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Role of working memory in
interlimb generalization of newly
learned skills
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Newly acquired skill memory can generalize/transfer to the untrained arm. Such interlimb
generalization of a learned skill has been shown to be symmetric in our previous work and can

be influenced by cognitive processes that emerge during skill learning. However, it is unknown
whether engaging in other cognitively demanding tasks following skill acquisition can influence skill
generalization. Our research goal was to uncover how a secondary task, involving working memory,
interacts with a newly formed skill memory and influences subsequent interlimb generalization. To
test this idea, we conducted a set of three experiments by recruiting right-handed young healthy
individuals (N=92) who learned a novel motor skill (long or short training on a skilled reaching task)
followed by performing a working memory or control task with the right arm. Finally, all individuals
were tested forimmediate or delayed (after 24 h) interlimb skill generalization to the untrained left
arm. We found significant immediate as well as delayed generalization in individuals who received
long training on the motor skill task, irrespective of whether they performed working memory or
control task. On the other hand, performing the working memory but not control task following
short skill training impaired generalization when the untrained arm was tested 24 h later. These
findings indicate that short training reflecting early stages of skill learning and the subsequent skill
memory stabilization are dependent on working memory such that the underlying neural interactions
mediating these processes can have implications for skill generalization.
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Motor learning is a unique aspect of human behavior and a critical research area in psychology and neuroscience.
Typically, motor learning abilities are characterized by acquisition of novel skilled movements (motor skills) and
refinement of the existing ones (motor adaptation). Motor skill learning leads to reduced movement errors,
improved movement speed and accuracy, and eventually results into stable memory formation of the newly
learned movements'~>. On the other hand, learning during motor adaptation requires correcting for movement
errors resulting from an external perturbation®8. Such human behavior pertaining to skill learning as well as
motor adaptation can be considered robust if such abilities can generalize or transfer to untrained contexts>!°.
Understanding how learning generalizes to unpracticed conditions can provide deeper insights into the
underlying human motor learning mechanisms.

One form of generalization that specifically interests us, given its relevance for motor rehabilitation, is
interlimb generalization in which learning acquired using one effector such as the arm is transferred to the
other untrained arm. Studies have shown that such interlimb generalization is possible, but it is variable and
influenced by task conditions!! and individual movement characteristics'2. For example, many studies have
shown that generalization of motor adaptation is asymmetric and unidirectional, i.e., from non-dominant
arm to the dominant arm'>~!8, However, factors such as workspace location!®?’, handedness*'~?}, movement
speed?®, magnitude of the angular rotation?* and the amount of training'® can influence the magnitude and
direction of such interlimb generalization of motor adaptation. More specifically and relevant for our work,
Poh and colleagues®® found that explicit components developed during visuomotor adaptation can generalize
across arms giving rise to symmetric transfer. The transfer of implicit components of such learning however
was limited and depended on the joint-based compatibility of the workspace for the two arms. Interestingly,
in the context of our previous work on interlimb generalization of newly learned motor skills, we also found
that explicit/strategic components acquired during training were transferred to the untrained arm giving rise
to symmetric, bidirectional (i.e., from non-dominant to dominant arm and vice versa) skill generalization®.
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However, factors that can influence such generalization of a newly acquired motor skill memory to the untrained
arm (specially the non-dominant arm) are poorly understood. Intrigued by this, we asked a simple question- can
generalization of a newly acquired skill memory be impacted by performing a post-skill training secondary task
that is cognitively demanding?

Skill motor behavior is dependent on formation and stabilization of motor memories. However, newly
formed memories are unstable, and liable to disruption and interference?°-28. Studies exploring the fate of
a memory post-training suggest that instability of the memory provides a time window for interaction that
may allow interference and impact information generalization?*-3!. On the other hand, memory stability can
be enhanced by increasing training duration as experts who have mastered a skill train repeatedly to stabilize
that skill and make it less vulnerable to disruption by interference. Based on such an interplay between memory
stability and interference, we probed whether skill generalization of a newly acquired motor memory after a
long versus short training is influenced by engaging in a secondary memory task (such as working memory). To
test this idea, we conducted a series of three different experiments in which young healthy individuals trained
on a novel motor skill task (variable task structure requiring fast and accurate movement to random targets)
using their dominant right arm. Following training, one set of individuals performed a visuo-spatial working
memory task known to be mediated by neural substrate such as dorsolateral prefrontal cortex (DLPFC) which
is interestingly also involved in memory stabilization following variable skill training®-%. The other set of
individuals performed a control task with no working memory requirement with their right arm. Finally, we
tested the untrained left arm of all individuals for immediate or delayed (24 h later) interlimb skill generalization
to help us uncover interactions between newly formed skill memory resulting from long versus short training
and a cognitively engaging secondary task of working memory. Our results showed significant immediate and
delayed generalization after long skill training regardless of the secondary tasks, but performing the working
memory task after short training impaired generalization when untrained arm was tested 24 h later.

Methods

Participants

A total of 92 young healthy individuals with normal or corrected-to-normal vision (age range: 18-38 years,
mean +SD: 22.663+3.61 years, 38 Females) successfully completed the study. All participants gave written
informed consent. This study was approved by the Institute Ethics Committee of the Indian Institute of
Technology Hyderabad and was conducted according to the principles of the Declaration of Helsinki. All
participants were right-handed (Edinburgh Handedness Inventory®”). No individual reported any history of
neurological, medical, or psychiatric abnormality before taking part in the study. All participants were given
monetary compensation for taking part in this study.

Study apparatus

The experimental setup consisted of a digitizing tablet (GTCO CalComp) placed on a frame over which a
computer screen (1920x 1080 pixels) was mounted horizontally with a reflective mirror placed in-between
(Fig. 1a). Participants sat on an adjustable chair in front of this setup and the height of the chair was adjusted for
every participant so that they could clearly see the stimuli reflecting on the mirror. Direct vision of the hand was
blocked and a yellow dot (2 mm) indicating location of the handheld stylus was provided to guide participant’s
movement during the experiment. The hand position was recorded at 120 Hz sampling rate on the digitizing
tablet. The tasks were designed using Psychtoolbox on MATLAB?.

Task Procedure

Motor skill task

In the beginning of the experiment all subjects had a brief familiarization session about the setup and the task.
For the motor skill task (Fig. 1b), participants were asked to perform fast and accurate planar reaching movement
between a start circle (green circle, 10 mm diameter) and a target circle (blue circle, 10 mm diameter) with the
right hand holding the stylus on the digitizing tablet. Each trial started with the participant moving his/her right
hand to the start circle. After 500 ms at this start circle, an audio cue (beep) was presented, and one of five target
circles appeared (pseudorandomized) on the screen. These two circles were 150 mm apart and connected with
parallel yellow lines/path. Participants were instructed to move to the target circle as soon as they heard the
audio cue while trying to remain within the yellow path. The yellow dot indicating the hand position was visible
throughout the movement. Thus, to make fast and accurate skilled movements on this task participants were
explicitly told to finish the movement as fast as possible (i.e., within 650 ms based on our pilot data; indicating
temporal accuracy) and reach the target circle while moving within the yellow path (indicating spatial accuracy).
Trial duration was 2 s and upon completion, movement performance feedback was provided through visual cues
and a numerical score- visual cues comprised of a red line indicating part of the movement trajectory that was
outside the specified yellow path (presence of this red line indicated low spatial accuracy or high spatial error),
and a red square indicating hand position at 650 ms (farther this red square from the target circle, lower the
temporal accuracy or higher the temporal error).

Based on these two performance feedback, we computed a single numeric “motor error” score which was
simultaneously presented as an additional feedback at the top corner of the screen at the end of each movement.
This motor error was a cumulative sum of spatial error and temporal error which were calculated using position
coordinates. Data points from the red line were used to calculate the path length (in mm) that was outside the
specified path (indicating spatial error). On the other hand, the red square provided hand position at 650 ms that
was used to compute the distance (in mm) of the hand from the target circle (indicating temporal error). Finally,
both these error values (in mm) were summed to calculate the motor error (in mm). While participants were not
told about how the motor error was calculated (to avoid any bias towards one or the other error components),
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Fig. 1. (a) Setup with TV screen (top), reflective screen (middle) and digitizing tablet (bottom) on which
individuals made planar movements and performed all tasks. This was made in Adobe Illustrator 2023 (Order
number AD02368900213EIN). (b) Motor skill task with a representative movement from start (green) circle

to one of the five target (blue) circles at a distance of 150 mm, connected by yellow lines. Note that only

one target appears on each trial. Distance between the red square (indicating hand position at 650 ms of

the executed movement) and target circle is considered temporal error. Red line indicating hand movement
outside the yellow path is considered spatial error. A composite sum of these two errors is indicated as

Motor Error. Participants are instructed to reduce this Motor Error during training. (¢) Working memory

task indicating start (presentation of nine white squares with blue start circle and yellow dot indicating hand
position), cue (in this representation four out of nine squares changed from white to red. Note that the color
change was sequential i.e., white squares flashed in red for 750 ms which was to be recalled later testing the
working memory. However, for the control task the red squares were present on the screen for the entire trial
duration), and the response screen (during which participants moved to touch the squares that turned red). (d)
Experimental design depicting Exp-1 (Long-Immediate) with long-training, secondary task (working memory,
N=16; control, N=16) with right hand, and testing untrained left arm for immediate interlimb generalization.
Same for Exp-2 (Long-Delayed, N=30) except that generalization was delayed by 24 h (working memory,
N=15; control, N=15). Finally, Exp-3 (Short-Delayed, N=30) contained short-training, secondary tasks and
generalization at 24 h (working memory, N =15; control, N=15).

Scientific Reports |

(2025) 15:10026 | https://doi.org/10.1038/s41598-025-88997-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

they were instructed to make fast and accurate movement that will lead to lower motor error. Thus, for instance,
if the participant successfully completed the movement on a given trail by reaching the target circle within 650
ms and within the specified path, the motor error on that trial will be close to 0. These feedback (visual cues and
motor error score) were presented on the screen at the end of each trial. Total trial duration was 2 s. Note that
the motor error score was our primary endpoint measure in this study.

Working memory and control task

After the motor skill task, participants were required to perform a secondary task for working memory
engagement or a control task (based on the group type described in the next section). The working memory
task used in our study was a visuo-spatial Corsi-block tapping task (Fig. 1¢). In this task, a blue circle (10 mm
diameter) first appeared centrally on the computer screen. Upon entering the circle (with the hand-held stylus),
participants heard an audio beep after 750 ms, followed by display of nine white squares. Some of these squares
(3-5 out of 9) were flashed (for 750 ms each) in red color in a sequential manner. The order in which the squares
changed color from white to red was random. Participants were instructed to carefully watch the flashing squares
and remember the order and spatial location of the squares that changed the color. Following a second audio
beep, participants were required to move their hand (displayed on screen as a yellow dot) to tap the squares
that flashed red in the correct sequential order. The time to finish tapping was k+ 1 s, where k was the number
of squares that flashed red on each given trial (in our case 3-5 squares out of 9). After the participants finished
tapping all the squares, feedback was provided on the screen as “Trial Successful’ if they tapped the squares in
the correct sequence, otherwise “Trial Unsuccessful’ Subjects performed a total of 80 trials. The Corsi-block
tapping task was performed with the same right arm that was used to train on the motor skill task. For subjects
who performed the control task we modified this Corsi-block task such that there was no working memory
requirement, and the rest of the task procedure was similar. The squares (3-5) that turned from white to red
remained red and subjects were simply asked to tap all the red squares (visible on screen throughout the trial)
in any order without touching the white squares. In both the control and working memory tasks, all subjects
included in the analysis achieved an accuracy of 70% and above.

Experimental design

As mentioned in the Introduction, we conducted three experiments (with two groups of subjects in each) as
part of this study. All three experiments (Exp-1, Exp-2, Exp-3) consisted of an initial training on the motor skill
task with dominant right arm, followed immediately by performing a secondary task (working memory/control
task) with the same trained right arm. Finally, the untrained left arm was tested for interlimb skill generalization
(see Fig. 1d). In Exp-1 (Long-Immediate), subjects received long training on the motor skill task (160 trials) on
Day-1, then performed the secondary task (working memory, N=16 versus control group, N=16), and were
immediately tested for interlimb generalization on the motor skill task (160 trials). For Exp-2 (Long-Delayed),
subjects trained on the skill task (160 trials) on Day-1, then performed a secondary task (working memory,
N=15 versus control group, N=15), and were tested 24 h later for skill generalization (160 trials). Finally based
on the results of Exp-1 and Exp-2, in Exp-3 (Short-Delayed), subjects received a short training on the skill task
(reduced to 50 trials to prevent asymptotic phase of learning) on Day-1, then performed the secondary task
(working memory, N=15 versus control group, N=15), and were tested for interlimb skill generalization (160
trials) after 24 h on Day-2.

Data analysis and statistical tests

Hand position data (sampled at 120 Hz) were used to assess the motor error on our skill task. Data were analyzed
using Matlab R2022b and R studio. Our primary measure of interest in this study was motor skill error which
was computed as a sum of spatial and temporal errors (described above and similar to our previous work of
Yadav and Mutha?>*°). The composite error value (in mm) was used for assessing learning and generalization.
We averaged the motor error values for five consecutive trials (based on the five directional targets presented
during the task) to reduce any directional bias and obtained bin values (32 bins in Exp-1 and Exp-2 and 10
bins in Exp-3). For each bin, we also computed peak speed (cm/s) and movement preparation time (ms) taken
to initiate the movement after the go audio cue (movement start time minus go audio cue time). Finally, we
performed mixed analysis of variance (ANOVA) to statistically assess learning, and interlimb generalization
across the three experiments with significance level set at 0.05. Pairwise t-tests were conducted when significant
main effects were observed in ANOVA and corrected with Bonferroni-holm method for multiple comparisons.
We have provided omega-square for effect sizes.

Learning and generalization

Reduction in the skill error, as computed above, over bins indicate successful skill learning during the training
session. We performed two-way repeated-measures ANOVA with bin (first, last training) as within-subject and
group (working memory, control) as between-subject factors to assess learning on the skill task in all three
experiments. Next, for skill generalization from right to the left arm, the first trial of the generalization session
was excluded based on the findings of Wang and Sainburg!'®, who suggested that the nervous system uses the
initial trial to assess relevance of prior learning in a new context. Finally, we performed ANOVA with bin (first
training, first generalization) as within subject-factor and group as between-subject factor (working memory,
control) in our three experiments separately.

Strategies used for learning and generalization
Based on our past work on skill generalization?®, we were interested in understanding whether participants
developed any strategy during learning and if the same strategy was transferred to the other arm when tested
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for generalization after engaging in the secondary task in this current study. During skill learning, reduction of
motor errors on our task required participants to make fast and accurate movements. We found that participants
achieved this goal by making fast movements (i.e., increasing peak speed), or preparing to move as soon as
they received the go cue (decreasing movement preparation time) or both. To quantify this, we computed peak
movement speed, and movement preparation time for the first and last bins of the training session and assessed
if there was a significant change in these parameters. Next, we performed statistical tests to analyze if the strategy
adopted during training was also transferred to the untrained arm by comparing the last bin of training and first
bin of generalization session in each of the three experiments.

Results

Engaging in working memory task after long-training on a novel motor skill does not prevent
immediate or delayed generalization

In Exp-1 (Long-Immediate), participants learned to reduce the motor errors on our skill task over the course
of training. Hand trajectories of one representative subject are shown in Fig. 2a, where the hand position at 650
ms (denoted by square) in the first bin (first five trials) is close to the start position instead of the target circle
(blue circle), and movements are curved outside the specified path. However, on the last bin of the training
session, hand positions are close to the target circle, and movements are within the specified path. We found that
participants in both groups (working memory, control) improved their performance (reduced motor errors)
over the course of training (Fig. 2b). Statistical examination revealed a significant effect of bin (first training,
last training) [F[1, 30]=305.51, p<0.001, ®2=0.20] and no group [F[1, 30] =1.93, p=0.17, 02=0.0009] or bin
X group interactions [F[1, 30] =0.01, p=0.90, w2 = — 0.001] suggesting similar levels of learning in both groups.
Interestingly, participants in both groups exhibited interlimb generalization of learning to the untrained arm
(lower motor errors) when tested immediately after engaging in the secondary task. Figure 2a shows that hand
paths of the left untrained arm (first bin of generalization) are within the specified path and close to the target
circle at 650 ms. We noted a significant effect of bin (first bin training, first bin generalization) [F[1, 30] =26.47,
p<0.001, w2=0.02], but no group [F[1, 30]=0.03, p=0.85, w2 = — 0.001] or bin X group interactions [F[1,
30]=0.94, p=0.33, w2 = — 0.00004] suggesting similar levels of interlimb generalization following engagement
in any secondary task (Working memory or Control task, see Fig. 2¢).

Similarly in Exp-2 (Long-Delayed), participants successfully learned the skill over the course of training
session (see hand paths in Fig. 3a, and group data in Fig. 3b) with a significant effect of bin (first training, last
training) [F[1, 28] =323.73, p<0.001, w2=0.21] but no group [F[1, 28] =0.097, p=0.75, w2 = — 0.001] or bin
X group interaction [F[1, 28] =0.00002, p=0.99, w2 = — 0.001]. Here too, interlimb generalization was evident
when participants were tested 24 h later- significant effect of bin [first bin training, first bin generalization] (F[1,
28]=82.98, p<0.001, w2=0.06), with no group [F[1, 28] =0.24, p=0.62, w2 = — 0.001] or bin X group [F[I,
28]=0.13, p=0.71, w2 = — 0.001] interactions. Thus, engaging in a visuo-spatial working memory or control
task after learning a novel skill led to similar levels of interlimb generalization to the untrained arm even at 24 h
post training (Fig. 3c).

Taken together, findings of Exp-1 and Exp-2 suggest that performing a secondary task (working memory
or control task) after learning a novel skill task led to similar amounts of interlimb generalization when the
untrained arm is tested immediately or 24 h later. One plausible reason for this generalization could be the long
training session with the right arm during which all participants reached the asymptotic performance around
the 10th bin of the training session and repeated the learned skilled movement for the rest of the session (22
bins). We conjecture that such repetitive skill behavior may have reduced the requirement for working memory.
Longer training may instead engage reinforcement mechanisms where successful actions are selected and
executed without much cognitive resources making the memory hyper-stable®*!. To directly test this idea, we
performed a third experiment (Short-Delayed) as described earlier in which we shortened the training session
to 10 bins. Here again, we tested two groups (Working memory, Control) for interlimb skill generalization 24 h
after training.

Engaging in working memory after short training on skill task impairs delayed interlimb
generalization

All participants showed improvements in skill motor performance (reduced motor errors) even with the short
training of 50 trials/10 bins. This reduction in the motor errors was found to be significant from first bin to last
bin of the training session [F[1, 28] =147.03, p <0.001, w2 =0.14] and similar for the two groups [F[1, 28] =0.08,
p=0.76, ©2=0.001] with no bin X group interaction [F[1, 28] =0.13, p=0.71, w2 = — 0.001]. However, unlike
the previous two experiments, the working memory group exhibited impairment in interlimb generalization
as compared to the Control group when tested 24 h later (see hand paths in Fig. 4a). In fact, participants in the
working memory group made higher errors throughout the generalization session compared to the control
group (see Fig. 4b). Statistically, here we found a significant bin (first training, first generalization) X group
(working memory, control) interaction (F[1, 28] =5.10, p=0.031, w2=0.003). Post-hoc comparisons revealed
that motor errors on the first bin of the generalization session were significantly higher in the working memory
group as compared to that of the control group (p =0.0015), see Fig. 4c.

Next, we wanted to understand how engaging in the working memory task affected delayed interlimb
generalization at 24 h depending on the training duration. For this we pooled and directly compared the working
memory groups from this experiment (Exp-3 Short-Delayed) and Exp-2 (Long-Delayed). We found that the
amount of learning (with a shorter versus longer training) was not different [F[1, 28] =0.21, p=0.64, w2 = —
0.001] in the two groups (Working memory Short-Delayed, Long-Delayed). Next, for interlimb generalization,
we found a significant group X bin interaction [F[1, 28] =4.67, p=0.039, w2 =0.003]. Post-hoc analyses revealed
that the working memory group who had received shorter training exhibited significantly higher motor errors
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Fig. 2. In Exp-1 (Long-Immediate), engaging in working memory or control task after long skill training does
not prevent immediate interlimb generalization. (a) Movement trajectories to the five targets (blue circle) of
first and last bin of skill training and generalization sessions, respectively are shown for one participant from
each group (working memory in purple, control in green). Note that as compared to the first bin of training,
position of square (hand position at 650 ms) is close to the target on all other bins, indicating improved
performance by the end of training and subsequent generalization of that performance to the untrained arm
in participants from both groups. (b) Change in mean motor error during the training and generalization
sessions for the working memory (N=16) and control group (N =16). Shaded regions represent standard error
(SE). (c) Bar plots comparing motor errors on first, last bins of training and first bin of generalization for the
control (left side) and working memory (right side) groups are shown. Lines represent individual participants.
Error bars represent SE.

on the first bin of generalization as compared to working memory group who received longer training on day-
1 (p=0.008). This suggests that engaging in a secondary working memory task after short, but not long skill
training impairs interlimb generalization when tested 24 h later. Also, as evident from Fig. 4b, the working
memory group showed higher motor errors throughout the generalization session on Day-2. Thus, to obtain an
understanding of the overall difference in the performance of the two groups on Day-2 we calculated the mean
motor error of the all bins of the Generalization session and performed a two-sample t-test which revealed a
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Fig. 3. In Exp-2 (Long-Delayed), engaging in working memory or control task after long skill training does
not prevent delayed interlimb generalization. (a) Movement trajectories to the five targets (blue circle) of first
and last bin of skill training and generalization sessions, respectively are shown for one participant from each
group (working memory in purple, control in green). Note, like Exp-1 here too as compared to the first bin of
training, position of square (hand position at 650 ms) is close to the target on all other bins, indicating learning
and subsequent generalization of that performance to the untrained arm in participants of both groups. (b)
Change in mean motor error during training and generalization sessions for the working memory (N=15) and
control group (N=15). Shaded regions represent SE. (c) Bar plots comparing motor errors on first, last bins of
training and first bin of generalization for the control (left side) and working memory (right side) groups are
shown. Lines represent individual participants. Error bars represent SE.

significant difference in the total motor errors of the two groups (t[28] =2.27, p=0.03, Cohen’s d=0.83). This
suggests a relatively strong and long-lasting impairment to skill generalization at 24 h that resulted by engaging
in working memory following a short training on Day-1.

Strategies adopted during skill learning and interlimb generalization

We analyzed movement speed and preparation time data to understand strategies adopted by participants to
learn the motor task and whether the same strategy was transferred to the untrained arm or interfered with
by the secondary task. In Exp-1 (Long-Immediate, see Fig. 5a and b), in majority of the participants we found
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Fig. 4. In Exp-3 (Short-Delayed), engaging in working memory but not control task after short skill training
impairs interlimb generalization. (a) Movement trajectories to the five targets (blue circle) of first and last bin
of training and generalization sessions, respectively are shown for one participant from each group (working
memory in purple, control in green). Note that as compared to the first bin of training, square (hand position
at 650 ms) is close to the target on all other bins, indicating improved performance during training and
subsequent generalization of that performance to the untrained arm in Control, but not the participant who
performed working memory task following skill training. (b) Change in mean motor error during the training
and generalization sessions for the working memory (N=15) and control group (N=15). Shaded regions
represent SE. (¢) Bar plots comparing motor errors on first bin, last bin of training and first bin generalization
for the control (left side) and working memory (right side) groups are shown. Lines represent individual
participants. Error bars represent SE.

significant improvements over first and last bins of the training session for both parameters - increase in
speed [working memory (13 out of 16): ty - — 43647, Pogi = 0.002; control (16 out of 16): t,5=—6.3765,
Pag; < 0.001] as well as reduction in preparation time [working memory (15 out of 16): t,,,,= .%979, Pagi <
0.001; control (15 out of 16): i 4]=4.7639, Pag < 0.001]. Participants who showed the significant change in
the preparation time during training maintained their strategy when generalization to the untrained arm was
tested. Their preparation time on the first bin of the generalization session was similar to the last bin of training
(working memory: t,,,=0.3103, p . = 0.761; control: #;,,,=0.1550, p, 5= 0.879). However, participants of both
groups could not transfer the improved movement speed acquired during training to the generalization session.
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Speed on the first bin of the transfer was significantly lower than speed on the last bin of training (working
memory: f,,,,=2.4867,p, = 0 029; control: ¢,,,=2.7602, p_,.= 0.015). We believe this decrease in speed during
general1zat1on observed in both groups could ]be due to task related fatigue since all three sessions (training,
secondary task and generalization) were performed in succession.

In Exp-2 (Long-Delayed, see Fig. 5c and d), most participants also exhibited significant changes in both
speed [working memory (14 out of 15): t3=—85423,p , adj < 0.001; control (14 out of 15): ¢, =-5.6208, p_,
< 0.001] and preparation time [working memory (14 out of 15): t,,,=5.0196, p , adj < 0-001; control (12 out o
15): t1)=5.2696, p, 4 < O 001] during the training session. In contrast to Exp-1, both preparation time and
speed strategles were transferred to the untrained arm when tested 24 h later. Participants in both groups
showed similar preparation time on the first bin of generalization and last bin of training session (working
memory: t,,;,=-0.5600, p,,. = 0.585; control: t,,,,=0.5418, p . = 0.599). Similarly, speed on the first bin of the
generalization session was hot different from the last bin of tralnlng (working memory: #,,,=1.9589, p
0.072; control: ts= 1.4585, Pugi= =0.168).

Despite reduced training, most participants in Exp-3 (Short-Delayed, see Fig. 5e,f) also showed changes in
both speed [working memory (9 out of 15): tigy=—57564,p adj < 0.001; control (11 out of 15): ¢, 107 =~ 3:9344, Pagj
= 0.006] as well as preparation time [working memory (14 out of 15): £;,;,=3.4755, p adj = 0-008; control (10 out
of 15): to)=5.0684,p ;= 0. 001] during training. Interestingly, participants in the control group maintained the
strategy in the generalization session when first bin of transfer was compared to last bin of training- comparable
speed (t;,,=1.032, Py = 0.326) with a further reduction in preparation time (¢, = 3.6521, p i = 0.005). On the
other han , participants in the working memory group who improved (a decrease) their preparation time during
the training could not maintain this acquired strategy from end of training to the first bin of generalization
session; with worsening (an increase) in preparation time on first generalization bin as compared to last training
bin (t,,,,=2.3455, p ;= 0.036, see Fig. 5¢). An outlier can be seen in Fig. 5e which may have skewed these results.
As a robustness check, we excluded this subject and reanalysed the data and found that the preparation time
on the first bin of the generalization session was still significantly different (worse) from last bin of training for
the working memory group (t,,=3.479, p, 4 =0 005). Interestingly, however, participants of this group who
improved speed (an increase) ({urlng tralnlng maintained this strategy on the first transfer bin as in the last bin
of training (# =0.6615, p, ;. = 0. 527).

Overall, we found that both movement speed and preparation time underwent a significant change during
training in all groups across our three experiments which helped participants learn the novel skill task. In the
context of interlimb generalization, we found that the strategies that were transferred to the untrained arm
depended on the experiment and group type. In Exp-1 with long training and immediate generalization test,
participants in both groups transferred the movement preparation time strategy only (but not speed, possibly
due to task fatigue) to the untrained arm. For Exp-2 with long training and delayed generalization test,
participants in both groups transferred movement preparation time as well as speed strategies to the untrained
arm. Interestingly, in Exp-3 with short training and delayed generalization test, the control group transferred
both strategies of increased speed, with a further improved preparation time, whereas the working memory
group transferred only speed, with worsening of preparation time. These results suggest that movement planning
linked to preparation time that evolved during short training is dependent on working memory processing. On
the other hand, motor control processes such as movement speed are likely not dependent and thus immune to
working memory interference.

ud]

Discussion

In this study we demonstrate that engaging in a visuo-spatial working memory task as compared to control
task immediately after a short skill training interferes with interlimb skill generalization tested at 24 h. On the
other hand, such generalization when tested immediately or at 24 h is robust, and therefore not prone to any
interference from working memory when the preceding skill training is long. This was surprising as the amount
of learning was similar across all groups (despite long or short training) who successfully acquired the skill by
adopting strategies such as increased movement speed and decreased preparation time by the end of the training
session. While further exploring the specific nature of the interference caused by working memory to interlimb
generalization in the short training group, we found that the strategy related to improved movement preparation
time is not transferred (and in fact gets worse) to the untrained arm when it is tested at 24 h. This suggests
that engaging in a secondary cognitively demanding task engaging working memory immediately after short
skill training affects skill memory stabilization in a specific manner such that the strategy related to movement
preparation, but not speed, is impaired and thus not transferred to the untrained arm.

Humans have a large capacity to perform many different tasks in quick succession. However, little is known
about the consequence of engaging in cognitively intensive tasks in quick succession and its impact on task
memory stabilization. For instance, Cohen and Robertson?” show that engaging in different cognitive tasks
such as skill acquisition and memorizing a list of words in quick succession can result in an underlying neural
competition for memory processing. Working memory driven impairment in interlimb generalization of skill
memory observed in the short skill training group is suggestive of a possible common processing bottleneck.
Moreover, participants in our study were learning the skill under a variable condition which requires constant
processing of the visual cues (as target location is random) before planning and executing the movement.
Consequently, such learning is associated with higher cognitive load for successful performance on the task*'. In
other words, variable skill learning requires trial-by-trial update of the visual cue information to aid movement
execution. This working memory processing requirement is higher in the early stages of skill learning in variable
task condition, such as ours, and likely more dependent on prefrontal brain areas>®4243,

Some prior work suggests that tasks requiring relational or associative processing elicit DLPFC activity*4~*6.
It therefore appears that motor skill task with variable structure and the working-memory Corsi block-tapping
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task both share this underlying feature of relational or associative processing related to movement planning.
Both these tasks, therefore, depend on DLPFC which plays an important role in initially retaining spatial
information for a brief duration to allow further processing by cortical and subcortical areas to generate the
desired movement?’. In our study when participants performed the working memory task after short skill
training, the stabilization/consolidation of the newly acquired motor memory was affected which resulted in
impaired generalization to the untrained arm when tested the subsequent day. We propose that engaging in
the working memory task likely led to an impairment in post-learning motor memory processing related to
planning, as movement preparation strategy was not transferred to the untrained arm. This impairment was not
observed for participants who performed the control task after short skill training, possibly because of the lack of
underlying neural competition in this case. Moreover, both working memory and control groups could transfer
the strategy related to speed, which we believe could be the result of motor control processes that rely on other
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«Fig. 5. Strategy adopted during training and its subsequent generalization. For Exp-1 (Long-Immediate, top
plots) (a) mean movement preparation time and (b) mean peak speed for individual participants (control
indicated in green, working memory in purple) on first, last bins of training and first bin of generalization are
shown. Bars represent group-averaged values. Most participants (see Results section for details) reduced (a)
preparation time and increased (b) movement speed over the first and last bin of training in both groups and
transferred only improved preparation time strategy to the untrained arm when tested for generalization. In
Exp-2 (Long-Delayed, middle plots) most participants decreased (c) preparation time, and (d) increased speed
during training with both strategies transferring to the untrained arm (see first gen) in both groups. Finally,
in Exp-3 (Short-Delayed, bottom plots) most participants in both groups decreased (e) preparation time
and increased (f) speed during training. However, here the control group transferred both strategies to the
untrained arm, but the working memory group only transferred improved speed strategy with worsening of
preparation time (see first gen). Error bars represent SE.

brain areas such as the primary motor cortex, involved in processing movement kinematics in humans*®. This
suggests that at least one component (linked to movement planning) of the newly formed motor skill memory
acquired after short training, reflecting the early stage of skill learning, in our study is critically dependent on
working memory processing for its further stabilization and subsequent generalization to the untrained arm.

Interestingly, long skill training resulted in significant immediate (Exp-1) as well as delayed (Exp-2) skill
generalization with no interference from the subsequent working memory or control tasks. Moreover, in these
experiments with long training, strategies that generalized to the untrained arm (movement preparation time
transferred in Exp-1, and both movement time and speed transferred in Exp-2) did not differ for working
memory or control group. We believe long training leading to the late stage of skill learning may sufficiently
stabilize the newly formed skill memory with lesser reliance on working memory processing and therefore
immune to interference from the secondary working memory task. This view of ours is supported by work
of Shibata and colleagues*® who suggest that extra training after performance has reached an asymptote can
make the newly acquired memory hyper-stable, thus impervious to subsequent interference from other tasks. As
previously described in the introduction, skill human behavior is contingent on stable memory representations.
Long training, therefore, is a simple way to make skill memory representation more stable and protect it from
further interference from secondary follow-up tasks. Furthermore, interlimb generalization observed in all these
groups (right to left arm transfer, except for Exp-3 Short-Delayed working memory group) suggests that the
memory representation formed during novel skill learning has effector-independent features which can transfer
to the untrained non-dominant arm- a phenomenon often not observed in interlimb generalization of motor
adaptation!*!>1718, Moreover, some interesting work in the context of generalization of effector-independent
components following motor adaptation?>® has shown that interlimb transfer is highly context dependent
and certain offline processes (such as passage of time and/or moving under same conditions as learning) may
facilitate it. On the other hand, such generalization may diminish if the effector independent representations
decay when learning is immediately followed by moving in a novel context. Such views are in line with our
current study wherein learning skill in short-training condition (which isn’t conducive for offline processes
to fully preserve the effector-independent representation) and followed by engaging in a secondary novel task
became detrimental for interlimb skill generalization. The specific nature of such newly acquired effector-
independent skill representations and how those are modulated by memory stabilization (or decaying) processes
that can influence generalization requires further detailed investigations.

Taken together, our findings show that newly learned skill can generalize to the untrained arm when tested
immediately or 24 h later following a secondary task performed after long skill training. However, such robust
interlimb generalization is absent when individuals receive short skill training followed by engaging in a working
memory task. Our work, therefore, highlights an underlying interaction between hitherto two distinct memory
systems, i.e., skill and working memory, and the critical role of working memory in early stages of skill learning
and its generalization to the untrained effector.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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