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: Pain 1s a multi-dimensional subjective experience that

includes sensory, affective, and cognitive aspects. Primary
dysmenorrhea (PDM), menstrual pain without organic
abnormalities, 1s likely to be one of the leading causes of
the development of many chronic functional pain syndromes
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in middle-aged women. This project aimed to investigate the
mechanisms and efficacy of neural entrainment (NE) for pain
modulation by integrating multidisciplinary knowledge,
including brain science, pailn science, medicine,
engineering, and our previous know-how in neuromodulation
techniques.

We conducted three electroencephalography (EEG) experiments
and four studies to investigate the efficacy and neural
mechanisms of neural entrainment for pain modulation. In
Experiment 1 (Study 1), we developed NE-pain modulation
devices to examine the efficacy and efficiency of different
NE modalities (visual, auditory, and vibrotactile
stimulation) and stimuli (monaural beats, binaural beats).
We found that 10-Hz binaural beats (BB) successfully
increased alpha power. In Experiment 2, we used tonic
pressure pain as the pain model and 10-Hz BB as NE tool to
elucidate the neural mechanism of alpha NE-based pain
modulation. Study II used the linear analysis method
(spectral analysis) but did not find significant NE effects
on pain intensity, alpha power, or peak alpha frequency.
However, gender differences in the neural mechanism
underlying pressure pain modulation were revealed. Study
[IT further explored the effects of NE on brain complexity
and adaptability using the non-linear analysis method
(entropic analysis). We observed the effect of ANE on brain
complexity and the cumulative effect of ANE on modulating
brain complexity. Brain complexity in BB condition was
negatively correlated with pain ratings, indicating that
individuals with higher brain complexity might better adapt
to or are more resistant to external stimuli, including
pain stimuli. Experiment 3 (Study 4) combined multimodal
sensory stimulation (auditory and haptic) to modulate
menstrual pain. Preliminary results indicated that high
beta (26 Hz) auditory-haptic stimulation successfully
induced EEG beta synchronization. We hope that this project
will pave the way for the application of NE in clinical
settings in the future.

experimental pain, chronic pain, primary dysmenorrhea
(PDM), electroencephalography (EEG), neural entrainment
(NE), neuromodulation, pain modulation, brain complexity
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Pain is a multi-dimensional subjective experience that includes sensory, affective, and cognitive
aspects. Primary dysmenorrhea (PDM), menstrual pain without organic abnormalities, is likely to be
one of the leading causes of the development of many chronic functional pain syndromes in middle-
aged women. This project aimed to investigate the mechanisms and efficacy of neural entrainment
(NE) for pain modulation by integrating multidisciplinary knowledge, including brain science, pain
science, medicine, engineering, and our previous know-how in neuromodulation techniques.

We conducted three electroencephalography (EEG) experiments and four studies to investigate the
efficacy and neural mechanisms of neural entrainment for pain modulation. In Experiment 1 (Study 1),
we developed NE-pain modulation devices to examine the efficacy and efficiency of different NE
modalities (visual, auditory, and vibrotactile stimulation) and stimuli (monaural beats, binaural beats).
We found that 10-Hz binaural beats (BB) successfully increased alpha power. In Experiment 2, we
used tonic pressure pain as the pain model and 10-Hz BB as NE tool to elucidate the neural mechanism
of alpha NE-based pain modulation. Study Il used the linear analysis method (spectral analysis) but
did not find significant NE effects on pain intensity, alpha power, or peak alpha frequency. However,
gender differences in the neural mechanism underlying pressure pain modulation were revealed. Study
111 further explored the effects of NE on brain complexity and adaptability using the non-linear analysis
method (entropic analysis). We observed the effect of ANE on brain complexity and the cumulative
effect of ANE on modulating brain complexity. Brain complexity in BB condition was negatively
correlated with pain ratings, indicating that individuals with higher brain complexity might better adapt
to or are more resistant to external stimuli, including pain stimuli. Experiment 3 (Study 4) combined
multimodal sensory stimulation (auditory and haptic) to modulate menstrual pain. Preliminary results
indicated that high beta (26 Hz) auditory-haptic stimulation successfully induced EEG beta
synchronization. We hope that this project will pave the way for the application of NE in clinical
settings in the future.

Key words: experimental pain, chronic pain, primary dysmenorrhea (PDM), electroencephalography
(EEG), neural entrainment (NE), neuromodulation, pain modulation, brain complexity



1. =3

RAMPANE- 782 3 RAP2ZE%R > ¢ 7 TR - FHERTae S RARERAEL
WG o RERFAL G B R ra‘fﬁ?iaﬁJ_ ¥ CRRBPER AR, o F B
N 36 i&ﬁ B2 e g TG Bttt of (IASP, 2011) - K &8 5 fend & R Ié’ﬁiaajf\ W §
RS T2 IR > T AR S R R S5k 2~ Fpfr e (Baliki et al., 2008) 0 Bt G 3 B AL
2Rk s 0 BB RS EENFRN A AR EEA R FRYIE IS
BAARBEREPROET SHEEFRBRF) R ARG - SRR~ RFER - R FID
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2020;Henao et al., 2020;0rozco Perez et al., 2020;Engelbregt et al., 2021) - 32 & 3p 30 % 3 4 T F
%i?EQWﬁ%ﬁﬁﬁﬁﬁ%%Fﬁ%§ﬂ$’ﬁﬁﬁ$@ﬁiﬁ%é?ﬁ$%ﬂ$ﬁ’
blhez B~ 395 Hz ch¥ 3 7 £ B » 405 Hz chl 5 > T ¢ Gvid p#fF £ 5 R % 319 10
Hz éh#-d > L% alpha 2 &4p(alpha BB) - B &g p| & A #-a 72 RAE S chih3 27 dp &
LA FBFNLETLZEFER Sy PR LSBT gg;ﬂ o Ecsy & 4 (Ecsy,
2014;Ecsy et al., 2017a) 3 7. i¢ * R &-4p 7 5 »cdk B alpha 3 & - I "% M E K K e of X s
A& ° Ross & 4 (Ross and Balasubramaniam, 2014)51 FRBFED G EFREERTH SR
MR ENRYEDES o LA EFH S FRED SR A HH % EEG B A
s % R (LOpez-Caballero and Escera 2017) -

ook s K EH - AR R ER LY Avid - T S ahdR# i F 1 g (vibrotactile
stimulation) ,,mw SHEREA T RA S DRS¢ 515 NGk (NI F O (Whitsel et al,,
2001) - £ 5 AR AL PR B RS MR T £ A i R o e ik
rREEERTE mﬁg & #zx % (Budd and Timora, 2013) - %;ﬁ PREAZIT = (steady-state
somatosensory evoked potential, SSSEP) % ##i& * &g is > * Vi L A RTHF T
(steady-state visual evoked potential, SSVEP) i 8L > 4o S pF F £ foil £ PFRF 2 * AR ¢
Jcis ek £ o Ahn & A (Ahn et al., 2016)w £g 7 1992-2014 & @ e 14 Bk~ > ZF A1+ 20-30

-

-



Hz (beta 474 ) i Tt dp & > 7 RBIIP HOREHE LA T = - 5 Muller-Putz %
»%MMMPMHMﬂZ%@?*ﬁ 5Hsz§¢&%‘HL =+ adpdpa o “*“?*%
EEYREZR LI NREAME RS T AN PAEF Y 55%-90% > ¥ &% R
Plpesnit 4 F ZAPM - AL lgecnih b 0§ potec f A A B4 6 ripe b
BOREY S5 0 F AT MR E T ST R A R TR 0 F ook EES R
AP g erid 2 el 7 (Meissner et al., 2016) « s frit o FLIRT A 2 M R
FFRHARFERDT R BENPE-HIFY o

34 H EFRT I H L8 X AT R

W J]?%#;q M GIRF R LT A € M A < Feaag fedd o KA - KBNS RT RN
LiEAR Y g BT EE'F* (neuroplasticity) 22 ~ 75 if & 14 (brain adaptability) 2. B chRf % o < Pg4F fe
B ¥ ek kgl 4] (inhibitory control) B 42 ¥ 4¢ G dR ek 2 S Av e L S0if 1L 0 R
R EERTNSE CRF(MSE)A drHr > § B3P T 24 SR T R VA S
(Juan and Muggleton, 2012;Liang and Juan, 2015) - L4 frEF 4 SR T b 4 i B il 5484
4p 0 o Takahashi % + (Takahashietal., 2009)% L A& X AR EA SR T FH 1 & > &3 4 hHEEG
AR R A > A EE ARG AMP IR VR AT EE S BEOGANEN ERTEN
e et oo gttt BRB S AR R FUR R flgm A A it o 5 B Rt R
Pk Bl BRI e 4 o iz B X f-,nif I EEG 4p ¥H4F $@)§(relatlve complexity) ¢ % ¥
£ B AR e & b 4o (Cao et al., 2020) - ¢ «’ PO Ae B T AR BT X RGAF Rk SLendR T
14 (robustness) &¢ # 5z et X # #° 5. 4 (perturbation tolerance) o F]yt 5 A3t F SRR A KR YT
By it mn-fs B F T Ak RAg ke R

35, U iz N F BRI REITTRE R R S5k

B R ;éwﬁ F Bk JF T 3 #-73] (experimental pain model) - F "!r‘ d 2R G FR
(pain-nonspecific) ik 4- £ jg ~ B @ F R EA R & F FHA R ERDPF > Fa 5 2230
FEy A SRS R vinfanl Fock 2 08 B o FHRER )?fw‘“'lméﬂwﬁvﬂ £ ‘%‘ﬁ
d E R e R g TEn sk 4o /;rmag)ii BRFLE - EFE = > uHEE LT TR
0% BA Sl P A AR R LR o P RAR AR hR RA R A %53 R R
Plpccnie S Al i 2 3 f (54 5 (Staahl etal, 2009) : & F v 23 L F ~vep ~ FEpap
WE B L R B TRE AR 4 T A L4 (mechanical) ~ T f1g(electrical) ~ g & 1
#r(thermal) 2 i 5 4= 5 1 gc(chemical) & f o *5 4 L F e B3] F1F 5 77 B AL & *
e 353 vep ~ A HEER R R 0 f“‘b‘f;?/;l‘&f“}ﬁ}? °

BOR T O AR 8 & % (visual analog scale, VAS) TEAMETE ML c RARFE
ta g R B A A e S F RS R Ry I& 4 (non-painful pressure) # % % &R 7R
(painful pressure)ﬁ%m@ A E e BREREET A EAHR }a» SRR K (pain sensitivity) > 2t B B3 1%
~BHTFLE PRI FNEZOEFRE o BN LRSI RAZ ~ N S RBH A R
WBREF U R E @ T2 & (Lautenbacher et al., 1994) - ¥ %4 Az g it (central
sensitization)4n * %A GHFR L AR A A g AR B R AR 0 AR g SRR R

-



P2 5L gL - (Woolf, 2011) - b4 5 S HEUE ATIIL R S o B R
SO BB R KO0 i £ 2% (Reid et al., 1994) » & B va&“ﬁﬁ@%mﬁ*
#p #-(Greenspan et al., 2011) - 5 =] 4% 4§ {24 {1 (tonic heat pain) f >+ & § % A& 7% 7 (cutaneous
mm ## 012 R  (tonic pressure pain) ¥ - B ¥ T & F * {4k (¥ HE R R A 4 (deep pain) i E
FHALR R LB 0 AR R FIER B R L LA S LT 5 % R T e (rectal
dlstentlon pain) » #5 LR < FALR T RFLA SR FREAGARROFY 0 FI AT
PR A R AR T 5

4, B3

AR Z A AR A AR R o R R (R IR B A TR R) A
P R éA@ﬁw%;a\ﬁ@ﬁf%ﬁﬂﬂ%ﬁﬁ‘%iﬁkﬁfﬁ’T3 et
TR e P AFERT D A AP 1T BT BIREEG)E A AR LB
ﬁﬁ’éﬁ;@méﬁﬁﬁﬁL%@ﬁJP?,W$ZkﬁA‘ T (iR~ B ~ HE &
$) 3 4 F (alpha, beta ) il AR I 1+ S HR R R 00 % 0 E B H O 5
AR Z A SR BE -

FR- BRI T PSR A R R 1 P R (T E 2 40AE)
BT - BT AN SRR PEE ) AT A GRT R PR R T

PR SRR RIS el e 2 alpha AT BER &40 (BB)RALA (4R i I 1 (auditory
neural entrainment, ANE) k 5t » 585 5= B 7 * L2 F FHREBRA DS BT AT & > 3
AT AR o (LA 2 S0k AR L A R ERIR T e A
DR VERUES SENVE- P R IR WL R R kL S Sl O

pm;:meHﬁfmma%%%“%%ﬁﬁﬁi4Ef%ﬁ”ﬁ’ﬂ ViR TR
B’EF'B‘H:%7 S TRARRER B R AR RO R R AF R R 2 APRE L > 2 ,v“ju“ﬂ i

Fype i GHER2L%- 2% -NAFT - - ~Z2uFAB R L L AR
ERERRAESAEANEL ERSEL i AR E- HEEREE LA B FR

Eﬂﬁﬂ@,%ﬂ TR S REL S AR RRF R B (RN R et
- P "Q‘H'T‘frmxl—}‘l-ﬁ%}—L:&EF FRP AP T Y ) R R R R F PR A 2 A SR
f o dh (L3 g B Sk B Ap A S o

Ja

4.1 %3#K
41.1. % ~iEtE

RBALL R T s (DE 20 3 35 K (27 BB AE . TP A 27325 2
Bi@nET B SRS EREEER Y L5 o REA LR A F 0L
AP TG RARR A2 BFFRATRF I A o A E AR 2R T R
N R Tl B

412 $rgix i
SHEEFGET (DI AT SE LT T LR BRI 2 AR LA G

6
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ARG A MR ERARBE R BEREHE AR P PER) NG RRAL LA g
op®: (20 wf BAFN B8 BR¥E 2 ATV AE 0 Q)Y FlEEit A & 4 B (4)
FETEY RSBmOty ﬂﬁ%iﬁ,@WWF$@ﬁ%# oo B3 E
N ﬂiﬁﬂ_? A% HENEREE ouf LA P o RPFER S ER é.ﬂ#kxﬁ;,,,,_,ir‘;
EIONEY-§ &Y L ?%ﬂﬁﬁ"”éﬂﬁﬁﬁmFMﬁ’Wﬁiuﬁ“@ﬁ%
BRATHRERF QP &% B AT v REE BN GEE G UM AR S bR
l%’i'}#?.‘g-;}-n] DL_LLLHO

42, TR E S fRR B A BB R4
I R AN Rl 3 R &L;Fik%m,rﬁw s O:agg,gg?i;ﬁ;ﬁ % &
RREBREE LN EREA RN BWEL A NREL 2 ERTEA T HERE
MEFEd AREERER -

2
P Rl PR T (FE A A SRR R T R R B ot
FAE - FHRSFFRELH CRT B H Lock A it o
FHRZEFERTAXFFLAANTRT AT SR JI* F%- 25 d5 NE {153 &
(FAL) 2 47 5 (alpha 10 Hz) > Rls# i E 15 &7 R 3 & 2% 0 NE fIgcAe A o §HRBFE L3 N
w o E K ;é—‘g;fﬁﬁ A 1 (auditory stimulation, AS){i-5.— 2 & 4p (binaural beats,
BB)# & i3t & 44 13 (control condition, CN) o & /2 ik 2 gE % 4 WF - 5 > & X F %
Blg— B o FBiAzdc™ Bl9rT o

*Auditory stimulation (within-subject; 1-month interval):
Binaural beats (BB); Control sounds (CN)

O O O O O

3min S5min Smin S5min 3min

Eye-closed < Eye-closed
Pink noise Pain Pink noise Pain

Pain-level test
(PN,,.)

Questionnaires (pre-AS) =' ¢ © (PNpoy)

Pain rating

Pain rating

VAS=7

EEG recording EEG recording

B B 2Pk

RFF AR R LRE PR kg (T4 7 L0k % T L5 iRl(pink noisepre, PNpre)
M fS kR TR OR TR R LRI~ R OF R~ B T rs £ (Auditory Stimulation: AS1, AS2,
AS3) ~ B IMER Sk 15 B (Pink noisepost, PNpoOst) ~ % & {$iR] o R A T B R FRRIFER 0 £
Fé—‘*‘#ze»@‘f% Tl THLTEREDFREMIRAFRRE 7T2~04s 222524510
ALV B g < R R ARR)PF o AREE S R Tl o L RIRERE AT E TS S R F o
Rl R R TIpRA E o AR DRI A X R RA (> T AR ERY AR
AEFFAO A2 2RFEE 104 7 RGehB A B FER) - AS B > £ R E BB
LA F L L P EHRFE(BB; 10 HZ) & £ 4115 (CN; 0 HZ)2 %% {ljc» & BB R L 5404
FREZ A ERRRORL LA B X EEREF

7
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FHzEF S ARBE R SRT RS L SR ERHT AR FHBFE T Tk
WhE2 A GRFEFHCHERADBERF 2N SBE - FRFELF P 28 5%
(mixed design) : # G fr Al (3 % F FHUE RS &5 BHUE BB SR T)
PRERFNEA RN 3 Ao AR A SR o F R IR

SRR A=A

TRATT  RBFHRPY(RAY)E GYAAY)ERF - ST AT R AT -
SIPFRELELS BFRILFZEA SRR S APRELELS FEALEEZ
LRGN TR I S AT e A

3 min 2 min 10 min 2 min 10 min 2 min 10 min 2 min 3 min
Resting Resting
ratingd | (Post-Rest)

Pain
rating3

Pain
rating2

Pain
ratingl

(Pre-rest)

Bl - F k= 2 %RiAL

44. 12X G
441 F%- R REATEFTETRAGERARH 2T AN T PAH GRTRH
Tl E 2 p et > 27 5 A A SRR
Fo%- FENSERE - NEALREZESF - DR ER T NENEAH SRTFH
w7¢marz%,mﬁﬁL§ﬂ@piw¢_\3\myg@;p Bl > A
IFEPRF LI F LT AR L E TR - A S e e ke

(1) # 5By E v eh L SR 3 (- 8)
~F 565."1 - EEFVANKEIRT FH % B (NE device control with LabView ~ NE device)
"% % B ¢ *2(EEG recording ~ EEG recording ampllfler)i Pl ko (st|mulus presentation
screen - stlmulus presentation PC with rs232port) » & & 5 - # SR B G FH L 4L o 40T
b

Bl od mREATERFTANRLRTFH KR (LabView)lr H % & -
fTTTTTTTTTTTTmmmmm s s B D ]
1sync . 1 sync i
H EEG recording 1 H
: amplifier !
; Ao r s s :
3 w——EEG l ——
EEG recording / cap :
PC/notebook ¥ NE device control
with Scan4.5 c with LabView {
\. 3 . : NE device

ﬁA’-



R Bk 32 AR 2 "ok B ik (Neuroscan)zz 4% g‘#d’f 5k
AR BB R R EERIA GRT B P2 G
WEL 0 T e P TERR # (EOG) 22w i (EKG) 2 3L o

&ﬁﬁﬁﬁﬁﬁfkﬁLﬁW

AF it LabView p FRF 2V ARFNARERTF

ﬁw@w,ﬁP@?ﬁﬁa 75 BRA RPN

ﬂ*ﬂﬁ%ﬁﬁﬁ FTREHMRA AL G F2ZIRYT
AR s S

E

—

(2 BERTEH T ARFRTEH TR TFH R
AR SR T R PR 1 10 Hz 2 &4
(binaural beats, BB)# ¥ 2 &: 41 (monaural beats, MB) ; 44
PR TR 0 4% 10Hz 2 LED % % 1 ;
TR R R FERESSE  SREER A
HAERFFH R A 2 10 Hz R6pFor e pr i 4g
BRRFES 2P LE-RTOIRT L &L -
A2 FART A 1 FIEH A F 5 R e

442 %= DRI L X FEX AR AN EHT AT & LI R ER R A Fok HINE
T Az B
(1) "7 B & & st
' *F B 64418 2 "7 B ik (actiCAP, Brain Products)iz 4k = &
H AR~ BZ R AR IR AS gk P2 G
¥ T e P TeRp # (EOG) 2w i (EKG) 2 5L o




(2) B4 7RI B

~F % R 4 2+ (Medoc, Ramat Yishai, Israel) ~ & # & &~ 4 #it 4% (Medoc, Ramat Yishali,
Israel) ~ B & ST RIE B4 AR N PR LR BRSNS B - R
RIFE AL e L RGHS EARZETR B e R B FER S IFRERILFEAR
A RciE 2 BRER R R X A Bk e

® /% 4 2*+(Medoc, Ramat Yishali, Israel)

7 3+ (pressure algometry) &_* % % gLipl & B & @ ha
B E S AEEAR Tk T AAEE D R
R o NF sk * R (Medoc) - %;éﬁ X P £ LAt
L S RMEEH 2 Fr LhESE ST R0
F) o B4 OKParifE €ag S Fif 4w ae 0 I X BHR
2P| T 4B (VAS: 0-10 2) 5 ok 4R = X (RIFFERS R
AR - CE)EPRTIHOETLBAREFE

® & 4 k4 #it %2 (Medoc, Ramat Yishai, Israel)
AP 2 R4 F At (Medoc) o R PFAL
FACEE F A e T RPs 4B 4 F 5 29
FiE o L AR NTRAE R PR B LRI R
B RE > & IEF A s e forung o
https://www.medoc-web.com/algomed

IS EIRE Y R TR TR T IR
THEBENZFREE  BE - ATEKEEA AN KRR
BRI Z L ZE Y B SRS BRI TR AR
RREEA PR SB XREEY SR 2 LR R R

Z_ i %ggﬁ ™ o

AP TRETHELARPIE > JIF kLR N
BWRIRGPEREL o M p (TR 2 3 W R BT 5
SR AR e TR E R Lihk TR EL
TARRBIefERl » f pEg - s @ x5 T B
SeRE S TR TG GRS o

10



® % it A A AL
e EI=l=m A F % AR 2 £ & (Visual Analogue Scale, VAS) 2 &
#HoPEBRFTHETHL T RS 0 UBHIE X S Hz B

QO@@@ SR FHF LA A PR L T o T 7 5w AR

R e o mmmm R4 ZEECRR R L L oo

)

(3) BAEA SR FFH 1] ,-;ffﬁ 11;1

SR LG OHZ 2 #4)

From Right Ear to brain
395Hz

— i

From left Ear to brain

405Hz

i —

405Hz-395Hz
Binaural beats
(inside¢ brain)

-

B RS 4hT L BGRST F, MSthesis, 2021) -

443 F %z AR R T EA G LA SR F b h R P F ook 2 Ap A
4e A3 0 B R W 2 A AR R R T (et ) - g8 Sl
BRS &3 SR RO RN SR T o 3 25 AMGPDAL Y Y L LR LR

AN 2 £ 7"
BRRLZAHFFHE BE- Bzt U @A PH R -HMERFR Y L RFH > SHEIR
FAZE AL AR R o A JUEA SR T R * S pilot /P'Jpé? & 4 2 high beta #7
(26 Hz) ¥ 2 & 35 (monaural beats, MB) » #-5 # & B MR Z 68 » BEA ST o

45, FH A4

4.5.1. FE - FRA 4T
Fy-dpz R 52872 Faoflpdl i - 5 AREA LS (BB - MB)1 2 - fBARER

B o 7% — % Alpha 4p ¥t # 3 (relative power, RP) 4 7 & i+ % Pé‘*“ 7R E TR R (R

TN ARE)2Z A SAFsdk o 4 47 Central (C3, Cz, C4) ~ Parietal (P3, Pz, P4) ~ Occipital (O1,

Oz,02) B & B 5 o Alpha#g % 5 8-12 Hz > wide-band #g % % 1-50 Hz - RP 2+ & 2 ;8 4 @

PSD())aipha
PSD())wide-band
B 5 RARE AT AR T TEAGE O RP A& A FR T TG i F oo

RP() =

11



(1) ARFEREIRT R R

R - F"“Fé’«dfia—\__,hfggﬂ (3 A48) MEESAREIETEH (B A4) BT
%f}]ﬁ'ﬁ L(S/w\é@_%ﬂ éﬁiﬂ)%mhﬂiﬁ‘»p‘rf—o
(2) 2 ap = H B &4 PR

L _L.
i

Rl sE AR LY

ARG

Fr@s4) MERREELSHEO ~4) 2EA S50
A}ﬁ)%ﬁﬁ,/ﬁ\ ‘}*"

452. FF 5 = FHA 4

FEZFZ2BB2%0 5 RLEF P AT REAEFRF RER - 2HHR)ER
A3 452 7 (PNpre ~ ASL ~ AS2 ~ AS3 ~ PNpost) * 14 % — B 2 38K rp—,w ‘%IJ(,; ERNEE!
FF o eniRgE L RRESIEE L34 ~ Alpha 4p $# 5 (RP) » 14 2 Alpha *# & 4 5 (PAF) °

(1) B ?'i,g,\ eI g\,?‘ig,\
7"5'55? U%‘—"- I“"“ Féﬂ L_I;)? o |9/?'Jfbvfzs7 =

Eb 4 0 B P RE TR R LRR LR A

AT E SN 2 —Ii’l}ﬁfé AL T AT iR
:f‘ﬂ%%’ D 4eT o

F‘;I‘A’\ o r; "E'\

7% Tligert & #5 20 kPa if
Y

RA B T aF R 5%/0 *~
o pL b j\,}fﬂ"“,'l VASchange T & B J§ % 14

post-AS

VASchange = m

He o, pre-AS AAER 0 R F - LR T gnd Bk f 2 B post-AS AL
AR RGN SRR Pl B4 e

RGeS IBEAFL g ARY Z FF EAFRIE®

% B #c 4 17 (three-way repeated-measured
ANOVA) » ¥ & ANE $7% 5§ 3 & cnfE g B2 58 o {15 1 % & %18 & t & 2 (paired-t test) -

/E Fé‘
XAEFEASHED B HAR AT FHF T N2 R ELE L ASEY -

(2) Alpha #p ¥+ 7 2 (relative power, RP)

Alpha = & 4748 % & =% Féi“ﬁ B EFIEERY > PN PRIPREE kg (3 4 4d)
am TR e A4 Fz 2 CzR BE2 RP - alpha#i 4 % 8-12 Hz > wide-band #7 # % 1-50 Hz
RP 35 2 3 %4 250 4e™ ¢
RP(i/) = PSD(i, )aipha
PSD(i, j)wide-band
BY i i AR HRFEELVIEER) Jim ~ PR
% PNpost) ©

o e P 2R (PNpre 14

RP ~ 471 &84% Fz2 CZRBEE » NEHARAR
HH RN A (T )@ A

5 (PNpre &2

BArfei ek 0 b n'vr»,; ;gggi—gj‘j 2 g
|47 BB (R %8 '*’#”"

I )fe BB B RO A oo
PNpost) i€ 17 = $H % & t%ﬁ ¥ (paired-ttest) » gL H RP 2.3 5 %E_‘?E#%.J . ptoh s % RP
gk R 4 BiE (7 4P B2 4 47 (Pearson's correlation coeff|0|ent g Spearman's rank correlation
coefficient) o

12



(3) Alpha *# & #f = (peak alpha frequency, PAF)

Alpha *# @4 5 & 475 =% Fé‘—““”" HFEBEEFHERY o FRBPRE S G A8 %R
AFH > T adrFze CZE &% 2 PAF > alphas#g # "4 2 9-11Hz - PAF3- % = 7% %+ Furman
& 4 2017 & % % >t Neurolmage 2_ center of gravity (CoG)~ ;* (Klimesch et al., 1993;Furman et
al., 2018;Furman et al., 2019;Furman et al., 2020b) » = ;%4

n
iz fixa
n

11al

CoG =

H fq.\av il@ﬂip.{ ’a,q\fmﬂ o
Y iEL 2 }]% PAF » 471 & 4% Fz 2 CZ R % » 47 3% 4 3 42 (pain modulation)fe &
“v(pain perception) 7% % (Hassaan et al., 2020) o 14 #1§ < 8 2 kL w A el > & W53 A
B(R&EFBEEEAITR)D R F RN 2w (PNpe 22 PNpost) i 7 2 $HHE & t 6 T
(paired-t test) » 12t g ANE ¥t 5 14 fob (il gis b enfi 58 o gt ob 5 34 PAF 22 J§ 4 i (749
RE 14+ & 47 (Pearson's correlation coefficient & Spearman's rank correlation coefficient) -

453 75 = FHA 4

FLZF2RBIRA A BEREF N AT RN EFRE RS AR E R
34 £ A (PNpre ~ ASL ~ AS2 ~ AS3 ~ PNpost) DL E - IR R S (T )
Ly Z ek %38 5 Alphaip i F % - (CRP)12 2 4p %+ 5 = & 4 & % (rMSE) -

(1) Alpha # % : tp#f# & % it (change of relative power, cRP)

Alpha 5 S & f74k * & (5% 35 209 S 4 (BB) & 41 ¥ 5 (CN) P > R ke 7 (& 54
48)8 B R BECK vk (2 34 4) e Tk T AL 0 # 4 47 frontal (F3, Fz, F4) ~ central (C3, Cz,
CA) %2 RP %2 cRP: alpha#g ¥ 5 8-12 Hz > wide-band #g # % 1-50 Hz - cRP 3+ & = ;% %4
Gao % % 2014 & % 4 2_ change of relative power (CRP)~ ;# (Gao et al., 2014) » 2 ;84

PSD(i,))aipha

RP(@/) = PSD(7, j)wide-band ()

 RP(?)during — RP(9)pre
cRP(i) = le(i)pm =@

HP i Zad AEFBEFHRFBRELFIFE) J & 5 EPFRE (PNpe, AS1, AS2, AS3, PNopost)
during % K,f 7 PNpre 6774 B PF R (AS1, AS2, AS3, PNpost) ©

;% TE) R LR > g cRP & 47 0 L% frontal (F3, Fz, F4) %2 central (C3, Cz, C4)
BERERE IR ;4‘5"% ?RFEB AR EIFE AP % B 45 PF (PNpre) % 1t o ’xfﬂ.‘_""ﬁr'ﬁ =
?i‘"ﬁ R @é*ﬁ Fluloe(F ~2)E o A NEBAFR(FRITEELFEE)C 4 KERF
(AS1, AS2, AS3, PNpost)iE (7 = #H4% & t #& T (paired-t test) » Rl AS B FL2 PN BRFLIF B ¥+ %
alpha power 7 % ## »< & (acuumulative effect) -

(2) 4p¥ % = R » ¥ (relative multiscale entropy, rMSE)
5 = & & %% (multiscale sample entropy, MSE) (Costa et al., 2002;2005) » & - #& | & -

13



BN TR s 2 o AN ABBFZ w7 & % (Lowetal, 2017;Low et al.,
2018a) » A F 4 * MSE iF 5 ~ *odf 36 B i » % 3+ 8 % ¥ matched patternm 3 2 »
similarity threshold r % 0.2 - time scale factor z = 1~50 > = ;%407

jt
a1 . N
v = Z I M
i=(-1)t+1
A" (1)
SE(m, r, N) = -log B () (2)
. MSE(i)during - MSE(i)pre

MSE(i) = 3

rMSE(D) MSE({)pre ©)

Ao 2 RAE Sy 2 EATE QR PE T A AR N L rd R A B R

during 3 % 7 PNpre 74 £ [ (AS1, AS2, AS3, PNpox)) * i 5 3 B (7 S W3t 2 4041038 -

AR R T R I R sk (cumulative effect) - 2 L% frontal (F3, Fz, F4) 2
central (C3, Cz, CA)R* & E 2 "o 5L » 3 * rMSE A‘%‘r%éféiﬁ A REB R RIFEAREE
S B 4o P (PNpre) eFMSE 1 » IMSE#cE 5 < > F » 477 % "odf Se B AP ¥ F S B 4P 3 4o
FOLRRARE o S XK A 2 #&—A’é—ﬂz;}%r} wlAE (9 &) A S B (T %
8 2 2 8 ) e 4 B pF FF (AST, AS2, AS3, PNpost) i {7 & %118 A t & % (paired-t test) - i[:& AS
BRE PNIMECR B~ "odf e R R ol

454 B3 w4 TR A AT

FRw ol iaptht 5 2 B2 R0 0 - BRFEFP FF AR R ECER Y P
WA Block 1223 &7 k) A - BRFEHEFF A GRT F S 1A
FEFEME RS 3 EAUE RS SR L v A H BB 1k %
75 FHEH % R (PSD)

7 FHE 3 % A (power spectral density, PSD)

i * multi-taper * ;%43 {7 & = ¥ # 3 (fourier transformation) » &3+ & #75 24 I F f= FIp

ZHFE P - P FERBIFVRERFEER ) DHFER o A - RERRAITRA

ST > AT A S0%(T 2 AT A 0 B E BALE N S
LT, 7 @R FER .ﬁ EEA é—*‘mL‘A BR BB >IN FERE
# it (normalization)srvd i€ » 12 3 “f—a R R I G T RE B BEERT i A T g e
ErR E]zéz’@%fm\%‘rﬂ » R AEIL 260 HZ BR A SRR H L A2 @R R A AR
Ao NP 64 EY > RERIBIrERE T H A Mg (PFCL-FC3-Cl1~Cz~C3 -~
CP2 ~ CPz 4 CP2) -

% T b+ o] (dipole strength)f] E I * F £ » 'L k] # B & 3 (minimum norm
estimate, MNE) k28 » (4 L 225 0 26 Hz®R A G- T I 1 = 5@ #7243 o3 Bk (high
beta band, 24-28 Hz)# & & o
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B AEH
5.1. #7 % — ¢ % 4] & (modality) NE #¢ 523 #7ip 38 % %

B -k EL R FEEE G MK FERRETRA S 10 45 SEEEET
it 534 4% B¢ RGeS 16 4% A HHpes 18 4 % o

N BERE RS
AREREFIS 1 ST FE
ANEL 10 16 18

S51LL AREERERT FH 1

ATk 1 & Central (p=0.028) ~ Parietal (p=0.018) £2 Occipital (p=0.018) % 3 ¥ 3!
#alpha A BgF + 2 > Ra R FTEH L= BREEYT A5 alpha kg + 2 o Tt > A
PAHRARERTEH I BRERTEH I 220% o 04 ARERT FH I RIREY > X
FHF AR RS A PRE LA T AP FF T BT =R R E R
REFETRAHCTLIAGSHRTEH LT E o

Central Parietal Occipital
OVEEC 8 VENE 0AEEC 9 AENE OVEEC 8VENE 0AEEC 9 AENE oVEEC BVENE 0AEEC 9 AENE

1] 120 15D
160 =

]
—

~ 50 t
S Ll
2

;Ezu T L'_ I
1

Relative Power (%%
[~ -
I;-

W:AERTEFHCERERTFH %% o« (VEEC : A EHR T H * 5 2 P RIFE
VENE : BFPR&EXARERTEH L IFE ;) AEEC: R EHRFTFH 5 2 BPRIFE 5 AENE: B
PRAEXETRT B EER)

51.2. 2 S H A &3

B3 &-4p % Central (p=0.028) ~ Parietal (p=0.018) ¥= Occipital (p=0.018) % #* ¥ 314 alpha
ABFYH > RaEI ST A ok o BT Mo HE & dp B 5 = £ (phase) % #i
FRadpdis A bn w}:(power)ﬁfi" | £ 8 BT R ET & 2% %7 kR FI(Ross
etal, 2014) - Flpt > FHR - (F 3y - EF 72 )Y R S T i A SRTFH I E > 2
LA alphatp & -

Central Parietal Occeipital
oOMBEC sMBNE 0BBEC o BENE OMBEC sMBNE 0BBEC o BENE OMBEC sMBNE 0 BBEC n BENE
(1] 120 2
I T 18D
~ 50 o [11] - 160 -
£ £ | 1 2 |
t “U t t b |
£ H | z 12 —] —_—
T 4 £ 10 —
Z Z Z E—
Zw T ] i —
i E g -
10 20 T . 0
l 1 m T
] i n

BHp B E B Fqpecsk o (MBEC : HHHE D S4pa 2 FPRIFE MBNE: FREHRE
B &dprfE s BBEC: R ER &dp w2 FpefFfc s BBNE: FRIBEER &4p1FE)
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52. 7% = Ilﬁﬁ?—gxpﬁiﬁf}?ﬂﬁ“w@’ﬁ =4I
P 23 E 38 x““;é‘i AT DR REREHRF HRITBZ A8 )9 33 fgﬂ—;;;—’ﬁ
(51216 4 > 2 17 X )P T » T A 47 o

521. 75 BEiTR
(1) %% & %~ #

R R S éﬁxx;é—*ﬁﬁ P %8 (BB)& 4 B (CN)® > Bk g {8 pl2 4
BLR R A BT B3R B A RERL @ﬁi 2 R BT o B oF R R ATR (U aEE o

ANOVA i 45 5% % 57 » 15 B (F = 31.916, p < 0.001) %2 1+ % (F = 9.790, p = 0.004) 2
ARG o RA o FB(F=1.664>p=0207)31 B0 s FRxMEB I % (F=3271p=
0.080)frfirHixttw = 3 ¥* (F=0.006>p=0938)5A s g x £ & > F|pt > \FREHT
ﬁ*ﬁiﬁﬁmﬁﬁﬁkﬁﬁﬁﬁo 7 2% (t(15) = -4.006, p = 0.001) = =41 (t(15) = -3.708, p
=0002) fFHT > THEF - XBRFREDRABRAERTF NS - &0 AR R R DA R

Lot bW S (1(16) = -1.884, p = 0.078) Frfz#] (1(16) = -2.082, p = 0.054) 3 T & MAp b cHHC

Ko AFRITEFLER .

Male Female
.

— —— —
M "
10 ' 1o
. v 9 - 9
W (G 8 T gon 8 & ¥
.:iF. %[ : i I . j I g Ea
: 4 . ; : b
5 s . :
¢ s o 4
3 3 3
Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post
BB CN BB CN BB CN

W : % 5% (BB) frizd] (CN) B4 ™ s VAS A dk » £ 384 B 0 640 9 8 £ 101 h 0
32T ) e RS )R P AL RE £ (VAS)RIB A A A 1 (2)% IR ¥ 5
,ﬁ i;q‘é"?f : (\:‘ )F ()R

P85t ASHEHI B Ber i empPad s@d > e s ail o
ABlrtek BRREFAY Y OELE LR - - B45 AR E}é\m;;%\(Bartley and Fillingim,
2013;Melchior etal., 2016) - &2 F* 3 45 117 F AT & (pain sensitivity) > & 7 i@ 2 £ » £ H &
#4554 5 % % (resting-state neural networks)p Bf > & 45 F 7 5 T R % i § (ascending
nociceptive pathway) ~ = {7 i & g % i g (descending nociceptive pathway) ~ &g ¥ |2 4 % (salience
network) -2k za ;¢ 4 % (default mode network) 72 5 2 I § (27 R AJL { e 3t R B R
el AL AL HHAR AR he TEFIRIBE T AR AP AYEHAR
dif fo ¥ g v § 42 P & (Hashmi and Davis, 2009) - Kim % 4 (Kimetal., 2021)# 3 # . >
§ R R JE Y e >t beta fv low gamma #E F B ends g # it 1248 & (dynamic functional
coupling) £ = % i 3 (within-network connections) » & % {4k Jf sd2 { ik v >+ theta e alpha
#E ¥ B endE i 7 i 48 & (static functional coupling)#? g5 4 % i@ #(cross-network connections) »
FF A RAH SIRFORERBET AR TP oL AR G I o GG LR o
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(2) T & 4 4 i
RS AR R S

CN (n=33) BB (n=33) Between-condition (p)
BAI 4.00 (3.31) 3.24 (3.96) 0.262
PCS-H 4.06 (4.09) 4.18 (4.14) 0.886
PCS-M 2.33(2.17) 2.27 (2.42) 0.891
PCS-R 3.72 (3.48) 3.69 (3.70) 0.961
PCS-Total 10.78 (10.17) 9.90 (9.46) 0.449
STAI-S 36.75 (8.87) 36.84 (9.88) 0.959
STAI-T 42.72 (8.39) 40.87 (9.72) 0.045*
STAI Total 79.48 (14.46) 77.72 (18.45) 0.420
SF36-PCS 48.69 (8.29) 49.93 (10.23) 0.383
SF36-MCS 50.69 (9.48) 50.90 (11.52) 0.838

CN, Control condition; BB, Binaural beats condition; BAI, Beck Anxiety Inventory; PCS, Pain
Catastrophizing Scale; PSQI, Pittsburgh Sleep Quality Index; STAI, Spielberger's State-Trait
Anxiety Inventory; SF36, Short Form-36; ISI, Insomnia Severity Index; BDI, Beck Depression
Inventory. * % - & ¥ ¥tz £ & (p < .05, paired sample t-test).

5.2.2. Alpha relative power (RP)

AR T 0 FEHRFBEBB)AEHIFBR(CN)T sealpha # F o et Fz(Z=-
0.207, p = 0.836; t(15) =-0.239, p = 0.815) # Cz (Z =-0.517, p = 0.605; t(15) = 1.210, p = 0.245)
FHRATHIFBR T A EN T FLR o Y ed Fz(Z2=-1.065, p=0.287; Z=-0.686, p = 0.492)
2 Cz(Z=-0.166,p=0.868;Z=0.071,p=0.943) & F & frH|lFB ¢ AEn - gx L8 -

(a)

1 Fz (All) w Fz (Male) ) Fz (Female)

0 mn T

an 8- &0
— 50 + + 50 S0
[
oL 40 40 40
3 b

30 30 ¥ L

n ol 0 o s

. £ St ° | w I i o

o . 1] o

Pre Past Pre Past Pra Post Pra Past P Post P Past
BB CN BB CN BB CN

(&) Cz (All) Cz (Male) Cz (Female)

L1 (1] &

T ‘ ™ ™

(0]

BB ECN BB CN h BB N CN
Bl : 3 % (BB) frintl (CN) W4t ™ hRP & o £ 34 Git B2 8ap 08 2 0118 3
BOES )L BORSIRP R (2)7 GHEBFL Y G LA ()T (R)R R

(\x,
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BE AR T

flig(BB) kil A ¥
15 (CN) #74F 2

CETEERIEES T s

RP A 459 iz

J_J,l

ggf’b’\}a DL

BRI S AEFEBB-CN)Fabgx L £ > wi* 3 a4
B G R T 3 5N (BB) S Bl
TARW R R F o AP R R Y
AR AT oA M 6 > 2

M%%F’?ﬁ{ﬁ*ﬁﬁﬁﬁ

- 7 e %3k BB »z i <% & ¥ (Staahl and Drewes, 2004) -
4] (thermal pain model)s#= 3 # > Ecsy &

F g E s BEA SRFTFH 1 kG R X (Ecsy et al.,
BR TR AR &Y &0 R WU Pl TS vop 7 (muscular pain) s ¥

Ay % ko o alpha **?P
2017b) - iz 22 SN AT AR MR D
By A

% % & (cutaneous pain) e ¥ { E 0 T 1 g { T it % % & s7(sensitization) (Staahl and

Drewes, 2004) -

AT SRR 15 24 BB Tl 0 KPR ER T o B2

B R o %A NE '3

LA g G
BATRR T ¢ T f G

¥ A RAR R

G R LT B

Bt Gl

MR AR AR R e R T E ik R # & E (Kliempt et al.,
1999;Lewis et al., 2004;Dabu-Bondoc et al., 2010;Gkolias et al., 2020) > % 7= A » i % $H B 27 5

2 WAL R FRARPFRBB)Y > T s
0. 030)),3\: }ﬁé; ] RP(PNpre) g VASchange g(lﬁ‘ L IFL»
0.028) 5 b & 57 RP(PNDIe) # VASerange i i % AT 5 2 49 B © 5.3

B E I RP 2 VASchange Hic B 328 3 F 4P BE -

(@) o Fz BB

-
7
=}

-
[~
=]

VAS change ratio (%)
g 3
o a

pie]
o

o
=1
(=]

20 40
RP g (%)

—
(1)
—

CzBB

N
o

=)
=]

n
=]

VAS change ratio (%)

20 40
RP,, (%)

pre

W : Alpha # FPASISAR AR (VASchange)2- ¥ eriip B §4
z_ Alpha #
M Czfet B Fz B BREEZIIBEFpM Lo

(afeb)r 2 Cz(cie d)i &

@ Male
rho =0.126
p=0.641

Female

rho = 0.002
p=0.993

80

@ Male
rho = -0.091
p=0737

Female

r=-0.121
p=0643

60
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BASER R RE PRI o &

B hp 4 Mk ik (spontaneous states) ¢ 3% % 2. 0 BB &0
hF R R A P { P A o

Cz(r=-0543,p =

FPhAPM o e d Fz (rho = 0532, p =
" EHEBY oA ket Fzz Cz
Fz CN
(b) 140
* --®- Male
g0 r=-0.381
= p=0.146
:.3120 . .
i . Female
é’mo %" rho = 0.532
© £ p =0.028*
ﬁ100 ;:. .
2 .
> 90
80 : .
20 40 60
RP,. (%)
140 CzCN
. -8~ Male
r=-0.543
S p = 0.030*
[=]
-g‘?o N N Female
L 2
° r=0.243
110 . p=0.346
© -
S 100 T .
0
L ]
§ 90
80
20 40 60
RP, (%)

TR(ES ) o2l ) Fz
alEsT o 3
FRIBEFAAM BN AT -



WL Central (CzZ B BT a® )8R g2y M - @ Frontal (Fz #7 eh%
)R R 3 & AJ2 4 B (Bushnell et al., 2013) o F]pL s A 1]’“;}5_,? 19 12 ;fg,;rif B 45 g
SHEERE LA R AR A MR ] S BB RS AR R R o T R
PR g SRR BRI ECN)Y o & t+_? Pgrt it ? MBI PNpe 56 ¢ RP
foR g 2 Fahb i & &F HFHBB)Y X ARZEHPMIE - TR A B FIERY
FH A AkF ANE »cdk 4 » R AT < vmﬁ’?ﬁ@?ﬁ RPN PR4LR > CAERHRTS
PR A R B R P RAeR e A ANE sk i 0 B2 AT F I 0 T Pk PR
s enk 7 e o & MR * ensg 7 gg b f % 4 (opioidergic analgesics)®| & 4+ § 4 (Craft »
2003 #) iR P B A DR EHEPEL FR-FLEAP  APERIDRA AN 0 F BTG
o o@m §H AR ARG TN ERER R X " M (Keogh and Herdenfeldt, 2002;Keogh et al.,
2005) - A PeniE kAP > 7 P ok i E 4 ik 2 (pathway) B2 8% 3 4 endd 44 o Ft
A RFET ANEHA R B &R @ RS giEw L o

5.2.3. Peak Alpha Frequency (PAF)

e PAF 247 ¢ o Rl F S5 (BB) & 4213 (CN)? > P P oh s ixve 3 (PNpre) ~
6 (PNpost) i % o A 475 % &g > § e & Fz (Z=-1.500, p = 0.134; t(15) = 0.567, p = 0.579)
2 Cz ((15) = 0.978, p = 0.343; t(15) = 1.788, p=0.094) & b & > T # A F 3 £ 8 - 2 b
% Fz (1(16) = 0.468, p = 0.646; t(16) = -1.456, p = 0.165) 4 2 Cz (t(16) = 1.235, p = 0.235; t(16) = -
0.031, p=0.975)" & &g ¥ s3- £ & -

(a)
1 Fz (All) 1" Fz (Male) 1 Fz (Female)
10.8 10.8 10.8
106 - 10.6- 106
10.4 - 1L A 10.4- . 10.4 ) .
&m.z e ' 102 ; 10.2 K \l :
o 10 i - 10 i 10 " 1
9.8 i :{ 98 '} B 9.8 i I~
9.6 ‘.: 96 . 9.6 db
9.4 ’ 9.4 9.4
92 92 9.2
9 9 - 9
Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post
BB CN BB CN BB CN
(b)
" Cz (All) - Cz (Male) " Cz (Female)
10.8 - 10.8- 10.8
10.6 10.6 10.6 .
10.4 10.4 . T 10.4 ’
10.2 10.2 . 3 10.2
E 10 10 4, 10 I'
0 98 ! WL 9.8 o
9.8 9.6 o 4, 9.6
9.4 9.4- 9.4
9.2 9.2 9.2
? F;re Post Pre Post ° Pre Post F;re Post ? P}e Plost Pre Post
BB CN BB CN BB CN

Wl 3 %(BB) foi#l (CN) W™ o PAF A fic o % 52 Gt fE0 847 8 & H 4118 B
LR e (RS )PAR PRI (L) FRERAELY ] LA ()T (B)
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F
R &I H

(a) 140

g

VAS change ratio (%)
8 8 =

@®
=]
©

—_
(1)
—

B @ =
=] S =}

hange ratio (%)
=

© 100+

VAS
8

o
=]

, B

Fz BB

il

"

@ Male
rho=-0.076
p=0778

~®- Female

r=0.113
p =0.666

@ Male

r=-0.069
p=0.800

@ Female

r=0.023
p=0.931

FEit o 7 8 PAF Bl (50 AR RIGE
(BB)2 34| H 5 (CN)® > & wioi LT F A0 b o

(b) 140

=130

VAS change ratio (%
g 2

«©
=]

@®
=]

(d)

140

w
=]

N
S

VAS change ratio (%)
g8 2

=]
=]

@
S
w©

[S]
=]

Fz CN

9.5 10
PAF .

PAF £27: 7 & Hcenfp B © 447 5 % B 7 -

@ Male
r=0.038
p=0.888

~®- Female
r=-0.210
p=0419

@ Male

r=-0.148
p=0584

~®- Female

r=-0.337
p=0.186

® : PNpre ¢ £ PAF 22 5 5 ﬁ&%ibiﬁ’*ﬂ“'ﬁ.b*ﬁ‘.ﬁ%* o PNpre F# £ PAF (PAFpI’E) » ¥

P(ES ) ot (e ) 12 @feb)Fzir(cfrd) Cz B B BEL T (AS)FF s 7 R 5% B %
it (VASchange) 2 & crojp B 14 o 5 50AF 7 & AF F AR BE | o

SRR TR L

P
=Y

A-F i {7 bk T (proportional tests) k 7x . ANE &_F #-
x;i&—‘g PAF # % 10Hz > 4™ B - & F % HFH (BB) & #=4|F#(CN) ¥ s mlgF L 8 o
(a) Fz (Male) Fz (Female)
BB CN BB CN
Away N -
(b) Cz (Male) Cz (Female)
BB CN BB CN

W AR ERFBEBB) eI B (CN)® PAF ehd it o § 5%
B (FES ) oB (Y ¢ )I0Hz 0t 5] 1 (2)F 14

S 14 (BB) fri 41 -5 (CN) ¥
H () Fz(@) fr CzOE B F -

' PAF
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5.3. 7 = L IHFHBEAN GIRT A X i R B R R 2 M B
5.3.1. Change of relative power (CRP)

A e kR o g dIEE(CN)? > C3 (t(33) =3.613, p=0.001) ~ Cz (Z(33) =4.330, p <
0.001)2 C4 (t(33) = 3.363, p = 0.002)* J&x B % AS2 F4 £ CRP #cie &g ¥ <3t ASLF¢f > ¥ C3
(t(33) = 2.902, p = 0.007)% Cz (t(33) = 3 461 p = 0.002) & /& % % AS3 Ff £~ CRP #cid B ¥ M%
ASLFFE o &F %8 (BB)® - C3(t(33) =3.062, p=0.004) ~ Cz (1(33) =4.173, p < 0.001) 12 2
C4 (t(33) = 3.139, p = 0004) & B A AS2 FFF CRP #icim & F 2> ASLFFEC » & Cz (t(33) = -
3.471, p=0.002) & Ji&z B & AS3 F# £< CRP #cig &g & M3 ASLFEE o #+ #F » C3 (t(33) = 2.956, p =
0.006)4 2 C4 (t(33)=3.118,p=0.004) & & % - PNpost[# F~ CRP #ic & &8 ¥ % ** AS2 F# £ - Frontal
(F3,Fz,F4)? » F e fr4lF8 ¥ > ASZ PNpostlr 2. FF CRP¥ciE3om lg ¥ £ & o

(a) Electrode C3 (b) Electrode Cz (c) Electrode C4

*+$¢ %Q#

AS1 AS2 AS3 PN AS1 AS2 AS3 PN AS1 AS2 AS3 PN AS1 AS2 AS3 PN, AS1 AS2 AS3 PN AS1 AS2 AS3 PN,

o BB cN hE . o
W: R EFRBB)LHHHFRCN)? » FEETIPIFEL T CRP A dL E o ()5 &
(L)F % H8 - () C3-(b)Czir(c) CAR B E -

R iy :}ﬂ Mo ¥ RREEM LN LI alpha 3iF - AL R 4 #4454 (Foxe and
Snyder, 2011) - % AS1 FEEcz w o B JF fIET A R A Mk i 0 EREA R IIERT i
SR AT S 0 JELm 1 % gk i K w I baseline o i a0 & 22 2w #7 7 4p 17 (LOpez-Caballero
and Escera, 2017) » ¥ i & ;2 £ $F 2 & 45 (BB) {1 jgcae 17 5 3 3% alpha 4k F Hdch1 & o

¥ ook ViR R B8 (BB) & #4) 'T"Lf"‘(CN)“ § L@z d > A ANE $# = 7%

PR E G A u L end B oo 7% T 0 & Central (C3,Cz,C4)2 2 Frontal (F3, Fz, F4) »
9L BIOEELTAR o
(a) Frontal (separatgl:ril:rg‘llales and females) Binaural beats :—:::ln:le
F3 Fz F4 Z F3 Fz F4

(b) Central (separatelyin males and females) =m=Female
Control Binaural beats ~m=Male
z Cc3 c4 -
o -
o »
=]
: AS1 AS? AS3 Post AS1 AS? AS3 Post AS1 AS? AS3 Post : AS1 AS2 ASS Post AS1 AS2 AS3 Post AS1 AS? ASS Post
listening session listening session

FIHBAPRFET 2 CRP AN o ()45 (Control) » (%)% 5% &4 (Binaural
beats) (@) Frontal % - (b) Central % - t2 ¢ 4 5 ¥ 14 (male) » % ¢ s 5 4 14+ (female) -
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5.3.2. Relative multiscale sample entropy (rMSE)
ATl o EHa T o AP % FE(BB)Y > ASFFE(ASL, AS2, AS3, PNpost) F* &8 34
7 rMSE #cig e o e A FI B (CN)P > & AT IMSE #iE % it « F%FH Y
AS1 3 AS3FfFE rMSE #iciE 3 4e » £ 57 ANE $30 X "gdf fe it & 5 SR B e e A ffio s o ¥
o A ASHEE (R AT BLRIFHREB S B 2L 3 p*fu;*?%%‘%*%'_a“l o F B+ 8. (rIMSE
a4 B3 0)Y > EPFER R rMSE B df F 3 > 4B ("MSE #c i 404 <3t 0) » & P
F a8 P (BB) » B A SR T B 1 ok B ilAe < FaAg fe R B e o
AR &REFREHEFEY o o T BB BRI - AS ldeh g L 4o T AS3 = AS2 =
PNpost >ASl- %8¢ > % AS3 (p=0.001~0.009) ~ AS2 (p = 0.001~0.009)F# £ e7 IMSE #ic
Bk R ¢ R(SF39 D 50)FFIN - BEE B ASLIFE o ¥4 i dIFR(CN)? » e@F
© B(SF13 1 20)4= B P s rMSE #icie - % ASLFF £ 4 % % * AS2 (p = 0.001~0.008)f~ AS3 (p
=0.004~0.009) - @ A F & HHE Y - @FF < R(SFL1 3 18)#Fp » = ASLIF KA ¥ % AS3
(p =0.001~0.009) ~ AS2(p = 0.001~0.009)F= PNpost(p = 0.002~0.008) -
AP R BB Ao B 2 B o IMSE #icid 4o(B] d~g) > = ¥4k & t k5 (paired-t
test)l-'—ﬁ“-é% BT F%kNEB O EPFR ROIMSE B F 3 **K#d%ﬁ o F HFB el
2. CIRBEEY rMSE #icie i pFRF & B (SF37 1 50) » % AS1 P4 £ (t=-3.471~-0.486 -
p = 0.001~0.044 ; B 12d) ~ AS2 F¥ £ (t = -3.416~-1.286 > p = 0.001~0.042 ; B 12e)2 2 AS3 F¢
E(t=-4133-1883>p=0.001-0.042; B 12f)» 35 i g F L B - CAR R B %22 C3 4
2o e Frontal (F3~Fz~F4)% CZREHi1 1 BLEIFHILE -

(a) C3 electrode

Jent

PN,
AS3 -

AS2
AS1 Auditory Stimulation

(b) ~ CN condition (©) BB condition
— s — i

— AS3

—— PNy

0.051 __ As3

post

rMSE
rMSE
)

oooobbon TR -0.05

RS B 888 BaesE et

1 10 20 30 40 50

Scale factor 1 10 20 30 40 50
Scale factor
() AS1 (e)  AS2 163 AS3 (2  PNp
o o - PP —o
& MV . .
Z° W\W 0 %MN\’M . o MW
o 008 008 208
Scale factor Scale factor Scale factor Scale factor

B RHRFEBB)EHFERECN)? » ERETFHELE CRP SA8L £ - ASL FF (N 7))
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I PNpost(/#‘J ), q,_ FL (};’_‘EJ ) %EF‘ ( d ) ) q—- F_ '?:%'E‘ﬁ%{@’? '1"15};3?%[;-?;
(AS)48% (a); 4r4lfF8® LA TR ET LB (D), 7%F8Y L RETEFEFLE () &
BT bt R e 9 % R T oL B (dg) -

APSELPRE LY AR SR NEBB) S AR R o T A E PO &
ol MR 4e 0 A AN kSR SRS e o B F A I ANE sk T B hii e
Moo FRE A GRS RER > TV Rk P N L i I2 3 4 (Courtiol et al.,
2016;Wang et al., 2018;Cao et al., 2019) - iE2 F= 3 123k > # P R B X "gaf fe g A 4 chsg it 4%
Lo Ty A S e R 2 A S A B endf fe 3 9 (Takahashi et al., 2009;Liu et al.,
2012) © AFT g e K A B4R o
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