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Abstract. When a visual cursor moves in response to the application of an operator’s force, violation of 
force-visual (FV) cooperation by sudden visual change often causes modulation of perception of force. 
This study examined whether this phenomenon arises at an early sensory or late cognitive stage by 
measuring brain activity with magnetoencephalography. In FV condition, subjects were asked to move 
a visual cursor toward a target position with a constant velocity by pressing a pointing device; in the 
visual condition, automatic movements of the cursor with constant velocity were presented. In half of 
the trials in each condition, cursor direction was suddenly reversed during the movement. Only when 
visual change was unpredictable under the FV condition did it evoke an early component from the 
contralateral primary somatosensory, ipsilateral secondary somatosensory, and inferior frontal areas. 
This was accompanied by modulation of gamma band activity, the generation of which was correlated 
with the occurrence of the perceptual modulation of force. Since the force was constant, we conclude 
that this phenomenon arises from the primary stage of somatosensory processing, as in the case of 
authentic input, probably as a result of the modulation of gamma band oscillations by unexpected 
visual detection.   
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1. Introduction 
When a visual cursor moves in response to the application of an operator’s force, violation of 

force-visual (FV) cooperation by sudden visual change often causes mismatch sensation or even 
perceptual modulation of force (either heavier or lighter) while the physical magnitude of force itself is 
unchanged (e.g., Diedrichsen et al., 2007). Given constant force input, it appears that this phenomenon 
results from a crossmodal effect of change in visual input, though it is unclear at which stage of 
information processing and at which location in the brain this begins to occur.  

One possible explanation for this is based on a hierarchical scheme in which modulation of 
perception of force occurs after a certain degree of transient visual and consecutive proprioceptive 
analysis at a later cognitive level, with higher-tier areas involved in initiation of the phenomenon. 
Another possibility is that this phenomenon is not initially mediated by such areas but is induced at an 
early sensory level, perhaps even in the somatosensory area, as suggested by recent studies reporting 
early crossmodal interaction in regions that had classically been considered modality-specific [Calvert, 
2004]. In this study, to test which model is correct, we measured the spatio-temporal dynamics of brain 
activity for unexpected changes under conditions of FV cooperation using magnetoencephalography 
(MEG).  

2. Materials and Methods 

2.1. Subjects 

Nine healthy subjects participated in the pilot experiment (under the unpredictable FV condition 
noted below), and six of the nine subjects who perceived modulation of force perception for 
unexpected visual changes (all males in their twenties) were asked to participate in all the experiments. 
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Informed consent was obtained after each subject received an explanation of the details of the 
experimental procedure. Experimental protocols were approved by the Ethics Commission of Tokyo 
Denki University as well as the Ethics Committee of Keio University, Faculty of Science and 
Technology.  

2.2. Stimulation and Task 

Force-Visual Condition  
To monitor the force produced by the subjects, we developed an immovable stick-pointing device 

made of acrylic with a force sensor. A visual cursor was back-projected on a screen, which was 
initially placed in the right visual field. The cursor moved leftward linearly in response to the 
application of a pressing force (see Fig. 1; velocity/force = 12 deg/N·s). Subjects were instructed to 
press the tip of the stick with their right index finger to increase the cursor velocity to 12 deg/s (= 1 N) 
soon after the presentation of a go stimulus. The go stimulus was a change in color from white to red 
of a target cue placed in the left field. Subsequently, they were asked to move the cursor toward a 
target position with constant velocity. If the force exceeded 1.2 N or fell beneath 0.8 N, the color of the 
fixation point was darkened or lightened, respectively. In half of the trials, the direction of the cursor 
was reversed at a random position in the left field during the movement (P = 0.5); in the other trials, it 
was not changed and the cursor could reach the target position (P = 0.5). After each movement, the 
cursor was returned to the initial position and the average force was presented during the inter-stimulus 
interval (ISI) of 0.5–1.0 s.  

Two experiments were conducted using this FV paradigm with 200 presentations in each 
experiment. One experiment made use of a predictable condition, in which the position of reversal was 
marked and subjects were further instructed to respond to the visual change during the ISI when they 
perceived modulation of force (heavier) to any extent at all. The other experiment made use of an 
unpredictable condition, in which such a marker was not presented and subjects were asked to respond 
when they perceived no modulation of force. The order of experiments was counterbalanced across 
subjects. 

 

 
 

Figure 1. Stimulus sequence under the predictable force-visual condition. The cursor moved to the left linearly 
in response to application of a pressing force to the pointing device with the right index finger. Left 
column indicates the case in which the cursor could reach the target position (P = 0.5); right column 
indicates the case in which the direction of the cursor was reversed at a randomly set marker position 
during the movement (P = 0.5).  

Visual Condition  
In the visual (V) condition, the pointing device with feedback information was not used and only 

the automatic movements of the visual cursor were presented, while the other aspects of the stimulus 
design were similar to those in the FV condition. After a constant interval from the go stimulus 
determined by the mean reaction time for the individual subject during the pilot experiment, the cursor 
began to move with a constant velocity of 12 deg/s. Two experiments were also performed under the 
predictable and unpredictable conditions with 200 presentations in each experiment, with the order of 
conditions counterbalanced across subjects. Under these conditions, subjects were not required to 
respond, but were asked to count the total number of visual changes.  
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2.2. Recording and Analysis 

Neuromagnetic data were recorded with a whole-cortex MEG system that has 300 axial 
gradiometers (PQ2440R, Yokogawa Electric Corp., Japan). The sampling rate was 1000 Hz and the 
analog recording passband was 0.03–200 Hz. Trials contaminated with eye-related artifacts were 
rejected, and the collected data were averaged from 100 ms before to 300 ms after the onset of visual 
change. The offset was removed based on a pre-change interval, and the averaged data were digitally 
low-pass-filtered at 30 Hz. We next divided all the sensors into five groups: 85 sensors covering either 
the left or right somatosensory area, 30 sensors covering either the left or right occipital area, and the 
remaining sensors. For each group, we calculated root mean square (RMS) values of the magnetic 
fields and examined gamma band activity from 30 to 70 Hz. Subsequently, equivalent current dipoles 
(ECDs) were estimated for the distinct early peak recognized in each RMS waveform at the latencies at 
which goodness-of-fit was maximal.  

3. Results 

3.1. Behavioral Results 

After each recording, we confirmed that all subjects had complied with the instructions. The 
probabilities of occurrence of modulation of force perception were 95 ± 6% in the unpredictable FV 
condition and 3 ± 6% in the predictable FV condition, which was significantly different (t5 = 19.2, p < 
0.001, paired t-test). In the case of V condition, the accuracies of reported numbers of changes were 98 
± 2% and 98 ± 1% under the respective conditions. These values were not significantly different.  

3.1. MEG Results 

Fig. 2 shows the RMS waveforms for the sensors covering either the left or right somatosensory 
area under each condition. In the unpredictable FV condition, an early component, termed M1, was 
recognized bilaterally with an intensity of 40–90 fT in the period 100–200 ms after the onset of visual 
change, although the forces measured by the pointing device were constant (N = 5); in the predictable 
FV condition, this component was not observed (N = 6). Neither the predictable nor unpredictable V 
condition evoked an M1 component (N = 6). In the right occipital area, early peaks specific to visual 
input were observed from about 100 ms after onset of change, but no other activity was recognized in 
the other areas either before or during the time range of M1 generation (N = 6). In addition, the spatial 
pattern of motor activity obtained from movement onset averaging was different from that for M1. 

Analysis of the sources of activation of M1 revealed that, for the left hemisphere contralateral to 
the pressing finger, ECDs were located in the primary somatosensory area (SI) in five subjects (10–30 
nA·m; N = 5). For the right ipsilateral hemisphere, they were located in the secondary somatosensory 
area (SII) in three subjects (10–20 nA·m; N = 3) and inferior frontal area in two subjects (10–20 nA·m; 
N = 2). For the component observed in the right occipital area, they were located in the right 
extrastriate area (10–30 nA·m; N = 6).  

Fig. 3 shows the normalized power of gamma band activity relative to pre-trial baseline activity in 
each condition. In the two FV conditions, increase in intensity of gamma band activity before the onset 
of visual change was recognized in the left somatosensory and right occipital areas, compared with the 
V conditions (t5 = 3.9 and 2.8, respectively; p < 0.05). In addition, only the unpredictable FV condition 
was associated with modulation of increased gamma band activity in these areas, which was observed 
within 200 ms after the onset of change (t5 = 2.5 and 3.4, respectively; p < 0.05).   
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Figure 2. Root-mean-square (RMS) waveforms of 85 sensors for each hemisphere covering the somatosensory 

cortex in each condition. Force values are additionally shown in the FV conditions (left column). Only 
in the unpredictable FV condition was a bilateral component M1 observed from 100 ms after the onset 
of visual change, although the force was constant. 

 

 

Figure 3. Normalized power of gamma band activity relative to pre-trial baseline activity in each condition. The 
power in the left somatosensory and right occipital areas before the onset of visual change was 
increased in the FV conditions compared with the V conditions. This increase was modulated within 
200 ms after the onset of change in the unpredictable FV condition. 

4. Discussion 
In this study, only the unpredictable FV condition was found to evoke an early somatosensory 

component, M1, although force input was constant during the period of time surrounding the visual 
change. The involvement of additional force production was also ruled out by the spatial pattern of M1, 
since it differed from those of motor activity. Behavioral results indicated that each condition was 
associated with a similar state of arousal. Since the increase in gamma band activity in the FV 
conditions confirmed FV cooperation, the somatosensory M1 appeared to have been generated by 
unpredictable visual changes that violated cooperation.  

Remarkably, generation of the M1 component was correlated with the probability of occurrence of 
perceptual modulation of force. In fact, the sources of activation we observed for M1 are supported by 
a rubber-hand illusion study that reported that illusory somatosensory percepts were created in the SI 
contralateral to the side of perception [Schaefer et al., 2006; Kanayama et al., 2007]. Moreover, 
multimodally responsive areas related to attention include the ipsilateral SII and inferior frontal regions 
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[Downar et al., 2000]. Since a recent MEG study reported that unexpected visual inputs can be 
detected at about 100 ms post-stimulus [Aoyama et al., 2007], detection of such unexpected changes 
under conditions of FV cooperation should capture the early proprioceptive processing associated with 
gamma band modulation. Although it cannot be determined from the present study whether M1 
includes activity related to distinguishing heavier from lighter force, due to insufficiency of detailed 
visual analysis [Vogel and Luck, 2000], M1 does appear to reflect a basic process related to the 
modulation of perception of force.   

We therefore conclude that the induction of modulation of perception of force begins not at the late 
cognitive stage in higher-tier areas but at the primary stage of somatosensory cortical processing, as in 
the case of authentic proprioceptive input, probably as a result of the modulation of gamma band 
oscillations by unexpected visual detection. These findings indicate that our sensory system is not 
functionally compartmentalized for each modality but can flexibly process inputs from different 
modalities even in the early stages of perception.  
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