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Using  functional  near infrared  spectroscopy  (fNIRS)  we  studied  how  playing  a  dance  video  game  employs
coordinated  activation  of  sensory-motor  integration  centers  of the  superior  parietal  lobe  (SPL)  and  supe-
rior temporal  gyrus  (STG).  Subjects  played  a dance  video  game,  in  a  block  design  with  30  s of  activity
alternating  with  30 s of  rest,  while  changes  in  oxy-hemoglobin  (oxy-Hb)  levels  were  continuously  mea-
sured.  The  game  was  modified  to  compare  difficult  (4-arrow),  simple  (2-arrow),  and  stepping  conditions.
Oxy-Hb  levels  were  greatest  with  increased  task  difficulty.  The  quick-onset,  trapezoidal  time-course
increase  in  SPL  oxy-Hb  levels  reflected  the on-off  neuronal  response  of spatial  orienting  and  rhyth-
udio–visual integration
ehavior

mic  motor  timing  that were  required  during  the  activity.  Slow-onset,  bell-shaped  increases  in  oxy-Hb
levels  observed  in  STG  suggested  the  gradually  increasing  load  of  directing  multisensory  information
to  downstream  processing  centers  associated  with  motor  behavior  and  control.  Differences  in tempo-
ral  relationships  of  SPL  and  STG  oxy-Hb  concentration  levels  may  reflect  the  functional  roles  of  these
brain  structures  during  the  task  period.  NIRS  permits  insights  into  temporal  relationships  of  cortical
hemodynamics  during  real  motor  tasks.
laying a multi-modal dance video game has potential for enter-
ainment, exercise, and to train people with neurologic disorders
r injury. To play, people stand on a dance platform, stepping on
p, down, right, and left pressure sensitive arrows, as they watch

 video game screen with moving arrows directing them where to
tep while listening to a game-song. This multi-modal activity lends
tself well to the study of neural processes involved in execution of

 complex motor task. To play the game requires visual, auditory,
nd somatosensory integration as well as cognitive processing to
espond accurately in order to maximize performance and game
cores.

Electrophysiology, intra-cortical neuronal recordings, and func-
ional magnetic resonance imaging (fMRI) studies on multisensory
ntegration in monkeys and humans suggest that cortical regions
n the superior temporal gyrus (STG) and superior parietal lobule
SPL) receive signals from more than one sensory modality [2,25].
his convergence appears to occur very early in cortical processing

11]. However, temporal relationships between these areas or their
eural networks are not well understood.
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Functional near infrared spectroscopy (fNIRS), a measure of
changes in the concentration of oxygenated (oxy-Hb) and deoxy-
genated (deoxy-Hb) hemoglobin in the cortex, offers several
advantages to elucidate the temporal relationship of STG and SPL
during motor execution. fNIRS recording is less vulnerable to head
and body motion artifact, has greater temporal resolution, and per-
mits analyses of real-time temporal information of brain activity
during movements that would otherwise produce artifact in other
electrophysiological measurements and fMRI [18].

We used fNIRS to allow subjects to play a dance video game in
a manner similar to real game-play. Two  regions of interest (ROI)
were selected for study, SPL and STG, areas known to be active
in multimodal processing. fNIRS afforded an opportunity to evalu-
ate the temporal relationships and effect of task difficulty on these
areas. Based on differences in hemodynamic response due to task
difficulty reported previously [15,29],  we hypothesized that: (1)
SPL and STG would reflect increased oxy-Hb levels compared with
rest; (2) task difficulty would be reflected in decreased game-scores
and increased SPL and STG oxy-Hb levels; and (3) STG and SPL
would reflect temporal differences in time to peak oxy-Hb levels.

Seven healthy right-handed subjects, aged 23–32 years (6

males, 1 female) participated in the fNIRS study. Eight healthy
right-handed subjects, aged 22–33 years (3 males, 5 females),
participated in collection of behavioral game-play data with-
out fNIRS. Subjects gave informed consent (in accord with the

dx.doi.org/10.1016/j.neulet.2011.08.023
http://www.sciencedirect.com/science/journal/03043940
http://www.elsevier.com/locate/neulet
mailto:waits_11r@yahoo.co.jp
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ig. 1. (A) Probe array positioned over the parietal and temporal lobes (yellow mark
ocations of 10–20 standard positions. Circled in red are SPL and STG optode locatio

niversity Institutional Review Board), were without neurolog-
cal illness, and had normal or corrected vision. All subjects

ere naïve or had minimal experience with dance exercise video
ames.Subjects played a dance video game, similar to the commer-
ial game Dance Dance RevolutionTM (Konami Corp., Tokyo, Japan),
hile they were scanned using a block design. Subjects played the

ame standing on a dance pad with four arrows: up, down, right,
eft. The game was modified using open source StepMania soft-

are to reflect three conditions while playing the song ‘Butterfly’
recorded by SMILE.dk). The first condition, “4-arrow”, included all
our arrows, but eliminated double arrows requiring jumps. The
econd condition, “2-arrow” used left and right arrows only. The
hird condition, “RSM” (Rhythmic Stepping to Music), required sub-
ects to step in time to the beat of the music and was portrayed by
ontinuous left and right arrows on the screen.

Using an epoch-based block design, each run lasted 310 s, with
ve 30 s epochs of “active” (game screen with green background),
lternating with five 30 s epochs of “rest” (game screen with red
ackground). The music continued playing throughout task and
est. Total time for 3 runs was approximately 16-min. Rudiments
f the game were explained to subjects. Subjects were instructed
o step onto the correct arrow as accurately as possible when the

oving arrows reached the top of the screen, but to minimize head
r limb movement. No further strategy was offered.

Dance pad sensors detected position and timing information

o provide participants with real-time visual feedback, similar to
ctual game-play. During the testing protocol, subjects practiced
ach condition once and then performed each of the three condi-
ions once in the same order. Subjects performed approximately 54
icate the superior parietal lobe; SPL and superior temporal gyrus; STG). (B) Relative

steps in each 4-arrow block, 44 steps in each 2-arrow block, and 64
steps in each RSM block.

fNIRS data were acquired with a 48 channel ETG-7100 (Hitachi
Medical Co., Kashiwa, Japan) Optical Topography system, sampled
at 10 Hz. This uses laser diodes to measure changes in oxy-Hb and
deoxyhemoglobin (deoxy-Hb) levels. Inter-optode distance was
3 cm for each source detector pair. The array of 48 measurement
positions covered an area of approximately 12 cm × 12 cm. The
probe array was  mounted on an elastic optode cap worn by each
subject, and positioned over the parietal and temporal lobes (Fig. 1).
Hairs around the optodes were push aside to sufficiently detect cor-
tical hemodynamics. The medial detector of the lowest optode row
corresponded to T3 of the 10-20 system [16]; the lower edge of
the probe set was fixed 1-cm above the pre-auricular point. For the
definition of the 10-20 system, the onsets of the zygomatic bones
were defined as preauricular points [17].

We used a 3D magnetic digitizer stylus (PATRIOT, Polhemus,
Colchester, VT), to obtain relative locations of 10–20 standard posi-
tions covering the temporal and parietal lobes and fNIRS optodes
in a real-world coordinate system. This allowed us to normalize the
position of the individual channels of the NIRS to the shape of each
subject’s skull [21].

Changes in oxy-Hb and deoxy-Hb levels were calculated based
on a modified Beer–Lambert approach [7].  Oxy-Hb and deoxy-Hb
levels in each block (task and rest) were integrated using ETG-

7100 software (OT-A7). To avoid NIRS pathlength issues, oxy-Hb
data from each channel of each subject was  normalized by linear
transformation so that mean ± SD of oxy-Hb levels during the ini-
tial 5 s of rest were zeroed [13]. Data were baseline corrected and
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e-trended to remove system drift [19,32]. Digitized positions
f the individual channels and changes in oxy-Hb/deoxy-Hb lev-
ls during performance of the three conditions were saved and
xported for further analysis.

In behavioral analyses of game-play, step score was  based
n temporal and spatial accuracy. Step timing (e.g. scoring)
as determined by the following: Marvelous = 0.00–0.0225 s,

erfect = 0.0226–0.0450 s, Great = 0.0451–0.0900 s, Good = 0.0901–
.1350 s, and Boo = 0.1351–0.1800 s. A miss was quantified if a sub-

ect stepped on the wrong arrow, did not step on the arrow within
.1800 s, or did not step on an arrow at all. In addition, score is based
n number of steps performed in a continuous sequence (combo).
ercent ‘marvelous, perfect, great, good, miss, and boo’ steps were
alculated. We  compared total scores for 4-arrow and 2-arrow with

 Wilcoxon signed rank test and step accuracy (% step type) with
ne-tailed paired t-tests (p < 0.05).

Data were further analyzed with Platform for Optical Topog-
aphy Analysis Tools (POTATo) (Research & Development Group,
itachi, Ltd.) within MatLab 7.0 (The MathWorks, Inc., Natick, MA,
SA) [10,27].  POTATo indicates the molecular extinction coefficient
f oxy-Hb, deoxy-Hb, and total hemoglobin detected by fNIRS, and
onverts each channel position into normalized brain surface. For
ach condition, data were averaged with a 5 s baseline preceding
ach task period and a 25 s ‘rest’ segment following each task block.
s each block alternated 30 s of task with 30 s of rest, this resulted

n a total task-rest period of 60 s. Channels corresponding to SPL
nd STG on the MNI  normalized brain were selected for further
nalysis.

Concurrent fNIRS-fMRI studies suggest superior signal to noise
atio and sensitivity of oxy-Hb [8,20,30], therefore, we report only
xy-Hb data. Researchers have suggested the need to account
or individual subject differences in NIRS calculations [23,30]. To
educe variability of the hemodynamic response between and
ithin subjects, we normalized each subject’s data, converting data

nto relative changes of oxy-Hb concentration levels. This is simi-
ar to EMG  normalization using maximal voluntary contraction [5].
he value of oxy-Hb levels in each condition (4-arrow, 2-arrow,
SM) in each subject were normalized to the maximal oxy-Hb level
f the left SPL 4-arrow task, and converted to a percentage. These
ata were then averaged across subjects in each area (e.g. left-SPL,
ight-SPL, left-STG, and right-STG) and used for group comparison.
on-normalized data was also analyzed.

We compared within subject “active” to “rest” for each condition
n left and right SPL and STG using repeated ANOVA (p < 0.05). We
hen compared peak oxy-Hb amplitude, defined as the maximal
alue of normalized regional oxy-Hb concentration change, for each
hannel (SPL and STG) across conditions using repeated ANOVA
ith post hoc Bonferroni comparisons where appropriate. Finally,
e compared the onset of initial peak timing of SPL to maximal peak

iming of STG within each condition. Significance was  considered
t p < 0.05 for all tests.

In behavioral results, mean ± SD 2-arrow game scores
15,090,114 ± 26,162,290) were almost 50 times greater than 4-
rrow scores (308,523 ± 599,958) (Wilcoxon Spearman rs = 0.7619,

 < 0.004). Analyses of step accuracy (% step type) revealed more
Great” steps when subjects played 2-arrow vs. 4-arrow (30%
s. 19%) [t(1,7) = 2.947, p < 0.03] and more “Misses” when sub-
ects played 4-arrow vs. 2-arrow (41% vs. 20%) [t(1,7) = 3.980,

 < 0.006].
In the 4-arrow condition, fNIRS results showed increases in

ean concentration of oxy-Hb in both SPL and STG (left and right)
uring task compared to rest [F(1,13) = 4.747, p < 0.01] (Fig. 2). Addi-

ionally, task was greater than rest in left and right STG for both
-arrow and RSM conditions [F(1,7) = 3.612, p < 0.04]. In left and
ight SPL during the 2-arrow and RSM conditions, mean concentra-
ion of oxy-Hb activity did not differ from rest.
Letters 503 (2011) 125– 130 127

There were differences between conditions in right SPL
[F(2,18) = 3.55, p < 0.03], with 4-arrow greater than 2-arrow and
RSM (post hoc p < 0.05) (Fig. 2). There were no differences in mean
peak concentrations of oxy-Hb across conditions in left-SPL or STG.
Although peak oxy-HB increases of right SPL and STG were notice-
ably greater than their left counterparts, there were no significant
differences due to laterality.

SPL oxy-Hb levels began to increase just after game-play onset
and reached peak maxima amplitude within 6 s after 4-arrow task
onset (Fig. 3). Resembling a trapezoid, oxy-Hb levels remained ele-
vated until the end of the task duration and immediately dropped
following task completion. At rest, oxy-Hb levels dropped below
zero, then gradually returned to baseline. SPL in 2-arrow and RSM
task did not have this distinct shape (Fig. 2). In contrast, STG, resem-
bled a bell-shaped curve: both left and right STG oxy-Hb levels
gradually increased after 4-arrow task onset (Fig. 3), and reached
peak maxima approximately 5–10 s before the end of the task. Oxy-
Hb levels gradually returned to baseline over the entire rest period.
Similar STG patterns were observed in 2-arrow and RSM (Fig. 2). ROI
peak timing of SPL and STG differed within each hemisphere [SPL-R
vs. STG-R: F(1,36) = 94.12, p < 0001; SPL-L vs. STG-L: F(1,36) = 169,
p < 0.0001] and, in post hoc Bonferroni tests, by condition [SPL-R vs.
STG-R: 4-arrow t(2,36) = 5.549, p < 0.001; 2-arrow t(2,36) = 5.798,
p < 0.001; RSM t(2,36) = 5.457, p < 0.001 and SPL-L vs. STG-L 4-arrow
t(2,36) = 7.599, p < 0.001; 2-arrow t(2,36) = 6.536, p < 0.001; RSM
t(2,36) = 8.38, p < 0.001]. There were no differences between hemi-
spheres. SPL initial peak occurred at 11.2–13.4 s, compared to STG
peak, which occurred at 30.5–36.7 s for all conditions and hemi-
spheres.

In this study we revealed three major results: (1) SPL and STG
indicated increased oxy-Hb levels compared with rest; (2) task dif-
ficulty (i.e. 4 arrow was more difficult than 2 arrow and RSM) was
reflected in decreased game-scores and increased SPL and STG oxy-
Hb levels; and (3) STG and SPL showed differences in time to peak
oxy-Hb levels. In addition, response patterns of STG and SPL oxy-Hb
differed.

Dance video game-play requires coupling of rhythmic beat and
arrow perception with accurate stepping onto the correct sensor.
Increasing game-play difficulty occurs via increased visual content
(more arrows) as well as decreased time allocated to press but-
tons in a temporal and spatially accurate manner. While the ability
to perform more responses in a reduced time period is specific to
this game, this ability to dynamically allocate neural resources to
integrate complex cues into motor ability is directly applicable to
many real world conditions, such as air-traffic-control, battlefield
management, and reducing the risk of falling in a noisy crowded
environment.

fNIRS permits characterization of the spatial and temporal char-
acteristics of neural activity as represented by changes in oxy-Hb
levels. The aim of this study was to utilize fNIRS to measure and
characterize the functional relationship of two  ROI important for
sensory integration, spatial orientation, and internal representa-
tions: SPL and STG. It was our goal to determine how these ROI
responded to three task difficulties. For all three tasks, there were
temporally and spatially coordinated visual and auditory inputs
that needed to be accurately integrated into motor output patterns.
We anticipated increased activity in STG and SPL with increased
sensory load, as STG is thought to participate in multi-sensory inte-
gration and SPL in sensory-motor integration and spatial attention
[1,6,26].

As expected, increases in oxy-Hb levels in SPL and STG activity
during the task differed from rest. Only left and right SPL oxy-Hb

levels in 2-arrow and RSM did not differ. The three conditions repre-
sented different levels of task difficulty. Based on behavioral game
scores, 4-arrow was a more difficult task compared to 2-arrow.
RSM, which did not have a game score, did not require any measure
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ig. 2. (A–D) Mean (±SD) SPL and STG Oxy-Hb curves. (A) Left SPL; (B) Right SPL; (C
ight  column: RSM. Abbreviations: L, left; R, right; SPL, superior parietal lobe; STG, s
f spatial-temporal accuracy, and therefore could be considered the
implest task. Accordingly, SPL and STG oxy-Hb peak amplitude
as greater in 4-arrow, the hardest task, less in 2-arrow, the mod-

rate task, and least in RSM, the least difficult task. Oxy-Hb activity

ig. 3. Mean SPL (grey) and STG (black) Oxy-Hb activity during task and rest. (A) Left hem
ertical  grey line reflects peak SPL amplitude. Vertical black line reflects peak STG amplit
 STG; (D) Right STG. Left column: 4-arrow condition, middle column: 2-arrow, and
r temporal gyrus.
measured from these two ROI did not appear reflective of the
amount of physical activity itself: RSM had the greatest amount of
steps but lowest oxy-Hb amplitude. Together with a previous find-
ings showing that activation in SPL increases with discrimination

isphere. (B) Right hemisphere. Dotted lines reflect 30 s game-play onset and offset.
ude.
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f increasingly complex visual features [29], we suggest the ampli-
udes of both SPL and STG activation may  indicate the amount of
omputational processing occurring depending on task complexity
15].

Besides that the maximum amplitudes of oxy-Hb signal in
PL and STG shared a common tendency reflecting the compu-
ational load, their time-course changes were distinctly different
Figs. 2 and 3), suggesting a different role of SPL and STG in this

ultimodal execution task. SPL has been described as a part of top-
own processing and feed-forward modulation of sensory inputs
12], integrating auditory and visual input [6] to execute goal-
irected spatial orienting [24,26]. In the current experiment, the
rienting activity corresponds to observing the arrows and listen-
ng to the music to determine the direction and the timing of next
tep, respectively, which are required throughout the task period.
herefore, it makes sense that this orienting activity occurred early
n the task and was maintained for the whole task period. A sim-
lar quick-onset, trapezoidal time-course change in SPL oxy-Hb
evels has also been reported in other visuo-spatial tasks [14].
n the other hand, STG has been suggested to integrate auditory,
isual, and somatosensory information and direct this information
o downstream processing centers associated with motor behav-
or and control [1,3,4].  In the current experiment, this is equivalent
o synchronizing the step with the visual and auditory cues of the
irectional arrow (up, down, left or right) and rhythm of the music,
espectively. The slow-onset of changes in oxy-Hb concentration
bserved in STG suggests the gradually increasing load of directing
ultisensory information to the downstream processing centers.

his delay may  represent the time it takes to sufficiently pick up
 rhythm from hearing a song to produce a motor output at the
orrect timing.

There were several limitations in this study. Variability in scalp
o brain distance, can be factors contributing to signal variability
cross subjects [28]. Second, optical pathlength to different brain
reas may  affect outcomes [9].  However, the auto-gain processing
n the fNIRS system corrects for these problems. Third, digitiz-
ng optode and anatomic relationships provide only a probabilistic
uideline for inferences about cortical location of activity in rela-
ion to standard MNI  stereotactic spaces [22]. In future studies,
IRS tomographic analyses will allow determination of 3-D MNI
oordinates within the cortex, while subtracting out supra-cortical
ctivity [31]. Finally, game-scores were not simultaneously col-
ected with NIRS recordings, but in a second group of subjects.

Our fNIRS study demonstrated temporal dynamics of coor-
inated activation in SPL and STG, two major sensory-motor

ntegration centers, during dance video game-play. The preceding
hange in oxy-Hb concentration in SPL suggests the top-down ori-
ntation of multimodal sensory integration and motor execution,
hile the delayed response in STG may  correspond to the load

or practical direction of executive motor control downstream of
he SPL. Our results also indicate the feasibility of fNIRS in deter-

ining temporal relationships among brain areas involved in the
xecution of complex motor tasks. Further investigation of tempo-
al relationships among SPL, STG and other brain areas involved in
ultimodal sensory and motor integration such as the prefrontal

ortex will elucidate the neuronal processes associated with real-
orld behavior of dance.
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