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ABSTRACT 
Study of the brain is somewhat similar to understanding a multi-
core processor. Video games offer a way to study how different 
sensory inputs affect motor output. Co-processors, comparator 
elements, and integrators of executive function and working 
memory work to balance sensory modalities and integrate this 
information into motor output. In this paper we describe the 
differences in functional brain activity using magnetic resonance 
imaging (MRI) while actively interacting with the game Dance 
Dance Revolution. We hypothesized that distinct patterns of 
activity within frontal lobe would be seen with respect to motor 
output when presented with various types of modified sensory 
cues. 16 subjects underwent the scanning procedure that included 
four different conditions.  Results indicate that depending on the 
type of sensory information made available, different areas 
associated with working memory and executive function could be 
isolated.       
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1. INTRODUCTION
Understanding how the brain balances the type and amount of 
various sensory modalities has a direct influence on the body’s 
ability to perform tasks. In many cases we have the ability to 
produce similar or even identical behaviors under the influence of 
uni- or multimodal sensory cues. In many cases, we can become 
more proficient when combining multiple cues [1]. Where and 
how the brain stores the sensory cues in a cache for integration 
and processing into motor output remains largely unknown in 
humans. Studies on monkeys have implicated various areas of the 
frontal cortex as memory reserves while other areas are used to 
process and manipulate this data [2]. It is possible that the frontal 
lobe may serve as a multi-core processor with various caches of 
types of sensory information that are interpreted and integrated 
through specific channels in the process of executive function. 
   We are particularly interested in the brain’s ability to integrate 
sensory cues into motor output.  Our goal in this study was to use 
a modified multimodal video game to determine how and where 

auditory, visual, or mixed auditory-visual cues are interpreted 
differently by the brain and to isolate different functional 
networks underlying variances in motor processing ability. In this 
study we had subjects play the game Dance Dance Revolution 
(DDR) with auditory, visual, mixed or no cues while undergoing a 
functional magnetic resonance scan to determine where and how 
the different cues are processed prior to being integrated into 
motor output. We hypothesized that each type of modality would 
yield a characteristic pattern of activity within the brain.   

2.  METHODS
2.1 Subjects
Sixteen healthy subjects, four males and 12 females, with a mean 
age of 24.37 years (SD 4.83, range 18 – 36) participated in this 
study after giving their written informed consent in accord with 
the University Institutional Review Board.  

2.2  Image acquisition 
The fMRI data were acquired on a 1.5-T scanner (General 
Electric, Milwaukee, WI) at the Program for Imaging and 
Cognitive Sciences, Columbia University Medical Center using a 
standard 8-channel birdcage head coil. 

2.2  Paradigm design
   Subjects played a modified dance simulation video game, 
similar to the commercial game Dance Dance Revolution (DDR), 
while they were scanned using a block design.  While lying supine 
in the fMRI scanner, a bolster was placed under their thighs, 
flexing the knees to approximately 60º. Their thighs were strapped 
over the bolster to the platform bed to minimize limb motion 
artifact due to toe tapping. To further minimize artifact, a 
simplified two-button footpad was used to play the game (Fig. 1).  
The subjects interacted with the game from a supine position in 
the scanner using mirrors attached to the head coil and heard 
music through electrostatic headphones that allowed them to see 
and hear the game projected on a projector screen. 

A. B. 

Figure 1A. Two button footpad set up. B. Example task 
paradigm used in study. 

We further modified the software to include an epoch-based block 
design in which each run lasted 310s, with six 30s epochs of 
“active” (gamescreen with green background) alternating with six 
30s  epochs of “rest” (screen with red background) (Fig. 2). 
Subjects “played” the game using four different paradigms in 
random order. The first paradigm was to play DDR in the standard 
way (with the modifications described above). Figs. 3A and B  
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indicate the screens the subjects interacted with during DDR game 
sessions. “Active” epochs had a green hue to the background 
image, while the “rest” epochs had a red hue, and arrows were 
replaced with “mines”.  The second gametype was to play DDR 
without music (DNA = DDR No Audio). The visuals were 
identical here, but audio was removed from the game.  The third 
and fourth tasks further modified game play to remove visual cues 
and were designed to emulate stepping or walking with (RSM = 
Rhythmic Stepping to Music) and without music (RNA = 
Rhythmic Stepping with No Audio). We instructed subjects to tap 
the buttons left, right, left, right, etc. with their toes either with the 
beat of the music, or at their own internal pace in the absence of 
music. To replace the visual arrow cues native to the game, and 
control for the movement stimuli we inserted a non-interactive 
continuous line in the left and right columns (Fig. 3C indicates an 
“active” green epoch).  The total time for four runs was 20 min 
and each run was repeated twice. At the time of scan the 
rudiments of the game and the different tasks were explained to 
subjects and they were given practice with each condition one 
time prior to scanning. Subjects were also instructed to play the 
game while trying to minimize the motions of their head. No 
further strategies were given to participants. 

2.3  Data Analysis
Behavioral analysis was determined in terms of how spatially and 
temporally accurate subjects performed at the tasks during DDR 
and DNA. We did not record behavioral data during RSM and 
RNA as the game was dramatically reduced in these instances and 
did not allow for quantification of game elements. It was 
confirmed during these trials that subjects stepped in the active 
epochs and rested during red epochs for each trial. Behavioral 
analysis for DDR was determined by the score per step, based on 
a temporal (and spatial) accuracy system. Step timing (and thus 
scoring) is determined by the following: Marvelous = 0.00 - 
0.0225 s, Perfect = 0.0225 - 0.0450 s, Great = 0.0450 - 0.0900 s, 
Good = 0.0900 - 0.1350 s, and Boo > 0.180000 s. A score of Miss 
was quantified if a subject pressed the wrong button, or did not 
press a button at all. In addition, score is based on number of steps 
performed in a continuous sequence (combo). Percent ‘marvelous, 
perfect, great, good, miss, and boo steps were calculated. BOLD 
signal analyses were performed using SPM8 (The Wellcome Trust 
Centre for Neuroimaging, London, UK; implemented in 
MATLAB 7.0 (The MathWorks, Inc, Natick, MA, USA). 

3. RESULTS
Behavioral results were examined in terms of timing performance 
for DDR and DNA. Because the interaction with no arrows was 
reduced to tapping with and without musical rhythm, the scoring 
system was eliminated from the game, and no corresponding 
analysis was performed. Figure 4 is a polar plot comparing the 

average numbers of types of scores for all subjects. The graph 
indicates the amount of each category or scoring type described 
above for arrow taps in DDR (Blue trace) versus DNA (Red 
trace). While the numbers of perfect, great boos and misses are 
almost identical indicating a consistency in spatial accuracy, a 
shift in timing is indicated for good and marvelous values.   
   Functional images are shown in Figure 5. Figure 5A is a 3D 
rendering of a normalized brain with data from 16 subjects 
overlaid displaying the areas of activity as indicated by BOLD 
signal (p<0.05) in the frontal cortex for DDR (red) and DNA 
(blue). Areas of overlapping activity are indicated by a combined 
purple color. This figure indicates a large portion of the frontal 
cortex is used in both behaviors. Figure 5B is a render comparing 
areas of activity within the frontal cortex for RSM (red) and RNA 
(blue). Areas of shared activation are again indicated by purple.  
Similar to DDR and DNA, most areas in the frontal lobe are also 
active to some degree in these behaviors.   

To compare degrees of activation between different behaviors we 
subtracted the various conditions from each other (e.g. contrast 
analyses). These are represented in Figures 5C-E. These images 
show activity for both a left and right rotated brain render to 
indicate any potential laterality. Figure 5C indicates two contrasts; 
the first is DDR–RNA (red) and the second is RNA–DDR (blue -
the small area of activity is hard to see in the image but is located 
in the primary motor cortex in the foot area of the motor 
homunculus). The areas we found to be active in DDR>RNA 
were Brodmann’s Areas (BA) 8,10,11,45,46, and 47. Figure 5D 
contrasts DDR–DNA (red) and DNA–DDR in blue. In this 
subtraction, we found areas of increased activity related to 
DDR>DNA to have similar patterns of activation compared to the 
DDR>RNA, but DNA>DDR indicated a different pattern of 
activity in prefrontal cortex (increased BA 9, 46, and 11) and also 
indicated higher levels of activity in the pre-supplementary motor 
area (pre-SMA). Figure 5E contrasts DDR–RSM (red) versus 
RSM–DDR (blue). Here we also found similar areas of activity 

Figure 3. Modifications made to game environment. 

Figure 4. Comparison of accuracy when playing DDR with 
and without Music. 

281



for DDR related to DDR>RSM. However, RSM–DDR indicated a 
large increase in BA 9 and SMA proper with BA 11 to a lesser 
extent.  These results will be further discussed below.  

Figure 5.  Renders of functional brain activity. 

4. DISCUSSION 
Our goal was to determine how and where in the brain different 
sensory signals are integrated into influencing motor output. We 
found that depending on the type and combination of cues, 
humans can utilize several specialized motor association and 
prefrontal areas within the frontal lobe to produce visually 
indistinguishable stepping behaviors. Even so, the pattern of 
functional frontal lobe activations were dependent on the specific 
types of cues.   
   DDR served as our multimodal sensory interaction while RSM 
and DNA were unimodal. RNA served as somewhat of a control.  
Within the PFC previous studies have shown that the orbital 
cortex (BA 11) may be involved in decision making processes [3]. 
BA 9 and 46, which makeup the dorsolateral PFC (dlPFC), have 
been shown to be involved in active manipulation of data [4]. Our 
results show that the unimodal stimuli are activating these areas 
with a different pattern of activity than the multimodal DDR 

stimuli (or non-cued RNA).  Figures 5C-E indicate rough 
estimates of the orbital (green circle) and dlPFC (orange). In 
Figure 5D and E, the blue areas indicate DNA>DDR and 
RSM>DDR respectively, indicating a difference in decision 
making which may be influenced by executive function or active 
manipulation of stored memory. An additional difference is 
shown inside the pink circles in Figures 5C-E. This part of BA 6 
known as the SMA and pre-SMA. The activity in BA6 in 5D is 
largely isolated to the more anterior pre-SMA while in 5E it is 
more isolated to the SMA proper.   
   An interesting question is why DDR, with its multiple cues, 
does not show activity in BA 11 and thus may not require as much 
decision making activity. DNA and RSM seem to require an 
additional processing step that may explain the differences seen in 
our behavioral results (Figure 4). The exact nature of these 
relationships remains unknown but the shift towards a reduction 
in timing accuracy with no change in spatial accuracy suggests 
there may be additional sub-processing steps involved to relay the 
motor data to the primary motor cortex. On a neurophysiological 
basis, this increased duration could be the result of an increase in 
the amount of synapses, or relays needed to sense, analyze, and 
integrate sensory information to motor output.         
   Regions within BA6 do not have reciprocal connectivity [5] 
with all other areas of the cortex. The specific anatomical 
connectivity to a particular area is likely related to an upstream 
processing step linked to how the sensory cue is stored in the 
cache, or working memory. The differences in functional areas we 
have isolated within the various regions of BA6 including the 
PMC, pre-SMA and SMA may be serving a motor output system 
in which a series of co-processors, comparator elements, 
integrators of executive function and working memory function to 
balance sensory modalities and integrate this information into 
motor output. Because of the various interconnectivities within 
BA 6, these areas may actually function as a single multi-core 
processor whose job is to interpret the various bits of data stored 
within working memory and compare this to the goals for output 
of executive function.   

5. CONCLUSION  
The data presented here suggests that in some cases timing and 
spatial accuracy can be improved by providing multiple cues. 
How these cues are interpreted and integrated into motor output 
determines their effectiveness to influence decision making within 
a game. The efficiency with which the brain is able to process 
these cues and integrate them into motor behaviors will certainly 
have an impact on players performance in a game and should be 
taken into consideration in future game development.   
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