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To accurately perform a goal-directed movement in continuously changing

environments, it is unavoidable for individuals to adapt accordingly. The cerebellum

has been known to be responsible for such process, specifically adaptation using

sensorimotor information. As shown in previous studies, using HMD-VR technology

in an experimental setting has similar advantages as in the real-world environment:

researchers can manipulate the experimental environment, precisely control the

experiments, and quantitatively analyze errors in real time. Moreover, the HMD-VR

environment provides high immersiveness and embodiment which even enhance

motor learning and increase engagement and motivation of individuals more

than real-world environments do. In our HMD-VR-based task, the subjects were

trained to adapt to a condition in which the visual information was artificially

20◦clockwise rotated from the actual cursor movement. The subjects used a virtual

reality tracker to move the cursor from a starting point to a target that appeared

randomly at five locations, 20 cm from the starting point with an interval of 15◦.

Although no significant side effects were expected from experiencing the HMD-

VR environment, we considered the appropriate number of trials for patients with

cerebellar disease for future use in clinical settings. To examine the feasibility of

our task for analysis of visuomotor adaptation pattern as shown in a real-world-

based task, we created and compared two paradigms with a difference in the

number of trials. As we expected, the results showed that the heading angle

error decreased as the participants of both paradigms continued the task and

that there was no significant difference between the two paradigms. Next, we

applied our short task paradigm to patients diagnosed with cerebellar ataxia and

age-matched controls for further examination of applicability to diagnosis and
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rehabilitation of the patients. As a result, we observed the distinguishable adaptation

pattern of the patient group by using our paradigm. Overall, the results suggest that

our paradigm is feasible to analyze the visuomotor adaptation pattern of healthy

individuals and patients with cerebellar ataxia so may contribute to the clinical field.

KEYWORDS

visuomotor adaptation, HMD-based virtual reality, cerebellar ataxia, sensory prediction error,
goal-directed arm movement

Introduction

To perform accurate movements in changing environments,
humans continue to adapt to small and large variations by using
sensorimotor information. The cerebellum has been known to be
responsible for identifying and correcting behavioral errors for
motor adaptation using sensorimotor information (1, 2). Moreover,
previous studies that were conducted on patients with cerebellar
ataxia using visuomotor adaptation paradigms have proved that
the cerebellum is responsible for the sensorimotor adaptation
process (3–5). Using the computational framework of motor control
introduced by Kawato (6), researchers suggested that sensorimotor
adaptation occurs by updating the forward model of the framework,
which predicts the sensory outcomes of motor commands that are
established based on sensory information (4, 7). If the prediction does
not match the actual outcome, the adaptation process automatically
assesses and corrects the errors until there is no discrepancy between
predictions and observed outcomes (i.e., sensory prediction errors)
(4, 7).

To explain the sensorimotor adaptation process, researchers
artificially created sensory prediction errors in their experimental
conditions by rotating visual information to be unmatched from
the actual movement. First, prism-based studies mainly focused on
adaptation to visuomotor rotation, in which participants repeated
a goal-oriented arm or finger movement while wearing prism
goggles that rotate the visual field (3, 8, 9). Next, technological
developments allowed software-based studies to manipulate visual
information in such a way that it does not match the actual
hand movement by rotating the direction of a cursor movement
on a computer screen instead of rotating the entire visual field
(10, 11). In a software-based experimental environment, visual
information (e.g., rotation angle, error feedback, etc.) can be easily
and precisely manipulated, which makes it possible to examine more
precisely and effectively the mechanisms underlying visuomotor
adaptation (4, 7, 12). Recently, attributed to further development of
technology, studies on patients with motor impairment employing
HMD-VR technology were introduced (13, 14). The HMD-
VR-based experimental environments allow various experimental
manipulations, precise experimental control, and online quantitative
analysis as in the real-world environment (15). Besides, the HMD-
VR environment is well known to provide high immersiveness and
embodiment which help motor learning improvements comparable
to the real-world environment. These characteristics are not limited
to experimental settings but may contribute to development of
a diagnosis and rehabilitation environment for patients with
sensorimotor adaptation impairment.

To rehabilitate impaired sensorimotor adaptation of patients
with cerebellar degeneration or atrophy, many attempts have been
made. For example, intensive coordination training physical therapy
is provided to patients with progressive motor dysfunction due
to cerebellar degeneration for improvement in motor skills and
reduction in motor ataxia symptoms (16). Combined medical
interventions such as physical therapy, speech therapy, and
occupational therapy are provided as well to prevent secondary
complications (17). Undoubtedly, HMD-VR-based tasks are
applicable to rehabilitation (13, 14, 18). In a previous study using
an HMD-VR-based task, the results of a self-reported questionnaire
to identify side effects of experiencing an HMD-VR environment,
including discomfort, fatigue, and headache, showed that no
significant side effects were reported (15). This suggests that there
would be no potential harm for patients to perform an HMD-VR-
based task. Nevertheless, for patients who may be more vulnerable to
possible side effects, it would be necessary to minimize the time of
HMD-VR experience.

Before applying HMD-VR technology to a clinical setting, it is
important to consider the appropriate number of trials to be given
to patients. Previous neuroimaging studies revealed the involvement
of the cerebellum during sensorimotor adaptation, especially during
the early stage (19–21). Therefore, observation and analysis of the
early stage during the adaptation process are expected to be feasible
for diagnosis and rehabilitation. Moreover, to take into account the
possible fatigue induced by experiencing an HMD-VR environment
over a long period of time, fewer trials as possible in diagnosis and
rehabilitation are necessary, especially for patients. Since very few
studies have investigated visuomotor adaptation of patients with
cerebellar disease in an HMD-VR environment, it is inevitable to
compare tasks with a variation in the number of trials in an HMD-
VR setting to consider the appropriate number of trials for diagnosis
and rehabilitation of patients.

In this study, we established a visuomotor adaptation paradigm
in an HMD-VR environment. The experimental task was a simple,
target-directed reaching task, focused on the utilization of sensory
prediction errors instead of cognitive strategies. Although simple
and repetitive tasks could promote boredom, we expected HMD-VR
technology to alleviate this problem as previous studies suggested
that the high immersiveness and embodiment of an HMD-VR
environment increase motivation and engagement of participants
even in simple repetitive tasks (18, 22). However, considering our
ultimate goal of applying this task to rehabilitation for patients, we
even wanted to minimize boredom and fatigue by providing a task as
short as possible instead of having many repetitive trials. In this sense,
we made two versions of the paradigm by adjusting the number of
trials within each block of adaptation. Moreover, Experiment 2 was
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conducted on the patients with cerebellar ataxia and age-matched
controls by using the same paradigm with a shorter task procedure.
Overall, we would examine the feasibility of creating a visuomotor
adaptation task in the HMD-VR environment and investigate if it
is applicable to diagnosis of cerebellar ataxia and rehabilitation for
visuomotor adaptation.

Materials and methods

Participants

Experiment 1
A total of 30 healthy, right-handed young adults (20 males,

10 females, mean age = 22.37 ± 3.06) with normal visual acuity
participated in this study. All participants had none or fewer than
two virtual reality experiences and did not participate in other
virtual reality experiments with similar purposes and methods.
Their right-handedness was confirmed by Edinburgh Handedness
Inventory (23). The Grooved Pegboard Test score of the right hand
to assess their visuomotor coordination ability was within the score
range for their age (24). Among them, seven participants were
randomly selected to participate in a longer task while the other
23 participants participated in a shorter task. All participants gave
written informed consent prior to participation. All experimental
procedures, including recruitment, were performed in accordance
with the ethical guidelines and procedures approved by the Dongguk
University Institutional Review Board.

Experiment 2
A total of 29 subjects participated in the study, including 18

patients diagnosed with cerebellar ataxia (8 females, 10 males, mean
age = 57.89 ± 7.31, Supplementary Table S1) and 11 healthy age-
matched adults (9 females, 2 males, mean age = 51.27 ± 12.85). The
patient group was recruited from individuals, who were diagnosed
with spinocerebellar ataxia, recessive inherited cerebellar ataxia,
idiopathic cerebellar ataxia, or spontaneous cerebellar ataxia and
regularly received treatment from the motor disease clinic at the
neurology department of Boramae Hospital. Any patients showing
symptoms of multiple system atrophy, paraneoplastic cerebellar
ataxia, autoimmune cerebellar ataxia, or acute cerebellar ataxia
were excluded from recruitment. Also, patients with severe motor
impairment due to underlying conditions or other serious conditions
over the entire body who would not be able to perform a
task were excluded from recruitment. The age-matched controls
were recruited from individuals who visited the family medicine
department at Boramae Hospital. They were healthy adults without
neurological disease and family history of cerebellar disease. The
Wisconsin Card Sorting Test (25) was conducted to evaluate the
neuropsychological function of both groups. All participants gave
written informed consent prior to participation. All experimental
procedures, including recruitment, were performed in accordance
with the ethical guidelines and procedures approved by Seoul
Metropolitan Government—Seoul National University Boramae
Medical Center Institutional Review Board. For data analysis of
Experiment 2, data of the shorter task group from Experiment 1 was
included to represent healthy young adults.

After the experiments, some participants were excluded from
analysis due to their poor performances such as wandering around
the target area and moving slowly toward a target. Since this

study was supposed to observe and analyze the adaptation modality
throughout the entire participation, the entire data of an individual
had to be excluded from analysis if a single trial was poorly performed
or contained an error. Overall, nine participants from the short task
group in the first experiment and two participants from the patient
group in the second experiment were excluded (Supplementary
Table S2). Therefore, a total of 21 individuals (short: 14, long: 7) from
Experiment 1 and 41 individuals (patient: 16, control: 11, young: 14)
from Experiment 2 were involved in analysis.

Experimental apparatus

The HMD-VR experimental environment was developed using
Unity 3D (Version 2019.3f1, Unity Technologies, USA). Participants
were exposed to the environment using a VIVE Pro Eye Head
Mounted Display (HTC, Taiwan), which has a resolution of
1,440 × 1,600 pixels per eye, and a VIVE Tracker (HTC, Taiwan)
that allowed visual distortion based on real-time hand position of
the participants while performing the task. A disposable paper cup
was attached to the bottom of the tracker to make it easier for
the participant to move the tracker by hand. The experimental
environment was configured to enable the participant to sit on
a chair and perform the task with the right arm on a table
(Figure 1A).

Task

Based on the visual information presented in the virtual reality
experimental environment, each participant held the cup attached
to the tracker with the right hand and moved it to perform a
quick straight-stretch task toward the target. When the participant
moved the tracker and the cursor (pink) reached the starting point
(green), the target (red) appeared, which disappeared immediately
upon arrival at the target position. For each trial, the target appeared
randomly at a total of five positions at intervals of 15◦ (–30◦, –15◦,
0◦, + 15◦, + 30◦) and a radius of 20 cm from the starting point
(Figure 1B). The cursor, starting point, and target were all presented
in the form of spheres with a radius of 0.5 cm. For the following trial,
while the participants were moving the cursor back to the starting
point, the cursor disappeared and appeared again at a radius of 2 cm
from the starting point.

Procedure

The experimental procedure contained three phases: baseline,
adaptation, and washout. The baseline contained no visual rotation.
In the adaptation phase, the visual information of the cursor
movement was rotated 20◦clockwise (Figure 1C). Then, the applied
visual rotation disappeared in the washout phase. The short task
consisted of 220 trials, 20 in the baseline phase, 160 in the adaptation
phase, and 40 in the washout phase while the long task comprised
100 trials, 200 trials, and 150 trials in the three phases, respectively,
so a total of 450 trials (Figure 1D). Both tasks contained 4 blocks in
the adaptation phase. The long task was designed to have a similar
amount of trials in adaptation and washout. The short task was
adjusted to have 10 fewer trials in each adaptation block compared
to the long task group. This allowed both tasks to maintain the
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FIGURE 1

Experimental paradigm. (A) Experimental setup. Participants sat in front of a table, experienced the VR environment through an HMD, and moved the
tracker-attached cup using their right hand. (B) Experimental environment. Participants made goal-directed reaching movements in the virtual reality
environment. Left: The established HMD-VR experimental environment. The hand position, starting point, and target were displayed as spheres with a
radius of 0.5 cm, distinguished by color (pink, green, and red, respectively), and located 12 cm above the table, which was the height of the cup. The five
targets appeared at once in the practice session. Each trial of the experimental task contained one target. Each target (red) was spaced 15◦ apart on an
invisible sector around the starting point (green) with a radius of 20 cm. Right: The real-world view. Participants moved a VR tracker attached to a cup for
each reaching movement. (C) Experimental task. Participants moved a tracker from the starting point (green) to a target (red). Baseline: The hand
trajectory and cursor trajectory were identical. Adaptation: The cursor was 20◦clockwise rotated from the actual hand trajectory, and the participants
learned to move their hand to compensate for the applied rotation. Washout: The visual rotation was removed, and the hand trajectory went back to the
baseline state. (D) Experimental task flow. Top: Short task group. Bottom: Long task group. The experiment consisted of baseline, adaptation, and
washout sessions. A 1-min break between blocks is indicated in orange. BL, baseline; AD, adaptation; WO, washout.

same number of blocks in the adaptation phase but still reduced the
number of trials as a whole. Since the cerebellum involvement mostly
occurs in the early stage of adaptation as aforementioned in the
introduction section and this study’s main focus is on the adaptation
process, the short task was designed to provide only the minimum
number of trials considered necessary for the analysis of the baseline
and washout phases. Lastly, considering the possible fatigue induced
by the experiment, a 1-min break was provided between blocks in the
adaptation phase. Another break in the baseline phase and two more
breaks in the washout phase were provided to the long task group, the
individuals of which could experience more fatigue due to a longer
participation time.

The participants practiced moving toward each target in the five
locations without visual rotation. All procedures were conducted
under continuous monitoring by the experimenters, and the
participants were guided to perform a straightforward movement
without a delay in movement from the starting point of each trial to
the target.

Experiment 2 was conducted using the same experimental
equipment and environment as in Experiment 1. All of the
participants in Experiment 2 performed the short task (Figure 1D).

Data analysis

MATLAB (Version 2019b, MathWorks, USA) was used for data
preprocessing, smoothing, and trajectory as well as angle calculations
to observe the movement characteristics associated with visual
information distortion. Both MATLAB and RStudio (Version 1.3,
RStudio, PBC, USA) were used for statistical analysis. The position
values of the tracker were measured at 90 Hz and went through
low-pass filtering with a 10 Hz cut-off frequency. The real-time
position values of the tracker were used to obtain kinematic features
of movement such as the movement time and peak movement speed
position of each trial. The movement time was defined as the time
between a departure of the cursor from the starting point and an
arrival of the cursor at the target. By using the movement time and
trajectory of each trial, the peak movement speed was calculated.
The peak movement speed point from each trajectory would reflect
the intended hand movement before the participant slowed down to
correct it based on the real-time visual feedback (11). It was expected
to represent the effect of sensory prediction error from a trial before.
As shown in Figure 2, a straight line from the start of the movement
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FIGURE 2

Computation of heading angle error. The cursor’s real-time positions
(open circles) were connected to become a hand movement
trajectory of each trial. The peak movement speed point of each
trajectory was calculated, and a line (dashed line) from the starting
point to the peak movement speed point represents the movement’s
heading. The angle between the movement’s heading and the ideal
trajectory (solid line) was computed as the heading angle error. The
example shown here is an actual trial of a participant in the
experiment.

to the peak movement speed point was drawn and compared to the
ideal straight trajectory from the starting point to the target to obtain
the heading angle error of each trial:

θ = tan−1
(
xn
zn

)
within each phase (baseline, adaptation, and washout). The

heading angle error was used to evaluate the visuomotor adaptation
by utilizing the sensory prediction error.

To quantitatively investigate the change in task performance and
the pattern of visuomotor adaptation, the heading angle error values
were applied to an exponential decay function, and a non-linear least-
squares model was used:

y = a× e−t/c

where y is the heading angle error for trial t, a is the starting value,
and c is the decay constant. This exponential decay function was a

modified version of a function suggested in a previous study (3). The
fitted curve represented the adaptation curve or learning curve.

To compare the adaptation between the short and long task group
of Experiment 1, two-tailed two-sample t-tests were used. For the
comparison, the mean heading angle error between the short and
long groups were compared. In addition, the mean of heading angle
error from two exponential decay functions, one using the first 160
trials and the other using the entire 200 trials in the adaptation phase,
within the long task group were compared using two-tailed two-
sample t-tests. Normality and equal variance were checked before all
t-tests, and p-values < 0.05 were considered statistically significant.

Overall, three groups performed the short task: the short task
group from Experiment 1 and the two groups from Experiment 2.
For further analysis, the short task group from the first experiment
would be referred to as NY (normal young), the cerebellar ataxia
patient group as CA (cerebellar ataxia), and the age-matched adult
group as NO (normal old). To compare the adaptation among
CA, NO, and NY, two additional analyses were applied. The first
was one-dimensional Statistical Parametric Mapping (1D SPM) (26,
27). Since the adaptation gradually occurs over time, the change
of heading angle error observed in this study can be seen as a
kind of smooth time-series data. Smoothness in time-series data
implies local data correlation; therefore, the number of independent
processes is less, perhaps far less than the number of sampled
points (28). The problem of multiple comparisons in time series
data can be corrected with Bonferroni or false discovery rate (FDR)
correction. However, because the Bonferroni or FDR correction
is conservative, it may not be suitable for statistical inference of
time series data consisting of numerous data points. In the field of
functional brain imaging, the correction of multiple comparisons
considering such local correlations is achieved through statistical
parametric mapping (SPM) based on the random field theory (29, 30).
Therefore, we also used this method to identify how the adaptation
over time, which is the change in heading angle error, differs between
each group. Second, through the learning curve in the form of
the exponential decay described above, we identified whether the
parameter corresponding to the learning rate (decay constant) was
different in each subject group. In this analysis, if the cerebellum plays
an important role in visuomotor adaptation, it is predicted that the
learning rate of CA will be lower than that of the other two groups.

Results

Experiment 1: Comparison of adaptation
process between the long and short task

Based on the results of two-tailed two-sample t-tests on the mean
of heading angle errors in the last five trials of the baseline phase, both
the long and short task group moved similarly in terms of heading
angle error [t(19) = 0.78, p = 0.446] (Table 1) during the late baseline
phase. When a 20◦ rotation was applied in the adaptation phase, the
early performances of the short and long task group were similar. The
performances were examined based on the results of two-tailed two-
sample t-tests on the mean of heading angle errors from the first five
trials of the adaptation phase [t(19) = –0.35, p = 0.730] (Table 1).
To investigate whether the effect of the trial number existed on the
performance during the adaptation phase, the performances of the
short and long task group for the last five trials of the adaptation phase
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TABLE 1 Movement during the three periods.

Baseline late Adaptation early Adaptation late

Short –2.24± 0.32 13.95± 0.66 –0.51± 0.32

Long –1.57± 1.07 13.51± 1.16 –0.12± 0.76

Baseline late represents the last five trials of the baseline phase. Adaptation early represents
the first five trials of the adaptation phase. Adaptation late represents the last five trials of the
adaptation phase. Short and Long represent the short task group and long task group. Each
value is a heading angle error (◦). Mean± standard error of mean.

were compared. Two-tailed two-sample t-tests were used to compare
the heading angle error mean. As a result, there were no significant
differences between them in the late adaptation period [t(19) = 0.57,
p = 0.577] (Table 1). The results suggest that there were no significant
effects of the difference in the number of given trials in both the
baseline and adaptation phases on the adaptation process. Overall,
as the number of trials increased, the error value decreased for both
groups (Figure 3).

For further comparison between the short and long tasks, we
obtained the first 160 data points from the entire 200 data points
in the adaptation phase within the long task group. The 160 points
were extracted as if the participants had performed 160 trials as the
short task group did. The selected 160 data points were fitted into
the exponential decay function to obtain a new adaptation curve. By
using the both original and new adaptation curves within the long
task group, the heading angle error at the 200th trial, the last trial, was
calculated. As a result of two-tailed two-sample t-tests, no significant
difference was discovered between the original and newly calculated
results [Moriginal = 0.23 ± 0.21, Mnew = 0.17 ± 0.16, t(12) = 0.217,
p = 0.832]. Through a criterion-related evidence-predictive validity
test, the high predictive validity of the method measured with a
small number of trials was confirmed (r = 0.9997). These results
show that the visuomotor adaptation paradigms with 160 and 200
trials have no difference for observation and analysis of the overall
adaptation pattern.

Experiment 2: Adaptation performance of
CA and healthy controls in our
HMD-VR-based visuomotor adaptation
task

In 1D SPM analysis, we observed significant differences in
heading angle errors between NY, NO, and CA (Figure 4). As a
result of one-way ANOVA for the heading angle errors, significant
differences were observed in various trials in the adaptation period
[F(2, 38) = 7.43, adjusted p < 0.05]. Post hoc comparisons revealed
that heading angle errors in CA were significantly higher than in NY
from the 57th to the 69th, the 101th to the 108th, and the 118th to
the 173th trials [t(28) = 3.78, Corrected p < 0.05]. These results can
be interpreted as that CA did not adapt well to a visual rotation from
about the 60th trial to the second half compared to the healthy young
subjects. On the other hand, in post hoc comparison with NO, the
heading angle errors in CA were significantly higher from the 137th
to the 144th trial [t(25) = 3.82, Corrected p < 0.05]. This suggests that
even in comparison with NO, the difficulty of visuomotor adaptation
in CA persists until the later trials. In other words, the individuals
of the healthy age-matched group were able to adapt to a visual
rotation as the trial continues, but patients with cerebellar ataxia had
a problem with visuomotor adaptation.

The same results were consistently observed in the comparison
of the adaptation coefficients of each group. As a result of fitting the
averaged heading angles of each group with an exponential decay
function, the adaptation coefficient of the CA group was 0.008, and
the NY group was 0.103 and the NO group was 0.086 (Figure 5A).
The R2 of the fitting function of the CA was 0.47 and the R2

of the NY and NO were 0.87, 0.70, respectively. To verify these
observations statistically, each subject’s heading angle error was fitted
with an exponential decay function, and we investigated whether the
adaptation coefficients were statistically different between CA, NY,
and NO with a one-way ANOVA (Figure 5B). As a result, it was
confirmed that there was a significant difference between each group

FIGURE 3

(A) Heading angle error curve. The blue line represents the mean, and the blue shadow represents the standard error of the mean of the long task group.
The red line represents the mean, and the red shadow represents the standard error of the mean of the short task group. (B) Heading angle error in the
early and late adaptation period. Each bar represents the mean of heading angle error, and the error bar represents the standard error of mean. The early
adaptation period represents the first five trials of the adaptation phase, and the late adaptation period represents the last five trials of the adaptation
phase.
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FIGURE 4

The heading angle error between the three groups and the results of statistical inference. (A) The red line and its shaded area represent the averaged
heading angle error and standard error of mean in NY group. The green and blue lines and shaded areas represent the same in NO and CA groups,
respectively. (B–E) F-scores in one-way ANOVA and t-scores in two-sample t-test as a post hoc paired comparison. F star (*) and t star (*) represent a
significance threshold in each analysis.

[F(2, 38) = 7.43, p < 0.005], and post hoc comparisons revealed that
the adaptation coefficients of the CA were significantly lower than
that of the NY [t(28) = 4.28, p < 0.001] and NO [t(25) = 3.00,
p < 0.01]. These suggest that patients with cerebellar ataxia struggled
in visuomotor adaptation compared to other healthy subject groups.

Discussion

The first experiment explored the visuomotor adaptation patterns
of healthy young adults in the HMD-VR environment and compared
two paradigms with a difference in the number of trials. In addition
to a well-known visuomotor adaptation paradigm, we utilized
advantages associated with HMD-VR such as high immersiveness,
embodiment, and 3D depth perception. As a result, the observed
visuomotor adaptation pattern was a typical learning curve similar to
that observed in the real world. Our analysis of the effect of baseline
and adaptation trial number on adaptation performance between the

long and short task group showed no significant difference. Moreover,
the two paradigms were compared based on the exponential decay
function of visuomotor adaptation. By using only 160 data points,
which is the number of trials involved in the short task, we were
able to obtain a similar adaptation curve as using 200 data points
within the long task group. Thus, we proved that our HMD-VR-
based visuomotor adaptation task with 160 trials is feasible to observe
individual visuomotor adaptation.

Although it is widely accepted that human visuomotor adaptation
is associated with an implicit process that utilizes sensory prediction
errors, it has been suggested that explicit processes using cognitive
strategies can augment the adaptation process (5, 12, 31). Therefore,
it is important to examine the roles of explicit and implicit processes
separately in relation to visuomotor learning. Previous studies
introduced that the explicit learning process showed an immediate
error reduction, while the implicit learning process showed a gradual
error reduction (7, 32). These results can be clarified by the
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FIGURE 5

The learning curves and adaptation coefficients in NY, NO, and CA groups. (A) The averaged heading angles and their fitted curves in the form of
exponential decay in NY, NO, and CA groups. The shaded area depicts 95% confidence intervals on fitted functions. (B) The averaged learning rates
(decay constants) in each group. For intuitive understanding, the negative sign of decay constants was flipped to the positive sign.

independent characteristics of the two systems; the implicit system
involving sensory predictions still operated despite the fact that
the explicit system using adaptation strategies was occurring (7,
12, 33). In other words, as long as the sensory prediction errors
exist, the implicit system continuously updates the forward model,
leading to the disappearance of the error reduction effect of the
explicit learning process (7). This finding underscored that strategies-
based motor learning cannot replace the implicit system during
visuomotor adaptation.

Can the HMD-VR system generate an environment to effectively
examine the implicit learning process? A study that compared
the virtual reality environment using an HMD and the real-world
environment using a computer screen suggested that HMD-VR may
increase the participants’ dependence on cognitive strategies (15). In
this study, however, real-time visual feedback of cursor movement
for each trial was not provided to the participants, and they relied on
the endpoint feedback that displayed the final position of the cursor
for each trial (15). Prior research confirmed that providing real-time
visual feedback on each movement induces an implicit process that
utilizes sensory prediction errors (12, 34, 35). In contrast, endpoint
feedback brings the adaptation process closer to cognitive strategies-
based learning (12, 15, 35). Thus, cognitive dependence could be
lessened in an HMD-VR environment if real-time visual feedback
is provided (15). Selecting an appropriate task that can diminish
cognitive dependence and establishing an experimental environment
that allows the utilization of sensory prediction errors in HMD-VR
are crucial. In our experiments, the cursor movements were provided
as real-time visual information to examine the implicit learning
process of individuals, and a simple target-reaching task was used to
reduce individuals’ dependence on cognitive strategies. In addition,
the heading angle error of each trial was used as a dependent variable.
It was expected that the change in the outstretched hand angle as
trials increased would reflect the implicit component of visuomotor
adaptation, which is the utilization of sensory prediction error.

As anticipated, we observed a typical learning curve as an error
reduction modality in the adaptation process. By examining the
participants’ error patterns, it was possible to observe the implicit
process, which shows a gradual rather than radical error decrease.
More importantly, no significant difference was found between

the two groups in the early and late adaptation periods. There
was also no significant difference in the adaptation curve even in
comparison between the 160 data points and the entire 200 data
points within the long task group. Although 200 trials under the
adaptation conditions would be sufficient for visuomotor adaptation,
we revealed that it is still possible to analyze similarly the adaptation
of individuals using fewer trials than 200 trials. Thus, we show that
our short task in the HMD-VR environment is feasible for analysis of
visuomotor adaptation.

This investigation of feasibility is essential especially for our
ultimate goal of applying the paradigm to diagnosis and rehabilitation
for patients with cerebellar disease. Although there are no significant
side effects of experiencing an HMD-VR environment as suggested
by a previous study (15), it is necessary to reduce the time that
patients are exposed to the HMD-VR environment because they are
more vulnerable to possible side effects, including fatigue. While high
immersiveness and embodiment of the HMD-VR environment may
improve patients’ motivation and involvement in tasks as mentioned
earlier, it is also necessary to alleviate boredom caused by performing
a simple and repetitive task, which is designed to reduce dependence
on cognitive strategies. Moreover, the conclusion of our paradigm’s
feasibility and the aforementioned results of previous studies, which
is the active involvement of the cerebellum in the early stage of
sensorimotor adaptation, support that the analysis of the results to
be obtained through our short task is applicable to diagnosis and
rehabilitation. Therefore, we applied this short task paradigm to
patients to observe and analyze their visuomotor adaptation pattern.

In Experiment 2, we investigated the visuomotor adaptation
pattern of three groups, such as patients with cerebellar ataxia, age-
matched controls, and healthy young adults in the short task group
from Experiment 1. The results showed that there was a significant
difference in the overall adaptation between the patient group and
the other healthy subject groups. Based on our results, we were
able to conclude that the individuals of the healthy age-matched
group and the healthy young group were able to adapt to a visual
rotation and showed better performance as the trial continued, but
the patient group showed difficulty with visuomotor adaptation. Our
results support previous studies that showed that the patients with
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cerebellar disease had difficulty with visuomotor adaptation (3–5,
9, 36). This implies that our paradigm allows us to analyze the
adaptation pattern of patients with cerebellar ataxia having difficulty
in visuomotor adaptation, which is clearly distinguishable from that
of young and age-matched healthy people.

Previous studies also showed that patients with cerebellar
degeneration relied on cognitive strategies that were explicitly
given to them to perform better and reduce errors immediately in
visuomotor adaptation tasks (3, 5, 36, 37). We could relate these
results to our analysis of the patients’ results and believe that the
patients in our experiments performed the task without reliance
on cognitive strategies. Moreover, a previous neuroimaging study
showed that the cerebellum has a neural correlation with sensory
prediction errors processing in reaching movements (38). In addition
to the implicit learning pattern observed in our study, the finding of
this previous study supports that performing our task could entail the
involvement of the cerebellum, which is responsible for the utilization
of sensory prediction error.

We conclude that our visuomotor adaptation task in the HMD-
VR environment is feasible to observe and analyze the visuomotor
adaptation pattern of individuals, is applicable to diagnosis of
cerebellar ataxia, and further may be utilized in rehabilitation for
visuomotor adaptation.
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