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Abstract
Although learning and adapting to visuo-motor tasks is critical to child development and health conditions requiring reha-
bilitation, the neural processes involved in learning a new visuo-motor task and adapting it to novel conditions such as 
execution with an untrained limb are not fully understood. Therefore, we trained 27 healthy, right-hand-dominant individuals 
aged 18–35 years to perform a multidirectional point-to-point visually rotated aiming task with a joystick during functional 
magnetic resonance imaging, with 13 participants learning the task with the dominant (D) and 14 with the non-dominant 
(ND) hand. All individuals performed the task with the trained and untrained hand before and after training. As expected, 
performance of both the trained and the untrained hand improved significantly over the course of task acquisition. Brain 
functional changes associated with adaptation to the demands of the task, and execution differed significantly between D 
and ND groups. In particular, the ND group showed greater recruitment of visual and motor regions (left middle occipital 
and left precentral gyri) than the D group during task acquisition. In addition, the D group exhibited greater recruitment 
of motor planning regions (left precuneus) that contribute to performance with the trained hand, even after bilateral trans-
fer—switching from the trained to non-trained hand. The D group showed more persistence of activation in sensorimotor 
regions—greater activation when returning to the rotated task after a switching to a simpler, non-rotated aiming task for a 
short interval. Finally, the D group showed more activation after-effects—increases in simpler task activation after training 
on the visually rotated task. The findings suggest that brain functional changes associated with adaptation to a visuo-motor 
skill may differ substantially depending on whether the dominant or non-dominant hand is trained, with non-dominant-hand 
training associated with greater activation during acquisition, and dominant-hand training associated with greater activation 
during bilateral transfer, persistence, and after-effects.
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Introduction

Because a variety of highly prevalent medical events reduce 
motor skills (Canizares et al. 2009; Kremers et al. 2015; 
Mozaffarian et al. 2016; Stevens and Burns 2015), large 
numbers of adults are also faced with a critical need to 
engage in motor skill learning: learning how to adapt coor-
dination and control of physical movements to new motion 
limitations. Motor skill learning and adaptation to motor 
task demands is a central component of post-hospitaliza-
tion physical rehabilitation (Kosse et al. 2013), because the 
ability to learn or re-learn motor skills or to adapt to new 
demands has an important impact on independence and qual-
ity of life (Jansson and Granath 2011; Opara et al. 2010; 
Stevens and Burns 2015). Greater independence and quality 
of life in turn are associated with lower health care costs and 
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a variety of better long-term outcomes (Guralnik et al. 2002; 
Luppa et al. 2010).

Although the neural basis of motor skill learning phe-
nomena has been investigated extensively (Hikosaka et al. 
2002; Lisberger 1988; Willingham 1999), the neural basis 
of specific phenomena is under-explored in the context 
of visuo-motor aiming tasks. Brain activity during learn-
ing of sequential finger tapping tasks has been studied in 
depth (Catalan et al. 1998; Gerloff et al. 1998; Harrington 
et al. 2000; Hlustik et al. 2002), but this information is dif-
ficult to generalize to visuo-motor aiming because tapping 
tasks lack the spatial accuracy constraints that characterize 
visuo-motor aiming. Visuo-motor aiming has been studied 
behaviorally (Sainburg and Wang 2002), and brain regions 
involved in acquiring such tasks (Seidler et al. 2006) and 
adapting from one new task to another (Seidler and Noll 
2008) have been identified. However, the neural basis of 
bilateral transfer of visuo-motor tasks—task performance 
improvement in an untrained limb after training of the 
contralateral limb—has not been investigated thoroughly 
although this phenomenon has been observed repeatedly 
in behavioral studies (Kumar and Mandal 2005; Teixeira 
2000) and its neural basis has been studied in the context of 
hole-in-peg tasks (Uggetti et al. 2016). The neural basis of 
persistence (continued high performance on a newly learned 
motor skill after a break in performance) is not well explored 
either in the context of visuo-motor aiming, and neither is 
that of after-effects (changes in performance on a seemingly 
unrelated motor skill after learning of a new motor skill). 
Although these phenomena are well studied behaviorally in 
several settings, studies that assess neural correlates have not 
received much attention (Kami et al. 1995; Kelly and Gara-
van 2005). Understanding the neural bases of bilateral trans-
fer, persistence, and after-effects after learning to adapt to 
the demands a visuo-motor aiming task could lead to greater 
understanding of inter-individual differences in visuo-motor 
skill-learning performance as well as neural biomarkers of 
motor skill-learning success.

An additional unknown is whether the neural substrates 
of these visuo-motor skill-learning phenomena depend criti-
cally on whether the limb being trained is dominant or non-
dominant. The notion of such differences is grounded in the 
dynamic dominance model of motor lateralization, which 
suggests that motor functions relevant to skill learning differ 
by hemisphere, with the dominant hemisphere specialized in 
limb and task dynamics taking into account current condi-
tions, while the non-dominant hemisphere minimizes poten-
tial errors under more static conditions (Sainburg 2014). 
To date, neural differences by hand of training have been 
reported in the context of the nine-hole peg task (Uggetti 
et al. 2016), but not in the context of visuo-motor aiming. 
If the brain bases for visuo-motor skill acquisition, bilat-
eral transfer, persistence, and after-effects differ between 

dominant and non-dominant hand training, there could be 
implications for personalization of rehabilitation regimens 
based on laterality of brain injury.

In this study, functional MRI (fMRI) data were collected 
while healthy young adults were trained to perform a visuo-
motor aiming skill, and brain activation changes associated 
with skill acquisition, bilateral transfer, persistence, and 
after-effects were quantified. Differences in brain activa-
tion and motor performance were calculated between those 
trained with the dominant and the non-dominant hand. 
We believe this study may present the first direct quanti-
fication of neural correlates of several visuo-motor aiming 
skill learning phenomena (bilateral transfer, persistence, 
and after-effects) as well as the first direct comparison of 
neural correlates between dominant and non-dominant hand 
training.

Materials and methods

Participants

30 healthy young adults (14 females; mean age 
23.6 years ± 3.3) were recruited for the study via on-line 
advertisements on the Pennington Biomedical Research 
Center website. Participants provided informed consent prior 
to participation. All participants were right handed with 
handedness laterality quotient of 0.7 or higher as measured 
by the Edinburgh Handedness Inventory (Oldfield 1971), 
and had no reported neurological problems or cognitive defi-
cits. Data from 3 individuals were excluded from analysis 
due to excessive head motion; thus, data from 27 participants 
are reported. This study was approved by the Pennington 
Biomedical Research Center Institutional Review Board.

Experimental design

Participants performed a joystick-aiming task while lying 
supine in an MRI machine (Fig.  1). The joystick was 
strapped to a plastic table positioned over the abdomen 
approximately at the level of the navel. Participants viewed 
a projected computer screen through a mirror attached to the 
head coil. Participants were instructed to move a joystick 
so that the cursor on the computer screen moved from a 
centrally located red dot toward a target green dot located 
to the right of, left of, above, or below the red dot. Instruc-
tions emphasized both speed and accuracy in moving the 
joystick to make the cursor overlap with the target dot. Each 
trial began with presentation of the central red dot; when 
the cursor reached the target green dot, participants clicked 
the joystick button to complete the trial and advance the 
task. Failure to click the joystick button within 10 s resulted 
in automatic cessation of the trial. A fixation cross was 
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shown during each inter-trial interval. The length of the 
inter-trial interval was randomly selected from the range of 
0.5–1.5 s. Participants completed 16 blocks, each consisting 
of 12 trials for a total of 192 trials. 30 s of resting data were 
acquired after each block and before the first block, dur-
ing which crosshairs were shown for 30 s and participants 
were instructed not to move the joystick. Each target location 
(left, right, above, below) appeared three times per block. 
The relative ordering of target locations within each of the 

16 blocks was generated randomly at the beginning of the 
study, and this same random ordering was presented to each 
participant in the study.

Each participant was randomly assigned to train either the 
dominant (D) or the non-dominant (ND) hand. Participants 
were not informed of their group assignment prior to the 
MRI scan. Each block was executed using the trained or 
non-trained hand and represented one of two visual feedback 
conditions (Table 1). In the non-rotated (“Easy”) feedback 
condition, the direction of joystick deflection corresponded 
exactly to the direction of motion of the red cursor on the 
screen. In the rotated (“Hard”) feedback condition, there was 
a 90° difference between the direction of joystick deflec-
tion and the direction of motion of the red cursor on the 
screen. The first four blocks assessed pre-training baseline 
performance under all four combinations of hand use and 
feedback condition. Blocks 5–12 constituted task training, 
i.e., subjects completed the task using the trained hand and 
the rotated feedback condition. Blocks 13–16 assessed post-
training performance under all four combinations of hand 
use and feedback condition.

Differences in task performance and fMRI signals 
between pairs of blocks were used to evaluate adaptation 
phenomena associated with the training of the visuo-motor 
task. Task acquisition, i.e., the degree to which performance 
on the trained task increased with repeated attempts, was 
assessed by comparing the first block using the trained hand 
in the rotated condition (block 4) to the last block using the 
trained hand in the rotated condition (block 12); all inter-
vening blocks (blocks 5–11) used the trained hand in the 
rotated condition. Bilateral transfer of learning was assessed 

Fig. 1   Left: each study participant completed fMRI scanning while 
using a table-mounted joystick to complete a fine visuo-motor skill-
learning task. A visual display projected onto a scanner bore mounted 
screen was viewed through a head-coil-mounted mirror. Top right: 
participant view of the visual display at the start of the typical task 
trial. The visuo-motor skill-learning task required using the joystick 
to move a cursor (red) from a starting location in the center of the 
screen to a target location (green). Lower right: the joystick manip-
ulated by the participant is mounted to a rigid table attached to the 
scanner table at the level of the abdomen

Table 1   Top: experimental paradigm showing, for those randomized 
to task training with the non-dominant (ND, top row) and dominant 
(D, bottom row) hand, which hand the task is executed with during 
each block (D or ND) as well as whether that block is completed in 
the hard or easy visual feedback condition, bottom: differences in 

fMRI signals and motor skill learning performance were assessed 
between pairs of blocks to quantify adaptation phenomena associated 
with the training of the visuo-motor task including skill acquisition, 
bilateral transfer, persistence of adaptation, and after-effects

Contrast Blocks compared
Acquisition 4 12
Persistence of adaptation 12 14
Bilateral transfer 3 13
Aftereffects 2 16
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by comparing the first block using the untrained hand in 
the rotated condition (block 3) to the last block using the 
untrained hand in the rotated condition (block 13). Persis-
tence of learning was assessed by comparing the final acqui-
sition block using the trained hand in the rotated condition 
(block 12) to the next block that used the trained hand in the 
rotated condition (block 14), which occurred after a break 
(block 13) during which the task was switched back to the 
untrained hand. After-effects were assessed by comparing 
the first block using the trained hand in the non-rotated con-
dition (block 2, prior to training) to the final block using the 
trained hand in the non-rotated condition (block 16, after 
training).

fMRI data acquisition

We acquired functional magnetic resonance imaging (fMRI) 
scans on a 3T MRI scanner (General Electric, 750 W Dis-
covery, 32ch quadrature head coil) using a blood oxygen 
level-dependent echo-planar imaging (BOLD-EPI) pulse 
sequence. Subjects wore a respiratory monitoring belt and 
pulse oxygenation sensor during scanning to correct for car-
diac and respiratory influences on fMRI signals. Key acqui-
sition parameters were: voxel size: 3.4 × 3.4 × 3.5 mm3, TR: 
3 s, number of slices: 52, flip angle: 90°, and TE: 30 ms. 
Structural images acquired for data analysis were obtained 
using a T1-weighted magnetization-prepared gradient echo 
pulse sequence with the following parameters: TR: 8.7 ms, 
TE: 3.8 ms, FA: 8°, number of slices: 176, and voxel size: 
1 × 1 × 1 mm3.

Behavioral data analysis

During task performance, the position of the cursor on the 
screen and corresponding time stamps were recorded at 
35 Hz. The task was implemented using MATLAB R2016a 
with Psychophysics Toolbox (Brainard 1997; Kleiner et al. 
2007; Pelli 1997) and the GStreamer multi-media frame-
work. Joystick data were analyzed using in-house data 
analysis software. First, position data were filtered using a 
dual low-pass fourth-order Butterworth filter, with a cutoff 
frequency of 16 Hz. Velocity and acceleration were calcu-
lated by differentiation. Two measures were used to assess 
the accuracy of the cursor trajectory: initial direction error 
at 80 ms (IDE80) and straightness error (SErr). IDE80 was 
calculated as the angle between two vectors: one connecting 
start and target positions, the other connecting start position 
and the joystick position 80 ms after movement onset (Pan 
and van Gemmert 2013). SErr was the difference between 
the start-to-target distance and the total distance traveled in 
pixels, divided by the start-to-target distance (Romero et al. 
2003a). Movement time (MT) was the time elapsed between 
onset and cessation of movement. Onset and cessation were 

defined as the moment in time when velocity first rose to 
5% of the peak velocity from the start of the trial, and the 
moment in time when velocity last fell to 5% of the peak 
velocity before the end of the trial. These moments were 
adjusted to the time point corresponding to the nearest zero 
crossing or local minimum of the acceleration profile for 
movement (Poston et al. 2009; Romero et al. 2003a, b). 
This method for calculating movement time was employed 
to eliminate movement artifacts due to the use of a digital-
ized pixel coordinate system, as well as allow for compari-
son to previous research. Reaction time (RT) was defined as 
the time elapsed between target presentation and movement 
onset. All trials that resulted in at least one pixel of overlap 
between the cursor and the target dot were rated as suc-
cesses. The percentage of trials rated as successes (accuracy) 
was calculated as an additional behavioral measure.

Behavioral data analysis

We used repeated-measures ANOVA models to identify 
differences in the behavioral measures between D and ND 
groups and to identify differences between pairs of trial 
blocks. Group (D vs ND), block number, and the interaction 
between group and block number were the predictors in all 
models. Separate ANOVA models were conducted for each 
outcome measure: IDE80, SErr, RT, MT, and accuracy. A p 
value less than 0.05 was considered statistically significant. 
Effect size was quantified using Cohen’s d.

fMRI data processing

Functional MRI data were analyzed using MATLAB R2016a 
and the Statistical Parametric Mapping 12 (SPM12) toolbox. 
Preprocessing steps included realignment to correct for head 
motion, co-registration to the T1-weighted structural scan, 
slice timing correction, smoothing using a 6 mm full width 
at half maximum Gaussian kernel, and warping to the Mon-
treal Neurological Institute (MNI) template. Cardiac and res-
piratory components of each time series were removed using 
the RETROICOR algorithm (Gary et al. 2000). Time points 
representing volumes with excessive head motion (defined 
as greater than 1.5° of rotation or 1.5 mm of translation 
from the previous time point) and activation spike artifact 
(defined as global mean brain activation greater than 2.3 
standard deviations above the mean across all time points) 
were removed from analysis.

fMRI statistical analysis

The data for each subject were entered into a first-level 
voxel-wise analysis using the general linear model. Each 
trial was modeled as a boxcar function convolved with the 
canonical hemodynamic response function that began at the 
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onset of the stimulus presentation. First-level beta maps, per-
formed at the single-subject level, quantified differences in 
BOLD signal within an individual between pairs of blocks; 
all such block pairs, corresponding to our contrasts of inter-
est, are shown in Table 1. Second-level analyses identified 
voxels at which block pair differences in fMRI signals were 
significantly different from zero at the group level at the 
p < 0.005 confidence level. Finally, second-level analysis 
tested whether block pair differences in fMRI signals dif-
fered significantly between D and ND groups. The REST 
AlphaSim Toolbox (Xiao-Wei et al. 2011) was used to cor-
rect each second-level analysis for multiple comparisons 
via clustering generated by Monte Carlo simulations, with 
a cluster-level p value threshold of p < 0.05. To improve 
visualization of the differences between groups, mean dif-
ferences in fMRI signals between individual task blocks and 
rest blocks were calculated within regions of interest, and 
these mean values were plotted visually.

Results

Participants consisted of 11 females and 16 males with an 
overall mean age of 23.8 ± 3.2 years and an age range of 
18–35 years. Group D consisted of 5 women and 8 men 
with a mean age of 23.6 years. Group ND consisted of 6 
women and 8 men with a mean age of 24.0. The percentage 
of trials accurately completed (success rate) was uniformly 
high (mean 87.0% ± 1.6% across all trials), did not differ 
significantly between any pair of blocks, and did not dif-
fer significantly between D and ND (data not shown). All 
fMRI results, including mean values, standard deviations, 
and approximate effect sizes, are included in the supplemen-
tary material (Table 2, supplementary material).

Behavioral differences by hand of training

Movement time (Fig. 2) did not differ significantly between 
D and ND groups within any of the 16 completed blocks. 
Reaction time was significantly faster within the D group in 
blocks 5, 6, and 11 (Fig. 2 and Supplemental Table 1). SErr 
was significantly lower in the D group in block 2 (Fig. 3). 
IDE80 was significantly greater in the D group compared to 
the ND group during block 4 (Fig. 4). No other differences 
within individual blocks between D and ND groups were 
statistically significant.

Acquisition

Figure 5 shows representative trials in the beginning (block 
4) and end (block 12) of task acquisition, completed using 
the dominant hand in the rotated feedback condition. Though 
the joystick was prone to move in cardinal directions due to 

the preferred strafing movements, most participants chose to 
move only in those directions because of the location of the 
target relative to the starting point. Another possible cause 
for this movement pattern was that the participants were 
lying supine, so normal movements in the transverse plane 
correspond to movements in the frontal plane. The locations 
of the targets together with the setup of the joystick may 
have led to a preference in moving in cardinal directions; 
however, many trials showed curved trajectories.

The latter trajectory clearly shows greater spatial effi-
ciency. Correspondingly, movement time (Fig. 2), straight-
ness error (Fig. 3), and IDE80 (Fig. 4) improved significantly 
between blocks 4 and 12 (p < 0.05). These data confirm that 
training was adequate to induce acquisition of the task. Fig-
ure 6 shows brain regions where brain activation differed 
significantly between blocks 4 and 12. In the overall sam-
ple, brain activation in a cluster of voxels in the left mid-
dle occipital gyrus increased significantly over the course 
of acquisition (cluster size = 50, p value = 0.001, effect 
size = 1.15). Changes in brain activation over the course 
of acquisition differed significantly between the D and ND 
groups in two clusters covering the left middle occipital 
gyrus and left precentral gyrus. In these two clusters, activa-
tion decreased over the course of acquisition in the D group 
and increased over the course of acquisition in the ND group 
(first cluster size = 151, p value = 0.012, effect size = 1.93; 
second cluster size = 349, p value < 0.001, effect size = 0.75).

Bilateral transfer

Performance of the trained and untrained hands increased 
by approximately the same amount over the course of train-
ing in both D and ND groups, suggesting that acquisition-
related gains in performance transferred from the trained to 
untrained limb (Figs. 2, 3, 4). Specifically, average move-
ment time, straightness error, and IDE80 all decreased sig-
nificantly between the first block using the untrained hand in 
the rotated condition (block 3), and the last block using the 
untrained hand in the rotated condition (block 13) in both 
D and ND groups (all p < 0.05). Changes in brain activation 
between blocks 3 and 13 differed significantly between the 
D and ND groups in a cluster of voxels that covered the 
left precuneus and Brodmann area 7 (cluster size = 56, p 
value < 0.001, effect size = − 1.82). In the D group, activa-
tion in this cluster increased from block 3 to block 13, while 
in the ND group, activation in this cluster decreased (Fig. 7).

After‑effects

None of the behavioral measures differed significantly 
between the first and last blocks completed in the non-
rotated condition with the trained hand (i.e., between 
blocks 2 and 16). Changes in brain activation between 
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blocks 2 and 16 differed significantly between the D 
and ND groups in a cluster of voxels that covered the 
left precuneus (cluster size = 154, p value = 0.008, effect 
size = − 1.60). In the D group, activation in this cluster 
increased from block 2 to block 16, while in the ND group, 
activation in the same area decreased (Fig. 8).

Persistence

We found no significant differences in any behavioral 
measure (average movement time, straightness error, or 
IDE80) between blocks 12 and 14, confirming that the 
motor skill acquired between blocks 4 and 12 persisted to 

Fig. 2   Average movement times (a) and reaction times (b) within 
each block over the course of the experiment. Diacritic marks (*) 
indicate significant differences (p < 0.05) between blocks within both 

D and ND groups. Significant differences were seen for reaction time 
in blocks 5, 6, and 11, and none were seen for movement time
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block 14 despite a switch to the contralateral hand in block 
13. Changes in brain activation between blocks 12 and 14 
differed significantly between the D and ND groups in a 
cluster of voxels located in the sensorimotor cortex, specifi-
cally the right precentral gyrus and right postcentral gyrus 
(Fig. 9). Between blocks 12 and 14 in this cluster, activation 
increased in the D group and decreased in the ND group 
(cluster size = 229, p value = 0.002, effect size = − 1.71).

Discussion

In this study, 27 healthy young adults were trained to com-
plete a joystick-aiming task with rotated visual feedback 
during collection of fMRI data. There were two key find-
ings. First, the task recapitulated several expected motor 
skill adaptation phenomena: participants performed better 

Fig. 3   Average straightness error, converted to percentage, within each block of the task. Diacritic marks (*) represent the same as in Fig. 2. Sig-
nificant differences between D and ND groups are shown as well, occurring in block 2

Fig. 4   Average IDE80 within each block over the course of the experiment. Diacritic marks (*) have the same meaning as in Fig. 2. Significant 
differences between D and ND groups are shown as well, occurring in block 4
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with repeated attempts, transferred adaptation-related per-
formance gains from trained to untrained limbs, and main-
tained persistent adaptation-related performance gains 
after a break in which they switched to the other hand. 

The second key finding is that changes in brain activation 
over the course of task acquisition, bilateral transfer, per-
sistence, and after-effects depended on whether the domi-
nant or non-dominant limb was trained to do the task. It is 

Fig. 5   Representative trials from the first (left) and last (right) block completed with the dominant hand in the rotated (“hard”) condition. The 
blue curves represent the trajectories followed by the cursor as it was steered toward the green dot by the participant

Fig. 6   Brain activation changes over the course of acquisition. Top 
right: a cluster of voxels in the left middle occipital gyrus (MNI coor-
dinates − 30, − 94, − 4, see yellow highlight) showed significantly 
greater activation in block 12, compared to block 4, in the overall 
cohort. Bottom right: clusters in the left middle occipital gyrus (− 36, 
− 70, 5, dotted line) and left precentral gyrus (− 27, − 28, 65, solid 

line) showed significantly greater activation increases between blocks 
4 and 12 in the ND group, compared to the D group. Bottom left: 
mean relative fMRI activation in blocks 4 and 12, relative to rest 
blocks, within the two clusters showing significant D vs ND activa-
tion differences. Activation in these clusters increased among ND-
trained participants and decreased among D-trained participants
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Fig. 7   Right: over the course of training, a cluster of voxels in the left 
precuneus and Brodmann area 7 showed activation increases in the D 
group, and decreases in the ND group, in blocks performed with the 
untrained hand (see yellow highlight, MNI coordinates of peak acti-

vation: − 3, − 79, − 41). Lower left: mean relative fMRI activation in 
blocks 3 and 13, relative to periods of rest, within the region showing 
D vs ND activation change differences

Fig. 8   Right: a cluster of voxels in the left precuneus (− 3, − 64, 29) 
showed activation increases between blocks 2 and 16 in the D group, 
and corresponding decreases in the ND group (see yellow highlight, 
MNI coordinates of peak difference: − 3, − 64, 29). Bottom left: 

mean relative fMRI activation in blocks 2 and 16, relative to periods 
of rest, within the region showing D vs ND activation change differ-
ences
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possible that we started with between-group differences, 
which were not accounted for since the groups differed 
as to which hand was trained and thus tested. However, 
even though the between-group differences do seem to 
be minimal, we cannot exclude this possibility. The key 
implication of the brain activation findings is that the pat-
tern of brain activity enabling adaption to the visuo-motor 
task may differ significantly depending on which side of 
the body is trained to perform the skill. This outcome, if 
confirmed, has implications for training one side of the 
body to perform motor tasks, as is common, for example, 
after single-hemisphere stroke (see also Dobkin 2004). For 
example, dose–response relationships, as well as expected 
rate and ceiling of function recovery, can be based on the 
hand that is performing the skill.

Acquisition

Overall, brain activation increased in the left middle occip-
ital gyrus (extending into Brodmann area 18) during the 
acquisition phase between blocks 4 and 12. These areas 
are responsible for visual monitoring (Antal et al. 2004), 
indicating that acquisition may be accompanied by greater 
recruitment of brain resources used to provide visual feed-
back during execution. The middle occipital gyrus and left 
precentral gyrus showed greater brain activation increases 

over the course of acquisition in the ND group compared to 
the D group. The left precentral gyrus has been suggested 
(Seidler et al. 2006) as one among several key loci of sup-
port for the sensorimotor process of adaptation to novel 
motor task demands. The other loci identified in that study 
were not significant in our study, possibly due to a variety 
of methodological differences between the two, as well as 
different statistical tests and corrections. Successful acqui-
sition of the task with the non-dominant hand may require 
greater recruitment of resources to accomplish these aspects 
of the task, while acquiring the task with the dominant hand 
requires so few resources that recruitment of brain resources 
reduces slightly during the acquisition period. Possibly, the 
calibration process in which visual information is attuned 
with perceived action outcomes was still ongoing during 
acquisition, and thus, even though behavioral data suggested 
that a plateau was reached in adaptation to the demands of 
the visuo-motor task, the calibration process was still ongo-
ing. The latter suggests that the task performance did reach 
its optimum before the visual system was fully calibrated, 
thus suggesting that the motor task is not challenging enough 
to find small improvements at the end of a training cycle. 
Another option is that it may suggest that the motor task 
still improved but that it was not possible to measure the 
improvements due to the resolution of the performance 
measures. The difference between the ND and D group 

Fig. 9   Right: a cluster of voxels in the right precentral and post-
central gyri showed activation increases between blocks 12 and 14 
in the D group, while the same region showed decreases in the ND 
group (cluster shown in yellow, MNI coordinates of peak difference: 

30, − 31, 62). Bottom left: mean relative fMRI activation in blocks 
12 and 14, relative to periods of rest, within the sensorimotor region 
showing D vs ND differences
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offers some support, assuming that the calibration process 
of the non-dominant limb is less efficient and possibly relies 
heavily on mental rotation. A prior meta-analysis on mental 
rotation indicates both the left middle occipital gyrus and 
left precentral gyrus as loci of mental rotation tasks (Barbara 
and Michele 2016).

Bilateral transfer

Behavioral data suggested that bilateral transfer of the 
trained motor task did occur; i.e., performance of one limb 
increased simply because the other one adapted to the task 
requirements. The performance increase in the untrained 
limb was accompanied by brain activation changes that 
differed between D and ND groups. Specifically, in the 
D group, a cluster of voxels in the left precuneus showed 
greater activation when the non-dominant hand performed 
the task after training, compared to before training. Con-
versely, among non-dominant-hand-trained individuals, 
this cluster of voxels showed less activation when the domi-
nant hand performed the task after training, compared to 
before training. Previously (Seidler and Noll 2008), the 
left precuneus was shown to be involved in acquisition of 
a visuo-motor aiming task similar to ours. The precuneus 
is believed to be responsible for proprioception during spa-
tially demanding tasks that require coordination between two 
limbs (Wenderoth et al. 2005), and precuneus engagement 
has specifically been reported in tasks requiring mental rota-
tion (Hugdahl et al. 2006). Our finding may suggest that 
transferring a spatially demanding skill from the dominant 
to non-dominant hand requires relatively greater neural 
recruitment to reach the same level of performance. To our 
knowledge, this is the first report of asymmetry in bilateral 
transfer-related brain recruitment between dominant and 
non-dominant hand training. If confirmed, the key implica-
tion of this finding is that bilateral transfer to a non-dominant 
hand might require additional brain activity to be successful.

After‑effects

In this study, there were no notable behavioral after-effects 
on task performance in the non-rotated condition. We sug-
gest that the process of adapting to the non-rotated condition 
after training was so fast that it transpired over only the first 
few trials of the first non-rotated block, thus making accurate 
detection of after-effects difficult. This agrees with previous 
research (Kagerer et al. 1997) showing more pronounced 
after-effects when the onset of practice is gradual (during 
acquisition trial-to-trial changes are gradual until the maxi-
mum change is reached), rather than sudden (during acquisi-
tion all trials trained with the maximum change). In addition, 
because the rotation was very obvious to the participant, 
this pattern of results may suggest that performing the task 

with the contralateral hand in block 15 allowed participants 
to develop a high-level cognitive strategy governing per-
formance with both trained and untrained limbs, resulting 
in fast adaptation in block 16 and the absence of observed 
after-effects. Another related explanation would suggest 
that a slow rate of adaptation during training in the unu-
sual (hard) condition occurs because this condition requires 
both cognition and calibration. When the condition reverted 
back to the non-rotated condition (block 16), after-effects 
may have disappeared quickly if the individual was able 
to revert back to its pre-existing, non-rotated calibration. 
Although behavioral after-effects were not evident, there 
were notable brain activation after-effects. Those trained 
with the dominant hand showed greater activation of the 
left precuneus during execution in the non-rotated condition 
after training compared to before; while those trained with 
the non-dominant hand showed less activation in this same 
region after training compared to before. A possible reason 
for this finding is that the dominant hand may be so efficient 
at optimizing itself for the rotated task over the course of 
acquisition, that a large amount of brain activation is needed 
to inhibit this optimization and force the system to behave 
differently when presented with the non-rotated task. There 
are several reports of fMRI activation differences occurring 
in a visuo-motor task without behavioral changes (Clements 
et al. 2006; Hugdahl et al. 2006; Levin et al. 2005). A pre-
vious study (Van Gemmert and Van Galen 1997) showed 
in a series of experiments that increases in task demands 
do not necessarily lead to notable changes in behavior, 
even though assumed expenditures of resources increase. 
Our results show that current motor control theories need 
to be expanded. Effort seems to play a crucial role. When 
effort can reduce the behavioral effects, differential activa-
tion in the brain can still occur, indicating that resources are 
expended to counteract the behavioral changes.

Persistence

Persistence refers to maintenance of practice-related 
improvements in performance after a period without practice 
on the specific task (Schmidt and Lee 2014). In this study, 
task performance remained stable after acquisition, despite 
a break during which the task was perturbed by switching 
the hand of performance. In addition, there were no overall 
differences in brain activation between pre- and post-break 
task performance. However, there were differences in pre- 
to post-break brain activation changes between those who 
were trained with the dominant vs non-dominant hand. Spe-
cifically, in a cluster of voxels covering parts of the right 
precentral and postcentral gyri, activation was relatively 
greater after the break among those trained with the domi-
nant hand, and relatively less after the break among those 
trained with the non-dominant hand. These brain regions are 
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responsible for primary somatosensory and motor function 
on the left-hand side of the body, i.e., the non-dominant 
side (Kandel et al. 2013). Thus, for individuals trained with 
the dominant hand, a break to perform the task with the 
non-dominant hand resulted in persistent brain activation in 
a region that was presumably required to perform the task 
during the break. However, we did not observe a similar 
cluster of lingering brain activation after the break among 
non-dominant-hand-trained individuals in the correspond-
ing left sensorimotor cortex—i.e., the region presumably 
required to perform the task with the dominant hand during 
the break. This could indicate that brain regions controlling 
task execution may be able to adapt faster to changes in 
motor conditions, for example cessation of task execution 
with the dominant hand.

This study is not without limitations. As a study of 
healthy young adults, we were unable to investigate many 
of the populations relevant to physical rehabilitation, such as 
those in stroke recovery. We investigated adaption to visuo-
motor skill over a single training session, and thus were not 
able to investigate adaptation- and/or learning-related brain 
changes over longer term periods. We only enrolled right-
hand-dominant individuals and thus we are unable to deter-
mine if our findings carry over to left-hand-dominant indi-
viduals, even though a previous study (Uggetti et al. 2016) 
suggests that it might carry over to left handers. Future work 
should seek to explore whether the current findings extend 
to these relevant problem domains.
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