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Abstract  

A long-held view of the visual system is that form and motion are independently 

analysed. However, there is physiological and psychophysical evidence of early 

interaction in the processing of form and motion. In this study, we used a 

combination of Glass patterns (GPs) and repetitive Transcranial Magnetic 

Stimulation (rTMS) to investigate in human observers the neural mechanisms 

underlying form-motion integration. GPs consist of randomly distributed dot pairs 

(dipoles) that induce the percept of an oriented stimulus. GPs can be either static or 

dynamic. Dynamic GPs have both a form component (i.e., orientation) and a non-

directional motion component along the orientation axis. GPs were presented in two 

temporal intervals and observers were asked to discriminate the temporal interval 

containing the most coherent GP. rTMS was delivered over early visual area 

(V1/V2) and over area V5/MT shortly after the presentation of the GP in each 

interval. The results showed that rTMS applied over early visual areas affected the 

perception of static GPs, but the stimulation of area V5/MT did not affect observers’ 

performance. On the other hand, rTMS was delivered over either V1/V2 or V5/MT 

strongly impaired the perception of dynamic GPs. These results suggest that early 

visual areas seem to be involved in the processing of the spatial structure of GPs, and 

interfering with the extraction of the global spatial structure also affects the 

extraction of the motion component, possibly interfering with early form-motion 

integration. However, visual area V5/MT is likely to be involved only in the 

processing of the motion component of dynamic GPs. These results suggest that 

motion and form cues may interact as early as V1/V2.  

 

Keywords: static Glass patterns, dynamic Glass patterns, global form, motion-form 
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Introduction 

The visual system extracts complex spatial form by integrating many local 

orientation signals (Kourtzi et al., 2008; Krekelberg et al., 2003; Mannion et al., 

2010, 2009; Murray et al., 2003; Or et al., 2010; Pavan et al., 2016; Ross et al., 

2000). Stationary Glass patterns (GPs; Glass, 1969) represent a valid tool to 

investigate this integration process (Wilson and Wilkinson, 1998). Static GPs contain 

randomly distributed dot pairs (dipoles), whose orientations are determined by 

certain geometric transforms and convey the perception of either oriented or complex 

spatially distributed structures (Barlow and Olshausen, 2004; Clifford and Weston, 

2005; Dakin, 1997; Dakin and Bex, 2001; Glass and Pérez, 1973; Glass and Switkes, 

1976; Pavan et al., 2016; Wilson et al., 1997; Wilson and Wilkinson, 1998). 

There is physiological evidence in macaque monkeys that simple and 

complex cells in visual areas V1 and V2 show orientation selectivity for static 

translational GPs presented in their classical receptive field (CRF; Smith et al., 2002, 

2007). There is also human brain imaging evidence that supports the importance of 

the early visual areas in representing local orientation structure for the perception of 

complex spatial form (Mannion et al., 2010, 2009; Ohla et al., 2005; Ostwald et al., 

2008). However, the absence of strong local contours in GPs causes the first stage of 

processing by orientation-selective cells to provide sparse and irregular orientation 

signals, and these signals need to be integrated by neurons tuned to global form 

(Smith et al., 2002, 2007). Several findings support the notion that sparse signal 

integration could take place as early as in V1/V2. Ostwald et al. (2008) found higher 

fMRI selectivity for translational GPs at lower stages of visual analysis (e.g., 

V1/V2), although pattern classification accuracy showed that translational GPs 

activate a wide range of extrastriate areas including V2, V3, V3A, VP/V3, hV4 and 

LOC (Krekelberg et al., 2005). Similarly, Mannion et al. (2010) showed an increased 

response to vertical dipoles and translational GPs in V1. Interestingly, they also 

reported sensitivity to curvature and global form across many early visual areas, 

including V1, V2, V3 and hV4. Taken together, these studies suggest that early 

visual areas not only process local orientation signals, but also contribute to their 

integration in global and complex structures.  
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In the present study, we used repetitive transcranial magnetic stimulation 

(rTMS) to investigate the causal role of early stages of visual processing in the 

perception of global form from static translational GPs. The rationale was that, if 

early visual areas play a role in the analysis of local orientation cues and their spatial 

summation, rTMS over these areas should impair observers’ performance in 

detecting static translational GPs. We also investigated the neural basis of the 

perception of dynamic GPs. Dynamic GPs are created by sequential presentation of 

different stationary GPs, that convey the perception of (non-directional) motion 

(Krekelberg et al., 2005; Ross et al., 2000). An fMRI study by Krekelberg et al. 

(2005) reported that the human motion complex V5/MT does not distinguish 

between real motion and a non-directional motion percept induced by dynamic GPs; 

therefore, the representation of motion information in the human motion complex is 

invariant with respect to these two motion cues. Furthermore, there is psychophysical 

evidence that motion perception from dynamic GPs may rely on the extraction of 

motion streaks produced by the fast displacement of oriented dipoles (Burr and Ross, 

2002; Geisler, 1999; Ross, 2004; Ross et al., 2000). Nankoo et al. (2015) showed that 

the coherence threshold for dynamic GPs is lower than that for static GPs, regardless 

of the structure used. The authors suggest that the lower coherence thresholds with 

dynamic GPs may depend not only on the extraction of motion streaks (i.e., strong 

orientation cues from non-directional motion) but also on the temporal summation of 

multiple form cues. This suggests that dynamic GPs are first processed as form 

stimuli (similar to their static counterparts) but are later processed as motion stimuli. 

Previous psychophysical research has indicated that local orientation 

information in moving dynamic GPs (i.e., dynamic GPs with dipoles drifting in a 

specific direction), can affect their perceived motion direction (Krekelberg et al., 

2003; Or et al., 2010), and that perceived global orientation is in turn influenced by 

motion direction, but to a lesser degree (Or et al., 2010). This suggests that motion 

and orientation information: a) interact asymmetrically; and b) interact at early stages 

of visual analysis (Dakin and Bex, 2001; Wilson and Wilkinson, 1998). Therefore, 

we also tested whether early visual areas are causally involved not only in the 

extraction of global form from static translational GPs, but also in motion-form 

integration when using dynamic GPs. If this is the case, rTMS over early visual areas 
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should also affect the observers’ performance with dynamic GPs. rTMS was also 

delivered over V5/MT while viewing dynamic GPs. The rationale was that the 

motion component of dynamic GPs should be affected by interference with activity 

in area V5/MT (Krekelberg et al., 2005; Nankoo et al., 2015, 2012; Ross, 2004).  

 

Method 

Participants 

Fifteen observers took part in this experiment. All participants had normal or 

corrected-to-normal visual acuity. Viewing was binocular. Each participant 

completed a questionnaire in order to assess for seizure, implanted metal objects, 

heart problems or any other psychiatric or neurological disease. Written informed 

consent was obtained from each participant prior to enrollment. Methods were 

carried out in accordance with the Declaration of Helsinki (1964). The present study 

was approved by the Ethics Committee of the University of Lincoln (protocol 

number: PSY1516138). 

 

Apparatus 

Stimuli were displayed on a 19-inch LCD Dell P190S monitor with a refresh 

rate of 60 Hz. Stimuli were generated with Matlab PsychToolbox (Brainard, 1997; 

Pelli, 1997). The screen resolution was 1280 x 1024 pixels. Each pixel subtended 1.7 

arcmin. The minimum and maximum luminances of the screen were 0.17 and 191.7 

cd/m2 respectively, and the mean luminance was 41.5 cd/m2. Observers sat in a 

dimly light room at a distance of 57 cm from the screen. The participant’s head was 

stabilized by asking her/him to rest her/his chin on a chinrest.  

 

Stimuli 

The visual stimuli were static and dynamic translational GPs. Translational 

GPs were composed of 688 pairs of white (Weber Contrast: 3.62) dots (dipoles) 

(width of each dot 0.04 deg) randomly displayed within a circular annulus with an 

inner radius of 0.5 deg and outer radius of 4.5 deg. The pattern density was 10.95 

dipoles/deg². Dipole length was 0.18 deg. We varied the coherence of the GPs; 

that is, a percentage of dipoles were vertically oriented (signal dipoles), whereas 



6 

the remaining dipoles were randomly oriented (noise dipoles), resulting in an 

orientation coherence ranging from 0% to 100%. Dynamic GPs were obtained by 

sequentially displaying a series of stationary GPs at a rate of 20 Hz (frame 

duration ~0.05 s). This temporal frequency was chosen on the basis of the 

findings of Nankoo et al. (2015), who showed low coherence thresholds for 20 Hz 

dynamic GPs with respect to static GPs. In dynamic GPs, for each new frame the 

spatial arrangement of the signal dipoles changed while their orientation remained 

fixed (i.e., vertical), whereas for noise dipoles both spatial location and orientation 

were randomly assigned. This produces a flickering texture in which apparent and 

non-directional motion is perceived along the axis parallel to signal dipoles’ 

orientation (Krekelberg et al., 2005; Nankoo et al., 2012; Ross, 2004; Ross et al., 

2000). 

 

Procedure 

The experiment consisted of two main sessions depending on the GP type 

used, i.e., static or dynamic. The presentation order of the two sessions was 

randomized across participants. The two sessions were administered in two different 

days. Every session consisted of four different phases:   

 

Phase 1: Coherence threshold estimation 

Each session began by measuring the participant’s individual coherence 

threshold using a two-interval forced-choice task (2IFC). In one interval, there was a 

central static or dynamic translational GP (depending on the session) whose 

coherence was varied using a 1 up-3 down staircase (Levitt, 1971), whereas in the 

other interval a noise GP was presented. Observers had to judge which of the two 

intervals contained the most coherent GP (Figure 1). The temporal order of the 

intervals was randomized on a trial-by-trial basis. The coherence threshold 

corresponded to 79% accuracy in discriminating the interval containing the most 

coherent GP. The starting coherence of the translational GP was always 100%. The 

staircase was terminated after either 300 trials or 24 reversals. The coherence 

threshold was calculated by averaging the coherence estimated in the last 16 
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reversals. Each trial consisted of a fixation point presented for 1s, followed by two 

0.3 s intervals separated by a blank interval of 0.2 s and an inter-trial interval of 2 s.  

 
Figure 1. Schematic representation of the procedure. After an initial fixation point, a 

vertical GP is shown in the first interval (100% coherence), whilst a noise GP is 

displayed in the second interval (0% coherence).  

 

Phase 2: rTMS stimulation and site localization  

In order to localize the target cortical areas to stimulate and to set the TMS 

intensity, the phosphene threshold was estimated individually for each participant. 

rTMS stimulation was delivered through a MagPro X100 stimulator (Medtronic, 

Denmark) with a figure-eight coil of 90 mm. Participants wore a swimming cap and 

two stimulation sites were localized in all observers by using predetermined 

coordinates: 3 cm dorsal to inion and 5 cm leftward from there for the localization of 

V5/MT and 3 cm dorsal and 1 cm leftward from the inion for the localization of 
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V1/V2. Our decision to stimulate the left V5/MT is due to previous evidence which 

showed, using TMS, a lateralization of motion perception in the left hemisphere 

(Stewart et al., 1999; Antal et al., 2003). 

Moreover, this localization technique has been used in previous studies 

(Campana et al., 2002, 2006, 2013; Laycock et al., 2007; Pascual-Leone et al., 1999; 

Pavan et al., 2011; Schenk et al., 2005; Silvanto et al., 2005; Stewart et al., 1999; 

Walsh et al., 1998) and provides a localization that is consistent with fMRI localizers 

(Thompson et al., 2009). These studies have shown that TMS applied over V5/MT is 

able to produce, in a proportion of participants, moving phosphenes. Thus, the 

induction of moving phosphenes is considered a reliable method which can prevent 

confusing V5/MT with other adjacent cortical areas. As a matter of the fact, five of 

our participants reported the perception of moving phosphenes during stimulation of 

V5/MT. When phosphenes were reported as non-moving, we considered the 

stimulation spot in which participants reported the most vivid phosphenes. 

Additionally, we ran a control experiment in order to assess whether area 

V5/MT localisation based on the craniometric procedure overlays that based on 

neuronavigation (Brainsight, Rogue Research). Unlike all the other experiments, 

which were performed at the University of Lincoln, this experiment was conducted 

at the University of Padova where a neuronavigation system is available. We used 

the anatomical MRI scans of 15 new participants and localized area V5/MT using the 

Talairach coordinates of left V5/MT (on the normalized brain) found by Dumoulin 

and colleagues (2000): -47, -76, 2. Afterwards, on the same new sample of 

participants, we found the stimulation site by using the same craniometric procedure 

used in the main experiments; the skull position corresponding to 3 cm dorsal and 5 

cm leftward from the inion. This time, however, by using neuronavigation we were 

able to estimate the center of the targeted area of the cortex holding the coil 

tangentially with respect to the skull surface. Finally, the distance between the sites 

found with the two procedures was measured. The results showed that the distance 

between the two sites was on average 7 mm (range: 2-10 mm) (Figure 2). Therefore, 

it is reasonable to assume that also on the craniometric measurements performed in 

the main experiment, this stimulation site was reasonably close to previously 

reported coordinates of V5/MT. 
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Moreover, in the main experiment the stimulation site of V5/MT was 

adjusted on the basis of the characteristics of phosphenes (e.g., moving, vivid, large), 

within 1 cm of radius from the point found with the craniometric procedure. 

Therefore, it is very likely that the stimulated area was V5/MT, rather than other 

more posterior areas such as V3B/KO or LOC. 

Two cycles of 3 pulses (10 Hz) were delivered with an inter stimulation-

interval of 0.2 s. This stimulation regime is the same as used in the main experiment. 

For the stimulation over V1/V2 and V5/MT, the coil was always held tangential to 

the skull with the handle pointing upwards. For stimulation over Cz the coil was held 

with the handle pointing backwards. 

Observers verbally reported whether they saw any phosphenes. An adaptive 

procedure (i.e., REPT; Abrahamyan et al., 2011) was then used to estimate the rTMS 

intensity for which participants perceived phosphenes in 70% of the trials with eyes 

closed and blindfolded. Phosphene thresholds were estimated separately for V1/V2 

and V5/MT and for static and dynamic sessions. All the participants perceived 

phosphenes. The mean rTMS intensity was 40.9% (SD: 4.6%) for V1/V2 and 41.9% 

(SD: 4.8%) for V5/MT. A paired t-test confirmed no statistically significant 

difference between the stimulation intensities over the two sites (t14 = -1.308, p = 

0.21, Cohen’s d = 0.34). 
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Figure 2. Representative participant of the neuronavigation control experiment with 

area V5/MT localized with both neuronavigation (based on the coordinates found by 

Dumoulin et al., 2000) and craniometric measurements. The top-left quadrant shows 

how localization of area V5/MT with neuronavigation is slightly more anterior (7.3 

mm, cyan spot) with respect to the same area localized with craniometric 

measurements (green spot with normal vector to the skull surface depicted in red). In 

the other quadrants, the localization of area V5/MT based on craniometric 

measurements is shown on the participant’s skull for sagittal (top-right), transverse 

(bottom-left) and coronal (bottom-right) views. 

 

Phase 3: Assessing the level of accuracy at coherence threshold  

After site localization and phosphene threshold estimation, observers 

performed the same 2IFC task described in phase 1, but the level of coherence was 

set at the individual coherence threshold determined in phase 1, and remained fixed 

across all trials. Observers performed 60 trials. If a participant failed to get an 

accuracy level in the range of 79% ± 2%, the number of coherently oriented dipoles 
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was manually adjusted in steps of five dipoles until their performance was within the 

aforementioned range. This procedure ensured that at the beginning of the rTMS 

sessions, all observers had approximately the same level of performance. 

 

Phase 4: The main experiment 

Observers performed 60 trials of the 2IFC task with the adjusted coherence 

level estimated in phase 3. In this phase of the Experiment, rTMS was applied over 

the target areas at the intensities determined in phase 2. rTMS pulses were delivered 

~0.08 s after the onset of each stimulus interval and consisted of two cycles of three 

pulses at 10 Hz. This stimulation window was selected based on previous 

physiological and TMS studies on response latency in the primary visual cortex 

(Maunsell and Gibson, 1992; Nowak et al., 1995; Pascual-Leone and Walsh, 2001; 

Roebuck et al., 2014; Schmolesky et al., 1998; Silvanto et al., 2005). In order to 

control for nonspecific effects of the TMS stimulation, rTMS was also delivered over 

the vertex (Cz). In this rTMS condition, only phases 3 and 4 were performed, and the 

TMS intensity was set to the highest intensity between those used for V1/V2 and 

V5/MT stimulation. rTMS stimulation over V1/V2, V5/MT and Cz was performed 

within the same session. The stimulation order was randomized across participants 

and to prevent fatigue effects, the level of accuracy at coherence threshold for both 

static and dynamic GPs was assessed and adjusted before each rTMS condition (see 

phase 3 of the experiment).  

 

Results 

The mean coherence threshold was 25.6% (SD: 10.1%) for static GPs and 

22.1% (SD: 9.6%) for dynamic GPs. A paired t-test confirmed a statistical significant 

difference between the coherence thresholds estimated for static and dynamic GPs 

(t14 = 2.81, p = 0.014, Cohen’s d = 0.72). 

Figure 3A shows the results of the experiment. A Shapiro-Wilk test found 

that all the independent variables were normally distributed (p > 0.05). A repeated 

measures ANOVA including as factors the GP type (static vs. dynamic) and 

stimulation site (V1/V2, V5/MT, Cz) reported a significant effect of GP type (F1,14 

=4.98, p = 0.043, partial-η2 = 0.26), a significant effect of the stimulation site (F2,28 
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= 16.08, p = 0.0001, partial-η2 = 0.54), and a significant interaction between 

stimulus type and stimulation site (F2,28 = 4.73, p = 0.017, partial-η2 = 0.25). 

For static GPs, post-hoc comparisons using a false discovery rate (FDR) at 

0.05 (Benjamini & Hochberg, 1995; Benjamini & Yekutieli, 2001), showed a 

significant difference between V1/V2 and V5/MT (adjusted-p = 0.037), and also 

between V1/V2 and Cz (adjusted-p = 0.006), while no significant difference was 

found between V5/MT and Cz (adjusted-p = 0.99). Additionally, we performed one-

sample t-tests with FDR at 0.05 to assess whether following rTMS the observers’ 

accuracy dropped below the 79% accuracy. The t-tests reported that only rTMS over 

V1/V2 significantly decreased the performance below 79% (adjusted-p = 0.012). 

For dynamic GPs, post-hoc comparisons with FDR at 0.05, reported no 

statistically significant difference between V1/V2 and V5/MT (adjusted-p > 0.05), 

but a significant difference between V1/V2 and Cz (adjusted-p = 0.0003) and 

between V5/MT and Cz (adjusted-p=0.003). One-sample t-tests reported that rTMS 

over V1/V2 and V5/MT significantly decreased performance below 79% (p = 0.0045 

and p = 0.003, for V1/V2 and V5/MT respectively). 

The analysis of the interaction between GP type and stimulation site also 

reported a significant difference between static and dynamic GPs only when rTMS 

was applied over V5/MT (adjusted-p = 0.024).  

As evident in Figure 3B, this pattern of results was consistent for the majority 

of our participants. For static GPs, most of the observers showed higher accuracy 

when rTMS was delivered over V5/MT (i.e., data points fall mostly above the equal-

performance diagonal), but for dynamic GPs, there is no consistent effect of the two 

stimulation sites (i.e., data points are distributed above and below the equal-

performance diagonal). 
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Figure 3. (A) Mean proportion of correct responses is reported as a function of the 

rTMS condition for static and dynamic GPs. The black dashed line represents the 

performance at threshold (79%). (B) Performance when rTMS was applied over 

V5/MT vs. V1/V2. Data points represent individual accuracies obtained for V5/MT 

and V1/V2 stimulations normalized by the Cz condition. The black dashed line 

represents the equal-performance line. Error bars ± SEM.  

 

Discussion 

In this study, we investigated the causal role of early visual areas (i.e., 

V1/V2) and the motion area V5/MT in the perception of global form from static 

translational GPs and motion-form integration using dynamic translational GPs.  

Observers had to discriminate which temporal interval contained the GP with the 

highest coherence. For static GPs, rTMS over early visual areas impaired 

observers’ discrimination performance. These results suggest that early visual 

areas are involved in the extraction of global form, and rTMS may interfere with 

the analysis of local orientation signals and their spatial integration (Schmidtmann 

et al., 2015). On the other hand, rTMS applied over V5/MT had no effect in the 

discrimination of static GPs. These results are in agreement with previous human 

brain imaging studies that reported higher selectivity for static translational GPs at 

lower level of visual processing (Mannion et al., 2010, 2009; Ostwald et al., 
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2008). The static GP results are also consistent with our previous findings that 

adaptation to static GPs induces a tilt-aftereffect similar to that produced using 

gratings, suggesting that adaptation to static oriented GPs is likely to tap low-level 

orientation selective mechanisms (Pavan et al., 2016). The results with static GPs 

also indicate that V5/MT is not involved in the extraction of global form, but it 

does seem to be involved in the extraction of the motion information from 

dynamic GPs: For dynamic GPs, rTMS affected the observers’ performance when 

delivered over the cortical area V5/MT. This could reflect the disruption of the 

motion information present in dynamic GPs. Our results are consistent with the 

findings of Krekelberg et al. (2005) that the human motion complex processes 

non-directional motion from dynamic GPs. The response of area V5/MT to non-

directional motion could be inherited from early visual areas in which neurons are 

orientation and direction selective. Albright (1984) found that macaque MT cells 

respond not only to moving stimuli but also to oriented stimuli, though to a lesser 

degree. In particular, Albright (1984) reported that 61% of the recorded cells 

exhibited an orientation preference nearly orthogonal to the preferred direction (as 

for V1 neurons), whereas 29% of the cells had an orientation selectivity almost 

parallel to the preferred direction. These results suggest that in MT area there are 

mechanisms selective to pattern-motion, and that orientation information could 

improve motion processing for high speeds (Geisler, 1999). Additionally, Kourtzi 

et al. (2002) found that a ventral sub-region of the human motion complex 

MT/MST is selective to both shape and motion. Taken together these findings 

suggest that area V5/MT is likely to be involved in motion-form integration. We 

argue that rTMS over visual area V5/MT may have interfered with the temporal 

integration mechanism that is the source of motion perception from dynamic GPs 

(Nankoo et al., 2015). Alternatively, the effect of rTMS over V5/MT for dynamic 

GPs could depend on the temporary disruption of the communication between 

V5/MT and early areas involved in fine shape analysis (e.g., V1/V2, V4, LOC; 

(Denys et al., 2004; Gallant et al., 2000; Kobatake and Tanaka, 1994; Krekelberg 

et al., 2005; Mannion et al., 2010, 2009). We suggest that the effect of rTMS over 

V5/MT for dynamic GPs could depend on the temporary disruption of the 

communication between V5/MT and early areas involved in fine shape analysis. 
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In fact, Koivisto et al. (2010) showed that a double-pulse TMS over V1/V2 at 

different inter-stimulus intervals (ISI), interfered with both feedforward and 

feedback information transmission between V1/V2 and V5/MT. The authors 

suggested that this could affect not only the processing of motion but also other 

stimulus attributes such as color and shape. In our study, stimulation over V5/MT 

may have also interfered with information transmission between V5/MT and early 

visual areas. Future studies applying single or double-pulse TMS at different time 

points may provide more insight into how form and motion information is 

transmitted in both a feedforward and feedback manner between V1/V2 and 

V5/MT.     

rTMS also affected observers’ performance with dynamic GPs when it was 

delivered over the early visual areas. In this case, rTMS may have interfered by 

increasing the excitability of less active neurons and therefore increased neural 

noise (Silvanto and Muggleton, 2008; Silvanto et al., 2008; Romei et al., 2016), or 

by suppressing the excitability of more active neurons processing form 

information to be forwarded to V5/MT (Perini et al., 2012), where the temporal 

integration of multiple static structures may occur. 

Alternatively, rTMS may interfere with motion-form integration at early 

levels of visual processing: There is recent brain imaging evidence that early 

visual areas process both motion and form cues and neurons integrate these 

signals. Apthorp et al. (2013), used fMRI to measure brain activity while human 

observers viewed either fast moving dots (eliciting motion streaks; Geisler, 2000), 

slow moving dots, or static oriented stimuli. The authors found that local spatial 

patterns of brain activity in early visual cortex reliably distinguished between 

static orientations. Additionally, they found that a multivariate pattern classifier 

trained on the brain activity evoked by static oriented stimuli could discriminate 

the direction of fast moving dots producing motion streaks, but could not 

discriminate the direction of slow moving dots. This suggests the presence of 

early visual mechanisms that encode static oriented information (i.e., oriented 

streaks) when viewing fast moving objects. These findings show that motion 

streaks are likely to be extracted in early stages of visual analysis, implying that 

motion and form are processed and combined at early stages of visual analysis 
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and that static oriented information can aid motion direction discrimination (Burr, 

1980; Burr and Ross, 2002; Geisler, 1999; Ross, 2004; Ross et al., 2000). In our 

study, rTMS over V1/V2 when using dynamic GPs may also have interfered with 

form-motion integration, preventing the extraction of motion streaks, thought to 

be involved in the perception of dynamic GPs (Ross, 2004). However, our TMS 

findings cannot disentangle these two alternatives, and further brain imaging 

research is necessary to investigate the interplay between form and motion signals 

in striate and extrastriate areas. Nonetheless, it seems that global form and motion 

information are extracted and combined at early stages of visual analysis (Mather 

et al., 2013).  

 
Acknowledgments 
This study was supported by a College of Social Science Research Fund grant at the 

University of Lincoln. Author RD was supported by the Erasmus program of the 

University of Padova.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



17 

References 

Abrahamyan, A., Clifford, C.W.G., Ruzzoli, M., Phillips, D., Arabzadeh, E., Harris, J.A., 

2011. Accurate and rapid estimation of phosphene thresholds (REPT). PLoS One 6, 

e22342.  

Albright, T.D., 1984. Direction and orientation selectivity of neurons in visual area MT of 

the macaque. J. Neurophysiol. 52, 1106-1130. 

Antal, A., Nitsche, M.A., Paulus, W., 2003. Modulation of moving phosphene thresholds 

by transcranial direct current stimulation of V1 in human. Neuropsychologia 41, 

1802–1807. 

Apthorp, D., Schwarzkopf, D.S., Kaul, C., Bahrami, B., Alais, D., Rees, G., 2013. Direct 

evidence for encoding of motion streaks in human visual cortex. Proc. Biol. Sci. 280, 

20122339. 

Barlow, H.B., Olshausen, B. a, 2004. Convergent evidence for the visual analysis of optic 

flow through anisotropic attenuation of high spatial frequencies. J. Vis. 4, 415–426. 

Brainard, D.H., 1997. The Psychophysics Toolbox. Spat Vis 10, 433–436. 

Burr, D., 1980. Motion smear. Nature 284, 164-165. 

Burr, D.C., Ross, J., 2002. Direct evidence that “speedlines” influence motion 

mechanisms. J. Neurosci. 22, 8661–8664.  

Campana, G., Cowey, A., Walsh, V., 2002. Priming of motion direction and area V5/MT: 

a test of perceptual memory. Cereb. Cortex 12, 663–669.  

Campana, G., Cowey, A., Walsh, V., 2006. Visual area V5/MT remembers “what” but not 

“where.” Cereb. Cortex 16, 1766–1770.  

Campana, G., Maniglia, M., Pavan, A., 2013. Common (and multiple) neural substrates 

for static and dynamic motion after-effects: a rTMS investigation. Cortex 49, 2590-

2594. 

Clifford, C.W.G., Weston, E., 2005. Aftereffect of adaptation to Glass patterns. Vision 

Res. 45, 1355–1363. 

Dakin, S.C., 1997. The detection of structure in glass patterns: Psychophysics and 

computational models. Vision Res. 37, 2227–2246.  

Dakin, S.C., Bex, P.J., 2001. Local and global visual grouping: Tuning for spatial 

frequency and contrast. J. Vis. 1, 99–111.  

Denys, K., Vanduffel, W., Fize, D., Nelissen, K., Peuskens, H., Van Essen, D., Orban, G. 



18 

a, 2004. The processing of visual shape in the cerebral cortex of human and 

nonhuman primates: a functional magnetic resonance imaging study. J. Neurosci. 24, 

2551–2565. 

Dumoulin, S.O., Bittar, R.G., Kabani, N.J., Baker, C.L. Jr., Le Goualher, G., Bruce Pike, 

G., Evans, A.C., 2000. A new anatomical landmark for reliable identification of 

human area V5/MT: a quantitative analysis of sulcal patterning. Cereb. Cortex 10, 

454–463. 

Gallant, J.L., Shoup, R.E., Mazer, J.A., 2000. A human extrastriate area functionally 

homologous to macaque V4. Neuron 27, 227–235. 

Geisler, W.S., 1999. Motion streaks provide a spatial code for motion direction. Nature 

400, 65–69. 

Glass, L., 1969. Moiré Effect from Random Dots. Nature 223, 578–580.  

Glass, L., Pérez, R., 1973. Perception of random dot interference patterns. Nature 246, 

360–362. 

Glass, L., Switkes, E., 1976. Pattern recognition in humans: correlations which cannot be 

perceived. Perception 5, 67–72. 

Kobatake, E., Tanaka, K., 1994. Neuronal selectivities to complex object features in the 

ventral visual pathway of the macaque cerebral cortex. J. Neurophysiol. 71, 856–867. 

Koivisto, M., Mäntylä, T., Silvanto. J., 2010. The role of early visual cortex (V1/V2) in 

conscious and unconscious visual perception. Neuroimage 51, 828–824. 

Kourtzi, Z., Bülthoff, H.H., Erb, M., Grodd, W., 2002. Object-selective responses in the 

human motion area MT/MST. Nat. Neurosci. 5, 17–18. 

Kourtzi, Z., Krekelberg, B., van Wezel, R.J.A., 2008. Linking form and motion in the 

primate brain. Trends Cogn. Sci. 12, 230–236. 

Krekelberg, B., Dannenberg, S., Hoffmann, K.-P., Bremmer, F., Ross, J., 2003. Neural 

correlates of implied motion. Nature 424, 674–677.  

Krekelberg, B., Vatakis, A., Kourtzi, Z., 2005. Implied motion from form in the human 

visual cortex. J. Neurophysiol. 94, 4373–86.  

Laycock, R., Crewther, D.P., Fitzgerald, P.B., Crewther, S.G., 2007. Evidence for fast 

signals and later processing in human V1/V2 and V5/MT+: A TMS study of motion 

perception. J. Neurophysiol. 98, 1253-1262. 

Levitt, H., 1971. Transformed Up-Down Methods in Psychoacoustics. J. Acoust. Soc. 



19 

Am. 467–477. 

Mannion, D.J., McDonald, J.S., Clifford, C.W.G., 2010. The influence of global form on 

local orientation anisotropies in human visual cortex. Neuroimage 52, 600–605. 

Mannion, D.J., McDonald, J.S., Clifford, C.W.G., 2009. Discrimination of the local 

orientation structure of spiral Glass patterns early in human visual cortex. 

Neuroimage 46, 511–515. 

Mather, G., Pavan, A., Bellacosa Marotti, R., Campana, G., Casco, C., 2013. Interactions 

between motion and form processing in the human visual system. Front. Comput. 

Neurosci. 7, 65. 

Maunsell, J.H., Gibson, J.R., 1992. Visual response latencies in striate cortex of the 

macaque monkey. J Neurophysiol. 68, 1332–1344. 

Murray, S.O., Olshausen, B.A., Woods, D.L., 2003. Processing shape, motion and three-

dimensional shape-from-motion in the human cortex. Cereb. Cortex 13, 508–516. 

Nankoo, J.F., Madan, C.R., Spetch, M.L., Wylie, D.R., 2015. Temporal summation of 

global form signals in dynamic Glass patterns. Vision Res. 107, 30–35.  

Nankoo, J.F., Madan, C.R., Spetch, M.L., Wylie, D.R., 2012. Perception of dynamic 

Glass patterns. Vision Res. 72, 55–62. 

Nowak, L.G., Munk, M.H., Girard, P., Bullier, J., 1995. Visual latencies in areas V1 and 

V2 of the macaque monkey. Vis. Neurosci. 12, 371–384.  

Ohla, K., Busch, N.A., Dahlem, M.A., Herrmann, C.S., 2005. Circles are different: The 

perception of Glass patterns modulates early event-related potentials. Vision Res. 45, 

2668–2676. 

Or, C.C.F., Khuu, S.K., Hayes, A., 2010. Moving glass patterns: Asymmetric interaction 

between motion and form. Perception 39, 447–463.  

Ostwald, D., Lam, J.M., Li, S., Kourtzi, Z., 2008. Neural coding of global form in the 

human visual cortex. J Neurophysiol. 99, 2456–2469.  

Pascual-Leone, A., Tarazona, F., Keenan, J., 1999. Transcranial magnetic stimulation and 

neuroplasticity. Neuropsychologia 37, 207–217. 

Pascual-Leone, A., Walsh, V., 2001. Fast backprojections from the motion to the primary 

visual area necessary for visual awareness. Science 292, 510–512. 

Pavan, A., Alexander, I., Campana, G., Cowey, A., 2011. Detection of first- and second-

order coherent motion in blindsight. Exp. Brain Res. 214, 261–271.  



20 

Pavan, A., Hocketstaller, J., Contillo, A., Greenlee, M.W., 2016. Tilt aftereffect following 

adaptation to translational Glass patterns. Sci. Rep. 6, 23567. 

Pelli, D.G., 1997. The VideoToolbox software for visual psychophysics: transforming 

numbers into movies. Spat. Vis. 10, 437–442. 

Perini, F., Cattaneo, L., Carrasco, M., Schwarzbach, J.V., 2012. Occipital transcranial 

magnetic stimulation has an activity-dependent suppressive effect. J. Neurosci. 32, 

12361–12365. 

Roebuck, H., Bourke, P., Guo, K., 2014. Role of lateral and feedback connections in 

primary visual cortex in the processing of spatiotemporal regularity - A TMS study. 

Neuroscience 263, 231–239. 

Romei, V., Thut, G., Silvanto, J., 2016. Information-based approaches on noninvasive 

transcranial brain stimulation. Trends. Neurosci. 39, 782–795. 

Ross, J., 2004. The perceived direction and speed of global motion in Glass pattern 

sequences. Vision Res. 44, 441–448. 

Ross, J., Badcock, D.R., Hayes, A., 2000. Coherent global motion in the absence of 

coherent velocity signals. Curr. Biol. 10, 679–682. 

Schenk, T., Ellison,A., Rice, N., Milner, A.D., 2005. The role of V5/MT+ in the control 

of catching movements: an rTMS study. Neuropsychologia 43, 189–198. 

Schmidtmann, G., Jennings, B.J., Bell, J., Kingdom, F.A.A., 2015. Probability, not linear 

summation, mediates the detection of concentric orientation-defined textures Gunnar 

Schmidtmann. J. Vis. 15, 1–19. 

Schmolesky, M.T., Wang, Y., Hanes, D.P., Thompson, K.G., Leutgeb, S., Schall, J.D., 

Leventhal, A.G., 1998. Signal timing across the macaque visual system. J. 

Neurophysiol. 79, 3272–8. 

Silvanto, J., Cowey, A., Lavie, N., Walsh, V., 2005. Striate cortex (V1) activity gates 

awareness of motion. Nat. Neurosci. 8, 143–4. 

Silvanto, J., Muggleton, N.G., 2008. Testing the validity of the TMS state-dependency 

approach: targeting functionally distinct motion-selective neural populations in 

visual areas V1/V2 and V5/MT+. Neuroimage 40, 1841–1848. 

Silvanto, J., Muggleton, N.G., Walsh, V., 2008. State-dependency in brain stimulation 

studies of perception and cognition. Trends Cong. Sci. 12, 447–454. 

 



21 

Smith, M.A., Bair, W., Movshon, J.A., 2002. Signals in macaque striate cortical neurons 

that support the perception of glass patterns. J Neurosci. 22, 8334–8345.  

Smith, M. a, Kohn, A., Movshon, J.A., 2007. Glass pattern responses in macaque V2 

neurons. J. Vis. 7, 5. 

Stewart, L.M., Battelli, L., Walsh, V., Cowey, A., 1999. Motion perception and perceptual 

learning: a magnetic stimulation study. Electroencephalogr. Clin. Neurophysiol. 

Suppl. 51, 334–350. 

Thompson, B., Aaen-Stockdale, C., Koski, L., Hess, R.F., 2009. A double dissociation 

between striate and extrastriate visual cortex for pattern motion perception revealed 

using rTMS. Hum. Brain Mapp. 30, 3115–3126. 

Walsh, V., Ellison, A., Battelli, L., Cowey, A., 1998. Task–specific impairments and 

enhancements induced by magnetic stimulation of human visual area V5. Proc. Bio. 

Sci. 265, 537–543. 

Wilson, H.R., Wilkinson, F., 1998. Detection of global structure in Glass patterns: 

Implications for form vision. Vision Res. 38, 2933–2947. 

Wilson, H.R., Wilkinson, F., Asaad, W., 1997. Concentric orientation summation in 

human form vision. Vision Res. 37, 2325–2330. 


