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Oculomotor learning is evident
during implicit motor sequence
learning

Cristina Rubino®, Adam T. Harrison? & Lara A. Boyd3**

Motor sequence learning involves both oculomotor and manual motor systems, yet the role of the
oculomotor system in the learning and execution of skilled arm movements remains underexplored.
In the current work, the influence of sequence learning on the oculomotor system was investigated
by testing 20 healthy adults for 3 days as they practiced an implicit motor learning task, the serial
targeting task (STT). The STT contained a repeated sequence, which was interleaved with random
sequences. This task was practiced on a KINARM robot that tracked both saccades and reaches. A
delayed, 24-h retention test assessed sequence-specific motor learning. Sequence-specific changes
across practice and learning were observed for both saccades and reaches; this was demonstrated

by faster saccade and arm motor reaction times for the repeated sequence compared to random
sequences. Notably, change in the oculomotor system occurred earlier in practice as compared to the
manual motor system. Reaches were executed more quickly when led by express saccades (rapid eye
movements occurring within 90-120 ms) compared to when they were preceded by regular latency
(>120 ms) saccades early in practice. Our findings highlight distinct yet interconnected functions
between oculomotor and manual motor systems associated with implicit motor sequence learning.
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Motor sequence learning is a process wherein the performance of repeated sequences of movements become
automatized through practice. While research has elucidated the neural substrates and behavioural manifestations
of motor sequence learning!~, investigation of oculomotor behaviour in this context remains limited. The
development of long-term memory can be stimulated by different inputs, leading to different types of learning,
including explicit and implicit learning®-S. Implicit learning refers to the capacity to acquire skills through
physical practice without direct conscious recollection that learning has occurred. In contrast, explicit learning
involves the conscious memory of facts, events, and episodes, which can be directly assessed through recall or
recognition tests’"1%. Motor sequence learning tasks often involve manual motor responses, with performance
measured by hand reaction times, and are typically designed to evaluate limb motor systems>®!1-13, Implicit
motor sequence learning can be tested by experimental paradigms that contain repeated and random sequences
of movement. In these experiments, a repeated sequence is typically bracketed by random sequences. As the
two types of sequences are not marked, participants may or may not become aware of their existence. With
practice, participants show improvement on both types of sequences. However, since random sequences cannot
be learned, improvements in their performance reflect changes in motor control. In contrast, repeated sequences
can be learned, and implicit motor sequence learning is assessed following practice at a delayed retention
test. This is done by comparing the magnitude of change in repeated sequences to that in random sequences.
Differences between random and repeated sequences index the magnitude of implicit sequence-specific motor
learning.

During motor sequence learning, saccades are typically triggered in response to the sudden appearance of a
visual stimulus. Further, it is well-known that arm reaches to a target are led by saccadic eye movements'*'®. Given
the important role of saccades during sequential movement, implicit motor sequence learning likely extends
beyond the manual motor system!¢~!° to the oculomotor system. Human motor control literature on eye-hand
coordination demonstrates that these systems are indeed interconnected and their coordination may facilitate
motor function. For example, reaching movements are more accurate when they are preceded by eye movements
toward the same target?*~?, and fixations on specific landmarks support hand movement planning by marking

1Graduate Program in Rehabilitation Sciences, Faculty of Medicine, University of British Columbia, Vancouver,
Canada. 2Exercise Science, Arnold School of Public Health, University of South Carolina, Columbia, USA.
3Department of Physical Therapy, Faculty of Medicine, University of British Columbia, Vancouver, Canada. “‘email:
lara.boyd@ubc.ca

Scientific Reports | (2025) 15:9498 | https://doi.org/10.1038/s41598-025-93498-0 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-93498-0&domain=pdf&date_stamp=2025-3-19

www.nature.com/scientificreports/

key positions for successful object manipulation?. Similarly, during tasks requiring novel visuomotor mappings,
such as controlling a cursor using bimanual forces, changes in hand movement performance are accompanied
by behavioural changes in eye movements®*. Together, these findings suggest that motor sequence learning may
extend beyond the manual motor system to include the oculomotor system.

Human oculomotor studies of implicit motor sequence learning provide some insight into the oculomotor
system’s role in sequence learning; however they are sparse?>~2%. Marcus et al. > showed that as hand reaction times
improved with repetitive sequence practice, the percentage of anticipatory saccades also increased, suggesting
a parallel improvement in predictive performance in these systems. However, performance was examined in a
single session without a retention test, as such no conclusions can be drawn about oculomotor sequence learning
that might occur during motor sequence learning. Another study of implicit oculomotor sequence learning
(without manual movements) showed that saccade reaction times were reduced during practice, and performance
was significantly enhanced after a 24-h time-delay (but not 30-min or 5-h after practice)?’. While the authors
highlighted some similarities between the oculomotor and manual motor systems, namely the time course of
off-line performance improvements up to 24 h after training, the task involved only oculomotor movements.
Thus, conclusions about the role of the oculomotor system in implicit motor sequence learning cannot be made.
Recent studies also examined oculomotor performance using a type of serial reaction time task (similar to the
original described by Nissen and Bullemer?), this time, together with manual motor responses®*-28. However,
performance was not investigated beyond a single session and therefore sequence-specific learning effects were
not tested. To date, a comprehensive assessment of human oculomotor control in motor sequence learning
remains unexplored, particularly regarding the retention of sequence-specific knowledge in the oculomotor
system and its interaction with the manual motor system beyond a single session of practice.

In the current study, we investigated the effects of practice of an implicit motor sequence task on both
oculomotor and manual motor systems. Importantly, we tested these effects across 3 days of practice and at a
delayed retention test, allowing us to distinguish improvements related to practice from more lasting changes
associated with motor sequence learning®®. We hypothesized that 3 days of practice would result in: (1)
sequence-specific learning for both saccades and arm reaches, evidenced by faster reaction times at a delayed
retention test for the repeated sequence as compared to random sequences, (2) sequence-specific differences in
implicit motor learning shown earlier in practice for saccades as compared to arm reaches, and (3) correlations
between behavioural changes in saccades and reaches during practice and at the retention test. Additionally, we
explored whether gaining explicit awareness of the repeated sequence through practice would influence either
oculomotor or manual motor responses.

Methods

Participants

Twenty-four, healthy adults were recruited for this study (all right-handed and between the ages of 19 and 40).
Individuals were excluded from participation for: (1) visual acuity < 20/60 (as determined using a Snellen Visual
Acuity Chart), and (2) a history of head trauma, major psychiatric diagnosis, neurodegenerative disorder, visual
disorders or substance abuse that affects visuomotor task performance. Four participants did not complete the
study (due to personal reasons), leaving twenty who finished all testing sessions. The Research Ethics Board at
the University of British Columbia approved all study procedures. All testing was conducted at the University
of British Columbia. Informed consent from each participant was obtained prior to partaking in this study, in
accordance with the principles of the Declaration of Helsinki.

Apparatus

Participants were seated in a chair and instructed to use their non-dominant (left) hand to grasp the handle
of a robotic manipulandum that could move in a horizontal plane of a two-dimensional augmented reality
environment (KINARM End-Point Laboratory, KINARM, Kingston, Ontario, Canada). Visual stimuli were
projected at 60 Hz onto a semitransparent mirror from a monitor positioned above the workspace. This set-up
allowed the stimuli to appear on the same horizontal plane as the handle while occluding the participant’s view
of the hand (Fig. 1A). During task performance, hand position was sampled at 1000 Hz. Monocular (left eye)
position of each participant was recorded at 500 Hz using a video-based, head-free remote eye-tracking system
(Eyelink1000, SR Research, Ottawa, Ontario, Canada) integrated within the KINARM system.

Experimental design ands procedure

Participants practiced an implicit motor sequence learning task over 3 consecutive days (practice sessions were
24 h apart), followed by a delayed retention test administered 24 h after practice on day 33!-3* (Fig. 1A). Eye
position was calibrated at the beginning of each session, using the built-in 9-point calibration protocol. Eye
position was monitored in real-time during all testing sessions, if the quality of the calibration diminished or the
camera lost track of the pupil altogether, calibration was repeated between testing blocks. Before practice on day
1, a pre-test was completed to allow participants to become familiar with task demands. Immediately following
the retention test, recognition tests were completed to determine whether participants gained explicit awareness
of the repeated sequence during practice (described in the “Explicit awareness” section).

During testing, participants performed discrete whole-arm reaching movements in which they were
instructed to move a cursor (white circle, 1 cm diameter; representing their veridical hand position) to the
location of a suddenly appearing peripheral visual stimulus (yellow circle, 2 cm diameter) as quickly and
accurately as possible. As soon as participants moved the cursor away from the current target (‘Start target’;
Fig. 1B), it disappeared from the screen. Thus, during arm movement trajectory, participants could only see
the target they were required to reach to (‘End target’; Fig. 1B). After the peripheral target was reached, visual
feedback was provided to signal a successful reach (the stimulus changed from yellow to orange) and participants
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Fig. 1. Experimental procedure and task. The STT was practiced in the KINARM over three consecutive days
(A). Participants saw only two targets at a time, the target they were currently positioned on, and the target
they were required to move to. Participants’ view of their hand was occluded, and they controlled a white
cursor to reach to the new target (B). The 8-element repeated sequence followed a unique pattern; numbers
and grey circles depicted are for visualization purposes only (C).

were required to hold their position for 500 ms, after which the next target appeared (Fig. 1B). Participants’ head
movements were not restrained during testing due to the camera’s ability to compensate for head movements,
however, participants were encouraged to rest their forehead on the KINARM head rest.

Each day consisted of 4 blocks of practice, lasting approximately 16 min total. Each block consisted of 153
trials where the 8-element repeated sequence appeared 8 times, which were flanked by 8-element random
sequences. In total, participants performed 612 trials or reaches per day. The duration of each day was dependent
on individual performance, however on average one block lasted approximately 4 min. Breaks between blocks
were provided as needed. On practice day 1, participants were briefly exposed to the task which contained 27
trials; this pre-test took approximately 30 s and allowed participants to become familiar with the KINARM
environment and task demands. The retention test contained 1 block of 153 trials; this block had the same
characteristics of a practice block (see next section for details). Testing was conducted in a well-lit room and
sessions were scheduled at roughly the same time of day for each participant (either morning, afternoon, or
evening).

Implicit motor sequence learning task

The task was adapted from the traditional serial reaction time task?, and modified for the KINARM robot
such that reaching movements instead of key-presses are used to respond to visual stimuli. The serial targeting
task (STT) contains repeated and random sequences®>33>36, Unbeknownst to the participants, an 8-element
sequence (Fig. 1C) was repeated which was flanked by 8-element random sequences, where targets appeared in
random locations. This design was employed to separate performance or general practice-related effects from
motor learning®®. Typically, participants improve performance for both types of sequences. During practice,
changes in repeated sequence performance reflect improvements in both motor learning and motor control. In
contrast, the random sequences cannot be learned, as such changes during practice of these movements reflect
only improved motor control. Because participants are not explicitly informed of the existence of the repeating
sequence, difference between random and repeated sequences at a retention test reflects implicit sequence-
specific motor learning.

During the STT, targets could appear in one of nine locations, eight peripheral targets forming an equidistant
circular array (8 cm apart) with one target at its center (10.5 cm from peripheral targets) (Fig. 1B). The 8-element
repeated sequence consisted of the following arrangement of targets: 8-9-6-7-4-8-2-6-3, with the number
referring to its position on the screen (Fig. 1C). During practice, the 8-element repeated sequence appeared 8
times per block, and the 8-element random sequences appeared 9 times per block; participants always started
and ended each block with a random sequence. The random sequences were created a priori to ensure they
closely matched the repeated sequence in difficulty such that: (1) number of targets, and (2) average path length
(Euclidean distance) in each sequence were matched. Further, to ensure the repeated and random sequences
did not have easily recognizable patterns, we excluded familiar target configurations, such as alternating targets
(i.e., 1-2-1; sequences of three or more targets that alternated between two locations), and the first target of each
random sequence within a block started at a different spatial location.

Explicit awareness

A recognition test of repeated sequence composition was administered following the retention test to assess
whether explicit awareness of the repeated sequence was gained. Recognition was assessed by presenting
participants with 10 sequences played on the KINARM screen and asking whether they recognized each one. The
test included 3 true sequences (same as the repeated sequence practiced during training) and 7 foil sequences.
Participants responded verbally with “yes” or “no” to indicate recognition. All participants saw the same order
of sequences, which was randomized a priori. To show recognition of the repeated sequence, participants had to
correctly identify both of the repeated and random sequences at better than chance; 2 of 3 of the true sequences
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as having been seen before, and 4 of 7 foils as not having been seen®”-%. Recognition test findings were used to
group participants post-hoc into ‘explicit’ versus ‘implicit’ learners for our exploratory analyses of the effects of
explicit awareness on oculomotor and manual motor responses.

Data analyses

Data were recorded using integrated KINARM Dexterit-E and SR Research software. Behavioural measures
were extracted using custom MATLAB scripts, and all statistical analyses were performed in R/RStudio (v.4.3.3).
Parametric statistical testing was conducted unless otherwise stated.

Gaze pre-processing and gaze-event identification

Gaze data were low-pass filtered at 20 Hz and preprocessed to remove blinks, one-sample spikes (due to
incorrect detection of corneal reflection), and screen outliers (due to instances when gaze drifted outside of
the workspace). Gaze angular kinematics were computed from filtered and artifact-free XY gaze position™®.
Saccades were identified using fixed velocity and acceleration thresholds. For each velocity peak that exceeded
the threshold (20 deg/s), the peak acceleration leading up to the velocity peak had to also exceed the acceleration
threshold (6000 deg?/s)*’. If both thresholds were exceeded for at least 30 ms, the gaze event was classified as a
saccade. If threshold criteria were not satisfied, then a saccade was not recorded for that trial.

Outcome measures

The primary dependent measure was reaction time (RT), calculated separately for saccades (‘saccade RT’) and
reaches (‘reach RT’). RT was defined as the interval between stimulus onset and the onset of movement, recorded
for each trial. The median RT for each repeated and random sequence was calculated to reduce the sensitivity
of this measure to very large or very small values®!:1941-43:43:44 The mean of the median RT for each sequence
(repeated or random) within each block was calculated. To facilitate comparison of sequence-specific practice
effects across saccades and reaches, a change score was calculated as follows: RT change score=mean of the
mean RT of all repeated sequences minus mean of the mean RT of random sequences. A change score for each
participant was calculated for the first block of each training day to enable an accurate comparison with data
from the retention block (data that did not contain impact of same day practice). A larger negative change score
indicates greater change in RT for the repeated sequence relative to random sequences. Literature-defined cut-
offs for saccade latencies were used to distinguish express saccades (90-120 ms) from regular latency, visually-
guided saccades (>120 ms)*’; these data enabled us to examine relationships between saccade type and reach
behaviour.

Data cleaning

The first trial of every block was removed (as is typical for reaching tasks; slower response is characteristic of
inattention and does not accurately reflect motor control). Individual reach trials were discarded if RT was
>1000 ms or <100 ms. For saccades that met threshold criteria, the primary saccade (first saccade after target
onset) was considered in each trial. A valid trial for the task could include: (1) a reach (between 100 and 1000 ms),
or (2) a saccade accompanied by a valid reach.

Statistical analyses

Sequence-specific motor learning

To determine sequence-specific implicit motor learning of the repeated sequence, paired t-tests separately
assessed saccades and reaches using mean RT from repeated and random sequences at retention.

Patterns of change during practice

Data from practice were evaluated using linear mixed-effects (LME) models with mean RT as the dependent
variable, sequence type (repeated vs. random) and day (Days 1-3) included as fixed effects, and participants as
a random effect to account for individual variability. Separate models were conducted to assess practice data for
saccades and reaches. Additionally, to determine whether explicit awareness affected performance, learner type
(explicit vs. implicit) was added as an additional factor in the LME models.

Dose of practice required for sequence-specific changes

LME models were used to assess reaction time differences by sequence type across individual training blocks, to
identify when performance for the repeated sequence became significantly faster than for the random sequences,
indicating amount of practice needed to provoke sequence-specific differences. Twelve separate LME models
were conducted, separately for saccades and reaches, with participant as a random effect. Results were corrected
for multiple comparisons by adjusting the significance level to p <0.004 (0.05/12).

Relationship between saccades and reaches:
Correlations between RT change scores examined the relationship between saccades and reaches during practice
and at the 24-h retention test. To minimize the number of comparisons and ensure a more accurate comparison to
the retention test, only the first block of each training day was included in the correlation analyses. Additionally,
one-way ANOVAs were conducted to determine if reaches were faster if preceded by an express (90-120 ms)
saccade compared to a regular latency (> 120 ms) saccade.

Statistical assumptions were checked for each test. Data normality was confirmed using Shapiro-Wilk tests,
and visualized using Q-Q plots, boxplots and histograms. The alpha level for all tests was set at 0.05 unless
otherwise stated.

Scientific Reports |

(2025) 15:9498 | https://doi.org/10.1038/541598-025-93498-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Results

Twenty participants completed this study (15 female; mean age=28+5; age range 20-37 years). However,
data from 19 participants were included in final analyses, and only 17 participants were included in retention
test analyses. One participant was excluded altogether due to a significant amount of data loss resulting from
issues with eye-tracking. Additionally, retention test data from two participants were excluded: one participant
completed the retention test more than 24 h after the last practice session, and one had technical issues with
the eye-tracker. In accordance with the minimal reporting guideline for research involving eye-tracking?®, data
loss was as follows: A total of 1046 reaching trials (2.5% of total trials) were considered outliers (RT > 1000 ms
or <100 ms) and removed from analyses. Following removal of saccade trials affected by technical issues with
the eye-tracker and those that did not meet pre-processing criteria, saccade data were retained for 79% of valid
reaching trials. Based on saccadic latency cut-off criteria, there were a total of 632 express saccades (1.6% of
all saccade trials) and 35,213 regular saccades (91.8% of all saccade trials). All participants demonstrated high
accuracy in their reaching movements; the average Euclidean distance between reach end-point and target
position was 0.43 cm (SD=0.09 cm). Post-hoc analysis of explicit awareness indicated that 42% of participants
(8 out of 19 with practice data) demonstrated recognition of the repeated sequence by correctly identifying both
the repeated and random sequences at levels above chance; the other participants did not meet these criteria and
were deemed as having only implicit awareness of the repeated sequence.

Sequence-specific implicit motor learning

Sequence-specific implicit motor learning for saccades was demonstrated by a difference in mean saccade RT
by sequence type (repeated vs. random), confirming that participants were faster for repeated compared to
random sequences, as assessed at the 24-h retention test (AM=—-6.57 ms, 95% CI [-10.23, -2.91], #(16)=—-3.8,
p=0.0015, Cohen’s d=-0.92). Similarly, sequence-specific implicit motor learning for reaches was shown by
a difference in mean reach RT by sequence type (repeated vs. random), confirming that participants were also
faster at executing reaches for repeated compared to random sequences at retention (AM=-9.08 ms, 95%
CI [-14.18, —3.98], t(16)=—3.77, p=0.0017, Cohen’s d=—-0.91). Data disaggregated by block, including the
retention test block (“RET”), are plotted in Fig. 2.

Patterns of change during practice
LME models were used to investigate the effects of sequence type (random vs. repeated) and training day (Days
1, 2, and 3) on mean reach and mean saccade RTs, with a random intercept for each participant. Two sets
of models were tested: one including only the main effects of sequence and day, and another including the
interaction term (sequence x day) to assess whether sequence effects differed across days. The models were
compared using a likelihood ratio test and Akaike Information Criterion (AIC) to evaluate whether adding the
interaction term significantly improved model fit, and an ANOVA confirmed the significance of the fixed effects
in the final model. For each model, the residuals were visually inspected using a histogram and Q-Q plot and
appeared approximately normal, despite a significant Shapiro-Wilk test (p <0.05). As the linear mixed-effects
model is robust to minor deviations from normality, the analysis was deemed appropriate.

The inclusion of interaction terms in the models did not significantly improve model fit (saccades: y*(2)=1.7,
p=0.44; reaches: y*(2) =0.16, p=0.93). Furthermore, the simpler models (main effects only) had a lower AIC
compared to the interaction models (saccades: 3660.5 vs. 3662.9; reaches:=4162.8 vs. 4166.6). Therefore, the
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Fig. 2. Practice and retention test data. Plots show raw RT means with standard error of the mean for each
block, for saccades (A) and reaches (B). Lines connect blocks of practice conducted within each testing session.
RET: 24-h retention block.
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simpler models were retained for interpretation. Both reach RT and saccade RT models, fitted using a restricted
maximum likelihood (REML), revealed significant main effects of sequence and day. The model for mean reach
RT showed that RTs were faster for repeated sequences compared to random sequences (Estimate =—6.89 ms,
SE=1.96, 1(434) = —3.52, p=0.0005). Both day 2 (Estimate = — 38.56 ms, SE=2.4, /(434) = — 16.07, p<0.001) and
day 3 (Estimate=-51.56 ms, SE=2.4, #(434) =—21.49, p<0.001) were associated with significantly faster RTs
compared to day 1. The model had a REML criterion of 4134.3, with the variance of the random intercept for
participant estimated at 1818.8 (SD=42.65), and the residual variance at 437.6 (SD =20.92).

The model for mean saccade RT similarly showed that RTs were faster for repeated sequences compared
to random sequences (Estimate=-3.69 ms, SE=1.13, #(434)=-3.26, p=0.001). Day 2 (Estimate=-6.36 ms,
SE=1.39, 1(434) =—4.59, p<0.001) and day 3 (Estimate=—9.49 ms, SE=1.39, #(434) =—6.84, p<0.001) showed
significantly faster RTs compared to day 1. The model had a REML criterion of 3636.6, and the variance of
the random intercept for participant was 533.5 (SD=23.1), and the residual variance was 146.2 (SD=12.09).
Estimated marginal means for mean reach and saccade RT data by sequence and day are plotted in Fig. 3A and B.

Effect of explicit awareness

To examine whether learner type (explicit awareness vs. implicit) influenced saccade and reach RTs, expanded
LME models including learner type as a fixed factor were tested. Adding learner type did not improve model
fit for reaches (y*(1)=0.47, p=0.49; AIC: 4162.8 vs. 4164.3) or saccades (y*(1)=0.49, p=0.48; AIC: 3660.5 vs.
3662.0). The main effect of learner type was non-significant in both models (reaches: Estimate=13.24 ms,
p=0.52; saccades: Estimate=—7.29 ms, p=0.51), indicating there was no effect of explicit awareness on implicit
motor sequence practice.

Dose of practice required for sequence-specific changes

To investigate the amount of practice needed to provoke sequence-specific differences, separate LME models
were conducted for each individual training block to examine the effects of sequence type (random vs. repeated)
on mean reach and mean saccade RTs, with a random intercept for each participant. After correcting for
multiple comparisons, LME models for mean saccade RTs revealed that participants were significantly faster on
the repeated sequence compared to the random sequences starting at Block 7 (Estimate=—5.59 ms, SE=1.39,
t(18)=—4.01, p=0.0008). In contrast, reaches showed a significant difference between sequence types at Block
12 (Estimate=—-8.53 ms, SE=2.3, #(18)=-3.71, p=0.0016). Taken together, saccadic responses showed earlier
sequence-specific changes as compared to manual responses during practice. Data are plotted in Fig. 3C and D.

Relationship between saccades and reaches

Magnitude of sequence-specific change between saccades and reaches

Pearson correlation analyses were conducted to examine the relationship between saccade and reach RT change
scores across days; specifically, the first block of each day was assessed. No significant correlations were observed
on Day 1 (r=-0.012, p=0.960), Day 2 (r=0.021, p=0.932), or at the 24-h retention test (r=0.362, p=0.153).
However, a significant positive correlation was found on Day 3 (r=0.689, p=0.001), with a 95% confidence
interval of [0.341, 0.871]; larger RT change scores for saccades were associated with larger RT change scores for
reaches. Data were normally distributed, however, following visual inspection of correlation plots, we identified
two potential outliers. After outlier removal, the significant correlation on Day 3 remained (r=0.51, p=0.03),
and the non-significant correlation at retention remained (r=0.48, p=0.058). Data are plotted in Fig. 4.

Effect of saccade type on reach behaviour

Separate one-way ANOVAs were conducted to examine differences in RT between reaches that were preceded
by express (90-120 ms) compared to regular latency (> 120 ms) saccades. Data were examined across all trials,
irrespective of sequence type. Reaction time significantly differed between saccade type on Days 1, 2, and
3, but not at the retention test. Welchs one-way ANOVAs (not assuming equal variances) revealed that the
express saccade group had significantly faster reaches than the regular latency saccade group on Day 1 (F(1,
212.57)=10.87, p=0.001, A M=19.11 ms) and Day 2 (F(1, 199.83)=3.97, p=0.048, A M=12.67 ms). On Day
3, however, the opposite effect was observed, where reaches were significantly slower when preceded by express
saccades compared to regular latency saccades (F(1, 168.83)=4.96, p=0.027, A M=-13.73 ms). No significant
differences were found at retention (F(1, 42.39) =0.033, p=0.857, A M=2.11 ms). Data are plotted in Fig. 5.

Discussion

This study investigated how sequence-specific implicit motor learning is supported by both the oculomotor and
manual motor systems. Participants demonstrated implicit sequence-specific motor learning in both oculomotor
and manual motor systems, as shown by faster reaction times for repeated sequences compared to random
sequences at the 24-h retention test. These findings confirm implicit motor learning-related effects in both
systems. Additionally, saccades showed change between repeated versus random sequences earlier in practice
suggesting that implicit motor learning required less practice for the oculomotor as compared to the manual
motor system. While sequence-specific learning was evident in both oculomotor and manual motor systems,
we note that the magnitude of sequence-specific motor learning (shown by differences between repeated and
random sequence RTs) was not correlated between systems at the 24-h retention test. While this might suggest
that learning-related effects are not consistent across systems, our data also showed that reaches were typically
faster to respond to stimuli when preceded by faster saccades. These findings suggest that while both systems
might be learning independently, on a more fundamental level, they are coordinated. Overall, our data highlight
the distinct yet interconnected involvement of the oculomotor and manual motor systems in implicit motor
sequence learning. We present novel evidence that oculomotor behaviour is modulated over multiple days of
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Fig. 3. Practice data illustrating differences in sequence type by day or block. Plots show estimated marginal
means (EMMs) with 95% confidence intervals, as derived from the linear mixed-effects models, reflecting
model-based differences in RT between random and repeated sequences across days (A,B), and across blocks
for saccades (C) and reaches (D). Asterisks in plots C and D indicate statistically significant difference between
sequence types, marking the first instance of sequence-specific change for saccades versus reaches.
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Fig. 4. Relationship between saccade and reach RT change scores. RT change scores represent the difference
in performance between repeated and random sequences; a larger negative change score indicates greater
change in RT for the repeated sequence relative to random sequences. Each dot represents a participant,

demonstrating the relationship between saccade and reach RT change scores. Data from the first block of each
practice day only were included in the analysis.

motor sequence practice and that the oculomotor system participates in the retention of implicit sequence-
specific knowledge when both systems are engaged during sequence practice. These findings provide insight into
the development and relationship of behavioural changes across both motor systems, and confirm that sequence
learning extends beyond the manual system to the oculomotor system.

Sequence-specific practice changes and motor learning

Our data show that behaviour in both oculomotor and manual motor systems is changed by implicit motor
sequence learning, as seen by faster saccades and reaches during the repeated sequence compared to random
sequences both across practice and at a delayed retention test. Use of both random and repeated sequences
within each practice block allowed us to monitor the evolution of behavioural change within and between blocks,
distinguishing improvements in general motor control from those specific to the sequence being learned by each
participant. Participants reduced their oculomotor and manual motor RTs for random sequences showing that
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practice also improves general motor control, a finding that is consistent with prior work?’*8, Novel to this
study, saccades showed improvements in general motor control, with sequence-specific changes demonstrated
throughout practice, and showed implicit motor learning as demonstrated at the retention test. While previous
research demonstrated that oculomotor behaviour changes with practice of serial movements?>2%, these past
studies focused on a single session of practice. Without a delayed retention test, past work did not show implicit
motor sequence learning in the oculomotor system. We employed both practice and a 24-h retention test to
assess relatively permanent changes in behaviour after a delay (i.e., learning)®%*°.

Notably, training led to sequence-specific changes in motor behaviour that was evident earlier in practice
for saccades compared to reaches, suggesting that the oculomotor system may be acquiring implicit knowledge
of the repeated sequence prior to the manual motor system. While it was not extensively investigated here, our
data imply that the oculomotor system may facilitate learning in the manual motor system. Vieluf et al.> provide
supporting evidence for this idea, showing that allowing eye movements during motor sequence practice led to
faster manual responses compared to participants who had to maintain fixation. This suggests that oculomotor
engagement aids in extracting spatial and sequential information to enable faster motor sequence responses.
However, Vieluf et al. could not directly address whether permitting eye movements specifically enhances motor
sequence learning or merely supports general motor performance improvements. This is because the authors
did not include a separate group or condition to contrast overall motor control improvements from sequence-
specific motor learning. However, their findings strengthen the notion that the oculomotor system plays a
functional role in guiding motor learning processes. This also aligns with Sailor et al.?%, who demonstrated that
eye-hand coordination evolves throughout learning of a novel visuomotor manipulation task (where participants
were required to use bimanual manipulation of an object to control a cursor). They showed that during an
initial exploratory stage, gaze follows the hand, followed by a shift to predictive gaze fixations as skill acquisition
progresses. Sailor et al’s findings suggest that early oculomotor strategies may contribute to the development of
coordinated motor actions, supporting the idea that the oculomotor system plays a key role in motor sequence
learning. Further, Laamerad et al.>! showed that eye movements facilitate the integration of visual information
in a motion discrimination task, which can later be retained and utilized even without saccades. This past
work aligns with the present study’s observations, suggesting that eye movements contribute to an internal
representation that could benefit the manual motor system through mechanisms of visual-spatial integration.
While the specific mechanisms underlying this facilitation remain unexplored, expansion of knowledge of these
fundamental processes may serve as a basis for future studies that investigate elements of coordinated ocular-
motor learning.
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Relationship between oculomotor and manual motor systems

Our findings revealed both distinct and interconnected relationships between the oculomotor and manual
motor systems during practice and at retention. Early in practice (Days 1 and 2), faster reaches were associated
with quicker saccades, suggesting that these systems coordinate to support the acquisition of sequence-specific
implicit motor knowledge. Although in the current study we examined behavioural manifestations of saccadic
and reaching movements, we cannot infer from our study whether changes in one system cause or facilitate
changes in the other. Nonetheless, temporal coordination between saccades and reaches observed here is in
line with the eye-hand coordination literature, which commonly shows that the oculomotor and manual motor
systems are temporally linked toward a common goal®?->%. Interestingly, this relationship changed by Day 3,
where express saccades were unexpectedly associated with slower reaches. While we might expect a positive
relationship between systems during the entirety of implicit motor sequence learning, our findings suggest that
this relationship is more dynamic. Sailor et al.** demonstrated that gaze behaviour drastically evolves across
different stages of learning a complex visuomotor manipulation task. The change in relationship observed in our
study on Day 3 may suggest a restructuring of coordination strategies, where the early association between faster
saccades and reach performance appears to change as implicit motor sequence knowledge evolves, potentially
reflecting a shift toward more independent control of manual motor movements.

Further, the observed correlation between saccade and reach magnitude of sequence-specific changes on
Day 3, but not earlier in training or during the retention test, underscores the dynamic relationship between
these systems. The absence of a relationship during early practice aligns with our findings that sequence-specific
implicit motor knowledge was acquired later during practice, and at different time-points for these systems;
on Day 2 for saccades (Block 7) and Day 3 for reaches (Block 12). On Day 3, a correlation in the magnitude of
sequence-specific changes suggests a convergence of learning processes between these systems. This suggests
that while one system may acquire and demonstrate sequence-specific knowledge earlier, the underlying
mechanisms of implicit learning may be shared across systems during certain timepoints in practice.

Considerations

While we lost data from three participants for the retention test analyses (due to technical issues and scheduling
conflicts), the expected effects in sequence-specific learning were observed. Further, our primary focus was on
saccadic latencies, however, predictive saccades (defined as latencies less than 90 ms and saccades occurring
prior to target onset) could provide valuable insights into the dynamic changes observed within the oculomotor
system during motor sequence learning. Additionally, the method used to group participants into explicit and
implicit learners should be considered. Since this classification was done post-hoc, we do not know when explicit
awareness developed during training. With this approach, the type of memory processes used by participants
is only identifiable after training. However, employing recognition tests after training is a standard practice in
implicit motor sequence learning paradigms, as it minimizes the influence of explicit awareness on learners
during implicit motor sequence practice. Last, although there was a disproportionate number of data points
between groups in the saccade-type analysis (~ 600 express vs. ~ 35,000 regular latency saccades), we still found a
significant effect of saccade type on manual motor responses. However, future work may consider implementing
different task demands to elicit more fast-latency saccades for further evaluation.

Conclusions

The current study suggests that both oculomotor and manual motor systems are key for implicit motor sequence
learning. We demonstrated that the oculomotor system exhibits sequence-specific implicit motor learning
following three days of skilled practice. Notably, sequence-specific changes occurred earlier in practice for the
oculomotor system as compared to the manual motor system. Additionally, manual responses were generally
faster when preceded by express saccades, demonstrating a dynamic relationship between oculomotor and
manual motor systems during the implicit motor learning process. These findings underscore the distinct yet
interconnected roles of these systems in implicit motor sequence learning.
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All data will be available from the corresponding author upon reasonable request.
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