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a b s t r a c t
Functional magnetic resonance imaging (fMRI) studies have associated motion processing with cortical
region MT+, which includes sub-region MT that preferentially processes motion in the contralateral visual
ﬁeld. Transcranial magnetic stimulation (TMS) has been used to temporarily disrupt MT+ which impaired
motion perception, suggesting this region is necessary for motion processing. In the present study, we
used fMRI guided TMS to disrupt MT and determine whether this sub-region is necessary for motion
processing. On an individual participant basis, MT was localized in each hemisphere using motion related
fMRI activity on the posterior bank of the ascending limb of the inferior temporal sulcus. In the ﬁrst
experiment, 1 Hz TMS of left MT preferentially impaired motion detection in the contralateral versus
ipsilateral visual ﬁeld. In the second experiment, single-pulse TMS of MT impaired motion processing to
a greater degree than color processing. These results provide convergent evidence that sub-region MT is
necessary for motion processing.
© 2010 Elsevier Ireland Ltd. All rights reserved.

Human motion processing region MT+, which has been localized to
the ascending limb of the inferior temporal sulcus [34], is comprised
of sub-region MT, which processes motion in the contralateral
visual ﬁeld (i.e., left hemisphere MT processes motion in the
right visual ﬁeld and vice versa), and sub-region MST, which processes motion in both the contralateral and ipsilateral visual ﬁelds
[1,6,10,12,15,20,27]. There is also functional magnetic resonance
imaging (fMRI) evidence that attention to motion can increase the
magnitude of activity in MT+ [30], and contralateral motion attention effects, presumably reﬂecting modulation of sub-region MT,
have also been reported [26]. It should be noted that sub-region
MT can process motion in the ipsilateral visual ﬁeld to some degree
[21,32]; however, this sub-region predominantly processes motion
in the contralateral visual ﬁeld [1,6,10,12,15,20,27].
The preceding fMRI evidence [1,6,10,12,15,20,26,27,30] suggests region MT+, which includes sub-regions MT and MST, is
associated with motion processing. However, fMRI is correlational
in nature; thus, fMRI activity associated with a given cognitive process may be epiphenomenal [16,19]. If a region is necessary for
a given cognitive process, its disruption should impair the corresponding behavioral performance. This type of evidence has been
reported in previous studies that have used transcranial magnetic
stimulation (TMS) to temporarily disrupt MT+ which impaired
motion processing. However, the MT+ target locations in these
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studies have typically been based on ﬁxed distances from non-brain
landmarks such as the inion [7,8,14,33] or subjective measures such
as the site of TMS induced motion phosphenes [2,3,11,13,17,23,29],
but see [31]. While such techniques might have localized MT+, they
may have also stimulated other adjacent neural regions such as
motion sensitive extrastriate region V3A. In four recent fMRI guided
TMS studies, motion related fMRI activity within the ascending limb
of the inferior temporal sulcus [34] was used to speciﬁcally target
MT+ which impaired motion processing [9,18,22,28]; see also [4].
The latter results provide compelling evidence that region MT+ is
necessary for motion processing.
The aim of the present study was to use fMRI guided TMS to
selectively target sub-region MT, located on the posterior bank
of the ascending limb of the inferior temporal sulcus [5,10,15], to
determine whether temporary disruption of this sub-region would
be sufﬁcient to produce an impairment in motion processing. As
MT is known to predominantly process motion in the contralateral
visual ﬁeld [1,6,10,12,15,20,27], selective disruption of this region
should be evidenced by preferentially impaired motion detection
in the visual ﬁeld contralateral to the hemisphere of TMS application. Of relevance, Hotson and Anand [14] reported impaired
motion processing in the contralateral visual ﬁeld following TMS
to putative MT+; however, color processing was similarly impaired
suggesting a more posterior extrastriate region may have been
targeted; see also [7]. In addition, McKeefry et al. [18] used fMRI
guided TMS to target MT+ which impaired motion processing in
the contralateral visual ﬁeld, but ipsilateral targets were not presented such that contralateral versus ipsilateral performance could
not be evaluated; see also [8,22]. Considering these ﬁndings, the
present study conducted two experiments to test whether TMS to
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MT would produce a contralateral motion processing impairment
(Experiment 1) and to test whether TMS to MT would produce a
motion but not color speciﬁc impairment (Experiment 2).
Experiment 1: Ten participants (8 females, age range 19–28
years) from the Boston College community with normal or
corrected-to-normal vision took part in the study (only left
MT TMS data were acquired for one participant). The TMS
and fMRI protocols were approved by the Boston College and
Massachusetts General Hospital Institutional Review Boards,
respectively. Informed consent was obtained before each session
commenced.
MRI was conducted using a Siemens 3 Tesla Trio Scanner.
Functional images were acquired using an echo-planar imaging sequence (TR = 2 s, TE = 30 ms, 64 × 64 acquisition matrix, 30
axial slices, 4 mm isotropic resolution) and anatomic images were
acquired using a magnetization prepared rapid acquisition gradient echo sequence (TR = 30 ms, TE = 3.3 ms, 128 sagittal slices,
1.33 mm × 1 mm × 1 mm resolution). fMRI analysis was conducted
using BrainVoyager QX (Brain Innovation B.V., Maastricht, The
Netherlands). Functional image pre-processing included slice-time
correction, motion correction, spatial ﬁltering via convolution with
a 4 mm full-width-half-maximum Gaussian smoothing kernel, and
high-pass temporal ﬁltering by removal of linear trends and temporal components below 3 cycles per run.
During fMRI participants viewed a full-ﬁeld (14.5◦ × 19.3◦ ) stimulus that alternated between periods of moving dots and stationary
dots (Fig. 1A). Each of 8 moving-stationary cycles lasted 28 s. The
stimulus was comprised of 400 dots (each dot was 0.05◦ in diameter) that appeared at random locations along the outer edge and
then moved toward the central ﬁxation point with 100% coherence
and a velocity of 5◦ /s. Participants were instructed to maintain central ﬁxation and, during motion periods, press a button when they
detected a brief whole-ﬁeld slowdown (which occurred twice per
motion period).
An individual participant general linear model analysis was conducted, where signiﬁcant motion related activity (p < 0.01) was
identiﬁed by contrasting periods of moving dots vs. stationary dots
[26,30] and then projected onto each participant’s cortical surface
representation. For each hemisphere of a given participant, the precise location of motion processing sub-region MT was identiﬁed
using functional, anatomic, and meta-analytic constraints: (1) MT
was constrained to be within the signiﬁcant motion related activity on the cortical surface, (2) MT was constrained to be within the
posterior bank of the ascending limb of the inferior temporal sulcus [5,10,15], and (3) MT was constrained to be within the range of
motion processing region coordinates produced by a meta-analysis
of the literature [19]. In each hemisphere, these joint constraints
yielded the speciﬁc locus of MT that was subsequently targeted
during TMS (Fig. 1B).
The BrainVoyager TMS Neuronavigation System was used for
TMS positioning relative to the target location (for details, see
[18,22,28]). In brief, landmarks on the head and TMS coil were
identiﬁed in both external space (using a digitizer pen) and BrainVoyager space, and co-registered. Ultrasound transmitters afﬁxed
to the head and TMS coil emitted signals that were picked up by
a receiving sensor device in external space to precisely track the
location of the TMS coil in relation to the head (and underlying cortical surface) in BrainVoyager space. For a given hemisphere, before
TMS commenced, the MT target location was placed on the cortical
surface (Fig. 1B, red sphere within the white square). To temporarily disrupt MT in each hemisphere, a Magstim Rapid2 system with a
Double 70 mm Coil (The Magstim Company Ltd., Carmarthenshire,
Wales) was used to apply 1-Hz repetitive TMS at 70% of maximum output for 10 min. Of importance, these TMS parameters (i.e.,
1-Hz stimulation for 10 min) constitute a standard TMS protocol
that has been shown to impair processing in the targeted corti-
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cal region for at least 10 min following the offset of stimulation
[16]. The coil was positioned to be approximately perpendicular to
the head surface with minor adjustment to ensure the TMS beam
was focused at the target point (MT) on the posterior bank of the
ascending limb of the inferior temporal sulcus. Stimulation of the
anterior bank of the ascending limb of the inferior temporal sulcus,
the known location of motion processing sub-region MST [10,15]
was speciﬁcally avoided. The TMS cable was oriented posteriorly
and downward 45◦ from horizontal. During TMS, participants made
odd/even judgements to black digits (ranging from 0 to 9) presented
at ﬁxation on a gray background (each digit was presented for 1 s
followed by a 1–10 s ﬁxation period). For each participant, there
was a 30 minute break between TMS of each hemisphere. The initial hemisphere of TMS was randomly assigned for each participant
and behavioral testing was completed within 7 min of TMS offset.
The spatial attention stimulus was composed of moving dots
within two squares, one in each hemiﬁeld, rotated 30◦ from horizontal (Fig. 1C). Each square had a 5◦ edge length with the nearest
corner 2◦ from the central ﬁxation point, and contained 320 dots
(each dot was 0.06◦ in diameter) which moved with 70% coherence at a velocity of 6◦ /s. To avoid perceptual grouping, dots in the
left square moved downward and dots in the right square moved
upward. A brief increase in dot speed within the attended hemiﬁeld
(i.e., a shift target) cued participants to shift attention to the square
in the opposite visual ﬁeld (and press the corresponding ‘shift’ key)
and sustain attention at this new location. A brief decrease in dot
speed within the attended hemiﬁeld (i.e., a detect target) cued participants to press the ‘detect’ key. Each participant completed two
runs during the TMS session (i.e., one run following each stimulation period) lasting 145–150 s where dot speed changes occurred
at random times every 2–10 s within each hemiﬁeld (dot speed
increases or decreases occurred with equal probability; the total
number of possible detect targets was 10.98 ± 0.89 and 12.02 ± 0.81
in the left and right visual ﬁeld, respectively). Eight of the ten participants also completed two runs with no TMS, which served as
a control level of behavioral performance. Percent detection was
calculated based on the number of detect targets occurring within
the attended hemiﬁeld. One-tailed t-tests were employed because
temporary disruption of MT was expected to preferentially impair
detection of targets in the contralateral visual ﬁeld (only p-values
<0.05 were considered signiﬁcant).
TMS to left MT produced a signiﬁcant impairment in detection of targets in the contralateral versus ipsilateral visual ﬁeld
(Fig. 1D, bars 1, 2; t(9) = 1.86, p < 0.05). Performance following TMS
was compared to no TMS (control) performance to assess whether
disruption of left MT impaired contralateral target detection, facilitated ipsilateral target detection, or produced both of these effects.
Contralateral target detection following TMS to left MT was signiﬁcantly lower than no TMS performance (Fig. 1D, bars 2, 3; t(7) = 2.59,
p < 0.05), and ipsilateral target detection following TMS to left MT
was also signiﬁcantly lower than no TMS performance (Fig. 1D,
bars 1, 3; t(7) = 3.36, p < 0.01). Together, these results demonstrate
that TMS to left MT impaired contralateral target detection and
did not facilitate ipsilateral target detection (which would have
been manifested by higher ipsilateral performance following TMS
as compared to no TMS performance; the opposite was observed).
TMS to right MT did not produce a signiﬁcant difference between
contralateral versus ipsilateral target detection (Fig. 1D, bars 4, 5;
t(8) < 1), and appeared to produce an impairment in both visual
ﬁelds as contralateral and ipsilateral performance did not signiﬁcantly differ from contralateral (impaired) performance following
TMS to left MT (Fig. 1D, bars 2, 4, 5; F(2,16) < 1). Moreover, no TMS
target detection was signiﬁcantly greater than ipsilateral and contralateral target detection following TMS to right MT (Fig. 1D, bars
4, 5, 6; t(6) = 2.22, p < 0.05). These results suggest that temporary
disruption of right MT produced both a contralateral and ipsilateral
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Fig. 1. (A) The motion localizer stimulus alternated between periods of moving and stationary dots (arrows illustrate movement and were not present during the experiment).
(B) fMRI guided neuronavigation. To the left, a representative participant’s head surface and left hemisphere cortical surface with motion related activity (gyri and sulci are
shown in light and dark gray, respectively; more signiﬁcant activity is shown in green). The TMS coil is delineated by two wireframe wheels. TMS was applied to motion
processing region MT, marked by the red sphere on the posterior bank of the ascending limb of the inferior temporal sulcus (ITS; magniﬁed MT region is shown to the right
with a dotted line tracing the fundus). (C) During the spatial attention protocol, participants shifted attention between moving dots in the left or right hemiﬁeld when dots
in the attended hemiﬁeld brieﬂy increased speed (wide arrow) or pressed a key when dots in the attended hemiﬁeld brieﬂy decreased speed, a detect target (narrow arrows;
dotted circles illustrate the locus of attention and were not present during the experiment). (D) Percent detection of targets in the ipsilateral (ipsi.) visual ﬁeld following TMS,
contralateral (contra.) visual ﬁeld following TMS, and no TMS (control) performance separated by hemisphere of TMS stimulation (*p < 0.05, **p < 0.01, ***p < 0.001, ns = not
signiﬁcant). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of the article.)

impairment in target detection, in contrast to temporary disruption
of left MT which produced a preferential impairment in contralateral target detection.
Experiment 2: The previous experiment used an attention
task, where participants shifted attention between hemiﬁelds and
detected targets in the attended hemiﬁeld. Because such tasks
involve both focused attention to and perceptual processing of a
particular spatial location [30], it is uncertain whether the preceding contralateral motion effects were due to impaired visual
attentional processing or impaired visual perceptual processing. To
address this, a motion detection task was employed to determine

whether TMS to MT would impair perceptual processing without
an explicit attentional component. Moreover, single-pulse TMS was
used to test whether a motion processing impairment would be
observed using a different TMS protocol, and a color detection task
was used to ensure that the effects were speciﬁc to motion (as it
could be argued that TMS of a more posterior extrastriate region
associated with contralateral, but not motion speciﬁc, visual processing might have produced the effects in Experiment 1).
Unless otherwise stated, the experimental procedure was identical to Experiment 1. Four participants from the Boston College
community with normal or corrected-to-normal vision took part
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Fig. 2. (A) Stimulus for the motion detection and color detection tasks. (B) TMS effect (minimum minus maximum percent correct) for the motion detection task and color
detection task (*p < 0.05, **p < 0.01, ***p < 0.001, ns = not signiﬁcant).

in the study (two had participated in Experiment 1). One participant was excluded due to chance performance, such that three
participants were included in the ﬁnal analysis (1 female, age range
21–39 years). The TMS and fMRI protocols were approved by the
Boston College and Massachusetts General Hospital Institutional
Review Boards, respectively. Informed consent was obtained before
the experiment commenced.
The identical stimulus protocol was used for both a motion
detection task and a color detection task (Fig. 2A). On each trial, an
abstract shape with a white outline and either blue or green internal
lines was presented to the left or right of ﬁxation and moved brieﬂy
up or down, followed by a 1.4 s period of ﬁxation (for a detailed
description of shape construction see [25]). Internal line color, spatial location, and movement direction were randomly determined,
with the constraint that all conditions occurred equally often in
each run. Shapes were never repeated. Each shape moved vertically across the horizontal meridian, traversing 0.21◦ with a velocity
of 3.4–6.9◦ /s (velocity was adjusted for each participant such that
performance was approximately 75% correct). After practicing the
tasks, each participant completed one motion detection run and
one color detection run during TMS. In motion detection runs, participants were instructed to maintain central ﬁxation and press
one of two buttons to classify each shape as moving up or down
(and were instructed to ignore color information). In color detection runs, participants were instructed to maintain central ﬁxation
and press one of two buttons to classify each shape as blue or green
(and were instructed to ignore motion information).
For each participant, the MT target location was identiﬁed using
the same procedure as described in Experiment 1 (although in
this experiment, a single hemisphere of stimulation was randomly
selected; 1 right hemisphere). TMS was applied at 70% of maximum
output using a single-pulse TMS protocol, where on each trial the
stimulus computer triggered the TMS system to deliver a pulse at
a speciﬁc time following stimulus onset (with the aim of disrupting processing in MT at that time). TMS pulses occurred in 17 ms
increments within 68–218 or 98–248 ms after stimulus onset, and
were time-locked to the vertical refresh rate (60 Hz). Each run consisted of 200 trials (20 trials at each of 10 pulse times). Analysis

was restricted to 98–201 ms after stimulus onset, the expected time
period of impaired motion processing following single-pulse TMS
[17], to minimize the contribution of noise in the analysis. The TMS
effect for both tasks was computed as the minimum minus the
maximum percent correct (see supplementary Fig. 1). One-tailed ttests were employed as temporary disruption of MT was expected
to preferentially impair detection of motion targets (only p-values
<0.05 were considered signiﬁcant).
TMS to MT produced a signiﬁcantly greater impairment in
motion detection than color detection (Fig. 2B, task, motion and
color, by TMS effect interaction p < 0.001; Levene’s test for homogeneity of variance, both task p-values > 0.20). This result was not
due to differences in task difﬁculty as performance did not differ
between tasks at the ﬁrst timepoint (t(2) < 1), a measure of baseline
performance.
Consistent with the Experiment 1 right hemisphere TMS ﬁndings, TMS to MT impaired motion detection in both the contralateral
visual ﬁeld (t(2) = 11.00, p < 0.01) and the ipsilateral visual ﬁeld
(t(2) = 7.00, p < 0.01). There was no signiﬁcant spatial location (contralateral and ipsilateral) by TMS effect interaction (p = 0.09).
In Experiment 1, 1 Hz TMS to left MT preferentially impaired
motion processing in the contralateral visual ﬁeld during an attention task. In Experiment 2, single-pulse TMS to MT impaired motion
processing to a greater degree than color processing during a perception task. Taken together, these results suggest that TMS to MT
can produce contralateral and feature-speciﬁc motion processing
impairments, arguing against the possibilities that MST, which processes both contralateral and ipsilateral motion, was targeted or
that a motion and color processing region was targeted. Moreover,
the results of Experiment 2 illustrated that TMS to MT could disrupt
perceptual processing (as attention and perception effects were
confounded in Experiment 1).
In a recent case study [19], we reported a patient with a putative left MT+ lesion who was preferentially impaired at motion
processing tasks in the contralateral visual ﬁeld, as in the present
Experiment 1, with minimal fMRI motion perception or motion
attention effects in this region. These impairments occurred primarily in the contralesional visual ﬁeld suggesting the lesion
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included sub-region MT. However, the extent of the lesion was
uncertain and may have included adjacent motion sensitive region
V3A. As such, the results of Experiment 1 are the ﬁrst, to our
knowledge, where deﬁnitive disruption of MT impaired motion
processing in the contralateral greater than ipsilateral visual ﬁeld.
It is important to highlight that TMS to MT impaired contralateral and ipsilateral motion processing in both experiments, which
suggests disruption of MT may have transferred to more anterior
sub-region MST. This is an inherent weakness of the current study
that may have methodological implications for future fMRI-guided
TMS research. The present results suggest that using fMRI localization to guide stimulation may be limited to selectively target MT
and identify its role in contralateral motion processing. Silvanto and
Muggleton [24] differentially targeted MT+ by employing a visual
adaptation paradigm with motion properties that were selectively
processed by this region. If such a technique is used in conjunction with localization procedures, as in the present study, it could
enhance TMS accuracy and better guide stimulation of distinct neural populations within a single cortical area (e.g., sub-region MT or
MST within motion processing region MT+).
Of direct relevance to our aim, the present results showed
that selective disruption of MT, the sub-region of MT+ that
preferentially processes contralateral motion, can impair contralateral and feature-speciﬁc motion processing. These ﬁndings
complement previous neuroimaging studies that have associated
motion perception and motion attention with sub-region MT
[1,6,10,12,15,20,26,27]. Of primary importance, building on previous MT+ TMS studies [4,9,18,22,28], the present ﬁndings indicate
sub-region MT is necessary for motion processing.
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