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e AL EARERHEARE SRR REAAX LR ARMKXE ELEEZR (i, 8
Ay FEBEHHEAREET T F AKX (p>005), BEGAENERESKNALEEZR (LW, &
B /MR P AR p < 0.001). BF b, HATAAZEEEF R BT AN LT —4 EE
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1 3l

B BT A BB i, BE0HE B (R T AN M R AR T A e, A% 8™ N 47 R
FIZET MR FRAIC. H2, 7K B — 8020 ik Dl e ™ S 2 i i) B 7E I B SV SRR 5 2 R R AR
I TG RN Bk AN o (EPIR A, B R iR BEAG. Rl BEAG 2 — M 220 R A B o, FOm i A ml RE K IL
BOHAE, IR R BRI A W R T 6 B A e R0R DL RRBRRG AT 2 A RIRES, HIRES (vegetable
state, VS) FIfE HAIRA (minimally conscious state, MCS) [2].

MCS & G YT 2 — B AR B RESS, B AR 2 it AT T IR 2R R, Kb iy
Yo Bt RS E ORGSR R T B (R BT T RO AN B3 T H H i BCE R A
T AR R YT A2

EAFRIERE, R RE AR R B AU 2 1T 2 K50, AWHTTRM, B BRI (spinal
cord stimulation, SCS) 7E MCS & HVAY7 I A2 HEUS 7RO R MRCR B0 SCS HARTERN T MCS
B P, ARG ISR IR T UM SE 2N 7 TS 7R AR RS B 1Y
I RAE VR YT o, K A r B B AE SRS C2-4 AP REREAME P8, — Bl Ty, F I s il A i
ITIEINF, HEWNNEGE RS (LATIEPPR G M BEE RGN i EoE R 4980) L2 E. ImK
WO R TOAE AT RER S 28 GBS 46 0 A K b e, T e e i R e S S Bl R BeE e Ak
SARAS, (electroencephalography, EEG) TE B s, R R 7 AL B A 227 BV B ] 4 5 G
M, $2 e s A K, IERE LRy R e 220 5T 26 VS B IR R AN 2 U HREI, R IOE 570 &
EIBEI SR 5 5 H), 51K S BIRACH IR I DhRE A&k B, 3847 SCHR$E 3] SCS Al g i i xf
WIR 25 4 o 368 B A P 8 508 i 1 J2 AR S R, 190, B, BRI S B 0 7 AR N [ R
FFRT R R IAT, e TR R I PT A2 B 22 T F) D iy A1 R TS0 PR 3 0 7 77 A e P o 4 b 1 2K
S0 RV AR 2 SCEREI AT T A R F O i D R A RZ I, (BN MCS SR IR i D R s A
LA F it — R R 12

TR e — N4 R R R YL, IR, W2 RO U WARZ I M B B i D e A2 4k, b
5. B Hurst $880. MRYERESE. AR LT AT, FEARIVE Ny —Fh 2 ML AR 2ok 7 ik pl iz s
FH MR 23 30 o BRIEVR LA T LA SR 00 46 75 T K EEG 23 # v, JFHUS TARBF I ROR 0814 54
) (sample entropy, SE) AHXS B, £ X 8] /8@ 1E (8] A, B & T H K BEAR (cross-sample
entropy, cSE) VAl i1 52 A% B2 Ak (18], S 5 00 B8 7 A I 1] 37 71 B4 26 A R0 2 5, 3 e e g A
I )PP A A R EAEAR MRS AE T I PTTINRE 098, JF HEREA R 254 1 BR8] 1 B VLIS, Refs
AR EAL S BEG Z IR AIAS G o 06 Je 0k, A Fe e 450 F ERE AR N MCS 35 AR
FIBTFAHE K EEG 5 5 HEATIRANKI 2047

FIT, i 09 28 BT 78 RO A 2R 22 U A TR, BT R BEAR 70 B I X 25 BE 6 45 RCRAE R
MNP PR AN, BIETEN BRI, 00 D0 2% TR AR AE V22 A b JR) R R AN — LB AT A I BE B i 4, 2
— PN SR 2 (71 i X T4 S AR B R R AE R TR AR AR, AN Ty e 9 4 SR B R AR AR
FIER R RHEESHnT DA R0 S e i =R B AR A D81 ARSI T IR B 04 17 MCS J 3 fii 99 45
FERHT 5 BN SRR AR . T R B, RS A TE AT 58 SOOI 10 2 vh (75 A, P 2 7]
FRIAH EL DG 2R P 58 SCON IR 0% PP B 5T pe a0 10 19X 2 v B 1 ORI AL 5 15 TR PR 5% 2 S R R 1,
T2 P TR T 0 10 2% 0 SR LR IR AR N T TT [ PE RO HR B, TR AR 50200 a2 DA 26 A, BRI A
WF ST I T EAEASRIREAT T 0 2% (AL G A0 20 A, 6T, 2T BR BN X 46 BRI 0 MCS 38 s Dl Re 38
AT VA .
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AHIFUE S A REARE THE T MCS [ 728 8 R BT 5 () L8 TE BEG 55 A2k, B R
FURRE RO I T REAE HLIE1E EEG ISR M A = (8] A2 40, UGk T HRAREL T MCS
& EEG IEIE (A FRS AU A%, JF H 20 il X ARG DX 18] 74t 17 785 i F RS J fii L 2 e e 42
224, S Ja K A EAEAE RIS IF 0 i 17 MCS 835 10 42 JR i W9 2% (/I SR, IR 0 i L o o
M 0 Ty A2 44 B A FEATL A

2 HRSHE

2.1 FXEEEIER TR
2.1.1 FREHIEHA

KA FAE BTG A S R PR B R eSS, AN T 17 % MCS ¥ (9 5 8 %, 19~65 %)
32 F EEG. #E XL BH K REE G FEHEE T g R, BF R E EZ AWM. 4M
SR LA A FCANNI MCS 38 00 5, AR E 21 i i B S F i e i 28 e 25 F R
CRS-R PF4r Y 7E SCS HIMHT 5 BILPASEYE A 7~10 min. BT B e 32 B0 REZ i — R Bk
HH BB S R R,, 1T ELYE VA 97 I R H A I P el i 3 2 52 i G B 2 TS B 2459 EEG $d RAE A
A ##& Brain Products i LUK ZS, SRAEEZFR N 1000 Hz, B BN B #% B EFRARHE 10-20 SEGE.
I H 75 A S B B R I I BT AR AR FFTE 5 kQ DA, B R R 7R B R B3 NAT AN
THEE (B AR ) CIRZS, AR A 1 B0 v R Y 5 (RSP AR ), K R 15.

KT AR MCS BF R A M RIAT /5 1M EEG #UlE, FhFE SRR BHEEITFAR
i, SR A 58 S5O AR N X PR R o R R B R SR e A R R Y R R B N T R A
BEREIE 111 C2~C4 Ab. PGS SRR B2 11 5 4 5 B 5 o s S 1) o i) X . s 7 A 1) 9
210 ps WRAE Y 3V HIBKIR AT DAE B /S AR IAD 7= A H 1 22 IS 28 1F) IO 6 26 7 S 2 40 mT o Ak o
T h2S 31T W B, 45 IRIRAL, BRI 70 Hz BURINEAIE (01, AHF 78 AR ic SR RT 10 4
BhATRIMUE 10 22801 EEG.

NT SIEW NRE RS, IATRE T 12 L@ FEHR EEG /EANBA, 3E 5 B 7 «,
WY 2650 %, BAOREE T AiE R . K Brain Products i B BUK 28 K4E 32 MIE ) EEG {5
5, BRI FEAS T 10 min i A A

2.1.2 HIEFAIE

R TASBIHER A A5 5, ORUESEEE 7 #r 46 SR AR M, 1) FH 0 Ak B 25 o Bl D /N Mg 75 2 A 7
R SCHBEMIEFE. AWUTFIE MATLAB 845 P SR 31T B 26 0 i, 15 5 Tilib#ER | EEGLAB
THAR RO FACER AP IR R (1) RBRORHRIERE S (IREK T 200 wV); (2) FIFHRA ISR AR 50 Hz
THUE S EER; (3) R eegfilt BREFEHUIT FUEIGERY 1~45 Hz B EEG (85 (4) A T BFIKIHEME
HRPE, WHE S AT FERAER] 100 Hz, FERAE H KRS 5 A K BRI ATHE AR v 5 A 4 o SO
BT PR X — RS 1E EEG i rh ol NJRIE WA, JoA I AR IE SR PR TR B M A

TE VA FACHR R b FRATTHE— 20 R AP AL B 23 43 BT 5% (fast independent component anal-
ysis, FastICA) £k EEG AR T4, FastICA 22— ME IR E 7%, BENELHEREESH
FIRAE S EAR AR, IR BRI B sy Y. LB TR AL S, EEG BE#R BN 10 s
— B 50% RN, FATHEEL 300 ms HEHEF B £ BREURIERS - 222, A 20N R
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WA SR 22 5L DL FACE S EEG B A TR AR R AN ) 25 434

N TR TR RE RO MCS S DI RE A RE, A SCHAANEIE K EEG 5 S 4%M% 50N
5 MBCR T, IF B 32 > EEG MIE(S S BRI E 73 5 ADMEIX. 5 ASTEAGS B ) 55
RG> AN 6 (1~4 Hz), 0 (4~8 Hz), a (8~13 Hz), B (13~25 Hz) M ~ (25~45 Hz). 5 Mk X 2514
A (EIE FP1, FP2, Fz, F3, F4, F7 f1 F8), H kX (i@1& FC1, FC2, FC5, FC6, Cz, C3 A C4), Tirt
(J8jE CP1, CP2, CP5, CP6, Pz, P3, P4, P7 Al P8), ¥t (PO3, PO4, PO7, POS8, Oz, O1 1 02) PL
W (T3 A1 T4). P9t R PN IETE, g AME A SCE miF s . A i L o e X, Tt
A 4 A mlfaic oy F, C, P, BLR O,

2.2 HABEEHARE

FEAE & — R e F IR 5 24 B AR R i S, eiE v, rTCAN H FRENLE S« #E(E S
LR A BG5S E 2 M5 52K 8, HARR e fabs (0], REAK T & 102 i 18] 77 2 A = 2R i =Xy vl
REtE, RUARTRE 4 1 HO5 5 1 B 40 AT TR0 R KAT 5 SR FE 43 A FLSIE b2 X e 21 B A R 2 DA SR ) 4t
AL, M EEG 08 f 5 R, FEARIMEMEEIR 0, RN ZHEAN EEG 5 5B B, k2, #34
B EEG 55 UMM SS, BIYET EEG 155 MR BE 20 A0 JCiE TR R o0 A1, WIRE A g i b (E Bk 420
1, & EEG {558 E 7.

2000 4, Richman %5 191 7E5& HFEACIR I RIS 48 1 T EREAS AR, BRSO R an R

(1) AT KEEN n B RIFF o Ay, B8R A IR A B 73 AT A 2 (R A me 4
K X, (1) MY, (0). W75 o ERERNE—INRESFA y i3 RRE AR E X~

dij (z]ly)™ = pdnax [IX (i +k) =Y (5 + k)] (1)

m—1

-----

(2) WEAMARIREE S », Lt 2R dij(z||y)™ < ryiyg = 1,...,n —m BRENL N (z|y),
T M2 43010

Pﬁ(m\\y)z%, =1,...,n—m. (2)
(3) THE AR A1 P A

n—m
(4) X5 T m+ 1 4E7308], KAnTfE

it S ) elly)
V() (ally) = =L

(5) HREAE LN
v (r) (zlly) (5)
Ut (r) (zlly)

S5REARRIHR, BREARS AAAE B ULAE, BRI — N Jo il v & EREA T AR AR A /e — T
DSk ) ELAEAURE. A T SE AR 2R E T 5N In 0, FREAR S BT AR i Bos EAR B TN
S5, ELAEA R I 5 (0 /2 19 A ) 1] e 37 AR 22 [ F A S5 1) 2% PR U R . 7995 ) T 6 5 A ek
HU, ELREAR B S0BRAIR, Jz, B A 2 5 (B B sy

REAE A ELRE A ) £ S HOA AU IRIESS o RANYEEE m. Pincus #BOTEFEARER, m
WUE N 1 8 2, r BUEA 0.1~0.25 23 A SCERIF AR, MIRALEE m = 2 I B A0S THRr

cSE =1In
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5

4l Gaussian noise
fBm (H=0.3)

3t — — - fBm (H=0.7)

& 2f [\
| P
ol \I‘I‘{——I‘I—I——}—I
-1 . .

0.05 0.10 0.15 0.20 0.25 0.30
r

1 (MBARFZE) HARRSRS HHER

Figure 1 (Color online)The parameter selection of SE

P 24251 5 PR SR b FRATE I 05 B M, [ e NGRS mo = 2, BREX 3 FhE MRS A RIS )
(Brownian motion) {55 (H = 0.2, H = 0.3) M7 (Gauss) (S5, HEAT A RIFHAA FREEES T HIFE
AWETHE. » FVEEA 0.025~0.325, 53N 0.025. W 1 iR, MABEREE » < 0.15 B, TEikE
HX X 3 MRS A ES (FEARERAERZR); 24 r HRH 0.2 5, FEARRX 3 G5 MHX
FERT, B LA SR IAZR FREE RS » = 0.2,

2.3 RMEDIHGE

IR 2% 7T DR 2 R 5, Horh i L R AR T 2 RS R B P I R AR L
Stam 5% (6] 78 2009 AW TE 45 B T TS0 I 251 20 SRR R BN P R AL BR AR K R P e B e
PRI FSER BN 12 5 [ AN RO AR 2 R T A AE A EOERR I R REE, TR AR KE
PR 2% TP S R ) B R G R AR P R ) S SRR R AROR, PR AR K B, R
WA 2 1K) /I T AR P i i ) 2B A

RIARHHE AN s 5
O, = Zati Lbtiath WiaWibWab 6
Za;ﬁi Zb#,a# Wi Wib (6)
e R4 1 TR R ARk A
1N
Vo

PN 3 ARV AE BR AR BE )R8 SORZBRAR I T TA R A BE R, PN 25 i AN 5 TR 2 (]
MR FLEEAE Ly RUONEA B AL BRAR. 42 R IR 0 2% (P B RFAE AR K BE TR A 500
1

L=—"i———+ (8)
1 1o
N(N-1) Zz’j di;

Houf, dy = 2 P IRT R (i B IO B R A TS5 0 TR
SET B R HORIT SPREAIE B FE 1/ SR $5 50T A5 S
C,
S:E.
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x 1 BNWRBESIER (THE + REE)

Table 1 The descriptive statistics for the relative power spectral density (meanzstd)

1 0 « B ¥
- Pre-SCS 0.401+0.057 0.204+£0.055 0.110+0.025 0.136+0.026 0.144+0.049
Post-SCS 0.40540.069 0.2144-0.050 0.097+0.021 0.130£0.026 0.14940.049
Pre-SCS 0.397+0.066 0.233+0.037 0.130+0.024 0.125+0.029 0.112+0.021
¢ Post-SCS 0.38240.057 0.24740.041 0.120£0.022 0.12240.019 0.12540.023
P Pre-SCS 0.398+0.063 0.225+0.031 0.137+0.029 0.123+0.022 0.1144+0.022
Post-SCS 0.379+£0.078 0.224£0.031 0.128+0.033 0.128+0.021 0.136+0.034
Pre-SCS 0.386+0.059 0.226+0.036 0.135+0.026 0.127+0.019 0.122+0.033
© Post-SCS 0.346+0.092 0.199+0.034 0.114+0.029 0.140+£0.031 0.196£0.063

2.4 BN REE

ARSI IS G VAT AR S 2 R b B E T e I e AR Ak, JF HAE A MATLAB 4t
TH AT TREFEX et SR BEAT BB 0 #r, ITTRLS: MCS 3 7542 52 0 i I OAT ) Fa b i AR A 1
oL, PLRCS IET AR Z 3. BB EFRAREA FPRES AN F i DXCRAS R ARB K A2 4k, AR =
IR J7 22087 (three-way ANOVA) 454 2 B LW Tk AT B2 1 0 . JF H 3 2R M Bonferroni
correction % 1E J7VENT &5 TR IE, BRI IE)G p (EAIWEEME. W p < 0.05, WFRR —F 2 447
PR FEM R, =R ZEDHE 3 NMEER A9 IR CRIEETARIEYS )« B (6,60, a,8 A1 ~).
WX (F, C, P 1 O), 3 MAZREZANICAH L 1L 1L =KZJ7 Z s R & sy, Bz A H) 3
RUSIANAZ BN . AR SO RN AN AE HASS R BEAT 1 70 #r, BAES BT MCS 8838 il BLA S i i R
FIRAERLE]. RS 9 FIR p < 0.05, “¥F FIR p < 0.01, “* FIR p < 0.001.

3 HR5VHE

3.1 SEainsE

AR SR ZHEFE 4y M 7510, FIFHZE T MATLAB ) Chronux T HAF P8IV 1507 588l IR0 5
B JEIE 10 min AERBI SCS /G EEG 84k, Wil 2 FivR, A— 07 i i 38 F T
JE A AT LR IR 2 OB R AR TR AE & A1 0 BER. (H I (A AEAE 5, L andE A L
(B0 FP1 A1 F7) W, SCS Z Ja i (8 Ml ~) RIge &SN, MifE FC1, FC2 F1 CZ #IE & A 451k,
RV [N —20~15 dB. 2 T X EEAS R, AN IR XA REORT )5 19 22 5%, A1 T 6 (1~4 Hz), 6
(4~8 Hz), a (8~13 Hz), B (13~25 Hz) Fll y (25~45 Hz) [RIAHXS D282 BE . A5 AEB (K AH XS Th 22 3 2%
FERNZARBL TR % E 5 BEG (55 1E 1~45 Hz SRBUR ThRIE S B (1 LU 29, B0 5 — AN X, -
AITHS G X P9 T A 38 18 LE B AR X B B 1P AME A E MR AR T Gt 5 R 3 B, MGeit -
&, FE O S L AR Th 2 i 2 FEAE BT B B A E R EMZE R (p < 0.01). HLRESEI
RAE o BAFIEZESE (p < 0.05), MR IX RTE 0 SHBAFAEZESR (p < 0.05), B RTE ~ B AFEZE R
(p < 0.05). FLARFIFXS ThZE % AR UL CPIME + frdEz) MERBITER 1 .

1) http://chronux.org.
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Figure 2 (Color online) The power spectrum of 32 channels in the corresponding position of one MCS patient

(a) 0.30| (b) sk 0.181 (© o

0.45 . — 3 * T
5 o = —
£ 035 z g 014
g 2,
5025 ° £ 010
> K= p=1
E g 5 0.06
Q
& ~ 0.02
F C P 0 0
0 0 a
0.181 (d) =
~ o
g 0.14 z
2 0.10 2 - []Pre-scs
. o
2 & I Post-SCS
E 0, =
& &
0.02
F C P 0 C P 0
B y

E 3 (MEFFKE) BIERRIMAE T ESNEE T FERX AR TR ERE
Figure 3 (Color online) The relative power spectral density of different frequency bands in different brain regions for
Pre-SCS and Post-SCS

3.2 HRMEITER

ARICE SN EIBIEAE TR RVEM BT T 17 £ MCS B#F 5 12 A IEH AF RSN 32 .
4 N —In Y FR A S ATUBE A TE  ET RS % 10 min BSPIIREARS (Bl 4(a) 1 (b)),
PAR—RLIEH NI BT EEG ~FIREAMR (B 4(c)). BT, BB 2 AR FEA R (E 0K,
R A CRAEA R AN, (1B 4 W UAE Y, RIS A (ELAE AN [RIE TE AN AN R B R K/ IR AR AL 1
DI AR

N T RN BT R B I L ) A 2 e DT e Pl 6 28 VR PR R i R R RO i D R PR B, A
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@

Pre-SCS

o Post-SCS &

Resting-normal

4 (MEEFE) MCS BEMEEABESHEARFEERHE. (a) f (b) #5314 MCS BEFIHBIARIE
fFHY 5 MR HMEAKSIEF R E; (c) AIEEARESHEARGEEmRE
Figure 4 (Color online) The spatial distribution topographic of the SE in an MCS patient and a normal healthy subject.

(a) and (b) are the topographic map of the five frequency bands before and after the stimulation, respectively. (c) is the
topographic map of the five frequency bands for normal resting state

SCRFREAE AT T S BRI 3 6 X e vt Geit-45 SRR B 5 frs, FARRREA R E DL b A7 2
(Fe/ME ~ FeKME) W RAEE 2 d. B 5 WRITE 6, o, 8 F1 v 4 ANIEAE 5 IS BIRE ARG E
TERTAR (4 MELEIN p < 0.001) XA EE R (5: p=0.015; a, 3,7 : p < 0.01), 115N X E# i
H) 0 FRBHE S ERIMAT G X LR EZ (p > 0.05). HIE 5 AT, MCS 5255 H RS FEA R E
SRR T IR NF S TREARSE, I HAE 6, o SBH, U 0 RIEHT 5 RIS MR AR E S B B A
FEARBE A EREEER (p < 0.001). TTE a, 8,y 3 AMHBRIHUS FORE AR 18 R X 57 04534
TERZEZES (p> 0.05). FEME KRBT MCS BEELN SCS J& EEG 55 E & E T XHE
R EEG 7ERIBUGE B0 T 52 B A5 B RIRIRATHEN, SCS 2k MCS B WG Th AL A 7E KL
AT RS 8 I 1 0 FAS 5 1 A P S

N T URNE R E B, RATE T FREA R 2 A0 R AR 15 S T PR R B, S8 AT RE 7 F BT
HHLN Windows10 2 %t, CPU A 15-7400, 1847 WAF N 8 G. tHH 32 IBIEFE A A K E Y 10 min,
ZHK BN epoch = 10 s, overlap = 0, #HEL 1000 Hz KAL) 1HERS ], 7E 100 Hz F, tH&EK A
64 min A% N 2 min.

3.3 EHAXEOITER

AT HET 12 ZIEH ANBIRE SRS 17 4 MCS B2 65 R 5 iR s & A B
PIIEIE 2 7] EEG fIEARAR, B Rl 8 00E 18 2 (AR A QA A B I W BT Js MCS /3 Tl
AR5 B A ELRE ST, ATTHENT SCS A ENLH. e rpr— 47 3t 7R 56 5% 7 122 52 T P R AN R 80 10
BB EREARFERE W 6 Fron. B DNERE B AT A2 92 A AN X HES T 1~30
ANEIE (B0 PANEIE), B NBRE B R R EAEAR AR (E RN, BB IR A RN
HREAREOR, BB IR R R AR, AR AR TC 77 R SR AR, I AR A R
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*
*
*

*kok 0.75 A okl okl
07 e T, orslin T o L % T}
ﬂ'—:[,_.:v—,r-'_l- - 0.70 : ,7:.—‘7}':_:_1_:
0.6 - T S T T T T oy T 0.70:' T'I:' [
I EET BT 215 AR A R 8 S N N A PO B 'Q!'I'IE
g T ?1 QTHETE e $$IEE-$E. 30‘659: 5555.1
VIS I I T A ocoft + ML+ % oL L LE oeoll L MT LT LT
1 1 [ T |
I J_t H + 1 :"‘+$*+-& 0.55 b 11 %1’;
03F* + 0.55 1 1 . + | I *
* M + 1 +
02f @ 0s0L® : 0.50f (¢) !
F C P 0 : F C P 0 F C P 0
0 4 o
242%‘ *k 1.8
'_l-l-,'ﬂ**_‘v k. T Kok ok *kok
20b T L T b Tl T T s L7f % o T P T oo
=1 BT BN Tl LTl T T Cprescs
1818 5 E]E'E]E'E]EI o 9[- 'I [ A R
- R U e S A R 8 | 'B BE'HB! 1 Post-SCS
+ + . T
I I B E:i.:i:ii,i: B Resting-normal
1.4 i | (1SN SR S A A A A
(d) i 137, (e) + i
12 .
F C P 0 F C P 0
B y

5 (MEMTE) HARSGHERE. (a) 5, (b) 0, (c) a, (d) 8 7 (e) 7 5 MARMKALE
Figure 5 (Color online) The statistical results of the SE. The boxplot of (a) 4§, (b) 6, (¢) «, (d) B and
(e) v band respectively. Each figure includes the boxplot and the significant results of the four brain regions before
and after stimulation, and normal resting-state

*® 2 HAEERGITER (PR (RIMVE ~ BRXE))

Table 2 The descriptive statistics for the SE (median (min~max))

0 0 «a B ¥

Pre-SCS 0.49 (0.38~0.58)  0.64 (0.59~0.67)  0.64 (0.59~0.75) 1.79 (1.64~1.94) 1.48 (1.36~1.56)

F Post-SCS 0.52 (0.45~0.58)  0.64 (0.60~0.68) 0.67 (0.60~0.74) 1.88 (1.71~2.03) 1.55 (1.37~1.65)
Resting-normal  0.46 (0.30~0.63)  0.64 (0.56~0.70) 0.67 (0.48~0.78) 1.88 (1.51~2.11) 1.55 (1.41~1.68)
Pre-SCS 0.50 (0.40~0.58)  0.64 (0.59~0.68) 0.64 (0.57~0.71) 1.78 (1.58~1.94) 1.49 (1.36~1.63)

C Post-SCS 0.52 (0.44~0.59)  0.64 (0.60~0.68) 0.66 (0.59~0.72) 1.84 (1.68~2.01) 1.55 (1.41~1.66)
Resting-normal  0.52 (0.32~0.67)  0.63 (0.55~0.68) 0.66 (0.57~0.74) 1.85 (1.61~2.08) 1.57 (1.37~1.71)
Pre-SCS 0.50 (0.41~0.57)  0.63 (0.58~0.67) 0.64 (0.57~0.72) 1.82 (1.62~2.02) 1.51 (1.37~1.62)

P Post-SCS 0.52 (0.45~0.57)  0.64 (0.59~0.67) 0.65 (0.58~0.72) 1.81 (1.65~1.96) 1.54 (1.41~1.66)
Resting-normal  0.53 (0.39~0.60)  0.65 (0.59~0.68)  0.67 (0.57~0.76)  1.83 (1.55~2.03)  1.53 (1.36~1.68)
Pre-SCS 0.51 (0.40~0.58)  0.64 (0.60~0.67) 0.65 (0.57~0.72) 1.83 (1.66~2.02) 1.51 (1.32~1.67)

(6] Post-SCS 0.52 (0.43~0.59)  0.64 (0.59~0.69) 0.66 (0.58~0.73) 1.82 (1.69~1.97) 1.53 (1.42~1.64)
Resting-normal  0.52 (0.34~0.61)  0.63 (0.58~0.67) 0.69 (0.62~0.76)  1.83 (1.25~2.13)  1.52 (1.39~1.66)

s XS AR, DT S R AR s T 5l P A PR AT R S TR AR AL, AR SCER T IR R
FEARRE S MRS L (Bl 7 o). B 6 A 7 g RnT G, iR 0 G B RS
B (o, 8 A1 y) B EEG 15 SR EFEAR I G K, BEGE TIEW A EETAAR. K 7 Hi@iE
() L)y R 42 0 B ) 18 o, T ELAE AN [0 i (X A7 78 F) e 36 1) P AR AR R P I AN AR TRD. 3 B B R o K i
PRAET CGERRERN, HIXFANAE MCS B EAEARS L TR N IR, (E R AR A3 ]

R
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Figure 6 (Color online) The cSE matrixes of each frequency band. The cSE matrixes of the five frequency bands (a)
before and (b) after the stimulation, (c¢) normal resting-state respectively
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Figure 7 (Color online) The functional connection of each frequency band. The functional connection was based on cSE

of the five frequency bands (a) before and (b) after the stimulation, (¢) normal resting-state respectively. The thresholds
of the connections for the presentation were set to 80% of the maximum in each frequency band
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IS M IX [B)E A5 21 1 2 5T, FEARAE o SEL, HIWUS 15 20 X A R X 8] BLAE AR A 35 5 10 A
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Figure 9 (Color online) The statistical results of the ¢cSE between the regions of (a) 4, (b) 0, (¢) «, (d) 3, (e) v band

* 3 RXAEHELXBERITR (P (RIME ~ &RKAME))

Table 3 The descriptive statistics for the ¢SE in each region (median (min~max))

)

0

«

B

~

Resting-normal

Resting-normal

Resting-normal

Resting-normal

0.45 (0.34~0.56)
0.48 (0.38~0.57)
0.47 (0.24~0.66)
0.46 (0.33~0.58)
0.47 (0.37~0.58)
0.47 (0.25~0.66)
0.44 (0.32~0.57)
0.47 (0.38~0.57)
0.46 (0.24~0.58)
0.45 (0.31~0.56)
0.47 (0.37~0.57)
0.42 (0.21~0.65)

0.61 (0.56~0.65

( )
0.61 (0.58~0.65)
0.61 (0.51~0.68)
0.61 (0.56~0.66)
0.61 (0.58~0.65)
0.62 (0.52~0.67)
0.60 (0.56~0.65)
0.61 (0.56~0.66)
0.60 (0.56~0.65)
0.61 (0.57~0.65)
0.62 (0.57~0.66)

( )

0.61 (0.58~0.66

0.58 (0.53~0.64)
0.60 (0.55~0.65)
0.61 (0.56~0.6)
0.58 (0.54~0.63)
0.60 (0.55~0.66)
0.61 (0.54~0.64)
0.58 (0.54~0.63)
0.59 (0.53~0.65)
0.60 (0.48~0.66)
0.57 (0.53~0.62)
0.60 (0.51~0.68)
0.61 (0.54~0.67)

1.52 (1.34~1.68)
1.59 (1.46~1.73)
1.60 (1.28~1.89)
1.51 (1.29~1.73)
1.57 (1.39~1.74)
1.56 (1.27~1.85)
1.55 (1.38~1.73)
1.54 (1.40~1.67)
1.47 (1.15~1.79)
1.56 (1.35~1.75)
1.54 (1.40~1.67)
1.48 (1.20~1.79)

1.24 (1.08~1.38

( )
1.29 (1.15~1.43)
1.29 (0.97~1.60)
1.24 (1.08~1.40)
1.29 (1.16~1.42)
1.26 (0.87~1.61)
1.27 (1.13~1.40)
1.29 (1.18~1.40)
1.27 (1.02~1.49)
1.23 (1.10~1.39)
1.27 (1.18~1.39)

( )

1.26 (1.01~1.50

PIBRAHL TR AL B AR L DL/ A AR IS 5 3 DM SHOAT TS, JEEIER
X M2 BEAT LEAL.

P T 24T 30 1 2% 73 A 5 22 R AN R BREL X 5 SR i, B AT AR AR R MR AT Mg AL B, kAl
ZHCHR [30], BB G 5%~50%, Bt A 5%. AT AITHE T ANRSREC S, RIS LA IE
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Table 4 The descriptive statistics for the ¢cSE between the regions (median (min~max))
19 0 «a B8 o'
Pre-SCS 0.46 (0.34~0.57)  0.60 (0.56~0.65) 0.58 (0.53~0.64) 1.52 (1.30~1.70) 1.24 (1.10~1.39)
F-C Post-SCS 0.47 (0.37~0.57) 0.61 (0.57~0.66) 0.60 (0.55~0.65) 1.59 (1.45~1.73) 1.29 (1.17~1.43)
Resting-normal  0.45 (0.20~0.63) 0.60 (0.51~0.67) 0.61 (0.55~0.66) 1.60 (1.30~1.88) 1.35 (0.96~1.51)
Pre-SCS 0.45 (0.32~0.58) 0.61 (0.56~0.65) 0.59 (0.52~0.63) 1.53 (1.37~1.71) 1.25 (1.11~1.38)
F-P Post-SCS 0.47 (0.36~0.55) 0.61 (0.56~0.66) 0.60 (0.54~0.65) 1.58 (1.42~1.76) 1.29 (1.15~1.47)
Resting-normal ~ 0.44 (0.20~0.64) 0.70 (0.52~0.67) 0.60 (0.55~0.66) 1.58 (1.26~1.88) 1.36 (1.25~1.43)
Pre-SCS 0.45 (0.33~0.56)  0.60 (0.56~0.65) 0.59 (0.52~0.64) 1.55 (1.31~1.79) 1.23 (1.02~1.43)
F-O Post-SCS 0.47 (0.38~0.56) 0.61 (0.57~0.66) 0.61 (0.54~0.66) 1.58 (1.42~1.75) 1.29 (1.16~1.43)
Resting-normal  0.45 (0.21~0.64) 0.70 (0.53~0.66) 0.60 (0.54~0.66) 1.65 (1.39~1.89) 1.32 (1.26~1.42)
Pre-SCS 0.45 (0.32~0.57)  0.60 (0.56~0.65) 0.57 (0.52~0.64) 1.53 (1.36~1.69) 1.25 (1.11~1.40)
C-P Post-SCS 0.46 (0.36~0.56) 0.61 (0.57~0.65) 0.60 (0.54~0.64) 1.55 (1.40~1.71) 1.27 (1.16~1.38)
Resting-normal  0.44 (0.25~0.61) 0.60 (0.52~0.65) 0.59 (0.52~0.65) 1.54 (1.22~1.85) 1.23 (0.98~1.43)
Pre-SCS 0.45 (0.32~0.57)  0.60 (0.55~0.66) 0.58 (0.51~0.64) 1.55 (1.29~1.78) 1.23 (1.02~1.41)
eXo) Post-SCS 0.46 (0.35~0.54) 0.62 (0.58~0.65) 0.60 (0.54~0.66) 1.56 (1.41~1.71) 1.29 (1.19~1.39)
Resting-normal  0.45 (0.21~0.63) 0.60 (0.53~0.66) 0.61 (0.56~0.65) 1.55 (1.30~1.79) 1.25 (1.01~1.41)
Pre-SCS 0.45 (0.35~0.55)  0.60 (0.56~0.65) 0.59 (0.53~0.64) 1.57 (1.33~1.79) 1.25 (1.00~1.45)
P-O Post-SCS 0.47 (0.38~0.56) 0.61 (0.57~0.66) 0.60 (0.54~0.66) 1.55 (1.42~1.72) 1.28 (1.17~1.39)
Resting-normal  0.46 (0.20~0.62) 0.69 (0.57~0.65) 0.59 (0.54~0.65) 1.53 (1.24~1.83) 1.29 (1.10~1.40)
) 0 0.74 0.80 B 0.85 y
0.68 L4 010 s 070f e 076 a4 080 e
0.64f 1 1 5 ¢y T 0.66 11+ 1= = 0.66 072) 4 par T 075f e
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10 (MEMRFE) TEHNEESHTHRNESHENL

Figure 10 (Color online)The changes of brain network parameters under different threshold parameters

Wi RSN 3 MM SHEERE KA, 1B 10 Pros. 45 RADTCIE BE AR, RIEETE 5 5%
Xk FEZHL PR i ) 288 2 MU R/ BROARDRS 50 BRI P 22 TR 3T R T 0 X 2% 25 B ) 52 AN K.
LA 30% MRAE A, anlel 11 fs, 3d SCS 5 MCS B 1) 3 Fi L SHHRZAE o, B Al v 3 4

952



FHEB FEREE B 51 E 6

Threshold=30%

SO —m =
OO B

[ Pre-SCS 3 Post-SCS I Resting-normal
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Figure 11 (Color online) The statistical results of the parameters of the network. (a) The average clustering coefficient;
(b) the average characteristics path length; (c) the small-world parameter

%5 MESRGItE (LIE + e

Table 5 The descriptive statistics for the parameters of the network (meanzstd)

5 0 a B 8l

Pre-SCS 0.451£0.020 0.608+0.045 0.585+0.074 0.59940.025 0.63940.086

C Post-SCS 0.47340.017 0.616+0.034 0.699+0.084 0.79340.054 0.76740.047
Resting-normal 0.557£0.036 0.700£0.024 0.834£0.031 0.85340.051 0.884+0.024
Pre-SCS 1.8474+0.073 1.15240.102 1.560+0.207 1.50140.103 1.42140.155

L Post-SCS 1.82540.067 1.1484+0.103 1.15540.205 1.00440.101 1.0274+0.105
Resting-normal 1.64340.052 0.950+0.079 0.923£0.072 0.70740.082 0.73340.112
Pre-SCS 0.24440.039 0.5284+0.040 0.37540.049 0.42240.068 0.42640.071

S Post-SCS 0.25940.065 0.537+0.067 0.605+0.037 0.77240.095 0.76340.052
Resting-normal 0.33940.055 0.737£0.054 0.904£0.045 1.16440.035 1.2514+0.027

B EL T R E . MES BRSO TR R BE F R, PR KL R %
P KRN FURFPE B ZE I 08, SCS BTG o, 8,7 BIRERE TEIREBRAR L L MR 5
XA AAAE RENEZESRE (p < 0.001), {ERERIFUG IR SHCE @ X AL AR W25 2501 LT
P + RAEZEREAIIER 5 . LRGSR, f£3E5Z SCS ZJa, MCS & [N M 25 (175
DL SRR R AR, MR 220d SCS A 8 BN 2% AN 2 R /4 26 1 2 59 S R 2R K7
I K.

3.5 i

RS R E R R R —ME KA R, i, RARE 30%~40% 1 MCS B#
TEERYE YT 5 LR IR BY 320 RS 7 A i F R 5 %% 10 min EEG 7284k, M Z2WIAT J9 %
AUNRTAS I, B 6 8 IR 8 I R S R R 1 SR, 1 B 8 P s S5Ot oA fid B B 1) e T B
R — Bl HEIT AR ARFTE 3 ANTTT (FEASME  ELREAIR AN R 2% ) 434 136 8 v Bt )
MCS BFH IR, IF 5 IEH N IR iF 28 B 7 xf b, /S R R,

(1) BEEHFEUS, MCS B3 o, 8,y BB IFEAEERDIH 5 R X 23 EFF (p < 0.001), - H o
BB R X B A B AT S Xy BB R R XA S IR T R E 2R (p > 0.05). JRBR
THIEIE EEC (55 E &R E R, Bl T8 B 4.

(2) MCS B35 1945 8 38 8] 1) ELRE A 7 OIS RIS R TE S A (o, B Ay BIER) BESET, 5T
& o BB X h BEAE 3 BT (p < 0.001). #UH-5 HAR 3 /MK X 8] ) 3 18] B REAR B 3
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AN EARE RS B LT (i - X p < 0.01; M - T p < 0.001; B~ L p < 0.05).
I H A5 BEAT Geik LU, UG o JEIE R AR G RE 2R (p > 0.05), HIWUS BFEA RS &
T IEH X IR

(3) A HEERNS)E, MCS B BIRIREL (o, B AT BEY) ELREASIR G 00 4 S 10 H 5 5 A /N
V. TEAH A AT, A3 1/t L s kvl T R R ZH, BLTE o SRIBEDA L, 8 F U 19 °F
BB R B EIEIN (p < 0.001), MEAAKE B ERD (p < 0.001), MERSEEZEHK (p < 0.001).

FEASE 5 HREARGETVEE EEG 2T C& G 1R BUARI B, FE A RE 08 7540 = (A A i fE b &
tb BEG 55 P2 A F R p0nl fete, ifi Il UEE EEC (55 MR KE. AR S0P iRiE
EEG Z M AT 2T, FEARR S B 7VETE BEG /0 O & A RSN, FEAERE
B AEAH 2 () S AR TP AL EEG 5 5= AR R vl e tE, AW isiE EEG (5 5 MERE. 1
FEARGRET AL IEIE EEG IR RSB 28 2, DR AT DLIE e ELAE A 95 23 B R 1) 1y e 2.
A AT 7 R B, FEAE 5 B A 7E = A 2 IR R T 8 77 TR A & SRR AR 3. Liang %5 231 7E 40 #7
PRI S 2 o ) i L B I, RR TS R EEG IR AN LU ABOK, B R I 24 1 436 T R TR 2%
FEA G B BE I/, BRI 24 B 19 N PROAE I, FEACIS R R 486 KN R, BESE R 25 k2D, FF
AWEAE LIS 1Y N, B35 B S I A a8 Ve 2 2 BRI BT 7K. A I 038 B, E BRI 2 P A 0 114
B 55 R 1A R PR P 2 U P 2 PR P, AR PR A I X oL TG ) BRIV B8 R R IR ) R R AR B, &
P A0 V0] Jz e v P VR R B (34) BRI AR AT T R T R R K — AN E R AL 7 18], A I T
0P 350 1 s R IR, O P 380 26 8 P RO S TR /K ST 2 i T BRI D, B DA IR BRIE B ST 2t AR A S TR R (391,
Miyara [36] 75 73 #7 BEHR 73 HH AURE AR AR T 0, TS T BT R 280 142 e IR 34 P 81 6 P IR S0 PO B AR5 12
R PRARI, BIPOEIRER IS S IARE AR I T %, (ER AR TIE IR . LR e g R
BT REAIE S5 UK B A DG, DRI, FRATTHED, A RO 7 AR AR ) <R B R R
IR g — R TE (1 i ) B 0, T 7 A ) AT A T R 1 5 A T g R R

HAEARRER—FiRe BN S EEG A8 R 2 B ARE N A U7 ik, BRI 22 i T RE VP4l
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Abstract Although spinal cord stimulation (SCS), as an effective method for consciousness modulation, has
been applied in MCS, the underlying mechanism is still not clear. In this study, the resting-state EEG signals
recorded from healthy volunteers were employed as a control group for comparison. The sample entropy, as well
as the brain networks characteristics derived from the cross-sample entropy, were used to investigate the neural
responses between the states of the pre-SCS and post-SCS. The results showed that the complexity of EEG
signals increased in the frontal and central regions after the SCS. The SCS also enhanced the coupling mode in
intra-region of pairwise channels within the frontal region and central region, as well as the inter-region channels
between the frontal region with other regions in high frequency bands (o 8~13 Hz, g 13~30 Hz, v 30~45 Hz).
This indicated that the information integration increased after SCS. Also, compared with the pre-SCS state,
the average clustering coefficient increased and the average path length decreased in the post-SCS state in high
frequency band (from « to 7). Also, the small-world network characteristics of the patients in the high frequency
band are significantly enhanced after SCS (p < 0.001 in «, 3, and 7). Compared with the healthy control group,
the change directions of these indices tend to the brain function indices of resting states in normal subjects.
There was no significant difference between pre-SCS in MCS patient state and the resting state in healthy control
subjects in the sample entropy and cross sample entropy of some regions, such as the sample entropy of the S and
~ frequency bands in the frontal and the central regions(p > 0.05). However, the parameters of brain networks
still exist significant differences between the post-SCS and resting state. Therefore, we think that these indices
changes after SCS may be induced from the “short-range effect” of SCS. We speculate that the SCS has the
ability to remodeling brain function through the “short-range effect”. This study provided a new interpretation
of the underlying mechanism of the SCS, and also provided a new perspective for assessing the brain function of
the patients with MCS.

Keywords minimally conscious state, electroencephalography (EEG), spinal cord stimulation, cross-sample
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