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$& HH SR FH RO 0 AU 1) 7 v Th BE G 3L 9% 4% (functional magnetic resonance imaging, fMRI) & 2% &
AT, I SREARREEAT LR SR ) 22 AN BUEANARAE B, 11 67 B, ERRAE 18—65 & X Ta]. FRATTIH
IR RS MRIE 5 2 24 % 5 Goldberger /Lipsitz A 78 —2, i 5  BA il 5 A #2 BA & 2% BE oKk,
5T PR A 1 1 DT B AR, AT I REORE AU 5 e 2 TR 22 R 3 (r = —0.512, p < 0.001). AHLL
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se 2t L5 Goldberger /Lipsitz U4 — 5, 1 B K AU UG 7 B EMRT HHs 52 2% B — AN 3808 5 2.
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Table 1. Clinical features and demographic of health

controls.
Characteristics MDD patients (22)  p-value

Gender (female : male) 11: 11 1
Mean age (years) 42.37+18.48 0.91
Education level (years) 14.1 + 3.2 0.93
T-AlI total score 51.2 £11.6 0.00
QIDS 11.445.6 0.00
PHQ-9 11.34+6.2 0.00
HDRS-17 total score 15.8+8.0 —

2.2 HIERE

S AE  H AR 8 B R e R, W
KAEREPEITT 3.0 THEA, 128 IE AR KL
R AT 4 R AR HdE R TF aa AT Lk X B H L
DAY/ 241 14 I e 2 o 0408 o B ) s, Atk
i R AT AT b Sk B E K S BCR AR
(R TCEA . InAORE B2 [m1 T2% % [B] 38 1 i
%1% 5 41 (echo-planar imaging sequence, EPI) Fl
PRAESLERLEIE. R TR = 2 s 164 x 64 51 [4E3K1S
133 %4, — 3L A 23 ANl fr, D TSI )
FRHT 5 AN EdE.
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J2 Z 1A SR B (CR 4R I [A) 22 57, AR S50 PR 3 X
bR E AT, B a RN 23 Z; 3) kK ik
(realignment), H 2 7E 70 VIS BITE A, 7T LA
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L T X AN Y B 26 25 B XA ) BT A
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KA TRCE — bR 2 o) B, — AN T Al bR &R 25
iR BRI — N B, J7 ik X e B bR A 2
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e D REAR ST, ks B N8 8 8. K
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()
1 N—(m—-1)T
R UR ey g Z o(dy - 1).
(2)

(1) X, NI A AN, m RS, 7R A
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O(z) =
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5 S Bl X (m ERER ) HBEES d2

A =X = e (i R) =l + R
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tRTUE AT, N
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Hp,
N mT
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m W A5 5 BP0 AR R, A R — X
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r=k-std(T),

Hrp, kL RER, k> 0; std(-) Bonfa 5 B HEwmZE.
R PSR S I B R (df, ) BE AR 5 m DA
i FH g P AR 2 TR AR B2, AR — X X
X R R EAE Z R BE AR T AE S Hr 1

AT I POROR S e R R B T X <R AR
TR NS . X = distance/r BRELWIT:

218701-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I8 % 48 Acta Phys. Sin. Vol. 65, No. 21 (2016) 218701

1
0<z<1l: 5(

,uquadratic(x) = 1
0<$<2:§(2—x2).

Xiong % 121§t 3 I — ANEAMRFHIE “ F 37 15 11
B 58 B0 r B — SR AL

2 —2?),

2.7 REHEOEMEAREITE

WHEm = 2, ffEr 8 (BT LUE, r = 0.25;
FEAE, g = 0.3, DLPf3% A) B & — AN PIECEE B35 1
P LA RO 1 4 o AR 2T UL AR ARE AR RS, 3R EMIRIT
Har SD, T =1, 128 fMRI volumes. FLEAHAR
ALK —ABOE T = 189 H B 72 BEAR fMRI
6] 72 51 J Zh A IE 520, K 40 #E MATLAB A1 C
T & F & FH Sokunbi £ 21 {1 77 i 0 4 — Mk &
TV R4 o AR i ALLARS A A A 1. S B R K T A%
K DX &S 5 0.1 5 . XA ] LT A A
Bk 1 357 4 I ASORIT S ALL R FNRE A IR B, [RTIRE BT 5
KA AL S5 I TAHC BE N )56 & (WL % B).

2.8 Gitoth

BT giit- o0 A 2 R T IBM ) SPSS #4 (SPSS
20.0; New York, USA). ¥4 4 (080 10 ALLig
FIRE A AR AL 2 EPT (echo planar imaging) 5
B b, TSR I AU 5 A 8 L B AN 005 5 A R Al 7 1]

FHICME SR, DL SPMS [ 2 76 B A J7 V255 4 i A A%
FE AT, FEW (family-wise error) £ 1E i 35 P
p < 0.05, BE p = 0.005. [FF:FH SPMS Xt #5241
FEAAH t K50 SR 5T 59 W REA M 501 5 AE RS I A
HRZFR, X FEW R IEZZE M p < 0.05, p = 0.005 [f]
ORI ALUA FRE A AT T 92

3 % XK

5B PR AR R L PR A AR (19~ 49 4 o A A 30 AL 49
ZIEERALE (p > 0.05). K SPSS 1) —fkk
PEAR AL o3 BT i) 2R SR RS RN (p < 0.001), A
PER E RN (p = 0.604), 4 75 F1 4§ 2 (822 B AR
HAAEZE (p = 0.206). 24K SPSS 11— M4 1t
LR T AF 08 2 URLINE, 55 18 A 4 1 AR 2 TSP
3574 P ASORYT AT A AR 22 AR e Ge vk B 3 AR v
(p = 0.051), FHEFEA M35 4 I FE ARG E 5
UPEFEARZEREAEZE (p > 0.05). 25K SPSS
W — AR PRI, SRS AN (p= 0.432) Ff%E
MERRL (p = 0.8) #HEA BEMEZER:, FHSFIE
Z I EA BEEER (p = 0.813). M0FER T
AT RS IE T, 5 1 R0 L A AR T ~F 240 A i A
ZRUWAREFE (p > 0.05). AFEE R IR L U6
SRS IR 2, BORTIE AU 55 R A0 1) 32 28508 Fl
LHAEH TS,

F 2 AFEIE ORI AL S5 A 2 T8 ) 22
Table 2. The differences between fApEn and SampEn of different genders.

Males (11) Females (11) Significance (p-values)
Age (years) 42.36+£16.261 42.83£19.762 p=0.793
fApEn 0.838+0.0038 0.836£0.0062 p = 0.098
fApEn after adjusting for age 0.83340.0084 0.83140.0081 p = 0.051
SampEn 1.68940.0602 1.67740.0598 p = 0.402
SampEn after adjusting for age 1.689+0.0896 1.678+0.0792 p=0.294

%3 WO AU 5 AR B S RS AN A2 TR D 2 A

Table 3. Main effect and interaction analyses for fApEn and SampEn measures.

Significance (p-values)

Main effect of age for fApEn GLM analysis p < 0.001

Main effect of gender for fApEn GLM analysis p = 0.604

Interaction between age and gender (age*gender) for fApEn GLM analysis p = 0.206
Main effect of age for SampEn GLM analysis p =0.051

Main effect of gender for SampEn GLM analysis p = 0.946

Interaction between age and gender (age*gender) for SampEn GLM analysis p=0.813
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(a) — Linear
0.83 o R2? linear = 0.243

80
0.79 o O0p
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Age
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— Linear
e [(b) X x R? linear = 0.243
X
X % X
S 17k Xox XD ox X
5 x x
0 X
1.6 -
X o X
X X
1.5 1 1 |
0 20 40 60
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BT AR RIS S MR (a) FEA RIS 55 P AR BBE LU (m = 2, r = 0.25, N = 128)
2 IR A2, (b) FEARIAEIR 15 P I A TRE AN (m = 2, g = 0.3, N = 128) Z [IKIE A 2%

Fig. 1. Regression curves between entropy and age for the whole sample: (a) Regression curve estimation

between the mean whole brain fApEn (m = 2, r = 0.25, N = 128) and age; (b) curve estimation between

the mean whole brain SampEn (m =2, g = 0.30, N = 128) and age.

A HRE AR 1) A7 6% 5 51 35 4 o RSOk 30 AL g 2 T)
ZRMRE (p < 0.01) HHAAHK (r = —0.512). Bl
o A W 18 R LR ST ALLJRS 3B o, a1 (a) T
. FERKE MR, REREA R RS 5 R
AN B 2 AR (p = 0.412) HR I A K
(r = —0.102), @& 1 (b) Frax. BEFE TR AT
AREFFE T B, (HEE RIEARE. R4 BREM T
LG AR A B S B A BIR E S R
Z IR FR. AT BT 5 A SO 3 AL
V] FRTAH DM DA S o 08 5 2 I A 5 2 TA] /) FH G 12k,
WATRHA SPMB #A4T Z Julal 4 73 #r, FEW K IE,
HERMEEZE (p < 0.05). BT LR SER R
(p < 0.05) FAHSG, HI AT LLIX 4355 45 5% AH ¢ R 4

M TR B2 R G0 S NIRRT AR, SR 5 P
ORI AR 2 18] 52 ELAE AN 235 (p > 0.05).

A BTN /FEARE S R 22 1] 2% 2
Table 4. Correlation of fApEn and SampEn with age.

Subjects Significance
(p-values)
Gender (M/F) 11/11
Age (years) 42.37£18.48
fApEn 0.8342+0.0059
SampEn 1.6802+0.0596
Correlation of
r=—0.512 p < 0.001
fApEn with age
Correlation of
g = —0.102 p=0.412

SampEn with age

K5 MR X A AR A B AR A AR I SRR U 2 TT BIA A (BME p = 0.005, FEW 56 p < 0.05)

Table 5. Multiple regression analysis of fApEn with age for the whole sample. Location coordinates in the peak

significance in each region (threshold p= 0.005, FWE corrected cluster p < 0.05).

Cluster number and extent

Brain region Talairach coordinate (XY Z)

The whole sample

Parietal Lobe —58 —18 34
Cluster 1 extent = 36.493 Parietal lobe —26 —54 56
Frontal lobe —32 —2 62

Cerebellum anterior lobe 10 —46 0

Cluster 2 extent = 702 Limbic lobe 8 —48 8
Temporal lobe 24 —62 14

Brain label Tissue type

Cluster p value (FEW corrected)

Voxel t value

Left postcentral gyrus Gray matter p < 0.001 5.96
Left sub-gyral White matter p < 0.001 6.02

Left middle frontal gyrus White matter p < 0.001 4.82
Right culmen p = 0.041 5.03
Right posterior cingulate White matter p = 0.041 3.97
Right sub-gyral White matter p = 0.041 4.07
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)
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2 (TR ) BN 15T FRRORIE AUURS 5 B2 2 1] ) 5% 2
HERAMXR (r = —0.712); (b) ABIFIBRELL (m = 2, » = 0.25, N = 128) H54ERFMHX (r = —0.746); (c) A
JR ST BRI AR (0.8273 £ 0.0068) 235 (p < 0.001) fm T2 T SRR LU (0.8192 + 0.0073)

Fig. 2. (color online) fApFEn-age correlation and magnitude in gray matter and white matter: (a) Mean fApEn
(m =2, r=0.25, N = 128) of gray matter correlation (r = —0.712) with age; (b) mean fApEn (m =2, r = 0.25,
N = 128) of white matter correlation (r = —0.746) with age; (c) mean fApEn of white matter (0.8273 £ 0.0068)
was significantly (p < 0.001) higher than the gray matter (0.8192 £ 0.0073).

XoF 4 B R A 1) A 8 AN 4 TR AR 3 M, AT BT
I EEZ S, 03R5 . H AR BRI I 1) 4 i i A
WA EAEAAEZE (p > 0.05).

W 2 (a) A 2 (b) BFros: K J5TRT 5T AR
AL 5 R 2R (p < 0.05) HAHIG. kA
SHEEI, a2 R EA R (p =
0.115, extent = 20). F#¢5 HJE (r = —0.708)
KT (r = —0.716) IR0 1T AL 2 18] 35 2 B N 4
X, HEFMEE (p = 0.02), AP
B (0.827340.0082) {23 (p < 0.001) B &=
TR 5 ARSI AU (0.8194 4 0.0079) f S22 P Gl

(a) ZKJF BP9 B AU (m = 2, r = 0.25, N = 128)

Kl 2 (c) Frow.

BROR) AT fBL 6 55 4F & 7E BRI W9 2% i XA B
KT E (p < 0.05) i AH I, BLET I (cluster ex-
tent = 1342), J5407 [A] (cluster extent ¥ 103),
i) §iy #5 i Kz 2 (cluster extent 4 402) AT - (clus-
ter extent 24 207).

1 Wb E LS

AR SR TR BRI B0 X EMIRT £ 9 2
A7 BT — I35, R BIEFE 5 AR A Bh 06 2 A
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fMRI{E 5 5 24 FE B RCRFRS 05, 5 REA R 247
LA, 125 o0 B 77 4 A d R A 168 5K D 19 2 A
SERE %104, FEER EXERERE (p < 0.001),
BRI AT BLJGH B8 0% [X 43 15 K 4 68 A X R 4 32 ik
M, A R R R DAAR A 3 DX 20 4 2H 3K (O i
SEA). b R T IEH X IR AL S FARRE
(RRSCR T ARG (B (LB % ).

Xof BEAN o AL 4T 38 A o T, 45 R R
ANBE AR AR 1) A W AN 5 BRI L 2 R e B
(p < 0.05), 135 4= i ¥ 4% 5 73 v 45 2R B 7R Bl 45
S B KRR A R RS, R E R A B E
(p > 0.05). VAEAER F RN, (T MM Lotk
S 1) 4 RSB T ALLIGS 1) 22 S M AR IR S AR
#fE(p = 0.051), HE MMM E T Lt 8
TR, 5 A L (S 4 A AR B A 48 11
ZEF AR (p > 0.055), KA T REAHS, 15
Bl B A SR AR e . A A 1 i X
S BT 1RV RE S s AR 3 LIS o AT 25 SR . BTl
Bl R AR T (M 5 AR 8 2 1) 5 3 (p < 0.05) fit
FA2%. Anokhin %5 (10 X - Ji ] X 3 70 # 0 7
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PR 60—80 2 2 [A] BE A AR 3 KT A4 FE SR I/

A% 784 % MEG WF 58 K L, M Hi 4 5]
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T UL EWETE, AN 1865 2 FIARIE &£ 3 1) fMRI
HHE 3 A 4 T A, MR B 2 A IR T
LI IZ T PR K. Goldberger /Lipsitz 158 8 $i& Hi B AS
fige 15o=37) il fek B, RGubifa e, HAHE 445
K, FRE KRG E R LA RO RERS
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.

AR FE SR T LU 5 A 8 2 A R D% R AT
DU H, KRR A S AR 2 1) 22 e AR R 3, A
J IR ST S5 AR B B0 B 3 K F K. i, Liu
S ISL R BT AL 45 5L, BIZE 20, 35, 50 ms =4
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AU 235 (p < 0.05) KT 2K J5i (7 S5 A4 30z

5. ABATTIA N BB A RESE B IR R Rl 2 SR, A
B /MBI AU 2 R A AE TE = 35 ms 1My A& Tl
(950 ms 21, Fifi 5 AE WS R I, SR 4D A L i 5
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IR 5 U6 A S 4 800 e R0 T P SO0 7 DX 3 i i 9
BN, AHIX AN R TCE AR A L. R
B2 B SR S B AE 5 BOLD fMRI 2 18]
TERI RV ENLEE. 75 BRI 45 1) — L i [X 7]
PAMLEE 32084k, JCHAERBEAT B I 2.

P Bl 2 WS A, AT REIZ T B . LR B
LIy e A — L 451] fri e 5 55 By AR AR Ak, X PRI R AE —
AR A — 22 B EE R AR Ak B O I R 8], 2015 4
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TR FNAN[R] 0 75 1R 5200 0] BRSBTS
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I AN AR A S R RS e A A oy B 5 L DRI 7R
BT IMRIAE 5 5 4% B 1 Ho At R & Ao — 0 (A A
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AMEEEA A A B BOLD fMRIfE S E 40
BA VR, ol E AR A 2 55 ] Bt 2 A T i
AR, AR BEBW R R 1) 31 Ji A R4 A —
a3, AT LUK A I AU FRE A A0 At g 7%
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W, 2 XREA: C-REA) PO, 248 & (2 )
Xf BOLD fMRI #7047, A kR A X e A7 S0t 91
TR RE AR = AT

A TR AL 7T UG 4 B IMRI(E 5 B A%
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R — 30 FRATTAIII 9 45 S 57 B A 8% 1 28 1 AR
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Fig. Al.

(color online) ROC analyses of fApEn and SampEn discriminatory characteristics: (a) ROC curves

of fApEn; (b) ROC curves of SampEn; (c) ROC area for determining the optimal r value for fApEn (m = 2,
0.05 < r < 0.5 at intervals of 0.05, N = 128) and SampEn (m = 2, 0.05 < r < 0.5 at intervals of 0.05, N = 128).
The optimal r values for fApEn and SampEn are obtained at r = 0.25 and r = 0.30 respectively.
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Abstract

Major depressive disorder (MDD) is a kind of mental disease which has characteristics of the low mood, sense of
worthless, less interest in the surrounding things, sadness or hopeless, slow thinking, intelligence, language, action, etc.
The aim of this research is to find the differences between entropy values and ages, genders of MDD patients, MDD
patients and healthy controls. Twenty-two MDD patients (male 11; age 18-65) and their matched healthy controls in
gender, age, and education are examined by analyzing (blood oxygenation level dependent-functional magnetic resonance
imaging, BOLD-fMRI) signals from nonlinear complexity perspective. As the BOLD-fMRI signals have limited time
resolution, so they are very difficult to quantify the complexities of fMRI signals. We extract the corresponding signals
from the fMRI signals. The complexities of the age, gender, MDD patients and healthy controls can be predicted by
the proposed approach. However, information redundancy and other issues may exist in non-linear dynamic signals.
These issues will cause an increase in computational complexity or a decrease in computational accuracy. To solve the
above problems, we propose a method of fuzzy approximate entropy (fApEn), and compare it with sample entropy
(SampEn). The addition and subtraction under different emotional stimuli as a multi-task are used to coordinate
brain sense with motion control. The 12-channel fMRI signals are obtained involving the BOLD signals on resting
signals (about 24 s). The methods of the fApEn and SampEn are proposed to deal with the BOLD-fMRI signals in
the different ages and genders, and those between MDD patients and healthy controls from the differences between
fApEn and SampEn of different genders, main effect and interaction effect analysis of fApEn and SampEn measures,
regression curve between entropy and age of the whole sample, correlations of fApEn and SampEn with age, fApEn-age
correlation and magnitude in gray matter and white matter, multiple regression analysis of fApEn with age for the whole
sample, also the receiver operating characteristic analyses of fApEn and SampEn, the relationship between fAPEn and
N aspects. The results show that 1) the complexities of the resting state fMRI signals measured are consistent with those
from the Goldberger/Lipsitz model: the more the health, the greater the complexity is; 2) the mean whole brain fApEn
demonstrates significant negative correlation (r = —0.512, p < 0.001) with age, SampEn produces a non-significant
negative correlation (r = —0.102, p = 0.412), and fApEn also demonstrates a significant (p < 0.05) negative correlation
with age-region (frontal, parietal, limbic, temporal and cerebellum parietal lobes), there is non-significant region between
the SampEn maps and age; 3) the fuzzy approximate entropy values of major depressive disorder patients are lower than
those of healthy controls during resting. These results support the Goldberger/Lipsitz model, and the results also show
that the fApEn is a new effective method to analyze the complexity of BOLD-fMRI signals.
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