these areas with the difference in reaching error between Recall
and Learning and found no area with a significant correlation between error and activation
(all p>0.29). These findings would not seem readily explained by behavioral differences or
a different cognitive strategy between Learning and Recall since reaching error, variability,
RT and MT remained relatively constant between late Learning and Recall. Furthermore,
our procedures and analyzes limited potential confounds due to movement corrections, since
we removed trials with excessive movement corrections. We also confirmed by careful
visual inspection that the MRI system did not unduly distort the EPI sequences in the
regions in prefrontal cortex having significant activation.

Fig. 6B shows the functional MRI signal obtained late in Learning and during Recall. For
the mid-cingulate cluster, the greater activation during Recall appeared driven more by
deactivation late in Learning than by increased signal during Recall. By contrast the
putamen, cerebellum, ACC, and insula/temporal cortex exhibited increased activation during
Recall and either deactivation or no signal change during late Learning.

We next addressed whether the greater activation during Recall might have related to
successful recall of the memory developed during Learning. To assess this possibility, we
first computed an index of recall success by subtracting the reaching error during Recall
(pooled across all four blocks) from reaching error observed late in Learning (blocks 9 and
10 pooled; thus Learning minus Recall), as similarly done with the functional MRI signal.
This index determined how well participants recalled the learned visual-motor adaptation
with higher values indicating better recall ability. Note that because prior work implicated
the basal ganglia in recalling memories formed following visual motor adaptation (Bédard
and Sanes, 2011; Marinelli et al. 2009) and because the cluster found in the putamen also
included part of the insula and thalamus, we implemented a ROI-based analysis to assess the
specific role of the putamen in recall, i.e. without the influence of the insula and thalamus.
We used tools in AFNI to draw a ROI that encompassed only the left putamen to assess
whether the brain activation could correlate to the recall success index. We then thresholded
the voxels with a p < 0.005 and corrected for multiple comparisons with p = 0.05 for 6
contiguous voxels (alphasim tool in afni). This procedure yielded a cluster of 15 voxels, that
is, voxels with significant activation located solely within the putamen. A regression
analysis revealed that the activation in the putamen (Fig. 6C) was significantly related to
recall ability (p < 0.05, R=0.55), thereby associating greater activation in the putamen with
higher recall success. The remainder of the cluster, that is, the regions touching on the insula
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and thalamus, did not exhibit significant relationship with recall or savings (p > 0.05, R=
0.32, p>0.05, R=0.13, respectively). Further, we did the same analysis for the right
putamen and bilateral caudate nucleus, without finding a significant cluster that survived the
statistical thresholds.

Finally, we also implemented an analysis to determine whether the brain activation of the

clusters identified during the Recall phase could have been explained by observed RT and
would then have a possible relationship to participants implementing a cognitive strategy;

we found no cluster with a significant correlation between brain activation and RT (all p >
0.29), thus, finding no evidence of an explicit cognitive strategy during recall.

Discussion

We assessed how the brain forms new motor memories upon visual-motor adaptation and
how brain structures participate in recalling these memories. The most substantial findings
related to an activation shift across different brain regions as participants reduced reaching
error, formed and then recalled the learned visual-motor adaptation, a non-linear pattern of
brain activation during learning, and finding several areas with activation correlated with
after-effects and recall.

Error reduction

We used an adaptation task that initially yields large errors followed by gradual error
reduction with practice, finding activation in the right cerebellum that correlated with error
reduction without obvious relation to after-effects or savings. This outcome suggests that
this region participated in improving performance but not in forming new motor memories.
Although prior results supported cerebellar involvement in similar types of motor learning
(e.g., Criscimagna-Hemminger et al. 2010; Flament et al. 1996; Galea et al. 2010; Imamizu
et al. 2000; Rabe et al. 2009; Sanes et al. 1990; Seidler et al. 2006; Shadmehr and Holcomb
1997; Smith and Shadmehr 2005; Tseng et al. 2007; Werner et al. 2009), our analyses
permitted identifying a cerebellar role during visual-motor adaptation related to decreasing
error. This finding supports the influential idea that the cerebellum updates forward models
that predict the sensory consequences of movements (Shadmehr and Krakauer 2008;
Wolpert and Miall 1996). However, since we found no activation related to measures of
learning new motor memory, such as savings, we propose that the activated portions of the
cerebellum participate in updating but not necessarily consolidating those new sensory-
motor relationships related to visual-motor adaptation.

Learning-related activation

Forming new motor memories related to visual-motor adaptation engaged a different brain
network than error reduction; this network encompassed several neocortical structures
without subcortical involvement (see Fig. 5). While prior work often found learning-related
activation across neocortex, the evolution of brain activity across learning has not typically
reflected a rising and then falling activation pattern (Della-Maggiore and McIntosh 2005;
Girgenrath et al. 2008; Ghilardi et al. 2000; Grafton et al. 2008; Graydon et al. 2005;
Imamizu et al. 2000; Inoue et al. 1997; 2000; Krakauer et al. 2004; Krebs et al. 1998; Seidler
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et al. 2006; Shadmehr and Holcomb 1997; 1999). Luauté et al. (2009) described a similar
inverted U-shaped activation pattern during prism adaption in the cerebellum, but this
pattern peaked when error was low. By contrast, we found that cerebellar activation
corresponded to the rate of error reduction, consistent with a cerebellar role in adaptation.
The difference between the two studies may correspond to task differences since Luauté et
al. (2009) used prism adaptation that directly modifies visual appreciation of the world while
we used a world-based rotation.

The learning-related activation in the parietal lobe (left IPS and right IPL) paralleled the
magnitude of after-effects, a metric of sensory-motor memory formation (Shadmehr and
Mussa-lvaldi 1994). Prior work has already implicated parietal structures in sensory-motor
memory formation (Della-Maggiore et al. 2004; Inoue et al. 1997; Mutha et al. 2011,
Perfetti et al., 2011). However, there remains some controversy whether the left or the right
parietal cortex has more importance for learning. Here, we found bilateral involvement of
two different parietal structures while prior work highlighted a prominent role for the right
(Inoue et al. 1997; Perfetti et al., 2011) or the left parietal lobe (Della-Maggiore et al. 2004;
Mutha et al., 2011). More work should address this controversy especially related to
rehabilitation of patients with vascular related pathology in the parietal lobe. Mechanisms
within the parietal cortex likely integrate sensory information about target and hand
positions to compute a movement plan (Andersen and Cui 2009), a role that relates to
forming new visual-motor maps as required by adaptation to world-related distortions.
Although visual-motor adaptation is visually based, proprioceptive recalibration also likely
accompanies it (Cressman and Henriques 2011), an outcome that likely explains the
observed S1 activation.

The non-linear activation pattern during Learning suggests specific roles of neocortical
structures in sensory-motor memory formation but not to performance. First, this activation
pattern had little evident relationship to reaching error or variability, MT or RT. Early in
Learning, participants actively reduced error and started developing associations between
the rotated world and motor commands. The slow rise of activation during Learning could
reflect the initiation of the associative process, the peak in the middle of learning perhaps
reflected its cessation, and the ensuing activation decline could reflect a virtual handing off
of responsibility for shifting recall of sensory-motor memories to new areas. Prior work on
associative motor learning reported non-linear relationships between behavioral
improvements and brain responses (Mitz et al. 1991; Pasupathy and Miller 2005; Seger and
Cincotta 2006). In aggregate, the CNS may treat large errors as task-irrelevant and outside
its control, while viewing smaller errors as controllable. This idea may explain the observed
quadratic activation pattern, since regions engaged in developing sensory-motor memory
may have assigned less weight to motor commands that yield large errors, but more weight
to motor commands that yield smaller errors relevant in memory formation. By contrast,
other areas, including the cerebellum, would assign more weight to large errors. Thus,
forming new sensory-motor memory, much like other skills, would seem to occur most
actively after an initial error reduction phase and occur in a different set of areas. This notion
corresponds well with results reported by Della-Maggiore et al. (2004) that showed that
disrupting SPL neural processing with TMS did not reduce adaptation when large reaching
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error occurred, but that TMS reduced adaptation when reaching became proficient, thus with
small errors (see also Orban de Xivry et al. 2011).

Shift of activation from Learning to Recall

We found a different activation pattern during Recall than Learning that involved
neocortical and subcortical regions including the ACC, mid-cingulate gyrus, putamen,
cerebellum, and the insula/temporal cortex. The putamen activation also correlated with
recall success. This shift in the memory brain representation paralleled that observed for
motor sequences and declarative memory and engaged common areas such as the ACC and
putamen despite being governed by different learning rules (Donchin et al. 2002; Doyon et
al. 2009). This shift could relate to different brain mechanisms involved in learning and
recalling sensory-motor memory with a model-based mechanism for learning and a model-
free mechanism (use-dependent plasticity and operant reinforcement) for recalling (Huang et
al. 2011).

The putamen activation at Recall, but not during Learning, echoes prior reports that basal
ganglia dysfunction due to Parkinson’s or Huntington’s disease does not affect sensory-
motor adaptation while impairing recall (Bédard and Sanes 2011; Marinelli et al. 2009;
Smith and Shadmehr 2005; see also Cavaco et al. 2010) and transfer of learning from the
right to the left limb (lsaias et al., 2010). Thus, basal ganglia circuits may not have
substantial involvement in forming new sensory-motor memory, but these circuits may
participate more in their rehearsal and automatization. The fact that higher activation in
putamen correlated with recall success suggests that it had clear involvement in selecting the
correct and inhibiting the wrong motor commands, a known role of the putamen (Wichmann
and DelLong 1996). From the above, one might conclude that basal ganglia circuits become
engaged after forming sensory-motor memories to enable selection of motor commands that
will maximize reward.

Finally, we found activation in anterior portions of the ACC, which has involvement in
conflict and performance monitoring (Botvinick et al. 2004; Paus 2001) and also in
retroactive switching, i.e. in switching behavior upon a contextual change (Hikosaka and
Isoda 2010) that is certainly a feature of recalling motor memories. While not reported in
Results, activation in the ACC, as well as that in mid-cingulate regions, did not correlate
with learning, savings or recall success. Therefore, the Recall-related activation profile in
ACC and mid-cingulate regions solely related to a differential activation pattern between
late Learning and Recall.

In aggregate, the current results detailing brain correlates of visual-motor adaptation likely
pertain to development and maintenance of internal models (IM) for motor control
(Shadmehr and Wise 2005). An IM comprises an inverse and a forward model that together
compute the motor commands necessary to perform voluntary movements and computes a
sensory prediction of the motor commands. The commands and sensory prediction error
become created and then updated during sensory-motor adaptation. Although, the current
data does not readily permit disentanglement of the forward from the inverse model,
nevertheless the results suggest brain areas that probably participate in development and
maintenance of IMs.
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Collectively, our findings showed that the various phases of sensory-motor adaptation
recruits different brain network. Forming new sensory-motor memory following sudden
environmental visual perturbations depends on the cerebellum for error reduction and on
parietal and frontal regions for memory formation per se while recalling these memories
depends on a different network that includes the putamen and ACC. We recognize that the
short delay separating Learning and Recall may not have not permitted the sensory-motor
memory to become ‘permanent’. Thus, the current results may indicate that these regions
mediate a phase along the consolidation process and that the parieto-frontal motor areas and
cerebellum may ultimately store these types of memory (Shadmehr and Holcomb 1997).
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Fig. 1.

Task schematic. A: Targets appeared one at a time at random jittered times. In the visual
perturbation condition, the cursor trajectory was deviated by 30° CCW from the intended
joystick trajectory. B: Experimental design illustrating the sequence of trial types.
Additional details in Methods.
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Fig. 2.

Averaged trajectories across all participants in the Null, Learning, Null, and Recall
conditions. The black lines represent the average and the grey regions represent the
variability of the joystick trajectories across participants (mean * s.e.m. of all 14
participants). Note the improved trajectory from the first to the last cycle of the Learning
phase. Also note that the trajectories at Recall resembled those occurring during late
Learning. The numerical value (lower left of each section) reflects the group mean error for
each set of trials).
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Fig. 3.
Behavioral performance across the experiment averaged over blocks of 20 trials (mean £

s.e.m. of all 14 participants). A: Reaching error. A repeated measures, one-way ANOVA
across the blocks of the Null and Learning phase yielded a significant main effect: F(9, 117)
=10.12, p < 0.0001. Post-hoc tests with the Newman-Keuls procedure (p < 0.05), corrected
for multiple comparisons revealed significant differences between each of block 1 and 2 and
blocks 3, 4, 5, 6, 7 and also between block 3 and 4. At Recall, error (Fig 3A) was slightly,
but significantly, greater (pooled across the four blocks) than Learning (last two blocks;
t(13) = 3.56, p < 0.005). B: Reaching variability (standard deviation). A one-way ANOVA
across the blocks of the Null and Learning phase was significant, F(9, 117) =42.9, p<
0.0001. Post-hoc tests revealed significant differences between each of block 1 and 2
compared to blocks 3 to 10; also between block 3 and blocks 4 to 10. At Recall, reaching
variability was, conversely to error (Fig 3A), slightly but significantly lower at Recall than
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during Learning (t(13) = 3.79, p< 0.005). C: MT and RT. MT remained relatively constant
across all experimental phases, but the one-way ANOVA was significant, F(9, 117) = 2.55,
p = 0.01. Post-hoc tests only revealed significant difference between the Null blocks and the
last Learning block. Note that during the Learning phase, MT increased slightly from block
3 to block 10 (means and s.e.m. of 243 £ 10 msec vs. 268 + 22 msec, respectively) but this
increase was not statistically significant (t(13) = 1.15, p > 0.27). Concerning RT, the one-
way ANOVA was significant, F(9, 117) = 7.18, p < 0.0001, and RT was lower during the
Null blocks than during the Learning blocks. But there was no significant difference from
late Learning to Recall (t(13) = 1.32, p > 0.21). During the learning phase RT remained
constant from block 3 to block 10 (t(13) = 1.19, p > 0.26). The grey shaded area in A
indicates the angle subtended by the target relative to the start position.

Neuroimage. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bédard and Sanes Page 26

CB (CR-VIIB)

vy,
o
(00]

]

Functional MRI

Z
I L} L L} L} I L L L] L} l

0.0 0.5 1.0
Learning Rates

Fig. 4.
Functional MRI signal (%) correlated with rates of decreasing error. A: Cerebellum region

with activation that correlated with a power function. B: Functional MRI signal (%)
relationship with rates of decreasing error; one data point per subject. The dashed lines
represent the 95% confidence band of the regression. The color bar represents the F statistics
of the regression. L, left hemisphere. The anatomical underlay in this and subsequent figures
is the MNI template provided by FSL.
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Fig. 5.

Learning-related activation. A: Regions with quadratic fit to observed activation included
frontal and parietal cortices. B: Functional MRI signal (%) across the Learning phase (black
circles) and Recall phase (open circles) for regions with a significant quadratic fit. C:
Regions having activation correlated with the magnitude of after-effects; one data point per
participant. The color bar represents the F statistics of the regression. See Table 1 for more
details.
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Recall-related activation. A: Regions with more activation at Recall than late learning
included the ACC, mid-cingulate, putamen, and cerebellum. The color bar represents the
percent signal of the contrast Learning vs. Recall. B: Functional MRI signal during the late
Learning phase (last two blocks pooled) and Recall (all four blocks pooled) for brain regions
with a Recall-related signal. C: Regression analysis of brain activation vs. recall success
revealed that the putamen activation correlated with recall success; one data point per

participant.
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