
UCLA
UCLA Previously Published Works

Title
Psychophysical and rTMS Evidence for the Presence of Motion Opponency in Human V5

Permalink
https://escholarship.org/uc/item/0gd5z7jr

Journal
Brain Stimulation, 9(6)

ISSN
1935-861X

Authors
Thompson, Benjamin
Deblieck, Choi
Wu, Allan
et al.

Publication Date
2016-11-01

DOI
10.1016/j.brs.2016.05.012
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/0gd5z7jr
https://escholarship.org/uc/item/0gd5z7jr#author
https://escholarship.org
http://www.cdlib.org/


Psychophysical and rTMS evidence for the presence of motion 
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Abstract

Background—Motion sensitive cells within macaque V5, but not V1, exhibit motion opponency 

whereby their firing is suppressed by motion in their anti-preferred direction. fMRI studies 

indicate the presence of motion opponent mechanisms in human V5.

Objective/hypothesis—We tested two hypotheses. 1) Performance of a motion discrimination 

task would be poorer when stimuli were constructed from pairs of dots that moved in counter-

phase vs. in-phase, because counter-phase dots would activate motion opponent mechanisms in 

V5. 2) Offline 1Hz rTMS of V5 would impair discrimination performance for in-phase stimuli but 

not counter-phase stimuli, and the opposite effect would be found for rTMS of V1.

Methods—Stimuli were constructed from 100 dot pairs. Paired dots moved along a fixed motion 

axis either in counter-phase (motion opponent stimulus) or in-phase (non-opponent motion 

stimulus). Motion axis orientation discrimination thresholds were measured for each stimulus. 

Blocks of 300 trials were then presented at 85% correct threshold and discrimination accuracy was 

measured before and after 1Hz offline rTMS of either V1 or V5. Subjects were 8 healthy adults.

Results—Discrimination thresholds were significantly larger (worse) for counter-phase than in-

phase stimuli (p = 0.02). V5 rTMS mildly impaired discrimination accuracy for the in-phase dot 

stimuli (p = 0.02) but not the counter-phase dot stimuli. The opposite effect occurred for V1 rTMS 

(p = 0.05).
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Conclusions—Opponent motion mechanisms are present within human V5 and activation of 

these mechanisms impairs motion discrimination. In addition, perception of the motion axis within 

opponent motion stimuli involves processing within V1.

Keywords

Visual cortex; repetitive transcranial magnetic stimulation; motion perception; primary visual 
cortex; MT; middle temporal area

Introduction

The detection and interpretation of motion is a fundamental property of vision. Cells that 

respond to motion can be found throughout the visual pathway [1]; however area V5/MT 

within the dorsal extrastriate visual cortex appears to be particularly specialized for motion 

processing [2]. Approximately 30% of cells in primate V1 are responsive to specific 

directions of motion whereas >90% of cells in MT are tuned for motion direction [3–6]. 

Many cells within primate MT also exhibit motion opponency, whereby cells are actively 

suppressed by motion in their anti-preferred direction [7, 8]. For example, Qian and 

Andersen [7] found that, as a population, cells within MT, but not V1, were suppressed by a 

counter-phase paired-dot stimulus which contained locally balanced motion direction 

signals. Furthermore, the responses of cells within MT to the paired dot stimulus were not 

reliably different from their responses to a non-directional flicker-noise stimulus [7]. These 

results were important because motion opponent mechanisms provide a potential mechanism 

for noise reduction in MT.

Evidence for motion opponency within the human MT+ complex (henceforth referred to as 

V5) has been provided by fMRI studies using grating stimuli [9, 10] and paired vs. unpaired 

dots [9]. The human MT+ complex encompasses multiple motion sensitive sub-regions 

including the homologues of MT and MST [11–14]. Psychophysical evidence also supports 

the presence of motion opponency in human V5 [15]. For example, motion opponent stimuli 

have been used to suppress the response of human V5 in order to investigate the mechanisms 

underlying perceptual learning of motion direction discrimination [16–18]. In one such 

study, Lu et al. [16] modified Qian and Andersen’s paired dot stimulus to allow for a motion 

axis discrimination task to be performed by constraining the pairs of dots within the stimulus 

to move along a common axis. In addition, Lu at al. generated a non-opponent motion 

stimulus for use as a control by simply changing the phase of motion within each dot pair 

from counter-phase to in-phase. Specifically, within the counter-phase motion stimulus, 

paired dots moved towards and away from one another in order to activate motion opponent 

mechanisms. Conversely, within the in-phase stimulus, the dot pairs moved back and forth in 

unison with no opponency (Figure 1). Lu et al. found that, although behavioral performance 

was above chance, participants could not learn fine motion axis discriminations for the 

counter-phase stimulus. However, learning was possible for coarse motion axis 

discriminations. This result was replicated by Thompson and Liu [17] who found that the 

effect could not be explained by differences in task difficulty.
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Building on this previous work, a recent fMRI study found that counter-phase dots produced 

significantly less activity within V5 than in-phase dots and a trend in the opposite direction 

occurred within V1 [18]. In addition, after training, there was a correlation between 

increased learning and decreased V5 response for participants trained with counter-phase dot 

stimuli [18]. These results suggested that the performance of tasks involving counter-phase 

dots may rely on visual areas other than V5, such as V1, and that the counter-phase dot 

stimuli generated a noisy signal within V5 that was reduced during learning. The current 

study was designed to further investigate these possibilities. We first tested the hypothesis 

that motion axis discrimination thresholds would be higher for counter-phase dots than in-

phase dots. The rational was that a nosier signal from V5 would elevate perceptual 

discrimination thresholds.

We then used offline 1 HZ repetitive transcranial magnetic stimulus (rTMS) to temporarily 

disrupt function within either V1 or V5 [19–21] and assessed the effect of this disruption on 

motion axis discrimination accuracy for both counter-phase and in-phase dot stimuli. Our 

hypothesis was that the effect of V5 rTMS on motion axis discrimination would be more 

pronounced for in-phase dots than counter-phase dots. This hypothesis was based on fMRI 

data, [18] which revealed an interaction between V5 and V1, whereby V5 showed a greater 

response to in-phase than counter-phase dots and V1 showed the opposite effect. This result 

suggested that processing of in-phase dot stimuli might rely primarily on V5 whereas 

processing of counter-phase dot stimuli might rely primarily on V1, presumably because V1 

does not exhibit motion opponency.

Effects of V1 and V5 TMS on the performance of visual tasks have been reported using both 

online and offline stimulation protocols e.g. [21–28]. We chose to use offline rTMS because 

we wanted to match the testing conditions between the psychophysical and rTMS 

components of the study as closely as possible. This was important because the 

psychophysical task was attentionally demanding and we were concerned that the sensations 

and noise associated with online rTMS would distract participants.

Methods

Participants

Eight adult participants (mean age 28 years, 5 female) provided written informed consent 

and took part in the study. All participants had normal or corrected to normal vision, no 

previous history of neurological or psychiatric disorders, were not currently taking any 

medications and had no other contraindications to rTMS. Data from 6 patients were 

collected within the Department of Psychology and the Ahmanson Lovelace Brain Mapping 

Center at UCLA. Data from two additional participants were collected at the 

Neurorehabilitation Research Centre at McGill University. All study protocols were 

approved by the UCLA Medical Institutional Review Board and the McGill University 

Institutional Review Board.
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Procedure

The experiment consisted of three sessions conducted on separate days; 1) motor and 

phosphene (moving and static) thresholding, 2) task practice and measurement of 

psychometric functions, and 3) measurements of task accuracy directly before and after 

rTMS of V5 and V1. A Magstim SuperRapid biphasic stimulator with a figure-8 coil was 

used for single pulse and repetitive TMS at both study sites.

Psychophysical stimuli and task

Psychophysical stimuli (Figure 1) were viewed binocularly from a distance of 120 cm 

(maintained by a chin rest) in a dark room. A viewing tube running from the chin rest to the 

monitor was used to exclude any extraneous orientation reference cues. Stimuli were 

presented with a vertical refresh rate of 60 Hz and a resolution of 800 × 600 pixels on a NEC 

MultiSync FE771SB monitor at UCLA and a 22-inch Sony Trinitron monitor at McGill. 

Stimuli were generated and presented using MatLab (MathWorks, Inc.) with the 

psychophysics toolbox [29, 30].

The psychophysical stimuli have been described previously [16–18] and were based on an 

original stimulus first described by Qian and Andersen [7]. Each stimulus consisted of a 

field of 200 dark dots (0.01 cd/m2) presented on a light background (8.0 cd/m2) within a 

circular aperture (7.8° diameter). Stimuli were presented for 200 ms followed by a one 

second response interval. The dots were presented in a “twin pair” configuration which 

removed any spatial cues for task performance requiring participants to rely on the motion 

signals present in the stimuli [16]. Each twin pair consisted of two identical pairs of dots 

positioned 0.06° to 0.15° apart from each other to form a parallelogram. The minimum 

distance between the two dots in each pair was 0.06° and the maximum was 0.30°. Dots 

moved at 2°/sec and each twin pair had a limited lifetime of 120 ms. Within the counter-

phase stimuli the dots within each pair moved towards and away from each other (180° out 

of phase) along a common axis to activate motion opponent mechanisms in V5 [7]. Dot pairs 

within the in-phase motion stimuli (non-opponent) moved back and forth in unison (0° out 

of phase) along a common axis. Half of the twin pairs within the in-phase stimuli moved in 

one direction while the other half moved in the opposite direction. Therefore the global 

motion direction was balanced within both types of stimuli but only the counter-phase 

stimuli were also balanced for local motion. Within both types of stimuli 20% of the twin 

pairs were each allocated a random motion axis to encourage participants to attend to the 

whole display.

Participants were asked to fixate on a point in the center of the display and judge whether the 

motion axis was clockwise or counter-clockwise from vertical on each trial. The fixation 

point disappeared when the moving dots were presented. The color of the fixation point 

directly before a trial indicated whether the subsequent stimulus would contain counter-

phase or in-phase motion. Dot phase was kept constant for 10 trials and then changed for the 

subsequent 10 trials.

In the practice session participants completed 4 blocks of 80 trials with a motion axis rotated 

±30° from vertical (i.e., a motion axis that was easily discriminated from vertical). Dot speed 
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was increased from 0.5°/sec to 2°/sec over the 4 blocks and stimulus duration was decreased 

from 800 ms to 200 ms. If a participant scored < 90% correct on a block, the block was 

repeated until 90% performance was achieved. Trial-wise auditory feedback was provided 

and percent correct scores were presented on the display screen after each block.

Once practice was complete, a psychometric function was measured using the method of 

constant stimuli. Task performance was assessed at five difficulty levels; ±20, 16, 12, 8, 4° 

from vertical with 160 trials presented per difficulty level. Stimuli were presented at a fixed 

difficulty in blocks of 80 trials (dot phase was reversed every 10 trials as described above). 

The first five blocks were presented in descending order of difficulty (from ±4 to 20°) and 

the second five blocks in ascending order of difficulty (from ±20 to 4°). Participants were 

provided with a break after the first five blocks. When the measurement was complete a 

Weibul function was fitted to the data and 85% correct thresholds were calculated for the 

counter-phase and in-phase stimuli. The psychometric function measurement was repeated 

at least twice and data were combined across repeats.

During the rTMS session, 300 trials of counter-phase and in-phase stimuli were presented at 

each participant’s 85% correct threshold directly before and after each period of rTMS 

stimulation.

Motor and phosphene thresholding

Motor and phosphene thresholds were measured after participants had worn lightproof 

goggles for 15 minutes in order to dark-adapt [31]. Resting motor thresholds measured using 

standard techniques [31]. The center of a figure-of-eight coil (14 cm width) was positioned 

tangentially to the skull with the handle oriented backwards, 45 degrees from the midline. 

Single pulse TMS was delivered over the left motor cortex and surface EMG electrodes were 

used to record motor evoked potentials (MEPs) from the relaxed right first dorsal 

interosseous muscle. Peak to peak EMG amplitudes were used to assess MEP size. The coil 

was moved systematically over a 1×1 cm2 interval grid covering the estimated region of the 

left motor cortex that was drawn on a tight fitting lycra cap. Pulses were first delivered at 

each grid point and then in between grid points. The site that elicited the largest magnitude 

MEP was designated as the motor hot spot. Once the hot spot had been identified, starting at 

a clearly suprathreshold intensity, the intensity of TMS delivered to the hotspot was lowered 

systematically in steps of 1% maximum stimulator output. The motor threshold stimulation 

intensity was reached when only 5 out of 10 pulses evoked MEP amplitudes greater than 50 

microvolts. An active motor threshold was then measured by asking the participants to 

squeeze the thumb and forefinger together with a steady, light pinch grip that induced 

approximately 100 microvolts of EMG activity. TMS was delivered to the same hotspot and 

intensity was reduced in steps of 1% maximum stimulator output. Active motor threshold 

was defined as the stimulation intensity at which 5/10 pulses induced an MEP with an 

amplitude greater than 200 microvolts.

Static and moving phosphene thresholds were then measured in order to localize V1 and V5 

for rTMS stimulation. Following previous work [31], participants wore light-proof goggles 

during phosphene thresholding and were asked to keep their eyes open and look forwards. 

For V1 phosphenes, single pulses of TMS were delivered at 100% maximum stimulator 
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output (MSO, maximum field strength = 2 Tesla) over a 1 × 1 cm2 interval grid covering the 

left occipital region with the rightmost grid boundary centered on a midline point 2 cm 

above the inion. The grid was marked on a tight fitting lycra swimming cap. The coil was 

held with the handle pointing upwards, parallel to the participant’s spine. The grid position 

eliciting the most reliable phosphene approximately within the central 8° of the visual field 

was identified and stimulus intensity was gradually reduced until 5/10 pulses evoked a 

phosphene. This was the phosphene threshold intensity [see 31 for further details].

V5 phosphenes were induced by single pulses of TMS delivered at 100% MSO over a 1 × 1 

cm2 interval grid centered on a point 3 cm above the inion and 5 cm to the left until 

participants reported a moving phosphene [see 21 for a detailed description of this 

approach]. Once the optimal coil position for inducing a moving phosphene had been 

located, stimulus intensity was reduced to find the moving phosphene threshold (a moving 

phosphene reported on 5/10 pulses).

Repetitive transcranial magnetic stimulation

Nine hundred pulses of 1Hz TMS were delivered with an intensity corresponding to the 

active motor threshold. The use of active motor thresholds to calibrate stimulation intensity 

increased the tolerability of the rTMS paradigm because active motor thresholds are 

typically lower than phosphene thresholds. However, the use of active motor thresholds 

meant that stimulation was not specifically calibrated for visual areas.

The V1 and V5 stimulation sites corresponded to the optimal positions for inducing static 

(V1) and moving (V5) phosphenes within the left hemisphere as identified during the 

phosphene thresholding session. It is possible that other visual regions close to V1 and V5 

were also affected by the rTMS and moving phosphenes can be elicited by stimuli of visual 

areas other than V5 [32]. However, the specific moving phosphene-based V5 localization 

approach that we used has acceptable agreement with fMRI localization of V5 [21]. We also 

note that we targeted the whole of V5 with rTMS and we were not able to specifically target 

sub-regions such as MT or MST with our phosphene-based localization technique. The order 

of V1 and V5 stimulation was randomized across participants and the two stimulation 

sessions were separated by at least 30 minutes to allow for stimulation effects to dissipate 

[21, 33]. Participants sat quietly with their eyes closed during the stimulation.

Results

Psychometric functions

Each participant’s psychometric functions for in-phase and counter-phase dots are shown in 

Figure 2. Six of eight participants exhibited greater 85% correct thresholds for counter-phase 

than in-phase dots and two had similar thresholds for both stimuli. Overall, group mean 

motion axis discrimination thresholds were significantly higher for counter-phase (mean = 

16.2°, SD = 8.2°) than in-phase dots (mean = 9.8°, SD = 2.0°), t7 = 3.0, p = 0.02. Individual 

thresholds and psychometric function fits to the group data are shown in Figure 3. Individual 

thresholds for two participants were extrapolated from the psychometric function fits (the 

open symbols in Figure 3).
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rTMS

The mean active motor threshold was 61% MSO (SD 12%). When stimuli were presented at 

threshold directly prior to rTMS, mean accuracy was 85% correct (SD 0.6) for counter-phase 

dots and 86% correct (SD 0.6) for in-phase dots. These means did not differ significantly (t7 

< 1). To assess the effect of rTMS on task performance, the post-rTMS accuracy for each 

condition was expressed as a percent change from pre-rTMS accuracy. As shown in Figure 

4, although the effects of rTMS were small, rTMS of V1 reduced accuracy for counter-phase 

dots whereas rTMS of V5 reduced accuracy for in-phase dots. As the four conditions had 

unequal variances (Levine’s test for equality of variances p < 0.05, compare the error bars 

and spread of raw data in Figure 4), non-parametric one sample Wilcoxen tests were used to 

assess whether these reductions were statistically significant from zero. Significant 

reductions in accuracy were found for counter-phase dots after V1 stimulation (W8 = 2.0, p 

= 0.05) and in-phase dots after V5 stimulation (W8 = 2.4, p = 0.02). No significant rTMS 

effects were found for counter-phase dots after V5 stimulation (W8 = 0.3, p = 0.8), or in-

phase dots after V1 stimulation (W8 = 0.6, p = 0.6). There were no significant correlations 

between the motion axis orientation discrimination thresholds and any of the changes in task 

performance induced by rTMS (all p values > 0.1).

Discussion

Our first hypothesis was that motion axis discrimination thresholds would be poorer for 

counter-phase dot stimuli than in-phase dot stimuli. The rational for this hypothesis was that 

counter-phase dots would activate motion opponent mechanisms within V5 whereas in-

phase dots would not [7, 16]. Therefore, we expected the counter-phase stimulus to generate 

a noisy response from V5 and impair processing of motion axis information. Psychometric 

measurements of motion axis discrimination thresholds for each type of stimulus were 

consistent with this idea. Specifically, mean motion axis discrimination thresholds for 

counter-phase dot stimuli were almost a factor of 2 higher than those for in-phase dot 

stimuli. This result is in agreement with data from an earlier fMRI study of perceptual 

learning [18]. In that study it was found that perceptual learning improved motion axis 

discrimination for counter-phase dot stimuli and that greater improvements were associated 

with greater reductions in BOLD response within V5. Thompson et al. (2013) proposed the 

following explanation for these results. Since the response of V5 to opponent motion is 

comparable to its response to flicker noise [7], neural signals at V5 may be indistinguishable 

from noise when counter-phase dots are viewed. A noisy response at V5 limits motion axis 

orientation discrimination. Therefore a potential mechanism for the improvements in motion 

axis discrimination that resulted from perceptual learning was noise reduction at V5. The 

reduced BOLD signal at V5 that accompanied the behavioral improvement of motion axis 

discrimination, as found by Thompson et al. (2013), was consistent with the hypothesis that 

noise was reduced at V5.

Although motion direction discrimination was poorer for counter-phase dots than in-phase 

dots, participants were still able to perform the task. Furthermore, perceptual learning can 

induce large improvements in coarse motion direction discrimination for counter-phase dot 

stimuli [16–18]. Therefore it is clear that coarse motion axis information can be extracted 
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from counter-phase dot stimuli by at least one motion sensitive cortical area. V1 is highly 

likely to be involved in this process. A sizable proportion of cells within V1 are sensitive to 

local motion directions [3–6] and the majority of motion opponency studies have reported an 

absence of motion opponency within V1 [7, 9, 10, 18], but see [33]. However, local motion 

processing within V1 would not discriminate between the signal and the noise twin-pairs 

present within our stimulus leading to a reduction in sensitivity to small changes in motion 

axis orientation. In contrast, V5 is more suited to the extraction of fine motion axis 

information from in-phase dot stimuli than V1 due to its ability to integrate motion 

information over larger areas of the visual field and a high tolerance to external noise [2].

We used inhibitory offline rTMS to test our second hypothesis that the processing of motion 

axis orientation 1) relies on V1 to a greater extent than V5 for counter-phase dot stimuli and 

2) relies on V5 to a greater extent that V1 for in-phase dot stimuli. Importantly, task 

difficulty was matched precisely for the counter-phase and in-phase dot stimuli at 85% 

correct discrimination accuracy. The results of the rTMS experiment broadly supported our 

hypothesis. rTMS of V5 significantly impaired discrimination performance for the counter-

phase but not the in-phase dot stimuli. The opposite was true for rTMS of V1. However, the 

magnitude of the rTMS effects was small. This may have been due to the use of an offline 

rTMS protocol rather than an online protocol, the use of phosphenes to localize stimulation 

sites rather than functional MRI localization data [34], the use of unilateral rTMS and 

bilateral stimulus presentation, our relatively small sample size or a combination of these 

factors.

An unexpected effect was that the variance was much higher for the conditions that did not 

show a significant effect of rTMS (counter-phase dots combined with V5 stimulation and in-

phase dots combined with V1 stimulation) than those that did. This violation of the equal 

variance assumption prevented us from demonstrating a significant interaction between 

stimulation site (V1 vs. V5) and stimulus (counter-phase vs. in-phase) that would have 

provided stronger evidence for a dissociable effect of V1 vs. V5 rTMS. Nevertheless, our 

rTMS results are consistent with fMRI measurements demonstrating a significantly stronger 

response in V5 relative to V1 for in-phase stimuli and a marginally stronger response to 

counter-phase stimuli in V1 relative to V5 [18].

Our rTMS results also demonstrate that offline rTMS protocols can be used to temporarily 

alter neural processing in both V1 and MT. This is in agreement with previous studies that 

have employed either standard rTMS protocols [19–21, 35] or theta-burst stimulation [23, 

36] in offline visual cortex rTMS protocols. In particular, our results show that 1 Hz rTMS 

can temporarily affect processing in V1 and V5 as evidenced by small, but significant 

reductions in psychophysical discrimination performance.

Together, the results from the two experiments reported here further support the idea that 

motion opponent mechanisms are present within human V5. Furthermore, by exploiting 

motion opponency, we found that a very simple stimulus manipulation (simply reversing the 

relative phase of dot pairs) could alter the relative importance of V1 and V5 for performance 

of a motion axis discrimination task.

Thompson et al. Page 8

Brain Stimul. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Acknowledgments

The authors would like to thank Lisa Koski for providing access to TMS equipment at McGill University. This 
research was supported in part by an NSF grant BCS 0617628 to ZL. BT is supported by NSERC grants Grants 
RPIN-05394 and RGPAS-477166. The authors are grateful for the generous support from the Brain Mapping 
Medical Research Organization, Brain Mapping Support Foundation, Pierson-Lovelace Foundation, The Ahmanson 
Foundation, Capital Group Companies Charitable Foundation, William M. and Linda R. Dietel Philanthropic Fund, 
and Northstar Fund. Research reported in this publication was also partially supported by the National Center for 
Research Resources and by the Office of the Director of the National Institutes of Health under award numbers 
C06RR012169, C06RR015431 and S10OD011939. The content is solely the responsibility of the authors and does 
not necessarily represent the official views of the National Institutes of Health.

References

1. Orban GA. Higher order visual processing in macaque extrastriate cortex. Physiol Rev. 2008; 88:59–
89. [PubMed: 18195083] 

2. Born RT, Bradley DC. Structure and function of visual area MT. Annu Rev Neurosci. 2005; 28:157–
189. [PubMed: 16022593] 

3. De Valois RL, Yund EW, Hepler N. The orientation and direction selectivity of cells in macaque 
visual cortex. Vision Res. 1982; 22:531–544. [PubMed: 7112953] 

4. Hawken MJ, Parker AJ, Lund JS. Laminar organization and contrast sensitivity of direction-selective 
cells in the striate cortex of the Old World monkey. J Neurosci. 1988; 8:3541–3548. [PubMed: 
3193169] 

5. Schiller PH, Finlay BL, Volman SF. Quantitative studies of single-cell properties in monkey striate 
cortex. I. Spatiotemporal organization of receptive fields. J Neurophysiol. 1976; 39:1288–1319. 
[PubMed: 825621] 

6. Snowden RJ, Treue S, Andersen RA. The response of neurons in areas V1 and MT of the alert 
rhesus monkey to moving random dot patterns. Exp Brain Res. 1992; 88:389–400. [PubMed: 
1577111] 

7. Qian N, Andersen RA. Transparent motion perception as detection of unbalanced motion signals. II. 
Physiology J Neurosci. 1994; 14:7367–7380. [PubMed: 7996182] 

8. Snowden RJ, Treue S, Erickson RG, Andersen RA. The response of area MT and V1 neurons to 
transparent motion. The Journal of neuroscience : the official journal of the Society for 
Neuroscience. 1991; 11:2768–2785. [PubMed: 1880548] 

9. Heeger DJ, Boynton GM, Demb JB, Seidemann E, Newsome WT. Motion opponency in visual 
cortex. J Neurosci. 1999; 19:7162–7174. [PubMed: 10436069] 

10. Tootell RB, Reppas JB, Dale AM, Look RB, Sereno MI, Malach R, Brady TJ, Rosen BR. Visual 
motion aftereffect in human cortical area MT revealed by functional magnetic resonance imaging. 
Nature. 1995; 375:139–141. [PubMed: 7753168] 

11. Amano K, Wandell BA, Dumoulin SO. Visual field maps, population receptive field sizes, and 
visual field coverage in the human MT+ complex. J Neurophysiol. 2009; 102:2704–2718. 
[PubMed: 19587323] 

12. Dukelow SP, DeSouza JF, Culham JC, van den Berg AV, Menon RS, Vilis T. Distinguishing 
subregions of the human MT+ complex using visual fields and pursuit eye movements. J 
Neurophysiol. 2001; 86:1991–2000. [PubMed: 11600656] 

13. Huk AC, Dougherty RF, Heeger DJ. Retinotopy and functional subdivision of human areas MT and 
MST. J Neurosci. 2002; 22:7195–7205. [PubMed: 12177214] 

14. Villeneuve MY, Thompson B, Hess RF, Casanova C. Pattern-motion selective responses in MT, 
MST and the pulvinar of humans. Eur J Neurosci. 2012

15. Silva AE, Liu Z. Opponent backgrounds reduce discrimination sensitivity to competing motions: 
effects of different vertical motions on horizontal motion perception. Vision Res. 2015; 113:55–64. 
[PubMed: 26049036] 

16. Lu H, Qian N, Liu Z. Learning motion discrimination with suppressed MT. Vision Res. 2004; 
44:1817–1825. [PubMed: 15135996] 

Thompson et al. Page 9

Brain Stimul. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



17. Thompson B, Liu Z. Learning motion discrimination with suppressed and un-suppressed MT. 
Vision Res. 2006; 46:2110–2121. [PubMed: 16483629] 

18. Thompson B, Tjan BS, Liu Z. Perceptual learning of motion direction discrimination with 
suppressed and unsuppressed MT in humans: an fMRI study. PLoS One. 2013; 8:e53458. 
[PubMed: 23326433] 

19. Brighina F, Piazza A, Daniele O, Fierro B. Modulation of visual cortical excitability in migraine 
with aura: effects of 1 Hz repetitive transcranial magnetic stimulation. Exp Brain Res. 2002; 
145:177–181. [PubMed: 12110957] 

20. Fierro B, Brighina F, Vitello G, Piazza A, Scalia S, Giglia G, Daniele O, Pascual-Leone A. 
Modulatory effects of low- and high-frequency repetitive transcranial magnetic stimulation on 
visual cortex of healthy subjects undergoing light deprivation. J Physiol. 2005; 565:659–665. 
[PubMed: 15760946] 

21. Thompson B, Aaen-Stockdale C, Koski L, Hess RF. A double dissociation between striate and 
extrastriate visual cortex for pattern motion perception revealed using rTMS. Hum Brain Mapp. 
2009; 30:3115–3126. [PubMed: 19224619] 

22. Burton MP, McKeefry DJ, Barrett BT, Vakrou C, Morland AB. Disruptions to human speed 
perception induced by motion adaptation and transcranial magnetic stimulation. Eur J Neurosci. 
2009; 30:1989–1998. [PubMed: 19912329] 

23. Cai P, Chen N, Zhou T, Thompson B, Fang F. Global versus local: double dissociation between MT
+ and V3A in motion processing revealed using continuous theta burst transcranial magnetic 
stimulation. Exp Brain Res. 2014; 232:4035–4041. [PubMed: 25200175] 

24. Chen N, Cai P, Zhou T, Thompson B, Fang F. Perceptual learning modifies the functional 
specializations of visual cortical areas. Proc Natl Acad Sci U S A. 2016

25. Cowey A, Campana G, Walsh V, Vaina LM. 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. 2006; 171:558–562. [PubMed: 16708244] 

26. Laycock R, Crewther DP, Fitzgerald PB, Crewther SG. TMS disruption of V5/MT+ indicates a role 
for the dorsal stream in word recognition. Exp Brain Res. 2009; 197:69–79. [PubMed: 19543721] 

27. McGraw PV, Walsh V, Barrett BT. Motion-sensitive neurones in V5/MT modulate perceived spatial 
position. Curr Biol. 2004; 14:1090–1093. [PubMed: 15203002] 

28. Sack AT, Kohler A, Linden DE, Goebel R, Muckli L. The temporal characteristics of motion 
processing in hMT/V5+: combining fMRI and neuronavigated TMS. Neuroimage. 2006; 29:1326–
1335. [PubMed: 16185899] 

29. Brainard DH. The psychophysics toolbox. Spatial Vision. 1997; 10:433–436. [PubMed: 9176952] 

30. Pelli DG. The VideoToolbox software for visual psychophysics: Transforming numbers into 
movies. Spatial Vision. 1997; 10:437–442. [PubMed: 9176953] 

31. Deblieck C, Thompson B, Iacoboni M, Wu AD. Correlation between motor and phosphene 
thresholds: a transcranial magnetic stimulation study. Hum Brain Mapp. 2008; 29:662–670. 
[PubMed: 17598167] 

32. Fernandez E, Alfaro A, Tormos JM, Climent R, Martinez M, Vilanova H, Walsh V, Pascual-Leone 
A. Mapping of the human visual cortex using image-guided transcranial magnetic stimulation. 
Brain Res. Brain Res. Protoc. 2002; 10:115–124.

33. Grossman ED, Battelli L, Pascual-Leone A. Repetitive TMS over posterior STS disrupts perception 
of biological motion. Vision Res. 2005; 45:2847–2853. [PubMed: 16039692] 

34. Sack AT, Cohen Kadosh R, Schuhmann T, Moerel M, Walsh V, Goebel R. Optimizing functional 
accuracy of TMS in cognitive studies: a comparison of methods. J Cogn Neurosci. 2009; 21:207–
221. [PubMed: 18823235] 

35. De Weerd P, Reithler J, van de Ven V, Been M, Jacobs C, Sack AT. Post training transcranial 
magnetic stimulation of striate cortex disrupts consolidation early in visual skill learning. J 
Neurosci. 2012; 32:1981–1988. [PubMed: 22323712] 

36. Silvanto J, Muggleton NG, Cowey A, Walsh V. Neural activation state determines behavioral 
susceptibility to modified theta burst transcranial magnetic stimulation. Eur J Neurosci. 2007; 
26:523–528. [PubMed: 17650122] 

Thompson et al. Page 10

Brain Stimul. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• rTMS of V1 impairs perception of motion opponent stimuli

• rTMS of V5 impairs perception of non-motion opponent stimuli

• Motion discrimination is poorer for motion opponent than non-motion 

opponent stimuli
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Figure 1. 
Schematic representations of the psychophysical stimuli. Left: Counter-phase dot twin pairs 

with a motion axis orientation counter-clockwise from vertical. The grey arrow represents a 

vertical motion axis orientation and the black arrows indicate the motion direction of each 

dot. Right: Schematic examples of in-phase and counter-phase twin pairs (two twin pairs per 

panel). Black arrows indicate the motion direction of each dot.
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Figure 2. 
Psychometric functions for each participant for both the in-phase (closed circles) and 

counter-phase (open circles) dot stimuli. The majority of participants exhibited greater 

accuracy for the in-phase stimuli.
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Figure 3. 
Left panel: Average psychometric functions for in-phase dots (filled symbols) and 

counterphase dots (open symbols). Accuracy was poorer for counter-phase dots. Error bars 

show ± 1 SEM. Note that error bars represent between subjects error whereas statistical 

significance represents within-subjects differences. Right panel: Individual motion axis 

discrimination thresholds corresponding to 85% correct accuracy for in-phase and counter-

phase dots. Data points above the dashed unity line indicate larger (worse) thresholds for 

counter-phase dots than in-phase dots. The open symbols indicate thresholds that were 

extrapolated from the psychometric function fit.
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Figure 4. 
The effect of rTMS over V1 and V5 on task performance. The top panel shows mean percent 

change from baseline for each condition. Open bars show data for the counter-phase dot 

stimulus and filled bars for the in-phase dot stimulus. Bars on the left are for V1 stimulation 

and bars on the right for V5 stimulation. Errors bars show ± 1 SEM and asterisks indicate a 

significant change from baseline. The lower panel shows raw percent correct scores of each 

participant for each condition. Each colour denotes a different participant. The dashed lines 

indicate overlapping data.
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