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Given the vast amount of sensory information the brain has to deal
with, predicting some of this information based on the current
context is a resource-efficient strategy. The framework of predictive
coding states that higher-level brain areas generate a predictive model
to be communicated via feedback connections to early sensory areas.
Here, we directly tested the necessity of a higher-level visual area,
V5, in this predictive processing in the context of an apparent motion
paradigm. We flashed targets on the apparent motion trace in-time or
out-of-time with the predicted illusory motion token. As in previous
studies, we found that predictable in-time targets were better de-
tected than unpredictable out-of-time targets. However, when we
applied functional magnetic resonance imaging-guided, double-pulse
transcranial magnetic stimulation (TMS) over left V5 at 13–53 ms
before target onset, the detection advantage of in-time targets was
eliminated; this was not the case when TMS was applied over the
vertex. Our results are causal evidence that V5 is necessary for a pre-
diction effect, which has been shown to modulate V1 activity (Alink
et al. 2010). Thus, our findings suggest that information processing
between V5 and V1 is crucial for visual motion prediction, providing
experimental support for the predictive coding framework.
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Introduction

The brain is constantly confronted with a wealth of sensory
information that needs to be processed fast and efficiently to
guide our actions. One way of reducing this massive proces-
sing effort is to predict incoming sensory information based on
previous experience, so that expected information is processed
efficiently and enough resources can be allocated to novel
information. The framework of predictive coding captures this
idea both on a theoretical level (Mumford 1992; Friston 2010)
and a computational level (Rao and Ballard 1999). Predictive
coding states that the brain constantly models the world based
on context and memory, and predicts the sensory input. Such
predictive models are created in higher cortical areas and com-
municated through feedback connections to lower sensory
areas. Feed-forward connections communicate an error signal,
that is, the mismatch between the predicted information and
the actual sensory input (Rao and Ballard 1999). The predictive
model is then constantly updated according to this error signal.
Despite being theoretically well founded, direct experimental
evidence for predictive coding is still sparse.

We developed an experimental paradigm to study predictive
coding in the visual system based on the well-known illusion
of apparent motion in which flashing 2 stationary stimuli in
rapid succession creates the illusion of a single moving token.

The creation of the illusory motion token can be regarded as
the instantiation of a prediction: given the context of 2 flashing
stimuli, the brain infers the presence of a single moving token.
Using brain imaging, we demonstrated that V1 neurons retino-
topically responsive to the apparent motion trace are activated
during apparent motion as if real motion was present, despite
the absence of actual feed-forward stimulation (Muckli et al.
2005). This effect may be explained by visual motion area V5/
human motion complex, human medial temporal complex
(hMT) communicating the prediction of a moving token to V1
via feedback connections (Goebel et al. 1998; Muckli et al.
2002; Silvanto et al. 2005; Larsen et al. 2006; Sterzer et al. 2006;
Ahmed et al. 2008; Wibral et al. 2009; Frégnac et al. 2010). Fur-
thermore, we showed that the creation of a predictive signal on
the apparent motion trace is spatio-temporally specific: Targets
flashed on the apparent motion trace in-time with the illusory
motion token are detected better than that flashed out-of-time
(Schwiedrzik et al. 2007; Vetter et al. 2012). In addition, this
effect modulates V1 where in-time targets elicit lower activity
levels than out-of-time targets (Alink et al. 2010). Both findings
corroborate the idea of predictive coding: Spatio-temporally
predictable targets are more efficiently processed than unpre-
dictable targets and elicit a lower signal in V1 due to their
smaller error signal.

In this experiment, we sought to establish causal evidence for
the role of V5 in creating predictive motion signals. We used the
paradigm by Schwiedrzik et al. (2007), in which we flashed
spatio-temporally predictable or unpredictable targets on the ap-
parent motion trace and disrupted V5 with transcranial magnetic
stimulation (TMS) before, during, or after target presentation.
We hypothesized that if V5 projections to V1 are necessary to
create a spatio-temporal prediction, then TMS over V5 should in-
terfere with the detection advantage of predictable targets.

Materials and Methods

Subjects
Seventeen subjects (6 females, mean age 24.5) were included in the
study for TMS over V5. As a control group we tested another 17 sub-
jects (7 females, mean age 26.6), who received TMS over the vertex. All
were right-handed, had a normal or corrected-to-normal vision, and no
history of neurological or psychiatric disorder. Subjects completed a
screening questionnaire for contraindication to TMS, signed informed
consent, and were paid for their participation. The study was approved
by the ethics committee of the College of Science and Engineering,
University of Glasgow.

Another group of 15 subjects (11 females, mean age 24.4) was re-
cruited for a purely behavioral control experiment (see below). These
subjects also signed informed consent.
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TMS Experiment

Visual Stimuli
Two apparent motion stimuli (white squares, 2.5° each, 14.8° vertical
distance) were flashed in rapid succession (67 ms, interstimulus interval
[ISI]: 67 ms, 3.75 Hz) at 8.5° to the right of the central fixation cross
(0.06°, see Fig. 1A). The target (white square, 2°) was flashed for one
frame of 13.3 ms at either an upper or lower position on the apparent
motion trace (2.3° distance from the midline). The target was presented
either spatio-temporally congruent with a linearly moving illusory token
(in-time targets) or incongruent (out-of-time targets), that is, at the same
time but at the wrong position (see Fig. 1B and Supplementary Video
clips). Each cycle of apparent motion lasted 20 frames (267 ms): 5
frames of upper apparent motion stimulus, 5 frames ISI, 5 frames of
lower apparent motion stimulus, and 5 frames ISI. The targets were dis-
played in either the second or the fourth frame of the ISI. Each trial con-
sisted of 10 cycles of apparent motion, with the target flashed in cycles
4–6 (randomized). The target appeared equally often in either upward
or downward apparent motion. Target timing and position were
counter-balanced across trials. There was no intertrial interval and ap-
parent motion stimulation continued for blocks of 16 trials without
interruption. Thus, start and end of the individual trials were not percep-
tible for subjects. Only in TMS trials, the TMS pulse indicated the pres-
ence of a trial. After blocks of 16 trials (42.7 s), apparent motion was
interrupted for 25 s with a natural scene display to prevent apparent
motion breakdown due to adaptation and to give subjects a rest from
TMS. The optimal target contrast was assessed for each individual
by varying the gray level of the background in a brief behavioral
pretest. Stimuli were presented on a 16-inch Dell Trinitron CRT monitor
(75 Hz, resolution 1024 × 768).

Task and Procedure
The task was to keep central fixation and to detect targets on the appar-
ent motion trace, indicating their presence by a key press. Central fix-
ation was monitored with eye-tracking (EyeLink) throughout the
experiment. Before the TMS session, a pretest session was run to deter-
mine the optimal target contrast for each participant, to familiarize sub-
jects with the task, and to determine the main prediction effect (a
higher detection rate for in-time targets). Subjects who did not show a
detection difference between in-time and out-of-time targets in the
pretest were excluded from the experiment (n = 2).

TMS and Experimental Design
Motion area V5/hMT was mapped in the left hemisphere in each subject
individually in a separate functional magnetic resonance imaging (fMRI)
session prior to the TMS experiment (see below). Despite stimulation at
different time windows provides a within-subject control condition, a
control group was stimulated at the vertex with exactly the same par-
ameters to ensure that our effects were not due to the audible click and
the physical sensation of the TMS pulse. Vertex stimulation was chosen
as it should not affect any brain tissue. Double-pulse TMS (interpulse in-
terval of 40 ms) at 50% of the maximal stimulator output (MagStim 200
equipped with a BiStim module) was applied using a 70-mm
figure-of-eight coil. A 50% stimulation level was the stimulation strength
that was tolerated well by all subjects, and that did not induce phos-
phenes in any of our subjects. Exact coil positioning was ensured using
frameless stereotaxy (BrainSight, RogueResearch) and monitored
throughout the experiment. Double-pulse TMS was applied at 4 differ-
ent time windows: Before target onset (T1; −53 to −13 ms), around
target onset (T2; −13 to +27 ms), shortly after target onset (T3; +27 to

Figure 1. Stimuli and experimental design. (A) Schematic depiction of the visual stimulus (not in scale). The apparent motion inducing stimuli flashed alternately at a frequency of
3.75 Hz in the periphery. We flashed targets on the apparent motion trace at either an upper or a lower position. (B) Space-time plot of on apparent motion cycle. Targets were
flashed either in-time with the illusory motion token, that is, at the expected place and time assuming a linear motion trajectory, or out-of-time with the token, that is,
spatio-temporally incongruently. (C) Time windows of TMS. We applied double-pulse TMS either before target onset (T1), around target onset (T2), shortly after target onset (T3),
or slightly later (T4). The interpulse interval was 40 ms.
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+67 ms), and slightly later after target onset (T4; +67 to +107 ms), see
Figure 1C. TMS timing (T1–T4) was randomized across TMS trials. TMS
trials alternated with no-TMS trials to allow for sufficient time between 2
TMS pulses (range 4.1–6.3 s). Eighty percent of the trials contained a
target, and of the remaining 20% without a target, half contained a TMS
pulse. Subjects performed 640 trials in total (half with TMS and half
without TMS), 64 for each TMS time window (half in-time targets and
half out-of-time targets). The experiment was broken down into 4 runs
of 15 min each to give subjects a rest and to prevent overheating of the
TMS coil. The TMS session lasted for 1.5–2 h.

Functional Localization of V5 with fMRI

Visual Stimuli
Localization stimuli consisted of real motion, a flickering, or a station-
ary stimulus presented in the right visual field at the same location as
the apparent motion trace in the TMS experiment (see above). Real
motion was also presented in the left visual field (same eccentricity) to
isolate medial temporal (MT) area from medial superior temporal
(MST) area. Stimulus properties were kept as similar to the TMS exper-
iment as possible. The background was mid-gray. The real motion
stimulus (a white square of 2.5°) moved up and down at a frequency of
2.5 Hz. The flickering stimulus consisted of a white bar (2.5° by 15°)
flickering at 5 Hz. The stationary stimulus consisted of the same bar
being presented for the length of the trial (16 s). During the whole run,
the central fixation cross (0.06°) changed color for every 800 ms.

Task and Procedure
Subjects viewed the stimuli through MRI-compatible goggles (Nordic-
NeuroLab). The task was to keep central fixation at all times, to press a
button when the fixation cross turned red, and to ignore the stimuli in
the periphery. Central fixation was ensured by eye-tracking. Mean task
accuracy was 96.1% (standard error of the mean, SEM, 2.4). Each stimu-
lus was presented in blocks of 16 s, 6 times pseudorandomly repeated
in each run, with a 16-s fixation screen at the start and end of each run.
Two functional runs were recorded, interleaved by an anatomical scan.
Scanning lasted for about 40 min.

fMRI Data Acquisition and Analysis
Blood oxygen level-dependent (BOLD) signals were acquired in a 3-T
Siemens Tim Trio (time repetition = 1.6 s, time echo = 30 ms, resolution
2 × 2 × 2 mm, 25 slices, flip angle 62°, iPAT factor 2, 12-channel coil).
Data were analyzed with BrainVoyagerQX (BrainInnovation) with
standard preprocessing. Each subject’s left V5 was identified as peak
activation of the contrast Real Motion (right) > [Flickering Bar and
Stationary Bar]. By comparing Motion contralateral > Motion ipsilat-
eral, we ensured that our ROI included MT rather than MST. The peak
voxel was marked on the anatomical scan and imported into Brain-
Sight (RogueResearch). We localized V5/hMT at mean Talairach coor-
dinates [−43.6, −72.3, 4.9] with standard deviations [5, 6, 2.6], in
correspondence to previous reports (Dumoulin et al. 2000).

Behavioral Control Experiment
We performed an additional behavioral control experiment to assess
the dependency of target detection on conscious apparent motion
perception.

Visual Stimuli
Visual stimuli were the same as in the TMS experiment, but stimulus
presentation was divided into separate trials (8 cycles of apparent
motion [160 frames], with the target displayed in cycles 3–6 [random-
ized], resulting in a trial duration of 2.13 s length). After each trial, 2
screens prompted subjects to report whether they detected a target,
and whether they perceived apparent motion. Prompts stayed on the
screen until subjects responded. The fixation cross was shown for 500
ms at the beginning of each trial before apparent motion display
started.

Task and Procedures
After each trial, subjects were prompted to make a 2-alternative forced
choice first on whether they detected a target and then on whether
they consciously perceived apparent motion. Trials were sorted
post-hoc according to whether subjects reported apparent motion per-
ception or not. Central fixation was monitored with eye-tracking
during apparent motion display.

Experimental Design
Subjects performed 200 trials. In 60% of the trials, the target was dis-
played in the lower position (target of interest), in 10% of the trials, the
target was displayed in the upper position (catch trials), and in 30% of
the trials, there was no target. Half of the targets appeared in-time, half
out-of-time. As in the TMS experiment, a natural scene was displayed
after every 40 trials.

Results

In the context of flashing stimuli, the brain infers the existence
of a continuously moving illusory token that leads to the per-
ception of apparent motion. This moving token can be concep-
tualized as a spatio-temporal prediction along the apparent
motion path. Targets that appear spatio-temporally congruent
with the illusory token confirm this prediction, whereas incon-
gruent targets violate this prediction. Thus, our experimental
manipulation of in-time and out-of-time targets aimed at the
spatio-temporal predictability within the apparent motion
context. Note that we did not manipulate expectation of the
presence, position, or timing of targets across trials.

Replicating previous results (Schwiedrzik et al. 2007; Vetter
et al. 2012), predictable in-time targets were overall detected
more frequently than unpredictable out-of-time targets (see
Fig. 2B for absolute mean hit rates in all experimental conditions;
repeated-measures analysis of variance [ANOVA]: F1,16 = 39.17,
P < 0.001). In addition to previous findings, we also found that
mean reaction times, across conditions, were shorter for predict-
able than for unpredictable targets (see Fig. 2D for absolute reac-
tion times for all experimental conditions; F1,16 = 20.61;
P < 0.001).

Overall false alarm rate was 4.2% (SEM 1.1). Given the 32
trials in each experimental condition, an average hit rate for
in-time targets of 84% meant that, on average, 27 targets of 32
were detected, with an average hit rate of 76% for out-of-time
targets, and 24 targets of 32 were detected. The same effects
were found in the brief pretest session with a varying back-
ground contrast (hit rates: F1,15 = 11.91, P = 0.004; mean RT:
F1,15 = 9.96, P = 0.007). Due to the fact that apparent motion
stimulation was ongoing and start and end of the trials were not
perceptible, the presence of a trial, and thus the potential pres-
ence of a target, was indicated by the TMS pulse in the TMS
trials, but not in the interleaved no-TMS trials. Therefore, absol-
ute hit rates were lower, and RTs higher in the interleaved
no-TMS trials than in the TMS trials, because subjects did not
expect a target as often as in the TMS trials (hit rates:
F4,64 = 18.96, P < 0.001; RT: F4,64 = 25.22, P < 0.001).

However, our critical measure of the predictive effect was not
absolute performance measures, but the relative performance
difference between the in-time and the out-of-time target con-
ditions because this gives an indication of the perceptual differ-
ence of predicted and unpredicted targets. Relative difference
was computed as [Performance (in-time)− Performance (out-of-
time)]/[Performance (in-time) + Performance (out-of-time)], for
each subject separately and then averaged.

Cerebral Cortex 3



We applied double-pulse TMS at 4 different time windows
(Fig. 1C): Before target onset (T1; −53 to −13 ms), around
target onset (T2; −13 to +27 ms), shortly after target onset (T3;
+27 to +67 ms), and slightly later after target onset (T4; +67 to
+107 ms). We hypothesized that, compared with the no-TMS
condition, the detection advantage of in-time targets should di-
minish in at least one of the time windows if TMS over V5
affects the prediction effect.

Relative differences in hit rates were positive (i.e., in-time
targets were detected better than out-of-time targets) in the
no-TMS condition and in time windows T2, T3, and T4
(1-sample t-tests against zero, P < 0.003, Bonferroni-corrected
α-level: 0.01), except for time window T1 (Fig. 2A). In T1, hit
rates were not significantly different between the 2 target con-
ditions (P > 0.05). Relative hit rate differences were signifi-
cantly diminished in T1 compared with the no-TMS condition
(paired-sample t-tests, P = 0.008, Bonferroni-corrected α-level:
0.0125), while not differing in all other time windows
(P > 0.05). Data from individual subjects for this comparison
are plotted in Figure 3A. Note that during vertex stimulation
(Fig. 3C), relative hit rates did not differ significantly between
the no-TMS condition and T1 (P > 0.05).

Relative differences in reaction times did not significantly
depart from zero in the no-TMS condition, T1, T2, and T3
(P > 0.05, Bonferroni-corrected), but reaction times were sig-
nificantly faster for in-time than out-of-time targets in T4
(P < 0.001), resulting in a negative difference (Fig. 2C). There
was a tendency in the same direction in T2 (P = 0.03, uncor-
rected). Relative RT differences were significantly larger in T4
compared with the no-TMS condition (P < 0.001 Bonferroni-
corrected α-level: 0.0125). This effect is plotted in Figure 3B
for individual subjects, note that there was no such effect
during vertex stimulation (Fig. 3D). There was a tendency for
larger RT differences in T3 when compared with the no-TMS
condition (P = 0.058, uncorrected).

In summary, double-pulse TMS over left V5 at 13–53 ms
before target onset eliminated the detection advantage of
in-time targets and significantly diminished the detectability
difference between in-time and out-of-time targets compared
with when no TMS was applied. In addition, TMS increased
mean reaction time differences when applied 67–107 ms after
target onset compared with the no-TMS condition.

We performed a behavioral control experiment to determine
to what extent the in-time/out-of-time effect depended on

Figure 2. Experimental results for TMS over left V5 (n= 17). (A) Relative differences between in-time and out-of-time targets for hit rates. Positive values mean that in-time
targets were better detected than out-of-time targets. Stars directly above or below the bars indicate significant (P<0.003) 1-sample t-test results against 0
(Bonferroni-corrected). Stars above the brackets indicate t-test results of comparisons with the no-TMS condition (P<0.05, Bonferroni-corrected). (B) Absolute mean hit rates
(proportion of trials) for in-time and out-of-time targets. (C) Relative differences between in-time and out-of-time targets for reaction times. Negative values indicate that in-time
targets were detected faster. (D) Absolute mean reaction times (ms). All error bars represent SEM.
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conscious apparent motion perception. To this aim, we broke
the continuous apparent motion display down to separate
trials and asked subjects to report both on target presence and
on apparent motion perception. Subjects reported seeing ap-
parent motion on average in 55.4% of trials (SEM 0.085).
Figure 4 depicts mean absolute hit rates for each type of
targets both when apparent motion was perceived and when it
was not perceived. Note that overall mean hit rates were
slightly lower in the control experiment than in the TMS exper-
iment due to the fact that targets occurred in a lower pro-
portion of trials, and that no TMS pulse indicated the potential
presence of a target. Replicating the results of the TMS exper-
iment and previous studies (Schwiedrzik et al. 2007; Vetter
et al. 2012), predictable in-time targets were better detected
than unpredictable out-of-time targets (repeated-measures
ANOVA, F1,14 = 12.0, P = 0.004). This effect was independent
from whether apparent motion was perceived or not (planned

paired-sample t-tests: motion perceived: P = 0.004; no motion
perceived: P = 0.027). Hit rates did not differ significantly
between motion and no motion trials (F1,14 = 3.2, P > 0.05),
and there was no interaction between target type and motion
perception.

This experiment showed that our predictability effect is inde-
pendent from conscious apparent motion perception and occurs
even when subjects report not having perceived apparent
motion.

Discussion

In this study, we investigated whether hMT/V5 contributes to
cortical predictions in the context of apparent motion. We
stimulated left V5 with double-pulse TMS before, during, and
after the presentation of predictable or unpredictable targets
on the apparent motion trace. We found that the detection
advantage of predictable targets, reliably present without TMS,
is eliminated when TMS is applied 53–13 ms before target
onset. That is, interfering with V5 processing shortly before
target onset diminishes a prediction effect that has previously
been demonstrated to be effective in V1 (Alink et al. 2010).
While we did not measure feedback directly, the timing of our
effect and previous results suggest that it is the feedback signal
from V5 to V1 that is disrupted by TMS, occurring before target
onset so to affect target processing. Thus, our results are direct
evidence that the prediction of a future event can be affected
by TMS.

Both Sterzer et al. (2006) and Wibral et al. (2009) provided
evidence that the creation of an illusory motion token on the ap-
parent motion trace, and thus a spatio-temporal prediction
along the path, is likely to be caused by feedback processing
from V5 to V1. Sterzer et al. (2006) demonstrated with effective
connectivity analysis that increased BOLD activity levels in V1 at
the retinotopic location of the apparent motion path were
related to enhanced feedback connectivity between V5 and V1.
Wibral et al. (2009) showed with electroencephalography that,

Figure 3. Individual subject data for the critical time windows. (A) Individual subject
data for the significant TMS effect during V5 stimulation, that is, relative hit rate
difference in the no-TMS condition and T1. (B) Individual subject data for relative RT
difference in the no-TMS condition and T4 during V5 stimulation. (C) Individual subject
data for the comparison between no-TMS condition and T1, equivalent to A, for vertex
stimulation. (D) Individual subject data for relative RT difference for the no-TMS
condition compared with V4, equivalent to B, for TMS over the vertex.

Figure 4. Results of the behavioral control experiment. Mean absolute hit rates for
predictable in-time and out-of-time targets for trials when subjects reported to have
consciously perceived apparent motion and when they report no apparent motion
perception ( just flicker) (n= 15). Error bars indicate SEM, stars indicate P< 0.05.
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during apparent motion, early visual areas are reactivated about
20–60 ms after the apparent motion-induced V5 component is
detectable. However, both studies only provided correlational
evidence for V5 feedback to V1 in an apparent motion setting.
Due to our experimental manipulation of target presentation,
our TMS results provide first causal evidence for apparent
motion-induced V5 activity being necessary for a specific pre-
diction effect, more precisely the interference with a prediction-
related motion-unmasking effect (see below). Given that this
prediction effect has been shown to modulate V1 activity (Alink
et al. 2010), it is likely that TMS disrupted the predictive signal-
ing from V5 to V1.

The timing of our effect fits well to other studies investigating
V5 feedback onto V1. Wibral et al. (2009) demonstrated that ap-
parent motion-induced feedback from V5 to early visual cortices
occurs between 20 and 60 ms after V5 activity. In line with this,
our results show that a disruption of V5 processing has an effect
on predictable target detection within the same time frame
(between 13 and 53 ms after V5 perturbation). Furthermore,
Pascual-Leone and Walsh (2001) showed that moving phos-
phene perception induced by V5 TMS is reduced by a subthres-
hold V1 pulse at 5–45 ms after V5 stimulation. Similarly, Silvanto
et al. (2005) demonstrated that V5 TMS 10–50 ms before a V1
TMS pulse, which normally induces a stationary phosphene,
produced a moving phosphene. For real motion perception,
single-pulse TMS over V5 has a disruptive effect at 30–40 ms
before stimulus onset (Sack et al. 2006). Taken together with
our results, it seems that the time frame of 5–60 ms after V5
activity is critical for feedback processing from V5 to V1.

While these previous studies provide evidence for the role
of these connections for visual awareness, in line with electro-
physiological studies in monkeys (e.g., Bullier 2006), our
results further stress the role of V5 in forming a predictive
model of potential sensory inputs. As such they also corrobo-
rate other studies showing that V5 is not only implicated in real
motion perception (Sack et al. 2006; Cowey et al. 2006;
Laycock et al. 2007) and the perception of moving phosphenes
(Pascual-Leone and Walsh 2001; Silvanto et al. 2005), but also
in motion priming (Campana et al. 2006) and illusory motion
perception (Stewart et al. 1999; Matsuyoshi et al. 2007), 2
phenomena that are linked to predictive coding.

It should be noted that in our study, rather than interfering
with the detection of an actually moving stimulus as done by
many of the above-cited studies, we interfered with the detec-
tion of a stationary target that was presented within the context
of illusory motion. In line with the predictive coding frame-
work, we propose that the context of flashing stimuli creates
an internal model in V5 that predicts when and where an illu-
sory motion token can be expected on the apparent motion
trace. Stimulating V5 before target onset briefly disrupts this
internal model (or, at least, makes it imprecise) and interferes
with the spatio-temporal-specific predictive signal, eliminating
the detection advantage of predictable in-time targets over un-
predictable out-of-time targets.

Another way of looking at our effect is the following. Appar-
ent motion is known to induce masking on the apparent
motion trace, that is, salient visual stimuli presented on the ap-
parent motion traces are less readily detectable than outside of
the trace (e.g., Yantis and Nakama 1998; Schwiedrzik et al.
2007; Hidaka et al. 2011). Despite this masking effect, in-time
targets are better detected than out-of-time targets because
they fit the predicted motion dynamics better and thus,

counteract the masking effect (Schwiedrzik et al. 2007).
Briefly, disrupting the internal predictive model by V5 TMS
removes the motion-masking and makes in-time and
out-of-time targets equally easy to be detected.

TMS can have both disruptive and facilitatory effects on de-
tection, depending on the time point of stimulation relative to
the perceptual or cognitive process at hand (Silvanto and
Muggleton 2008) and depending on both the stimulus strength
and the TMS strength (Schwarzkopf et al. 2011). In our case of
the early time window, we propose that TMS has a disruptive
effect due to the following reasoning. Given that we presented
a stationary rather than a moving target, target detection per se
should have happened in V1 and not in V5. Contrary to pre-
vious studies (Sack et al. 2006; Cowey et al. 2006; Laycock et al.
2007; Schwarzkopf et al. 2011), TMS over V5 should, therefore,
not have interfered with actual target detection, but with the
context in which the target appears, that is, with the internal
motion model created in V5. If TMS had a facilitatory effect on
the internal motion model, the difference between in-time and
out-of-time detection rates should be greater than in the other
time windows or than during vertex stimulation. The data
show clearly that this was not the case.

Matsuyoshi et al. (2007) found that the perception of appar-
ent motion at a frequency of 6–8.5 Hz is compromised after V5
activity was suppressed by offline low-frequency rTMS. Thus,
it is conceivable that the elimination of our prediction effect
could have been caused by the elimination of apparent motion
perception through V5 stimulation. Given the experimental
design of the TMS experiment (ongoing apparent motion
stimulation, no indication of the start and end of a trial), it was
not practicable to ask subjects after each trial whether they per-
ceived apparent motion.

We therefore conducted an additional behavioral exper-
iment to determine to what extent our predictability effect
depends on conscious apparent motion perception. The
results demonstrate that in-time targets are detected better
than out-of-time targets, regardless of whether subjects per-
ceived apparent motion or not. Therefore, whether TMS inter-
fered with conscious apparent motion perception or not is not
of concern to our main finding, as the predictability effect
seems to operate independently of apparent motion percep-
tion. This finding is interesting by itself: it shows that the dy-
namics of apparent motion induce an internal predictive
model about when and where an illusory motion token could
be expected, independent from whether that illusory motion
token is consciously perceived. This hints to the idea that pre-
dictive processes can be independent of consciousness (Den
Ouden et al. 2009; Hohwy 2012).

Apart from an effect in detection rates at the early time
window, we also found an effect of V5 TMS in reaction times in
the late time window of 67–107 ms after target onset. Instead
of an elimination of the prediction effect, however, a facili-
tation effect was found. Predictable targets were detected not
only more frequently than unpredictable targets, but also
reliably faster with less variance (see error bars [SEM] in
Fig. 2C). Note that without TMS, no such difference in reaction
times was observed (although it was present across all con-
ditions as a main effect). It seems that TMS in this later time
window either boosted the detection speed of in-time targets
or slowed down the detection of out-of-time targets, while not
affecting relative hit rates. Absolute reaction times do not allow
us to decide between the 2 alternatives (absolute reaction
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times for both out-of-time and in-time targets did not differ sig-
nificantly between TMS conditions). We think that it is more
plausible to argue for a disruptive TMS effect, slowing down
reaction times for out-of-time targets due to the following
reasoning.

First, in the late time window, TMS was applied during or
after the perceptual process of detecting targets in an apparent
motion context, rather than before, and thus more likely to be
disruptive (Silvanto and Muggleton 2008). Secondly, TMS is
likely to introduce neural noise to the system (Schwarzkopf
et al. 2011). Out-of-time targets, as opposed to in-time targets,
cause an error signal as they do not match the predicted time
and location of the illusory motion token, and are thus treated
as noise by the internal predictive model. Additional noise
through TMS is, therefore, more likely to slow down
out-of-time target detection than boost in-time target detection.
We propose that we see this effect most reliably in the latest
time window (and only as a trend in the earlier time windows),
because target detection by V1 and feed-forward signaling to
V5 takes some time and may only be reliably completed after
67 ms (Foxe and Simpson 2002).

In summary, our results support the idea that predictive
coding depends on feedback signals from higher cortical areas
(Rao and Ballard 1999; Friston 2010). Within a well-controlled
paradigm, our data show that visual prediction effects known
to occur in V1 are significantly influenced by higher visual
areas, such as V5. V5 may not be the only higher cortical area
playing a role in apparent motion-induced prediction signals
in V1; also V3a or parietal regions might be implicated in such
feedback processing (Goebel et al. 1998; Sterzer et al. 2002;
Claeys et al. 2003; Maus et al. 2010). Further research is re-
quired to elucidate the network of feedback connections impli-
cated in predictive coding and motion-masking effects.
Nevertheless, our results are one of the few direct demon-
strations for predictive signals being created in a higher cortical
area, and as such our results provide experimental support for
predictive coding in the visual system.

Supplementary Material
Supplementary material can be found at: http://www.cercor.
oxfordjournals.org/.

Funding

This work was funded by BBSRC grant BB/G005044/1 and
by an ERC grant StG 2012_311751—BrainReadFBPredCode
(Brain reading of contextual feedback and predictions).
Funding to pay the Open Access publication charges for this
article was provided by the European Research Council (ERC
grant StG 2012_311751-BrainReadFBPredCode).

Notes
We thank Gregor Thut for fruitful discussions and Mary-Louise Kilgour
for help with data collection. Conflict of Interest: None declared.

References
Ahmed B, Hanazawa A, Undeman C, Eriksson D, Valentiniene S,

Roland PE. 2008. Cortical dynamics subserving visual apparent
motion. Cereb Cortex. 18(12):2796–2810.

Alink A, Schwiedrzik CM, Kohler A, Singer W, Muckli L. 2010. Stimulus
predictability reduces responses in primary visual cortex. J Neuro-
sci. 30(8):2960–2966.

Bullier J. 2006. What is fed back? In: van Hemmen JL, Sejnowski TJ,
editors. 23 problems in systems neuroscience. New York: Oxford
University Press. p. 103–132.

Campana G, Cowey A, Walsh V. 2006. Visual area V5/MT remembers
“what” but not “where”. Cereb Cortex. 16(12):1766–1770.

Claeys KG, Lindsey DT, De Schutter E, Orban GA. 2003. A higher order
motion region in human inferior parietal lobule: evidence from
fMRI. Neuron. 40(3):631–642.

Cowey A, Campana G, Walsh V, Vaina LM. 2006. The role of human
extra-striate visual areas V5/MT and V2/V3 in the perception of the
direction of global motion: a transcranial magnetic stimulation
study. Exp Brain Res. 171(4):558–562.

Den Ouden HEM, Friston KJ, Daw ND, McIntosh AR, Stephan KE.
2009. A dual role for prediction error in associative learning. Cereb
Cortex. 19(5):1175–1185.

Dumoulin SO, Bittar RG, Kabani NJ, Baker CL Jr, Le Goualher G, Bruce
Pike G, Evans AC. 2000. A new anatomical landmark for reliable
identification of human area V5/MT: a quantitative analysis of
sulcal patterning. Cereb Cortex. 10(5):454–463.

Foxe JJ, Simpson GV. 2002. Flow of activation from V1 to frontal cortex
in humans. A framework for defining “early” visual processing. Exp
Brain Res. 142(1):139–150.

Frégnac Y, Baudot P, Chavane F, Lorenceau J, Marre O, Monier C,
Pananceau M, Carelli P, Sadoc G. 2010. Multiscale functional
imaging inV1 and cortical correlates of apparent motion. In: Masso-
nand G, Ilg UJ, editors. Dynamics of visual motion processing.
Berlin (Germany): Springer. p. 73–94.

Friston K. 2010. The free-energy principle: a unified brain theory? Nat
Rev Neurosci. 11(2):127–138.

Goebel R, Khorram-Sefat D, Muckli L, Hacker H, Singer W. 1998. The
constructive nature of vision: direct evidence from functional mag-
netic resonance imaging studies of apparent motion and motion
imagery. Eur J Neurosci. 10(5):1563–1573.

Hidaka S, Nagai M, Sekuler AB, Bennett PJ, Gyoba J. 2011. Inhibition
of target detection in apparent motion trajectory. J Vis. 11(10):
1–12.

Hohwy J. 2012. Attention and conscious perception in the hypothesis
testing brain. Front Psychol. 3:96.

Larsen A, Madsen KH, Lund TE, Bundesen C. 2006. Images of
illusory motion in primary visual cortex. J Cogn Neurosci. 18(7):
1174–1180.

Laycock R, Crewther DP, Fitzgerald PB, Crewther SG. 2007. Evidence
for fast signals and later processing in human V1/V2 and V5/MT+:
a TMS study of motion perception. J Neurophysiol. 98(3):1253–1262.

Matsuyoshi D, Hirose N, Mima T, Fukuyama H, Osaka N. 2007. Repeti-
tive transcranial magnetic stimulation of human MT+ reduces ap-
parent motion perception. Neurosci Lett. 429(2–3):131–135.

Maus GW, Weigelt S, Nijhawan R, Muckli L. 2010. Does area V3A
predict positions of moving objects? Front Psychol. 1:186.

Muckli L, Kohler A, Kriegeskorte N, Singer W. 2005. Primary visual
cortex activity along the apparent-motion trace reflects illusory per-
ception. PLoS Biol. 3(8):e265.

Muckli L, Kriegeskorte N, Lanfermann H, Zanella FE, Singer W, Goebel
R. 2002. Apparent motion: event-related functional magnetic reson-
ance imaging of perceptual switches and States. J Neurosci. 22(9):
RC219.

Mumford D. 1992. On the computational architecture of the
neocortex. II. The role of cortico-cortical loops. Biol Cybern. 66
(3):241–251.

Pascual-Leone A, Walsh V. 2001. Fast backprojections from the motion
to the primary visual area necessary for visual awareness. Science.
292(5516):510–512.

Rao RP, Ballard DH. 1999. Predictive coding in the visual cortex: a
functional interpretation of some extra-classical receptive-field
effects. Nat Neurosci. 2(1):79–87.

Sack AT, Kohler A, Linden DEJ, Goebel R, Muckli L. 2006. The tem-
poral characteristics of motion processing in hMT/V5+: combining
fMRI and neuronavigated TMS. NeuroImage. 29(4):1326–1335.

Cerebral Cortex 7

http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bht297/-/DC1
http://www.cercor.oxfordjournals.org/
http://www.cercor.oxfordjournals.org/
http://www.cercor.oxfordjournals.org/
http://www.cercor.oxfordjournals.org/
http://www.cercor.oxfordjournals.org/
http://www.cercor.oxfordjournals.org/
http://www.cercor.oxfordjournals.org/


Schwarzkopf DS, Silvanto J, Rees G. 2011. Stochastic resonance effects
reveal the neural mechanisms of transcranial magnetic stimulation.
J Neurosci. 31(9):3143–3147.

Schwiedrzik CM, Alink A, Kohler A, Singer W, Muckli L. 2007. A
spatio-temporal interaction on the apparent motion trace. Vis Res.
47(28):3424–3433.

Silvanto J, Cowey A, Lavie N, Walsh V. 2005. Striate cortex (V1) activity
gates awareness of motion. Nat. Neurosci. 8(2):143–144.

Silvanto J, Muggleton NG. 2008. New light through old windows:
moving beyond the ‘virtual lesion’ approach to transcranial mag-
netic stimulation. NeuroImage. 39(2):549–552.

Sterzer P, Haynes J-D, Rees G. 2006. Primary visual cortex activation
on the path of apparent motion is mediated by feedback from hMT
+/V5. NeuroImage. 32(3):1308–1316.

Sterzer P, Russ MO, Preibisch C, Kleinschmidt A. 2002. Neural corre-
lates of spontaneous direction reversals in ambiguous apparent
visual motion. NeuroImage. 15(4):908–916.

Stewart L, Battelli L, Walsh V, Cowey A. 1999. Motion perception and
perceptual learning studied by magnetic stimulation. Electroence-
phalogr Clin Neurophysiol Suppl. 51:334–350.

Vetter P, Edwards G, Muckli L. 2012. Transfer of predictive signals
across saccades. Front Psychol. 3:176.

Wibral M, Bledowski C, Kohler A, Singer W, Muckli L. 2009.
The timing of feedback to early visual cortex in the
perception of long-range apparent motion. Cereb Cortex. 19(7):
1567–1582.

Yantis S, Nakama T. 1998. Visual interactions in the path of apparent
motion. Nat Neurosci. 1(6):508–512.

8 TMS Over V5 Disrupts Motion Prediction • Vetter et al.

View publication statsView publication stats

https://www.researchgate.net/publication/258038270


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


