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Abstract　This　paper　describes　a　newly 　developed　qLエanti七ative 　measurement 　method 　of
ら‘
attentlon

”based　on

steady −state 　soma 七〇 sensory 　evoked 　potentials（SSSEPs），　 To　demonstrate 　the 　feasibility　of 　the 　Hlethod ，　we 　carried

out 　a 　task　that　subjects 　attend 　on 　the　right 　or 　left　index　fingeT　both 　of 　w
’hich　frequency−tagged　mechanical 　vibration

stilllu工i　were 　presented．　 In　the　task
，
　the　subjec 七s　are 　also 三llstructed 　to　coullt 　the　number 　of　pulsed　mechanicaI

stimuli 　given　to　the　middle 　finger　of 　the　attended 　hand．　 Afしer　applying 　a 　narrow 　band　pass　filter
，
　principal　com −

pQIIellt　analysis （PCA ）was 　used 　to　extract 　principal　components （PCs ）．　 Subsequently，　ti皿 e　courses 　of 　powers 　of

reconstructed 　PC 　scores 　were 　analyzed 　in　each 　subject
，
　it　was 　found　that　powers 　of 　SSSEPs　in　attended 　cond 三tions

were 　larger　thall　those　of 　non −attended 　conditions ．

Key 　words 　 at 七ention ，　steady −sta むe　sensory 　stiinuli
，
　steady −state　somatosellsory 　evoked 　potential （SSSEPs）

注意の 定量化

定常体性感覚誘発電位 を用い た検討
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あらま し　本稿 で は 体性感覚 モ ダ リテ ィ に 着 目 し，「注 意 」 とい う精神状態 を 定常体性 感 覚 誘 発 電 位 （steady −state
somatosensory 　evoked 　potential；SSSEP ） の 変調量 と して 定量的 に捉 え る新たな手 法を提案す る ．被験者 に 対 して 左

右示指 に特定 の 周波数 で 標識 した機械振動刺激 を与え る と同 時 に 左右中指 に は パ ル ス 刺激 を与え，片方 の 振動朿1」激 に

注意 を向けな が らパ ル ス 刺激 の 回数 を数えさせ る 実験 を行 っ た．狭帯域 バ ン ドパ ス フ ィ ル タ と主成分分析 に よ り得ら

れ る 主成分得点 を用 い ，注意 に よ り SSSEP が 大き く変調す る 周波数 が 個人 毎 に 異な る 明 らか に した．
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ワ
ー

ド　注意，定常感覚刺激，定常体性感覚誘発電位 （SSSEP ）

1 ．　 Introduction

　
”Attention ”is　onc 　of 　the 　important　bra玉n 　information　and

well 　 studied 　in　the　fields　 of　not 　 enly 　cQgnitive 　sciences 　but

brain−computcr 　interfaces （BCIs）［！l．　 Recently，　increases　of

sensory 　evoked 　potentials 　during　attention 　have　been　re−

porもed ［2卜［5L　 AIthough 　there 　are 　some 　atternpts 　to　 mea −

sure 　brain　aCtivities 　reflecting 　a．ttentiOn 　quant ，itatively，　nO

generally 　used 　method 　is　established ．　 Realiza七ion　of 　quan 七i−

tatlve　measurements 　of 　attention 　would 　cQntribute 　to　clarify

cogni むive　functions．　 Furthermore，　they 　may 　also 　contribute

for　accuracy 　improvement 　of 　BGIs 　and 　development　of 　diag−

nostics 　supPort ・ing　techniques 　of 　attentional 　disturbance［6］．

　In　 this　 study ，　 we 　 proposed　 a　 novel 　 quaIltitative　 mea −

suremel1 七 method 　of
［［
atten 七並on

” based　on 　frequency−tagged
steady −state 　 s・omatoseIlsory 　evoked 　potentials　（SSSEPs ）

combining 　with 　principal　component 　 analysis （PCA ）and

wavelet 　analysis ，　 The 　SSSEPs 　were 　elicited 　by　 mechal1 童cal

vibrat めns 　presented　to　the　right 　and 　left　index 負ngers ．　The

proposed 　method 　was 　evaluated 　by　the 　small 　number 　of 　elec −

troencephalogram （EEG ）data　setg．　 obtained 　for　the　 mechan −

ical　vibrations 　with 　some 　tagged 　frequencies．

2． Materials 　 and 　Methods

　2．1　Participants

　Four 　healthy 　 right −handed 　 male 　 adults （s1 ・−s4 ）g乱 ve 　in−

formed　consent 　and 　part孟cipated 　in　the　EEG 　experiments ．

　 2・2　Data 　acquisition

　 EEGs 　 were 　 recorded 　 from　 128　 elec 七rode 　locations　 cover −

ing　the　 entire 　head　 by　 using 　 256−ch 　 digital　EEG 　 system

（BioSemi 、　Inc．）．　 The 　12810ca七め rLs　 were 　shown 　in　Fig．1．

T ｝le 　EEGs 　were 　 sampled 　512　Hz．　 Subjects　were 　 seated 　in

acomlbrtable 　 armchair ，　 and 　 were 　asked 七〇 place 　their　in−

dex　fingers　on 　the　tactile　stimulation 　device（DC 　solenoid ；

the　pressure 　power ，0．5　N ）．　The 　 mechanical 　 vibration 　fre−

quency　f　presented　to　 one 　 index 　且nger 　 was 　 one 　 of ∫　＝

｛5，7，13，15，17，20，25｝Hz ，　whereas ／b　to　another 　index　finger

was 　45　Hz．　At　the　same 　moment ，　the　pu ！se　stimuli （random 一
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Fig. 1 128ch  EEG  electrode  locatioiis.
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Fig, 3 The  fiow diagram  of  the  analyses.
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2 Time  charts  of  mechanical  stirnuli  pre$entations.

ized 1 - 3 times) were  given to the  middle  fingers of  both

hands.

 Subjects were  instructed to attend  on  the  finger indicated

beforehand and  count  the  nurnber  of  pulse stimuli  given  lo

the  middle  finger of  the attended  hand  while  ignoring  the

ether  finger during 4000 rns  after  vibration  onset.  The  one

dataset contains  15 epochs  in each  of  the  frequencies and

conditions.  Fig. 2 presented t･he time  charts  of  mechani-

cal  somatosensory  stimuli.  Hereafter,  we  caLl  the  conditions

during attending  to f Hz  and  fo Hz  stiinuli  as  
"att7'

 and

"nen-att:',
 respectively.

  2.3  Dataanalysis

 Fig. 3 showed  the  fiow diagram  of  the  entire  analyses,

Epochs  with  the length  of  3000  rns  starting  500 ms  after

vibration  onset  were  extracted  and  V2fitl)..(t) was  observed

EEGs  (t =  500 - 3500). k is the  number  of  epochs  and

"cen"

 is `Latt"

 (con =  att)  in "att"

 condition  or  
'tnon"

 in

"non-att:7
 condition.  First, the  data of  channels  in which

EEGs  could  not･ be acquired  correctly  were  removed  from

the analyses  manually.  Then, the  number  of  epochs  was

determined as  14 common  to all  subjects.  Secondly, the  eye-

blink artlfact  removal  method  [7] based on  ICA  (Independent
Component  Analysis) were  applied  to all the data. Thirdiy,

EECs  were  narrow  band  pass filtcred centered  at  f Hz  (the

passband width  is 1 Hz), Then, common  average  reference

(CAR> method  was  applied  to the fi!tered EEGs  (VSkf/vle..(t))
as  VSk2...(t) =  vgkf/),..(t) - mean(vSki/...(t)).  cAR  elimi-

nates  the  DC  component  of  EEGs.

 Next, PCA  was  applied  to the  referenced  EEGs  to ex-

tract their principal  components  (PCs) and  reconstruct  their

scores  (PC scores)  as  well.  In general, PCA  is a  multivari-

ate  analysis  to identify dominant  features in multichannel-

recorded  data, and  express  the  data by small  numbers  of

principal components.  NL'hen VN(t)  are  EEGs  with  JV chan-

nels,  the  PC  scores  MkP)(t) was  given by the fellowing

equation  using  an  eigenvector  wlvP}  of  pth main  component

(p-1,,,.P).
              MkP)(t)=V.(t)wX.}  (1)
The  first principal  compenent  (PCI) accounts  for most  of  the

variability  in the data. while  each  of  the  succeecling  compff

nents  in turn  account  for the highest  amount  of  the  remain-

ing variability.  In this study,  PCA  transformed  a  connected

data set, [V#)lk,,,(t), VL22u,,(t)･ ･･･, V £Kf/'.,,(t)i V £
if'fu..(t),

VS2f)la..(t), -.･, VS"il)...(t)] (t ==  500 n-  3500 ms),  into a  set

of  principal components  and  produced  a  set  of  eigenvectors,

w £
if)
 ..., wg7}  which  had a  common  spatial  patterns  arnong

all epochs.Then,  it would  appear  that  PCI  and  second  prin-

cipal  component  (PC2) reflected  SSSEPs,  so  

'that
 PCI  and

PC2  were  employed  in this study,  Moreover, pthPC  scores  at

k epoch,  MSkcr'::.(t), were  obtained  by projecting the EEGs

V#kf)1...(t) on  the space  spanned  by the  eigenveetors  wSPf}

(eq.(1)), These processes  enabied  to detect eigenvectors  of

frequency-t･agged SSSEPs  represented  as  scalp  topographies,

and  we  can  analyze  arnplitude  of  the SSSEPs at  a  single

trial based on  the eigenvectors.  This idea fo11owed by a  pre-

vious  study  l61 showing  that  SSSEP  scalp  voltage  topography

and  cortica]  sources  were  not  different between attended  and

unattended  hand.

  Subsequently, wavelet  ana}ysi$  was  applied  to the PCI

scores,  M.{,ktiig.(t), and  PC2  scores,  M £
kf7'LZ.Z.(t),

 to obtain  the

sum  of  spectrograms  (time-frequency powers)  of  both PCI
                    '

and  PC2  $cores  for "att"
 and  

"non-att7'
 condition$  at  each

frequency f as  fbllows,

  E£
k.･
 ,i L2.} (t, f) - £ i=, w(t, f)*M£

k,,･,`L.(t)
 
2

 (2)

-
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Fig. 4Eigenvector  distributTons on  the  scalp  in subject･1  obtained  by PCA.
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VVThcre W(t,f) is the  Morlet mot･her  wavelet  function. The

tiine-frequency  powers  were  averaged  among  all trials for

each  condition,  and  the each  averaged  power  is EgEftis.',i,'P) (t, f)
and  E £

Xffok';:")(t,f).
 Finally, the  averaged  powers  of  

"att"
 and

`Lnon-att''
 conditions  were  normalized  by  use  of  both means

and  standard  deviations ef  averaged  power  in the  
''non-att"

condition  as  follows.

  ESi,,k, ,l 
2}

 (t, f) -  
EILV']2i,'l

 iiiifrill tr,[f, ts,"' i' 
(t')

 (3)

 ESE,,k,';.2' (t, f) ==  
EiLX'Xiiit2

 ii'ii2", 
.tLit)X',

 Ii:',"l'"" (4)

Where  sdO  and  

-
 represented  standard  deviation at  tiine

dimension and  time-average,  respectively.  When  values

Ei,Sftk,',i,'2)(t,f) and  EL£
f/k,'gA2)(t,f)

 are  larger than  +3  (i.e."3
SD"), that  is, morc  than  three  tirnes the  standard  deviation

of  the sd(E £
Xfltrf.ill2)(t,f)),

 it was  assumed  that  the  values  in-

clude  significant  modulation  of  power  relative  Lo "non-att"

condition.  
tt3

 SD'' corresponded  to significant  levels of  p <

O.Ol, Then,  the  time  lengths  of  sig'nificant  rnodulation  at･

"att"

 cendition  were  compared  with  those  of  
'`non-att:'

 con-

dition.

3. ResultsandDiscussion

 3.1  PCAanalysis

 Figs, 4 (a) and  (b) showed  the etgenvector  topogra-

phies of  PCI  and  PC2  on  the  scalp  in subjeetl  obtained

by  PCA.  
"L"

 and  
LLR"

 in Fig. 4 indicated the 
[[left?'

and  
"right"

 index  fingers stimulated  by frequency-tagged

(f ==  {5,7,l3,15,17,20,25} Hz) stiniu}atien,  Tlie percent-

ages  shown  under  thc  topographies  were  proportions of  PCI

or  PC2,  Topographies of  PCI  and  PC2  showed  eommon  dis-

tributions  among  all frequencies. Note  that  the  positive and

negative  signs  ofthe  eigenvector  topography  had  no  meaning.

Most  of  the  topographies  of  PCI  showed  posterior-anterior

po}arit.v distributlon, while  most  of  the  topogTaphies  of  PC2

showed  the  polarity between bilat･eral temporal  regions  in

all subjects.  Mean  proportion  of  PCI  and  PC2  over  all fre-

quencies and  subjects  were  38,1 ±  4,O %  ancl  25.2 ± 4.0 %,
respectively.  On  the  other  hand, eigenvector  topographies

of  PC3  did not  show  a  common  pattern  anJong  frequencies.
Mean  proportion of  the  PC3  over  all frequeiicies and  sub-

jects was  9.0± 2.1 %, TTheii, it would  appear  that PCI  and

PC2  mainly  refiected  SSSEPs,  whereas  PC3  reflected  little.

Therefore, PCI  and  PC2  were  employed  in the  analysis.

  Giabbiconi et, al. [2] showed  the SSSEPs reflecting  activa-

tion  in bilateral primary sornatosensory  cortex  (SI) iN'hen

vibrating stimuli  were  presented  simulLaneously  for several

secoiids  to t･he left and  right  index fingers. Meanwhile, Schu-
bert et  al. [3] used  pseudorandorn  consecutive  but not  simul-

taneously stimuli  to both index fingers. The.y showed  bilaL-
eral  aetivations  in SI and  secondarv  somatosensorv  cortex                           t t

(STI) related  to P50, N80, PIOO  which  weTe  components  of

SEP  [3]. In addition,  the scalp  topographies of  P50  com-

ponents  for ambilateral  stimuli  aiid  PIOO  components  for

left stimuli  showed  post･erior-anterior polarity  distributiori,

and  those  of  N80  components  for ambilateral  stimuli  showed

ipsi!ateral-contralateral polarity  distribution [3i. Hence, the

posterior-anterior  polarity  distributions of  the  t,opographies

of  PCI  suggested  a  bilateral parietaL generator of  SSSEPs  in

SI and  the  one  temporal-the  other  temporal  polarity  distri-

butions of  those of  PC2  indicaLed  N80  compoiients.
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Fig. 5 {a) Averaged  tiine-frequency  maps

      epochs  in each  subject  (sl
      

"non-att",
 {b) Percentages  of

      tagged  frequencies exceeded  the

      x-axis  {each bar  iudicate$  for 
"att"

  Figs, 5 (a) showed  representative

of  PC  scores,  ES.Efts',l,'?}(t,f) and  EkEfpak'.ii?}(t,f), in all  sub-

jects; sl/  attent･ion  to 5 Hz-tagged stimuli  to the right  index

finger (5 Hz/Right), s2;  5 HzfRight, s3:  25 HzlRight, s4:

13 HzlRight. }'igs. 5 (b) showed  pereentages  of  the  time

lengths that  ES
£

flk.',i,'2>(t,f) and  ES
£

"hh'.ii)(t,f) 
exceecled  +1

(i.e, 
"1

 SD'i) shown  iri x-axis  (white and  black  bars  indicate

"att"
 and  

"non-att;'
 condition,  respectively).  Figs. 5 (b)

indicated that  the  powers in 'tatt7?

 conditions  exceeded  
"3

SD"  while  those  in "non-att"
 conditions  were  even  smalLer

than  
"2

 SD'' in all subjects.  Here, "2

 SD"  corresponded  to

significant  levels of  p <  O.05.

  In this study,  PCA  was  employed  to extract  SSSEPs moc-

ulation  by attention,  Hewever  PCA  might  not  be able  to

ext･ract  SSSEPs  from EEGs  including mu  or  beta activity

synchronized  with  SSSEPs.  Then, not  the analysis  using

scalp  potentials  but source  estimations  by integrative anal-

ysis with  other  modalities  such  as,  funetional magnetic  res-

onance  imaging (frvlRI), magnetoencephalography  (MEG),
would  extract  SSEPs  modulation  rnore  exactlu.

  3.2 Wlivelet analysis

  Percentages of  the  time  length that  the  normalized

time-fi/equency  powers  of  PC  scores,  ESXfith'tit'2)(t,f) and

E£
Zflkh'.i.'2)(t,f),

 exceeded  
"3

 SD"  at all frequencies and  sub-

jects were  listed in [[hble 1, Although  there  were  individual

differenees, almost  all  the  powers of  PC  scores  in C[att?7

 con-

ditions were  larger than  those  in "non-att"

 conditions  at  spe-

cific tagged  frequencies except  for s3  (15 HzfR). In addition,

the  powers  of  PC  $cores  in "non-att"
 conditions  were  smaller

than  
`"3

 SD"  at  any  specific  tagged  frequencies except  fbr s3

(15 HzlR).
  Some previeus studies  indicated that  ERD  (event-related
de$ynchronization) occured  at  the mu  (8-13 Hz)  [4], [5] and

beta (15-25 Hz) [41, [5i bands during stimulation  of  the  right

lndex finger consecutively,  Furthermore,  beta band  aetivit.v

decreased during attention  to the  consecutive  stimuli  to the

right  index  finger [4]. Mu  and  beta bands included  most  fre-

quencies of  the  stimuli  except  for 5 andi  7 Hz  in this experi-

ment,  Therefore,  the  percentages more  than  20 VE at  5 Hz!R

in three subjects  <sl-s3) might  be affected  by that  5 Hz  was

not  included  in those  bands. In addition,  this analysis  could

not  detect･ the significant  increases at  20  Hz  bands during

`[att"

 condition,  which  observed  in previeus  studies[2],[31,

in all subjects.  The  incongruent  results  might  arise  from

the  difference of  the  method  used  in the  present  stud}r  and

previous  studies  l2], [3].

  4. Conclusion

  [Ib extract  SSSEPs and  measure  
'attention"

 quantlta-

tively, we  proposed a  method  baseel on  PCA  and  wavelet

anaiysis.  It was  found that  preposed  method  could  identify

"attention"

 as  modulated  amplitudes  of  SSSEPs  elicited  by

fi/equency-tagged vibro-tactile  stimuli  sirnuLtaneously  given

to the  right  and  left index fingers. In addition,  results  sug-

gested  that  it was  effective  to select  optimal  frequency in each

subject  beforehand, and  use  the  optimal  frequency-tagged
somatosensory  stimulus  to detect attention.  These results

demonstrated the feasibility of  the propesed  method  as  not

only  a  novel  objective  toel of  attentiona!  disturbance test but

also  decording technique  for BCIs,
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