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Transcranial magnetic stimulation on the dorsal premotor 
cortex facilitates human visuomotor adaptation
Taisei Sugiyamaa, Keita Nakaeb and Jun Izawac  

The premotor cortex is traditionally known to be involved 
in motor preparation and execution. More recently, 
evidence from neuroscience research shows that the 
dorsal premotor cortex (PMd) is also involved in sensory 
error-based motor adaptation and that invasive brain 
stimulation on PMd can attenuate adaptation in monkeys. 
The present study examines if adaptation can be 
modulated noninvasively in humans. Twenty-five healthy 
volunteers participated in a motor task in which rapid arm-
reaching movements were made to hit a target, whereas 
the online cursor feedback about the hand position was 
visually rotated, inducing sensory error that drove motor 
adaptation. Transcranial magnetic stimulation (TMS) 
was delivered to PMd just before experiencing a sensory 
error, as in the previous study on monkeys. The degree 
of motor adaptation was measured as the change in the 
hand direction in response to the experienced error. TMS 
was found to increase adaptation compared with control 
conditions. Interestingly, the direction of modulation 
was opposite to the previous study on monkeys, which 
might originate from different methods and parameters 
of stimulation. The effect was also location-specific and 

was not a mere artifact of applying TMS because the 
facilitatory modulation occurred when stimulating PMd 
but not when stimulating the ventral premotor cortex, 
which was known for different roles and networks from 
PMd. Since noninvasive neuromodulation is a promising 
tool for research and clinical practice, the present study 
demonstrates that PMd is a feasible target region of 
neuromodulation to understand human motor adaptation 
and improve motor rehabilitation. NeuroReport 33: 723–
727 Copyright © 2022 The Author(s). Published by Wolters 
Kluwer Health, Inc.
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Introduction
The premotor cortex is traditionally known to be 
involved in the preparation and execution of movements 
[1–4]. On the other hand, while some evidence exists for 
its involvement in visuomotor association learning [5,6], 
not much is known about its involvement in other types 
of motor learning or motor learning in general. More 
recently, the dorsal premotor cortex (PMd) is shown to 
have modulatory interactions with the cerebellum dur-
ing visuomotor adaptation such that inhibition of PMd by 
the cerebellum becomes weaker, which in turn increases 
excitatory modulation of the cerebellum by PMd [7]. 
This raises a possibility that PMd is also involved in sen-
sory error-based motor adaptation, a process in which the 
cerebellum is heavily involved [8,9].

If motor adaptation entails changes in the activity of 
PMd and its interaction with the cerebellum, it is pos-
sible that neuromodulation of PMd can influence adap-
tation behavior. One recent study has confirmed this in 

monkeys, showing attenuated trial-by-trial visuomotor 
adaptation by intracortical micro-stimulation to disrupt 
PMd at go-signal right before experiencing a sensory 
error [10]. However, whether motor adaptation can be 
modulated by targeting PMd in humans has not been 
tested. Also, since invasive stimulation cannot be readily 
used by humans, it is important to achieve modulation by 
a safer and more convenient stimulation method.

The purpose of this study is to test this by transcranial 
magnetic stimulation (TMS), a noninvasive method used 
to modulate motor behavior [11]. The task is modified 
from the original task [10] for humans while keeping the 
stimulation timing the same, applying TMS just before 
experiencing a sensory error. Given the substantial over-
lapping between monkeys and humans in brain struc-
tures and functions, we predicted that TMS can modulate 
human motor adaptation.

We also examine if modulation is region-specific by com-
paring stimulation on PMd with the ventral premotor cor-
tex (PMv), a region whose roles are known to be different 
from PMd in motor behavior [12–14]. In particular, PMd 
plays a role in selecting and preparing movements, espe-
cially ones associated with visual cues, whereas PMv does 
in preparing and guiding movements in extrinsic visual 
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space. Since the original study observed attenuated dis-
ruption of adaptation by stimulation on the motor cor-
tex compared to PMd, we predict modulation of motor 
adaptation by TMS is also region-specific, showing atten-
uated/nullified effects when PMv is stimulated.

Methods
Participants and experimental apparatus
Twenty-six right-handed participants [aged 18–28 years 
(µ = 22.2), 17 males] without known neurological/motor 
disorders gave written informed consent before partici-
pating in the study approved by the Institutional Review 
Board at the University of Tsukuba. All the participants 
had a laterality quotient score of +40 or higher on the 
Edinburgh Handedness Inventory. The participants were 
recruited across departments without specific motor skill 
requirements, representing the university’s general pop-
ulation. They were paid 2150JPY for their participation. 
We terminated an experiment session before the motor 
task for one participant who reported disrupting facial 
muscle twitch when PMd/v was stimulated. The remain-
ing 25 participants were included in the data analyses.

A typical apparatus for motor adaptation was used. The 
participants manipulated a robot manipulandum handle 
that moved in the horizontal 2D plane with the right hand. 
The participant’s arm and the handle were occluded by a 
flat mirror. A computer monitor above the mirror displayed 
visual stimuli that were reflected on the mirror. The ver-
tical gaps between the monitor, mirror, and handle were 
matched so that the visual stimuli appeared at the same 
height as the handle to the participants. Magstim 2002 
and a figure-eight coil were used. Brainsight version 2.3.12 
tracked the coil position, the participant’s head, and the 
target locations during the experiment.

Experimental paradigm
Transcranial magnetic stimulation procedure
The locations and the intensity of TMS were determined 
for each participant. All stimulations were delivered on 
the left side of the head. We used resting motor threshold, 
defined as the intensity inducing motor evoked potential 
(MEP) of more than 50 µV 50% of times [15] in the first 
dorsal interosseous in the right hand when stimulating a 
‘hotspot’, defined as the location where MEP was induced 
with the lowest intensity. The measured motor thresholds 
in the present study were between 40 and 60% intensity 
and 49.8% on average. PMd and PMv were defined as 2 cm 
anterior and 1 cm medial and lateral to the hotspot, respec-
tively (Fig. 1a) [16,17]. To avoid muscle twitch in the arm, 
supra-threshold intensity (90% of motor threshold) was 
used. Coil orientation was pointing 45° in the para-sagittal 
plane (i.e. coil top pointing anterior-dorsal direction) [18].

Motor task and schedule

The ability of motor adaptation was assessed in a visuo-
motor rotation task. The participants were asked to make 

a rapid reaching movement to cross the visual target. The 
online cursor feedback was provided during movement to 
show the position of the occluded hand (Fig. 1a). In the 
Rotation trials (Fig. 1b), the cursor was rotated by +5° with 
respect to the direction of the visual target. The coun-
ter-clockwise (CCW) direction was defined as the positive 
direction. The participants were expected to adapt to the 
rotation by recalibration of visuomotor mapping, changing 
their movement in the opposite direction to the rotation 
over trials [19]. Since performance feedback (difference 
between the cursor and the target) was known to influ-
ence adaptation [20], the target disappeared before the 
participants initiated movement. The target reappeared 
before crossing, but its position was shifted to align with 
the direction of the cursor movement so that the cursor 
always hit the target, clamping the performance feedback 
across trials. TMS was applied before they initiated the 
movement. Since TMS might affect movement itself [21] 
in addition to the adaptation ability, adaptation behavior 
was assessed in the next trial, in which reaching was per-
formed without TMS or the cursor feedback.

The task consisted of 12 blocks, each of which consisted 
of three sets of washout and adaptation (Fig. 1c). One set 
consisted of 10 ‘Null’ trials with veridical cursor feedback 
serving as washout of the previous adaptation, which was 
followed by 10 Rotation trials (five pairs of a trial with TMS 
and the cursor, followed by a trial without them). There was 
a 30-s break at the end of each block. TMS was delivered 
in Rotation trials with the cursor, and, to avoid TMS from 
always coinciding with rotation, TMS was also delivered in 
every odd Null trial. There were three TMS locations for 
the three sets (one location per set): PMd, PMv, and Sham 
(TMS pulse delivered in the air, Fig. 1a). The order of the 
TMS locations was randomized across the blocks such that 
each of the six possible orders (PMd → PMv → Sham, 
PMd → Sham → PMv, and so on) was randomly selected 
twice in the 12 blocks. Also, to avoid use-dependent learn-
ing [22] due to repeatedly adapting to the same direction, 
the rotation of the cursor was flipped to the negative [clock-
wise (CW)] direction in the even blocks.

Trial flow
Figure 1d shows the time flow of a single trial that was 
based on the original study [10]. In each trial, the manip-
ulandum brought the hand to the 9-mm circular start 
area in front of the participants, and the 5-mm circle was 
shown as the cursor feedback. After 500 ms, a 5-mm cir-
cular target appeared at 10  cm from the start. The tar-
get was randomly selected from 0° (right in front), ±6°, 
and ±12° to avoid use-dependent learning [22]. After an 
additional wait, the target flashed as a go-signal and dis-
appeared, at which TMS was delivered (only in the trials 
described above). A rapid shooting movement was made 
to the target. A target reappeared when the hand reached 
at 8 cm, and a trial ended once the hand exceeded 10 cm. 
A warning message was shown if the movement duration 
was not within 150–250 ms. A trial was aborted and retried 
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if the movement was not initiated within 100–450  ms 
after go-signal or when the movement duration exceeded 
500 ms.

Session schedule
The participants received task instruction and briefly prac-
ticed each trial type to familiarize themselves with the task. 

Then, the TMS procedure was performed. After that, they 
performed the motor task. A break between the sixth block 
and the seventh block was extended from 30 s to 3 min.

Data analysis
Adaptation behavior is measured as changes in the 
reach direction over trials, and how stimulation of PMd 

Fig. 1

Task design and schedule. (a) Locations of stimulation and task environments. The locations of the dorsal/ventral premotor cortex (PMd/PMv) are 
defined relative to the hotspot of the first dorsal interosseous (FDI). Sham is shot in the air near the left ear. Horizontal 2D task space is located in 
front of the participants, where they made rapid arm-reaching movement from the start position to the target. (b) Motor adaptation paradigm. Visual 
rotation is applied to the online cursor feedback about hand movement in the Rotation trial, inducing adaptation. The target shifts to the cursor 
direction so that the cursor always hits the target, clamping the task performance feedback [20]. (c) Task schedule. One block consists of three 
sets of 10 Null trials with veridical cursor for washout and 10 Rotation trials for adaptation. There is a short break at the end, and the participants 
repeat 12 blocks. One TMS location is selected per set and once per block. (d) Time flow of one trial, designed based on the previous study [10].

Fig.2

Modulation of learning behavior by TMS. (a) The hand trajectories of the individuals (gray) and the conditions (colored) across Null and Rotation 
trials. To assess adaptation behavior without potential influence of TMS on movement itself, only those trials without TMS are included. (b) The 
profiles of changes in the hand direction over trials. (c) The mean hand directions in Rotation trials, separated by first and second halves. Dots/
lines and error bars represent means and SEM.
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modulates the behavior is examined by comparing it to 
the control conditions (PMv and Sham). To reduce the 
trial-by-trial variability (noise), individual means were 
first taken across blocks for each condition. The reach 
direction data for negative rotation (in the even blocks) 
were multiplied by −1 to match the direction of adap-
tation before the means were computed. For the hand 
trajectories (Fig.  2a), means were taken for Null and 
Rotation trials without TMS. For the profiles of changes 
in the hand direction (Fig. 2b), means were taken for the 
last Null trial and each Rotation trial. For the average 
hand directions across trials (Fig. 2c), five Rotation trials 
without the cursor/TMS were separated into halves (the 
third trial was not included, Fig. 2b), and the mean direc-
tion (μ

h
) was taken for each half. Group means and SEM 

were calculated from these individual means.

We assessed the modulatory effects of TMS on PMd 
while considering effects from other factors, including 
the progress of adaptation by time, location-independent 
effects of TMS (TMS

LI
), and individual differences. To 

do so, μ
h
 was analyzed by a linear mixed effect model [23] 

with TMS [(PMv and Sham) vs. PMd], Half (first vs. sec-
ond), and TMS

LI
 [Sham vs. (PMd and PMv)] as the fixed 

effects and Participant as the random intercept effect, as 
follows:

μ
h
 = TMS + Half + TMS

LI
 + Participant + ε

where ε represented a residual. TMS represented the 
main factor of interest: whether or not adaptation meas-
ured as μ

h
 was modulated by TMS on PMd. Half repre-

sented the progress of adaptation, where μ
h
 in the second 

half was expected to be larger than the first. TMS
LI

 rep-
resented a potential artifact of delivering TMS regardless 
of location. Finally, Participant represents interparticipant 
differences in the baseline level of adaptation. Dummy 
coding was used to represent each fixed factor as follow-
ing (TMS: Sham/PMv = 0, PMd = 1; Half: 1st = 0, 2nd = 1; 
TMS

LI
: Sham = 0, PMd/v = 1). All tests were performed 

as two-sided tests, and results with P < 0.05 were consid-
ered statistically significant. The 95% confidence interval 
(CI) of each fixed effect was reported. All the data analy-
ses were performed on R version 4.0.2 with lme4 [23] and 
lmerTest [24] packages.

Results
Figure  2a shows the average hand trajectories in Null 
and Rotation trials without TMS. Each TMS condi-
tion showed similar patterns in which the hand moved 
straight to the target in the Null trials but showed slight 
deviation in the CW direction in the Rotation trials (i.e. 
adaptation compensating the CCW rotation). Figure 2b 
shows the profiles of changes in the hand direction over 
trials, exhibiting increasing hand directions like a typi-
cal learning curve. The hand direction in PMd appeared 
slightly larger than the other conditions, which became 

clearer in the average hand direction in the Rotation trials 
(μ

h
), especially for the second half (Fig. 2c).

The linear mixed effect model analysis was performed on 
μ

h
 to statistically examine the effects of PMd stimulation 

on the adaptation behavior as well as other factors (see 
Methods section for detail). The analysis demonstrated 
that μ

h
 was larger in the second half than the first half 

(µ = 1.27; 95% CI, 1.02–1.51; t = 10.02; P < 10−16, Cohen’s 
d = 1.79), confirming more adaptation over time. It also 
demonstrated that μ

h
 was larger when PMd was stim-

ulated compared with PMv and Sham (µ  =  0.39; 95% 
CI, 0.08–0.69; t = 2.49; P = 0.01; Cohen’s d = 0.45), also 
confirming the effect of the main interest in the present 
study. In contrast, we did not find evidence that the mod-
ulation was a result of TMS stimulation per se because a 
comparison of PMd and PMv to Sham was not found sig-
nificant (µ = −0.05; 95% CI, −0.36-0.25; t = −0.34; P = 0.73; 
Cohen’s d = −0.06). Note that one participant showed a 
very large reach direction (around 8.5°) compare to the 
others in the second half of the PMd condition (Fig. 2c). 
Since the participant also showed the largest reach direc-
tions in the second half of PMv and Sham, it was likely 
to be the participant’s characteristic, which the random 
effect in the model would take into account. Indeed, the 
same statistical significance was preserved when the par-
ticipant was removed from the data sets, confirming that 
the results were not biased by the single participant who 
exhibited large adaptation.

Discussion
The present study shows that TMS on PMd at go-sig-
nal can facilitate visuomotor adaptation in humans. The 
effect appears region-specific because adaptation is 
found significantly larger when PMd is compared with 
PMv and Sham but not when PMd and PMv are com-
pared with Sham. This is in line with previous reports 
suggesting different roles of PMd and PMv [12,13]. The 
effect is different from previously reported TMS effects 
on attenuated online error-correction [21] because adap-
tation is measured in absence of the cursor feedback and 
because the stimulation is applied in a preceding trial in 
the present study. Thus, to our knowledge, this is the first 
evidence for facilitation of human visuomotor adaptation 
by noninvasive brain stimulation on PMd.

Interestingly, the direction of modulation in the pres-
ent study is opposite to the original study, which finds 
attenuates adaptation by stimulation [10]. One possibil-
ity is that TMS in the present study may be facilitating 
while stimulation is disruptive in the original study. It has 
been argued that low-intensity TMS tends to facilitate 
neural activities [25]. Thus, while we use supra-motor 
threshold intensity primarily to avoid muscle twitch, the 
intensity may be low enough to facilitate neural activi-
ties in PMd instead of disrupting them. Since excitatory 
changes between PMd and the cerebellum are observed 
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during visuomotor adaptation [7], TMS may facilitate 
the modulatory processes between the regions, which is 
manifested as enhanced adaptation. It is worthwhile to 
examine this possibility in conjunction with how modula-
tion may differ among types of motor learning because a 
previous study shows attenuated visuomotor association 
learning using TMS above threshold [5]. Pinpointing the 
cause of these differences in modulation may provide 
insights into the general role of PMd in motor learning. 
Since noninvasive neuromodulation is a promising tool 
for discovering neural mechanisms of motor learning 
and for facilitating motor rehabilitation [11], the present 
study demonstrates that PMd is a feasible target region 
for pursuing these research and practical goals.
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