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Abstract Several published single case studies reveal a
double dissociation between the eVects of brain damage
in separate extra-striate cortical visual areas on the per-
ception of global visual motion deWned by a diVerence in
luminance (Wrst-order motion) versus motion deWned by
a diVerence in contrast (second-order motion). In partic-
ular, the medial extrastriate cortical region V2/V3 seems
to be crucial for the perception of Wrst-order motion, but
not for second-order, whereas a lateral and more ante-
rior portion of the cortex close to the temporo–parieto–
occipital junction (in the territory of the human motion
area hV5/MT+) seems to be essential only for the percep-
tion of second-order motion. In order to test the hypoth-
esis of a functional specialization of diVerent visual areas
for diVerent types of motion, we applied repetitive trans-
cranial magnetic stimulation (rTMS) unilaterally over

areas V2/V3, V5/MT, or posterior parietal cortex (PPC)
while subjects performed a 2AFC task with Wrst- or sec-
ond-order global motion displays in the contralateral
visual Weld. Results showed a comparable disruption of
the two types of motion, with both rTMS over V2/V3 or
over MT/V5, and little or no eVect with rTMS over PPC.
The results suggest that either the previous psychophysi-
cal results with neurological patients are incorrect
(highly unlikely) or that the lateral and medial regions
are directly connected (as they are in macaque monkeys)
such that stimulating one automatically aVects the other,
in this instance disruptively
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Introduction

Evidence from a variety of sources—psychophysics,
functional neuroimaging, clinical neuropsychology, sin-
gle cell recording in macaque monkeys—indicates that
diVerent forms of visual motion are separately computed
and that there is even evidence of gross regional segrega-
tion at the Wnal stages of cortical motion processing (for
reviews see Vaina 1998; Vaina et al. 1998a). Examples of
diVerent forms of visual motion are local, global, Xow
Welds, biological, frontal, radial, motion discontinuity,
Wrst-order and second-order. This article is concerned
solely with the latter two, which have received the most
attention and whose psychophysical and anatomical
substrates have been investigated in detail (Ledgeway
and Smith 1994; Lu and Sperling 1995; Werkhoven et al.
1993; CliVord and Vaina 1999; Vaina and Soloviev
2004). In Wrst-order motion we see real or apparent dis-
placement of items deWned by a luminance diVerence
between the items and their surround, e.g. black dots on
a bright background. In contrast, second-order motion
consists of perceiving items whose mean luminance is the
same as that of the surround, and that diVer from the
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background by some other “higher-order” feature such
as contrast or texture (e.g. colour or moving micropat-
terns on a background of similar overall texture).
Whereas Wrst-order motion involves a directional shift in
a luminance distribution, second-order motion has no
overall luminance shift and the motion signal must be
extracted by some non-linear processing of retinal illumi-
nation.

Although there is evidence from single cell recordings
in monkeys and cats that some directionally sensitive
cells respond better to one or other type of motion
(Albright 1992; O’Keefe and Movshon 1996; Zhou and
Baker 1993) the cells are not grossly regionally segre-
gated, suggesting that both types of motion processing
occur within the cortical visual areas from which they
were recorded. Functional neuroimaging of subjects
viewing Wrst- and second-order displays has produced
either no evidence (Somers et al. 1998; Sunaert et al.
1999) or slight evidence (Smith et al. 1998) or strong evi-
dence (Dumoulin et al. 2003) for gross separation of the
two mechanisms. Yet there is convincing evidence that a
circumscribed brain lesion in humans can selectively dis-
rupt one or the other (Vaina and Cowey 1996; Vaina
et al. 1998b) and that the damage that impairs second-
order motion is lateral and just dorsal to motion area
V5/MT, but not within in, whereas the impairment of
Wrst-order motion was found in patients with medial
occipital damage centred on areas V2 and V3 (Vaina
et al. 1998b). A third patient, TF, who was selectively
impaired on Wrst-order motion had a small infarct princi-
pally in area V2. In all these patients the defect was con-
Wned to the visual Weld contralateral to the lesion.

In an attempt to explain these diVerences we used an
entirely diVerent method of disrupting motion percep-
tion by applying transcranial magnetic stimulation
(TMS) to diVerent regions of extra-striate cortex in nor-
mal subjects while they performed Wrst- and second-
order motion tasks identical to those used previously
with patients. The results indicate that TMS in the terri-
tory of human V5/MT or V2/V3 disrupts the perception
of the direction of both types of global motion.

Materials and methods

Subjects

Six subjects, four male and two female, aged between 28
and 68 participated. Each subject performed 120 trials
per experimental condition, in addition to a variable
number of trials in pilot experiments. All experiments
were approved by the local ethics committee (OxRec
CO2.304) and were performed in accordance with the
ethical standards laid down in the 1964 Declaration of
Helsinki. All subjects gave their informed consent prior
to their inclusion in the study. Four of the six subjects
were experienced observers in visual psychophysical
experiments involving TMS.

Apparatus and stimuli

The stimuli were the same as those used in Vaina et al.
(1998b). Subjects sat at 60 cm from the monitor in a
dimly lit room and Wxated a small black Wxation spot
positioned 1° to the left and 1° above the top left corner
of the virtual square delimiting the stimulus area. The
position of the Wxation point was chosen on the basis of
the evidence that subjects, when stimulated either over
left V2 + V3 or left hV5/MT+ with 80–90% of maximum
output intensity, perceived phosphenes in most of or
even more than the area corresponding to the stimulus
position. Stimulus area subtended 10£10° arc, and was
presented against a uniform grey background of 9.72 cd/
m2. The stimulus area was divided into a grid of 38£38
notional blocks, each subtending 16£16 arcmin. Each
block is a dense random-dot microtexture consisting of
pixels whose luminance is one of 256 possible gray levels.
The number of light and dark dots within a block is
equal. The block mean luminance is the average of its
light and dark dots and its contrast is the ratio of the
luminance diVerence between on and oV dots divided by
twice the mean luminance. A moving block can diVer
from the background either in mean luminance but not
contrast (Wrst-order motion), or in contrast but not in
luminance (second-order motion). The assignment of a
block to motion or background is carried out randomly
at the beginning of each trial in such a way that tokens
represent 42% of the total number of blocks throughout
the test. The mean luminance of Wrst-order motion
blocks was 14.62 cd/m2 and the contrast within the block
was 0.2 (on dots: 17.47 cd/m2, oV dots: 11.55 cd/m2),
whereas the mean luminance of second-order motion
blocks was 9.72 cd/m2 and the contrast 0.54 (on dots:
15.17 cd/m2, oV dots: 4.54 cd/m2). The mean luminance
of the background was in both cases 9.72 cd/m2 and the
contrast 0.2 (on dots: 11.55 cd/m2, oV dots: 7.84 cd/m2).
An example of the two stimuli is illustrated in Fig. 1.
Each motion stimulus consisted of 12 frames successively
presented, each frame lasting 45 ms and with zero inter-
frame interval. From one frame to the next, the token
blocks are shifted either to the left or to the right with
respect to the background. The texture pattern deWning
moving blocks and background is varied from frame to
frame by randomly changing the component pixels from
on to oV and vice versa, while keeping their mean lumi-
nance and contrast identical throughout the trial.
Although all such second-order displays necessarily con-
tain some Wrst-order energy, the latter is unsystematic
with respect to correlated motion because the position of
the light and dark pixels within a texture dot is rando-
mised from frame to frame (Vaina and Cowey 1996).

In each trial a blank screen was presented for 1 s, then
the moving stimulus display appeared for 536 ms, and a
blank screen was presented again until the subject
responded. The subject’s response triggered the begin-
ning of next trial. Subjects had to decide whether the
stimulus was moving coherently left or right by pressing
one of the direction keys on the computer keyboard.
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Contrast, luminance and coherence (proportion of
moving blocks moving coherently in one direction) were
Wxed for each subject. Coherence of moving dots was
determined in advance with pilot experiments using an
adaptive staircase procedure that determined the level of
coherence for 75% correct. This value was then used with
the method of constant stimuli to determine any eVects
of TMS on performance. The value of coherence used in
the Wnal experiment varied from subject to subject and
was also diVerent for the two types of motion, reXecting
the fact that all subjects found the second-order motion
more diYcult to perceive. In this way we were able to
equate the performance level for Wrst- and second-order
motion discrimination.

Gaze monitoring

Eye gaze was monitored and recorded in all sessions and
for each subject with eye tracking equipment (iView
RED-III) with a sampling rate of 60 Hz. This system
comprised an infrared camera placed directly beneath
the stimulus display and connected to an independent
Pentium III PC. The system was re-calibrated before
each session with each subject. In each session and for
each subject eye gazes during a trial that deviated more
than 1° of visual angle from Wxation point were dis-
carded and the trial was repeated.

Statistical analysis

We considered three independent variables: task (Wrst-
vs. second-order motion), stimulated site (V5/MT, V2/
V3, and posterior parietal cortex, PPC) and TMS condi-
tion (TMS vs. baseline). The dependent variable was
accuracy (percentage correct trials) in motion direction
discrimination, which is an ordinal scale and therefore
appropriate for non-parametric statistics. We were inter-
ested in testing whether rTMS over V5/MT or over V2/
V3 could have diVerent eVects on Wrst and second order

motion discrimination, which can only be done by look-
ing at the three-way interaction: task by stimulation site
by TMS condition. Unfortunately there is no standard
statistical non-parametric procedure for testing a within-
subject three-way interaction. Therefore, as suggested by
Conover (1998), we Wrst performed the ANOVA on the
raw data and then conducted the same procedure on the
rank transformed data. Since these two procedures gave
nearly identical results the assumptions underlying the
usual analysis of variance were deemed reasonable and
the regular parametric analysis is valid (Conover 1998).
Within-subjects contrasts were performed in order to
compare the eVect of TMS in the three stimulated sites
with the two diVerent stimulus displays.

Results

As shown in Fig. 2, TMS impaired performance for both
types of motion and at all three stimulation sites
(F1,5 = 88.5, P < 0.0001). However, the diVerence in per-
centage correct between baseline and TMS condition
was not equivalent at all sites (F2,10 = 20.2, P < 0.0001).
The impairment was much more pronounced with TMS
over V5/MT (F1,5 = 29.9, P < 0.005) and over V2/V3
(F1,5 = 21.3, P < 0.01) than with TMS over PPC. Nei-
ther stimulus task by stimulation site (F2,10 = 1.3,
P > 0.05), nor stimulus task by TMS condition
(F2,10 = 1.1, P > 0.05), nor the three-way interaction
(stimulus by stimulation site by TMS condition:
F2,10 = 1.7, P > 0.05) were signiWcant. This indicates
that TMS over V5/MT and over V2/V3 have a similar
disrupting eVect with either Wrst- or second-order stimuli.
Surprisingly, the factor stimulation site was also signiW-
cant (F1,5 = 8, P < 0.01), and contrasts revealed that
when TMS was (or was not, in the baseline condition)
applied over PPC, performance was better than when
TMS was (or was not) applied over V5/MT (F1,5 = 13.8,

Fig. 1 Left: an example of one frame of the Wrst-order motion display.
The mean luminance of the moving blocks is higher than that of the
background. Although many motion blocks necessarily touch each
other in such a high-density display, they have a diVerent relative spa-

tial disposition in the next frame, which ensures that subjects cannot
follow a particular cluster of blocks. Right: a similar representation of
blocks in a second-order display. Each moving block has the same
mean luminance as the background but has a higher mean contrast
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P < 0.05) or V2/V3 (F1,5 = 9.3, P < 0.05). This reXects
the small eVect that TMS had over PPC, having as a
result a general increase in performance in the PPC
stimulation condition.

Discussion

The results show that the dorsal PPC is not necessary
for, and might not even be involved in, the processing of
either Wrst- or second-order motion, whereas both V5/
MT and V2/V3 are importantly involved in the analysis
of moving stimuli, whether they are deWned by lumi-
nance (Wrst-order) or contrast (second-order) diVerences.

At Wrst sight the outcome of the experiment indicates
that both regions are involved in processing both types of
motion and that the results obtained with neurological
patients, where a lesion of one or other region impairs
only one or other type of motion are incorrect or unreli-
able. However, this apparent paradox has a simple but
important resolution. It is sometimes said, although not
by the authors of the phrase (Walsh and Cowey 2000;
Walsh et al. 1998) that TMS is just like a reversible lesion
of the area stimulated and that during the stimulation
and its aftermath the subject is a “virtual patient”. Indeed
this is the rationale behind many TMS experiments. A
major problem with this view of TMS is that it ignores
any neuronal activity that is propagated from the stimu-
lated region. That the latter occurs is now well docu-
mented by recording Weld potentials distant from the
stimulated region. (e.g. Ilmoniemi et al. 1997). The present
data show that the eVects of real and virtual lesions can
diVer greatly and that in interpreting their comparative
eVects it is important to evaluate the diVerent mechanisms
of the two interventions. The eVects of TMS can occur at
the primary site of stimulation and also at secondary sites
that are anatomically connected it. In some studies
the eVects of secondary stimulation may be to enhance

sensitivity, as we showed in a previous TMS experiment
on motion perception (Walsh et al. 1998). In other studies
the eVects of secondary activation may be to increase the
eVects of disruption of the primary target, as in the cur-
rent study. As V5/MT is extensively reciprocally con-
nected with V2 and V3 (Van Essen and DeYoe 1995) the
repetitive stimulation used here may have stimulated
these connected sites. We have shown elsewhere that con-
nected sites can be dissociated most eVectively when sin-
gle or double pulse TMS is used, and the current data
show that PPC, although it too is reciprocally connected
with V5/MT, is not involved in Wrst or second order
motion processing. We can draw two competing conclu-
sionsfrom these data. Either the segregation of Wrst- and
second-order motion processing in neuropsychological
patients reXects selective reorganisation in the motion
system following lesions, or both V2/3 and V5/MT are
equally involved in the two processes. Single pulse TMS
studies of Wrst- and second-order processes may well yield
a closer correspondence between real and virtual lesions.

Acknowledgments This research was supported by a UK Medical
Research Council grant to AC, a Royal society Research Fellowship
to VW, a Marie Curie EC Grant to GC, and by NIH grant RO1-
EY007861 to LMV. 

References

Albright TD (1992) Form-cue invariant motion processing in pri-
mate visual cortex. Science 255:1141–1143

CliVord WGC, Vaina LM (1999) A computational model of selec-
tive deWcits in Wrst- and second-order motion processing. Vision
Res 39:113–130

Conover WJ (1998) Practical nonparametric statistics. Wiley, Hobo-
ken

Cowey A, Vaina LM (2000) Blindness to form from motion despite
intact static form perception and motion detection. Neuropsych-
ologia 38:566–578

Dumoulin SO, Baker CL, Hess RF, Evans AC (2003) Cortical spe-
cialization for processing Wrst- and second-order motion. Cereb
Cortex 13:1375–1385

Ilmoniemi RJ, Virtanen J, Ruohonen J, Karhu J, Aronen HJ, Näat-
anen R, Katila R (1997) Neuronal responses to magnetic stimu-
lation reveal cortical reactivity and connectivity. Neuroreport
8:3537–3540

Ledgeway T, Smith AT (1994) Evidence for separate motion detect-
ing mechanisms for Wrst- and second-order motion in human vi-
sion. Vision Res 34:2727–2740

Lu ZL, Sperling G (1995) The functional architecture of human vi-
sual motion perception. Vision Res 35:2697–2722

O’Keefe LP, Movshon JA (1996) Processing of Wrst- and second-or-
der motion by neurons in area MT of the macaque monkey. Vis
Neurosci 15:305–317

Smith AT, Greenlee MW, Singh KD, Kraemer FM, Hennig J (1998)
The processing of Wrst- and second-order motion in human visu-
al cortex assessed by functional magnetic resonance imaging
(fMRI). J Neurosci 18:3816–3830

Somers DC, SeiVert AE, Dale AM, Tootell RBH (1998) fMRI anal-
ysis of second-order visual motion perception and attentive
tracking. Neuroimage 7:S323

Sunaert S, Van Hecke P, Marchal G, Orban GA (1999) Motion-
responsive regions of the human brain. Exp Brain Res 127:355–
370

Vaina LM (1998) Complex motion perception and its deWcits. Curr
Opin Neurobiol 8:494–502

Fig. 2 Percentage correct performance with and without transcra-
nial magnetic stimulation (TMS) at three diVerent stimulation sites.
TMS had almost no eVect when delivered over the left posterior
parietal cortex but impaired performance on both Wrst- and second-
order motion when applied above area V5/MT or dorsal V2/V3

NO TMS TMS
V5/MT NO TMS TMS

V2/V3 NO TMS TMS
PPC

First-order
Second-order

60

65

70

75

80

85

90
P

E
R

C
E

N
T

A
G

E
 C

O
R

R
E

C
T

First-order
Second-order



562
Vaina LM, Cowey A (1996) Impairment of the perception of
second order motion but not Wrst order motion in a patient
with unilateral focal brain damage. Proc R Soc Lond B
263:1225–1232

Vaina LM, Soloviev S (2004). First-order and second-order motion:
neurological evidence for neuroanatomically distinct systems.
Prog Brain Res 144:197–212

Vaina LM, Grywacz NM, LeMay M, Bienfang DC, Wolpow E
(1998a) Perception of motion discontinuity in patients with
selective motion deWcits. In: Watanabe T (ed) High level motion
processing, MIT, Cambridge, pp 213–248

Vaina LM, Makris N, Kennedy D, Cowey A (1998b) The selective
impairment of the perception of Wrst-order motion by unilateral
cortical brain damage. Vis Neurosci 15:333–348

Van Essen DC, DeYoe EA (1995) Concurrent processing in the pri-
mate visual cortex. In: Gazzaniga MS (ed) The cognitive neuro-
sciences. MIT Press, Cambridge, pp 383–400

Walsh V, Cowey A (2000) Transcranial magnetic stimulation and
cognitive neuroscience. Nat Rev Neurosci 1:73–79

Walsh V, Ellison A, Bottelli L, Cowey A (1998) Task speciWc impair-
ments and enhancements induced by magnetic stimulation of hu-
man visual area V5. Proc R Soc Lond B 265:537–543

Werkhoven P, Sperling G, Chubb C (1993) The dimensionality of
texture-deWned motion: a single channel theory. Vision Res
33:463–486

Zhou Y-X, Baker CLB (1993) A processing stream in mammalian
visual cortex neurons for non-Fourier responses. Science 261:98–
101


	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
	Abstract
	Introduction
	Materials and methods
	Subjects
	Apparatus and stimuli
	Gaze monitoring
	Statistical analysis
	Results
	Discussion
	Acknowledgments
	References



