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ABSTRACT:  
 
Although a direct relationship between numerical-allocation and spatial-attention has been 

proposed, recent research suggests these processes are not directly coupled. In keeping 

with this, spatial attention shifts induced either via visual or vestibular motion can modulate 

numerical allocation in some circumstances but not in others. In addition to shifting spatial 

attention, visual or vestibular motion-paradigms also (i) elicit compensatory eye-movements 

which themselves can influence numerical-processing and (ii) alter the perceptual-state of-

“self”, inducing changes in bodily self-consciousness impacting upon cognitive mechanisms. 

Thus, the precise mechanism by which motion modulates numerical-allocation remains 

unknown. We sought to investigate the influence that different perceptual experiences of 

motion have upon numerical magnitude allocation whilst controlling for both eye-

movements and task-related effects. We first used optokinetic visual-motion stimulation 

(OKS) to elicit the perceptual experience of either “visual world” or “self”-motion during 

which eye movements were identical. In a second experiment we used a vestibular protocol 

examining the effects of perceived and subliminal angular rotations in darkness, which also 

provoked identical eye movements. We observed that during the perceptual experience of 

“visual-world” motion, rightward OKS biased judgments towards smaller numbers, whereas 

leftward OKS biased judgments towards larger numbers. During the perceptual experience 

of “self-motion”, judgments were biased towards larger numbers irrespective of the OKS 

direction. Contrastingly, vestibular motion perception was found not to modulate numerical 

magnitude allocation, nor was there any differential modulation when comparing 

“perceived” versus “subliminal” rotations. We provide a novel demonstration that 

magnitude-allocation can be differentially modulated by the perceptual state of-self during 

visual-motion.    

 

INTRODUCTION 

The link between numerical allocation of magnitude and spatial attention mechanisms is 

contentious. On one hand, numerical magnitude is proposed to be superimposed upon a 

left-to-right spatially orientated representation, termed the mental number line (MNL) 

(Dehaene et al., 1993). Evidence supporting such an arrangement is provided by the spatial 

numerical association response code (SNARC) effect (Dehaene et al., 1993), the observation 
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that spatial attention shifts occur following number perception and the findings that 

pathological attentional biases in patients following unilateral brain damage lead to biasing 

of magnitude estimates towards larger numbers (Zorzi et al., 2002). However, recent studies 

have demonstrated that number perception does not automatically induce shifts of spatial 

attention (Fattorini et al., 2015), that a double dissociation exists between physical line and 

number-pair bisection (Doricchi et al., 2005; Rotondaro et al., 2015) and that there is no 

relationship between the strength of an attentional shift induced by numbers and the 

SNARC effect (Fattorini et al., 2015). In addition, work suggesting that there is no inherent 

right or left side to the MNL (Aiello et al., 2012), and the demonstration of topographical 

representation of numerosity in the parietal cortex in the absence of any visuo-spatial 

relationship (Harvey et al., 2013), all provide strong evidence against an intrinsic link 

between spatial attention and numerical magnitude. Hence, experimental data to date do 

not converge upon a coherent model of how number and space interact in the human brain. 

Regardless of these theoretical issues, there has been increasing scientific interest in the 

effect of motion upon numerical magnitude perception, which has been explored by 

activation of either the visual or vestibular sensory systems. Hartmann and colleagues 

employed whole-body vestibular stimulation to demonstrate a bi-directional relationship 

between the generation and processing of numerical magnitude and self-motion detection 

thresholds (Hartmann et al., 2012b). Furthermore, both lateral head turns (Loetscher et al., 

2008) and galvanic vestibular stimulation (Ferrè et al., 2013) have been shown to bias the 

internal ‘spontaneous’ number generator. A different set of studies have investigated the 

effects of visual motion upon numerical processing, typically using ‘optokinetic’ stimulation 

(OKS). Specifically, in stroke patients with a rightward attentional bias, viewing leftward 

motion has been shown to temporarily ameliorate the pathological numerical biases that 

present towards larger numbers during a number pair bisection task (Priftis et al., 2012; 

Salillas et al., 2009). Further, in normal healthy individuals, a recent study has demonstrated 

that rightward visual-motion can abolish the classical number size effect during a number 

comparison task (i.e., faster reaction times for small than large numbers) (Ranzini et al., 

2015). In contrast, Salillas and colleagues found that motion direction had no effect in 

patients with a rightward attentional bias (Salillas et al., 2009). Moreover, we have recently 
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shown that perceived self-motion elicited following vestibular stimulation has no effect 

upon numerical magnitude allocation (Arshad et al., 2016).  

Thus, it remains unclear what effect motion perception per se has upon numerical 

magnitude allocation.  We propose that the contradictory findings can be linked to previous 

studies not controlling for (i) eye movements which can critically influence numerical 

processing (Loetscher et al., 2010; Ranzini et al., 2015) or (ii) the perceptual state of self 

during motion (Lopez et al., 2008) impacting upon cognitive mechanisms (Gibbs Jr, 2005) 

and (iii) the lack of standardisation of the numerical task as these can place differing 

demands upon both magnitude and visuo-spatial processing resources (Ferrè et al., 2013; 

Priftis et al., 2006). Accordingly, in the present study we tested the hypothesis that different 

perceptual states of self during both visual and vestibular mediated motion may 

differentially modulate numerical magnitude allocation, whilst controlling for both eye-

movements and numerical task related effects.  

 

METHODS 

Subjects: 

All Participants were healthy right-handed individuals (n=40 as determined by power 

calculations, mean age= 21.4, range 18-29; 22 F) with no history of otological, 

ophthalmological, psychiatric or neurological disorder.  Subjects were randomly allocated 

into either Group 1 (i.e. visual motion) or 2 (i.e. vestibular motion) (n=20; 11 F). All 

participants were naive to the purpose of the study, and provided written informed 

consent.    

Numerical task: 

Subjects performed a mental number pair bisection task that involved estimating the mid-

point between two numbers without calculation (response was required within 3 seconds). 

Numbers were aurally presented via a radio speaker situated in the midline directly behind 

the subject. For each test condition the following 20 number pair trials; (33-87), (33-89), (39-

90), (39-93), (42-67), (44-68), (46-90), (48-92), (54-90), (56-92), (56-92), (59-87), (60-89), (61-

99), (64-92), (67-95), (50-99), (55-96), (58-124) and (58-132) were presented in a 

randomised order across the different perceptual conditions (Arshad et al., 2016). Before 

the experiment began, 3 practice trials were provided to familiarise the subjects with the 
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task [(32-56), (41-59), (61-135)]. Bisection errors were calculated by subtracting the true 

midpoint from the reported midpoint, and percentage bisection errors were calculated by 

dividing the errors by the number pair interval size. Positive % bisection errors denoted 

overestimations, whereas negative % bisection errors denoted underestimation from the 

true midpoint (Arshad et al., 2016).  

 

Experiment 1: Visually mediated changes in self-motion perception 

Subjects were seated on a motorised rotating chair surrounded by a visual stimulus that 

consisted of a 1.44m diameter drum marked with vertical black and white stripes. Subjects 

viewed the drum at a fixed distance of 0.72 metres (Figure 1). To generate the OKS, the 

drum was rotated around the subject in an Earth-vertical axis at a constant velocity of 

40o/second, either right or leftwards (randomised order) (Arshad et al., 2014). Viewing full-

field OKS as implemented herein, can induce two different possible perceptual states: the 

perception of either “visual world” or “self”-motion (Kleinschmidt et al., 2002; Thilo et al., 

2000) (Figure 1A & B). The initial percept is that of visual world motion and typically after 20 

seconds of viewing full-field OKS, the subjective experience transitions to that of self-

motion. Once in this perceptual state, subjects typically continue to experience self-motion 

until the OKS ceases. Accordingly, for the “self-motion” condition, we waited for 30 seconds 

after the onset of visual motion and verbally confirmed with the subject the perceptual 

state but not the perceived direction experienced (i.e. avoiding spatial labelling confounds) 

before proceeding with the numerical task. To elicit the perceptual state of “world-motion” 

during OKS, subjects were asked to remove their feet from the suspended foot rest attached 

to the rotating chair and plant them on the floor, so as to provide a strong proprioceptive 

cue that they were stationary (Figure 1B).  Our pilot work demonstrated that the 

deployment of this strategy successfully negated the sensation of vection in all subjects. 

Subjects viewed the OKS stimulus moving for 30 seconds during the world-motion condition 

before the commencement of the numerical task (i.e. matched time-delay). Subjects 

performed number-pair bisection task under three conditions: (1) no OKS (i.e. baseline), (2) 

viewing OKS either right or leftward (randomised order) that induced the perceptual 

experience  of world-motion and (3) viewing OKS either right or leftwards during the 

perceptual experience of self-motion.  
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Experiment 2: Vestibular mediated changes in self-motion perception  

Subjects were seated on a vibration free motorised rotating chair in darkness (Contraves, 

USA). For perceived rotations, either right or leftwards (randomised order), a symmetrical 

sinusoidal rotation profile was employed. The sinusoidal rotation profile had an amplitude 

of 40o and a velocity of 11o/s (Figure 2). For subliminal rotations (either right or leftwards), 

we implemented an asymmetrical sinusoidal rotation profile, with an amplitude of 40o,  but 

two separate  velocity components, a fast phase with a velocity of 50 o/s and a slow phase 

with a velocity of 11 o/s (Figure 2) (Pettorossi et al., 2013). This ensured that the slow phase 

component of the asymmetrical rotation was identical to the velocity employed in the 

symmetrical rotation. The perceptual experience of this asymmetrical rotation paradigm 

was that after 30 seconds of rotation, subjects only perceive the fast and not the slow phase 

component. Importantly, the vestibular nystagmus elicited during the slow phase 

component of the subliminal rotations is identical to that observed during perceived 

rotations (Pettorossi et al., 2013). Subjects were instructed not to pay attention to the 

direction of rotation and rather focus fully on the numerical task. Subjects performed 

number-pair bisection during (1) no motion (i.e. baseline measure), and 30 seconds after 

the onset of chair motion (i.e. matched time delay to experiment 1) during either (2) 

perceived right or leftward rotations (symmetrical rotation profile) and (3) subliminal right 

or leftward rotations (asymmetrical rotation profile).  

Eye movement analysis and signal recordings: 

Eye movements were recorded using bi-temporal electro-oculography (EOG). Subjects 

initially performed a calibration of the eye signal with a 20o saccadic target either to the 

right or left of centre. After the calibration of the eye signal all subsequent file recordings 

including those of the calibration were saved at a sampling rate of 250 Hz. Eye movement 

analysis was performed offline using in-house software programme; Analysis (author; Mr 

David Buckwell). OKS drum velocity (experiment 1) and chair position signals (experiment 2) 

were additionally recorded at 250Hz.  

RESULTS    

Experiment 1: Visually mediated changes in self-motion perception  

Firstly we assessed for differences in all perceptual conditions versus baseline measures (i.e. 

right and leftward visual world and right and leftward self-motion). All were found to be 
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significant (p<0.05; paired t-test; Bonferroni corrected). Accordingly, for both further 

statistical and illustrative purposes (Fig 3), we subtracted the baseline from each condition 

and performed a 2x2 Repeated measures ANOVA, with factors direction (2 levels: right; left) 

x perceptual condition (2 levels: world motion; self-motion). This revealed a significant main 

effect for perceptual condition (F(1,19)=34.2, P< 0.0001), main effect for direction (F(1,19)= 

22.1, p < 0.0001), and a significant interaction for direction*perceptual condition 

(F(1,19)=27.2, p< 0.0001). Post-hoc paired t-tests with Bonferroni corrections revealed 

significant differences for the following conditions (rightward visual world vs leftward visual 

world; p< 0.001; rightward visual world vs rightward self-motion; p< 0.001 and rightward 

visual world vs leftward self-motion p<0.001. However there was no significant difference 

between leftward visual world vs leftward self-motion; p>0.05. For the statistical analysis of 

the eye movements (i.e. OKN gain) associated with OKS, a 2X2 repeated measures ANOVA 

with factors: direction (2 levels: right; left) and perceptual condition (2 levels: world motion; 

self-motion), revealed no significant main effect for the gain of the eye movement for 

neither direction (F (1,19)=1.41, P >0.05) nor perceptual condition F(1,19)= 1.22, P>0.05) 

and no interaction (F (1,19)= 1.11, P>0.05).  

Experiment 2: Vestibular mediated changes in self-motion perception  

Firstly we assessed for differences in all perceptual conditions versus baseline measures (i.e. 

right and leftward perceived rotations and right and leftward subliminal rotations). All were 

found to be non-significant (p>0.05) paired t-test; Bonferroni corrected. Accordingly, for 

both further statistical and illustrative purposes (Fig 4), we subtracted the baseline from 

each condition and performed a 2x2 Repeated measures ANOVA, with factors direction (2 

levels: right; left) x perceptual condition (2 levels: perceived motion; subliminal motion). 

This revealed no significant main effect for neither direction (F(1,19)=0.822, p> 0.05),  nor 

perceptual condition (F(1,19)=0.76, p> 0.05) and no interaction (F (1,19)= 0.654, P>0.05). For 

the statistical analysis of the eye movement (i.e. gain of the vestibular nystagmus),a 2X2 

repeated measures ANOVA, with factors: direction (2 levels: right; left) and perceptual 

condition (2 levels: perceived motion; subliminal motion) revealed no significant main effect 

for the gain of vestibular nystagmus for neither direction (F (1, 19) =0.482, p>0.05) nor 

perceptual condition (F (1, 19) = 1.34, p>0.05) and no interaction (F (1,19)= 0.919, P>0.05).  
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DISCUSSION 

Our findings provide the first demonstration that the allocation of numerical magnitude can 

be differentially modulated by the perceptual state of self that is experienced during visual 

but not vestibular mediated motion. Notably, our experimental design controlled for both 

any task-associated variability (Priftis et al., 2006) or eye-movement related effects (Ranzini 

et al., 2015) upon numerical processing. 

 

 During visual motion that elicited the perceptual experience of world-motion, rightward 

OKS, that elicits left-beating OKN, shifted spatial attention leftwards (Teramoto et al., 2004; 

Watanabe, 2001), biasing judgments towards smaller numbers. Conversely, leftward OKS, 

that elicits right beating OKN, shifted spatial attention rightwards (Teramoto et al., 2004; 

Watanabe, 2001), biasing judgments towards larger numbers. Thus, during world-motion 

perception, numerical biasing occurred as result of eye-movement related spatial attention 

shifts in a manner consistent with context-dependent encoding of small numbers in 

association with the left side of space through disproportionate representation in the right 

hemisphere, with larger numbers being represented in association with rightward space in 

the left hemisphere (Arshad et al., 2016). Contrastingly, during visual motion that elicited 

the perceptual experience of self-motion (i.e. vection), both right and leftward motion 

biased numerical judgments towards larger numbers. Here, neither eye-movements nor any 

related spatial attention biases can explain the observed numerical modulation (Ranzini et 

al., 2015) as both the eye movements and secondary spatial attention shifts were in 

opposing directions during left and rightward OKS, yet judgments were consistently biased 

towards larger magnitudes.  

 

Previous neuroimaging data have demonstrated that during vection, conflict occurs 

between visual and vestibular cortical areas, resulting in inhibition of vestibular cortical 

areas (Brandt et al., 1998). Cortical areas devoted to vestibular processing overlap 

considerably with the right-lateralised fronto-parietal attentional network with both 

appearing to have right hemispheric dominance (Corbetta and Shulman, 2002; Dieterich et 

al., 2003; Lopez et al., 2012; Zu Eulenburg et al., 2012). Accordingly, we propose that during 

vection, inhibition of vestibular cortical areas (Brandt et al., 1998), preferentially in the right 
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hemisphere (Arshad et al., 2015a; Arshad et al., 2015b; Arshad et al., 2013; Dieterich et al., 

2003), results in a left hemisphere predominant response, biasing subjects towards larger 

numerical magnitudes (Arshad et al., 2016). This account is line with both (i) the previous 

observations of a pathological bias towards larger numbers during large-interval number 

pair bisection following right hemisphere lesions (Zorzi et al., 2002) which was found to be 

disassociated from spatial neglect (Doricchi et al., 2005) and (ii) our recent findings, using a 

combined visuo-vestibular stimulation paradigm that can result in a left-hemisphere 

predominant response which biases judgments towards larger magnitudes (Arshad et al., 

2016). Hence, numerical biasing towards larger magnitudes during the perceptual 

experience of self-motion during OKS occurred via a hemispheric-mediated effect, and the 

fact that this results in the dissociation of numerical-spatial interactions is in line with 

previous findings from both brain damaged and healthy individuals (Aiello et al., 2012; 

Arshad et al., 2016).    

Contrastingly, we found that vestibular-mediated motion perception did not modulate 

numerical magnitude. That is, perceived angular rotations did not bias numerical judgments 

in comparison to measures obtained at either baseline (i.e. no motion) or to those obtained 

during subliminal angular rotations. Previously it has been demonstrated that vestibular 

activation elicited via either linear translation (Hartmann et al., 2012a), lateral head turns 

(Loetscher et al., 2008) or galvanic stimulation (Ferrè et al., 2013) can modulate numerical 

cognition. We propose the fact that we did not observe any modulation of magnitude 

allocation during vestibular activation can be attributed to the numerical task employed in 

our present study compared to those which have been previously employed, as different 

numerical-tasks place differing demands upon both magnitude and visuo-spatial processing 

resources (Priftis et al., 2006). Further, the lack of any modulatory effect during angular 

vestibular rotations upon numerical magnitude is in line with our recent findings that 

demonstrated no effect upon number-pair bisection during caloric vestibular stimulation 

(Arshad et al., 2016).  

To conclude we provide the first demonstration that numerical magnitude can be 

differentially modulated dependent upon the perceptual state of self (i.e. changes in the 

sense of embodiment and/or bodily self-consciousness) during visual but not vestibular 

mediated motion.  
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Legends 
Figure 1 

 Visual stimulation paradigm; (A) For the perceived self-motion condition subjects were 

seated in the motorised Barany chair whilst surrounded by the vertical black and white 

stripes of the opto-kinetic drum, which was rotated at a velocity of 40o/sec, either 

rightwards  (red filled arrow) or leftwards (blue filled arrow). Note that the subjects feet 

were enclosed in the suspended foot rest attached to the rotating chair. Rightward OKS (red 

filled arrow) induces a perceived self-rotation to the left (as indicated by the red and white 

checkerboard filled arrow), whereas leftward OKS (blue filled arrow) induces a perceived 

self-rotation to the right (as indicated by the blue and white checkerboard filled arrow). (B) 

For the visual world motion condition, exactly the same experimental set up was 

implemented apart from the fact that now the subject’s feet were placed firmly on the 

ground as to provide a proprioceptive cue to negate the sense of vection (i.e. self-motion). 

Rightward OKS (as indicated by the red filled arrow) induced a percept of world visual 

motion to the right, whereas leftward OKS (as indicated by the blue filled arrow) induced a 

percept of world visual motion to the left. In both conditions (A & B) eye movements were 

recorded using bi-temporal EOG electrodes.     

 

Figure 2  

Vestibular stimulation paradigm; (A) Subjects were seated on a vibration free motorised 

Barany chair, which rotated (angular) either rightwards (red arrow) or leftwards (blue 

arrow). Eye movements were recorded using bi-temporal EOG electrodes. (B) Velocity and 

position profiles of rotations employed. For perceived rotations (upper panel) a symmetrical 

velocity profile was implemented with an amplitude of 40 degrees and a velocity of 11o/sec 

for both right and leftward rotations. In this condition, subjects perceived both directions of 

rotation. For subliminal rotations an asymmetrical rotation profile was implemented (lower 

panel). As shown, the sinusoidal rotations also had amplitude of 40 degrees; however the 

velocity profile was different. That is, there were two components, a slow phase component 

with a velocity of 11o/sec (leftwards in the figure) and a fast phase component with a 

velocity of 50o/sec (rightwards in the figure). The perceptual consequence of this velocity 
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profile was that during rotation subjects only perceived the fast phase of the rotation and 

not the slow phase component.  

 

Figure 3  

Summary of the results for the visually mediated changes in motion perception experiment;  

Bisection % error change from the baseline is represented on the Y axis. On the X axis we 

represent the different perceptual conditions. For illustrative purposes we have subtracted 

out the baseline from each condition, hence assuming baseline is at 0. The line in the middle 

of the box plot represent the median bisection error. The upper and lower boundaries of 

the box represent the 25th and 75th percentile. The whiskers represent the 10th and 90th 

percentile. During the perceptual state of visual world motion, rightward OKS biased 

subjects towards negative bisection errors (i.e. smaller magnitudes), whereas during 

leftward OKS subjects were biased towards larger numbers. During the perceptual state of 

self-motion, both right and leftward OKS biased subjects towards larger numbers. Data 

marked ** is significant at p< 0.01. The inserts represent each individual subject’s % change 

in bisection error relative to the rightward visual world perceptual condition.  

 

 

Figure 4  

Summary of the results for the vestibular mediated changes in self-motion perception 

experiment;  Bisection % error change relative to the baseline is represented on the Y axis. 

On the X axis we represent the different perceptual conditions. For illustrative purposes we 

have subtracted out the baseline from each condition, hence baseline is it 0. The line in the 

middle of the box plot represent the median bisection error. The upper and lower 

boundaries of the box represent the 25th and 75th percentile. The whiskers represent the 

10th and 90th percentile. No significant differences were observed between any of 4 

perceptual conditions during either perceived or subliminal rotations relative to each other 

or the baseline measure respectively.     
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A:  Self-motion condition
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B: World-motion condition 
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