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Abstract

The perceived position of a moving object in vision entails an accumulation of neural signals over space and time. Due to neural
signal transmission delays, the visual system cannot acquire immediate information about the moving object’s position. Although
physiological and psychophysical studies on the flash-lag effect (FLE), a moving object is perceived ahead of a flash even when
they are aligned at the same location, have shown that the visual system develops the mechanisms of predicting the object’s
location to compensate for the neural delays, the neural mechanisms of motion-induced location prediction are not still under-
stood well. Here, we investigated the role of neural activity changes in areas MTþ (specialized for motion processing) and the
potential contralateral processing preference of MTþ in modulating the FLE. Using transcranial direct current stimulations (tDCS)
over the left and right MTþ between pre- and posttests of the FLE in different motion directions, we measured the effects of
tDCS on the FLE. The results found that anodal and cathodal tDCS enhanced and reduced the FLE with the moving object head-
ing to but not deviating from the side of the brain stimulated, respectively, compared with sham tDCS. These findings suggest a
causal role of area MTþ in motion-induced location prediction, which may involve the integration of position information.

NEW & NOTEWORTHY Perceived positions of moving objects are related to neural activities in areas MTþ . We demonstrate
that tDCS over areas MTþ can modulate the FLE, and further anodal and cathodal tDCS facilitated and inhibited the FLE with a
moving object heading to but not deviating from the side of the brain stimulated, respectively. These findings suggest a causal
role of area MTþ in motion-induced location prediction and contribute to understanding the neural mechanism of the FLE.

area MTþ; facilitation; flash-lag effect; inhibition; tDCS

INTRODUCTION

The ability to accurately localize moving objects in the
environment is crucial for our daily lives (1–3). Signal
processing for moving objects from the retina to the visual
cortex needs time. When the signal reaches the cortical
areas specialized for motion processing, the moving object
has already changed to different positions. Thus, signals
in motion processing cortex (e.g., the lateral occipitotem-
poral cortex, MTþ) are already outdated (4–6). To compen-
sate for the delays during neural transmission, the visual
system might apply the previous trajectory of a moving
object to predict the object’s location in the current
moment (5, 7, 8). Therefore, the perceived spatial location

of a moving object appears to be shifted forward in the
direction of its motion, relative to its physical location (3,
9). Although physiological and psychophysical studies on
motion-induced location shift have been documented (2,
4–6, 8, 10), its underlying neural mechanisms are not well
understood.

The illusory shift of a perceived position has been exten-
sively verified using the flash-lag effect (FLE), in which a
moving object is perceived ahead of a static flash even
when physically aligned with the moving object. Ever
since the effect was proposed, scientific debates on the
effect have still lasted (4–6, 8). Proposed mechanisms con-
tain visual attentional shifting between moving targets
and flashes (11, 12), differential latencies for the neural
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processings of moving and static objects (13), the average
position of a moving object over a certain time (14), post-
dictive assignments of the post-flash positions to the
moment of flashes (15), and predictive assignments of per-
ceived positions (8, 16). Despite the contradictions among
the various psychophysical mechanisms, it appears to be
gradually realized that none of the mechanisms could sin-
gly interpret all of the rich FLE phenomena (4, 6, 17). One
common conception of most mechanisms is that motion
perception intricately links with position perception (9,
18). However, it is unclear whether modulation of neural
activation in cortical areas selectively processing motion
could affect motion-induced position mislocalization.
Although one study has found the reduced FLE due to
neural disruption in area MTþ (4), the neural processes
underlying the causal contribution of area MTþ to the FLE
are poorly understood.

Area MTþ plays a central role in visual motion processing
(19, 20). Neuroimaging studies have found motion percep-
tion deficits in patients with brain damage localized to MTþ
(21, 22). And transcranial magnetic stimulation (TMS) studies
of MTþ observed visual motion perception impairment (22–
25). Interestingly, MTþ shows preferential motion processing
and attention to motion in the contralateral visual field (21,
22, 26), although it could potentially integrate motion in the
left and right hemifields (25, 27). Themotion processing pref-
erence of MTþ might result from an MTþ subregion (MT)
(22, 26), whose receptive field (RF) extends a much lesser
degree to the ipsilateral visual field (28) and response is
selective to translational motion (29). Furthermore, MTþ
also engages the perceived position of a static object after
motion adaptation (30, 31). As the FLE involves the integra-
tion of signals for the perceived positions of the static and
moving objects, the neural activation changes of MTþ due to
transcranial direct current stimulation (tDCS) could modu-
late the FLE. Therefore, our aim is to test how tDCS over
MTþmodulates the FLE.

tDCS, a noninvasive electrical-stimulating technique,
has been shown to modulate the excitability of MTþ .
Generally, anodal stimulation (a-tDCS) increases cortical
excitability by depolarization, whereas cathodal stimula-
tion (c-tDCS) decreases it by hyperpolarization (32, 33).
Nevertheless, the modulation of neural activity by tDCS is
more complicated than the expectation (34), thereby
exhibiting inconsistent modulation effects. For instance,
c-tDCS on the left MTþ enhanced complex motion (low co-
herence) perception and worsened simple movement
(high coherence) perception (35); a-tDCS on the left MTþ
enhanced motion direction identification ability (36); both
a- and c-tDCS on the left MTþ improved coherent motion
discriminability in the right hemifield (33). These contra-
dictory findings might suggest an interaction of tDCS mod-
ulation effects with task characteristics (33, 37). Although
tDCS on MTþ indeed modulated motion perception, it is
little known how a- and c-tDCS on the left and right MTþ
affect the FLE. In addition, due to the possible contralat-
eral processing preference of MTþ (22, 26, 29), the stimu-
lated areas (the left vs. the right MTþ) might lead to
various modulation effects of tDCS over MTþ on the FLE.
Therefore, our final aim is to estimate how a- and c-tDCS
on the left and right areas MTþ enhance and impair the

FLE in different motions (e.g., from the right to the left
and the left to the right cross the vertical meridian).

To address the questions mentioned earlier, we applied
the standard visual FLE. In experiment 1, we aimed to
explore the modulation effects of a- and c-tDCS over the left
MTþ on the FLE in different motion directions. Thus, three
participant groups were assigned to different stimulation
regimes (anodal vs. cathodal vs. sham) to perform two ses-
sions of the flash-lag tasks with 15-min intervals of tDCS. By
comparing the FLEmagnitudes in different motion directions
between two sessions in each group, we assessed the facilita-
tion and inhibition effects of a- and c-tDCS over the left MTþ
on the FLE. In experiment 2, we further tested themodulation
effects of a- and c-tDCS over the right MTþ on the FLE in dif-
ferent motion directions. All experimental conduction was
the same as that in experiment 1, except for the stimulated
area (the right MTþ). By comparing the FLE magnitudes in
different motion directions between two sessions in each
group, we estimated the similar effects of a- and c-tDCS over
the right MTþ on the FLE.

MATERIALS AND METHODS

Experiment 1: Effects of tDCS over the Left MT1 on the
FLE

Participants.
A total of 45 healthy volunteer undergraduate and graduate
students were recruited to join experiment 1. They all
reported normal or corrected-to-normal visual acuity, no
metallic implants, and no prior history of any neurological
or mental illnesses, drug abuse, or drunkenness. Participants
were naïve to the purpose of the experiment and were ran-
domly and equally assigned to three experimental groups:
anodal group (aged 18–23 yr, mean 19.9± 1.55 yr; 8 females; 5
left-dominated eye; all right-handedness), cathodal group
(aged 18–21 yr, mean 19.1 ± 1.10 yr; 9 females; 1 left-domi-
nated eye; all right-handedness), and sham group (aged 18–
24 yr, mean 20.0± 1.96 yr; 10 females; 3 left-dominated eye; 2
left-handedness). Each group performed two sessions of
the flash-lag tasks with 15-min intervals of tDCS. All partic-
ipants gave written informed consent. The testing proce-
dures were approved by the Academic Affairs Committee
of the School of Psychological and Cognitive Sciences of
Peking University.

Transcranial direct current stimulation.
We applied a battery-driven stimulator (Brain Premier E1) to
deliver constant current. A pair of rubber electrodes with
each an �19.6 cm2 saline-soaked synthetic sponge was used
for current delivery. For the anodal stimulation, one anodal
electrode was put over the left MTþ that was located 2.5 cm
above and 5 cm left of the inion (4, 33); the other cathodal
electrode was positioned over the central parietal lobe (Cz,
the intersection of the nasion-inion line and left-right pre-
auricular recess line, according to the international 10–20
EEG system) (35, 38). For the cathodal stimulation, the cath-
odal and anodal electrodes were reversely placed. In the
present study, the current with an intensity of 1.5 mA was
used for 15 min, with a 1.5 mA/19.6 cm2 dose current density.
During the stimulation, the current was ramped on 1.5 mA
within 15–30 s.
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Stimulus presentation.
Under the environment of MATLAB (2020a, The MathWorks,
Natick, MA), we used Psychtoolbox-3 to present all visual
stimuli on a color monitor [27-in. (68.58 cm) DP with a
frame rate of 100 Hz] controlled by a personal computer
(39, 40).

Stimuli and the flash-lag task.
Stimuli consisted of a white fixation cross, a black bar (2� �
0.6�), and a small white circle (diameter = 0.6�). As is shown
in Fig. 1A, the white fixation cross was always visible at the
center of the screen against a gray background [RGB (80 80
80)] throughout a session. The black bar was randomly dis-
played at either the right or the left of the screen. At the be-
ginning of each trial, the center of the bar was initially put
6.67� above and 7� to the right or the left of the fixation cross.
After its appearance, the bar immediately moved toward the
opposite side of the screen. As the frame-to-frame spatial off-
set was 0.1�, the constant and smooth speed of the bar was
10�/s. The small white circle, whose diameter was equal to

the width of the bar, was flashed 6.67� above the fixation
cross for one refresh frame (10ms). When the bar crossed the
center of the screen, the circle flashed at different timings
(�6, �4, �2, 0, 2, 4, and 6 refresh cycles of the monitor, or
�60ms to 60ms) so that it appeared at various locations rel-
ative to the bar.

Task procedure.
Participants were seated in a dark room and viewed binocu-
larly the screen from a distance of 60 cm, with their heads
placed on a chin tray. Throughout a trial, they fixated on the
white fixation cross. Then the bar appeared and moved to
the opposite side, when the white circle was flashed, partici-
pants were asked to indicate its position relative to the bar
(the left or right). Thus, the task was an unspeeded and two-
alternative forced-choice response. In 1 s after the response,
the next trial began. To avoid the expectance effect of the
flashed circle, we added two perturbation conditions where
the initial positions of both the small white circle and the bar
were shifted by the left and right 0.5� relative to the white

Figure 1. Depictions of stimulus displays, an example of one trail of the flash-lag task, and experimental setups for the anodal, cathodal, and sham stimu-
lation. A: depictions of stimulus displays. Stimuli contain a white fixation cross, a black bar (2� � 0.6�), and a small white circle (diameter = 0.6�). The black
bar is randomly displayed at either the right (position with a rectangle texture) or the left of the screen. B: an example of one trail of the flash-lag task.
During one trial of the flash-lag task, the participant fixates on the white fixation, after 0.5–0.8 s, the black bar appears on one side of the screen and im-
mediately moves toward the opposite side. During the movement of the bar, the small white circle is flashed above the fixation cross for one refresh
frame at different timings. When the bar moves to the terminal and disappears, the participant is indicated to report the relative positions of the circle
and the bar. If they perceive that the flashed circle is located on the left relative to the bar, they press the left button of a mouse; if they perceive that the
flashed circle is located on the right relative to the bar, they press the right button of the mouse; if they perceive that the flashed circle completely coin-
cides with the bar in space, they have to make an arbitrary choice. In 1 s after the response, the next trial begins. C: the experimental setups for the ano-
dal, cathodal, and sham stimulation with different electrodes. Each group performed two sessions (pre- and posttests) of the flash-lag task under an
offline condition. Between sessions, each group received the correspondent current stimulation. Cz, central parietal lobe; tDCS, transcranial direct cur-
rent stimulations.
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fixation cross. In addition to seven various timings of the
flashed circle, we applied randomly a repetition of 21 trials
for each timing. Therefore, the block from the right to the
left motion consisted of 147 trials, and so did the block from
the right to the left motion. Finally, a session, including the
two blocks, consisted of 294 trials and lasted�15 min. Before
the formal experiment, we provided a practice block of 42 tri-
als that traversed all conditions.

Study protocol.
We applied a randomized single-blind design to assign the
participants into three experiment groups (anodal vs. catho-
dal vs. sham). Each group performed two sessions (pre- and
posttests) of the flash-lag task. Between sessions, the anodal
group received the anodal stimulation. Two elastic head-
straps were used to fix the anodal electrode over the left MTþ
and the cathodal electrode over the Cz. After the fixation of
the electrodes, the participants received the current with an
intensity of 1.5 mA for 15 min; for the cathodal group, they
received the same current with the cathodal electrode over
the left MTþ and the anodal electrode over the Cz; for the
sham group, participants received the same current for 30 s,
after that the current was turned off (Fig. 1C). In addition,
we used a tool (ROAST) to model the normal component of
the electrical field (V/m) created by the montage targeting
the left MTþ (see Fig. 2, left); each intensity is represented
by the different values on the heatmap (41, 42).

Data processing and analysis.
To estimate the magnitude of the FLE, we applied the logis-
tic curve as used in previous studies (43–46). The following
is the equation:

y ¼ 1
1 þ eaþ bx

:

There are two critical parameters in the equation: a and b.
�a/b represents the x-value of the sigmoid curve midpoint,
and b indicates the logistic growth (slope). The participant’s
responses were transferred to a cumulative normal distribu-
tion, and then we applied the least square method to fit a
logistic curve. We defined the timing point at accuracy rates
of 50% as the magnitude of the FLE, namely, the point of
subjective equality (PSE). And the just noticeable difference
(JND) was defined as half of the difference between the

timing points at accuracy rates of 25% and 75% in a coordi-
nate. We did two-way repeated-measures ANOVA using the
bruceR function in R programming (47), with the Bonferroni
correction for multiple comparisons.

RESULTS
To estimate the effects of tDCS on the left area MTþ on the

FLE in different motion directions, we performed a 2 (testing:
pretest vs. posttest) � 2 [motion direction: the right to the left
(RL) vs. the left to the right (LR)] repeated-measures ANOVA
with the PSE as the dependent measure in anodal, cathodal,
and sham groups, respectively (see Supplemental Material;
https://doi.org/10.6084/m9.figshare.19187522.v1). For the ano-
dal group, we observed a significant testing � motion direc-
tion interaction effect (F1,14 = 10.38, P < 0.01, g2

p = 0.43) (Fig.
3A). A simple interaction analysis indicated that the posttest
PSEwas lower than the pretest PSE in the RLmotion direction
(t14 = 3.72, P < 0.01, Cohen’s d = 0.64) (Fig. 3A). For the catho-
dal group, we observed a significant main effect of testing
(F1,14 = 15.45, P < 0.01, g2

p = 0.53) and a significant testing �
motion direction interaction effect (F1,14 = 12.87, P < 0.01, g2

p =
0.44) (Fig. 3B). A simple interaction analysis indicated that
the prettest PSE was lower than the posttest PSE in the RL
motion direction (t14 = 5.82, P < 0.01, Cohen’s d = 1.12), and
posttest PSE in the RL motion direction was higher than that
in the LR motion direction (t14 = 2.28, P < 0.05, Cohen’s d =
0.66) (Fig. 3B). For the sham group, no significant results were
found (Fig. 3C). For three groups, the JNDs did not signifi-
cantly differ across different testings and motion directions
(see Supplemental Fig. S1).

To avoid the individual difference and better verify the
effects of tDCS on the FLE in the RL motion direction, we
normalized pre- and posttests of the PSE in each group using
amin-max normalizationmethod (linearly transforming x to
y = (x-min)/(max-min), where min and max are the mini-
mum and maximum values in pre- or posttests of the PSE,
where x is the set of observed values of pre- or posttest PSEs)
(48). Then, we run a 2 (testing: pretest vs. posttest) � 2 (stim-
ulation: anodal vs. cathodal vs. sham) repeated-measures
ANOVA with the normalized PSE as the dependent measure.
We observed a significant testing � stimulation interaction
effect (F2,42 = 17.01, P < 0.01, g2

p = 0.45) (Fig. 3D). A simple
interaction (Bonferroni correction) analysis indicated that

Figure 2. Current electrical field model.
Modeling of the normal component of the
electrical field (V/m) created by the mon-
tage targeting the left MTþ (experiment 1)
and right MTþ (experiment 2); each inten-
sity is represented by the different values
on the heatmap. The same dispersion of
current (1.5 mA) was outputted for each in-
tensity value represented on a standar-
dized head; ROAST MNI152 head (41, 42).
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the normalized pretest PSE was higher than the normalized
posttest PSE in the anodal stimulation (t42 = 4.17, P <
0.001, Cohen’s d = 1.10), the normalized pretest PSE was
lower than the normalized posttest PSE in the cathodal stimu-
lation (t42 = 4.07, P< 0.001, Cohen’s d = 1.08) (Fig. 3D).

To further verify the increased effect of tDCS on the FLE in
the LR motion direction, we run a 2 (testing: pretest vs. postt-
est, within-group)� 2 (stimulation: anodal vs. sham, between-
group) mixed-model ANOVA with the PSE as the dependent
measure (49). We observed a significant testing � stimulation
interaction effect (F1,28 =4.90, P < 0.05, g2

p = 0.15) (Fig. 4A). A
simple effect analysis indicated that the pretest PSE was
higher than the posttest PSE in the anodal stimulation (t28 =
3.28, P < 0.01, Cohen’s d = 0.86), and no other significant
results were found. Furthermore, we compared the discrep-
ancy of increase effect between anodal and sham groups. The
increase in PSE (posttest – pretest) was estimated via the inde-
pendent sample t test (two-tailed), with the result indicating
that the increased effect in the anodal group was more than
that in the sham group (t28 = 2.21, P < 0.05, Cohen’s d = 0.81)
(Fig. 4B). Likewise, we further confirmed the decreased effect
of tDCS on the FLE in the RL motion direction, we run a 2
(testing: pretest vs. posttest, within-group) � 2 (stimulation:
cathodal vs. sham, between-group)mixed-model ANOVAwith
the PSE as the dependent measure. We observed a significant
testing � stimulation interaction effect (F1,28= 12.22, P < 0.01,
g2
p = 0.15) (Fig. 4C). A simple effect analysis indicated that the

pretest PSE was lower than the posttest PSE in the cathodal
stimulation (t28 = 4.79, P < 0.001, Cohen’s d = 1.26), and no
other significant results were found. Furthermore, we com-
pared the discrepancy of the decreased effect between catho-
dal and sham groups. The decrease in PSE (posttest � pretest)

was estimated via the independent sample t test (two-tailed),
with the result indicating that the decreased effect in the cath-
odal group was more than that in the sham group (t28 = 3.50,
P< 0.01, Cohen’s d = 1.28) (Fig. 4D).

Experiment 2: Effects of tDCS over the Right MT1 on
the FLE

Participants.
A total of 45 new participants were recruited to assign into
three experimental groups: anodal group (aged 19–27 yr,
mean 22.0 ± 2.9 yr; 9 females; 4 left-dominated eye; all
right-handedness), cathodal group (aged 19–27 yr, mean
20.0 ± 2.9 yr; 7 females; 8 left-dominated eye; all right-
handedness), and sham group (aged 18–26 yr, mean
21.3 ± 2.8 yr; 9 females; 7 left-dominated eye; 1 left-handed-
ness), whose general characteristics were the same as
those in experiment 1.

Transcranial direct current stimulation.
tDCS parameters were the same as those in experiment 1,
except that the left MTþwas replaced by the right MTþ .

The flash-lag task.
We used the same apparatus, stimuli, and procedure as used
in experiment 1.

Study protocol.
The protocol was as in experiment 1 (Fig. 1C), except that, for
the sham group, the electrode positions on eight participants
were placed over the same sites as in the anodal group, and
the electrode positions on seven participants were the same
sites as in the cathodal group, whichmakes a counterbalance

Figure 3. Effects of transcranial direct current stimulations
(tDCS) over the left MTþ on the flash-lag effect (FLE) in dif-
ferent motion directions. A: effects of anodal (a)-tDCS. The
pretest point of subjective equality (PSE) is significantly
higher than the posttest PSE in the right to the left (RL)
motion direction; the pretest PSE is nearly equal to the
posttest PSE in the left to the right (LR) motion direction. B:
effects of cathodal (c)-tDCS. The pretest PSE is significantly
lower than the posttest PSE in the RL motion direction; the
pretest PSE is nearly equal to the posttest PSE in the LR
motion direction. C: effects of the sham tDCS. There are no
significant results; the test PSEs are nearly equal. D: effects
of tDCS over the left MTþ on the FLE in the RL motion direc-
tion. To avoid the individual difference and better verify the
effects of tDCS on the FLE in the RL motion direction, we
normalized pre- and posttests of the PSE in each group
using a min-max normalization method. The normalized
pre- and posttest PSEs in three types of stimulations do not
significantly differ, respectively; in the anodal stimulation,
the normalized pretest PSE is significantly higher than the
normalized posttest PSE; in the cathodal stimulation, the
normalized pretest PSE is significantly lower than the nor-
malized posttest PSE. Hollow circles represent individual
points in each group. ��P< 0.01; ns, nonsignificant.
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on the electrode position number in two sham groups in two
experiments. In addition, the current electrical field (V/m)
created by the montage targeting the right MTþ is shown in
Fig. 2, right.

Data processing and analysis.
We used the same data processing and analysis as in experi-
ment 1.

Results.
To estimate the effects of tDCS on the right MTþ on the FLE
in different motion directions, we performed a 2 (testing:
pretest vs. posttest) � 2 [motion direction: the right to the
left (RL) versus the left to the right (LR)] repeated-measures
ANOVA with the PSE as the dependent measure in anodal,
cathodal, and sham groups, respectively (see Supplemental
Material). For the anodal group, we observed a significant
main effect of testing (F1,14 = 5.39, P < 0.05, g2

p = 0.28) and
testing � motion direction interaction effect (F1,14 = 7.77, P <
0.05, g2

p = 0.36) (Fig. 4A). A simple interaction analysis indi-
cated that the posttest PSE was lower than the pretest PSE in
the LR motion direction (t14 = 5.30, P < 0.01, Cohen’s d =
0.54) (Fig. 5A). For the cathodal group, we observed a signifi-
cant main effect of testing (F1,14 =8.61, P< 0.05, g2

p = 0.38) and
testing � motion direction interaction effect (F1,14 = 14.11, P <
0.01, g2

p = 0.50) (Fig. 5B). A simple interaction analysis indi-
cated that the pretest PSE was lower than the posttest PSE in
the LR motion direction (t14 = 5.12, P < 0.01, Cohen’s d = 0.81)
(Fig. 5B). For the sham group, no other significant results
were found (Fig. 5C). For three groups, the JNDs did not sig-
nificantly differ between different testings and motion direc-
tions (see Supplemental Fig. S2).

After the normalization of pre- and posttest PSEs in the LR
motion direction, we run a 2 (testing: pretest vs. posttest) � 2
(stimulation: anodal vs. cathodal versus sham) repeated-
measures ANOVAwith the normalized PSE as the dependent
measure. We observed a significant testing � stimulation
interaction effect (F2,42 = 11.00, P < 0.01, g2

p = 0.34) (Fig. 5D).
A simple interaction analysis (Bonferroni correction) indi-
cated that the normalized pretest PSE was higher than the
normalized posttest PSE in the anodal stimulation (t42 = 2.16,
P < 0.05, Cohen’s d = 0.57), the normalized pretest PSE was
lower than the normalized posttest PSE in the cathodal stim-
ulation (t42 = 4.37, P < 0.001, Cohen’s d = 1.15), with no other
significant results found (Fig. 5D).

To further verify the increased effect of tDCS on the FLE in
the RL motion direction, we run a 2 (testing: pretest vs. postt-
est, within-group) � 2 (stimulation: anodal vs. sham, between-
group) mixed-model ANOVA with the PSE as the dependent
measure (49). We observed a marginally significant testing �
stimulation interaction effect (F1,28=3.47, P = 0.073, g2

p = 0.11)
(Fig. 6A). A simple effect analysis indicated that the pretest
PSEwas higher than the posttest PSE in the anodal stimulation
(t28 = 2.61, P = 0.015< 0.05, Cohen’s d = 0.69), and no other sig-
nificant results were found. Furthermore, we compared the
discrepancy of the increased effect between anodal and sham
groups. The increase in PSE (posttest � pretest) was estimated
via the independent sample t test (two-tailed), with the result
indicating that the increased effect in the anodal group was
marginally more than that in the sham group (t28 = 1.86, P =
0.073, Cohen’s d = 0.68) (Fig. 6B). Likewise, we further con-
firmed the decreased effect of tDCS on the FLE in the LR
motion direction, we run a 2 (testing: pretest vs. posttest,
within-group) � 2 (stimulation: cathodal vs. sham, between-

Figure 4. Increase and decrease effects of transcranial
direct current stimulations (tDCS) over the left MTþ on the
flash-lag effect (FLE) in the right to the left (RL) motion direc-
tion. A: increased effect of anodal (a)-tDCS. The pretest
point of subjective equality (PSE) is significantly higher than
the posttest PSE in the anodal group; the pretest PSE is
nearly equal to the posttest PSE in the sham group. B: an
comparison of the increased effect between the anodal and
sham groups. The increased effect improvement is defined
as (the posttest PSE � the pretest PSE), and the increased
effect in the anodal group is significantly higher than that in
the sham group. C: decreased effect of cathodal (c)-tDCS.
The pretest PSE is significantly lower than the posttest PSE
in the cathodal group; the pretest PSE is nearly equal to the
posttest PSE in the sham group. D: an comparison of the
decreased effect between the cathodal and sham groups.
The decreased effect improvement is defined as (the postt-
est PSE � the pretest PSE), and the decreased effect in the
anodal group is significantly higher than that in the sham
group. Hollow circles represent individual points in each
group. �P< 0.05, ��P< 0.01; ns, nonsignificant.
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group) mixed-model ANOVA with the PSE as the dependent
measure. We observed a significant testing � stimulation
interaction effect (F1,28=6.68, P < 0.05, g2

p = 0.20) (Fig. 6C). A
simple effect analysis indicated that the pretest PSE was lower
than the posttest PSE in the cathodal stimulation (t28 = 3.71,
P < 0.001, Cohen’s d = 0.98), and no other significant results
were found. Furthermore, we compared the discrepancy of the
decreased effect between cathodal and sham groups. The
decrease in PSE (posttest� pretest) was estimated via the inde-
pendent sample t test (two-tailed), with the result indicating
that the decreased effect in the cathodal group was more than
that in the sham group (t28 = 2.60, P < 0.05, Cohen’s d = 0.95)
(Fig. 6D).

DISCUSSION
We assessed how tDCS over the left and right MTþmodu-

lates the FLE in both the RL and LR motion directions. Our
main finding is that after 15-min tDCS on the left MTþ, a-
and c-tDCS enhanced and reduced the magnitude of the FLE
in the RL motion direction (Figs. 3 and 4), respectively, that
after 15-min tDCS on the right MTþ, a- and c-tDCS enhanced
and reduced the magnitude of the FLE in the LR motion
direction (Figs. 5 and 6), respectively, and that sham tDCS
did not affect the magnitude of FLE in both the RL and LR
motion directions (Fig. 3C and Fig. 5C). We suggest that a-
and c-tDCS over the left and right MTþ can facilitate and in-
hibit the FLE with the moving bar heading to but not deviat-
ing from the side of the brain stimulated, respectively,
compared with sham tDCS. These findings may help contrib-
ute to understanding the neural mechanism of the FLE.

We found that when a-tDCS was on the left MTþ, the mag-
nitude of the FLE in the RL motion direction increased (Fig.
3, A and D and Fig. 4, A and B), and when a-tDCS was on the
right MTþ, the magnitude of the FLE in the LRmotion direc-
tion increased (Fig. 5, A and D and Fig. 6, A and B). One
directional explanation for this result is that a-tDCS might
increase the cortical excitability in MTþ (32, 33, 36), which
might shift the perceptual localization of the moving bar to-
ward the side of the brain stimulated when a flash appears.
As it affected the PSE but not the JND (slope, the speed dis-
crimination threshold), a-tDCS did not affect the subjects’
speed discrimination ability but more likely introduced a
perceptual decision bias in conditions of high uncertainty
(e.g., a flash physically aligned with the moving bar), which
may occur in MTþ fundamentally computing motion proc-
essing (33, 50). Furthermore the total activity of a subpopula-
tion of MTþ neurons that tuned to the target direction
proportionally scales the perceived speed (51, 52), thus a-
tDCS on unilateral MTþ possibly causes an increase in the
perceived speed of the moving bar toward the side stimu-
lated (53), which enhances the magnitude of the FLE that is
proportional to the perceived speed of the moving bar (4, 16).
Alternatively, a-tDCS on unilateral MTþ might impose top-
down feedback to the primary visual cortex (V1) coding posi-
tion processing (54, 55), which indirectly influences the “per-
ceived position” of the moving bar (not its perceived speed)
toward the side stimulated.

We also found that when c-tDCS was on the left MTþ, the
magnitude of the FLE in the RL motion direction decreased
(Fig. 3, B and D and Fig. 4, C and D), and when c-tDCS was on
the right MTþ, the magnitude of the FLE in the LR motion

Figure 5. Effects of transcranial direct current stimulations
(tDCS) over the right MTþ on the flash-lag effect (FLE) in
different motion directions. A: effects of anodal (a)-tDCS.
The pretest point of subjective equality (PSE) is near
equal to the posttest PSE in the right to the left (RL)
motion direction; the pretest PSE is significantly higher
than the posttest PSE in the left to the right (LR) motion
direction; the pretest PSE in the RL motion direction is
nearly equal to that in the LR motion direction; the postt-
est PSE in the RL motion direction is nearly equal to that
in the LR motion direction. B: effects of cathodal (c)-tDCS.
The pretest PSE is nearly equal to the posttest PSE in the
RL motion direction; the pretest PSE is significantly lower
than the posttest PSE in the LR motion direction; the pre-
test PSE in the RL motion direction is nearly equal to that
in the LR motion direction; the posttest PSE in the RL
motion direction is nearly equal to that in the LR motion
direction. C: effects of sham tDCS; there are no significant
results; the test PSEs are nearly equal. D: effects of tDCS
over the right MTþ on the FLE in the RL motion direction.
To avoid the individual difference and better verify the
effects of tDCS on the FLE in the LR motion direction, we
normalized pre- and posttests of the PSE in each group
using a min-max normalization method. The normalized
pre- and posttests of the PSE in three types of stimula-
tions do not significantly differ, respectively; in the anodal
stimulation, the normalized pretest PSE is significantly
higher than the normalized posttest PSE; in the cathodal
stimulation, the normalized pretest PSE is significantly
lower than the normalized posttest PSE. Hollow circles
represent individual points in each group. �P < 0.05,
��P < 0.01; ns, nonsignificant.
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direction decreased (Fig. 5, B and D and Fig. 6, C and D). A
similar explanation for this result is that the cathodal stimula-
tion might decrease the cortical excitability in MTþ (32, 33,
35), which might shift the perceptual localization of the mov-
ing bar away from the side of the brain stimulated when a
flash appears. Since c-tDCS also affected the PSE but not the
JND, it may also introduce a perceptual decision bias in MTþ
(50). Furthermore, c-tDCS on unilateral MTþ possibly
decreased the total activity of a subpopulation ofMTþneurons
(tuned to target direction), thereby leading to a decrease in the
perceived speed of the moving bar toward the side stimulated,
which reduces the magnitude of the FLE. Alternatively, c-
tDCS on unilateral MTþ might impose top-down feedback to
V1, which indirectly influences the “perceived position” of the
moving bar away from the side stimulated.

Although our results clearly showed that the current
stimulation of MTþmodulates the magnitude of the FLE,
the identification of the mechanisms through which tDCS
affects visual motion perception still requires further dis-
cussion. Indeed, tDCS can enhance and decrease cortical
excitability in MTþ (30, 33, 35, 38). Interestingly, the
modulation mechanisms of tDCS on motion perception
may be different as visual motion task changes (33, 37). In
our study, although the moving bar is easy to detect, a-
tDCS, by increasing the probability of the firing rate, may
activate more neurons tuned to the moving bar (56, 57).
In particular, even those that originally do not reach the
activation in the absence of stimulation may excite as a
result of a-tDCS. Hence, a-tDCS might result in temporar-
ily more neurons being activated to represent the moving
bar, thereby overestimating the perceived speed of the
moving bar than that in no stimulation (53, 58).

Conversely, c-tDCS may depress those neurons tuning to
the moving bar and attenuate the moving bar representa-
tion, thereby underestimating the perceived speed of the
moving bar (52, 58). Alternatively, tDCS may modulate the
top-down feedback from MTþ to V1, which biases the posi-
tion coding in V1 and then induces perceived position shift
due to motion perception (4, 10, 59, 60). One possibility is
that the change of perceived position shift in V1 is attribut-
able to the strength of motion processing in MTþ due to
tDCS (4, 59); the other possibility is that the connectivity
efficacy fromMTþ to V1 might be mediated by tDCS, which
causes the change of perceived position shift (3, 9).

In addition, our findings have implications for spatial
mechanisms for the FLE, although the present study was not
designed to falsify one of the various mechanism interpreta-
tions. Spatial mechanisms explain the FLE as a predictive
forward shift of the moving object, potentially compensating
for the transmission delays of the visual signal from the eye
to the visual cortex (4, 6, 8). Indeed, predictable motion pre-
activates the future positions of moving objects and attenu-
ated the neural response to objects moving into a predictive
region (6, 61, 62). Thus, perceptual position shifts are
thought to be the result of an interaction of lateral inhibition
and excitation in retinotopic maps and/or feedback from the
higher areas. Furthermore, modifying neural activity in MTþ
might directly interfere with perceived motion and/or feed-
back signals, which would usually change a misalignment in
themotion direction.

Also, our results did not well distinguish the pre- and post-
flashed stimulus-dependent temporal processings in the
FLE. Interestingly, tDCS did only affect the PSE but not the
JND, indicating that tDCS might modulate the perceptual

Figure 6. Increase and decrease effects of transcranial
direct current stimulations (tDCS) over the right MTþ on the
flash-lag effect (FLE) in the left to the right (LR) motion direc-
tion. A: increased effect of anodal (a)-tDCS. The pretest
point of subjective equality (PSE) is significantly higher than
the posttest PSE in the anodal group; the pretest PSE is
nearly equal to the posttest PSE in the sham group. B: an
comparison of the increased effect between the anodal and
sham groups. The increased effect improvement is defined
as (the posttest PSE � the pretest PSE), and the increased
effect in the anodal group is marginally higher than that in
the sham group. C: the decreased effect of cathodal (c)-
tDCS. The pretest PSE is significantly lower than the postt-
est PSE in the cathodal group; the pretest PSE is nearly
equal to the posttest PSE in the sham group. D: an compari-
son of the decreased effect between the cathodal and
sham groups. The decreased effect improvement is defined
as (the posttest PSE � the pretest PSE), and the decreased
effect in the anodal group is significantly higher than that in
the sham group. Hollow circles represent individual points
in each group. �P< 0.05, ��P< 0.01, ns, nonsignificant.
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decision processing in the FLE, which indicates that early
visual signals evoked by the moving bar are necessary for or
correlated with the later decision processing (63). Although
motion extrapolation or postdiction account did not sepa-
rately interpret the current results, the modulation effect of
tDCS on the FLE suggests that the later decision processing
inMTþ likely imposes the top-down feedback to V1, affecting
the perceived position of themoving bar. The agreement rec-
onciles with one statement that the primary visual regions
contralateral to the poststimulus movement are critical for
the FLE (64). Therefore, the present findings suggest that
tDCS might modulate the postflash decision processing in
the FLE.

The FLE points out the significant difficulties that the
visual system has while trying to correctly pinpoint the
physical locations of moving objects. But the visual sys-
tem attempts to correct the positional error by some neu-
ral mechanisms, which made psychophysical outcomes
on the FLE multifaceted and complicated. Therefore, the
modulation effects of tDCS over MTþ on the FLE require
further verification in various flash-lag paradigms. In
addition, we have to consider that modulation of the
excitability in MTþowing to tDCS is unlikely to only affect
neuronal function in that targeted brain regions (36).
Since the MTþ-CZ montage with large disk electrodes
allows for ample current spread, it cannot be completely
ruled out a possibility that other motion-sensitive areas
(such as region V3A/V3), were also activated (35), which
possibly modulates the FLE.
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