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In this report, we evaluate the role of visual areas responsive to motion in the human brain in the perception of stimulus speed. We first
identified and localized V1, V3A, and V5/MT� in individual participants on the basis of blood oxygenation level-dependent responses
obtained in retinotopic mapping experiments and responses to moving gratings. Repetitive transcranial magnetic stimulation (rTMS)
was then used to disrupt the normal functioning of the previously localized visual areas in each participant. During the rTMS application,
participants were required to perform delayed discrimination of the speed of drifting or spatial frequency of static gratings. The appli-
cation of rTMS to areas V5/MT and V3A induced a subjective slowing of visual stimuli and (often) caused increases in speed discrimina-
tion thresholds. Deficits in spatial frequency discrimination were not observed for applications of rTMS to V3A or V5/MT�. The induced
deficits in speed perception were also specific to the cortical site of TMS delivery. The application of TMS to regions of the cortex adjacent
to V5/MT and V3A, as well as to area V1, produced no deficits in speed perception. These results suggest that, in addition to area V5/MT�,
V3A plays an important role in a cortical network that underpins the perception of stimulus speed in the human brain.
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Introduction
Neuroimaging studies have shown that there is an extensive net-
work of cortical areas that are responsive to moving stimuli in the
human brain (Watson et al., 1993; Dupont et al., 1994; Orban et
al., 1995; Tootell et al., 1995a,b; McKeefry et al., 1997; Huk and
Heeger, 2000). Without doubt, the most intensively studied of
these is area V5/MT�, whereas, by comparison, other areas of the
brain that respond to motion have received much less interest.
One such area, V3A, has been found to be second only to V5/
MT� in terms of its sensitivity to motion (Tootell et al., 1997;
Smith et al., 1998; Seiffert et al., 2003), but little is known about
the exact nature of its contribution to motion perception. Simi-
larly, the study of the neural mechanisms that underpin the per-
ception of speed has also tended to focus on the role played by
V5/MT. In nonhuman primates, V5/MT neuronal activity en-
codes speed information (Maunsell and Van Essen, 1983; Rod-
man and Albright, 1987; Lagae et al., 1993; Perrone and Thiele,
2001; Priebe et al., 2003; Priebe and Lisberger, 2004; Liu and
Newsome, 2005, 2006; Nover et al., 2005; Krekelberg et al.,
2006a,b) and lesions to this area bring about deficits in speed

perception (Newsome and Paré, 1988; Orban et al., 1995). In the
human brain, speed-dependent activity has been reported in V5/
MT� (Chawla et al., 1998; Huk and Heeger, 2000), but not con-
sistently across studies (Sunaert et al., 2000). But the roles played
by other motion-sensitive areas in the perception of speed, in
particular V3A, remain mostly unexplored.

This study examines the functional organization of speed pro-
cessing in the human brain, in particular the contributions made
by visual areas V5/MT� and V3A. To this end, we deployed
repetitive transcranial magnetic stimulation (rTMS) to tran-
siently disrupt the neural activity in these areas while observers
perform a delayed speed discrimination task. We identified our
targets for TMS functionally, in terms of their activation by mo-
tion. Importantly, we also used retinotopic mapping to disam-
biguate the location of V3A and V1 from neighboring retinotopic
representations in the occipital lobe.

TMS has been widely applied to the study of various aspects of
human brain function (Pascual-Leone et al., 2000; Walsh and
Cowey, 2000). Motion perception in particular has proven to be
very amenable to study using TMS (Beckers and Hömberg, 1992;
Hotson et al., 1994; Beckers and Zeki, 1995; Anand et al., 1998;
Walsh et al., 1998; Cowey et al., 2006; Laycock et al., 2007). How-
ever, thus far, only one study has specifically examined the effects
of TMS to human area V5/MT� on the perception of speed
(Matthews et al., 2001) and demonstrated that the application of
TMS to the lateral occipital cortex can impair performance on
speed discrimination tasks. In this study, we use detailed func-
tional magnetic resonance imaging (fMRI) mapping of individ-
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ual brains to guide the delivery of TMS not
only to V5/MT�, but to other cortical ar-
eas such as V3A, to assess their contribu-
tion to the perception of stimulus speed.

Materials and Methods
MRI imaging and analysis. T2* magnetic reso-
nance (MR) images were acquired during visual
stimulation using a GE Head Excite 3T MRI sys-
tem at the York Neuroimaging Centre. A multi-
slice two-dimensional gradient echo-planar
imaging sequence [repetition time (TR), 3000
ms; echo time (TE), 25 ms; 128 � 128 � 39
matrix; in-plane field of view (FOV), 288 � 288
mm field of view; interleaved slice order with no
gap] was used to measure the blood oxygenation
level-dependent (BOLD) signal as a function of
time. Every 3 s, 39 3-mm-thick slices were ac-
quired axially for a duration of 252 s (seven
stimulus cycles of 36 s each), yielding 84 tempo-
ral samples. A high-resolution T1-weighted
three-dimensional anatomical data set was used
for coregistration.

Functional and retinotopic identification of vi-
sual areas responsive to motion. We performed
detailed functional and retinotopic mapping of
the occipital cortex using fMRI techniques in
each of the five participants in the study. In
terms of functional classification, regions of the
brain responsive to moving visual stimuli were
identified using a block-design paradigm in
which brain activations generated by a moving
stimulus were contrasted with those elicited by a
static version of the same stimulus. The stimulus
itself comprised a sinusoidal luminance grating
of spatial frequency equal to 1 c/° with a contrast
of 50%, subtending 30° � 25°. In the moving
phase of the experiment, the grating moved at a
speed of 8°/s in a rightward direction for 3 s,
followed by a leftward direction for the same
period. In the stationary phase, the grating re-
mained static for 6 s. Throughout the whole of the scanning procedure,
observers were instructed to fixate on a centrally placed cross.

The fMRI data obtained with the moving versus stationary grating
paradigm were analyzed with the BrainVoyager QX software (version
2.0) (Brain Innovation). Preprocessing of the data included three-
dimensional motion correction, spatial smoothing with a 4 mm Gaussian
kernel (full width at half-maximum), linear trend removal, and high-
pass filtering at 0.01 Hz. The statistical analysis of the BOLD signal was
performed with multiple linear regression. The time course of the BOLD
signal was regressed on a box-car function that followed the motion and
stationary conditions of the experiment. This function was modified to
account for the nature of the hemodynamic response (Boynton et al.,
1996).

Figure 1 shows the regions of the brain that were most responsive to
the motion versus stationary comparison in two representative observers
(M.P.B., N.C.). In all cases, the comparison of the motion versus station-
ary condition generated significant bilateral activations in regions con-
sistent with previously reported locations for area V5/MT� (Tootell et
al., 1995a), on the lateral surface of the occipito-temporal cortex (Fig. 1,
top panels). Bilateral activations in the superior occipito-parietal regions
of the cortex were also elicited by visual motion (Fig. 1, bottom panels).
These activations are in the vicinity of area V3A (Tootell et al., 1997), but
to demonstrate definitively that these activations did indeed fall within
the full hemifield representation that occurs within V3A, we compared
the functional results with those from retinotopic mapping procedures.

The multiple representations of the central visual field that exist in the
occipital cortex were mapped in the same five observers using a standard

paradigm incorporating rotating wedge and expanding ring stimuli in
separate fMRI sessions. These stimuli create traveling waves of neural
activation in the cortex, and for each voxel the phase of the maximum
activation provides an indication as to the region of the visual field to
which that part of the cortex is responsive (Sereno et al., 1995; Engel et al.,
1997). The visual stimuli were formed from parts of the circular check-
erboard pattern, which comprised eight concentric circles and 24 sectors.
The full pattern had a radius of 14°, so individual checks were 1.66° in
radius. Two stimulus regimens were used: expanding rings and rotating
wedges. The ring stimuli were formed by presenting three neighboring
circles at any one time, starting with the three most central rings. The
rings moved cyclically through the eight possible positions in a period of
36 s, so the original central stimulation resumed after one stimulus cycle.
The wedge was one-quarter of the full circle and rotated anticlockwise to
resume its original position after 36 s. Both the ring and wedge stimuli
underwent pattern reversal at 6 Hz; that is, each check was shown for 83
ms, before reversing contrast polarity. The checks were high contrast of
�98% and were presented on a uniform gray of a luminance equivalent
to the mean of the checkerboard. For our procedures, we presented eight
stimulus cycles of rings and wedges during separate fMRI imaging
acquisitions.

T1-weighted MR images (TR, 6.88 ms; TE, 2.94 ms; 176 � 256 � 256
matrix; FOV, 289 � 289 mm; in-plane resolution, 1.13 � 1.13; slice
thickness, 1 mm) were used to create a flattened representation of the
cortical gray matter (Teo et al., 1997; Wandell et al., 2000). After regis-
tration of the T2*-weighted images to the coordinate frame of the T1-
weighted images, the fMRI time series (TS) was projected onto the flat-

Figure 1. Functional identification of cortical areas V5/MT� and V3A. Regions of the brain that are most significantly
activated by the passive viewing of moving gratings (see Materials and Methods for details) are shown. Areas of most significant
activation ( p(uncorrected) � 0.0005) are shown for two representative observers (N.C., M.P.B.). There is bilateral activation of the
lateral occipito-temporal cortex in a location that is consistent with that of area V5/MT�. In addition, bilateral activation in a
region of the superior occipito-parietal cortex can also be observed, and this region lies in close proximity to an area that has been
previously identified as V3A.

McKeefry et al. • TMS Induced Deficits in Speed Perception J. Neurosci., July 2, 2008 • 28(27):6848 – 6857 • 6849



tened representation (Engel et al., 1997). The TS of each voxel underwent
the following analysis: (1) the linear trend over the 84 temporal samples
was removed; (2) the TS was divided by the mean intensity of the voxel;
(3) Fourier analysis was applied to obtain the amplitude and phase for
each frequency; and (4) the coherence (c) with a sinusoid with a fre-
quency equal to that of the visual stimulation (1/36 Hz) was calculated
(Engel et al., 1997). The representations of phase on the flattened cortex
were then inspected for “phase reversal,” which define the boundaries of
visual areas. Examples of these “flat maps” (right hemisphere only) with
phase represented in pseudocolor are shown in Figure 2a for two of the
participants in the study. The phase reversals/visual area boundaries are
indicated by the dotted lines.

Area V3A is a visual region that contains a full hemifield representa-
tion of the contralateral visual field (Tootell et al., 1997), which differen-
tiates it from dorsal and ventral V2 and V3, which map only a quadrant of
the contralateral field. This hemifield representation, which demarcates
V3A in the two subjects’ flat maps (Fig. 2a), is shown on their respective
structural MRIs in Figure 2b. Comparison with the activations generated
by the motion stimulus in the bottom panels of Figure 1 in the same
subjects shows a near-exact correspondence between the functional and
retinotopic identifications of V3A. This provides verification that the
area that we will be stimulating in the superior occipito-parietal region is
indeed V3A. Table 1 lists the Talairach coordinates for the regions iden-
tified as V5 and V3A in the right hemisphere for each of the observers.
The locations are consistent with previously published data for the loca-
tions of V5 and V3A (Watson et al., 1993; DeYoe et al., 1996; Tootell et al.,
1997; Chawla et al., 1998; Rees et al., 2000; Zeki et al., 2003).

Coregistration of fMRI and TMS coil. Localization of the TMS coil with
respect to prespecified functional areas of interest (V5/MT� and V3A)

was achieved following the methodology de-
scribed by Sack et al. (2006) using a three-
dimensional ultrasound digitizer CMS30P (Ze-
bris) in conjunction with the BrainVoyager QX
software. Structural and functional MRI scans
were coregistered with the subject’s head by cre-
ating a local spatial coordinate system linking the
relative raw spatial position of the ultrasound
transmitters with three prespecified anatomical
landmarks using the digitizer pen. The prespeci-
fied landmarks used were the nasion and the two
incisurae intertragicae. The points were then
coregistered with the same predefined anatomi-
cal points on the head representation (mesh) of
the subject. Similarly, a local coordinate system
was set up for the TMS coil by linking the pre-
specified points of the coil with the ultrasound
transmitters. Once such coregistration had taken
place, movement of the coil with respect to the
subject’s head is registered and visualized in real
time using the Brainvoyager QX software. The
coil could then be navigated over specific areas of
activation with accuracy and maintained on a
trial-by-trial basis.

Stimuli and psychophysical procedure. Stimuli
were generated on a high-resolution color graph-
ics monitor with a refresh rate of 120 Hz
(GDM500; Sony), controlled via a VSG graphics
card (VSG 2/3, V.5; Cambridge Research Sys-
tems). Stimuli had a mean luminance of 12.5 cd/
m 2; this was equal to the background luminance
of the screen. Subjects viewed a fixation cross
with their right eye at a distance of 114 cm. rTMS
was always applied to the right hemisphere, and
during conditions involving stimulation of corti-
cal areas V3A and V5/MT�, the visual stimuli
were horizontally displaced by 15° to the left of
the fixation point (Fig. 3). This protocol was
adopted to ensure involvement of right V5/MT�
in task performance while at the same time min-
imizing any potential contribution from left V5/

MT� in the opposite cerebral hemisphere. In control experiments, we
varied the position of the stimuli and found larger effects for stimuli
offset from central fixation. For rTMS delivery to V1, visual stimuli were
located at the fixation point. This is because the representation of the
central visual field lies closest to the occipital pole and is amenable to
disruption by TMS. More eccentric visual field locations are represented
deeper within the calcarine fissure. In the absence of reliable data as to the
degree of attenuation of the effects of rTMS with increasing cortical
depth, we opted for central placement of the stimulus and stimulation of
the central field representation in an attempt to maximize the potential
effects of TMS. Control experiments showed that varying stimulus posi-
tion had little influence on the behavioral effects induced by rTMS deliv-
ery to V1.

The moving stimuli were vertically orientated, 1 c/° sinusoidal lumi-
nance gratings, with a contrast of 50% presented in a square window of
side 2.5°. The reference had a speed of 8°/s while the test moved at one of
seven predetermined speeds, designated to span a range above and below
the reference speed. A 2AFC paradigm was used and the observers’ task
was to indicate which of the two temporally separated gratings appeared
to move faster, the reference or the test, by pushing an appropriate switch
on a response box. The reference and test grating were each presented for
200 ms, separated by an interstimulus interval (ISI) of 1250 ms. The train
of repetitive TMS pulses could be applied at any point within the timeline
shown in Figure 3. Three experimental blocks, incorporating 10 trials per
test speed, were undertaken, and the data were fitted by a standard psy-
chometric function (Eq. 1) to determine the effect of TMS on the point of
subjective equality (PSE) and discrimination threshold as follows:

Figure 2. Retinotopic validation of functionally defined area V3A. a, The top panel shows the BOLD response phase depicted
in false color on the flattened representations of the right hemisphere occipital gray matter for two observers (N.C., M.P.B.). The
broken lines indicate locations of visual area boundaries, which occur at reversals in the phase distributions. The inserted
representation of the left hemifield allows a direct comparison between the BOLD phase and the region of the visual field
stimulated. b, The bottom panel shows the areas identified as V3A on the flattened maps represented on the three-dimensional
volume structural MRIs (shown in blue). If one compares these retinotopic localizations of area V3A, with those motion activa-
tions shown in Figure 1, it can be observed that the same cortical areas are being activated.
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y � 100 �
100

1 � e�
� x���

�

, (1)

where y is the percentage of times the test was
judged as moving faster than the reference, x is
the speed of the test stimulus, � is the speed
corresponding to the 50% level on the psycho-
metric function (i.e., PSE), and � is an estimate
of the speed matching threshold. This final
value (�) was divided by the reference speed to
give a Weber fraction for speed discrimination
(�v/v).

TMS protocol. A train of five biphasic TMS
pulses was applied to the subject’s scalp using a
figure-of-eight coil (70 mm diameter) con-
nected to a Magstim Rapid stimulator. The coil was secured in a tripod
and placed over the scalp tangentially with the handle orientated upward.
The position of the coil was monitored in real time with respect to the
subject’s head and could be accurately positioned over specific cortical
areas of interest (e.g., V5/MT�, V3A, V1). The rTMS pulses were applied
at a frequency of 25 Hz, over 0.2 s, typically at a level of 75% of the
maximum output, although this was varied in control experiments (Fig.
3). Observers undertook six blocks of trials during any one experimental
session. Experimental blocks were organized so that the train of TMS
pulses could be initiated at one of 11 temporal positions within the trial.
Within any one block, the onset of rTMS was fixed but could be varied in
temporal location between blocks. These temporal positions were 200 ms
prereference onset, at reference onset and offset, at 42, 83, 167, 333, 667,
and 1000 ms postreference offset, and at test onset and offset.

Participants. Five subjects (mean age, 31.5 years; range, 23– 40 years)
participated in this study, four of whom were authors plus one subject
who was naive to the aims of the study (N.C.). All had normal visual fields
and were corrected to 6/5 with a negative history of psychiatric and
neurological disorders. Participants were informed with regard to possi-
ble health risks when undertaking the fMRI and TMS procedure, com-
pleted a questionnaire detailing contraindications, and gave their in-
formed consent. Experiments were given approval by the local ethics
committees (University of Bradford and University of York) and were
conducted in accordance with the Declaration of Helsinki and accepted
TMS safety protocols (Wassermann, 1998).

Results
rTMS at test onset
In the first series of experiments, rTMS stimulation was tempo-
rally coincident with the onset of the test stimulus. The TMS coil
was placed over the visual area V1, V3A, or V5/MT�, under the
real-time guidance of the neuronavigation system, to examine
how stimulation of these areas might differentially affect observer
performance on the speed discrimination task. Figure 4a shows
the psychometric functions obtained from two observers when
rTMS was applied to these areas. Also shown in the plots are the
functions obtained under conditions when no TMS was applied.

The delivery of rTMS to areas V3A and V5/MT� generates
two main effects. First, there is a shift in the psychometric func-
tions to the right (i.e., an increase in the PSE), which indicates
that under the influence of TMS stimulation the test stimulus is
perceived as moving more slowly that the reference. The group-
averaged results for the effects of these conditions on the PSEs
and speed discrimination thresholds are shown in Figure 4, b and
c. Across the group, a repeated-measures ANOVA shows this
increase in PSE to be significantly different from the baseline
condition (i.e., no TMS) for both V3A (F(1,4) 	 161.369; p �
0.001) and V5/MT� (F(1,4) 	 39.65; p � 0.005). In addition to
inducing a perceived slowing of the test stimulus, the application
of TMS brings about increases in speed discrimination thresholds
(�v/v) revealed by changes in the slopes of the psychometric

functions. When rTMS is applied to V5/MT� and V3A the in-
duced increases in speed discrimination threshold just reach sta-
tistical significance when compared to the baseline (no-TMS)
condition (V5/MT�: F(1,4) 	 7.76, p 	 0.05; V3A: F(1,4) 	 7.67,
p 	 0.05). In comparison, rTMS stimulation of area V1 during
the performance of the speed discrimination task generates little
observable effect on the psychometric function and is not signif-
icantly different in terms of PSE or discrimination threshold from
that obtained in the baseline condition.

To make any claims about the functional roles of areas V5/
MT� and V3A in relation to the perception of speed, it is neces-
sary to demonstrate that the effects reported above are specific to
the task as well as cortical location over which the rTMS pulse
train is delivered. In control experiments, stimulation of V3A and
V5/MT� was repeated for three of the observers during perfor-
mance on a spatial frequency discrimination task. The data are
shown in Figure 5, the psychometric curves on the left (Fig. 5a)
and the PSEs (Fig. 5b) and spatial frequency discrimination
thresholds (Fig. 5c) on the right. A repeated-measures ANOVA
revealed no significant differences between the conditions on ei-

Table 1. Talairach coordinates giving the location of right V5 and V3A for each of the observers who took part in
the study

V5 (right) V3A (right)

Talairach coordinates Talairach coordinates

x y z x y z

M.P.B. 41 �66 3 17 �79 30
N.C. 42 �66 8 16 �84 25
B.T.B. 45 �65 0 13 �82 27
C.V. 42 �68 3 22 �77 28
D.J.M. 40 �71 �8 17 �84 17

Mean 42 �67 1 17 �81 25

Figure 3. Timeline of experimental paradigm. The temporal sequence of stimulus presen-
tation used in the delayed speed discrimination paradigm. The moving reference and test
stimuli (for full details, see Materials and Methods) were presented 15° to the left of the fixation
point (note that for rTMS stimulation of V1, both the reference and test stimulus were placed at
the fixation point) and were randomly jittered in terms of motion direction (leftward or right-
ward), spatial phase on a trial-by-trial basis. These stimuli were separated by an ISI of 1250 ms.
In this example, the delivery of the rTMS pulses is coincident with the onset of the test stimulus
but could be placed at any point along the timeline.
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ther the PSE or discrimination threshold. This demonstrates that
there is indeed a degree of selectivity in terms of the type of task
affected by the application of TMS to areas V3A and V5/MT�.
This control also rules out the possibility that any reduction in
performance in the speed matching task may have been attribut-
able to blinks generated by stimulation of facial nerves or any
other nonspecific effects of TMS stimulation.

To examine the spatial specificity of the effects of TMS, we
performed additional experiments during which rTMS was ap-
plied to areas of the scalp overlying regions adjacent to areas
V5/MT� and V3A while observers performed the main speed

discrimination task. Controls for the lateral spread of TMS effects
are commonly performed by moving the coil 1–2 cm away from
the primary site of stimulation. In this experiment, we targeted
the TMS to prominent features of the individuals’ sulcal and gyral
anatomy, close (2 cm) to the functionally identified areas of V5/
MT� and V3A, but which retinotopic procedures identified as
lying outside these areas. Results from these experiments are
shown in Figure 6. In the top panel (Fig. 6a), a site posterior and
medial to V5/MT� on the surface of the occipito-temporal cor-
tex was targeted. The effect of TMS delivery to this region of the
cortex on the psychometric function is shown in Figure 6b. Also
shown in Figure 6b are the functions obtained when V5/MT was
targeted and when no TMS was delivered. The effect of changing
the cortical site of TMS delivery produces a function that induces
no apparent effects in matched speed or discrimination threshold
from the no-TMS condition. In the bottom panels (Fig. 6c,d), the
effects of TMS delivery to a site close to V3A are shown for a
different observer. In this case, the site of TMS application is
ventral to V3A, lying in a region that the retinotopic mapping
procedures for this observer indicate is dorsal V3. Once again,
shifting the point of application of the rTMS away from V3A
affects performance in a similar manner as the shift away from
V5/MT� with performance becoming similar to that achieved in
the no-TMS condition, as indicated by the functions shown in
Figure 6d.

Finally, to firmly establish the link between our TMS applica-
tion and the induced deficits in speed perception reported above,
in another control experiment we examined the effect of chang-
ing the strength of the rTMS pulses on behavioral performance.
By measuring the effects on speed matching of decreasing TMS
strength, we demonstrated a correlation between the magnitude

Figure 4. Effect of rTMS on performance in speed discrimination task. a, Psychometric func-
tions showing the performance of all five participants on the speed discrimination paradigm.
The different curves indicate how performance is affected by the application of rTMS to areas
V5/MT�, V3A, and V1 compared with performance when no TMS was delivered. The actual
speed of the reference grating was 8°/s. TMS had little effect when applied to V1. When applied
to V5/MT� and V3A, the psychometric functions are shifted to the right, indicating perceived
slowing of the test stimulus induced by TMS. The functions also exhibit decreases in slope, which
signify an elevation in speed discrimination threshold. b, c, Group-averaged data (n 	 5)
showing the mean PSE values and speed discrimination thresholds (�v/v) for the different
experimental conditions. The asterisks indicate comparisons for which there are significant
differences ( p � 0.05) between the no-TMS and applied-TMS conditions. The error bars in this
and all subsequent figures refer to 
1 SD of the mean.

Figure 5. Task specificity control. a, Group-averaged psychometric functions showing how
performance varied on a spatial frequency discrimination task while rTMS was delivered to
areas V3A and V5/MT�. b, c, Performance is also shown for the no-TMS condition. The mean
PSEs (b) and spatial frequency discrimination thresholds (�f/f ) (c) are also shown for the three
experimental conditions, none of which exhibit any significant differences from one another.

6852 • J. Neurosci., July 2, 2008 • 28(27):6848 – 6857 McKeefry et al. • TMS Induced Deficits in Speed Perception



of the pulse delivered and its effect on per-
formance. Figure 7 plots the effect of vary-
ing TMS strength on the PSE and speed
discrimination threshold for V5/MT�
and V3A stimulation for three observers.
Across the range tested (30 –75% of maxi-
mum output), the decreases in perfor-
mance, as measured by perceived slowing
of the test stimulus and increased speed
discrimination thresholds, are well de-
scribed by linear functions (PSEs: V5/MT,
r 2 	 0.948; V3A, r 2 	 0.951; discrimina-
tion thresholds: V5/MT, r 2 	 0.761; V3A,
r 2 	 0.952), thus establishing a correlation
between the strength of the applied TMS
and induced behavioral deficits.

rTMS at different stimulus
onset asynchronies
The temporal relationship between the de-
livery of TMS pulses and the appearance of
motion stimuli has often been emphasized
with studies indicating that the effects of
TMS on motion perception are greatest
when pulses are applied within certain
temporal windows (Hotson et al., 1994;
Beckers and Zeki, 1995; Sack et al., 2006).
So far, we have only considered the effects
of TMS when its delivery is coincident
with the onset of the test stimulus. In the
light of previous findings, we examined
how varying the timing of the onset of
rTMS pulses during the stimulus delivery
cycle would affect observer performance
on the speed discrimination task. Figure 8
shows data (average of five observers)
from such an experiment in which rTMS
was applied to V5/MT�, V3A, or V1 at different temporal loca-
tions spanning the reference stimulus foreperiod, ISI, and test
offset. Again, we were interested in the influence of the rTMS
delivery on both the PSEs and speed discrimination thresholds,
which are plotted in Figure 8, a and b, respectively.

When the onset time of the rTMS to area V1 is varied over the
reference/test stimulus delivery cycle, there is a minimal effect on
perceived speed. At all timings, the mean matched test speed is
within 
1 SD for that obtained for the baseline condition (dotted
line) when no TMS was applied. However, when rTMS was ap-
plied to regions of the scalp overlying areas V5/MT� and V3A,
the effect on matching speed was greatest when the pulse train
was temporally coincident with test stimulus onset. The speed of
the test has to be effectively increased to counteract the perceived
slowing induced by the rTMS, in order that a match with the
reference stimulus can be obtained. Interestingly, the exact op-
posite effect can be observed when the onset rTMS pulse train is
coincident with the reference onset. In this case, it is the reference
stimulus that is perceived as moving more slowly under the in-
fluence of the TMS and the speed of the test stimulus is reduced
below that of the baseline condition to match the reference. Fig-
ure 8a also shows that, as the temporal interval between the onset
of the rTMS pulse train and the onset of the test stimulus in-
creases, the effect on its perceived speed diminishes. When the
rTMS onset precedes the test onset by �900 ms, the PSEs ob-

tained are not significantly different from those obtained in the
no-TMS condition.

Although the effects of rTMS delivery to V5/MT� and V3A
on perceived speed of the matched test stimulus were very repeat-
able across subjects, the induced changes in speed discrimination
thresholds were much more variable. Some participants exhib-
ited large increases in discrimination threshold when V5/MT�
and V3A were stimulated, others exhibited very little at all. This
greater intersubject variability is revealed by the much larger er-
ror bars shown for the discrimination data in Figure 8b. The only
point in the stimulus delivery cycle at which the application of
rTMS significantly affects discrimination thresholds is at the on-
set of the test stimulus (see above). Although the group-averaged
data do appear to show an induced maximum in threshold when
rTMS is applied to area V5/MT� 200 ms after the onset of the
reference stimulus, this increase fails to reach a level that is sig-
nificantly different (F(1,4) 	 4.825; p 	 0.093) from the no-TMS
condition.

Discussion
This study demonstrates that human speed perception can be
selectively and reversibly impaired when rTMS is carefully tar-
geted so as to disrupt the normal functioning of cortical areas
V5/MT� and V3A. The deficits induced by rTMS to these areas
are both task and location specific. In addition, the magnitude of

Figure 6. Cortical location specificity control. a, The location (red arrow) in a single observer (D.McK.) of a cortical area
adjacent to V5/MT� on the occipito-temporal surface located on a prominent gyrus posterior and medial to V5/MT (green
arrow). This area was selected to examine the degree of cortical selectivity associated with disruption to performance by
TMS while observers performed the speed discrimination task. b, Comparison of the psychometric functions generated
when rTMS is applied in this observer to V5/MT� (green circles/line), to the non-V5/MT location (red circles/line), and
when no rTMS is applied (black circles/line). Functions fitted are represented by Equation 1. c, The location (red arrow) in
a single observer (M.P.B.) of a cortical area ventral to V3A (green arrow) selected for rTMS application while the speed
discrimination task was performed. d, Comparison of the psychometric functions generated when rTMS is applied in this
observer to V3A (green triangles/line), to the non-V3A location (red triangles/line), and when no rTMS is applied (black
circles/line).
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the deficits is correlated with the strength of the applied magnetic
stimulation.

Cortical areas involved in speed perception
The fact that disruption to area V3A can generate impairments
in speed perception that are of a similar magnitude to those
induced when V5/MT� is disrupted, represents a significant
finding. Hitherto, V5/MT has been considered as the main
cortical locus for the neural mechanisms that underpin the
perception of stimulus speed (Newsome and Paré, 1988; Or-
ban et al., 1995; Churchland and Lisberger, 2001; Perrone and
Thiele, 2001; Priebe et al., 2003; Priebe and Lisberger, 2004;
Liu and Newsome, 2005, 2006; Nover et al., 2005; Krekelberg
et al., 2006a,b). The results presented here demonstrate that
not only is behaviorally relevant information concerning
stimulus speed encoded by activity in human area V5/MT�,
but that it is also encoded by activity within area V3A. The fact
that we can induce deficits in perception by applying rTMS to
area V3A indicates that information about speed is available at
this level and would appear to cement the prominent status of
V3A in the cortical network that exists for the processing of
motion in the human brain (Tootell et al., 1997; Smith et al.,
1998; Seiffert et al., 2003; Liu and Wandell, 2005).

The application of rTMS to cortical areas V3A and V5/
MT� induces a perceived slowing of presented moving stim-

uli and elevates speed discrimination thresholds (�v/v). These
deficits in speed perception are consistent with the findings of
Matthews et al. (2001) who reported similar effects for single-
pulse TMS application in the vicinity of human V5/MT�.
However, although the nature of the effects might be consis-
tent across the two studies, the precise pattern of deficits elic-
ited as a function of TMS application site differ markedly. For
example, Matthews et al. report a greater deficit in speed dis-
crimination when TMS is applied close to area V1, at a medial
site lying 2 cm above the inion, compared with when it is
applied at a more lateral site (5 cm lateral to and 4 cm above
the inion), which was chosen because of its reported proximity
to human area V5/MT�. Our results show the opposite effect,
with greater deficits in speed discrimination thresholds pro-

Figure 7. Effect of varying TMS strength. a, The magnitude of the decrease in perceived test
stimulus speed plotted as a function of rTMS strength. Data are shown for application of rTMS to
both V5/MT� and V3A and are the average of three observers. The data have been fitted with
linear regression lines with correlation coefficients (r 2) of 0.948 for the V3A data and 0.951 for
the V5/MT� data. b, Similar plots to a showing the increase in speed discrimination thresholds
(�v/v) with increasing TMS strength; the correlation coefficients (r 2) in this case are 0.952 for
V3A and 0.761 for V5/MT�.

Figure 8. TMS pulse timing. a, The variation in the speed of the test stimulus that was
required to match an 8°/s reference when the onset of the rTMS was delivered at different times
during the stimulus delivery cycle. The reference and test stimulus onset durations are indicated
by the vertical shaded blocks. The variation of matched speed (i.e., PSE) is shown for V5/MT�
(black squares/line), V3A (gray triangles/line), and V1 stimulation (black circles/line). The mean
matched speed when no TMS was delivered is shown by the horizontal dotted line banded by a
gray area that represents 
1 SD of the mean. The results represent the average of five subjects.
b, The variation in speed discrimination thresholds (�v/v) for the same experiment as shown in
a. The same conventions as above apply.
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duced when rTMS is applied over V5/MT�, and little or no
change in performance, compared with the no-TMS condi-
tion, when TMS is applied over V1. In addition, Matthews et
al. (2001) show that the “perceived slowing” effect that the
delivery of TMS has on a moving stimulus is of a similar
magnitude for both medial (i.e., V1) and lateral (i.e., V5/
MT�) stimulation. In this study, we find this effect to be
greatest when rTMS is applied to areas V3A and V5/MT�,
whereas for V1 stimulation the perceived speed was found not
to be significantly different from the no-TMS condition. It is
not clear to us what the reasons are for these discrepant find-
ings. One possibility might lie in the inaccurate localization of
areas V1 and V5/MT� on the basis of external anatomical
landmarks of the skull. Visual areas are known to vary in
location and extent across individuals (Watson et al., 1993;
Tootell et al., 1997; Smith et al., 1998), and the results from
Figure 6 give an indication as to how localized the effects of
TMS can be. Therefore, in the absence of functional or retino-
topic neuroimaging data, it is difficult to say with any certainty
precisely which visual areas were stimulated in previous stud-
ies. Nonetheless, the absence of deficits in speed perception
after the delivery of rTMS to V1 is surprising, not least because
V1 is a major source of direct input into area V5/MT (Shipp
and Zeki, 1989). However, we must be careful not to over
interpret this finding as indicating a minimal role for V1 in
motion processing. On the contrary, previous TMS studies
have highlighted the importance of V1, and its reciprocal con-
nectivity with V5/MT�, in the visual awareness of motion
(Pascual-Leone and Walsh, 2001). Instead, the results may
indicate that the contribution of V1 to this particular speed
task is not crucial, despite recent reports of speed tuned neu-
rons in this area (Priebe et al., 2006). Alternatively, the absence
of speed deficits after TMS of V1 may indicate that motion
signals used in the computation of speed can bypass V1, reach-
ing V5/MT either via direct connections with the LGN (Sin-
cich et al., 2004) or via the pulvinar, which is known to contain
neurons responsive to motion (Merabet et al., 1998; Ville-
neuve et al., 2005).

The effects of rTMS on speed perception and discrimination
Our results demonstrate that the application of TMS to areas
V5/MT� and V3A always leads to a decrease in perceived
speed, never an increase. In this respect, our results are oppo-
site to those that have been reported for microstimulation
studies. For example, Komatsu and Wurtz (1989) have shown
that electrical stimulation of monkey V5/MT neurons leads to
an increase in perceived speed (as evidenced by increases in the
speed of pursuit eye movements), with larger injected currents
generating increases of larger magnitude. The fact that our
observers always report a decrease in speed would therefore
seem to imply that the delivery of rTMS to areas V5/MT� and
V3A, rather than inducing an increase in neural activity, as in
the case of microstimulation, leads to decreased neural activity
in these areas. Although being cautious about the comparison
of TMS and microstimulation techniques, which affect very
different numbers of cortical neurons, our findings are none-
theless consistent with recent ideas put forward by Krekelberg
et al. (2006b) regarding the nature of the neural code for
speed. They propose that speed is proportional to the total
activity of a subpopulation of V5/MT neurons with greater
activity signaling faster speeds. However, the induced slowing
effect of TMS runs counter to what might be predicted from
models of speed perception that are based on vector averaging

across neurons that have preferred speeds to which they are
optimally responsive, so-called “labeled lines” (Churchland
and Lisberger, 2001; Priebe and Lisberger, 2004). If perceived
speed was indeed based on some form of weighted average
from these labeled lines, then the disruption of neural activity
by TMS would be expected to reduce the activity across all
preferred responses indiscriminately; the net result being that
there would be no effect on behavior (Krekelberg et al.,
2006b).

The notion that rTMS delivery can bring about a reduction
in the response from V5/MT that signals stimulus speed is
consistent with ideas that suggest that TMS works via the sup-
pression of neural signal relating to the target stimulus (Harris
et al., 2008). Physiological recordings from the cat visual cor-
tex give direct support for this view (Allen et al., 2007) with the
suppression of activity leading to a decrease in the signal-to-
noise (S:N) ratio from the cortical area to which TMS is deliv-
ered (Walsh and Cowey, 2000; Cowey, 2005). Another view is
that TMS may also work by decreasing S:N ratio via an in-
crease in the background noise (Walsh and Cowey, 2000; Sil-
vanto et al., 2007a,b). The elevations of speed discrimination
thresholds indicate that, as well as suppressing activity relating
to the stimulus, noise is also being added via the application of
rTMS. One potential mechanism for this might be via the
addition of increased background spontaneous activity, which
also occurs when TMS is applied to the visual cortex (Allen et
al., 2007). Human speed judgments are very precise and ob-
servers can typically obtain velocity Weber fractions (�v/v) of
the order of 0.05 for a wide range of stimulus speeds (McKee et
al., 1986). This performance reflects the signal-to-noise char-
acteristics of the underlying physiological mechanisms and
any factor that increases the noise should therefore degrade
discriminative ability. This is exactly what the targeted deliv-
ery of rTMS to V5/MT� and V3A does. Performance in de-
layed discrimination tasks of this kind used in this study are
thought to be based on the neural representation, or buildup,
of some implicit internal standard or template (Morgan et al.,
2000; Kahana and Sekuler, 2002). One possibility is that the
application of TMS may degrade this representation of the
reference stimulus, which is retained by short-term visual
memory mechanisms. Thus, the effects of TMS application to
V5/MT� and V3A during our delayed speed discrimination
task, suggests that these cortical regions might be important
for the retention of sensory information about motion in the
human brain. Certainly, there is evidence to suggest that
V5/MT neurons are involved in this kind of role (Bisley and
Pasternak, 2000). In addition, perceptual priming in motion
direction discrimination tasks can also be abolished by the
application of TMS to human V5/MT� (Campana et al.,
2002). As yet however, we are not aware of any evidence that
shows that V3A might also be involved in the retention of
information about the speed of moving stimuli, something we
want to explore in future experiments.
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