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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
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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
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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
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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

http://www.jn.org


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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