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Discriminative analysis of schizophrenia using multi-level features based on multi- modal
magnetic resonance imaging

ZHANG Yue', YANG Yongzhe"’, WU Fengchun®*, LU Xiaobing™*, NING Yuping**, DU Xin', LI Chengwei', WANG Kaixi', WU Kai"*
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Abstract: The classification studies of schizophrenia (SZ) reported so far are mostly based on a single modality or a single
characteristic. Herein the authors propose a new approach based on multi- modal magnetic resonance imaging (MRI) for
automatically discriminating SZ patients from normal control subjects. The structural and functional MRI data of 44 SZ
patients and 56 normal control subjects were acquired. Based on automated anatomical labeling atlas, we used the gray matter
volume, regional homogeneity, amplitude of low frequency fluctuation, and degree centrality from 90 regions of interest as the
input features in the classification model. To reduce the feature dimensions, a recursive feature elimination strategy was
applied to determine the effective features for classification. A support vector machine was used to classify SZ patients and
normal control subjects. The results showed that the classifier using the combination of all the features as the input features
achieved a classification accuracy of 94.47%, and the performance of the proposed classifier was better than that of a classifier
using the single-level features. The most discriminative features for classification are located mainly in the frontal, temporal
and occipital lobes. The research results are conducive to understanding the pathogenic mechanism and developing computer-
aided diagnosis of SZ.

Keywords: schizophrenia; multi-modal magnetic resonance imaging; gray matter volume; regional homogeneity; amplitude of

low frequency fluctuation; degree centrality
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¥ F43 Z45E (Schizophrenia, SZ )& — 1™ 5 HJ%
RIS B B RS A 2 5800 , Il PR AT R 3 R e R A S
FIZEEAE ¥ RO b B YE 8 IRANAT A A5 £ 0 T
P B A BORS RIS SR AS DRI ), SZsgmm 4 B S
FJg 0 IR AR, BRI R E R, e, AT
A SRR, SZ Y AN 5.80%0 . Ky T 42
R X SZ P SER I 7T K AT SZ BB A I IR T 1T
B, BN MEMA A PRC, B i X 53 SZ
BE R A B

VTR AL 27 > A R (Y D7 i 1 )12 g
T SZWE5E h , V7 250 R Wik B E R 255 251
1 T) BE #E IL PR % 1% (Magnetic Resonance Imaging,
MR Efs , 7 & AL 1) SZ A= Wrbric 75wk A
R BT, Fan 5572k 4519 MRIEGE S B IR AR
A FH (Gray Matter Volume, GMV) , 7K GMV 1E A
H 2073 25 W RRAE , 1 FH 345 1) £ #L (Support Vector
Machine, SVM) Xf SZ i3 FI i HE IE 7 N AT 702K,
HERIRIA 90% LA |, Arbabshirani 25 S 1% FHER A
T HE MRI 2 U B W 265 1% 45 F0 F i 42 13X P
TIEAE S 43 FE Y (9 4 A REAE , 1 FH SVM B7L X 195
A~ SZ [ F 175 M EE B AHEAT -2,
K3k 85%.

JE Z N SZ A 33 RS B T — o ik
Ji& AR SEfF 57 2R H R — RS A bR IC ), 1X
FE FURE A AR I Y 58 43 S8 15 R T AT e Z2 i HL At
RS — oA S5 2 X85 A s . il
— S H A i 20K SR S BB 5 K B, 481 4 BT R oK
TR BRI, R 2152 MRIEUE B 35 48 /3 0 2 1)
B XY EERLE S T MRLER &4
RUTHEALT 2 AR i Il 3 R0 B A e R, B AT
1k, AR WFFE 45 & 4549 MRIFIZIRE MRI £ X SZ

ARE AR N T2 0S54 MRIER (25
BRIRMALUES =G, BIE) 2T SZ5E
GMV ZE4 4 B A8TIE MRUE —Fh R
APERARFA , IR K F & G 3, 17 2
SZ IR, SZ FEFAER AT AN UM £
PRAK B Jay 35— 2P (Regional Homogeneity, ReHo) .
RS R % Y= 18 (Amplitude of Low Frequency Fluctua-
tion, ALFF) #8734 4ik 1% 4ik i (Fractional ALFF,
fALFF) 58",

AHFFEHE G — B i B 2R G 2R (4
F4) MRI I B 25 D BE MRD) B3 F1 22 J2 0 X 454
41 GMV ,ALFF ,ReHo Fll % H.05 & (Degree Centrality,
DC) , Xf SZ fE A FIEE R IE 8 AN SEA T 5T, LA
[ RS FFE I 73 VR RE , PRI SZ 43 25 d 2452
2R A RHE , SR TE A bR ic ),y SZ 58
I RIZ W LR

1.1 SRIGEHE

g AT 100 5], Horb 44 451 SZ £8.35 1 56 151
AP P DG E R L N B R EREOR
AN EERM 2B IR 2 B (M B2 B e ) A Be
iGN, SZ B E I ABRHEN : DR H DSM-IV-TR 4%
F4=0G IR V5 1R (SCID) , 7 & DSM-1V-TR & T SZ 1y
Il PRI Wibr ot ; @A B i, B 2= A0 RESA S DU
ARG 18~45 27 s B BHME 5 BA PRI IR 26 (PANSS) ().
4326043 (1~7 431 , Horp 74 BAMERER 2% B o, 3745
AMETF 457195 BH=3 00, Hrh L1356 47 =441
fit B 1 1 oV R B IR SR S p S A TR 54
BUR AW FACREDUG I 18~45 %, T A 5256 4 1k
BIANG RE . 218 SZ 3 O BRAL i R AT 1
GEIT2ARRE b R

R 1 EERMAAGITES TR

Tab.1 Demographic and clinical characteristics of schizophrenia (SZ) patients and normal control (NC) subjects

Characteristics SZ patients NCs /)’ value P value
Age (years) 29.97+6.97 25.07+5.85 3.71 <0.000 1*
Gender (F/M) 15:24 23:33 0.07 0.798°
Education years (years) 11.44+2.76 12.14+2.42 -1.32 0.189
Total brain volume/mm’ 1 154.97+120.88 1203.59+108.70 -2.05 0.043

#: Statistical significance was set at P<0.05; A: For the gender distribution between the 2 groups, P value was obtained

using the y’ test.



513

K, 2. BT ZHSHEIHREAR MRS > SUE BH 2RI 5T

-101 -

1.2 #HEIREX

JIF A W i CRIE 3.0 T 3758 9 MRI 134,
TERRUERY K ARZ B P 58 A4 . AR R rh 2ok
B A b i A AR P PR DR TR AT RR S
PREE R VUG T, A EAT AT AL TG 3, N RBMES . I
Hh T GRAIEEE R A 1A R, A A T
TRl AR N L BRSNS B AT e Jm P it . =4
S RA) MIRT S22 17 FH T IS = 24 R A 5 FEE 048 Ao ] 0%
JPHNHEAT A, 2 AT TR G PS5
BB AT : TR=8.2 ms, TE=3.7 ms, B fi=7°, 2%k
188, J2/5=1 mm, JZ[A] =0 mm, i [4=128x128,FOV
41256 mmx256 mm, LjfiE MRI EG 0 il ) 0135 57
I BLG AN HEA T4, 2 AT TR S,
HEZH E WF : TR=2 000 ms, TE=30 ms, FOV Jy
220 mmx220 mm, #5% f1=90°, )24k 33, )22 )E=4 mm,
HEME=64x64.

1.3 $F{EREX

1.3.1 Z5#3 MRI 45+ MRI %45 18 1 Statistical Para-
metric Mapping (SPMS, http://www.fil.ion.ucl.ac.uk/
spm) fIlDPARSF 441, (V2.0) BT kb B, S5k
T MRS T4 5] BeHE 25 bR AL R A5
H B 3 fi# %) b5 % (Automated Anatomical Labeling,
AAL) BEMCREBEAN 1 12 K AR 431 B 90 /N JEk%
&k [X 35 (Regional of Interest, ROI) , ¥ %E~ ROI 4 Ft
HIRZE V- GMV 8 1% ROL Y GMV, M1 £33
FAHEKL 901~ ROI ) GMV .,

1.3.2 IhEEMRI [A] 4 fdi F SPMS8 Fll DPARSF 4K {441
XF AT BE MRUEGE 1740 38, (45 B [B] J2 A% OF
LB RIE BCE FRAEALAE S B EERERT, BT
PIRE 50 — L ATRE, DO T 2 — Lo}
(i) 35 17 FT R RE , 0T LA 22 B T R 10 AN 1] (0 58,
XoF SR 1 230 /1 Bt i) o5 PR B 204 7 R[] )23 R A I 5 T
HES B, EATA 5 8] LA RS KT 2 mm oSk 0% 5
KT 205 o £ 58, o A7 54~ SZ A TR
Sk A RT3 4% 1E I 10 UG8 1 EPTAR AR 11 7
23 [AIFR AL Z 5 H R A 5 SR )5 X 255 P40 0.01~
0.08 Hz Y5 38 IG5 , S BRARATIELRS Il g A M 7, 4
IR AL R RS T4 ; BcJe , 11 ReHo . ALFF \DC.,

K HI DPARSF #4412 1155 ALFF, ALFF % Tl
SN SR S a s KN Py SRA s oy~ § R 1]
BA M, — MR ZR Y ALFF 934K & il i 1] 2 51 28 5
DA LA S 5% A 0.01~0.08 Hz B T 243 1)
SEOTAR SR B AR ALFF [R5 AAL AR 7y
#1904~ ROL, 45— ROI i) ALFF {f J11i% ROIL N JiF

FAIRZE ALFF(EE 80387 , NS 2] 90 1~ ROL Y
ALFF{H.

% F DPARSF #4£1,1144 ReHo., ReHo [ X
AR R (18] 7 30 R e AR S 2% G s a] 3 571 £
TR PR R E, T A i D) i MRI B[] 77871 ey i
[0 AR B, HAE R AR P A R 7 AR
WL FE IR R AR B IR R 50k 26, FI ] E iR i
Ab 3 2 )5 4 14 3317 ReHo B35, 22 )5 FE%F ReHo
HATAR AL, T AAL BSR40, F AR ik
115901~ ROI i) ReHo {H .

¥ FH DPARSF #4034 DC, DC ik T —4 44
E ROUFIHA i X (1) P-4 A0 G2 . —>ROIA DC
& XN S HiAth 89 4 ROT A Sh i i 32 2 F1 , i 4~
TSR X 2 (] R B i 3 422 B A e AT Tt ) e 471 i g 2R
FRAHKR R FH AALBHCRE PR B s 1 U
43 EI A 90 N ERLER X, 54 ROT Y [R] 731 1% ROIT
WA R ZR I ) P81 B 4)ME . DC R ZRIAUNTT

DC(i) = ﬁ;\&,\ (1)

Horp ) Ry Ay D58 i A0 X3 1 R R] 7 370 118) Bz 2% B AH G
FE NN BOGEIX  SE

1.4 SFEMR

1.4.1 SVM  H Cortes % 1995 41 Jc 42t 1) SVM
FEfFR D/ INEAS AR Lt S o A TR ) ) R 3R 91
WFZEEA TS, SVM it @ A g 24 ) B
Y VC 2 R RN A5 K8 IXURS: fre /MR D 0 1) A 55003
P E A AR AN AR k30 o A% R 5 e
B A 0], 7R A i e 2s i) N TR — A 1 £l
15 PR 2S00 A v 21 T e 1 8 3 T Y
FRE R . 2 R RN AT I A I R (REAS)
B HREA R IR B 22, SVM R IR 4% ok 85 e B8
— L KHIE(LOOCV ) i o

.42 $5AEREYE ANSFERSPRHELE 2 R 1
FHAR S, H— SR AR X 23 28 ok B2 AN A DG TR
Mo R T B R o3 A EE RS B i X, ARAS e
(AR, R R IE T BR TS (RFE) HE1 THRE %
4k, RFE LSRG L KBRS 2R IR TR 7R
PEPRIN AL . RFE S — MG IR , 783X 4
AR A — AR LUR 34N (1) F 24 a5
E%: SVM, K155 SVM FRIEA SC A5 8 5 (2) MR P
F 5 B A, T A R AR A HE T v D 2
(3) 76 Y i A a4 RS B X Iz T e /INHE P D 43k
MRHIE o IZIEA R T B AE AR R e fs — 1
b I A O, BT IR 485 SR Ry R A — 51 4 BRARR AR T 2
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PEHEY BFRIE P 551 4% . 8 ad RFE i, fHREAS 3] 24
HRFAE 2 FE N RRAEHE 7 1 me A, 38 T 5k 2y
E, UK AE YRR HE 7 32 AR 25 SR R . 7R
SVM B it #E v, mT A5 B RFIEALE , SVM-RFE
PR R IR e B R AE 2 LU ASAR 25 6, 2 0 31 e 4
B IS R IR L XS T ML o7 > FECE A2 38 2
A I REE PR AR BRSO L TUR TR, 12
1= SVM [ 4 ZPEREFE AR

Ji7 Fl SVM-RFE i %I GMV | ALFF , ReHo #l DC
S ARMRRIESEATIELE R 0 28 VI 38 I ey ) O B 1)y
TEAE R AR , FH LOOCV Bk PP 43 2B Y (32
feRe s, Bt —2 M2 TAERRAE M 22T mi A
(Area Under the Receiver Operating Characteristic
Curve, AUC) RN 73 RECR (B 1) . AUC FHUE S
B2 O~ 1, (E BRI | B 2RO B . 290
T SVM-RFE FI| ] 4 FiAS [R5 RN RFAE XS SZ 58 2
AR R T2 A P 7 73 2 ) P RE

258 &
R2 BYFERGS BHFIED 2 MERE
Tab.2 Performance of the single—feature and multi-modal multi-level classification strategies
Matrices Accuracy/% Specificity/% Sensitivity/% AUC
GMV+ALFF+ReHo+DC 94.74 96.43 92.31 0.99
GMV 52.63 80.36 12.82 0.41
ReHo 87.37 89.29 84.62 0.97
ALFF 84.21 91.07 74.36 0.91
DC 85.79 84.64 87.44 0.96
GMV: Gray matter volume; ALFF: Amplitude of low frequency fluctuation; ReHo: Regional homogeneity; DC:
Degree centrality; AUC: Area under the receiver operating characteristic curve
! £ ¥ 4 i e
—&— GMV+ALFF+ReHo+DC
G —8—GMV
09— ReHao
ALFF
—&—DC
08—
87g -
E L ¢ ]
% ‘) go-eo-oo 3 g
2 ns- 31; i
° )
=l &
o 04— —
9 0.3 g =
;
020 <a—s—g§ |
0% —
o | ! | ! ! !
0 0.1 02 0.3 0.4 0.5 0.6 or 0.8 0.9 1

False positive rate( 1-Speificity)

Bl AUC %
Fig.1 AUC curve

FH 2 2 T, AT ST 1 O AR SRR AR 4 A
HAE R 45 SR AE S IX 4 SZ B 3% F e gt ik 114 v A
RS E S HURE Y E T 90%, AUC 58] 0.99, It

S5 BA  AJ0 T B X LU A D 0 AR ) i A
FAIE S B 25
H T 73 2R R FH B R AT 2 4 T 90 A i DXk
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PR, 0 TR 3, Bl DO R AR 45 AE#R A
AR L A R, K5 i DX 1 ) B A R e AR AL S S
Lo 28 4 VA R AR SR A1 D 22 DX #) 7 ZRASCE g e

A 73 26 T IZ XA SR A DA 32 Ml X B 2 1 AL
Ho FRIVI T 10 DRI AR NE N X A oA S H
TIPSR

R3 10N RESEFHERX

Tab.3 Top 10 regions showing the optimal discriminating features

No. x-coordinate y-coordinate z-coordinate Brain region Weight
30 39.02 6.25 2.08 INS.R 0.411
79 -41.99 -18.88 9.98 HES.L 0.410
49 -16.54 -84.26 28.17 SOG.L 0.386
54 38.16 -81.99 -7.61 I0G.R 0.374
81 -53.16 -20.68 7.13 STG.L 0.359
9 -30.65 50.43 -9.62 ORBmid.L 0.353
78 13.00 -17.55 8.09 THA.R 0.349
70 7.48 -31.59 68.09 PCLR 0.328
36 7.44 -41.81 21.87 PCG.R 0.311
21 -8.06 15.05 -11.46 OLF.L 0.307

M2 7] LUE Y BA A SRR R I X R 2
L TRAERI G DL KA, AL A N 5 (INS.R,
30) ZEMEHRS M1 (HES.L, 79) Ze ikt 3B (SOG.L,
49) Ak FHEB(IOG.R, 54) A=A | 91 (STG.L,
81) . Z& M 4 rf [v] HE 355 (ORBmid.L, 9) . 45 Ml Fr- figi
(THA.R, 78) A fil] 55 Je /N ol (PCL.R, 70) A Ml I
F07 Bl (PCG.R, 36) M $07# 71 (OLF.L, 21) %

B2 BRiESTEFFHERINX

Fig.2 Brain regions with the optimal discriminating features

AWTTE R A B X5y SZ 838 Il B IE 7 A\ et
IR AR RN X B TR e AL, A4

PCL .PCG.OLF HES HI STG %%, 7ESZ [#F5E , %
A 25 A8 R D BB 2 451 52 BT I N B (R 33 B 7
W RO G AT ks HEL R
SZ B EA BB S0, I A #2315 SR 47 F
TR ERER" . TR ENIE A= s
FEHIIX L iR X GMV 7E SZ B E i =451
ALFF {52 & B0AE SZ [ o STG 1Y ALFF {H . 3%
FAAIG 2 X sk AR FH 25 A B D BE MRI (1458 SZ
IG5

A ILLRAA ZRATAGE S A 2 2 G KRR
WY T SZ &3 FNfa B 1 F N 894325 F B gl gl )
1, ) FH RFE 15 25 R OB i DXCRRAIE | B X 40 2 2
A E BRI DXRRE . B J5 A SVM XS 2 4B
AT, WF9E R T LOOCY ¥ESRIEM 72t fig
SEHG 4 R GMV . ALFF . ReHo #iI DC i% 4 %2
BOSFHIEE AR RAE R 3 FEFFIERT SVM (1970 251k g
B 0 T A RS R AEAE S 53 SRR B 1) 0 2
e, PRI, U BH AR SCHE H 1 BE T 2 RS E 1 0 2507
A — NS M.
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