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Abstract

This study examined adaptive changes of eye-hand coordination during a visuomotor rota-
tion task under the use of terminal visual feedback. Young adults made reaching move-
ments to targets on a digitizer while looking at targets on a monitor where the rotated
feedback (a cursor) of hand movements appeared after each movement. Three rotation
angles (30°, 75" and 150°) were examined in three groups in order to vary the task difficulty.
The results showed that the 30° group gradually reduced direction errors of reaching with
practice and adapted well to the visuomotor rotation. The 75° group made large direction
errors of reaching, and the 150° group applied a 180° reversal shift from early practice. The
75°and 150° groups, however, overcompensated the respective rotations at the end of
practice. Despite these group differences in adaptive changes of reaching, all groups grad-
ually adapted gaze directions prior to reaching from the target area to the areas related to
the final positions of reaching during the course of practice. The adaptive changes of both
hand and eye movements in all groups mainly reflected adjustments of movement direc-
tions based on explicit knowledge of the applied rotation acquired through practice. Only
the 30° group showed small implicit adaptation in both effectors. The results suggest that
by adapting gaze directions from the target to the final position of reaching based on explicit
knowledge of the visuomotor rotation, the oculomotor system supports the limb-motor sys-
tem to make precise preplanned adjustments of reaching directions during learning of
visuomotor rotation under terminal visual feedback.

Introduction

Various gaze behaviors during manual actions are established through extensive practice in
daily life to enable an effective flow of visual information for planning and execution of skill-
ful actions. When reaching movements are made to a target, initiation of saccades to the tar-
get usually precedes that of hand movements [1-4]. This gaze behavior is useful to improve
reaching accuracy by providing the target information through foveal vision to update the
planning of reaching movement [1,2,4-7]. The gaze then remains fixated to the target until
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reaching is completed [8-12]. This gaze behavior (called gaze anchoring [10]) is useful to
control reaching movement, especially during the homing-in phase, because it places the
visual target in fovea as the hand approaches to the target, while temporally removing the
added burden of spatial updating for gaze shift [13]. Functionally, it allows for effective use
of visual feedback of both the target and the approaching hand to guide and complete a pre-
cise reaching movement [11,12,14,15].

We have recently examined adaptive changes of gaze behavior during learning of a visuo-
motor rotation where reaching was made on a digitizer while continuous on-line visual feed-
back (cursor) of reaching was rotated and displayed on a monitor [16]. In the early learning
phase, gazes initially went to the cursor for a substantial part of reaching, and then went to the
target. As practice continued, however, the timing of gaze shift to the target was gradually
changed to an earlier phase of reaching, and gaze anchoring to the target emerged (see also
[17] for complex visuomotor learning). Such an adaptive gaze pattern was similar across differ-
ent rotation angles used for the visuomotor learning, even though adaptive strategies of hand
movements were different depending on those angles, such as implicit adjustments, on-line
feedback-based control, and explicit strategic adjustments for the 30°, 75° and 150° rotations,
respectively [16]. These observations revealed the robustness and generality of establishing the
gaze anchoring to the target during learning of a visuomotor rotation under continuous on-
line visual feedback.

It is well known that adaptive changes of reaching also occur in learning of a visuomotor
rotation under the terminal visual feedback (or end-point feedback) [18-24]. When continuous
visual feedback is available throughout reaching, it allows the sensorimotor systems to compare
hand movements and their outcomes (i.e., visual feedback) on-line and to apply visual feed-
back-based corrections of reaching. Conversely, when terminal feedback is shown after the end
of reaching, any corrections of reaching have to be made off-line at the preplanning stage of
subsequent trials. Previous studies showed that these two types of visual feedback differentially
affected reaching during leaning of visuomotor rotations. Under continuous feedback, reaction
time to initiate reaching was shorter [18,19,24], movement time was longer [18,19,22], and pre-
cision of target acquisition was higher [22] compared to the learning under terminal feedback.
Direction error of a preplanned portion of reaching was also either similar to [18,19] or smaller
than [22] that observed under terminal feedback.

Both types of visual feedback used for a visuomotor rotation paradigm can lead to both
implicit adaptation and explicit learning [24]. Implicit adaptation is thought to be accom-
plished by a realignment of a visuomotor map of the relationship between vision and propri-
oception related to reaching based on implicit knowledge of the visuomotor rotation
acquired through practice. Conversely, explicit learning is accomplished by strategic pre-
planned adjustments of reaching direction through explicit knowledge of the rotation. It is
still in debate, however, which type of visual feedback leads to more implicit adaptation of
visuomotor transformations. Several studies with visuomotor rotations showed that only
continuous feedback led to implicit adaptation [18,19,22,25], whereas another study showed
that both types of feedback led to such adaptation but the continuous feedback resulted in
greater implicit adaptation than the terminal feedback [24]. Thus, for relatively simple linear
visuomotor transformation such as a visuomotor rotation, continuous feedback seems to
facilitate more implicit adaptation. On the other hand, for more complex nonlinear visuomo-
tor transformations, terminal feedback seems to facilitate implicit adaptation more than con-
tinuous feedback does [26-29].

Despite the above understanding of the effects of visual-feedback types on learning visuo-
motor transformations, it is unknown whether adaptive gaze patterns during the learning
under terminal visual feedback differ from the one under continuous on-line feedback, and our
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previous study [16] only examined the case of continuous feedback. There is a possibility that
the pattern is different at least for the following two reasons.

The first reason is related to the presence or absence of a feedback cursor during reaching,
and thus the presence or absence of visual closed-loop control of hand movements. Under con-
current visual feedback, gaze anchoring to the visual target would be beneficial especially for
the homing-in phase, where closed-loop control is dominant to precisely guide the feedback
cursor toward the visual target (thereby guiding the hand to the task goal) [8,10,12,16,17]. Con-
versely, this would not be the case under terminal visual feedback. Once reaching is initiated,
the feedback cursor disappears, and hence the visual target has no longer any functional role in
guiding the cursor toward it. Thus, gaze can be removed from the visual target during reaching
under terminal feedback.

The second reason for the potential difference in adaptive gaze pattern under terminal feed-
back is related to different types of learning involved, i.e., explicit and implicit learning. Previ-
ous studies of learning of visuomotor rotations suggest that continuous feedback seems to lead
to stronger implicit adaptation of reaching than does terminal feedback [18,19,22,24]. When
terminal feedback is applied, adjustments of reaching have to be made off-line at the preplan-
ning stage of subsequent trials, and thus, the gaze pattern might be adapted to looking at a loca-
tion that would benefit explicit preplanning of reaching under a visuomotor rotation. Such a
location would likely be the final position of reaching movement that counters the applied rota-
tion. This is so because our previous study showed that gazes naturally went to that direction
when participants were informed of the nature of a visuomotor rotation from the start and
instructed to apply an explicit strategy to counter it [21]. Therefore, when explicit adjustments
of reach direction are gradually established through learning, the gaze pattern should also be
gradually adjusted toward that direction. Such an adaptive gaze pattern would mean that spa-
tial alignment of gaze on the final position of reaching is functionally important for preplan-
ning, and hence the oculomotor system tries to restore it during learning of a visuomotor
rotation.

The present study investigated adaptive changes of gaze behaviors by using terminal feed-
back during learning of a visuomotor rotation. One hypothesis was that the gaze anchoring to
the visual target is maintained throughout practice. This would imply that control of already
established gaze anchoring behavior to a visual target is independent of adaptive processes
related to a visuomotor rotation under terminal feedback. An alternative hypothesis was that
gazes are directed to the visual target in the early practice phase, but as practice progresses,
they gradually shift in the direction of the final position of reaching that counters the applied
rotation. This would imply that the oculomotor system re-establishes gaze anchoring in rela-
tion to the final position of reaching instead of to the visual target in order to facilitate planning
of hand movements under a visuomotor rotation.

Similar to our previous study that used continuous feedback [16], the present experiment
utilized three rotation angles (30°, 75°, and 150°) to vary the difficulty of the visuomotor trans-
formation. Based on previous studies [16,30-33], adaptation to the 30° rotation is expected to
be easier than that to the 75° rotation simply because of the smaller rotation angle; both rota-
tions would involve one rotational transformation. In contrast, the 150° rotation would involve
a two-step transformation [16,30-32]. The first step is a relatively easy 180° polarity inversion
of both axes (i.e., a reversal shift [32]), and the second step is a “backward” shift to the rotated
visuomotor map. Accordingly, the involvement of the reversal shift makes the difference
between the 150° and 30° rotations, but the former with a reversal shift would be more difficult
than the latter. Therefore, utilization of the three rotation angles provided us an opportunity to
examine if gaze patterns during adaptations of visuomotor rotations with terminal feedback
may differ depending on the difficulty of the transformations.
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Materials and Methods
Participants

Thirty six healthy, young, right-handed adults (mean + SD: 23.5 + 3.2 years old, 18 females and
18 males) signed written informed consent and participated in the study. All participants self-
reported being free of neurological or sensory impairments. They had normal color vision
according to the Ishihara test [34] and normal visual acuity. The participants were randomly
assigned to one of three groups (30°, 75° or 150° of visuomotor rotation, 12 participants each).
The present study was approved by the ethics committee of the Leibniz Research Centre of
Working Environment and Human Factors. The study was conducted in accordance with the
ethical standards laid down in the 1964 Declaration of Helsinki.

Apparatus

The experimental setup was similar to that of our previous study [16]. Participants were com-
fortably seated on a height-adjustable chair in front of a table, on which a digitizer (Wacom
Intuos 4XL, active area size: 488 x 305 mm) and a vertical 22-inch computer monitor (Dell
P2210, flash rate: 60 Hz) were placed. An infrared eye-tracking system (iViewX 500 RED, SMI)
was attached underneath the monitor. The participants rested their chin on a chin rest. The
distance between participants’ eye position and the center of the monitor was 628 + 21 (SD)
mm on average. A starting position (SP, black circle, 6 mm in diameter) displayed in the center
of the monitor was aligned with the participants’ median plane. Participants held a stylus with
their right hand in a manner like holding a pen for handwriting, and moved their hand in a
horizontal plane on the digitizer. An opaque board placed 170 mm above the digitizer surface
blocked participants’ view of their hand movements. Terminal visual feedback of each hand
movement was displayed as a cursor (a red circle, 4 mm in diameter) on the monitor after the
movement. Hand movements of the stylus on the digitizer and those of the cursor on the moni-
tor had a one-to-one ratio with respect to distance.

For hand movements, the x- and y-positions of the tip of the stylus were recorded by the
digitizer at 200 Hz with a spatial resolution of 0.005 mm. The x- and y-positions of eye move-
ments were recorded at 500 Hz by the eye tracker. The eye tracker recorded the left and right
gaze positions separately and returned the arithmetic mean of the two gaze positions as data
output. For each of the x- and y-positions, spatial resolution of the eye tracking system was
0.03° and its accuracy was 0.4°. The eye tracker was calibrated for each participant before data
recording by using nine calibration points displayed across the monitor. For synchronization
of eye and hand data recording, data acquisition software written in C++ simultaneously initi-
ated the recording of the digitizer and eye tracker.

Procedure

On an invisible circle with a radius of 100 mm, 104 black open circles (6 mm in diameter) were
placed (Fig 1c), forming a large ring around the SP. This ring was introduced so that gaze was
not externally attracted by a single visual target in the working space. Four targets (black cir-
cles, 6 mm in diameter) were displayed on four of the above open circles in the directions of
45°,135°,225°% and 315°. The resulting visual angle between the SP and target positions was
9.05°. Note that the 3 oclock position was 0° and the counterclockwise (CCW) direction had a
positive sign.

Similar to previous studies [16,21,35-38], at the beginning of each trial, participants were
guided to the SP by one or two out of four red arrows pointing to the left, right, up, and down,
appearing in the margins of the monitor. The idea behind this procedure was to guide
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Fig 1. Experimental conditions and schematic illustrations of some conditions and a target display. In (a), the order of all experimental
conditions and respective numbers of trials used are shown. Conditions where visual feedback (FB) of hand movement was present and/or visual
feedback was rotated (Rotation) are marked in shaded squares. Participants were informed of the type of visual feedback at the beginning of each
condition. For the conditions where the display of visual feedback was absent, participants were instructed to perform the task as if it were in a
veridical-feedback environment or in a rotated-feedback environment. In (b), there are illustrations of selected experimental conditions, where hand
movement (H), the starting position (SP), the target (T), and the feedback cursor (C) are shown. In (c), there is an illustration of the SP, target, and
cursor display. In (d), there is an illustration of calculating adaptive shift and after-effect based on the pre-test, post-test adaptive-change and post-
test after-effect for hand movements. The angular deviation (AD) is calculated as the direction of hand movement from the line connecting the hand
position at movement onset and the center of the target. Adaptive shift (or after-effect) is calculated by subtracting AD1 from AD2 (or AD3).

doi:10.1371/journal.pone.0164602.g001

participants to the SP without providing visual feedback of specific hand positions. The SP and
the feedback cursor became visible when the stylus was within a radius of 15 mm from the SP,
so that the participants were able to reach the SP reliably. Note that this visual feedback was
veridical. After the cursor had stayed at SP for 500 ms, the black open circles arranged on the
invisible ring appeared (Fig 1c). After a random interval between 500 to 1300 ms, one of the
four open circles in the target directions was changed to a filled black circle (Fig 1c, T), which
served as a target for reaching, and the SP and the feedback cursor disappeared.

In response, the participants made a reaching movement to the target. Participants were
instructed to move as quickly and as accurately as possible to reach the target. No feedback cur-
sor was shown during the movement. The completion of the movement was automatically
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detected by computer software when the distance between successively sampled positions of
the stylus remained equal to or less than 0.25 mm for 400 ms. After the detection of hand-
movement completion, the feedback cursor reappeared and stayed at the same location for
1500 ms, serving as a terminal visual feedback. After the feedback cursor had been displayed,
the trial ended.

Experimental conditions

Similar to previous studies [16,35,36], we used ten fixed-order conditions (Fig 1a): (1) baseline 1,
(2) pre-test, (3) baseline 2, (4) pre-test explicit-knowledge, (5) practice, (6) post-test adaptive-
change, (7) maintenance 1, (8) post-test after-effect, (9) maintenance 2, and (10) post-test
explicit-knowledge. The number of trials recorded for each condition is shown in Fig la. Termi-
nal visual feedback was displayed on the monitor after the completion of hand movement only
for conditions of baseline 1 and 2, practice, and maintenance 1 and 2 (Fig 1a, FB). For conditions
where a visuomotor rotation was applied (i.e., practice, post-test adaptive-change, maintenance
1 and 2, and post-test explicit-knowledge, see Fig 1a, rotation), visual feedback was rotated 30°,
75° or 150° in the CCW direction depending on experimental groups. Veridical visual feedback
was used for the rest of conditions (Fig la, rotation). The participants were informed of the type
of visual feedback by the examiner at the beginning of each condition. For all conditions with
veridical feedback, participants were informed that the reaching task was easy, but no informa-
tion about the nature of visual feedback (i.e., veridical) was provided. For all conditions with
rotated visual feedback, participants were informed that the reaching task was more difficult
than the easy one, but no information about the introduction of a visuomotor rotation was pro-
vided. For the conditions where the display of visual feedback was absent, participants were
instructed to perform the task as if it were an easy one (i.e., veridical visual feedback for pre-test
and pre-test explicit-knowledge, and for post-test after-effect) or a more difficult one (i.e.,
rotated visual feedback for post-test adaptive-change and post-test explicit-knowledge).

In the baseline 1 condition (Fig 1b), the participants made rapid reaching movements from
the SP to the target; and after the movement, a feedback cursor indicated the final position.
The participants were instructed that the goal of their task was to reduce the distance between
the red feedback cursor and the black target so that the cursor became aligned with the target.
After the baseline 1 condition, the pre-test (Fig 1b) was performed under the same procedure
except that no visual feedback was provided at the end of each trial. Pre-test was used to exam-
ine baseline performance under no terminal visual feedback of the hand movement. Next, the
baseline 2, which was same as baseline 1, was performed. Afterwards, the participants per-
formed the pre-test explicit-knowledge, which examined the baseline level of participants’
explicit knowledge of reaching direction to the target. For this purpose, we used a procedure
similar to the ones used in previous studies [16,21,35,38,39]. The SP and the target were pre-
sented together with a line starting from the SP. The line was slightly shorter than the SP-target
distance. The line was initially presented at an angle of 150° clockwise (CW) from the SP-target
direction, and it slowly moved around the SP. The participants instructed the experimenter to
stop the movement of the line at the orientation that they judged to be correct as the reaching
direction to the target under the absence of visuomotor rotation. As needed, the orientation of
the line was further adjusted (backward and/or forward) by participants verbally instructing
the experimenter to start and subsequent stop the movement of the line until they were satis-
fied with the orientation. The pre-test explicit-knowledge was followed by the practice condi-
tion with a visuomotor rotation (Fig 1b).

After the practice condition, three types of post-tests (adaptive-change, after-effect, and
explicit knowledge, Fig 1a) were carried out to assess different types of knowledge of the
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visuomotor rotation acquired through practice [16,26,39,40]. Post-test adaptive-change (Fig
1b) was performed under the presence of visuomotor rotation, but no visual feedback was pro-
vided. This test was identical to the pre-test except for the presence of visuomotor rotation, of
which the participants were informed. The changes of movement direction from the pre-test to
the post-test adaptive-change were measured as adaptive shifts (Fig 1d), which reflected both
implicit adjustments and explicit strategic adjustments of hand directions. Post-test after-effect
(Fig 1b) was identical to the pre-test and differed from the post-test adaptive-change with
respect to the absence of rotation. The participants did not see the terminal feedback of their
hand movements on the monitor, but were informed that the visuomotor rotation was no lon-
ger present. Hence, there was no reason for the participants to apply explicit strategic adjust-
ments to compensate for the rotation. Thus, any changes of movement direction from the pre-
test to the post-test after-effect condition were measured as after-effects (Fig 1d), which
reflected only implicit adjustments of hand directions acquired through practice.

Post-test explicit-knowledge was identical to the pre-test explicit-knowledge except that the
participants judged the direction of the line that matched the reaching direction for bringing
the cursor to the target under the presence of visuomotor rotation. Since the participants knew
about the presence of a visuomotor rotation in the post-test explicit-knowledge condition, any
changes of judgments of movement direction from the pre-test explicit-knowledge condition
(which was performed under the absence of the rotation) reflected explicit knowledge of the
rotation acquired through practice. These changes were measured as explicit shifts. Between
the post-tests, participants performed maintenance 1 and 2 conditions, respectively, which
were identical to the practice condition.

Data analysis

Analysis of hand movements. The x- and y-positions of the stylus were upsampled at 500
Hz with a custom program written in Matlab (Mathworks); the raw data was first interpolated
with a method of Piecewise cubic Hermite interpolation [41] and then resampled at 500 Hz.
Subsequently, these data were filtered with a Butterworth filter (low-pass, 4™ order, 10 Hz cut-
off frequency), and differentiated by using a two-point central-difference algorithm to obtain
velocity. Calculations of onset and offset of hand movements were performed by an automated
movement parsing algorithm ([42] algorithm B). The results of this automatic procedure were
inspected and corrected manually as needed based on visual inspection; 9.4% (onset) and
15.7% (offset) of all analyzed trials were corrected.

Reaction time was measured from the target onset to the onset of hand movement. Move-
ment time was measured from the onset to the offset of hand movement. Direction error of the
hand movement was measured in the baseline 2 and practice conditions. First, a reference line
was defined as the line connecting the hand position at movement onset and the center of the
target (in the case of baseline 2) or the line connecting that onset position and the hand posi-
tion that would place the cursor on the target center under the rotated feedback (in the case of
practice). The direction error was computed as the angular deviation from the reference line to
the line connecting the hand positions at movement onset and offset. The direction error was
positive (or negative) when a hand-path was directed CCW (or CW) to the reference line.

Adaptive shift, after-effect, and explicit shift were measured by comparing results of pre-
tests and post-tests. Angular deviation of the line connecting the hand positions at movement
onset and offset from the line connecting the hand onset position and the target center was
computed for each trial of the pretest, post-test adaptive-change and post-test after-effect (Fig
1d). Subsequently, the difference between circular mean [43] of angular deviation across all tri-
als of post-test adaptive-change (or post-test after-effect) and that of pre-test was calculated as
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adaptive shift (or after-effect) for each participant. For each trial of pre- and post-tests of
explicit-knowledge, a judged rotation angle was computed as the angular deviation of the direc-
tion of the line, as judged by the participants, from the direction of the SP-target line. Subse-
quently, explicit shift was measured as the difference between circular mean [43] of judged
rotation angle across all trials of the pre-test explicit knowledge and that of the associated post-
test in each participant.

Analysis of eye movements. Analyses of eye movements were carried out based on unfil-
tered x- and y- position data to avoid any types of distortion of signal through filtering because
of saccadic eye movements being very fast. Eye movements were differentiated by using a two-
point central-difference algorithm to obtain velocity. Onset and offset of the initial saccade
immediately after the target presentation were determined using a threshold criterion of 20
cm/s in the velocity profile [8,11,12]. The results of this automatic procedure were inspected
and corrected manually as needed based on visual inspection; 27.7% (onset) and 22.8% (offset)
of all analyzed trials were corrected.

All parameters of eye movements related to direction errors, adaptive shifts and after-effects
were analyzed in similar manners as described above for hand movements. The only difference
was that while the hand-related parameters were measured based on the line connecting the
onset and offset of hand movements, the eye-related parameters were measured based on the
line connecting the center of SP and the gaze position at the onset of hand movement. Note
that at this timing, gazes were already shifted away from the SP, and gaze shifts associated with
the execution of hand movements were also completed in most of the trials.

Adaptive change of gaze locations associated with the execution of hand movements was fur-
ther examined in terms of gaze incidences at various areas of the workspace, similar to our pre-
vious study [21]. We defined 5 gaze areas for this analysis: the target (T) area, the hand-target
(HT) area, the inverted-target (IT) area, the SP area, and the other area (Fig 2). The SP area was
a circular field around SP (2 cm in radius). Different sections of another, larger circular area cen-
tered on the SP (12 cm in radius) and excluding the SP area served as the T, HT and IT areas,
each of which ranged between + 15° with the central direction defined by SP-T, SP-HT, and
SP-IT lines, respectively. The HT area was related to the hand position (HT, Fig 2) that would
bring the cursor to the target center under the rotated visual feedback. Thus, each group had its
own HT area. The inverted-target area was related to the position (IT, Fig 2) where the target
was inverted by 180°. The remaining workspace was defined as the other area. We identified to
which area gazes went among these 5 gaze areas in each trial. This identification was performed
at each of the following 6 timings associated with the execution of hand movements in each
trial: 200 ms and 100 ms prior to the movement onset, at the movement onset, 100 ms after the
movement onset, peak velocity, and at the movement offset. Subsequently, the number of inci-
dents was counted for each gaze area and the incidence was calculated as the percentage of trials
for baseline performance and for each block of trials for practice. Note that these measurements
included both gaze fixation and saccade (if a saccade happened to occur at the time of measure-
ment). However, gaze was typically fixated by 100 ms prior to the movement onset and main-
tained until the movement offset; and thus, the measurements at the time of the movement
onset reported in the Results section were based on gaze fixation in most of the trials.

In addition to the above analysis of gaze locations associated with the execution of hand
movement, we also examined gaze patterns immediately after the target presentation. The ini-
tial saccade that occurred in the period from the target presentation to the onset of hand move-
ment was analyzed in each trial of the practice condition. We identified to which area gaze
went with the initial saccade. This was determined based on the gaze fixation location mea-
sured at the offset of the initial saccade. Subsequently, the gaze incidence for each gaze area was
calculated as the percentage of all trials of practice that contained such initial saccades.
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T area

IT area O

Fig 2. Different gaze areas used for analysis of gaze locations. Six black dots indicate the starting position
(SP), the target (T), the hand targets (HT, one for each feedback-rotation group), and the inverted target (IT)
positions. The HT position is the hand location that would bring the cursor to the target under the rotated visual
feedback. The IT position is the 180° inverted location of the target. There are five gaze areas (T area, HT area,
IT area, SP area, and other area that is the remaining area of workspace) for each group.

doi:10.1371/journal.pone.0164602.g002

Trials with bad hand recording (e.g., missing data points) or bad eye recording (e.g., blink-
ing, artifact) that occurred at the onset of hand movement or prevented the identification of
the initial saccades were eliminated from the further analysis (388 trials: 4.85% of all trials
across conditions of baseline 2, practice, pre-test, post-test adaptive-change, and post-test
after-effect). For analysis of pre-test, and post-test adaptive-change and post-test after-effect,
the data of hand movements was further screened for outliers for each test and each group by
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calculating mean and standard deviation (SD) across all trials of all participants. Twelve trials
(0.83%) outside the range of mean + 3SD were identified as outliers and further eliminated
from the analysis. The 3SD was chosen empirically by observing each of all histograms of pre-
and post-tests, so that only outliers that were clearly separated from the main distribution were
eliminated. For analysis of pre- and post-tests explicit knowledge, data was also screened for
outliers in the same way as explained above, and 20 trials (3.97%) were eliminated from the
analysis.

Statistical analysis

For examination of baseline performance, the last 8 trials of the baseline 2 condition were used
for all parameters except for the trial-based correlation between eye and hand movements, for
which the last 16 trials of the baseline 2 condition were used. For the practice condition, all tri-
als were mainly divided into 40 blocks consisting of 4 trials each to keep a reasonably high reso-
lution for observing adaptive changes. Exclusively for analysis of trial-based correlation
between eye and hand movements, all practice trials were divided into 10 blocks consisting of
16 trials each. The 16 trials/block was chosen to secure enough sample sizes for calculating the
correlation within each block and participant even if some trials where gaze fell in the SP (Fig
2) area were removed for this analysis. Furthermore, the first 2 blocks (8 trials) and the last 2
blocks (8 trials) of the practice condition were defined as early and late phases of practice,
respectively, for all related analyses except the correlation analysis, for which the first block (16
trials) and the last block (16 trials) were defined as the early and late phases, respectively.

For baseline performance as well as each trial block and each phase of the practice condi-
tion, the following parameters were calculated in each participant: (1) Mean reaction time and
mean movement time were calculated across trials. (2) Incidence of gazes at each gaze area was
calculated as the percentage of trials. (3) Circular mean and circular variance [43] were calcu-
lated across trials for hand direction error and gaze direction error. Note that circular variance
had an arbitrary unit with 1 being the maximum and 0 the minimum. (4) To examine the rela-
tion between gaze and hand directions, circular-linear correlation [43] between gaze direction
error and hand direction error was calculated among trials.

Subsequently, these individual values were used to calculate each group’s mean in baseline
performance as well as in each trial block and each phase of the practice condition. Exclusively
for individual circular means of direction errors of hand movement, the group’s mean and 95%
confidence interval of the mean were calculated using circular statistics [43], the reason being
that individual circular means of some groups still had large ranges of distribution (> 180°)
and included a discontinuity at +/- 180°.

For all of the above parameters, except gaze incidence at each gaze area and the circular
mean of hand direction error, the baseline performance and adaptive changes through practice
were assessed by using a 3 (between-subject factor group: 30°, 75° and 150°) x 3 (within-subject
factor phase: baseline, early practice, and late practice) ANOVA.

For the parameter of circular mean of hand direction error, the 3 x 3 ANOVA, however,
could not be used because the distribution of individual circular means of the early phase of
some group(s) had a large range (> 180°) and included the discontinuity at +/- 180°. For this
reason, circular statistics were used for testing group difference of the early phase. Further-
more, to examine a possible group-by-phase interaction during practice, a difference score was
calculated between the early and late practice phases in each participant, and this value was
also subjected to circular statistics for testing group difference. Since data of the 75° group did
not deviate from circular uniformity (Rayleigh test: p > 0.05 [43]), these group differences
were assessed by using a multi-sample test for equal median directions [43]. Moreover, the
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group difference of hand direction error was assessed separately in the baseline and late prac-
tice phase by using a one-way ANOVA. To assess whether movements at the end of the prac-
tice condition differed from baseline performance, the mean value of baseline performance and
that of the late practice phase were compared by using a paired t-test in each group.

For the parameter of gaze incidence, analyses were focused on adaptive changes during
practice for succinct presentations of results for all 5 gaze areas. A 3 (between-subject factor
group: 30°, 75° and 150°) x 2 (within-subject factor phase: early practice, and late practice)
ANOVA was used to test group and phase differences. This ANOVA was performed on the
arcsine-transformed incidence values to address the non-normality of proportions [44]. Fur-
thermore, the progressive changes in gaze incidences during practice were quantified using a
linear regression analysis in each group and each of T, HT, IT and other gaze areas. For the
regression, group’s mean incidence was used as dependent variable and the block of trials was
used as an independent variable. In addition, a one-way ANOVA with between-subject factor
group was used to assess group differences in gaze incidences at the target area during baseline
performance as well as those related to initial saccade observed during practice.

When appropriate, post-hoc comparisons were performed using Bonferroni corrected t-
tests (or a two-sample test for equal median directions [43]) in terms of a main group effect or
phase effect found in the ANOVAs (or in the multi-sample test for equal median directions).
When a group-by-phase interaction was significant from the 3 (group) x 3 (phase) ANOVA,
post-hoc comparisons were performed using Bonferroni corrected 3 (group) x 2 (phase) ANO-
VAs to identify which pair among the 3 phases included a significant group-by-phase interac-
tion. Mauchly’s test was used to determine whether sphericity could be assumed. Greenhouse-
Geisser epsilon was reported for the results of ANOVA only when Mauchly’s test was found to
be significant.

Regarding adaptive shifts, after-effects, and explicit shifts, circular means [43] were calcu-
lated across participants in each group. Results of these parameters were examined in each
group by using t-tests; specific comparisons are stated in the Results section. Correlations
between individual adaptive shifts and individual explicit shifts were also calculated in each
group. One exception to those analyses was the data involving the adaptive shift of eye move-
ment for the 150° group, which showed a large range of data distribution across participants,
requiring circular statistics. A Watson-Williams two-sample test [43] and circular-linear corre-
lation [43] were used instead of the t-test and correlation, respectively. The probability level for
statistical significance was p < 0.050. For post-hoc analyses, however, it was set at p < 0.016
(i.e., 0.05/3) due to the multiple comparisons.

Results

We will first report adaptive changes of hand movements due to practice of the visuomotor
rotation, followed by those of gaze locations. Subsequently, spatial relation between hand and
gaze directions will be reported, followed by results of the pre- and post-tests for hand and eye
movements.

Adaptive change of hand movement

Reaction time and movement time. Mean reaction times in baseline performance and the
early phase and late phase of practice were 805 + 76 (SE), 1316 + 202, and 1208 + 177 ms for
the 30° group, respectively. Comparable values were 652 + 76, 1318 + 78, and 864 + 50 ms for
the 75° group, and 621 + 69, 1108 + 146, and 1128 + 194 ms for the 150° group. A 3 (group) x 3
(phase: baseline, early practice, and late practice) ANOVA revealed a significant phase main
effect (F(2,66) = 16.80, p < 0.001, € = 0.715), whereas group (p = 0.338) and group-by-phase
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interaction (F(4,66) = 1.07, p = 0.378, € = 0.715) effects were not significant. As expected from
previous studies [18,19,45], mean reaction times significantly increased from the baseline to
the early practice phase (post-hoc, p < 0.001). Reaction times in the late practice phase were
similar to those in the early practice phase (p = 0.156) but greater than those of the baseline

(p < 0.001).

Mean movement times for the 30° group were 1319 + 120 (SE), 1199 + 85, and 1072 £ 127
ms in the baseline and early phase and late phase of practice, respectively. Comparable values
were 1167 + 93, 1141 + 129, and 981 + 101 ms for the 75° group, and 872 + 80, 1031 + 173, and
911 + 83 ms for the 150° group. The phase main effect was significant (3 x 3 ANOVA, F(2,66)
=3.67,p=0.031, € = 0.803), but there were no group (p = 0.190) and group-by-phase interac-
tion effects (F(4,66) = 1.48, p = 0.217, € = 0.803). Movement times in late practice were similar
to those in early practice (post-hoc, p = 0.060) but shorter than those in the baseline
(p =0.012). The values in the early phase did not differ from those in the baseline (p = 0.930).

Direction errors. To illustrate adaptive changes of hand movements, angular histograms
of the direction errors in the early and late practice phases are shown in Fig 3a-3f. In the early
phase, the 30° group (Fig 3a) generally moved their hands in the direction of the target (30°).
The 75° group made a wide range of direction errors, which formed roughly four peaks of the
distribution with intervals of ~90° from the target direction (75°: Fig 3b), suggesting that the
participants explored the reaching directions along and perpendicular to the SP-target line.
The 150° group mainly moved their hands to the 180° inverted location of the target (-30°) and
less frequently to the target (150°, Fig 3c). In contrast to the early phase, all groups produced
one-peak distribution profiles in the late phase. The peak distribution of the 30° group was
close to 0° (Fig 3d), whereas respective peak distributions of the other groups were slightly
(75° Fig 3e) or further (150°: Fig 3f) away from 0°.

Fig 4a shows adaptive changes of mean directions errors throughout practice. In baseline
performance without the visuomotor rotation, mean direction errors were small in all groups.
Although the 30° group made slightly smaller errors than did the other groups, the differences
were not significant (one-way ANOVA, F(2,33) = 3.54, p = 0.040; post-hoc, 30° vs 75°:

p =0.096, 30° vs 150°: p = 0.072). All groups substantially increased the direction errors imme-
diately after the introduction of the visuomotor rotation. Thereafter, the 30° group gradually
reduced the errors toward 0° throughout practice (Fig 4a, triangles). The 75° group (Fig 4a,
open squares) showed very large errors in the first several blocks with large inter-trial (see
below, Fig 4b) and inter-subject variability (see error bars of Fig 4a). The mean direction errors
were negative for most blocks and gradually adjusted toward 0°. In late practice, the error was
still slightly below 0°, indicating some overcompensation of the visuomotor rotation. The 150°
group reduced the errors rapidly toward -30° in the early practice phase (Fig 4a filled squares),
showing an early implementation of a reversal shift of hand movements to the 180° inverted-
target location. The negative direction errors (Fig 4a filled squares) were slightly adjusted
toward 0° during practice, but the adaptation was incomplete by the end of practice.

In the early phase, the 30° group had significantly greater direction errors than did the other
two groups (multi-sample test for equal median directions: X*(2) = 12.66 p = 0.002, post-hoc,
30°vs 75% p = 0.014, 30° vs 150°: p < 0.001), which did not differ from each other (p = 0.102).
In the late phase, however, the direction errors of the 30° group were similar to those of the 75°
group (one-way ANOVA, (F(2,33) =7.92, p = 0.002; post-hoc, p = 0.361) but still different
from those of the 150° group (p = 0.001). Again, the latter groups did not differ from each
other (p = 0.073). To examine if there was an interaction effect between the group and practice
phase, difference scores between the early and late phases were calculated. Mean value for the
150° group (-17.5 £ 28.9° (95% confidence interval)) differed significantly from the other two
groups (30° group: 23.6 * 5.6°% 75° group: 90.4 + 61.8° multi-sample test for equal median
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Fig 3. Angular histograms of direction error of hand and eye movements in early and late practice of a visuomotor
rotation. Histograms of the 30°, 75°, and 150° groups are shown in the left, center and right columns, respectively. EP refers
to the early phase (a-c, g-i), and LP refers to the late phase (d-f, j-I) of practice. The direction labels marked with circles
indicate the direction of the target, and the labels with squares indicate direction of the hand target (i.e., the hand location that
would bring the cursor to the target under the rotated visual feedback). The binning size of each plotis 10°.

doi:10.1371/journal.pone.0164602.9003
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Fig 4. Adaptive changes of hand movements during practice of a visuomotor rotation. Direction errors
of reaching (a) and inter-trial variability (i.e., circular variance) of the direction errors (b) are shown. Mean
values of all participants are plotted against 40 trial blocks with 4 trials each for the 30° (triangles), 75° (open
squares), and 150° (filled squares) groups. Mean values of baseline performance (BL) are also plotted. In (a),
the error bars represent a 95% confidence interval. The confidence intervals of the 2", 3™, and 5™ blocks of
the 75° group are missing because too large inter-subject variability prevented a reliable calculation. In (b),
the error bars represent the SE. Circular variance has an arbitrary unit with 1 being the maximum and 0 the
minimum.

doi:10.1371/journal.pone.0164602.9004
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directions, X*(2) = 12.66 p = 0.002; post-hoc, 150° vs 30°: p < 0.001, 150° vs 75°% p < 0.014),
which did not differ from each other (p = 0.041). The direction errors in the late phase (LP) sig-
nificantly differed from those of the baseline (BL) for the 75° (LP: -4.4° (circular mean), BL:
42°,1(11) = 2.61, p = 0.024) and 150° groups (LP: -16.0°, BL: 4.4% (11) = 5.67, p < 0.001), but
not for the 30° group (LP: 3.5°, BL: 1.1°, p = 0.558).

Variability of direction errors. Adaptive changes of the inter-trial variability (i.e., circular
variance) of hand directions during practice are shown in Fig 4b. Mean variability was small in
the baseline performance for all groups (30°: 0.007, 75°: 0.005, 150°: 0.009). Just after the intro-
duction of the visuomotor rotation, the variability increased modestly for the 30° group and
dramatically for the 75° and 150° groups. Thence, the 150° group immediately reduced the var-
iability, but the 75° group maintained large variability until the midway of practice. In late
practice, however, the variability of all groups was small. A 3 (group) x 3 (phase: baseline, early
practice, and late practice) ANOVA showed a significant group-by-phase interaction (F(4,66)
=13.99, p < 0.001, € = 0.559). The interaction stemmed from differential variability increases
among groups from the baseline to early practice (post-hoc, interaction effect of a 2 (phase) x 3
(group) ANOVA, F(2,33) = 15.06, p < 0.001) and differential decreases among groups from
early to late practice (post-hoc, interaction effect, F(2,33) = 13.92, p < 0.001). As can be seen in
Fig 4b, the 75° group made substantial changes from the baseline to early practice and then to
late practice, whereas these changes were much smaller for the 150° group and minimum for
the 30° group. There were no such differential changes among groups from the baseline to late
practice (post-hoc, interaction effect, F(2,33) = 0.81, p = 0.453). There was also a significant
group main effect (F(2,33) = 13.65, p < 0.001). The 30° group had significantly smaller variabil-
ity than did the 75° (post-hoc, p < 0.001) and 150° (p = 0.004) groups, which did not differ
from each other (p = 0.040). The phase main effect was also significant (F(2,66) = 67.39,

p < 0.001, £ = 0.559). The variability in early practice was significantly greater than that of the
baseline (post-hoc, p < 0.001) and that of late practice (p < 0.001). The variability of the base-
line and late practice did not differ from each other (post-hoc, p = 0.030).

In summary, the 30° group gradually reduced direction errors throughout practice. The 75°
group had large direction errors in the first half of practice, and the 150° group applied a 180°
reversal shift from early practice; both groups overcompensated the respective rotations. All
groups reduced the variability of direction errors to minimal in late practice.

Adaptive change of eye movement

Gazelocations. When the target appeared on the monitor in each trial, the participants
usually made a saccade in response. The percentages of trials in the practice condition that con-
tained such initial saccade were 99.4 + 0.2 (SE) % (30° group), 90.8 + 1.4% (75° group), and
89.2 £ 2.3% (150° group). There was no group difference (one-way ANOVA, F(2,33) =2.42,

p =0.104). Out of those trials, mean percentages of trials where the initial saccades landed in
the target area were 92.0 + 1.8 (SE) % (30° group), 73.9 + 7.8% (75° group), and 86.3 + 3.8%
(150° group), indicating that the initial saccade was used to register the target location. There
was no group difference (one-way ANOVA, F(2,33) = 2.71, p = 0.081).

Subsequently, the participants typically either maintained their gaze at the target area or
changed it to other locations prior to the onset of reaching, and thence, the gaze fixation was
maintained until the end of reaching. To determine approximately when gazes were fixated in
association with the execution of hand movements, gaze locations were analyzed at 6 different
timings relative to reaching: -200, -100, 0, and 100 ms relative to the onset of reaching, peak
velocity, and the offset of reaching. The results of gaze locations were very similar across all
timings except 200 ms prior to the onset of reaching, indicating that gazes were fixated by 100
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ms before the onset of hand movement in all three groups and maintained until the hand-
movement offset. Since the observed patterns of gaze locations became very stable at the onset
of hand movements, we will report the gaze patterns at that timing in the rest of the Results
section.

To illustrate the changes of gaze patterns due to practice, angular histograms of gaze direc-
tion errors based on all trials from all participants are shown in Fig 3g-31 for the early and late
practice phases. In early practice, the peak distribution was located at ~30° for the 30° group
(Fig 3g) and at ~75° for the 75° groups (Fig 3h), indicating that gazes were mainly directed at
the target. However, other gaze directions of the 75° group were widely distributed across the
workspace. The 150° group showed a profile with two peaks, one around the target direction
(150°, Fig 31) and the other around the 180° inverted-target direction (-30°). In late practice,
the distribution of gaze directions was shifted toward 0° slightly for the 30° (Fig 3j) and con-
spicuously for the 75° group (Fig 3k), indicating that the participants more frequently gazed in
the direction of the hand target (i.e., the hand location that brings the cursor on the target
under the visuomotor rotation). The 150° group still showed the two-peak profile, but the gaz-
ing directions was shifted more toward the inverted-target direction (Fig 31).

To quantify the adaptive changes of gaze patterns throughout practice, the incidences of
gazes falling in different gaze areas (Fig 2) were analyzed for each trial block of practice (Fig 5).
All groups mostly looked at the target (T) area for the baseline (Fig 5a), and there was no group
difference (one-way ANOVA, F(2,33) = 0.44, p = 0.646). In the first several blocks of practice,
they rapidly reduced the respective incidences down to ~50% (30° group), ~10%, (75° group),
and ~20% (150° group). The 30° group gazed more at the T area than did the other groups (3
(group) x 2 (phase: early vs late practice) ANOVA, group effect: (F(2,33) = 10.10, p < 0.001;
post-hoc, p = 0.001 for both comparisons), which did not differ from each other (p = 0.618).
The phase effect was significant (F(1,33) = 28.60, p < 0.001), while the group-by-phase interac-
tion was not (p = 0.095).

Accompanying the reduced gaze incidences at the T area, all groups gradually increased the
incidences of looking at the hand-target (HT) area throughout practice (Fig 5b), resulting in a
significant phase effect (F(1,33) = 23.34, p < 0.001). However, there was no group effect
(p =0.051) or group-by-phase interaction effect (p = 0.399). Furthermore, the 150° group
showed substantially higher incidences of gazing at the inverted-target (IT) area than did the
other groups (Fig 5c¢, group effect: F(2,33) = 29.05, p < 0.001; post-hoc, p < 0.001 for both
comparisons). The 75° group, in contrast, had significantly higher gaze incidences at the other
areas than did the 30° and 150° groups (Fig 5d, group effect: F(2,33) = 8.67, p = 0.001; post-
hoc, p =0.001 for both comparisons). This was due to that the 75° group gazed at a relatively
wide area across the working space in early practice (Fig 3h) and at surrounding areas of the
HT area in late practice (Fig 3k). There was no phase effect and group-by-phase interaction
effect for the inverted-target area (p = 0.868 and p = 0.908, respectively) and for the other area
(p=0.299 and p = 0.942, respectively). Additionally, the gaze incidences at the starting-position
(SP) area throughout all practice blocks were generally low for all groups (30°: 1.6 + 0.8%
(mean + SE); 75° 11.3 + 4.6%; 150°: 12.3 + 4.5%), and there were no group, phase, and group-
by-phase interaction effects (p = 0.156, p = 0.863, and p = 0.356, respectively).

Furthermore, to quantify progressive changes in gaze incidences for the T, HT, IT, and
other gaze areas in each group, groups’ mean values were subjected to a linear regression analy-
sis across the 40 trial blocks of practice. The 30° group (Fig 5a-5d, triangles) significantly
increased the gaze incidences for the HT area during practice (r = 0.69, p < 0.001, slope = 0.59)
and significantly decreased those for the T area (r = 0.65, p < 0.001, slope = -0.52). However,
there were no significant trends for the IT (r = 0.26, p = 0.100, slope = -0.01) and other areas
(r=0.04, p = 0.827, slope = -0.01). The 75° group (Fig 5a-5d, open squares) significantly
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locations at the onset of reaching are plotted for 4 different areas of workspace (see Fig 2 for details): the target (T) area (a), the
hand-target (HT) area (b), the inverted-target (IT) area (c), and the other area (d). The incidences were calculated across 4 trials per
trial block, and mean values of all participants are plotted against 40 trial blocks for the 30° (triangles), 75° (open squares), and 150°
(filled squares) groups. Mean values of baseline performance (BL) are also plotted. The error bars represent the SE. In (e), mean
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inter-trial variability (i.e., circular variance) of gaze direction errors is plotted in the same format. Circular variance has an arbitrary
unit with 1 being the maximum and 0 the minimum.

doi:10.1371/journal.pone.0164602.9005

increased the gaze incidences across the blocks for the HT area (r = 0.73, p < 0.001,

slope = 0.74) but significantly decreased those for the T (r = 0.35, p = 0.025, slope = -0.33), IT
(r=0.60, p < 0.001, slope = -0.15) and other areas (r = 0.32, p = 0.043, slope = -0.26). The 150°
group (Fig 5a-5d, filled squares) significantly increased the gaze incidences both for the HT
(r=0.68, p < 0.001, slope = 0.35) and other areas (r = 0.38, p = 0.015, slope = 0.15) but signifi-
cantly decreased those for the T (r = 0.33, p = 0.036, slope = -0.20) and IT areas (r = 0.40,
p=0.011, slope = -0.21).

Variability of gaze direction errors. To examine whether variability of gaze directions
decreased with practice, gaze direction error was measured in each trial (see Fig 3g-31). Subse-
quently, inter-trial variability (i.e., circular variance) of gaze direction errors was calculated for
each block in each participant (Fig 5e). Mean variability across participants in the baseline was
small in all groups (30°: 0.005, 75°: 0.044, 150°: 0.060). A 3 (group) x 3 (phase: baseline, early
practice and late practice) ANOVA showed a significant group-by-phase interaction (F(4,66) =
4.79, p = 0.002, & = 0.709). The interaction stemmed from differential variability increases
among groups from the baseline to early practice (post-hoc, interaction effect of a 2 (phase) x3
(group) ANOVA, F(2,33) =9.29, p = 0.001) and from the baseline to late practice (post-hoc,
interaction effect, F(2,33) = 8.45, p = 0.001). As can be seen in Fig 5e, the 150° group substan-
tially increased the variability from the baseline to both early and late practice, and so did the
75° group from the baseline to early practice. Conversely, the 30° group hardly showed such
increases. The variability changes from the early to late phase were similar among groups
(post-hoc, interaction effect, F(2,33) = 1.41, p = 0.257). There was also a significant group main
effect (F(2,33) = 15.53, p < 0.001). The 30° group showed significantly smaller variability than
the other groups (post-hoc, 75°: p < 0.001, 150°: p = 0.004), which did not differ from each
other (p = 0.020). The variability was significantly greater in early practice than in the baseline
(phase main effect, F(2,66) = 17.59, p < 0.001, £ = 0.709; post-hoc, p < 0.001) and late practice
(p < 0.001), which did not differ from each other (p = 0.221).

In summary, all groups shifted their gaze locations from the target area to the hand-target
area during practice. Besides this change, the 75° and 150° groups also gazed at the wider sur-
rounding areas of the hand-target area and the inverted-target area, respectively. All groups
reduced the variability of gaze directions with practice, but the 75° and 150° groups had greater
variability than did the 30° group.

Spatial relation between gaze and hand directions

Since gaze shifts occurred earlier than hand movements, gaze directions may reflect a predic-
tive gaze control for hand movements [46,47]. If so, gaze directions would be related to hand
directions. To explore this possibility, the relation between gaze direction errors and hand
direction errors was analyzed. Note that trials where the gazes fell in the SP area as reported
above were excluded from the analyses. Scatter plots of hand and gaze direction errors for the
first 16 trials of practice (Fig 6a, 6¢c and 6e) revealed two patterns of such relation when the par-
ticipants were exploring the unfamiliar visuomotor transformation. One was that the gazes
were directed toward the directions of hand movements (Fig 6a, 6¢ and 6e), resulting in a posi-
tive correlation across trials. The other was that gazes were directed to the target area, while
hands explored different directions (Fig 6a, 6¢ and 6e, open circles). In the last 16 trials, these
patterns were less clear (Fig 6b, 6d and 6f), because hand direction errors were much more con-
centrated to a narrow range than in the first 16 trials.
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doi:10.1371/journal.pone.0164602.9007

Next, to quantify the above relation between gaze and hand directions, we divided practice
trials into 10 trial blocks of 16 trials each and computed the correlations between gaze and hand
directions across trials for each participant in each block. Mean correlation coefficients in the
baseline ranged between 0.3 and 0.4 across groups (Fig 7). All groups increased the correlations
in early practice. However, the correlations were gradually reduced with more practice. A 3x 3
ANOVA revealed a significant phase effect (F(2,66) = 27.26, p < 0.001) and a group effect (F
(2,33) = 3.82, p = 0.032), while there was no group-by-phase interaction (p = 0.792). Correlations
of the 75° group were significantly greater than those of the 30° group (post-hoc, p = 0.015), but
did not differ from those of the 150° group (p = 0.036). The 30° and 150° groups did not differ
from each other (p = 0.705). The correlations significantly increased from the baseline to early
practice (post-hoc, p < 0.001), but decreased from early to late practice (p < 0.001). The correla-
tions in late practice did not differ from those of the baseline (p = 0.085). Note that additional
analysis revealed that the relatively low correlations found in the baseline and the late practice
phase were likely mainly due to the hand and eye direction error variances being too small to
detect correlation between them (see S1 Text and S1 Table for more details).
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In summary, while the hand moved to various directions of the workspace especially in
early practice, gazes were directed either toward the directions of hand movements or the
direction of visual targets. The correlations between hand and gaze directions were increased
in early practice, but gradually decreased with practice in all groups.

Adaptive changes, after-effects, and explicit knowledge

Adaptive shift. Adaptive shift, after-effect, and explicit shift were measured to assess dif-
ferent types of knowledge of the visuomotor rotation acquired through practice by subtracting
pre-tests from post-tests [16,26,39,40]. Since no terminal visual feedback was given during the
pre- and post-tests, these measurements excluded any between-trial influence of terminal feed-
back. Adaptive shift measured adaptive changes of hand movements, reflecting both implicit
corrections based on implicit knowledge of the visuomotor rotation and strategic corrections
based on explicit knowledge of the rotation. Adaptive shifts of -30°, -75°, and -150° would
completely compensate for the rotations of 30°, 75°, and 150°, respectively. Individual values
and groups mean values of adaptive shifts are shown in Fig 8a (filled circles and diamonds).
The 30° group compensated the rotation fairly well (mean value: -28.4°, 1-sample t-test against
-30° df =11, p = 0.713). In contrast, both the 75° group (mean value: -85.5°) and 150° group
(mean value: -170.9°) overcompensated the respective visuomotor rotations (1-sample t-test
against -75° t(11) = 4.76, p = 0.001; t-test against -150°, #(11) = 6.06, p < 0.001). Since the
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doi:10.1371/journal.pone.0164602.9008
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participants of the 75° (or 150°) group may have adapted to the 90° axial rotation (or the 180°
target inversion), a 1-sample t-test against -90° (or -180°) was also performed. The 75° group
did not show significant deviation from -90° (p = 0.064). However, the 150° group showed sig-
nificant deviation from -180° (#(11) = 2.67, p = 0.022), indicating that the overcompensation of
this group was not entirely reflecting the 180° target inversion.

To examine if eye movements showed similar patterns as the hand movements, adaptive
shifts of eye movements were measured based on gaze directions during the pre- and post-
tests (Fig 8a, open circles and diamonds). Mean values were -19.7° for the 30° group and
-59.3° for the 75° group, which were significantly smaller than the respective adaptive shifts of
hand movements (Fig 8a, filled circles, 30° group: t-test, #(11) = 4.75, p = 0.001; 75° group:
t(11) =5.06, p < 0.001 for both). Conversely, the mean value for the 150° group was -171.8°,
which did not differ from that of hand movements (Watson-Williams two-sample test,
p=093).

After-effect. After-effect measured the magnitude of implicit knowledge of the visuomo-
tor rotation acquired through practice. After-effects of -30°, -75°, and -150° would indicate that
participants acquired perfect implicit knowledge of the associated rotations. Mean after-effects
of hand movements were -3.8°, -0.7°, and -0.5° for the 30°, 75°, and 150° groups (Fig 8b, filled
circles and diamonds). In terms of the eye movements (Fig 8b, open circles and diamonds),
mean after-effects were -2.5°, -0.1°, and 0.9° for the 30°, 75°, and 150° groups, respectively, all
of which did not significantly differ from the respective after-effects of hand movements (t-
test, df = 11, 30°: p = 0.408; 75°: p = 0.703; 150°: p = 0.428). Only the after-effects of the 30°
group were significantly different from 0° regarding both hand (1-sampled t-test, #(11) = 3.05,
p=0.011) and eye movements (#(11) = 3.33, p = 0.007), indicating that implicit knowledge of
the visuomotor rotations was acquired in both effectors.

Explicit shift. Explicit shift measured the magnitude of explicit knowledge of the visuomo-
tor rotation acquired through practice. The values for -30°, -75°, and -150° would indicate that
participants acquired perfect explicit knowledge of the associated rotations. All groups had sub-
stantial explicit knowledge of their respective rotations (Fig 8c). Mean value (-20.7°) of the 30°
group was significantly smaller than -30° (1-sample t-test, #(11) = 2.64, p = 0.023). Conversely,
the 75° group (mean value: -80.7°) and the 150° group (mean value: -172.9°) had greater magni-
tudes of explicit knowledge than -75° (#(11) = 2.23, p = 0.047) and -150° (¥(11) = 5.97,

p < 0.001), respectively. The explicit shift of the 75° (or 150°) group was also subjected to a
1-sample t-test against -90° (or -180°) to examine if the explicit knowledge is related to the 90°
axial rotation (or the 180° inversion) of target direction. The 75° group had no such knowledge
(t(11) = 3.68, p = 0.004), but the 150° group did (p = 0.083).

Relation between adaptive shift and explicit shift. To examine if explicit knowledge of
the applied rotation was related to the magnitude of adaptation, at first the mean values of
adaptive shift and explicit shift were compared in each group. In the 30° group, explicit shift
(Fig 8c, filled square) was significantly smaller than adaptive shift of reaching (Fig 8a, filled
square, paired t-test, #(11) = 2.97, p = 0.013), but similar to that of eye movements (Fig 8a,
open square, p = 0.765). In the 75° group, the explicit shift was significantly smaller than the
adaptive shift of reaching (#(11) = 2.59, p = 0.025), but greater than that of eye movements
(#(11) = 4.39, p = 0.001). In the 150° group, explicit shifts were similar to adaptive shifts of both
eye (p = 0.571) and hand (p = 0.454) movements. Second, the correlation between individual
explicit shifts and individual adaptive shifts was computed in each group. The 30° group
showed significant correlations both for hand (r = 0.77, p = 0.004) and eye movements
(r=0.69, p = 0.014). For the 75° and 150° groups, significant correlations were found for reach-
ing (75° r=0.70, p = 0.011; 150°: r = 0.77, p = 0.004) but not for eye movements (75° r = 0.43
p =0.162, 150°: circular-linear correlation, r = 0.11, p = 0.935).
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In summary, adaptive shifts of both hand and eye movements were mainly attributed to
explicit shifts in all groups. Only the 30° group also made small aftereffects in both effectors.
Adaptive shifts of eye movements were smaller than those of hand movements in the 30° and
75° groups.

Discussion

The present study examined adaptive changes of reaching movements and gaze patterns during
learning of a visuomotor rotation with three different rotation angles (30°, 75° and 150°) by
using terminal visual feedback. The results showed that (1) the 30° group well adapted hand
movements to the applied rotation, whereas the 75° group slightly and the 150° group substan-
tially overcompensated the respective rotations; (2) During practice, all groups gradually
shifted gaze directions from the target area to the areas related to the final positions of reaching;
(3) All groups increased correlation between gaze and hand directions in early practice but
gradually decreased thereafter; (4) The adaptive changes of both hand and eye movements
mainly reflected explicit learning in all groups, whereas only the 30° group showed small
implicit adaptation in both movements. We shall discuss these results in turn.

Adaptive change of hand movements

The difficulty of the visuomotor rotation task was manipulated by applying different rotation
angles. The 30° group steadily decreased direction errors of reaching during practice, and its
varijability was smallest among the groups (Fig 4), showing an ease of adapting to the smaller
rotation compared to other rotations tested [16,30-33]. In contrast to the 30° group, the 75°
group displayed large variability of direction errors in the first half of practice (Fig 4), indicat-
ing that the participants extensively explored the relation between the hand and cursor move-
ments [24]. In late practice, the hand movements slightly overcompensated the applied
rotation. Since adaptive shifts of this group were closer to the case of a 90° rotation rather than
75° (Fig 8), a possible explanation for the small overcompensation is that hand movements
may be attracted to a perpendicular direction from the SP-Target vector, even though the par-
ticipants do not have such explicit knowledge. Since horizontal and vertical contours were visi-
ble in the current study (such as edges of computer monitor, etc.), and since the visual targets
were located along the diagonals, the participants were possibly reversing the visual targets
around the horizontal or vertical axis to make reaching movements, resulting in a 90° shift.
Such adaptive pattern was observed previously as a simplified transformation pattern in com-
plex visuomotor transformations [37,48] (see also [49] for a visuomotor rotation).

The 150° group largely overcompensated the applied rotation, and adaptation was incom-
plete (Fig 4a). This was due to the involvement of a two-step rotational transformation [16,30-
32]. Previous studies indicated that adaptation to rotation angles probably up to 90°-120°
involved a single rotational transformation, but rotation angles near 180° (e.g., 135°, 150°)
involved a two-step transformation [16,30-32]. The initial reversal shift of 180° was learned
quickly in the first few trials, but adaptation to the remaining 30° was poor. In the end, the par-
ticipants stabilized hand movements at a wrong reaching direction with explicit knowledge
closer to 180° rotation (Figs 4 and 8). Such a poor adaptive pattern is similar to the case of
learning a 1** order lever transformation that also involves a two-step transformation (an initial
left-right reversal shift and a subsequent amplitude transformation) under terminal feedback
[48,50]. Thus, application of a strategic reversal shift of 180° seems to reduce the CNS’s capabil-
ity to detect relatively small direction errors between the target and the feedback cursor for
explicit adjustment [23] and between the cursor and planned hand direction for implicit adap-
tation [23]. Since the 30° group was able to adapt to the applied rotation, the poor adaptation
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to the remaining 30° rotation after the reversal-shift for the 150° group was not caused by the
small rotational magnitude per se but by the application of the reversal shift. Gazes of the 150°
group were often directed to the inverted-target area (Fig 5). This gaze pattern may have
reduced the accuracy in registering the feedback cursor and the target locations, thereby mak-
ing it difficult to detect the above direction errors.

Adaptive change of gaze behaviors

Applying three different rotations revealed distinct differences in adaptive gaze behavior
depending on the rotations. Gaze directions of the 30° group were gradually adjusted from the
target area to the hand-target area during practice, and the variability of gaze directions was
smallest among the groups (Fig 5), again indicating the relative ease of learning a small visuo-
motor rotation [16]. The 150° group shifted the gazes toward the inverted-target area in con-
cert with a reversal shift of hand movements from very early practice, suggesting that the 180°
reversal shift is easily applied without much of exploration of gaze and hand directions. In con-
trast, the 75° group shifted the gaze to wide areas of workspace and showed large variability of
gaze directions especially in the first half of practice, reflecting the difficulty of learning this
magnitude of visuomotor rotation.

One of the most informative findings of the current study was that in all groups, gaze inci-
dences for the target area gradually decreased during practice, and in return, gaze incidences
for the hand-target area increased (Fig 5). Gazes in late practice were also directed to areas sur-
rounding the hand-target area in the 75° group or to the inverted-target area in the 150° group.
These results indicate that gaze directions were altered through practice from the visual targets
to the final positions of reaching. Under terminal feedback, there is no reliable means to adjust
the reaching directions during movement, and hence, modifications of reaching have to be
done in a pre-planned manner in subsequent trials. The observed strategy of bringing the gazes
closer to the final positions of reaching under a visuomotor rotation is in a way similar to the
case of reaching to a visual target in a natural environment (because the visual target and the
final position of hand movement are the same). Importantly, such a gaze pattern is known to
improve the accuracy of planning of hand movements [1,2,5-7,51]. Therefore, the observed
adaptive gaze pattern reflects the oculomotor system’s role under terminal feedback to provide
visual information most needed for the effective preplanning of reaching to counter the applied
rotation.

This adaptive pattern of aligning the gaze directions on the final position of reaching is dif-
ferent from the one found in the continuous feedback, in which gaze behavior is gradually
adjusted during practice from fixating on the feedback cursor to fixating on the visual target
(where the feedback cursor should reach) [16,17]. Such gaze anchoring to the target is condu-
cive to assess the relation between the feedback cursor and the target during reaching, guiding
the cursor to the target. Thus, these different adaptive gaze-behaviors during learning of visuo-
motor transformations reflect two different sensorimotor processes involved in the control of
reaching, namely preplanning based on terminal visual feedback and on-line processing based
on continuous visual feedback.

Another informative finding of the current study was that all groups increased correlations
between the reaching and gaze directions across trials to the moderate to high level when the
visuomotor rotation was introduced (Fig 7). Since the gaze shifts occurred earlier than the
hand movements, such correlations suggest that gazes are shifted predictively in the direction
of hand movements [46,47]. In other words, the gazes lead reaches in exploring the unfamiliar
visuomotor transformation. Furthermore, this gaze control pattern was supplemented by
another pattern where gazes were directed to the target area while the hand moved to different
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directions (Fig 6). In this case, gazing at the target area likely provides a reference direction
(e.g., SP-target vector), from which a voluntary shift of hand direction of a certain magnitude
can be calculated to plan reaching direction [45]. After the reaching is completed, this magni-
tude is likely compared with direction errors between the target and the feedback cursor, so
that the planning error of reaching direction can be assessed and used to adjust reach planning
in the later trials. Taken together, the sensorimotor system uses two ways of controlling gaze
directions relative to reaching directions in exploring unfamiliar visuomotor transformation.

Interestingly, in late practice where reaching directions had low spatial inter-trial variability
(Fig 6), the correlations between gaze and hand directions across trials were reduced to a low to
moderate level, as was the case in baseline performance (Fig 7). These results suggest that even
though gazes point in relatively similar directions as reaches (Fig 3, LP), gaze directions cannot
precisely predict trial-to-trial changes of reaching directions.

Implicit and explicit processes involved in adaptive change

Pre- and post-tests revealed that all groups had acquired substantial explicit knowledge of the
applied rotations. However, the magnitudes of explicit knowledge and that of adaptive shifts of
hand movements were similar only in the 150° group (Fig 8). Nevertheless, individual explicit
shifts were significantly correlated with individual adaptive shifts in all groups. These results
suggest that the participants in all groups became aware of the nature of the visuomotor trans-
formation during practice and intentionally adjusted reaching directions at the preplanning
stage to compensate for the applied rotation [25,38].

Regarding eye movements, the magnitude of adaptive shifts was either similar to (for the
30° and 150° groups) or smaller than (for the 75° group) the magnitude of explicit shifts. Thus,
adaptive changes of eye movements were again mainly accomplished by explicit adjustments
of gaze directions based on explicit knowledge of the rotation. However, individual explicit
shifts were correlated with individual adaptive shifts only in the 30° group, which differed from
hand movements where adaptive shifts were correlated with explicit shifts in all groups. These
results suggest that explicit adjustments of eye movements are less precise than those of hand
movements to counter the applied rotation under a task requirement used in this study. Eye
movements are, therefore, likely adjusted to guide the hand in the general direction that is per-
ceived to counter the visuomotor rotation, whereas precise adjustments of reaching directions
are done by the limb-motor system. Such a postulate may be supported by our previous study,
which examined the role of gaze locations in learning of a visuomotor rotation where explicit
adjustments of hand movements had to counter a concurrent implicit adaptation that brought
the hand in an undesired direction [21]. In that case, the gazes were gradually shifted toward a
direction that countered the undesired directions of hand movements so that reaching direc-
tions were adjusted to a desired direction to compensate for the applied rotation.

Only the 30° group displayed small but significant after-effects in both eye and hand move-
ments. Thus, only the group with the smallest rotation angle created an internal model of the
visuomotor rotation through practice, resulting in implicit adaptation as well [21,23,24]. The
presence of after-effect in eye movements is noteworthy because it means that sensorimotor
learning results in creation of an internal model of the visuomotor rotation not only for hand
movements but also eye movements that support the planning and execution of manual actions.

Factors that influence adaptive change

The presence of after-effects, and thus implicit adaptation, under the use of terminal feedback
has been inconsistent in literature. After-effects were present in the 30° group and in previous
studies using a 45° rotation [21,23,24]. Conversely, after-effects were absent in the 75° and 150°
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groups and in other previous studies using a 30° [22] and 60° rotation [18,19]. One possible
factor for the discrepancy is different sizes of visuomotor rotations. Although using terminal
feedback leads to smaller implicit adaptation compared to continuous feedback [24], explicit
knowledge of the visuomotor rotation is generally small for small visuomotor rotations
[16,35,38] and increases for larger ones [16,35,52]. Importantly, the magnitude of implicit
adaptation is known to be negatively related to the awareness of the visuomotor rotation
[53,54]. Thus, substantial explicit knowledge of the rotation acquired through practice due to a
large rotation under the terminal feedback may have attenuated implicit adaptation, causing
the discrepancy among the studies.

Another possible factor for the above discrepancy is different types of hand movement used
for experiments. The current study and previous studies with no after-effects used a point-to-
point movement to the target, which involved planning of the hand’s initial trajectory direction
and a control for stopping at the target [18,19,22]. In contrast, the studies with after-effects
used a slicing movement (i.e., moving through the target), which mainly involved planning of
the hand’s initial trajectory direction [21,23,24] (see also [20] for a similar case using an out-
and-back pointing movement). Different adaptive mechanisms between these two types of
control have been suggested in learning a visuomotor rotation [55,56]. Furthermore, in the
case of the slicing movement, the terminal feedback was displayed at the time when the hand
moved beyond the distance between the starting position and the target. This means that
although the task of reaching to the target was completed, the terminal feedback was displayed
while the hand was still moving. That would provide participants additional information about
the relation between the feedback cursor and the reaching direction, thereby helping to create
an internal model of the visuomotor rotation, in turn producing a stronger after-effect.

Some of the above studies with slicing-type movements [20,21,23] also employed a para-
digm developed by Mazzoni and Krakauer [20], where visual targets and the corresponding
hand targets were displayed. The hand targets indicated hand locations where the cursor would
reach to visual targets under a visuomotor rotation, and participants were instructed to reach
to the hand targets in order to counter the applied visuomotor rotation. Displaying such hand
targets is known to enhance implicit adaptation [23]. This is likely because visible hand targets
would increase the precision of an error estimation between the predicted reaching direction
and the visual feedback of reaching, which is thought to be essential to implicit adaptation
[20,23,57]. In contrast, the current study displayed no hand targets, thereby possibly attenuat-
ing implicit adaptation.

It is worth mentioning that prism adaptation is thought to occur through realignment of a
visuomotor map of the relationship between vision and proprioception related to reaching, giv-
ing rise to the aftereffects when the prisms are removed [58]. Such implicit adaptation occurs
even when prisms introduce large rotations, so that participants are aware of the exposure
[58,59]. It also occurs when terminal visual feedback is applied [60] or when continuous feed-
back is applied only in the last portion of reaching [61]. These observations seem to contradict
the current results, where adaptive changes under terminal feedback were primarily through
explicit learning. It should be noted, however, that there are critical differences in task perfor-
mance conditions between prism adaptation studies and the current study of a visuomotor
rotation. First of all, the entire visual information is shifted in prism adaptation, which is more
conducive to the realignment of the visuomotor map compared to learning a visuomotor rota-
tion where only visual feedback of hand movement is rotated and all other visual information
(such as a starting point and a visual target, etc.) is veridical. Furthermore, unlike prism adapta-
tion studies, the current study used a tool-use setting where visual targets and visual feedback
were displayed on the vertical plane and hand movements were made on the horizontal plane,
thereby requiring an additional coordinate transformation to link the hand and visual
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information [39]. Different visuomotor processes underlying reaching between natural and
tool-use settings were revealed recently [49,62,63]. Moreover, the current task required con-
trols of both the hand’s initial trajectory direction and stopping at the target, whereas prism
adaptations often require mainly the control of the hand’s initial trajectory direction, such as
throwing a ball [59] or rapid pointing being mechanically stopped as the finger lands on the
target [60]. Taken together, the sensorimotor processing required for learning the current task
was more complex than in the case of prism adaptations, thereby making it difficult to create
an internal model of the applied rotation, in turn attenuating implicit adaptation.

Type of visual feedback and adaptive change of gaze behavior

In the case of continuous feedback examined in our previous study [16], adaptive gaze behavior
during learning of a visuomotor rotation was consistent among different control processes
used to adapt reaching movements (i.e., implicit adaptation, on-line based control, or explicit
adjustment). In the current study with terminal feedback, the adaptive changes of both hand
and eye movements were derived mostly from explicit adjustments in all groups and only to a
small extent from implicit adaptation in the 30° group. Consequently, the small implicit adap-
tation makes it difficult to identify how explicit adjustments and implicit adaptation of reach-
ing differentially influence adaptive changes of gaze directions. Therefore, it is important to
clarify this issue with experimental procedures where relatively large implicit adaptation of
reaching can be observed together with explicit adjustments [24] and where little explicit
adjustment of reaching is involved due to a very small visuomotor rotation (e.g., [64]) or a rota-
tion applied incrementally (e.g., [25]). One possibility is that the magnitude of adaptive gaze
shifts toward the final positions of reaching only relates to explicit adjustments. Such postulate
is conceivable because our previous study with terminal feedback showed that the occurrence
of explicit adjustments of reaching was related to an adaptive change of gaze directions,
whereas the occurrence of implicit adaptation of reaching did not depend on prescribed gaze
locations between the visual target and the final positions of reaching [21]. Another possibility
is that the magnitude of gaze shifts reflects the sum of the respective magnitudes of explicit
adjustments and implicit adaptation of reaching, thereby being involved in both implicit and
explicit processes. Results of such experiments would clarify if and how the oculomotor system
plays differential roles between implicit and explicit adaptive processes for planning of manual
actions under terminal visual feedback.

A related open question is whether continuous feedback results in the presence of an after-
effect of eye movements when a visuomotor rotation is removed. This question is critical for
the understanding of conditions under which realignment of a visuomotor map occurs during
learning of a visuomotor rotation. With terminal feedback, the after-effect of eye movements
was observed together with that of hand movements in the 30° group (Fig 8b). This implies
that, even though an internal model of the visuomotor rotation was created through practice,
the implicit adaptation of reaching occurred in a manner that did not involve the realignment.
To explain this phenomenon, one may need to consider the occurrence of implicit adaptation
of another component besides the creation of an internal model of the visuomotor rotation.
Such component is movement controllers that execute control laws for the hand and the eyes
to bring these effectors to a desired location (that counters the rotation) predicted by that inter-
nal model. Once the controllers are adapted, both the hand and the eyes would move to that
location when the rotation is removed, thereby resulting in after-effects of both eye and hand
movements.

In the case of continuous feedback, it is unknown whether an after-effect similar to that in
the current study occurs in eye movements. Our previous study with continuous feedback
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showed that gazes hardly moved towards the direction of the hand target during reaching
throughout practice; instead, gazes were consistently directed to the visual target in late practice
[16]. Therefore, it is possible that after-effect of eye movements is absent, whereas that of hand
movements is present. Such pattern would imply that an internal model of the visuomotor
rotation is created and that the implicit adaptation of reaching occurs in a manner that involves
realignment of a visuomotor map. With continuous visual feedback, the CNS can obtain much
more information about the relationship between vision and proprioception related to reaching
than in the case of terminal feedback. Thus, the CNS might start modifying an internal model
of that relationship and the corresponding movement controller for the hand, thereby imple-
menting the realignment. Exploring this aspect is an exciting direction for future studies.

In summary, the results of this study support two conclusions: (1) that gaze directions for
reaching movements change from the visual targets to the final positions of reaching during
learning of a visuomotor rotation under terminal feedback, and (2) that adaptive changes of
both eye and hand movements are dominated by explicit adjustments of movement directions
to counter the applied rotation. The adaptive change of the gaze pattern reflects the oculomotor
system’s involvement in the control of manual action, in particular, preplanning of reaching
directions under terminal feedback.

Supporting Information

S1 Table. Mean values (SE) across participants for parameters related to hand and eye
direction errors.
(PDF)

S1 Text. Influence of noise on correlation between eye and hand direction errors in the
baseline and late practice.
(PDF)

Acknowledgments

This research was supported by grant Ra 2183/1-3 of the German Research Foundation (DFG).
We thank Anika Beyer and Maleen Greine for their support in data collection. We also thank
Herbert Heuer and Yury Shimansky for their helpful comments on an earlier version of the
manuscript.

Author Contributions
Conceptualization: MKR SR.
Formal analysis: MKR.
Funding acquisition: MKR.
Investigation: MKR SR.
Methodology: MKR SR.
Project administration: MKR.
Software: MKR.

Supervision: MKR.

Visualization: MKR.

PLOS ONE | DOI:10.1371/journal.pone.0164602 November 3, 2016 28/31


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0164602.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0164602.s002

@° PLOS | ONE

Eye-Hand Coordination during Visuomotor Adaptation with Terminal Feedback

Writing - original draft: MKR.

Writing - review & editing: MKR.

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

Gaveau V, Pélisson D, Blangero A, Urquizar C, Prablanc C, Vighetto A, et al. Saccade control and
eye-hand coordination in optic ataxia. Neuropsychologia. 2008; 46: 475-486. doi: 10.1016/j.
neuropsychologia.2007.08.028 PMID: 17963798

Lunenburger L, Kutz DF, Hoffmann KP. Influence of arm movements on saccades in humans. Eur J
Neurosci. 2000; 12: 4107—4116. PMID: 11069607

Paillard J. The contribution of peripheral and central vision to visually guided reaching. In: Ingle D,
Goodale M, Mansfield R, editors. Analysis of visual behaviour. Cambridge: MIT Press; 1982. pp.
367-385.

Prablanc C, Echallier JF, Komilis E, Jeannerod M. Optimal response of eye and hand motor systems
in pointing at a visual target. |. Spatio-temporal characteristics of eye and hand movements and their
relationships when varying the amount of visual information. Biol Cybern. 1979; 35: 113—124. PMID:
518932

Abrams R, Meyer D, Kornblum S. Eye-hand coordination: oculomotor control in rapid aimed limb
movements. J Exp Psychol Hum Prcept Perform. 1990; 15: 248—-267.

Goodale MA, Pelisson D, Prablanc C. Large adjustments in visually guided reaching do not depend on
vision of the hand or perception of target displacement. Nature. 1986; 320: 748—750. doi: 10.1038/
320748a0 PMID: 3703000

Prablanc C, Pelisson D, Goodale MA. Visual control of reaching movements without vision of the limb.
Role of retinal feedback of target position in guiding the hand. Exp Brain Res. 1986; 62: 293-302.
PMID: 3709714

Bowman MC, Johansson RS, Flanagan JR. Eye-hand coordination in a sequential target contract task.
Exp Brain Res. 2009; 195: 273-283. doi: 10.1007/s00221-009-1781-x PMID: 19357841

Hayhoe MM, Shrivastava A, Mruczek R, Pelz JB. Visual memory and motor planning in a natural task.
J Vis. 2003; 3: 49-63. doi: 10.1167/3.1.6 PMID: 12678625

Neggers SFW, Bekkering H. Ocular gaze is anchored to the target of an ongoing pointing movement. J
Neurophysiol. 2000; 83: 639-651. PMID: 10669480

Rand MK. Segment interdependency and gaze anchoring during manual two-segment sequences.
Exp Brain Res. 2014; 232: 2753-2765. doi: 10.1007/s00221-014-3951-8 PMID: 24770857

Rand MK, Stelmach GE. Effects of hand termination and accuracy constraint on eye-hand coordination
during sequential two-segment movements. Exp Brain Res. 2010; 207: 197—211. doi: 10.1007/
s00221-010-2456-3 PMID: 20967537

Crawford JD, Medendorp WP, Marotta JJ. Spatial transformations for eye—hand coordination. J Neu-
rophysiol. 2004; 92: 10—19. doi: 10.1152/jn.00117.2004 PMID: 15212434

Elliott D. The influence of visual target and limb information on manual aiming. Can J Psychol. 1988;
42: 57-68. PMID: 3167704

Sanders JA, Knill DC. Visual feedback control of hand movements. J Neurosci. 2004; 24: 3223—-3234.
doi: 10.1523/JNEUROSCI.4319-03.2004 PMID: 15056701

Rentsch S, Rand MK. Eye-hand coordination during visuomotor adaptation with different rotation
angles. PLoS One. 2014; 9: e109819. doi: 10.1371/journal.pone.0109819 PMID: 25333942

Sailer U, Flanagan JR, Johansson RS. Eye-hand coordination during learning of a novel visuomotor
task. J Neurosci. 2005; 25: 8833—-8842. doi: 10.1523/JNEUROSCI.2658-05.2005 PMID: 16192373

Hinder MR, Woolley DG, Tresilian JR, Riek S, Carson RG. The efficacy of colour cues in facilitating
adaptation to opposing visuomotor rotations. Exp Brain Res. 2008; 191: 143—155. doi: 10.1007/
s00221-008-1513-7 PMID: 18679663

Hinder MR, Riek S, Tresilian JR, de Rugy A, Carson RG. Real-time error detection but not error correc-
tion drives automatic visuomotor adaptation. Exp Brain Res. 2010; 201: 191-207. doi: 10.1007/
s00221-009-2025-9 PMID: 19830412

Mazzoni P, Krakauer JW. An implicit plan overrides an explicit strategy during visuomotor adaptation.
J Neurosci. 2006; 26: 3642—-3645. doi: 10.1523/JNEUROSCI.5317-05.2006 PMID: 16597717

Rand MK, Rentsch S. Gaze locations affect explicit process but not implicit process during visuomotor
adaptation. J Neurophysiol. 2015; 113: 88-99. doi: 10.1152/jn.00044.2014 PMID: 25253477

PLOS ONE | DOI:10.1371/journal.pone.0164602 November 3, 2016 29/31


http://dx.doi.org/10.1016/j.neuropsychologia.2007.08.028
http://dx.doi.org/10.1016/j.neuropsychologia.2007.08.028
http://www.ncbi.nlm.nih.gov/pubmed/17963798
http://www.ncbi.nlm.nih.gov/pubmed/11069607
http://www.ncbi.nlm.nih.gov/pubmed/518932
http://dx.doi.org/10.1038/320748a0
http://dx.doi.org/10.1038/320748a0
http://www.ncbi.nlm.nih.gov/pubmed/3703000
http://www.ncbi.nlm.nih.gov/pubmed/3709714
http://dx.doi.org/10.1007/s00221-009-1781-x
http://www.ncbi.nlm.nih.gov/pubmed/19357841
http://dx.doi.org/10.1167/3.1.6
http://www.ncbi.nlm.nih.gov/pubmed/12678625
http://www.ncbi.nlm.nih.gov/pubmed/10669480
http://dx.doi.org/10.1007/s00221-014-3951-8
http://www.ncbi.nlm.nih.gov/pubmed/24770857
http://dx.doi.org/10.1007/s00221-010-2456-3
http://dx.doi.org/10.1007/s00221-010-2456-3
http://www.ncbi.nlm.nih.gov/pubmed/20967537
http://dx.doi.org/10.1152/jn.00117.2004
http://www.ncbi.nlm.nih.gov/pubmed/15212434
http://www.ncbi.nlm.nih.gov/pubmed/3167704
http://dx.doi.org/10.1523/JNEUROSCI.4319-03.2004
http://www.ncbi.nlm.nih.gov/pubmed/15056701
http://dx.doi.org/10.1371/journal.pone.0109819
http://www.ncbi.nlm.nih.gov/pubmed/25333942
http://dx.doi.org/10.1523/JNEUROSCI.2658-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/16192373
http://dx.doi.org/10.1007/s00221-008-1513-7
http://dx.doi.org/10.1007/s00221-008-1513-7
http://www.ncbi.nlm.nih.gov/pubmed/18679663
http://dx.doi.org/10.1007/s00221-009-2025-9
http://dx.doi.org/10.1007/s00221-009-2025-9
http://www.ncbi.nlm.nih.gov/pubmed/19830412
http://dx.doi.org/10.1523/JNEUROSCI.5317-05.2006
http://www.ncbi.nlm.nih.gov/pubmed/16597717
http://dx.doi.org/10.1152/jn.00044.2014
http://www.ncbi.nlm.nih.gov/pubmed/25253477

@° PLOS | ONE

Eye-Hand Coordination during Visuomotor Adaptation with Terminal Feedback

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

a4,

42.

43.
44,
45.

46.

47.

Shabbott BA, Sainburg RL. Learning a visuomotor rotation: simultaneous visual and proprioceptive
information is crucial for visuomotor remapping. Exp Brain Res. 2010; 203: 75-87. doi: 10.1007/
s00221-010-2209-3 PMID: 20237773

Taylor JA, Ivry RB. Flexible cognitive strategies during motor learning. PLoS Comput Biol. 2011; 7:
€1001096. doi: 10.1371/journal.pcbi. 1001096 PMID: 21390266

Taylor JA, Krakauer JW, Ivry RB. Explicit and implicit contributions to learning in a sensorimotor adap-
tation task. J Neurosci. 2014; 34: 3023—-3032. doi: 10.1523/JNEUROSCI.3619-13.2014 PMID:
24553942

Peled A, Karniel A. Knowledge of performance is insufficient for implicit visuomotor rotation adaptation.
J Mot Behav. 2012; 44: 185-194. doi: 10.1080/00222895.2012.672349 PMID: 22548697

Silzenbrick S, Heuer H. Type of visual feedback during practice influences the precision of the
acquired internal model of a complex visuo-motor transformation. Ergonomics. 2011; 54: 34—46. doi:
10.1080/00140139.2010.535023 PMID: 21181587

Walsh CM, Ling SC, Wang CS, Carnahan H. Concurrent versus terminal feedback: it may be better to
wait. Acad Med. 2009; 84: S54-S57. doi: 10.1097/ACM.0b013e3181b38daf PMID: 19907387

Heuer H, Hegele M. Constraints on visuo-motor adaptation depend on the type of visual feedback dur-
ing practice. Exp Brain Res. 2008; 185: 101—-110. doi: 10.1007/s00221-007-1135-5 PMID: 17912505

Silzenbriick S. The impact of visual feedback type on the mastery of visuo-motor transformations. Z
Psychol. 2012; 220: 3-9.

Abeele S, Bock O. Sensorimotor adaptation to rotated visual input: different mechanisms for small ver-
sus large rotations. Exp Brain Res. 2001; 140: 407—-410. doi: 10.1007/s002210100846 PMID:
11685393

Ferrel C, Bard C, Fleury M. Coordination in childhood: modifications of visuomotor representations in
6- to 11-year-old children. Exp Brain Res. 2001; 138: 313-321. PMID: 11460769

Cunningham HA. Aiming error under transformed spatial mappings suggests a structure for visual-
motor maps. J Exp Psychol Hum Percept Perform. 1989; 15: 493-506. PMID: 2527958

Imamizu H, Shimojo S. The locus of visual-motor learning at the task or manipulator level: implications
from intermanual transfer. J Exp Psychol Hum Percept Perform. 1995; 21: 719-733. PMID: 7643045

Ishihara S. Ishihara’ tests for colour deficiency. Tokyo: Kanehara; 2005.

Heuer H, Hegele M. Adaptation to visuomotor rotations in younger and older adults. Psychol Aging.
2008; 23: 190-202. doi: 10.1037/0882-7974.23.1.190 PMID: 18361666

Silzenbriick S, Heuer H. Enhanced mechanical transparency during practice impedes open-loop con-
trol of a complex tool. Exp Brain Res. 2012; 218: 283-294. doi: 10.1007/s00221-012-3011-1 PMID:
22278111

Heuer H Siilzenbrick S. A progression of approximations to internal models of complex visuo-motor
transformations. Hum Mov Sci. 2012; 31: 1056—1070. doi: 10.1016/j.humov.2012.01.004 PMID:
22633855

Hegele M, Heuer H. Implicit and explicit components of dual adaptation to visuomotor rotations. Con-
scious Cogn. 2010; 19: 906-917. doi: 10.1016/j.concog.2010.05.005 PMID: 20537562

Heuer H, Hegele M, Rand MK. Age-related variations in the control of electronic tools. In: Schlick C,
Frieling E, Wegge J, editors. Age-differentiated work systems. Heidelberg: Springer; 2013. pp. 369—
390.

Heuer H, Hegele M. Adaptation to a nonlinear visuomotor amplitude transformation with continuous
and terminal visual feedback. J Mot Behav. 2008; 40: 368—379. doi: 10.3200/JMBR.40.5.368-379
PMID: 18782712

de Boor C. A practical guide to splines. New York: Springer-Verlag; 1978.

Teasdale N, Bard C, Fleury M, Young D, Proteau L. Determining movement onsets from temporal
series. J Mot Behav. 1993; 25: 97—-106. doi: 10.1080/00222895.1993.9941644 PMID: 15064201

Berens P. CircStat: a MATLAB toolbox for circular statistics. J Stat Softw. 2009; 31(10): 1-21.
Winer BJ. Statistical principles in experimental design. New York: McGraw-Hill; 1971.

Georgopoulos AP, Massey JT. Cognitive spatial-motor processes. 1. The making of movements at
various angles from a stimulus direction. Exp Brain Res. 1987; 65: 361-370. PMID: 3556464

Flanagan JR, Johansson RS. Action plans used in action observation. Nature. 2003; 424: 769-771.
doi: 10.1038/nature01861 PMID: 12917683

Johansson RS, Westling G, Backstrom A, Flanagan JR. Eye-hand coordination in object manipulation.
J Neurosci. 2001; 21: 6917-6932. PMID: 11517279

PLOS ONE | DOI:10.1371/journal.pone.0164602 November 3, 2016 30/31


http://dx.doi.org/10.1007/s00221-010-2209-3
http://dx.doi.org/10.1007/s00221-010-2209-3
http://www.ncbi.nlm.nih.gov/pubmed/20237773
http://dx.doi.org/10.1371/journal.pcbi.1001096
http://www.ncbi.nlm.nih.gov/pubmed/21390266
http://dx.doi.org/10.1523/JNEUROSCI.3619-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24553942
http://dx.doi.org/10.1080/00222895.2012.672349
http://www.ncbi.nlm.nih.gov/pubmed/22548697
http://dx.doi.org/10.1080/00140139.2010.535023
http://www.ncbi.nlm.nih.gov/pubmed/21181587
http://dx.doi.org/10.1097/ACM.0b013e3181b38daf
http://www.ncbi.nlm.nih.gov/pubmed/19907387
http://dx.doi.org/10.1007/s00221-007-1135-5
http://www.ncbi.nlm.nih.gov/pubmed/17912505
http://dx.doi.org/10.1007/s002210100846
http://www.ncbi.nlm.nih.gov/pubmed/11685393
http://www.ncbi.nlm.nih.gov/pubmed/11460769
http://www.ncbi.nlm.nih.gov/pubmed/2527958
http://www.ncbi.nlm.nih.gov/pubmed/7643045
http://dx.doi.org/10.1037/0882-7974.23.1.190
http://www.ncbi.nlm.nih.gov/pubmed/18361666
http://dx.doi.org/10.1007/s00221-012-3011-1
http://www.ncbi.nlm.nih.gov/pubmed/22278111
http://dx.doi.org/10.1016/j.humov.2012.01.004
http://www.ncbi.nlm.nih.gov/pubmed/22633855
http://dx.doi.org/10.1016/j.concog.2010.05.005
http://www.ncbi.nlm.nih.gov/pubmed/20537562
http://dx.doi.org/10.3200/JMBR.40.5.368-379
http://www.ncbi.nlm.nih.gov/pubmed/18782712
http://dx.doi.org/10.1080/00222895.1993.9941644
http://www.ncbi.nlm.nih.gov/pubmed/15064201
http://www.ncbi.nlm.nih.gov/pubmed/3556464
http://dx.doi.org/10.1038/nature01861
http://www.ncbi.nlm.nih.gov/pubmed/12917683
http://www.ncbi.nlm.nih.gov/pubmed/11517279

@° PLOS | ONE

Eye-Hand Coordination during Visuomotor Adaptation with Terminal Feedback

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Sulzenbriick S, Heuer H. Learning the visuomotor transformation of virtual and real sliding levers: sim-
ple approximations of complex transformations. Exp Brain Res. 2009; 195: 153-165. doi: 10.1007/
s500221-009-1764-y PMID: 19294369

Granek JA, Pisella L, Stemberger J, Vighetto A, Rossetti Y, Sergio LE. Decoupled visually-guided
reaching in optic ataxia: differences in motor control between canonical and non-canonical orientations
in space. PLoS ONE. 2013; 8: €86138. doi: 10.1371/journal.pone.0086138 PMID: 24392035

Silzenbriick S, Heuer H. The trajectory of adaptation to the visuo-motor transformation of virtual and
real sliding levers. Exp Brain Res. 2010; 201: 549-560. doi: 10.1007/s00221-009-2071-3 PMID:
19902192

Adam JJ, Buetti S, Kerzel D. Coordinated flexibility: how initial gaze position modulates eye-hand coor-
dination and reaching. J Exp Psychol Hum Percept Perform. 2012; 38: 891-901. doi: 10.1037/
20027592 PMID: 22390297

Werner S, Bock O. Effects of variable practice and declarative knowledge on sensorimotor adaptation
to rotated visual feedback. Exp Brain Res. 2007; 178: 554-559. doi: 10.1007/s00221-007-0925-0
PMID: 17361424

Benson BL, Anguera JA, Seidler RD. A spatial explicit strategy reduces error but interferes with senso-
rimotor adaptation. J Neurophysiol. 2011; 105: 2843-2851. doi: 10.1152/jn.00002.2011 PMID:
21451054

Michel C, Pisella L, Prablanc C, Rode G, Rossetti Y. Enhancing visuomotor adaptation by reducing
error signals: single-step (aware) versus multiple-step (unaware) exposure to wedge prisms. J Cogn
Neurosci. 2007; 19: 341-350. doi: 10.1162/jocn.2007.19.2.341 PMID: 17280521

Ghez C, Scheidt R, Heijink H. Different learned coordinate frames for planning trajectories and final
positions in reaching. J Neurophysiol. 2007; 98: 3614-3626. doi: 10.1152/jn.00652.2007 PMID:
17804576

Scheidt RA, Ghez C. Separate adaptive mechanisms for controlling trajectory and final position in
reaching. J Neurophysiol. 2007; 98: 3600-3613. doi: 10.1152/jn.00121.2007 PMID: 17913996

Shadmehr R, Smith MA, Krakauer JW. Error correction, sensory prediction, and adaptation in motor
control. Annu Rev Neurosci. 2010; 33: 89—108. doi: 10.1146/annurev-neuro-060909-153135 PMID:
20367317

Redding GM, Rossetti Y, Wallace B. Applications of prism adaptation: a tutorial in theory and method.
Neurosci Biobehav Rev. 2005; 29: 431-444. doi: 10.1016/j.neubiorev.2004.12.004 PMID: 15820548

Martin TA, Keating JG, Goodkin HP, Bastian AJ, Thach WT. Throwing while looking through prisms. I1.
Specificity and storage of multiple gaze-throw calibrations. Brain. 1996; 119: 1199-1211. PMID:
8813283

Gaveau V, Prablanc C, Laurent D, Rossetti Y, Priot AE. Visuomotor adaptation needs a validation of
prediction error by feedback error. Front Hum Neurosci. 2014; 8: 880. doi: 10.3389/fnhum.2014.00880
PMID: 25408644

Redding GM, Wallace B. Adaptive spatial alignment and strategic perceptual-motor control. J Exp Psy-
chol Hum Percept Perform. 1996; 22: 379-394. PMID: 8934851

Granek JA, Pisella L, Blangero A, Rossetti Y, Sergio LE. The role of the caudal superior parietal lobule
in updating hand location in peripheral vision: further evidence from optic ataxia. PLoS One. 2012; 7:
e46619. doi: 10.1371/journal.pone.0046619 PMID: 23071599

Pisella L, Sergio L, Blangero A, Torchin H, Vighetto A, Rossetti Y. Optic ataxia and the function of the
dorsal stream: contributions to perception and action. Neuropsychologia 2009; 47: 3033—-3044. doi:
10.1016/j.neuropsychologia.2009.06.020 PMID: 19563817

Bernier PM, Chua R, Franks IM. Is proprioception calibrated during visually guided movements? Exp
Brain Res. 2005; 167: 292—296. doi: 10.1007/s00221-005-0063-5 PMID: 16044301

PLOS ONE | DOI:10.1371/journal.pone.0164602 November 3, 2016 31/31


http://dx.doi.org/10.1007/s00221-009-1764-y
http://dx.doi.org/10.1007/s00221-009-1764-y
http://www.ncbi.nlm.nih.gov/pubmed/19294369
http://dx.doi.org/10.1371/journal.pone.0086138
http://www.ncbi.nlm.nih.gov/pubmed/24392035
http://dx.doi.org/10.1007/s00221-009-2071-3
http://www.ncbi.nlm.nih.gov/pubmed/19902192
http://dx.doi.org/10.1037/a0027592
http://dx.doi.org/10.1037/a0027592
http://www.ncbi.nlm.nih.gov/pubmed/22390297
http://dx.doi.org/10.1007/s00221-007-0925-0
http://www.ncbi.nlm.nih.gov/pubmed/17361424
http://dx.doi.org/10.1152/jn.00002.2011
http://www.ncbi.nlm.nih.gov/pubmed/21451054
http://dx.doi.org/10.1162/jocn.2007.19.2.341
http://www.ncbi.nlm.nih.gov/pubmed/17280521
http://dx.doi.org/10.1152/jn.00652.2007
http://www.ncbi.nlm.nih.gov/pubmed/17804576
http://dx.doi.org/10.1152/jn.00121.2007
http://www.ncbi.nlm.nih.gov/pubmed/17913996
http://dx.doi.org/10.1146/annurev-neuro-060909-153135
http://www.ncbi.nlm.nih.gov/pubmed/20367317
http://dx.doi.org/10.1016/j.neubiorev.2004.12.004
http://www.ncbi.nlm.nih.gov/pubmed/15820548
http://www.ncbi.nlm.nih.gov/pubmed/8813283
http://dx.doi.org/10.3389/fnhum.2014.00880
http://www.ncbi.nlm.nih.gov/pubmed/25408644
http://www.ncbi.nlm.nih.gov/pubmed/8934851
http://dx.doi.org/10.1371/journal.pone.0046619
http://www.ncbi.nlm.nih.gov/pubmed/23071599
http://dx.doi.org/10.1016/j.neuropsychologia.2009.06.020
http://www.ncbi.nlm.nih.gov/pubmed/19563817
http://dx.doi.org/10.1007/s00221-005-0063-5
http://www.ncbi.nlm.nih.gov/pubmed/16044301

