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T XA

[BR]

AR A 70 Z45E (schizophrenia, SZ) #i 4 AE W) LAl ) B KBRS AR T A% B
G PR B, K SZ R o3 A RARR e R M 4H G AT R AE — E R B AR — 50 1
S ZIWra SZ M EEERZ —, WK FERE S WARHE T ) — IR A2,
[ BH A 2 L A1 TR 73X — 7™ E AR A A IR R

(1) SZ FiBEMELIWr s M Z AN X I 5%, {H2 MK (cerebral blood flow,
CBF) M GEBRAIAEL

(2) SZ FFAELERIMEE 1 rich club HEVZ 4, AE N 3 BERER 0 5 15 LI (1 45
A 2% F rich club 22Uk AT SR oK LA TE

(3) WFFtfa & BAMEZ (resting state networks, RSNs) A% j& SZ FiE 4]
W AT e R RE il SR, ARYE B MTEARUESE, SZ FiBTELIWT CEAH SN 2% Hh )
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(4) INThRERTES Al e SZ FiBTEL I Ja Fm B AL B2 Ak . PR, SZ il
PEZIWT R JR3 85 W9 48 T e R s 1 R B

(5) UEHER I 38 518 5 AL ERAH RN X Z A EAE I ZAL AT e 2 5 sz FiEtk
ZIWT BB A B . SR, X LR R 4 T AR R I AN 2

fMRD), #id CBF KA 44M%% . rich club 2141, RSNs. 5 M4 IRE. A RH0E
# (effective connectivity, EC) K17} SZ FiB LW (AP sA8 223 ht, M8 H
G AR L] .

[75&]
K E RSBk 2 sh ik B iekric (pulsed arterial spin labeling, pASL). &k

& 1% Cdiffusion tensor imaging, DTI). & T Ifil % 8 A1 () (blood oxygen
level-dependent, BOLD) -fMRI (BOLD-fMRID) 52> #i&fyfidg, AwFRaN Sz
BEMEZIW BT AEZIWT S, DL @ BRI R (healthy controls, HCs), HH (1)
LA R R EE (A 25 N, () FICARGIRITHE K EE (XIWdln
=15, JEZJWTZH n =27, HCsH n=48), (3). (4). (5) AN ERKEH (LU
Hn=17. d%IWr¢H n=15. HCs 4 n=19).

(1 &I LB A CBFH, 15 CBF &4z, J#t—2 0 CBF ##%
A RerE, BRI ARI. FHMEBAKE . Rl &4 Rakme.

(2) Aol 2 2 451342 1) rich club HEZRHE LK rich club 145, feeder 4%
local A E .

(3) KM R0 (independent component analysis, ICA) #2H RSNs, 47
KB ABEAT R A 04 . ARG, RAMESIPRIE Camplitude of low-frequency fluctuation,
ALFF) #£% RSNs W RIFIKThBE « B, ATAHRIE M 5 %213 TAERHE (receiver
operating characteristic, ROC) 43#T.

(4) LB e 2 (8] () ALFF 5 J&#8—2E (regional homogeneity, ReHo).
¥ ALFF 5 ReHo ¥4 2022 i) X 38 T DhRE%EH:  (functional connectivity, FC) 4r#f
AT . Ra, ATRBSECSRER A B AR AL 73 AT ROC 23
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(5) KHBENLh AR R EHRL (stochastic dynamic causal modeling, sDCM) &1k
ANEVI X 2 TR A T 14, A e U AT B2 )= (dorsolateral prefrontal cortex,
DLPFC; Wil H B Writ iz (Wb, # (BM2). ik (5 BIEIDD,
PA S Broca X (F i/ 4).

[43]
(1) SZ FiBMLIWr B CBF MILEERME: FiEhE. R, HAEIRREN
5 Sz Jez)Wr BAE AL, L)W A R RO E b/ El S g s R A R 7R
i3)IX CBF F#K: 5 HCs AHEL, JEIWr BRI /M@t [l CBF FEIK. 5i4b,
ZIWr HBA MR R, B2 )RR EE KA T HCs SR 3 2 [A].
(2) BKR SZ B EHLW gt M4 L
SZ HE 45 H W 28K SR O A7 rich club BL %, H. rich club 41215 HCs B BR& 1K,
1M SZ FiEEZIWr 3 rich club HZUKF 5200 & HH LI oAtk . d#E—2D iy dr
R, HAELIWr BEAALL, SZ FIEMELIW & rich club &4 feeder HEREEEIF AR
BAE, T local 3245 14 %5 55 B S B AIK
(3) HK SZ SHEHLWEEIEE. ES 5wk RE
ICA S RWr st . BRINEARILE . ATRILE . IZahPI4s . AT 48 R R
YEEFLRIES), FEA TR &Rl B, 5%, DLPFC. fMHl. L]
M5 Ffidi. ALFF 25 RRIH 5 RSNs MALEEA . Ak, 18 SZ FiBTELI W S
WL F13Z ) W 2 1) 3LV B AR BE 5 20T (7= L S IEAR DG . BTA RSNs /) ROC 4k T
AR T 0.75,
(4) K SZ B EHLIWr Stz A < i R85 I 4% T Be B b
LR 7 2087 (analysis of variance, ANOVA) Z7- XU 74 1) ALFF 5 ReHo
ERBRAGUEER, HICHERMT A SIEIUTEFEMAL, SZ 5L EE R
A FER% ALFF B, 40l DLPFC 1) ReHo Tt &, AL ATl 52 4% 5 72 il DLPFC,
Broca [X ] FC 35, BtAk, $EomAA 5SS 2 Broca X HiERRE S SZ SR
HIP=EAPEARSC. 5 HCs AHEL, PIAL R PRI H B T B 2 - SR A4 -/ i 99 4% 7Y
IR 5S o
(5) K SZ 5 EMLIWr Efiwi-Ur 3t B2 B -1 T B AR
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sDCM 7R SZ FiftkZIWr 830 b - ot B = -1t 3 i e IR R 5 1k EC
St BT K SR Fr i N OB T sy, T 6 W B2 i N BB P AL
BEAh, {E SZ FilE ML 3 ULl 2 ) Broca [X 2T 3 K2 2= B 98 5 5 1E 1R L)
T 0 77 B PR B2 IR AR OG

(48]

(1) ZSLIGUEN] SZ FIBMELIWr 5 W & 5 18 s S Oh 5 A BRI X CBF 5+
W, CBF LA R IR M i SZ F R TELINr MR DI HL oo 2 IRl R RS . X
S IURTRE A CBF B HE 4 MK Tz 1 A 5 15 PELI W (AP 2 Bl o

(2) MZERM 25 rich club HZUKF ESRPE, FiBTEZIWrE)y SZ i) 32 R
FEARMIL 5 A ALY BF BRI 5], HRZJE rich club i IX 22 18] LK rich club
i IX 5 4F rich club X (125 SZ iR TEZIWr IFJC EFERIAH B, dF rich club i
X Z (8R4 5 SZ FIRMELZIWT 1K 2 N V)

(3) sz FiftkLWrhZ 5ragab# . FiE-A S WA, BoeE B I X
ThRERRRT, ) T AR AR HEIRT . JE T 1X 8 RSNs Z [AI A, A SZIG P REDN SZ
F IR TELIUr B2 W ATE ST St 1T SR .

(4) SZ FiEVELIWr vl ge 2 7o 5 AT B2 1) RS Mg DhRe R, BA
EATZ ARSI 55 5 Y o TR AH R R 55 W 28 D RE BRI n] BE S R 1 SZ F 1R 1k
ZIWT IRR LR I R AT o RO, BEJR-SOIRAR-/ININ WY 25 N IR HE Rk ol et (2 ik 17 SZ
I o

(5) REEKIUE IXIER SZ F IR TELIWT H 3 ML BT 5 B2 JZ (1 3% B A A1
%, FEERZ AT A O BT SRR . EIRSE R AT REDY SZ F R TEAIUrE 5 Y
MBI Bt H M . 2 TR BLNAER I BRI, - 5 B2 J= -1 B %
BEAG AT AT BEFIAE SZ F TR VEZ I il AL K2 W A Db iC AR T HE s

ERKEBIR, BT SZ BF AT FEMR. B3, A RIESESHE S M
RN EB KM, FEAMFIERL: R, P9EEE T U8 G805 52 1)
ARG 5, BOENr S TR HE R 4, BB R R B AR
Wi, FIRMERIZARE, #ob RN SR RAL. L, SZ FiBtkELWr B 174
RRPZGM B AR ZEEL, W Wt 1E5 . 12 A5 S P8 i X = &8 S A0 EAT
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Abstract

Background

One of the major obstacle for the identification of neurobiological underpinnings of
schizophrenia (SZ) is the overwhelming clinical heterogeneity of this psychiatric disorder.
Dividing SZ into symptom-specific subtypes may reduce heterogeneity to some extent.
Auditory hallucinations are one of the cardinal symptoms of SZ, as a main diagnostic

criterion in SZ. Elucidation of neural mechanisms underlying auditory hallucinations in
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SZ is of great clinical significance for treatment of this debilitating mental disease.

(1) Auditory verbal hallucinations (AVHS) in SZ involve the abnormality of many brain

regions, but the pattern of cerebral blood flow (CBF) and its connectivity are still not well

understood.

(2) Impaired rich club organization exists in the structural network of SZ, leading to

disrupted functional brain dynamics. As a core symptom, altered rich club organization in

AVHs has been reported.

(3) Altered resting state networks (RSNs) have been proposed to underpin neural

mechanisms of AVHSs in SZ. However, AVHs-specific patterns within these brain networks

remain unclear in SZ based on the direct evidence in vivo.

(4) Cerebral dysfunction may represent pathophysiological underpinnings behind AVHs in

SZ. However, regional and network functional deficits for AVHs in SZ remain to be

identified.

(5) Evidence suggests the disturbed interactions among auditory and language

processing-related brain regions may be crucially implicated in the pathophysiology of

AVHs in SZ. However, information flow within these brain networks remains unclear.
Consequently, the current study explored the neuroimaging underpinnings of AVHSs in

SZ by means of CBF and its complex networks, rich club organization, RSNs, regional

and network function, and effective connectivity using functional magnetic resonance

imaging (fMRI), thereby shedding light on the neural mechanism behind it.

Methods

Using resting-state pulsed arterial spin labeling (pASL), diffusion tensor imaging (DTI),
blood oxygen level-dependent-functional magnetic resonance imaging (BOLD-fMRI) and
high-resolution structural imaging, SZ patients with and without AVHSs, as well as healthy
controls (HCs) were included in this study. Both first-episode and non-first-episode SZ
patients were enrolled in (1) (n = 25 in each group), but only medication-na'we
first-episode patients were included in (2) (n = 15 in AVHs group, n = 27 in Non-AVHs
group, and n = 48 in HCs). As well, only first-episode patients were included in (3), (4)
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and (5) (n = 17 in AVHs group, n= 15 in Non-AVHs group, and n = 19 in HCs group).

(1) The CBF values were measured and compared between each group, the CBF
connectivity was calculated, and CBF topological properties were further analyzed,
including clustering index, characteristic path length, local efficiency, and global
efficiency.

(2) Measures of rich club organization, connectivity density of rich club, feeder, and local
connections were performed in structural connectivity of the cerebral cortex.

(3) Independent component analysis (ICA) was used to investigate RSNs. Dual regression
was implemented to obtain between-subject analysis. We then explored regional brain
function within RSNs using amplitude of low-frequency fluctuation (ALFF). Finally, we
performed correlation and ROC analyses.

(4) The ALFF and regional homogeneity (ReHo) were compared among these subjects.
Areas with both ALFF and ReHo alterations were used as seeds in functional connectivity
(FC) analysis. Then we performed correlation analysis between image measures and
symptoms and receiver operating characteristic (ROC) analysis.

(5) Stochastic dynamic causal modeling (SDCM) was used to quantify directed
connections among distinct brain regions, including the left dorsolateral prefrontal cortex
(inner speech monitoring), auditory cortex (auditory processing), hippocampus (memory

retrieval), thalamus (information filtering), and Broca’s area (language producing).

Results

(1) CBF and its connectivity features of AVHSs in SZ: dysfunctional speech monitoring,
imagery, and production

AVHs patients exhibited decreased CBF in the bilateral superior and middle frontal gyri
and postcentral gyri, and right supplementary motor area compared with SZ patients
without AVHs. SZ patients without AVHs showed reduced CBF in the left middle frontal
gyrus relative to HCs. Moreover, AVHs groups showed distinct connectivity pattern, an
intermediate level between HCs and patients without AVHSs in the global efficiency.

(2) Disrupted structural network of the brain in first-episode schizophrenia with

_10_
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auditory verbal hallucinations

Rich club phenomenon was found in the structural networks of SZ patients, with a
significant reduction of rich club organization. However, there was no significant
difference of rich club organiztion between patients with and without AVHs. Furthermore,
relative to Non-AVHs, AVHs patients showed no significant difference in rich club and
feeder density but a significant reduction in local density.

(3) Disturbed brain activity in resting state networks of first-episode schizophrenia
with auditory verbal hallucinations

ICA revealed symptom-specific abnormal disrupted coactivation within the auditory,
default mode, executive, motor, and frontoparietal networks, pronouncedly in the auditory
cortex, supramarginal gyrus, insula, putamen, dorsolateral prefrontal cortex, angular gyrus,
precuneus, and thalamus. ALFF analysis revealed the similar patterns within these RSNs.
Furthermore, a positive correlation between the degree of coactivation within the motor
network and the severity of AVHs was observed in SZ patients with AVHs. Area under
ROC curve was larger than 0.75 for all the RSNs.

(4) Putamen-related regional and network functional deficits in first-episode
schizophrenia with auditory verbal hallucinations

One-way analysis of variance showed significant differences of ALFF and ReHo in the
bilateral putamen, thereby being used as seeds. SZ patients with AVHs showed decreased
ALFF in the left putamen, increased ReHo in the right dorsolateral prefrontal cortex, and
increased right putamen-seeded FC with the left dorsolateral prefrontal cortex and Broca’s
area relative to those without AVHs. Furthermore, the increased strength of the
connectivity between the right putamen and left Broca’s area correlated with the severity
of SZ symptoms. Both patient groups demonstrated hypoconnectivity within
frontal/parietal/temporal cortico-striatal-cerebellar networks compared with HCs.

(5) Thalamic-auditory cortical-hippocampal dysconnectivity in first-episode
schizophrenia patients with auditory verbal hallucinations

sDCM revealed symptom-specific abnormal effective connectivity involving the

thalamic-auditory cortical-hippocampal circuit in SZ patients with AVHs, with an
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increased sensitivity of auditory cortex to its thalamic afferents and a decrease in
hippocampal sensitivity to auditory inputs. Furthermore, a positive correlation between the
strength of the connectivity from Broca’s area to the auditory cortex and the severity of

AVHs was observed in SZ patients with AVHSs.

Conclusion

(1) The current study demonstrates aberrant CBF in the brain regions associated with inner
speech monitoring and language processing in SZ patients with AVHs. The complex
network measures showed by CBF-derived functional connectivity indicate
dysconnectivity between different functional units within the network of AVHs in SZ.
These findings might shed light on the neural underpinnings behind AVHSs in this disease
at the level of CBF and its connectivity.

(2) From the perspective of rich club organization of structural network, as a main
symptom, AVHs in SZ does not reflect significant difference with patients without AVHs.
Moreover, AVHs have association with connections non-rich club regions themselves, but
not among rich club regions or rich club and non-rich club regions.

(3) These findings indicated dysfunctional brain regions involving auditory processing,
language producing and monitoring, and sensory information filtering in AVHs in SZ,
predisposing to false perceptual inference. This study may provide a novel insight into
strategy for diagnosis and therapy of AVHs in SZ based on imbalance among those RSNSs.
(4) AVHs in SZ may be caused by abnormal regional function in the putamen and
prefrontal cortex, as well as hyperconnectivity between them. The putamen-related
regional and network functional deficits may reflect imbalance in neuromodulation of
AVHs in SZ. Furthermore, dysconnectivity within cortico-striatal-cerebellar networks
might subserve the pathogenesis of SZ.

(5) These findings for the first time indicate augmented excitatory afferents from the
thalamus to the auditory cortex in SZ patients with AVHs, resulting in auditory perception
without external auditory stimuli. Our results may provide insights into the neural

mechanisms underlying AVHs in SZ. Thalamic-auditory cortical-hippocampal
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dysconnectivity may also serve as a potential diagnostic biomarker and therapeutic target
of AVHs in SZ based on the direct evidence in vivo we found.

These findings indicate that language-related memory retrieval helps to provide the
source of inner speech, and active speech imagery, initiation, and production without
appropriate monitoring yields excessive inner speech, inducing overmuch auditory input
due to deficit information filtering. Therefore, SZ patients with AHVs suffer from
disrupted structure of the large-scale brain network. Regional dysfunction and abnormal
interaction of brain regions involving auditory sense, language, memory and sensory
information filtering might underly the neuroimaging underpinngings of AVHs in SZ,
predisposing patients with SZ toward having auditory hallucinations in the absence of

external auditory stimuli.

Key words: schizophrenia, auditory hallucinations, neuroimaging, brain, functional

magnetic resonance imaging
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K3 285E (schizophrenia, SZ) J&—Fi ™ H fi 55 N @ B B ARG pedm, £
PEBIR RN 1942 4 M, HLPTIA — B SRR B S . K0 i SZ M E BRI —,
ri5 60-90% ) U A ZIWHAEIR, JEHE— 20 51 5™ H AR . DhBE R AT R TE .
R ZJWPRE IR B 32 Z60 97 T BOR HUR MR 25067, (BT Rk A&, 1
17 25%-30% AR VA 1 SZ KW £ 5 Xt RS R 2036 9T To ST SEA A 4, K
LIRS, HE SR AR NEAR. BT RREIEIRTE, ETUR R ey
HITCVEREIGE 1 SZ ZJWr B F BEAT I &, (AT 1/3 i) s NS ARI R 259
BIT T RA RS AG 0, 4SBT ER. K, WARTT SZ ZJWr i)
Z AL B B IR = .

LIRS LW B R A W R R R G, P A R A U R R
0810 Bract o A sl A A £ B A A R 1, S S EMZ B4, ek, Thk
BE3LIR A% (functional magnetic resonance imaging, FMRID) Xt A o 45 44 % Th B A%
R FE a2 B2, ORI R T SZ ZIWT (04 2055 B S AL B2 3 1 TSR 22 1102 W0
. HAr, EPRZIiT 7B (International Consortium of Hallucination Research,
ICHR) K Z AT FIBA T SZ ZIWr i) fMRI B S48 H,  SZ ZIWT (1w AL &%
A, VRN SIhREMAR, SREIEHZ/HE IMRI BOR, W24 ER: SZ
ZIWr AP AL T 2. HR, RAERTHIRKIT R CA N SZ 2R T —E K4
SRR, WERENG . Ol Re. i U7iRAE 2 T T R R 33 Bid SZ ZJWr
AR R SGE AR, AN TS H2y T i In R L Bl FE

Rk, ARELE A R EES MR ER, @ik (cerebral blood flow,
CBF) KHBF M. rich club HZI5 451 -ThRe it §EAMEZE (resting state
networks, RSNs). Ja#ll 55 jRE. A RER: (effective connectivity, EC) 524K
AT RGMIRD) SZ FAEELI K 2R LA, ANTHE R 5 &L,
AKX — P B RS A ) S B S R TT SR ) S
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SCER[E]

PERVRE PG » B Je LR FRAR ) I 2 A7 22 J5 ED GJRiE 2K Vincent Willem van Gogh
(SCRRFF « Bk « #hm, AT 1853 4 3 H 30 HD, Ah2RI £ LIk, X it
LIS ARPE TIRIT . Korenveld met kraaien CH MM, & 1) &HAIME
T 1890 4F 7 H I — M@, Yo T AR R R A O, 3R S T B S R A A
ZIEES I IR T X R AR o 7R A A B SR B B, AR SZAS AR N, T 1890
T H 29 HAR, XIE/E S PRGBSI Fr S . R
)72 B 2 2% LA B S5 R 5 21 1) 2E i B 2R R IR 5 AT BB S e 1 2 v X i RS AR AS
BVFIE AR IE L | — L EAR KA, SR, 4R HURFH E 2 N A

B1 FYENEH, XHRR -, 1890, AiHEMIE
Fig. 1 Korenveld met kraaien, Vincent van Gogh, 1890, olieverf op doek

Korenveld met kraaien is é&n van de beroemdste schilderijen van Van Gogh. Vaak wordt

beweerd dat dit het allerlaatste werk van de kunstenaar zou zijn. De dreigende lucht met

kraaien en het doodlopende pad zouden vooruit wijzen naar zijn naderende levenseinde.
Dit is echter een hardnekkige mythe. (AR 14078 5 DL A H T XA 3 R L AE I i) B
B, ZWEIFARIE, B ENEHHE https://www.vangoghmuseum.nl/)
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BRI S, WRIEHCH R m 71305041, Lancet 5 N Engl J Med #i&

PR, 4

BRI T AH S o U ) R AR 5 AT bR hG, HO AR K AF drE (years lived with

disability, YLDs) /5 fk Gt g 22.7%8 17, & AT A o2k (B 2A 5 B);
Lancet #t— P RkER =g, BHOIEE (schizophrenia, SZ) REBkE&EKIIBH

BEBEREZ—, ST A LRES YLDs. I8 (years of life lost, YLLS).

Pk 5 6 4E (disability-adjusted life years, DALYs) W 532 (& 2c) W,

R SZ B FRESn, R4EE K DAL R RSB AN (75 H

AR BERD 2016 4, 2 RTISERE H % BT 3 A k8 A g,

B RS ERAE 2 R U R S 4H . 109 A o 1A [

%

A, SZ BB
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Fig. 2 Global disease burden, 2010

A: Percentage of YLDs by 21 major cause groupings and region for 2010.
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B: Shown

is the

global burden of YLDs due to mental and behavioral disorders, as compared with
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disability due to other highest-ranked categories of disorders and conditions. C: Proportion

of YLDs, YLLs, and DALY explained by each mental and substance use disorder group.

DALYSs, disability-adjusted life years: YLDs, vears lived with disability; YLLs, years of

life lost.

JRAE TOUVE S I AL A 2 T S L3 A o A ALE , 55 DRG0 5% 2 fof HE ) (7
HHBERZ 21 5 4511 F 58 71 /% ) ( Diagnostic and Statistical Manual of Mental Disorders,
Fifth Edition, DSM-V) B8R HESE LA I AR BT WAk (10 br iz 7 SZHT. psh,
FE SZ 897 b, O WL RIR R e IRV g . IR ZE . BORF w1
H., BRfS25 T 7850 B 25 s AR T7 . 5 20%11 SZ S iR JL-F-A SR Toi 49 31 58
AR, [FR, BHRE U3 AR MR BP0 IE R b T R R
SRR TT BUCPIUS I BB AMAZE R IR E,  SZ ¥RIT Sk Z ML NS, 1097 RORE
ASRBEMAS R . SZ MUK EW SIS ILaT—ER SR EF M,
M SZ ZWHFIEATEEBTERHRAERERE. i SZ L hLf A Kt et sz
HE Mz 5ETy, BAESOVEERNIRK S8 X

1 SZ L% KB e ik X
WIRTPTIR, SZ & — ™ EARFEEAE MRS RN, AERAE 1% IR R

RN P R A — R B SR RS T RE RS R AE, RGN, JH4E. I AT
522 77 T R B SR AR A3 3 B AN R B SORS #0 3h 5 S5 AN B0 o il 2 B2 0Tl Eugen
Bleuler T 1911 1 R ! “schizophrenia” iX —FR A&, REAMIXTF SZ AR
O 100 RFERIDI S, {H B 81 R 57 o P PRI A9 4 20 A2 ) 2 R i Y e KB b
P, HORWBHMIE A MR M. ki, ETRMERY Sz #TENRE
B FRERIEKRERE, HRBTRHLBHHZIE.

LR B ER AR SZ BIMER, EAAEIR 2150 T AT LU 4]0, (52 H AT
CEEHMAZ SZ IR IRIRFFIE. Hrd, IV L, Z141 60-90%[) SZ 4
AL KW, KW AR AR S B ANEE . S B () AR BT AT VA
PN B 2 P B TR A0 1 s 20T IO SRR AR, ot R WA IE e J e 5T, # AT BE
X SZ AATRIAHREFHER . S Ah, ZIWr SR 2 SR H Y] DSM-V/ b — 0 5 B2 (1) 2
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FEAEDT, LI0E S SZ BB S LA B A 53 AL RO 658 L Ao A AU 2
fry, B TR A RN T AE, IFA AT BB FHE Sl e B o 7 i R R [
SR, T AT L R X iy A VLT R B B AT P T ARLIT RS I L T
B AR RS RE S, KL, BB SZ LIWWEHE RS LR, EIEL
B MBS RA MRS SZ S 5aTT, REEEMIEKREN.

YAk, SNt AT D A T SRR B SR HIE R PO AR 2 B i R N A2
i BRI BRI SN ] A28 KO, V2 AR R RS R R S R LT R
15, 1 G s A P 2OV X fk s AR, 3 e g e A B K0T R AE Ry
69617, XK LINT 5 SZ KIWF 2 1R T AEAETE S AT F S5 AR R OREAE . Rk, 1F
411 Hechers $2 11, 416 £ W JBFF VR [ 58 B4R A P B4 % IF 3 ks A2

2 ETHAEHBRER SZ LWNHF IR

BT 2R FHISZHE Tt &g 1 — ey im KU i S5 F A D Re e 4%, FRA
NRM ., NRIZAEALR . ATRAK . SRS FRE, FF0 N T3
R R R I . Forh, BOE RS A AN T e SZ i —Fh g R RIBA, i
RN SR BRI E R, REAR RN S50 P02 30 K0 Dy BE A AT 78
BN i, MRS RS589 S D RE AR I il N2, Rl R IMRIGE AR
R R B S HT, e PRI FESZ AW ) A R AL S 2 B R (1 17 BRI 22 1) 2 IR

BRI, B m % . 3T i & A R fMRI (blood oxygen level
dependent-fMRI, BOLD-fMRD. # #i5k&E & (diffusion tensor imaging, DT, 3
fik B iedric Carterial spin labeling, ASL) “5#F 50 &8, SZLIWMEBEFTRERIREHS
DEEREAERREAR GELE™ ¥, mREE™. BB, R4 (ki
TR, EANRTIRSTS PIRTR T\ SRR, REM, LY,
BN . TRBRGHAE . EMESEE™) . BRHE (WREES.
BHREEARX, BrocaX™, #5PY), #EM, SRME, mi">E.
2.1 EFASLIISZLIVT BT

2 ASL FAR 8 o 4L 2 e 5 L, Homan 1 R 5 78 R B, 481 L 3t oL o
¥4 (transcranial direct current stimulation, tDCS) BRZ: fifE#fil#4 (transcranial magnetic

stimulation, TMS) J5 7 A XU SZ %) Wr B & Ul 5t 7 /= CBF 8{J=) B CBF (regional CBF,
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rCBF) YaJ7 Bl BRI Ja m >N, k%t b SZ KI5 ARLIWT s, L0V 4 () CBF
$ Ay A DR - 0] 5 DR A%, AT D A7 - XU R P 7 S 155 7 T o J2 180, R
SZ ZJWr ity ASL W S B BATIR . _EIRWFFURI, SZ X)Wy B W it S SCIRIAR X CBF Tt
i BVRAE HAR S Bl G R K AT
2.2 Z&F DTI Y SZ LW 5L

MTT A B UE, BAT, BOER M gk sz . DhaeE#: (functional
connetivity, FC) DL EC. ZEtiEd tWFRMESIERE, 484N R X A 8 Jnis i
SR . BT TIEAIET MRI Z5H SN DTI S5 HUSAR I 45 0% 8 o
Hr: 2007 4F, He PR 3T MRI G5 SAG o M ds M B (U7 vk, @it /0 Hr
106 DX R] 1 22 J5E ) R D A e 2 M T e X 2, I HLIG FH 52 0% I 2 R R I 1 i 4544
PIZ /N S R s TT3E T DT S8R S5 R4 70 M 3 B Sl 574 T 4T 4R IR R X 5
fithh L, DA X 22 8] ) J5T £ 2 AROAL) 36 5 R P2 P 45

DTI BERSIEAR K IN SZ ZJWr 38 I B B 4 4E o2 5 i I, B SZ X)W m]
BENLEI AR08 . ARG, SRR, SZ K0T 2 2 BRiA) Wr b 5@ i 1.
XU AR AR peE A R A BEARAE CRBRES. AR LA R )
(9O A 0 R ] v 0] 5 2 Ay 2T 4 e 4 190 1 4% ) Sk 433 (fractional anisotropy s
FA) BEMIG, JFH FA SZI0r ™ dRLREE 2 Gt e 0, M, WA TR SZ £
BHEAMR FA FHi, ¥R X EAR SRt @R EE T s, SR
A, BRI S, SZ LIV B U 5 OPR B FA PR 10 35 7 2 B PH i 385 T T )
P, DUREM AT NS T R, RSN T m A R, ST
WFARALIEIX 15 5l F R MER: S FC RN LT . £ SZ L8 #, &
FEANER T [8] 5 e e ) S ORACGR Iy FA B, I H FC (R, FAHERES FC
I B R R IE B EIA, T SZ Z)Wr BE K S IS HI T SZ ARV i SXT A
[, PR PSRRI I AU B R S8 T SZ KM RERI). — IR N FANBIT A2 (2 A
SHEER TR, SZ ZIWE BN SR FA B R, B8 g ik B A 4 ) 2
B F BN SRR AR AN 2 5 SZ 2)Wr. ££ EIRBEFL T, SMURNE 5k 248
Wernicke [X £ Broca [X . Wernicke [X %] Geschwind [X . Geschwind [X £ Broca [X [f]i%
P BPIRAGE E A e KR A BT, AT Broca [X . HE R 535 L[]
WUR L W5y 55 B 45 JFARAA R IR PRI BRI 32 SERAT 24, TR IB] W o 30 2% el
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EATHA] EARR A IR 2T 4, R A A T, Ko, B AR 4E TR R AT
Ye2& kT Bk &, HA e RS AMUHT R 2 (dorsolateral prefrontal cortex,
DLPFC). FA Z2Abfos FHREF4ER 0, LA EFRkia W siam i, SMIIETE =
BPRA. YR FA 7B, SRS OE . 1B S 1012555 B R E R TR L.
HATEL AT LLAIL SZ )W 1835 ] REAFAE T 0-15 5 101215 B AL B 2% 1) 5 5T 41 4E 5+
W, RIEERERRZ
2.3 #TF BOLD-fMRI §] SZ ZIWF B 5%

BOLD-fMRI &% F T WG4l A 2 TG 3R3S . BOLD-fMRI B St E7E
SZ ZJWrth AR T AR IEERE, G gg (R S RO BRI
W% (default mode network, DMN; PIUETAI . FI 000 B2 BERTH . £ 1]
55, ATMg (DLPFC 5. i2shMgs (FapiFEl. #heizshX 55e%)
DLER TR ML, (Broca [X 15 Wernicke [X ) 75 P4 (] RSNs H ) A% 22 igi X Ja 3 5 & 17 0]
DL AR LA e AR B SO 7 BB KW oA TR L. R Th BB SR, Sk
Wr SR FEAHEE, SZ ZJWr B XU Fe o o A {00V 15 A it 1 5% o] (R AR BRI Camplitude of
low-frequency fluctuation, ALFF) Jt i, M0 ol 5 &5 i) fALFF (fractional ALFF)
ThE . Hibk A FALFE AR,

BOLD-fMRI % 5 # g 1 T304, 4% FC M1 EC. FC /2454 A £ AHHAR
i [X ()35 B 72 B ) AR ST R, AT AT — bl At P A ) B R S £
JIEAT LR EAL FC. H BT R ERIWF A5 A 3 T M7 B SR b . STy
43Hr Cindependent component analysis, ICA). TR 2087 fid /s — 3 lnl = Fn 582k
STaE. EA RN, EC fRds— Mk X iE st Fi — AN X B HE B 5 )5 3 it
IE PR A §ema, A SRR K X ()35 278 i 1R] b PR K R, S8 s AE S
WY1, 3E ) BOLD-fMRI B4 SZ B2 (1) FC I R IR, Z)Wr ™ S A% 5 /2 2K 3R ¥ Broca
X . T X 5 8004 [l s BB A B2, 5341, Sz Z0Wr s e MIHITURE & (X . I
b T e SORPR X 5 Zh 5 0Y, e BT A DX 2 T - 5 VB X

FETT Ry ERREAR AR, BT BRI sl e SO AR, BEALBhAS P R
L (stochastic dynamic causal modeling, sDCM) #ft & —IiFE T fMRI 234 fii X 8] EC
S5 57 NS E IS 2) VA3 £l 7 I 2 B S R 2L ) VL AR N S
Fi sSDCM 43 #T SZ ZIWr il X 8] (1) EC, 3xX ¥ B T H AN E ML IR AR T
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34k, RSNs #72 % BOLD-fMRI #¥ i BN W4T, SRR # IRES
T E KIS S K X . Wolf 25T} 10 451 SZ sfivh PELINT i S B4 AT
P, EHCT 4 /> RSNs #4704, 45 KI: TE S IRAHCM L, BUMIEs 5 2 3
SR AT RS AN S AR S A O A AU S 0 A Y R AT A A D 2%
e B N e Bl U = s O L i == R 7 v N 115 - O L D5 S AN\ 05 =)
W) B A AR
2.4 FEFHAh IMRI A SZ KW

w5, = PE MR ¥ B RE (diffusion spectrum imaging, DSI) 7 SZ 4J
Wb A 0T T 20 HF MRITL AR AT T UL 1A G RS i 45 4, OF B
KR E TR EE (voxel-based morphometry, VBM) XF¥E 4T 2047 Hi
WARE LRI, SZ KW #2002 g b [, g [ VAR A . 3 TR
RAEA B (AE T R I, &)W ™ A 5 e AT e o B S« e I RO o 1 2
JEANEE TR ARl CELERI S IR b S R A B RD . A
JEETEL e I P 2 I A A BB i X AR LA AR SR DSI AR R S ik
BEM S IeAs, DSI 454 BOLD-fMRI K I, SZ LI i 75 (15 = i i 45 4 52 B ok
DL SR Ak B AR, I L5 2007 ™ SRR & AP 34k, Amad St
SZ ZIWrHK RIHATZHEEH T, SiREY], S5 KK FC. AFUER: (A
PAO g AR BEAAT ZIWE R E A 20T S X A0A0 SZ B e 22 R, itk
A, DA ERIX EE R w . B X ISR
2.5 ETF fMRI FZEEMT

LN FT I FCEAT 253500 M BE NS S AERA ML S it SZ L)W ¥ 5 I {E o AE 45
P71, EWIRTSCHTER ), — TN FA DTIBFFE 22500 b R I SZ Z0Wr R /e
{0 R A FA (RS 7R SZ LIV X AR [ 2525 40 Hr B %k, Modinos 25K
I, SZ )W 88 IR TR A AR A Ay f 2 1) e (st b [e] e W) e o e I, [RIINE, A
(M3t 1] Sz A 25 W o B2 S IR AR AR B A B A 3 (& 3D

TE LU SZ LIWF N X 3 20 25 2 43 (T 0, — TN 1 10 T SZ 1% RS 4100
BFAEZIWPIRA N 1 fMRI BIE B 5 R A Z B (positron emission tomography,
PET) i F2 1 25 R0 AT FpOR IR AU 45 (045 Broca [X . A S0 A oepflal, 45
M8 WEEL SR TR W SR D55 D sk n (& 4) B, ek
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AR RS, H 5 55 R URICIZE B R X, DRS8N B % 34 21 AR
RIXIE, HIRERH Al BERIAE Z LIRS I X8 5 XA AR A 2 . 1K L2
AN T SZ LW B A 5T T AR R AR X- T X 2 T Be A7 AE S 8

|
] ’
; 1
' h . dal - - i L" i o
B3 SZ FiEMLINEE VBM I HZ R4 RO
Fig. 3 Results of the meta-analysis of VBM studies in patients with SZ and AVHs

The statisticdepicted here is the proportion of studies reporting at least one significant

peakwithina local neighbourhood of size p = 10 mm, in axial (A) and coronal (B) views.
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FDR-corrected
ALE clusters

Slice-level

Slice-level

B4 5Szil RER S BT S h AkiE sh
Fig. 4 Results of Included Studies Measuring Functional Brain Activity Associated
With Auditory Verbal Hallucinations in Subjects With SZ Spectrum Disordersa

The first three columns depict the activation likelihood estimation (ALE) results on

coronal (COR) views (upper panel) as well as on transverse (TRA) views (lower panel) of

the brain anatomy. The fourth column depicts slice levels shown on sagittal views. The

fifth column shows clusters (Cl.a to Cl.e) of consistent activity among patients with

schizophrenia spectrum disorders experiencing auditory verbal hallucinations, projected

over a standardized template. Greater likelihoods were measured within the left inferior

parietal lobule, left hippocampus/parahippocampal region, left superior temporal gyrus,

Globus pallidum, Broca's convolution, right anterior insula, and frontal operculum. L, Left;

R, Right.

AR RMERSH R T AR, BIZIW FIZIRL, Frai NI T Bl SZ
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BERNE, SRR S ML) R XA S ) F e R X AL B[]
Wernicke [X . Broca X HA M [EIEINGIX: AH e, ZJH & b 5 1E I Z)Wr B G 3h T i
oG X AL o [ B 2 R (B 5). #E 2z, irEAEEAEX, EE AN
PALFEX

A Auditory-verbal > visual Visual > auditory-verbal

e 6 B

E5  x e EE LI SR R
Fig. 5 Results of the meta-analysis subtraction contrasts between AVHs and VHs

(A) The subtraction contrast of AVHs > VHs elicited significant activity in speech and

language processing areas such as superior temporal gyrus, Wernicke area and the right

homoloque of Broca area; (B) for VHs > AVHSs, significant activity was observed in visual

processing regions including linqual gyrus, occipital cortex, and cuneus. AVHS,

auditory-verbal; VHs, visual hallucinations.

3 SZ ZJWr KipR AL R UL

ZA MR, SZ KIWF KU M TEE . AL, Bohlken4Eszik gy, F
FF MR Z 00T I B A5 W5 B2 50 B MGE  (Penfield, 1958) 1. pydfA: il 15
[P 4S % (Frith 5 Done, 1988; McGuire 25, 1995) 81 F7ic py #AE Bl 04 ) f
bR S 1% (Feinberg, 1978 Allen £, 2006) 1, 4 A [nl1Z % EL (Copolov %%,
2003) M, SEAEck, ERAGRSAEYE. ARY BEENE. ARG S L
FhFBUW AL b, SZ Z)Wr AL BT T — D 455 MR HOR, 4R H an st .

3.1 IR AU e B R
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I IA$E ) SZ Z)Wr AP A HLaMB U 32 OGN e {5 B AR BE PR NS, A4 BR (A1 UT

dimek R, W 6 Fias, HERUNYTE R )E (AL TR, Brodmann 41, 42
XD FFER [AIWT 5 38 % EAT T IR R 5 13, BRI 5. HA4EHEHRK (>3
um), R AT bR 4% G O, 3200 1 10 ' R T i b B 4 ERAR,  fn A7
FOB S P ELA T 5 X I A] 43 BB, BT B, SZ ZJWr B A A A2 AE 2 BR A
B 5 100 092, S AN R S W B FC th PR, KT Rl S8 SZ LI i R B
PRSI HA, X—Biid TR, RAEmEA SZ 20 a2l .

Corpus Callosum

Interhemispheric auditory
pathways

Auditory Cortex

B 6 ArRiEIT B R E
Fig. 6 Schematic illustration of the interhemispheric auditory pathways

Interhemispheric auditory pathways (red) connecting bilateral auditory cortices run

through the posterior third of the corpus callosum (blue).

3.2 Fi-Wr i B2 @ B Ty RE TT MR

KT SZ P&k B AR R B, 2 EREE I BRI 2 0, ZERAE
Efi% D, 524K (D2 dopamine receptor, DRD2) 5% 7E SZ i & b BAG B & X,
5P DRD2 72 H BT PUR MR 2590 A & A ) 2 it . X 22 B L RE 4 468 0 I
FEK AP Y. A 4Eimg . MEA4h@Es. i DRD2 W32 B0 A5 T B R -SUIR AR %
fil)a . BR-SUIRMRRAS . ik, BRIECER. S, R DRI =R
% RBER%. miEkhRik s s (B 7. WEFR, DRD2 746 Xidbrid i, £
REMP A U 4B BR AR TP iU & 2 R Gt (B (L 4) MR FTSUIRIE R 48 O
LD, Jioh, 5 E KR 2 DR EEF 22 Tois iR R 5 1B ¥ %2 Akt /2 DRD2,
H EAONSCIRAR K 1/3°9, FC 4 8ok, SZ 400 B ARBa A% (SCIRAR I,

TN EUEREAI A T0) 5 N30 2k % J7 2 0 A i X 5% 4 1 e 1 58 )

15!

H
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EH SZ shik Ry, Chun 25PVG BN Py (UK 4 DRD2 ik i, % % e fibi
PRI A0 AR LR A [ W i B2 45 53 R ) 75 R e A 48 T A R B sk, SRR E Y (— 4R
PukEpH i 254, DRD2 D SREECE (CAPuEHE 2%, DRD2 5 5-2 g5z
IEAEHURD Ref i BRI Y I T RNA R SZ AR /) B P AR AR
& Drd2 FEERIZKF-,  Fr - B2 2 8 0 ) sk e B 5 SR B BUS M E R, AR, R
15 B A2 Y N BRI AN AR A Drd2, B - 152 2 5 560 0t S IR e P ) BBOR A U A v s 12
FAE SZ B R bt — Pk S N IR & DRD2 kw5 PRItk e i ) i i 2 J2
S A E R BE AP 48 0 R A AL 346 25 AL 0% 7 IR T A B, B - e K
DRD2 i ¥ Dy R T P g2 S 2L SZ ZJWr i IR ) i [

SZ VERE RSB R W] SZ (IR R 5 A [FIHG [X [ 40 2058 2 S o A o7 98 971, o gy
F FE A O R 2% 1 D e e rg 8, mifE SZ b B — AN BB, BRI SRR NI
Al N, PR A B S T M P B T e 1 52450 SZ e g A
MR T S b B R A SR N - B U2y 3 B A T I SRR 102, T Pinault
fah, ZMMEERSMERR (2O RERAEW . CBEE. EHE E
BRE . 5-¥atule. ) Xt A 5% P48 I 4 A Ve T BE F 22 S8 SZ LT 5P,
[FIRE, X RN TE T SZ Z)Wr HLa A BN X, SR EATR AT R b i
HEINT, (HZEE T RIGAE A 22 ki X R HE W DX [A) 82 13X — WL K, 21 R4t
HMEFE SZ ZIWr AR AL i AN AL

Mesolimbic DA
Mesocortical DA
————= Nigrostriatal DA

B 7 BiAEEESSHER & DRD2 K5fhn @i
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Fig. 7 Schematic illustration of dopamine projection pathways and distribution of
DRD?2 in the brain

Regions where DRD2 distributes in the brain (yellow). Amyg, amygdala; Caud, Caudate;
DA, Dopamine; GABA, GABAergic projections; Glu, glutamatergic projections; Hipp,
hippocampus; Nacc, nucleus accumbens; Put, Putamen; SN, substantia nigra; VP, ventral

pallidum; VTA, ventral tegmental area.

3.3 % RSNs FEaELEBL

Bz BRI, MERE A BE R, I RSNs ZEELER N SZ ZJWr £ 41
B PR HR AL T S0 R AL ET . SZ 4% S CUIRAS K BRI S R BN
AT IO 10T R AR 2 4E M FMRI BT TS5 5, ICHR i 1A 3E SZ ZJ0r &% DMN.
T 2% 5 T AT I 28 7E P9 1) RSNs AH BLAE S, 1 5 5 R [ 2% i B A i %
AR, SRt A FR A N IR 2L (B 8) YL,

3. Sensorimolor areas
activated in response to
DMN withdrawal

, 1 | e g _\'--|
| = - L II =~ ]". L
wa.-iﬁ'“;:“-';;xik—)’ UNR Y.

1. Atypical connectivity between 2, Reduced anticorrelation
dorsal DM hubs and anterior between DMM and CEM
insula, ACC in salience network states

B8 U7 5B RSNsH
Fig. 8 Auditory hallucinations and the brain’s RSNs
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Initial AH studies focused on resting connectivity in auditory and lanquage regions (upper

figure), primarily identifying atypical connectivity of left posterior STG (a), PAC (b), and

the TPJ area (c). Findings of atypical resting connectivity between left IFG (d) and STG

are inconsistent although both areas are often implicated during AH. More recent findings

implicate atypical interaction of the DMN, SN, and CEN in those prone to AH (lower

figures). CC, anterior cingqulate cortex; AH, auditory hallucination; CEN, central executive

network; DMN, default mode network; IFG, inferior frontal gyrus; PAC, primary auditory

cortex; SN, salience network; STG, superior temporal gyrus; TPJ, temporoparietal

junction.

BATHTHIIBT 7RI, BR SZ 4IVT 5% Emith AR BEAER®), I A I sE 4T FA
FAM0, e bl T AR R, S - B2 B ST T ) R T AR5, L AE
SN FEJ O 5 B J2 0 A M AR A 5, [, tDCS 2R TMS YR 7 5 24K
SZ X)W H# Wi B Z CBF B8 rCBF VA7 B BIA TG #1777, $R7RiAT7 B Hedh 25 3)
IR, SZ LIV T B A 2R S0 AU T A AL I T VA 0 4
Horga 410V 8l S7 40T BB A A4 5 T i B J2 A P G P B R, BB A 1 A% 5 1A
B 25 2 2 ) S o TR, IO WP 5 B J2 P 5 V6 T B2 SZ 40 72 £
i IkIR

TiAh, KIBEFEERS, TE S SRR ) T s B AR e, o P P R
) 3OS 081100 4 R VR B B 2 R A T P AR PR AR B B,
GO M, SZHH 22 I H TEv R e i T R A2 I8 o 8 T R Y, R s,
SZ 3 LI -WF i Bz 2 DRD2EBR D R ek, WP B 2 0 K ik 47 1% N e IRk
IR, HET S BUSZ A 1E T AN A S RS, BRIV, BAN, — T
LA SOR I, LVEERE (SZHED A STl AR F T I AT (%
i, BB oot 7 2 vk M2, EL A O H s B A W SZAI W S T 4
#l RSB, g LTk, SUEE/EE/RIZ/ERETE LIRS XHMEER

FERERSZANHERZMWEN S, THERR T SZLIWTRRIEEIEE .

4 HEl SZ AR MER B FR RN BRE R BRIER
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SZ ZJWr M NS LR 2%, W R 2 RS 5 ThRENAR, 4R & is s 70 #F MR
BOLD-fMRI. ASL. DTI S & AR, WP KNS #5 DhaE N 2 A B 1 R
SZ ZJWr s ML+ B (B, JRERTHIRIBIR Oy SZ ZIWr A 8 1 — et
LR AIE, MRER. HilEFE. SHAEFEHAENRRESE LiRRGE
ERRENE+7ER, ARG R T45 S 27 i Im R SE B fE b

B4, DAERIWIEZ R SZ Z)Wr 38 5 A B LR B FE g, 1 =& 2
(1) 1) 22 S AN ELFE X B S Bk L R B iR S5 R AN D e e 5 [RIIN A0 45 SZ 3X — i A
SRR . Bk, 0T ST AN AR A R MR RS, AR X B — R R
BT A 52 o 53 b —FITE 78 SRS 2 L Sz (88 50t BRZH 2 5 Pk FL A I 20T A G
A MR I R — BT 9T, ARAE 0 R MR S S KW B R AR A HOAH Gt
1, BEFCE MR B R L)W o dn SRAR B X 2 W e S M R I R AT 5 U R SZ
SRR LI MEHEZ W P2 IR AT EU AL, IS 7538 1) &5 R A0 KW 38 B e
EIFE L bR SZ b HABAR R R BT, DUABLZIWT B 53 % o X 1B AR b pirk H RO
FUHME

IR, fERTHHBE A, #al A R B2l bR 2459 R TMS (repetitive
TMS, rTMS). tDCS. H & IAIT Celectroconvulsive therapy, ECT). /OFET &4
YR E & SZ B3 . W BB IG YT 16 230 B I I 45 A AT e A BRI S
TR PR R B FFATOIIT, Pkl 2 1) 22 5 AN 58 50 9 V) st S 207 TR A (O 1
M, g 2RI R R I AR RN . T ERXEIRR R TI, RERHER
REIRITHI SZ B . Bk, EARRBEKE SIS, NANERKEE, NS A]
HE R AT At VR A% PR 3R e SR 9

PG W5 BokiE, i ERwT 2 RAEIREIED (data-driven) )73 #5772
HEATHEE, T AR IRE) Chypothesis-driven). — 7 T K N XF SZ L)W i) HLARE
AJETRN, TR BN e E RG, RTBEE WS L E SR m 4R, 5—T7
M2 T AR B S AR, Bl ALFF. ReHo. CBF %5t 5 538 B 44 3K
ENHI T I . XS SZ ZWT BIVARAWOINGR , £ )5 L2070 AT LR I S Sk 5h
SIS & w7k, BSE MR SRsh b, PR FL A Rt — b ik
W, R EE XS B IR B 45 RATE v R R sh o T ARt . 54k, SDCM,
GCA S5 R BEAT L5 1) 73 B SRR R BT O 150 A U B8 3 Y B s B i 3 i vk . 1
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TX 6 YU R AR R BRI T P A A AR T

EEXE FIRERE K ISZLIUT AH AP EE SR AR S R PR, AR R 43 SR BT AH
BT AR, BRRSTE— AR A DA S R PR PR B,  DUMAEE AT, e
RO SZZIWT s Ja M eh 2 At . 94k, EEXTZIWT BT RE UG Fusl o A S —
REWIE (state-study), J3—K2RF BT (trait-study). FI# iR IEEL L]
Wr i BEATF 4, 45 R SR T2 RS ORI, 5 #2200 B AR R R L)
T, WRXTZI0r 2 PR L. ik, AR FE T BB EE .

5 K45

Zi LRTIR, IRNIRIC SZ LJWT AR & B A EEAIGRE X, RERTH MR
BFFE N SZ ZIWT s 2o B ML SR AL T2 b S, (A T ek . ki e, A0y
LTI ER R RRE. FHib, AMREESERSES IMRI REESH
R, £EFE SZ ML GEEM, NTHRAERESERNWEHT]. @i
Kt SZ LIV FIAIE S AR F B KM AN I TE, DA R e O MR, R
AR 2 R G X B R TR A eV B SZ ¥RYT I —Fh B I TEMME M F B
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F X

Rh— HASRETEMHNTTERE. A
R EREADRER: PR W EFR

Long-Biao Cui, Gang Chen, Zi-Liang Xu, Lin Liu, Hua-Ning Wang, Li Guo, Wen-Ming

Liu, Ting-Ting Liu, Shun Qi, Kang Liu, Wei Qin, Jin-Bo Sun, Yi-Bin Xi, Hong Yin
Psychiatry Res Neuroimaging, 2017; 260:53-61.

YE N At P A i i B R 2 —, SZ & —Fh ™ H A AR, 4Bk
R R L0 1% ) FIEVELIWE AL SZ (h— ML VEREIR, 75 5 18 v Ak Of B 261
o~ SZ FABMELIVTE 5 A ML HIN TR T IX — M2 5 RS A B B ZE IR IR
B fEdENTEY, BT IRARIRME G AN, ET RIS
LR I SZ F 1EMEZIW N X B0 2% O R TP NIRRT i D Re
fif, CBF (X % ST EaBc R, HAT ASL #hal bkt et 7 e g,

5Bl ASL, JEHIAERE T BB RN 1 — Lo ZoRE #hsc 0 1R s B AR 38 2
i A AU AR 1 ] JR T B LK SZIMS T, ASL s L2 il B S %) tDCS
5 TMS Ilif R SRS 1Y) SZ 3 T 1 40 W B o - W ik i /2 5 Brroca [X 1) CBF B&AIG
7. 84 BN, AREX A rCBF FEAEMST, BLC R ILENE B R X 1]
CBF [FI JRzh iR, I H CBF 344 1 i) T e 0 2% 5 i) 322 12 50 FC 4] Js X 45 (1) )
AP, fil, SR ASL-CBF $EIZH/KF ICA, Kindler £ 4 B SZ ¥
DMN ¢ CBF &4 am M9,

SR, SZ FIHMEZIWr ) CBF M LIERIAN] 1. SZ FilvELIWr B3 CBF &
(I X A2 75 HoA 5 A X 55 1) CBF EHe M ANE & . fEARSEIH, KA ASL
M CBF J H R M B 75 B8 T I SZ F g4I 5 AELTWr 283 I i i A2
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1.1 #§

1.1.1 #iRk

BT H B DY 22 B2 K 2 58— MY s B e 25 i PRS0 B D ottt i 2 5%
EIPAL 7 H A R gl Ak B B2 St X, H 2011 4 5 A & 2013
fFE 12 H Bt 25 4 SZ SiBMEL)Wr i .25 44 SZ ARL)Wr f L 25 44 {8 Bt R Chealthy
controls, HCs) ZHAARSLLE:, AT AN CZRHEILEC . SZ MAIAFRHERTE: (1D
R A5 F 5 MR RHE RS DSM 2 1Y jRE 3T ik (DSM, Fourth Edition, Text
Revision, DSM-IV-TR) X & BEAT VP04, A Aff ] IS Bt SZ i —Euz i (2)
PR O PE M S5 B M iE IR B % (Positive And Negative Syndrome Scale, PANSS)
By (=600 M9 (3) FIBMELIWT B RIGIER L IUH R EDH — K IBTEL
Wr, He s HZIrE2% (Auditory Hallucination Rating Scale, AHRS) M2 (i,
B PN ARG 2T R B E AELIWT A (4D Bl R T AR A o

SCBERPURN . FRABRARAEE T ArA . (D G HARR 130 10 RS sm; (2

%3 7 rTMS. tDCS. ECT ST N#R7T; (3) HIRMMAH RGN, (4
Z BT 30 RWZWiP i s 584 H Wie WP ikas: (5) M2 LU MRI
KA, GFER N 2280 IE R &S SO S mEAY: (6) MRI {34 k3l K
T 3.0 mm F/5E 3.0 FiEMLIW SIELINT BFH A S ERKREIBITH SZ & X
BFEARE RNARTHEZ T HORMRZYNGITI SZ . @) & N it X 4 5
HCs, Hi4%i#% (Prodromal Questionnaire) mz]ﬁﬁ?ﬁ%v)\ HCs H %A AT AT kS #eh93 iE
e AR HX P AZAG AR B VR4S, B AL B BR bR dE R FEE ] T HCs. FEAR
HIN 22 5 llm R AR R W% 1-1.
112 XK E

S A B ) 248 4 3.0 T 75177 Magnetom Trio Tim % 545 8 i@ iEA
PRk 2k PE (PR E R

1.2 /&

1.2.1 EBRE
FIT A SAG 2F B s S 78 78t B Be U BRI . 155 2 % T1 InAL 3D f@i 5di iz A 3D
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T A HE 5 B K B2 B BE (9] % (3D magnetization prepared rapid acquisition gradient
echo, 3D MPRAGE) J##55k%: (TR: 2530 ms; TE: 3.5 ms; #ikf. 72 tIE:
256 mm <256 mm; Hif%: 256 x256; JZ/E: 1mm; JZ[EEE: 0mm; ZE#: 192).
BIG 7 #E22 Lmm <1 mm <1 mm. #E ARG K ik =X ASL (pulsed ASL,
PASL) FAIR4E (TR: 2805ms; TE: 13ms; Fric/oZEiR: 1800 ms; HHi%fH: 90<
PEF: 256 mm <256 mm; Z/F: 3mm; ZEFE: 0.75 mm; JZEL: 31), A& ASL
1 SRR A2 4 min 20 . H-2E 5 5 H 1) Sk 2R B B T B AIR RS R G 1 g s
N KB, MRS BRI R I3 h 5, RIS & . O R AR 0 [R] Ve 4
MR EAS) . REHERE. FIR. ST ETTA SR G W arE R, b
W E AR — B RS RL. 12H PICORE #EVEMR AzhishlEIG R E, 7
FERE— B W A A A7 4R A A i R, AT A DR o
1.2.2 CBF &

FR4E Wang £y 7Ll 123124 4 /3 M7 78 Arterial Spin Labeling Perfusion MRI

Signal Processing Toolbox ( ASLtbx; http:/cfn.upenn.edu/~wangze/ASLtbx.php) Hi47
Horr—3R 5y & SPM12 Chttp://www.fil.ion.ucl.ac.uk/spm/) SR, VELICERETE
FIRE AT AT T AR, AR ERE R AL B Bk BRSO A R AR
SR 5 P2 PET-VEVE IR B Je 1 54 45 4%: 2] MNI (Montreal Neurological Institute) =
], EiiZ% 6 mm [ E 458 (full width at half-maximum, FWHM) Z5[A1SFi. %
FRAFMZHZALL S CBF &AL .
1.2.3 CBF B84MT
CBF &7 (43 ik W T Melie-Garcia 28 ™. #4%, KA A CF

AR/ 43 IR 90 M X 4 ) AAL Cautomated anatomical labeling) 385 ¢ 47 i
Sy B TAL R [F 20 1 B A 3% A8 CBF Bl (SZ FigtZIWr 3. SZ dRZIWr s L
HCs), A=A “n” (BiAEH ) 179LL 90 (X EH ) FIRHRE, ik, Kas)
2 5] CBF 1E 1] Pearson #H5HEE ONERE, RRAHME—4> 90 <90 i) CBF B4
Fisher z £ 4% Chttp://www.fon.hum.uva.nl/Service/Statistics/Two_Correlations.html) F
TS ZE R . fa, THEMARAE IR CBF MZEKHIE. XL CBF M Z45E

CRHMIERAE KR . RERRE. R 52 RA60 BT EMELEEMM 0.5 3 0.9 1
WHA, &5 0.05.
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1.2.4 GEvk2504T

KPR A3 EAR 2K T L CBF ML 252, BTN D24 E 1 22
FREGUFREL, G2 AR R WAl Z8EF R SIEEE N
&t 47 A9 . MR ¥ REST ( Resting-State fMRI Data Analysis Toolkit ) V1.8
Chttp://restfmri.net/forum/REST _V1.8) I8y AlphaSim s iF BI{E I, £ &L
B IERH AlphaSim 7 (P < 0.05, cluster > 13). XfFRMAR, $REFEH Z 57
PRSI 3 CBF B A T AH G o A A sz i3 TAERRE (receiver operator
characteristic, ROC) 70 #fr. #HIRME M, 70l iH AR ALl A K Th RENI &6 (CBF
f6) BRI EME (AHRS 5 PANSS Fp) Z Il Pearson #k A%, 2 B HUEURL
£/ P <0.05 (Bonferroni £21E) R hZERBA G AR L. 75k, ROC 73t H+
PR LR I B AR X 7> SZ S IEIELIWT 5 AR B 2 Wi ). i H SPSS &
4 (version 13.0; SPSS Inc., Chicago, IL, USA) il <14 5 ROC 434t .

1.3 G5

1.3.1 ABZE5ImRIGAE

11 BS TR D SRR L. SZ FiBTELIWT . JELI0r i 5 HCs 78
WL AL RIFBZAEFER EER LS EE . EWFTHRTY, SZ 554
Wy &35 1) PANSS st 7 5 FEVERERAR 70 ELAEZ )W S B (P < 0.05). BR T AHRS #
5y, SZ FEVEZIWr S AEZIWr B A Im PRAFE ) 22 5 e gi it = L (P >0.05).

R 1-1 AVHs & (n=25), FELTEHE (n=25) LK HCs (n=25) MAO%E
I PRARFAE
Table 1-1 Demographic and clinical characteristics of patients with AVHs (n = 25),

patients without AVHSs (n = 25), and HCs (n = 25)

Characteristics AVHs patients Non-AVHs patients HCs
Age (years) 24 7 24 £5 26 +£5
Sex (male/female) 14/11 13/12 12/13
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Education (years) 14 £2 14 %2 1542
Handness (right/left) 25/0 25/0 25/0
Duration of illness (months) 14 +19 18 +21 —
First episode (yes/no) 17/8 21/4 —
PANSS Total Score 109 +12° 92 +22 —
PANSS Positive Score 31+6 21 +9 —
PANSS Negative Score 27 4 23 %10 —
PANSS General Psychopathology 52 +8 48 +9 —
AHRS Score 27 x5 — —

The three groups were matched for demographic characteristics. Data are mean +SD. P < 0.05 versus
Non-AVHs patients. PANSS, Positive and Negative Syndrome Scale; AHRS, Auditory Hallucination

Rating Scale.

1.3.2 CBF [AIER

SZ FiBMLIVT SRV i 2 1) CBF R WL TR 1-2 fE 1-1. 5L &
HAHLE, FIEMELIWT R R IR A b/ e S Je s ] A FRiE s CBF [
1. 5 HCs AL, FiB LI 3 KB H SUNAE/F B 5 g Bl A2 T0R /N
NS Bk, A g EE. e &R CBF K. Ji4h, SZ L)W Btk
HCs F&Iff) CBF T 22 & [A] o

& 1-2 CBF FEERKIMIX
Table 1-2 Brain regions with significant differences in CBF
Regions Cluster size Peak t value Peak MNI coordinate
X Y Z

AVHs < Non-AVHs
Right superior frontal gyrus 73 —4.6526 18 62 20

Right superior frontal gyrus 25 —4.4305 24 30 54
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Right medial superior frontal gyrus 130 —4.2890 6 56 0

Left medial superior frontal gyrus 16 —4.2936 -10 52 8

Left superior frontal gyrus 14 —4.2184 —26 42 42
Right middle frontal gyrus 22 —4.3143 26 48 34
Left middle frontal gyrus 127 —4.8361 -38 54 14
Left middle frontal gyrus 19 —4.1254 -32 38 36
Right postcentral gyrus 63 —4.4324 24 -34 58
Right postcentral gyrus 48 —4.3835 36 -30 62
Left postcentral gyrus 50 —4.6303 =50 —28 52
Left postcentral gyrus 112 —5.2454 -16 40 72
Right supplementary motor area 13 —4.5152 16 16 66

Non-AVHs < HCs

Left middle frontal gyrus 16 —4.2904 —42 54 22

P < 0.05 (correction thresholds by AlphaSim).

1.3.3 CBF 5ilmpR¥ERIAER & ROC 247

FEMNE M, AEAE 2 SEINGIX () CBF {5 AHRS B2 PANSS B RAR 43 IF
AN (38 1-3). ROC /M #Tin T CBF {HIX 4> SZ FiBHELIWr HAELIWr & (16
71, BRAKH CBF {4 ROC HiZk R ARSI T-3& 1-4,
1.3.4 CBF %R

ARG T = AAL BEIRE LR 90 AR IS5 2 A1) CBF ke (&
1-2)0 MBI =ARERIERERT, ¥ CBF 7RI 22 F G X BT e AT hRiC T HR.
B 1-3 2 T IEBERBOKT 0.6 BhF-0.6 (UFRERRZHM FDR KIER P H/AKF
40.05). Melie-Garcia 25 (¥ /71 2 BE -5 45— 4L AOAE FEMS, 17 T892 L e 20 1) fr) 34 2
Z 5. Bk, 12 Fisher z K30 LA R LI EH ) 2 7. 3R 1-5 N E LIV 53EL)
W £ 35 2 18] CBF £7-15 22 5 i X 1) Sit 3 e 1) 2 1
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B 1-1SZ SERLOV 5IELIWr B3 2 H CBF FFEERRIMNIX
Fig. 1-1 Brain regions with significant CBF differences between SZ patients with and

without AVHSs

The warm color represents increased CBF, and the cold color denotes decreased CBF. AG,

angular gyrus; MFG, middle frontal gyrus; PostCG, postcentral gyrus; SFG, superior
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frontal gyrus; SMA, supplementary motor area; SOG, superior occipital gyrus; SPG,

superior parietal gyrus.

R 1-3SZ SiEEHAN BELOW™EME (AHRS ¥4 5 CBF {EZ [RMIAHRMT
Table 1-3 Correlation analysis between CBF values and the severity of AHVs (AHRS
score) of SZ patients with AVHs

Regions r value P value
Right superior frontal gyrus -0.10 0.63
Right superior frontal gyrus 0.18 0.39
Right medial superior frontal gyrus -0.22 0.30
Left medial superior frontal gyrus -0.16 0.43
Left superior frontal gyrus 0.13 0.55
Right middle frontal gyrus -0.24 0.24
Left middle frontal gyrus 0.04 0.85
Left middle frontal gyrus 0.08 0.71
Right postcentral gyrus -0.19 0.36
Right postcentral gyrus -0.21 0.31
Left postcentral gyrus 0.20 0.33
Left postcentral gyrus 0.13 0.52
Right supplementary motor area -0.18 0.39
# 1-4 ROC i FHEH

Table 1-4 Area under ROC curve

Regions Area 95% CI

AVHs < Non-AVHS
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Right superior frontal gyrus 0.87 0.77,0.97
Right superior frontal gyrus 0.81 0.69,0.93
Right medial superior frontal gyrus 0.87 0.77,0.97
Left medial superior frontal gyrus 0.84 0.73,0.95
Left superior frontal gyrus 0.81 0.70,0.93
Right middle frontal gyrus 0.84 0.74,0.95
Left middle frontal gyrus 0.88 0.78,0.97
Left middle frontal gyrus 0.80 0.68, 0.92
Right postcentral gyrus 0.83 0.72,0.95
Right postcentral gyrus 0.83 0.71,0.94
Left postcentral gyrus 0.84 0.73,0.95
Left postcentral gyrus 0.84 0.73,0.95
Right supplementary motor area 0.82 0.70,0.94
Cl, confidence interval.
LNON-AVHS HCs

1 Am :
y . :I. -1 ..|'-
5 .fE‘:g_!l'—

O, B

& 1-2 YR REE CBF ) Pearson AR 3RB 1) CBF EH4E

Fig. 1-2 The CBF connectivity matrix obtained by calculating Pearson’s correlation
between regional CBF across subjects

Numbers in AAL atlas on the left side refer to different brain regions with significant CBF
differences between SZ patients with and without AVHs. 3, Frontal _Sup_ L, left superior

frontal gyrus; 4, Frontal Sup_R, right superior frontal gyrus; 7, Frontal_ Mid L, left
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middle frontal gyrus; 8, Frontal Mid_R, right middle frontal gyrus; 20,
Supp_Motor_Area_R, right supplementary motor area; 23, Frontal_Sup_Medial_L, left
medial superior fontal gyrus; 24, Frontal_Sup_Medial_R, right medial superior fontal
gyrus; 57, Postcentral_L, left postcentral gyrus; 58, Postcentral R, right postcentral gyrus.

The color bar indicates the correlation coefficient value.

AVHs
\ o1 /07, ar N
@ Py % W= 7
i BOS T AN TN

#
2\
AP N\ U
T\ N

07
i

A AN
175 %N
,' N\
R A

& 1-3 |41 CBF %
Fig. 1-3 CBF connections of each group

The CBF networks showing connections with correlation coefficient value larger than 0.6
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or less than —0.6. Line color indicates the positive (red) or negative (blue) coefficient.

* 15 5B S5IELOT BEZE CBF FAEERMNX K BEEEN 2 &

Table 1-5 z values of significantly different connectivity with regions of different CBF

illl3

between AHVs and Non-AVHs patients

Connectivity z value P value
Left SFG-left orbital SFG 2.9376 0.0107
Left SFG-left medial SFG -3.2870 0.0036
Left SFG-left fusiform gyrus 2.8833 0.0125
Left SFG-right putamen —3.0013 0.0088
Left SFG-left MTG 2.8012 0.0158
Right SFG-right putamen —3.4944 0.0018
Left MFG-right MFG -3.6714 0.0009
Left MFG-left insula 2.8746 0.0128
Right MFG-left insula 3.5115 0.0017
Right SMA-left PreCG —3.6088 0.0012
Right SMA-right hippocampus —-3.0035 0.0088
Right SMA-left pallidum 3.2249 0.0044
Left medial SFG-right medial SFG 2.8878 0.0123
Left PostCG-left angular gyrus —2.8430 0.0140
Right PostCG-right 10G 3.7866 0.0006

I0G, inferior occipital gyrus; MFG, middle frontal gyrus; MTG, middle temporal gyrus; PreCG,
precentral gyrus; PostCG, postcentral gyrus; SFG, superior frontal gyrus; SMA, supplementary motor

area; SPG, superior parietal gyrus.

EAEERRE, SIELIIEEMLL, SZ FiBLIW BFFER A K ERK, &
RAHBUN RERRERIR, RRREHxT R (B 1-4). SRS, A SZ &3
ZHEE HCs W25 PN R AR o
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B 1-4 £RMERE
Fig. 1-4 Global network properties
The characteristic path length, clustering index, local efficiency, and global efficiency

decrease as the sparsity degree increases.

1.4 ¥+1ig

ARSI T, SIELIUr B A EL, FRAEE SZ FTE L)W &85 XU DLPFC A5l
FIFEAR/KFH) CBF, X 5HEHEFZM I FINFIRR 2 — 80— 3, AR5 H ) N
B B R S EOK 518 B AR R BRI AN RIE, SRR, BATIE R
CBF B&A T2 MANFTIE s X 53U g [, B4155 SiEMe Ghrissnx) B
Wi (hdugED B9 phsh, R4 ROC 23 Hr, CBF {HATHESEHIMT SZ & 1Bt
ZIWT Gy BRI R bR . BRI S3HTER] SZ F1EMELZIWT B CBF EEIIRe G .
DA BRI T A RE T4 a0 T S 1EMZT AR — 2R S EE R X (b
RIEFX) 5§ SZ FHEMLIERAR, RN BFEELIV ) CBF &)
T HCs 53EZ)Wr Z 8] i 7KF.

—LEH W I CL 4K ASL B B SZ % CBF ! Mo 130 B 1 TMS 2
AF SZ FiEPEZIWr i CBEPKTFF vk, fEASZI ., PAN R A TR A ]
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i [E] CBFE /K FPEMK, XHJ& Zhu 2. Scheef £5. Kinder Z57E SZ 3 A I 3 1)
s ST 9301 ™ A v [5] LAAR, Zhu 25 R B2 0 S CBF FRAEMT, X g A
SKIAE SZ FiRIEZIWr BEH 5 HCs LB AL . BRItz 4h, Wit s —Lk
AR —HRR I . ARSI I TR 8 CRI 8L 56200 A i
Il PR S T T RE 51 187 & s 9 — DT BRSO R B 41, RIS S5
J& pASL T AT HIT 72 S D% 4 ASL (pseudocontinuous ASL, pcASL) . H#E (ASL
FR13) His i, pcASL [{E Mt Csignal-to-noise ratio, SNR) Lt pASL B
i, T PASL U FH B AR bk v 2 i A R D ke B AR VA ARG AT HEVE
A%, IXTE B s A AR, AN, Zhu R0 Liv S B KPEACR ) SZ B
i T woaki CBF 3 i 1, (ER B IR B TR B HEAT 4.

FHAI A SIS B AL R, 5, WOAIAE SZ 5 1ML 5 WUl DLPFC 1
JZ ) CBF F#1 . PFC JLT- B BV A AN D A B 7>, o otk e ) 32 40 i 2 T 5
LB O B A HAd R X 1 2 e, DLPFC & PFC (B B Ry, T AE R TE IS
W A P SR A IR, e R A SZ S B MKW 4 rp ROk £ (1 fMIRI
BF st L4 % B DLPFC ThAE R & 5 Sl ML 2P 0 B8 wi i ik 2 2 40 30E
T DLPFC 5 SZ SR LI Z B SCHK . BRI Z Ak, TGl Al AL, PET
AL T 00 % o DX A 15 V00 R S ik T RE RO AR AL, R AE AR BIUIRZS T ELEEM &2 1)
BERI UG A . Horga 25— 150 PET B AL RN T b+ 2t R VR LA ™ B LW
) Sz 3, 78 PET M RN FIREC, B SRS TS T 2L Wr (75 35 038,
SR BN BEDG RS D555 RGN A AT AL I O 2 EOE . BT TTiE
RN SZ Z)Wr BFH A ATAZ 5 W v B 2 AN PR e o, PR A A% 5 AT B
JE RIS o

iz FC 434, Lawrie &K SZ #4718 ZAE 55 /o fil DLPFC 53 b/ [ali%E 42
WIS, %R SRR E S AR P, BERET, SZ FiBtELIr B
bb LI W £ % LE A ] DLPEC 5 Wernicke [X (934432 B B 38 92 %°1, g4k, Sommer %%
F1L 22 0 DLPFC 5% T [l (4.4 Broca [X )3 #2551 %8, S i ik €1 43 #7 , Kawaguchi
SEHAIE I SZ F B ELINT b A2 ) DLPFC £7 75 D AERRRS I, 5535 6 0/ 351 £ i 340
RIL—32, DLPFC B3 ik k) tDCS 5 TMS 7.

_43_



FoFEAFHEFHAI

PR FF, 32 S5 PR A 75 3K tDCS RS WA Sl 55 SZ 8 (M va P 25 1 4 0
LT R AR B T A0 () DLPFC., BAR T A MBI & X M1, 53 b —ANifgT Sz
T B rTMS. — 7T, @it FC 4, tDCS F1 rTMS #BE 3 5 A= I BT R & [X 5
DLPFC 2 [Jf{ide % 240, %5 —J57i, rTMS M3 SZ B E4)0T 8% 41l DLPFC
(RGN, IR R BNIX B3R SZ LIV A T RENLEIAR A T RS .
SN SZ Gy BT 2 F Al AE R P2 IR BER R IIEE R, Sl b s sl X
FI DLPEC™™, f£ CBF J7fi, ASCIIEI SZ & B MELINT B 4150 1 3 5 8 i M
&% (DLPFC) #&3hIRTS.

SRIG, HARLIWT B A LG, ARG SZ HiE LIV B Ak FiE s X CBF
BEAG . A M JC ST T RE BRI 5T LB TE KW B 5 38 4 ) Wi A A [X 35 8 kb 782
2 X3S (1 H AR RGBS 18, SRTTLE McGuire 28— TS U e Pl B R SZ
%)Wt B3 b I B XA BN HCs k5. 534k, Raij 553 SZ 5 1H M)W 85 X)W it
b & 15 AE S b 7838 B X (s S 550, (R, A SeAh ARz B X CBF K4 R Al
N T ERDIBESRIE T A2 5 McGuire S5 #12 H “the loss of the sense that the inner speech
is self-generated ” PV %.

5, EARREH TN A R BB RIGEET AT, SZ 5B PEL) W 55 XU Ti
/N AT R 2 R S , A% B S PANSS B PERERAN S B A 5P,
MARSLEG T, CBF ZK-FAEXU i o 5 [ R IR . #eE2, FANIRIII 5 A5
ST TIE, AR SZ FAEVELI W R SN R4S G X R AL T DI REAR AL . LA, MRI
[ A BRI 72 2 WO b g5 R AR B S SZ 35 1 MR LW 1™ 5 2 LA A ok e R B
W, BTSSR, EIRGERBEBN SZ F 1B MELIN E WU Hh ok [ D e S
PRAL THESE . RN LR L)W SR LIRS A 7T, Kthn 8581 —TUZE 25 #r
BUOHENT 1 SZ S5 B ELIT 55 WU e o [ 3 8 ) S I6 , 11 r o [ O 7 5 1 CBRiE)
HISER X 4, Rkt A N 2 5 F iR A

K B i, AT CBF &8 b 7 & e . 5 R A 22 2 i
IS AT BOLD #4051 FC AHLL, CBF 3N EAH NI A s = X, H
52 rCBF 75 . THEAA B SR, SRR R FHMERAKE. Rirakhe
L JRRRE, R SZ BFH TIELENN ) BE M 4 N A s kAT (5 Bk, HER HCs 4%
BT HhbE I BARD. FIRE, SZ FIBHELIN B M = AN R4 M 1 S 30 T EL)
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Wi 3. BONE IR, MATEE — MR, B RAEe, AT HCs RidELIWT &
HZARKT, $RoR T — B K 58 R4 Py TR A e T, I RN X
Z [6] CBF M4 M BRIt T L7 G 1t IR

IR, ALK AR WT RN, Ho, CBF1EY AHRS/PANSS [HIEAEIRN
TR, AR IR 5 LW R U DG MG DY R by, i S Z0WT PR E TGOS, AT
ROl 2] SZ WAL 2 5, Wt e RS b 1 S B LIUT, HLEE S S Re s e
BRI, ok, A HIRIT MISE S (B, AR, T AR
DAZS T T8 PG ORS 19 0 2540508 S T D e e sl o R b, AT B AR R
SZ FiBMELIV Y E M ANHI T, ERHARAREZ X HEE KNS
BN

BTME 2, ARSI, HAELWr BE ML, SZ FiBMELINT B# CBF S MiX
ALAEXN DLPFC (N E 1) S gl (Fil™ 4, AN RZ3IX (F
EGD. H4h, H CBF M4 BRI E M4 &R B SZ F 1B L)W A [F D) fig
TG A 38 AR 2 8
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TH = EEAMHNSEETEROTRRE
fi P 46380 4544 rich club AR AR

Long-Biao Cui, Yongbin Wei, Martijn P. van den Heuvel, RenéS. Kahn, Hong Yin

In preparation

N FH 284 b 5 Dl e b A ELZE e 1 i DX S B A 2, S — A — e R
EFVGER TiX—I %R . ABOEEHT DK i gl 2 4R AR ISR T
A B 1) I 2% S SRR, NI D BRI R 35 (R M Tk, A I, D) Refsfg nl
B A A2 X 288 125 JE A 3o PO S R 4 SR VS0 BT A AR RS IR N, R AR
JEE 10 I 24 155 o 22 28 B8 MO0 EE 110 i BILIBR RSl % o 11981 5 s e O 52 () o
[X, BJ hub %% a5, 7400 4% 1 5 27 b 45 O o 057 198 e 1 T S 1 G b 3 R
J3 rich club™®*, 7 TF 2334 rich club 34 70 il X 7] FA738 vH P 4% 5 B4 0O,

van den Heuvel &R IR 72 K30, SZ AFAES5 KM 4% rich club HZI52 41, FFPLEL
i h g sl 1320, X — BB rich club M5 SRR ELTTRES 5 SZ [ #EL A4 2%
W4, VBN SZ EERERII T IHMELIVT, TS5 I 2% SOHs I H B RER rich club HF
MEAEAFIRNIR T R, 4kSE8—% SZ FiEM2)Wr 8 CBF MILERM T2 5,
AR SEIGAE RGN SZ B3 S5 F 45 1) rich club 4147, rich club/feeder/local %1%,
BE— 20 oM S IR LT B AR B R 2 . TREIRHRIZ, AT RUNA
7T B TR B A s, fE R esciad, WRHE R KREIRITIH SZ
.

2.1 ¢

2.1.1 #R
AT ZE RS — B ER AR RIS R A St g2 5%
PR T B At EE . AL RE RLRITHE KB, 558K
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FEHrHE S, H 2011455 H % 2013 4F 9 A Ril 15 L1k SZ FintELIWr . 27
YE R SZ AR4IWT A | 48 44 HCs AN LSS . HARIANIRAE S HERR bR R 5280 —,
HAAZ N, 111, BRI D23 5 G RRFIE 0 4 3R W 2-1.
2.1.2 (B ®E

[FlsEgs—, HESH 1.1.2.

22 F&

2.2.1 EBRE

FIT AT SR 7 B 35 1E V8 3T I Bt TR BRI 1y 23 9% T1 AL 3D i1 %t iz H 3D
MPRAGE 411k 4kE, [Fsci—, BARS I 1.2.1. DTIAHEA#S U h: TR: 7000
ms; TE: 91 ms; #LEF: 256 mm <256 mm; FifF: 128 x128; 2Z/F: 3mm; JZ[alME:
omm: 2% 50: Jjll: 64: bf{H: 0/1000 simm?.
2.2.2 B@EPLE

JE S5 Mk B van den Heuvel i — 0BT 7e 'O e £ 15 04T . 1%k, R
FreeSurfer {4 Chttps:/surfer.nmr.mgh.harvard.edu/) ¥ 7% 5 7 E A R i X, HA
1% 68 MR ZEMX . JLUk, XF DTI Ba#EAT R i MR B84, IFdkAT B4t
2PN e
2.2.3 HREEHIMLE

W BRI LR ST H B G RIS NS, 2N a5 — A S,
JeiE— At 68 A EJRMNIX AL A 2% . B T M2k T NOS (number of
streamline) ZEXE AT INAL 45, 3k — B M ARSRIE AL E 1) streamline %522, Bl NOS
B3 LA A EE R I B R [X. Cregions of interest, ROIs) [{{AFH .
2.2.4 GEHEEARPDERER ST

RN b 2 T MR INAS W 2% o S5 R4 45 1) rich club ZH 235387 R F AL rich
club 47 NHEATIEA, HE— BB XL 1000 YRBEHLIN &S bR UELL rich club FR %L
@"norm(k). 7E—E I K EIEE N &"norm(k) KT 1 T HZ M 2% BF rich club 241,
Fiab, ARSEEGH rich club £U2¥ rich club K58 N k > 17 FR5ET R J2 ik X 9 2 i
B o MR 2 45 5504324 rich club X 59 rich club fixi X 1) 4038, M8 difid A
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rich club i [X 5 rich club fii[X 2 [&] [ rich club 3. rich club i [X 53 rich club i [X
2 a]1) feeder 342, 9F rich club Jixi X 53E rich club fixi X 2 ] f] local 4z
225 GIHESHT

% rich club &%k, rich club 3£4% . feeder 4% local AT IES 4 E # £ 5 (10000
U0, BB BSHZ BBAT 22 5, SRR bR T R W 73 A o Gevt 272 it
RIGFR . VN ZHEREAE A AREIATEIL, P<0.05 MW NZERBFSI

2.3 &R

2.3.1 NAESEKREFE
2 2-1 ME T RN D 2 5IGRIHE . (5 SZ JEZ)Wr i3 5 HCs 23 E R
PLAN, SZ FIEMEZIWE . FELIWr R E 5 HCs N RIS Z R LG %5 Lo

& 2-1 BN D2 51mREHE

Table 2-1 Demographical and clinical characteristics of subjets

Characteristic AVHs (n=15) Non-AVHs (n = 27) HCs (n =48)
Age (y) 24 +7 26 +6 26 +4
Gender (M/F) 817 15/12 22/26
Education level (y) 14 +2 13+2" 15 2
Duration of illness (mon) 10 +£12 12 +16 —
PANSS score
Total score 107 £15 92 +£18 —
Positive score 30 7 21 7 —
Negative score 26 +4 22 9 —
General score 51 %9 49 +9 —
AHRS score 26 +8 — —

Data are mean = standard deviation (SD). 'P < 0.05 versus HCs. PANSS, Positive and Negative

Syndrome Scale; AHRS, Auditory Hallucination Rating Scale.
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2.3.2 rich club 442

3 5 HCs (g5 M B B rich club ZH8U@ M, B 2-1 SR TR 4F
¥ @"norm(K) 12k (F:F NOS 35453, SZ B3tk HCs K7 JZ M4 1 rich club ZH47 81 &
BEA% (KM 6 F 14, 16 )22, P <0.05). #E—35KH HCs 4143 #7ii 4 rich club
sGRE AN k>17) KIL, rich club X G XU AT #_E Bl W ERL Bt &
PAMIE (B 2-2).

Normalized @%

P S s S20 - SRS

Richclublevelk

& 2-1 4HF rich club HiZk

Fig. 2-1 Group-averaged rich club curve

As compared with HCs, SZ patients had a significantly decreased rich club organization
for the range of k = 6-14 and 16-22 (P < 0.05, 10000 permutations), reflecting
hypoconnectivity between central hubs of the brain structural network, e.g., rich club

regions. PAT, SZ patients; CON, HCs.

233 EEEE

B 2-2 JEoR T =RiER R, A4S rich club il X 5 rich club i X 2 [E]f) rich club
4% rich club fixi X 5 9E rich club fixi X 2 [H]f¥) feeder 4. 3 rich club i [X 53E rich
club fii[X Z T8 (] local 3. W& 2-3 Prow, EEEEE T, SZ B d R
rich club i%E4% C(rich club X 2 [ [1)3%E4:) % B2 local 4% (JE rich club il [X 2 [i]
(4 BREREAK (P <0.05), T feeder i%E4% (rich club fixi X 554 rich club fixi X 2 [7]
%) Tt (P <0.05).
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Rich club connection

Feeder connection

& 2-2 ZT HCs 2/ ZMEIRBH rich club i [X
Fig. 2-2 Rich club regions obtained based on cortical network of HCs

Local connection

sapou qnja yary .
Sapou qn|2 Yal-uoN .

PP

Confirming previous findings, rich club regions included bilateral precuneus, superior
frontal gyri, superior parietal gyri, insula and lateral occipital cortices (at a rich club level
of k > 17). 1/1°, left/right lateral occipital cortex; 2/2°, left/right precuneus; 3/3’, left/right

superior frontal gyrus; 4/4°, left/right superior parietal gyrus; 5/5°, left/right insula.

Connection density
Connection density

HCs sz ’ HCs [
Rich club Feeder

Connection density

Local

/& 3-3 Rich club/feeder/local EEHE
Fig. 3-3 Density of rich club/feeder/local connection
Examining the density of rich club, feeder and local connections between SZ patients and

HCs showed a significant reduction in rich club and local density in patients (P < 0.05,

_50_



FoFEAFHEFHAI

10000 permutations) but significant increase in feeder density (P < 0.05, 10000

permutations). *, P < 0.05.

2.3.4 SZ BIEMELIWTHERE R

& 2-5 @R T SZ FiEMELIN rich club AIZIIMISCEE R, Bk, SZ FiEMLIN
B AR KR B rich club HEURHE, JF H SZ FEMELIWr &3 5 HCs AHEL
Bz R M4 1 rich club HZUKFFEAR, 15 AEZI0r BFAH L rich club 412UK-FIF 0%
Sto HIK, 5 HCs ML, SZ FiETELINr 34 451 local HE# K& (P < 0.05),
1M rich club ZEFH AN feeder LI (P > 0.05). ik, SIEZJWr &z
FEL, SZ FiEMELIWT B S5 M RE local RS A (P < 0.05), i rich club
ERRE LS feeder IERH I LA (P >0.05).,

Normalized @
Connection density

e L T T U,

W vz w6 e 20 2 ’ HCs Non-AVHs AVHs
Rich club level k Rich club

—_—

Connection density
Connection density

HCs Non-AVHs AVHs ’ HCs Non-AVHs AVHs
Feeder Local

& 2-5 SZ FEMLIWT rich club HA REBETRE

Fig. 2-5 Rich club organization and connection density in SZ patients with AVHs

As compared with SZ patients without AVHs, AVHs patients had no significantly different
rich club organization and the density of rich club or feeder connection (P > 0.05, 10000
permutations), but the density of local connection showed a significant reduction (P < 0.05,

10000 permutations). CON, HCs. *, P < 0.05.
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2.4 ¥Hig

AR SEES ) E RIS SZ B I 25 KSR ORA75E rich club LA, H. rich club 21
YU HCs W BERAK, St LG P9 hub 5 B2 8 B KF BAIG, 17 SZ 5 B ML)
W &3 rich club HZUKF 5L B A LL IR B4Rk, ISR 4 1] rich club 2121
KV EkE, FEPEZIWrE Dy SZ ) 32 BOREIR H ARAATL H 5 HoAt AR L Wr 83 B W 2 X
e BE—BW TR, SAEZIWrEEALL, SZ FiG LI 3 rich club EHEZE
5 feeder I AL, 1 local K% FEFEAK, WK rich club X - 8] (%
B2 LK rich club i X 59 rich club 5 [X [6] SZ 5 & 1t 41 -5 B 42 A AH B, 3E rich
club i X Z [BI M 4% 5 SZ FiEMELIWr IR RFE NE Y

AR, AR I E B O 28R T SZ WALk, MKW 1E N SZ (%
PR AR AR AT TT B A H A KRB R 0 X B S 51 1 o BTG T SZ 45 kg B2 1 i
R R IFEA e 4 —FA, Hoh—ANF R SZ 5L IR R R R . Rk, K SZ
AT 35 TSR AR T 4 FRA oy — i LA I PR R SR BT et s %, S b, B9 R B, DT
B 72 ) FA B IS . RD B T /5 S I AE #2024 0 A 4 27 s T 1) 1) Rl 2 ot i
BRIl IR, BT R RS HE B T A AR IL T SZ R BRI AR R

TEAUR AT DT HFFE B, ANOVA 2045 SR kKT, B K SZ SEIEZIW
JEZIWr o HCs v FA {EAFAE 2 7 1 oL 21 4 3= EAHE A0 0 N FE A0 I S5 iU et , 2k
—B BRI SZ FABMELIWT A AR LT B BA 2 FA BRI, AdEHH
WA LG s =41 RD (radial diffusivity) {57775 2 5 R DFIRAA. P2,
UM M3, H SZ FiBMELIWT A H0 R RD (B, (R ARZIWT B R IR TR K
M; w5, K FA K5 RD KIEBR, KILSZ FiBMELIWr B A MTEEN -5 N 2R
JE ) FAE RIS RD s, JE2IWr B WA T 38 5 HCs ],

FHI, AN SEEG 2 DA T 45 R i R A, I A BRI A AR e O 1 o
BT e BARLF4E R, T2 X ZE 7K PRSI SZ 5 w5 M2 W JE 38 G5 R N 245 (12 4K . 2498,
XL AR PR LG ATY SR A e 58 B R AT E R e B SR RN, . BART &, N ZE AT
59 O e P S R R L BRI B DL R e A A, X T A R S R B )2
ITHE S DhRe X BBl . 9 ANAT IR, ACSEES Th3RIUY) rich club kX,  BIXUN#2
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113 00w N 0 o AN o /0 1P g g AR Rl b it 4 2 SO A D VA B
THARU A 2 AR 25 QU ) 25 0 32 e 5 A 0 AR ) 2 SIS PR 13 J0 1 4 DR v B2 B2 6 KRR v
TARSEIG AR BUESE S0, 2 DA B ORORURE I 9 455 AR0U FRUBE B R BN AE B 1)
AR

AR RIS, AWTT IR A EERUE, B AT ROEEE 4 E0 A8 I e R 23 R 0
ToSEW o EAR AT B FUHRAR o 0 R o B RRAR Ak A T, (R it TR 4 A 4 A
AR A A 2 S I OO AR, 43 S AT A £ S N P 1 2 1P B4 i
2o ARSI AN AL BIVAATILAE P i D0 2% )48 UK R AW BUIRI 70 32, IX T R4
XA EN] rich club AHZ7 A — @ 5N BR300 3 30 (1) i 1K i) RTS8 I8 T Hts 4 1
RIS, BT A By A2 = LT T ] AL

B, ISR ZE Y rich club UK FoRUE, SIERMEZIWTEN SZ 1) 3 BRER
FAREIL 5 H A AEZIWr 2 W2 X, H B2 rich club i X 2 8] BL & rich club
I [X 59 rich club Jik X IR R SZ & TH L)W I 6 B AH BL520, SJE rich club fixi
X Z I B M2% Y SZ FIEMEZIWr iR R 4 %Y. 1T rich club 3422 44 pfiv P9 i
WIE T8, ARSI EE Rbdon SZ FiBTELIWT s A I8 TR IT 4574 58 B2 4, etk
el b, SZ FiEPELIUT B AE rich club il X 2 [ &z — P BIOR, % RS
SEREVE PR T BE S BUM N ANF R GE 2 1Al BEEE L.
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S = HEMASEETER AT LR
. ETLFRAEEM: BESREHL

Long-Biao Cui, Lin Liu, Fan Guo, Yun-Chun Chen, Gang Chen, Min Xi, Wei Qin, Jin-Bo

Sun, Chen Li, Yi-Bin Xi, Hua-Ning Wang, Hong Yin
Radiology, 2017; 283(3):810-8109.

SEVELIT AN R SZ e LB IR 2 — A, BEAR S5 MELIWT (AL T B A
4 B AN W) S DL 4R o 1 SR A i 5 56 i BB spzigy — py 2 ] SZ Bk
ZIWr BB WG 25 44 5 D Re 3N /1 AR AL, A, BRI Dl Re X 4 ey A2 4 A7) 75 42
ToREISZE T LA B . RSNs (B EEML) TRINZE RGN A RIS F %
fRIARIX , WFF045 H RSNs BN AT AES: 5 SZ IR s B 2 FL o7, %6 228 FMRI AT 5T
5o SZ i DMND® M 108 g Hefly RONSIO 172 IR e hAh, SZ FHiEMEL
Wr 7] B 5 RSNs S AH DG (1) WIZRWr o f P B TE ah B i e, (2) Fifikb
ARG (g D ShRgMAHEAERI AL, LA (3) DMN MISEHshhEpargt,
WEHE B, BFENT L (W 2 25 B). DMN CAIIETE . 8/ 5007 B2
BRI AFESED). TS (DLPFC 5 M) B34 (hdkgrmE. $hgis
X 55 ULRETTN % (Broca [X 5 Wernicke [X) 7£ P f#) RSNs F1 A Z ki [X &)
B 0305 8 K kA AR R 0O TP £ R LT A BT AR EL

3t RSN f#1—F 7 il A2 Beckmann 255 (1) ICA Ot sy o3 i) 4. 1ICA
W B dls 3 AR IS [|) 5 22 (A oy, B TR 84S BOLD-FMRI Hdi i, ICA Al R BLEA
HI1LL BOLD 15 5 [0 F A X . 1CA 4 HH )& — dAT A2 7T L et T oA 5 1
2%, R TAG I SZ f % i B A 5T 55 4 T I RSNs AR (119, 170, 172, 173, 177-179]
HRI T DMN. Btz a4 AT M5 RIB M 1) 75 . i ICA, Escart %
WIEE 3 SZ 18k 75 15 KIWE £ i I 48 Y A A1 S5 30 1) 9 (Bl s sh 8 58 ) 3L,
Wolf 5iE 5 5 1 AH O I 28 (1Y) PN S5 2 25 L T e e SZ A8 22 it [ 4 5 M v <) Wt f ik

_54_



FoFEAFHEFHAI

B ARBITE SZ ML A 19 B BEAE FH PO AE 2 3 X A 18 T4 5397 HOR BUE 4
RS . it , 2 ONETRIRG & [X ¥ ik B IX, TMSPUalir tDCSM LR A s i [X 72
e A 52 e P PTG R PR 5 TR LW 7™ B o AR, ARk BT S Wt FT R B IR
5, IXLE RSNs 7E 15 K SZ & i MELIWT JBE AU RO R e | T,

AR ICA 7R RARGIRTT I SZ F B VL)W B A ka1 SZ AH G
RSNs [FE, 12 SN R #4 E R A 435 30 1) ALFEC®#3 122 RSNs 14 1 Ji B
Thie, N RSNs——HRpil & 51 TELI W A OG ) RSNs—— Rl RELEIZ 4L B3
Al

3.1 ¥

3.1.1 #ik

AHIF ST R 5 DY 22 e K5 — M B R B 25 I IR B0 A6 R 2 R ik ifE, e s 5%
BERAE T BHEAEFE. ik a 111 P RBRIEE KM SZ 3, 54, HiFR MRI
B ks KT 2.5 mm (BiR) M/EE 3.0° ey ) BIwkik. REAHIN 2% 51l s
TiE (A IR W3R 3-1.
3.1.2 fUWEE

[Flsgi—, BAAZN 1.1.2.

3.2 I3k

3.2.1 BBRE

Wk, BrA AR R I TE TG S R BE BUR AL R, miar ¥ T1 A 3D
fE Rz 1] 3D MPRAGE 741k %, RSkl —, AfAZ N 1.2.1. BOLD #EizH]
SPTH R %A% Cecho planar imaging, EP1) F415%4 (TR: 2000 ms; TE: 30 ms;
M. 902 HEF: 220 mm <220 mm; FEfE: 64 <64; JZ/E: 4mm: JZEEE: 0.6
mm; JZE: 33), XTFIIERHES T M. RE 240 TRIEG, HART 4 1EEG
F37.

3.2.2 HEmALHE

_55_



FoFEAFHEFHAI

XH FSL (Functional MR Imaging of the Brain or FMRIB, Software Library)
C www.fmrib.ox.ac.uk/fsl > MELODIC ( Multivariate Exploratory Linear Optimized
Decomposition into Independent Components) # {547 FidbBE, FL3% EPI B4 IE
CAEBrRiza T8, RN, sz 2w (6 mm FWHMD. KA 150 s iR
EEJEE (0.007 Hz)o SRAAH M 454915, 2 FLIRT (FMRIB’s Linear Image
Registration Tool) ¥ fMRIZECHE R FRtE MNI 2[R . RRAL R AL 3 ) D RE %
P4 236 AL, R AT il 4D B S
3.2.3 XUEIH

A& Filippini 25, ¥R/ #r7E FSL T A (www.fmrib.ox.ac.uk/fsl) k478,
AT RN BRI 0. 2%, SRAT ICA 43 fMRI EdE, ZERCRH 25 Aoy
SRFH 2 TR M 24 b R — 530 300 R A I 4 T 04 i HH BN A RSN (B 3-1). LK,
BUENA 532 F T R IR e I ) 31 ) 57 S EMRI B A R 2 1) 1. 2R )5, EUg
FHRHT FMRI EHE, SR MBS CIFTR] (R0 1R B 1) P ) R B Aty A e e 1)
Pl . WA ElEBEEAN) 4D X, ATIESHE #ika % (5000 70
(18ST) e v i 0 5 T BT A T/E 1 Gaussian/gamma._mixture A58 074 B K56 7K ik hy 2
FDR (false-discovery rate) #Z1E P < 0.05.
3.2.4 1RAHRNE BT

£ SPM8 FHTiALEE 2 JR K BREVEE S, SR XS IMRI Edla 1777 i@ I (0.01-0.08
Hz). *RH| Matlab #2417 ALFF 5340, fEASeae o, R4 RSNs fHT 1A 251
(M AREMEAR BN R FS)D ZRHOGHIR A MMEAR, IR R, BT
AR ) D2 505 B ARIE P07 2 IELL, DN ZIE R MR PO R,
FEAEREA RSNs 3115 0.01-0.08 Hz [°F34°F Uik . e, £ Z B EAT 2[R (6 mm
FWHM).
3.25 G4

FE ALFF 70t SREEFEA t A 50 LU S TR 2 S AEL)0r 8 E 2 (P <
0.05, FDR KZ1ED. Jy 5 krill fixi Th eI S48 5 0 tR ™ e 2 TR AR OG 1, 2 it B4
H B ) Pearson AHIC 4. 734h, ROC 7t H TP X SR F I B X 4> SZ &
LI 5AEZ)Wr B iz W RE 1. KR SPSS B (version 13.0) HEATAH KIS
ROC 73#fr, P < 0.05 CHHIKE 7 #r v 75 2 L B 1D I ZZ R N A Giit 5 X
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3.3 &HR

3.3.1 AN A5G RKHE
22 3-1 M TR D 2 5IGREE. SZ S1EMELIWr . JELINT % 5 HCs 1
Ry Al FIFBRZHEER EER LS FE L.

R 31AVHs BF (n=17). FFLOWEHF (n=15) BIK HCs (n=19) WAR%E
I PRAFAE
Table 3-1 Demographic and clinical characteristics of patients with AVHs (n = 17),

patients without AVHSs (n = 15), and HCs (n = 19)

Characteristics AVHs patients Non-AVHs patients HCs
Age (years) 21.24 £3.85 22.53 £4.07 23.79 £3.75
Sex (male/female) 10/7 8/7 10/9
Handness (right/left) 17/0 15/0 19/0
Education (years) 13.71 £1.93 13.40 £1.55 14,74 £2.26
Handedness (right/left) 17/0 15/0 19/0
Duration of illness (months) 6.51 +6.01 10.20 £18.15 —
PANSS Total Score 106.24 +13.94" 88.07 £26.19 —
PANSS Positive Score 31.12 +£7.13" 17.93 +£9.28 —
PANSS Negative Score 2553 £3.84 22.73 £10.70 —
PANSS General Psychopathology 49.59 +9.33 47.40 +£10.38 —
AHRS Score 26.12 £8. 43 — —

The three groups were matched for demographic characteristics. Data are mean =+standard deviation
(SD). "P < 0.05 versus Non-AVHs patients. PANSS, Positive and Negative Syndrome Scale; AHRS,

Auditory Hallucination Rating Scale.

3.3.2 RSNs
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PRI NAS RSNs 23 B2 gt DMNI®L, gt Mgt Eshmisk
CFAT R R TR R 25 07> 870 ([ 3-1)0 (1) WESE s Wrot f 2. Wi bR, J5 5
L BT R R ST S EESE; (2) DMN: FIALRZ . Bi/JE 0. TAMus. i
IR /N, PAR Fe i S A S5 I X 55 (3) SAAT R4S RINAR = B/ i
i S0 55 L AR R B AMUER, DA K b R B RTAUR JZ 1 XI5 (4) 18
ZNIL%: AT SN RIS B XA (5) A MVARIR LS A AL/ mp [B] 5 TR /N i
Sy (6) AT 4. e AT 1] B TH_E /N4

K
a
Y &

Executive network Motor network

X=6Y=6Z=26

Cc

& =
2 &
& . oe \
o 3 §
I,e'ft frontoparietal network Right frontoparietal network
' ‘X--44Y=-422=46 g X=44Y=-422Z=46

&

- E ™ F

& 3-1 #HKT RSNs

Fig. 3-1 The RSNs extracted

MELODIC ICA generated resting state networks from our data. Group mean (A) auditory,
(B) default mode, (C) executive, (D) motor, (E) left frontoparietal, (F) right frontoparietal

networks. DMN, default mode network.

I8 A T B R R 4% B BT iX L8 RSNs PN R 4H ) 22 5%, 22 3-2 #1 HE T B 41 RSNs
W ESmE, & 3-2 3] 3-7 JB/r 7 iXE RSNs &SR (L I X 35 (P < 0.05, FDR
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KIE). SZ FiRMEZIWr SARZIWr B AL, Wrog M 2s iy B E IR i SR CR
RSN 73 A B el A S B D 7 A W o B 5 0 & i (B 3-2). 5 ARLIWT
LB, AEFIETEZIWTH DMN BN AT =« BT e 30 B2z A ml S A T
BRI T e E SR (B 3-3). fEHATIZEN, SAEKUTEL, FiE LI
WL 2] (1375 2 G 5 (1 DR B O AT B =« RIRRR . Fetx. wEEk. A0,
(BTSRRI (B 3-4). 183) M4 5 8 TE LW 252l 3 55 10 5 X 9 XU #h 7 is
B, kG HIE X X g 2 e el sk S EEk (B 3-5). HiftEL)
Wfr f8 38 W€ 45 Broca [X -5 Wernicke [X A H A 2R (14 [F)AE % (X d 7t EEARZ W
BFEEFARCFRILES) (B 3-6 5 3-7).

& 3-2 BH4 RSNs W5 S5RE
Table 3-2 Signal Intensities within RSNs in Patient Groups

AVHs Patients Non-AVHs Patients
RSNs T P
(Mean =SD) (Mean =SD)

Increased
Auditory network 4.81 +0.67 4.06 +0.78 2.92 0.01
DMN 4.64 +0.92 3.36 +0.79 4.17  0.0002
Executive network 4.06 +1.41 3.15 +0.36 2.42 0.02
Motor network 4.04 +0.71 3.11 +0.77 3.56 0.001
Left FPN 5.32 +0.88 4.27 +0.87 341 0.002
Right FPN 3.26 +0.74 2.37 +0.68 3.54 0.001

Decreased
Auditory network 2.10 +0.69 3.10 +0.95 -342  0.002
DMN 0.85+2.10 3.16 +2.34 —2.94 0.01
Executive network 0.59 +1.82 1.83 £0.97 —2.36 0.03
Motor network 2.38 +0.99 3.15 +0.77 —2.45 0.02
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Left FPN 1.77 £1.29 3.21 +0.78 —3.75 0.001

Right FPN 1.79 +0.67 2.74 =0.55 —4.35  0.0001

SD, standard deviation; DMN, default mode network; FPN, frontoparietal network.

AVH vs Non-AVHs

Non-AVHs vs HCs

kit

AVH vs HCs

& 3-2 W SE M2 B H AT B R AL 2 7

Fig. 3-2 Dual regression analysis in the auditory network showing differences
between groups

Changes overlaid on template with coordinate planes in blue. Color encoding of increased
signal amplitude in hot color and decreased in cold. AC, auditory cortex; IFG, inferior
frontal gyrus; INS, insula; MTG, middle temporal gyrus; PreC, precuneus; SMG,

supramarginal gyrus; PCUN, precuneus.

Non-AVHs vs HCs

by 4

AVH vs HCs

] 3-3 DMN XX [B] 353 #T & 7= ) 4L TR 22 57

Fig. 3-3 Dual regression analysis in DMN showing differences between groups
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Changes overlaid on template with coordinate planes in blue. Color encoding of increased
signal amplitude in hot color and decreased in cold. ACG, anterior cingulate gyrus; ANG,
angular gyrus; IPG, inferior parietal gyrus; MFG, middle frontal gyrus; SFG, superior

frontal gyrus; SPG, superior parietal gyrus; PCG, posterior cingulate gyrus.

' AVH vs HCs
& 3-4 PATMIZE BT B KA E 7
Fig. 3-4 Dual regression analysis in the executive network showing differences
between groups
Changes overlaid on template with coordinate planes in blue. Color encoding of increased
signal amplitude in hot color and decreased in cold. CAU, caudate; IFG, inferior frontal
gyrus; MFG, middle frontal gyrus; SFG, superior frontal gyrus; PAL, pallidum; PUT,

putamen; THA, thalamus.

AVH vs Non-AVHs

Non-AVHs vs HCs

AVH vs HCs

B 3-5 234 B30 AT B K4 E 2 7
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Fig. 3-5 Dual regression analysis in the motor network showing differences between
groups

Changes overlaid on template with coordinate planes in blue. Color encoding of increased
signal amplitude in hot color and decreased in cold. PAL, pallidum; PreCG, precentral

gyrus; PUT, putamen; SMA, supplementary motor area; THA, thalamus.

‘;Z:

AVH vs Non-AVHs

LN Eﬁiiﬁ%&%

Non-AVHs vs HCs

& 3 i it
RN | 5] TN

AVH vs HCs

&l 3-6 22 (1A P 2% 3R [ 13 43 1 S s O 4 ) 22 5

Fig. 3-6 Dual regression analysis in the left frontoparietal network showing

differences between groups

Changes overlaid on template with coordinate planes in blue. Color encoding of increased

signal amplitude in hot color and decreased in cold. SMG, supramarginal gyrus.

AVH vs Non -AVHs

ﬁi%ﬁié&%

Non-AVHs vs HCs

ﬁﬁ%&é&%

AVH vs HCs

B 3-7 A AT ) 28 X 8] U5 23-Ar 8.7 O 4 ) 22 SRt

Fig. 3-7 Dual regression analysis in the right frontoparietal network showing
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differences between groups
Changes overlaid on template with coordinate planes in blue. Color encoding of increased

signal amplitude in hot color and decreased in cold.

3.3.3 fEIRIR

XA HT A RAEL,  FIETELIWT B HAELIVT B AL ALFF AR (LI i
XA Tt 2 % Elal. 8. 588, DLPFC. filal. #2RiM, LUK el (P <0.05,
FDR #Z1E).
3.3.4 HRMESHT

SRJ, 5 AHRS B SRR (ICA MM RSNs WIS SR 2
IR HI S R %, SZ FIEMELIWT B, AHRS B0 SIZ 544 A (115 5 55 52 IR A
% (r=0.67, P=0.003). [FK, AHRS #5504 (r=0.60, P=0.01) LKk
AT (r=-051, P=0.04) WIS HEE ZHIGHE.
3.3.5 ROC 4

Wi X4 CPEEHRER: 0.76 £0.08, 0.78 +£0.08). DMN (0.85 +0.07, 0.85
+0.08). PUTMIZ (0.79 £0.08, 0.76 £0.09). iZZKFI% (0.80 +0.08, 0.80 +0.08).
F AT N 4% (0.82 +0.07, 0.90 £0.06) ZEMIATT M4 (0.79 +0.08, 0.86 +0.07)
(Tt o 5 PR (5 S AR FE ) ROC 2R T THI A4 KT 0.75.

3.4 g

ARSI R ICA B T 8 R AREAIT I SZ F B VELINT B 1 RSNs #xK, bl
WAIE ICA 45 B4/ P48 K ALFF. AT 53R B2 AN 2% A 363 3 1 3R,
BIUTSE R4 . DMN. $ATRIZ . B34, LLERFITNS%, ALFF 42 MR
HORID) B2 TESE T IR &I, BATEMEERNIZ 5h WK 1015 5 R 5 5 E LT G
P AL R AF RIS . SZ B ELIVT BB S BRI G 5 Ak B A R 1)
SR FAR, Sy SZ B MELIVT IR A TR GBI A T AT O ERAR . LA, T
HhREI R ROC ik FHEAI AT 0.75, §o 7 RSNs [X 4 & B MEL)7 5 4E4007
B MM T, IR TR S 2 LI R, dr e s AR S Sy Jardri
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SRR BT FE Ctrait-study) B, BI#ER SZ B 5 EMELIUT SRR (i 20 S0,
3R T A R TSR L T IR R S . FRATTAR4 SR R R LR A T
RN SZ F VR LT R () T RERERSHR AL T R KT BRI, S S
BB TR T IR SR MG T SR A £
3.4.1 Wy bt 48 L35 B3 5

N 5 9 2% 6 20 5 R VT )2, VAR T R 2 % 1 Bl A i,
— RANEH R EER R R M 5 SZ S EMLI KRB, Jardri %55 Kompus 251
LR R SZ FIEIELIT T 5 Y EE SR ST, R, ASL ¥ R
ESE T SZ SEHELINT B T )2 CBE ACEFFEE 8, fekscierh, STH& I
—BUR, RN B F BT R R A T R R NG B B . R
R, WIS R R S O S RIS S T B T SZ FETELIUT It B, AR SL
IR SZ VB PELIT FRIRR A 7 5 90 2% V5 3l 484 3

LA, LIWFFE SZ rfris g B RO, P B XU T 5 e 2 1 s i 1 . SZ
S EPELT B F IS VT R E BRI ) FC Y B, 5 A7 SR i
AT 5 B O 5 2 0 BRI 5 2T 4 PA T ™Y PRI, T 454 %
5 FC B, EEBEOUNT 5 B2 2 BRI 0T 56388 i 5 15 SZ B KINT ()5 2
A B AL, BT RERIE S IGR, R A IO T RS A X AR
HOAREE, GUFER IR HIUTS R ST R T S [ A0
K2R I 45 ) 2 ] Fp e el g 109 73 137 2381 B ), TE 41 Allderson-Day 25458 IS RE,
SZ B4 WE FE I B b 6] 0 A 3 AL A, A S o 0 B E 0 R SRR B
1 ] Al ) 5 3 G T Ak G X 2 I A AR A
342 BEFASEBRRXENRE

—J5T, AT BIPAT R L5 (550 507 50 R4 1) B GE S 630, — %
M, 2GR R2E S Ere 08 80 p) o7 4 ks e 2 B I Z0T ol A
(U [51 5 26000 8 2 D ) FC 143819, %ot tDCS #iURk I SZ S1BMEZIWT % v, Wl
TR 25 X b5 7 AT 5 2 (6] ) FC W 88 BRI, L5 25 i A KO 77 2 1 i 55 A e 5.
G ARSI ICA G5 SIS FC 4450, SZ FiBMELKINT AT I PR T M 10355 3
BB, AL, (ERNERTI S, RS S RES . BT TIRE . TEEYEIL
SE A TTM AR (41 Obeso 2575 — R & &l b BT IR AR AL U0, prsh,
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R S e, R SZ FEVEXIWT e b R Bl T AR,
PR gl N ARHRIX — R B, ARSI I 4R KT I A Wb SR RS B R
KRB FALIR LM S I RE AR, ST S R B8 3 S PUT RIEHRT, A
a5 KPR LS SZ B EVELIWT R BRI BUE 1E AT I X

FAN, 1S AEYELIW B XU AR 4% 7, Broca X5 Wernicke [X & HA7 (]
[FIAG I X G s G sk . EATEE RN NS 5E S, &5 F1EMH KRN KR
FEERHE A, BREERNEA. SIEELWEE B HIRIR K 55 A g
AN 1B A AR S X AR B T IR T RE P, AT S8 SZ F B LI

O, BT S, N E I NI X T BERE RS AT R AE SZ H B4
T (R AR AL R T EEAER . WnARSEEG i f s, XAUUEZET . DLPFC 547 [Hl
I S S E5R . R FC 0T, Lawrie 28 & 25218 5 {451 20 il DLPFC 555
I A, 5 SZ SRt KT i B AP, e ERE T, 5
JELIWT BFAHLL, SZ FEPELIWT &5 ol DLPFC K It 5 Wernicke [X R 2 %
SR, AN, Sommer 5K I MAR T B (fRFEHIE Broca [X) 5 DLPFC 2 Ji] ()
EERREE 1, DLPFC LT & 45 M5 5 1E P~ E T fg . ML, BERTH 5 £
B4 DMN BT A, B9 5158 SM8iciz/ A g (self-referential) M2 4b
HAC. Fik, eI RN S EREmNX . &I Rotarska-Jagiela S5 B2 Hi
5 SZ FiEVEXIWT B RIS, R ICA, A RIETE 1 SZ FiBTELIWr S SR
bt HCs B 55 A A DA i A0 o B 2. 3R ok, tDCS # SZ B XN S A
fll DLPFC. ff[El. ARl 55 BT k& (X A b1 i) FCP, 5 i M 45 i — 5K
W2, ASEIGET R ILRIRTAT 5 DMN RSN G 58478 SZ F i AW 8 Wi 5 1
A2 X 5 25 L
3.4.3 {5 BB XILESI R F — i

TCAKAE SZ Hh (R REAE /& H i /Rs SE N, T4 A A N, I e A 19 38 5 1
oyt A1 B 2 B M T AE AR, AT AR S R L SZ S TR L T B ) A
PRBABRART). 1 A SRR B2 B SZ 75 B LIWT B PAT R 2 v 2 (0 e i S i 3 K F T
s I8 B EE HOUN FE SEE B KB . SN, —BERA SZ /) B
FL A A AT 0 B B 4t 1 B R, B T R - b B R R LS
ZIWr Z (B 95 &R . Chun 2RI Feii 2 EU% D2 2R KIA 5 T, T B2 B
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Yk 5 A G ) W 52 JE 3 S e e o, (RIS R JE T £
BLF 5t 2 s 5 0, Brek, R S B LT A e A B 2 A P 3 1
Hp g ) D B B G g OO0 1O R, JRATTMME, B I A A BEA S R AR
PUAT ) 2 T e Ji 250 20 00 S P RE S T e U A5 S el il AR R AL, (i
T SZ X4 NJRE IR .

AR, PRSI R EIRTT I E R B E BRG] T ASSLIG R AR R, IX T BRI
Gt S IRAE R P iR T S g . R W, $RER SZ FiBMLIr
L] oy 2L, IR AT AR F L L8 4 . TP H M2
DAL AT LAS w78 0] B2 A DL SR ) MR T SZ 35 15 X W (8 U AT
REME .

BTS2, AL RIOR T KREHBITH SZ FiBMLIr % 21 RSNs 1]
SR, AREUENG . DMN. BUTHZ . MK RATNNG . %RKIMER T
—IlE SZ FIRTEZIVT X DI REFRAG I 4 5, W AW (/2 5% ERD. &
B4 (Broca [X. Wernicke [X. &M 558#%) 4% (DLPFC. [l 5HHTH ).
RS BIEE CERf), AT FE ARV E NN . JE T X 5% RSNs 2 [Alff e fl, RSk
AT REN SZ FiBVELIWT SR HLE (2 RA T g, X SZ T IR A B E IR IR &

=
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RN HEHEAASREETEROTEIER
FE M &-Thhesk s B3RThEeE Sh R AT R

Long-Biao Cui, Kang Liu, Chen Li, Liu-Xian Wang, Fan Guo, Ping Tian, Yu-Jing Wu, Li

Guo, Wen-Ming Liu, Yi-Bin Xi, Hua-Ning Wang, Hong Yin
Schizophr Res, 2016; 173(1-2):13-22.

WAy SZ M2 W FE R ) f5 K S AE T A b B B AR S s P2 sz e
AR N Dy A — R AL 905 BREAR ¥ SZ Rl 43 g IR A 3 P4 W 2H A AT e %
AR 3 — P55 (1 57 R A AT BT B B S i LA™, (ERER AR Sk A b A7 SR o
T. FEMLNR SZ PR EERRERZ —, U 60%-90%6) 5 # M, L
e PR — A 2 Sl R T2 A 12005 12 W v v () — T A 2R L, e B SZ 5 M KO (e
22 FERATY SR AL KE A U B FE R R

7~ SZ FIEMELIV T J AR AL X T-V6 J7 1% — ™ B RS g B H
IGRE X HAT, FiEMtLIr 5B faa o, ALFE Bk IA W o0 B g 5 U
TG B R MEE0E RS 195199 (0 S7 FZEMELINT BRI AN SR AR WAL i R 7R
TR AAh, EEESELIRS SZ FUEIR 5 R AN R X 54 28 3% 32 7 A
B3 79.9097 i 3% ] fMRI BRI BRI A5 207 ik (bt b, SR TR SZ 5
TE XDV R AL R P AR 25 ARG K . X T D2 N X — B A PR
PEFRPRE R (P0G X 3 X 28 5 T A28 BIR . ARYE B TP B 2 k8L, SZ 5Bt
LI f 3 S i ) 25 L OO i 3 s e AR 18 105 197

bR T Skie—RH M CBF, 185 —FixDise I 4AEMxicY, BOLD-fMRI {55 A
I REE AT IRATVPAL R Rk Th e, o mT LU FE I 2% N 1) FC. 36 = 7E D RE ) 4% 7K~
JER T SZ FiE LI () 577 LA, XM AR A 15 LA Ry 0 i T e o508 A A U] 75 4%
BRI . R RTThRE —Fhi& R 2 ALFF (RARIE), &5 R A kM
EEIAR S, Pl B A s i o (SO b ReHo (AR
—3M), EARGE B D REMN X SR RAS IS, XA X P AR R A 2R LA ]
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B, SR BOLD {55 1) ReHo 237t mT LU T 2047 = B4 2835 3 o Sk EL
izl ALFF.ReHo B{ FC [¥] BOLD-fMRI Hf 75 145 5 8 78 SZ rf gl f g 1e% 97 172 178199
SR SZ W R Z R IR Iz I X NTE BN E, DAAIN X 48 A (SRR R AS ) 4518

B SZ 24k, 10 Alderson-Day 5 fi4iid, jdid FC (ThEEEED) /it &G ExE
VEHLBT ST 1 SZ S iEMELIWr A, 1 T ) B A5 (63 6770 92, 2000 b5 4 g A ST, 52, 20U\ R
Fo, T SZ FInELINr SR R 1 FC. — MR UL, SZ S thEZIWr KA
FC ALIRWr /G S AP, MBS BT, DURICIZIX 870 92, b T = s i oh g,
Chyzhyk 2524t 7 iz ] ALFF. ReHo 5 FC EfG1R5IY SZ SiEtE4IWr SAEL)Wr
)93 B8 1 (0 S REO. AR, AR LS ALFF 5 ReHo R FEshIl EE) 2
MR F SZ FiEVELIUT BFH MR Th R, CHEHEES B RIESN. FAh, AT
FWARRE SZ F LI E35 5 5 A T Re U i i [X 2 75 5 HoAth i X B 5
FC, 52, RIERERA T RMMThaErhE&GrE).

ASZHCR A FMRI B8 RE V6T 1 K SZ S BELIWT 5 AELI0T 5B 1R 45 M
KIhe, MM CREHERR G RN &R . 772 FokiE, T Lui ST 505k
D900, AR Sz % B M R BB KB i 535, B BIAE TI5E % ALFF 5 ReHo
[ DX 75 5 ARG X 2 [A] (1) FC 238 o 3 A% DU B AT : 55—, #adll ALFF 5 ReHo
CAEAHA SZ B MKW S5 ARL T B X P AR e AR L R 1 5 R [F ) SR i ThRe s i 56
M SRR T RERRAS X 75 5 H AN X 2 TR FC s =, R B B
SR TRE R 2 T SRR EAEAR S 280U, 47 ROC 23 AT Al X L8 5450 =4 1Y
LI PR .

4.1 o8

4.1.1 #ik

Flscde =, FARS W 3.1.1. AHEICH 20 DY 4 B R 22 50— B s = e 2 P i PR il B
EER A A, Pra S 5E R T FikniE F .
4.1.2 (R4

FlsLs—, ARSI 112,

_68_



FoFEAFHEFHAI

4.2 ik
4.2.1 EBRE

Fsse =, HAAS0 3.2.1. R4 240 EEG, HAPr 10 W\ B G £
4.2.2 BEMmALE

X F DPARSFA (Data Processing Assistant for Resting-State fMRI Advanced
Edition) V3.1 Chttp://rfmri.org/DPARSF) AT Wikt #1204, Xt T4k, fMRI
BB ek e (HEBRPR#E: #EFE> 2.5 mm AI/EUER> 3.09 , HRFEE] 3 mm %<3
mm <3 mm AR, EH 4 mm x4 mm x4 mm FWHM &5 k% 264725 (8] P38 . ALFF
TS FC 7 Hrdt AT 85118, 18 ReHo tHEAMECE . EEhARERIHF, HiEE
B9 5ERESE TR R,

4.2.3 ALFF 5 ReHo 75

AT R DA, 12 HIDPARSFARK Il #BOLD/E 5 [fJALFF-5ReH0” ™.,
ALFFS AT A B AT 7 3@ 8% (0.01-0.08 Hz) o #RJF, F/MAER [ ALFFRR LL 4 g 1
WA K ALFFE . ReHo M dm27 MAE . SRIULTALFF D H AR HEAL 2D 3%,
MR ReHoRR L4 XA AR Y -7 ) ReHofH .

4.2.4 FC 4391

12 F DPARSFA H 7 AR ZAR G VAR FC 0 TR Mk, ALFF 5 ReHo
BIei A i X, RS e FAERD 7 mUiR X o S MNIIE{EALFR . filfE42 6 mm
[f] ROI. ALFF 5 ReHo Z55H) MNI A8brdtAN e AfF,  thT ALFF BUR BN &8
PEZIWT AR RE 7, AT $% ALFF 25 R CEMl5erz: X=-27, Y=3, Z=0; Al
Fol: X=24, Y=12, Z=3) #{E ROIs. T4 ROI, THHFhT S5F0T 5S4
2 i AR 25 BRI 8] PP 51 2 TR R AH SR . e, Fisher z AR 4 T TR A OC R B #0h 2
(=R
4.2.5 GiitEA T

FETFR A REST V1.8 Chttp://restfmri.net/forum/REST V1.8) Mlrh, iz H g K]
E 7 Z 08 (one-way analysis of variance, ANOVA) Stx} t-#:%:4T ALFF. ReHo.
FC M EAE AR AT I LLEL, R Skt b Ae & . BIE BN P {EAK T 0.01CAlphaSim
®IE), R4 REST " Correction Threshold by AlphaSim #i3t cluster 15}y 19.
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AT A A T e S (ALFF, ReHo. FC fE) SR ™ HE % (AHRS &5 PANSS
FUP) Z IR BIAE M, 43 Al E AR s A R i i X 532 1Y) Pearson FHC R (2
H L4 Bonferroni ££1E). 7E SZ FiBMLIWr EE R, HAELIWr B H A HCs AL &
A AL BB T A S0 AT A2 SZ JAEZIWT A3, B HCs AL IR E FH T
RIS 534, ROC 43# H TIFAT X LR M B AEH X 73 SZ FiE ML) 59k
ZIWr 8 (FIEMELIWT SHELIWT (38 AR AE 22 7 (I Al D SZ 4E4)Wr #7455 HCs

CAEZIWr e 5 HCs Z MAFAE 2 F I & AED K2 IKBE /1. SR SPSS (version 13.0)
BT A SEPE S ROC 43 #7, BrainNet Viewer Chttp://www.nitrc.org/projects/bnv/) Matlab
TELA TR 4 AT AR P, P EAR T 0.05 AN 2 S AT it L

43 g8

4.3.1 ALFF

R A4-2 AL TR ALFF EAZ A1 X 8. ANOVA B il Fet% . Zeljs
A5 B2 L A A ] 5 A BT ALFF 22 53 BA Siit2p s X (B 4-1). §SZ
LI BF AR, SZ FIEVELIUT B SR A M Fe k% ALFF B RS, 5 HCs A LE
A 524% ALFF T, A H Y5 B ALFF BR%. b4, 5 HCs MHLL, 78 SZ JEZIWr
SR A AR T XU A P AN DX 8k ALFF 384 0 R S 00 -1 0 v 5 5% [ ) — AN X 45
ALFF [#1%.
4.3.2 ReHo

ANOVA B/ XU Fe% AT 8] A5 35 (=] HE 348 55 XU 45 - [5] ReHo 72 5+
HAES R (B 4-2), BEIERR SZ B4V B3 68 DLPFC 14 4
Hi[a] ReHo LLARKIWT 2% E H . 5 HCs AHEL, SZ FiEMELINT B3 WoR XU 55 4% 5
FEA A E] ) ReHo FHiss, 17 SZ L) WT B 1 B oR XU 72 4% (1) ReHo 3600, 56T
XS I E L A0S JeonAE3R 4-3 o X T ALFF 5 ReHo, FeAZ S A A7 AE XU
Y 5 AT AR SEEHE 20 B T R AT A

R 4-2 Wi ALFF 2L X,

Table 4-2 The regions where ALFF values were altered in the whole-brain analysis
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Peak MNI
coordinate Cluster Mean ALFF value (SD)
Location X Y Z P AVHs Non-AVHs HCs

ANOVA analysis
Right putamen 24 12 3 203 0.75(0.09) 0.87(0.16) 0.67 (0.09)
Left PCC -3 -45 12 24 1.43(0.26) 1.49(0.24) 2.10(0.49)
Left putamen -27 3 0 163 0.69 (0.08) 0.82(0.13) 0.65 (0.10)
Right MFG 36 30 30 20 0.10(0.21) 0.73(0.18) 0.71 (0.15)
Right 3 -63 63 23 2.14 (0.51) 2.41(0.36) 3.11 (0.54)
precuneus
AVHSs < Non-AVHSs
Left putamen -27 3 3 33 0.64 (0.07) 0.82(0.15)
AVHSs > HCs
Right putamen 15 9 -9 36 0.94 (0.13) 0.75(0.10)
AVHs < HCs
Right PoCG 45 -12 33 24 0.81 (0.14) 1.21 (0.30)
Non-AVHs > HCs
Right putamen 24 12 0 155 0.90 (0.17) 0.68 (0.09)
Left putamen -27 -3 -9 106 0.87 (0.14) 0.67 (0.11)
Non-AVHs < HCs
Right ParaHC 18 -27 -12 34 0.86 (0.12) 1.20(0.19)

MFG, middle frontal gyrus; ParaHC, parahippocampus; PCC, posterior cingulate cortex; PoCG,

postcentral gyrus; SD, standard deviation. "P < 0.01 (correction thresholds by AlphaSim).
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ANOVA analysis

Precuneus

Non-AVHs vs HCs
-27

B 4-1 SZ EiEMLIWEE. SZIELIWEHES HCs 2 8] ALFF fItkE (P < 0.01,

AlphaSim & 1E)
Fig. 4-1 Comparisons of ALFF among SZ patients with AVHs, SZ patients without

AVHSs, and HCs (P < 0.01, AlphaSim corrected)

As compared with the latter group, the red and blue areas indicate higher and lower ALFF
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in the former group, respectively. The slice location is marked in the upper-left. The color

bar on the right indicates the F values. ParaHC, parahippocampus; PCC, posterior

cingulate cortex; PoCG, postcentral gyrus; STG, superior temporal gyrus.

R 4-3 & ReHo {EZE40 I X 35,
Table 4-3 The regions where ReHo values were altered in the whole-brain analysis
Peak MNI
coordinate Cluster Mean ReHo value (SD)
Location X Y 4 size P AVHs Non-AVHSs HCs
ANOVA analysis
Right ITG 46 2 -39 29  1.00(0.15) 0.87(0.10)  0.77 (0.08)
Left putamen 15 12 0 86 ~  1.19(0.11) 1.25(0.14)  1.02(0.10)
Right OMFG 30 54 -12 20 ©  1.20(0.19) 1.22(0.16)  0.95(0.17)
Right putamen 18 12 -6 148 ©  1.19(0.10) 1.21(0.12)  0.99 (0.11)
Left MFG 30 51 9 73 1.15(0.10) 1.08(0.07)  0.93(0.10)
Left MFG 39 21 39 36 °  1.21(0.18) 0.98(0.18)  0.93(0.16)
Right MFG 36 36 21 22 °  122(0.13) 0.93(0.16)  0.97(0.17)
AVHs > Non-AVHSs
Right MFG 42 36 27 28 ©  1.29(0.13) 0.98(0.15)
AVHs > HCs
Right putamen 15 9 -9 36 ° 1.34(0.12) 1.08 (0.18)
Left putamen -15 12 0 27 © 1.31(0.13) 1.09 (0.11)
Left MFG 30 51 9 49 7 1.11(0.11) 0.87 (0.09)
Non-AVHs > HCs
Right putamen 18 15 -3 110 °© 1.21(0.12)  0.96 (0.11)
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*

Left putamen -27 0 0 59 1.26 (0.15) 1.02 (0.11)

ITG, inferior temporal gyrus; MFG, middle frontal gyrus; OMFG, orbital middle frontal gyrus. *P <

0.01 (correction thresholds by AlphaSim).

ANOVA analysis

AVHs vs Non-AVHs
27

MFG

AVHs vs HCs

E 4-2 SZ FSiEMLINrEE. SZ IELWTEE S HCs 218 ReHo IELE: (P < 0.01,
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AlphaSim & 1E)

Fig. 4-2 Comparisons of ReHo among SZ patients with AVHs, SZ patients without
AVHs, and HCs (P < 0.01, AlphaSim corrected)

As compared with the latter group, the red areas indicate higher ReHo in the former group.
The slice location is marked in the upper-left. The color bar on the right indicates the F
values. ITG, inferior temporal gyrus; MFG, middle frontal gyrus; OMFG, orbital middle

frontal gyrus.

433 FC

LA 5507 R A FC KA (&l 4-3 53 4-4). 1E SZ FittE4IWr &
Hh, 5 SZ ARK I B A LU 9 ) FC WA M 5e % 5 AR 9] L & 5] (DLPFC
L Broca [X) Z[il. 5 HCs i, 7E SZ & B L)W 38 KA FC LT 4 MI5e k%
5 (D XU/, (2) AEAREL (3D AL TREL (4 ZAMEETH. (5) XU
R RIZE], PAAEMSERZS (1D SN (2) AR EL (3) X g5
Bl (4) A JeRiEl 2 m,. tAh, 5 HCs MEL, SZ ARLIWT & b R 1 FC LT
A Ferz 5 AR L Al 8], AR ATz (O SN (2) XU
TEL (3) A gyrus rectuss (4) XA T [ElL (5) AfMEHH L (6) XU g5
Bl (7)) ZEfshsEzshx (8) Afrpdeniml, (9) Zifurbshss N2z Ja),

R 4-4 BEHEHEAMTREX FC FLTH%REXHZL

Table 4-4 Significant alterations of FC with the two identified seed regions in patients

Peak MNI coordinate

Seed area Area with altered FC P X Y Z Cluster size

AVHSs > Non-AVHs
Right putamen Left IFG, triangular part ) -36 33 0 23

Left MFG -42 45 0 30

AVHs < HCs
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Right putamen

Left putamen

Non-AVHs < HCs

Right putamen

Left putamen

Cerebellum (Cerebellum_8 L)
Cerebellum
(Cerebellum_4 5 L)
Cerebellum
(Cerebellum_4 5 R)

Right fusiform gyrus

Left IOG

Left precuneus

Left PoCG

Right PoCG

Cerebellum (Cerebellum_8_L)
Cerebellum (Cerebellum_8 R)
Cerebellum
(Cerebellum_4 5 R)

Right 10G

Right PoCG

Left PoCG

Right PrCG

Left PoCG

Left IFG, triangular part

Left MFG

Cerebellum
(Cerebellum_Crus2_R)

Right ITG

Cerebellum (Cerebellum_6_L)

Left ITG

21

27

24

-18

21

21

48

21

33

48

69

66

75

-12

63

27

36

66

26

709

38

19

38

105

23

115

73

1477

197

31

1624

21

19

147

46

33

23

64

89

20
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Right gyrus rectus

Left IFG, orbital part
Left MTG

Right PoCG

Right IFG, triangular part
Right PrCG

Left PoCG

Left IFG, opercular part
Left SMA

Right PreCG

Left PCL

*

57

60

57

18

-12

33

24

36

27

24

51

78

78

30

47

58

21

19

65

71

34

25

44

50

IPG, inferior parietal gyrus; ITG, inferior temporal gyrus; MFG, middle frontal gyrus; MTG, middle

temporal gyrus; PCL, paracentral lobule; PHG, parahippocampal gyrus; PreCG, precentral gyrus; PoCG,

postcentral gyrus; SFG, superior frontal gyrus; SMA, supplementary motor area; SMG, supramarginal

gyrus. P < 0.01 (correction thresholds by AlphaSim).

AVHs > Non-AVHs

K 4-3 SZ

Dy

g o

MFG

AVHs < HCs
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AlphaSim & 1E)

Fig. 4-3 Comparisons of FC among SZ patients with AVHs, SZ patients without
AVHs, and HCs (P < 0.01, AlphaSim corrected)

Ball locations represent the peak MNI coordinate of differences within clusters, and the

size indicates the cluster size. Upper panel, superior view; Lower panel, inferior view.

4.3.4 MRS

Allen 542253 AT B PR S 4% D00 B8 5 40 (10 ™ B4k (R R D o i 4T, PRIk A
SLITHRE T AHRS. PANSS 173 5 AR M EAE 2 (R A G . SR1T, SZ F1EIEZIWr
ALV R HIAT 97 (AHRS 5 PANSS FHYEERFA 73 ) 5 55450 818 2 1A %5
ToAH I . Hofth PANSS FA4 BIARGHE A i 25 S R T8 4-4. 7E SZ SiB LI B
dr, A A ) ReHo 5 PANSS — ks #i BEAR 73 (r = —0.598, P = 0.011). &
5> (r=-0.654, P =0.004) K. KREKRIER, 7£ SZ FIBEMLIW B 4 M5eix
5T Bl 2 18] ()RR E 5 PANSS BRPESERAR 73 ] WIEAHSG (r = 0.526, P =
0.030). £ SZ AEZJWr &, ZellFetx 5AMIAT T 2 8] KK FC 5 FHTEAEIR
— RS MR B2 (r=0528, P=0.043; r=0.606, P=0.017; r=0.576,
P=0.025).

r=-0588 - r=0826
P=0011 12 P=0.004 0.6- P=0.030
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M 4-4 SZ FEBRLAIW (EED 53 L% (FTHE) BEHENEMES PANSS gz
BB i

Fig. 4-4 Correlational analyses between the image measures and PANSS scores of SZ
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patients with AVHSs (upper panel) and without AVHSs (lower panel).

4.3.5 ROC 43#7

IJa, K ROC 43 #riF4r ALFF. ReHo. FC fIi2WiiifE. 3 3-5 4l X sy
BB X 5> SZ FiBMHELIV 5L B X4 SZ JELI0r &34 5 HCs 1) ROC i
A AR M ROC ik N KT 0.80.

% 4-5ROC B FEHH
Table 4-5 Area under ROC curve

95% confidence interval

Area under ROC Lower Upper

Imaging measures curve bound bound

Distinguishing SZ patients with AVHs from SZ patients without AVHs
ALFF
Left 0.85 0.71 0.98

putamen

ReHo

Right MFG 0.93 0.84 1.02

FC

Seed area Area with altered FC

Right Left IFG, triangular part 0.90 0.79 1.00
putamen

Left MFG 0.86 0.73 0.99

Distinguishing SZ patients without AVHs from HCs

ALFF
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Right
putamen
Left
putamen
Right

ParaHC

ReHo
Right
putamen
Left

putamen

FC
Seed area
Right

putamen

Left

putamen

Area with altered FC

Left IFG, triangular part

Left MFG

Cerebellum
(Cerebellum_Crus2_R)

Right ITG

Cerebellum (Cerebellum_6_L)
Left ITG

Right gyrus rectus

Left IFG, orbital part

Left MTG

Right PoCG

Right IFG, triangular part

0.91

0.88

0.93

0.94

0.91

0.91

0.86

0.88

0.92

0.89

0.88

0.86

0.88

0.82

0.84

0.84

0.81

0.77

0.83

0.86

0.79

0.80

0.73

0.76

0.81

0.78

0.76

0.74

0.75

0.67

0.69

0.70

1.00

1.00

1.03

1.02

1.02

1.01

0.99

0.99

1.02

1.00

1.01

0.98

1.00

0.97

1.00

0.98
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Right PrCG 0.87 0.74 0.99
Left PoCG 0.88 0.74 1.01
Left IFG, opercular part 0.86 0.73 0.99
Left SMA 0.82 0.66 0.98
Right PreCG 0.88 0.75 1.00
Left PCL 0.93 0.85 1.01

IPG, inferior parietal gyrus; ITG, inferior temporal gyrus; MFG, middle frontal gyrus; MTG, middle
temporal gyrus; PCL, paracentral lobule; PHG, parahippocampal gyrus; PreCG, precentral gyrus; PoCG,

postcentral gyrus; SFG, superior frontal gyrus; SMA, supplementary motor area; SMG, supramarginal

gyrus.

4.4 1ig

A S #9545 BOLD-FMRI HLE T REIGIT IH & SZ & LI 54107
BEI R S M4 IEE. %A RER, SZ SIEMELIN B /55 ALFF BT, 4
fUAH I ReHo Fhi, LLEAMFRLS AME . 5 F BEEEYR. #E,
SZ FIBMELIN AR S AT B R R RS, LU BT MBI, BhAh,
SZ FEMELINT BAR LT 5B B JE SO R -/IN I 90 25 14 £) 7 B2 s

TEJG S0 FC 437 e WU E R Pl 7 R B S DL R =4 (D) AR
B S iR El), I HIE SZ SBMELW B RIS AR, S
FERH S B R B R0 9%, (2) ARSI XU SR A% TR DI 3 = 4L R 2 6] ALFF &
ReHo 7Ef{I % 5, Tt ALFF 55 ReHo HIAs I A RINIX ; (3) MR ARSI R
WL, e TR & LI AR S DRI, AR SZ 5 W MELINT 515 5 b JE K X AH
FHHEHELT, BB E SZ FiBMELINT AT REM D, TR BB S A
AT

MAREI 2 SR, FERRSOIRIRI— 385, $5T 5 IS 5Kk SR IR
B S-SRV W I B R IR R PR B Sl . AT/ BE  IB RN S 2 Ay R F R
PR, AU 4 R W), SZ S EMELKIVT B TR SR IR B A B B A
WX Ay, FEW R SR . BATE, S0 BEM, SZ FiEEL
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Wr BB R I M 5e % ALFF BEAG. A MATH [a) ([0 DLPFC) ReHo Jhm, PAK
HMFER S MR, % FE (DLPFC 5 Broca [X) 2 [Hf#) FC . A&
ThEEMIfA R SkiE, 528 . DLPFC DA Broca [X DARG % 4k 22 8 SZ 5 iBEZI0r .
van Tol 507 7 M B, 45 RERGAELIWT BE ML, SZ X107 & i 5E %
IRIFARAL AR . A S BT R IR S35 5 1 46 T B B 5 AR A — Bt . — T
Jardri &5 ()3 TARAR I ZE 270 40N 7130 PET 5 fMRI A 5E, WIRA L SZ 38 il
EBTELINTIN ) B EE S, Hrh i A04E 42 0] Broca (X, A5iBY2, Hoffman 2]
(¥ FC B 5t 24 SZ F i MELIWT i 5 L) WT B LU 7 4% 5 2 il Broca X AE
P s FC BRI 5R, RUITCILAUEREM FIX, 5285 Broca X 2 [A]#4 #H HAE
Fo SUbREIRF, R 50 AR R B 5eA% 5 XU Wernicke [XAEF 1 sty FC 155,
RU5E% 515 5 I X I D Re PEAH BLAE F 53w R fe st SZ Hh it 5 1B PRI .

534h, ROC Mk T HIFASE T — 53 28 38 MBI PR 45 SR v A S RE P 45 SR I e 2
ROC 4k N AR R /R S Wiie /K P . fEAR SRR, ROC 3 HTilf i 2ese 4
ME (ALFF. ReHo 5 FC) X4y SZ FiBMELIWT 5 AELIWr B8 2 Wi (v A 1t
KT 0.80.

AR, BHRARA 2 AL R R AT RE RS B FMRI VAL BRI SZ b E 1R L]
W S T R Y, R AR . RIEBR PR B SZ fE
RGP 7 ARG, JEaRRIR T T M e ds b R, AR R AE L) % ] e
B 5 DT 1 TR A B S e g B e 7 TP, AR SZ h “a

failure to modulate the sensitivity of neurons responsible for passing sensory information

N2 p

of prediction errors up the visual cortical hierarchy ¢ F 4% 12 Tl &5 i 1 B i (5 2 2140
5 R B 2 ST U R RO M, SZ o i F B KT AT e B S T A
K0T X HE AP 4277 2K Rolland 26 7 SZ 05 1) % Bk s 1 3 b AR B i g FCTO,
EAFE RIS, SZ ZJP-Z)Wr B L Fp i £V i SR AR BB AZ 5 XU 76 A% AT i)
FC IRt os . & T I fo0E 5 AP B AR A EEAEH], MRS 15T
ZIWT A AR O o TRg BRR U, 93 9% B AE A 2 ) 2 OBl 1 o —— J = A 3 B v 2K
AN SR —— R BER V2 SZ SR SAKAE (140, ZJ58 5 ANV B A4 S 82 F) sk
i KRR ERRBEEYE SHAT = (DLPFC 5 Broca [X) IE#FEG. X
Ty SR 1 2 RS 432 B b W e 3 B 5e Ao AR B 18 5 0N CEIHEI S D ) DLPFC 5
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Broca [X ) il 20 4 A\ PR s 3 7 B BEORR P 1G T, DT S5 B0 = A1 i i ) R 7 A
By

bR 75 SZ FiEEZIr BEILA B FC AR, ARLIWT B Bon ek Sz A
TR BN X 2 8] ) FC kS . Fi4h, Al Fe 5 2 DLPFC 5 Broca [X 2 [a]f) FC
fE SZ FABMEZIWT g v i ok, (HAEELIWr S rhek S5 . JEZIW B IR R BoR th B 1B
LW £ R R BRI A A% 5 2 R R v LR, RIS EMLIES B (R
%) 774 (Broca [X) Hli#s (DLPFC. BEHTH ) X Z (B AH BAE &L, R
XS TR A SZ ARLINT R S TaX — R . ARy — Bl RS BN, SZ W R
J 30 I 5 X D52 42 2 L PO 2000, JH v g A AT T R B 2 Bk e R o B
0N, RO IX AR ], MR MR BIFFC, BT KR T SCHR S R R 4% () 485 4
EEPEE FC AN A SZ Jo L W 3 1A e PR -5 440 20 05 B 2 S5 R M 5 Ji AL 2 796
97,208, 2091 gk spigeh, B HCs MHEL, SZ FiEMELIWFERARLIWr i 1 BRI ek
A8 FC AR A1 Bos hVF 2 58k 5 AT -Ti: Ui 53i83)1X0) . 58k 550,
VA S Fe iz 5 /N Z 1811 FC 5 . 5 Tu FEIE R 45 R —3, SZ BE o th 2 X
{0350 A 5 0 - B i X 2 b oA R J2 B Y Y FC P, Oy SZ e -SUIR ki it
DIReRtG iRt Tikds . 534t MMEfgs M bz KR & 3Ry, —J7m,
RG22 o R J- R SR 1 - Fe i B J B e (A SV & AN Rl R T RE A X d8 3l (o
RTlEL SE N M FRIEFNXD . PUTEEE X HTE D, DA ABBIEIHLIX (Rl
U2 5 RE U 2D P, B—5T, 1RSSBS AR T R O &
LI SZ WA 4% PR S, JuIL i DMNT 90 119,168, 172, 1731 15 i 23 g 196 173 199
208. 2120 W T A AR SZ R B A B2 LAY I 45 A AR E S ROC 0T, AXER L
SZ BB TR Bz J2-SURAAR - /I X 288 A0S R 5 o DR, % 18 B AR 2 5 5
GRS, HEN B 2 -SUIRIR-/IN % 2 R v] R e SZ A B2 1) — DN B R

FRPTE, ZRH AN REARESE (ALFF 5 ReHo) S5RMZ5HH B
TEREE (FC) M I —— R 3R 8 A VA AT WA —— IR FUR AT B R SZ
BEPHFIEMNLINT . PRI ANREIRTT B K B RG] ARSI R AR, o
SEAR S REIE I R A, K S PR BT RO R B A0 A AR . A
S St N A A D) AL N NI § VRS 7 EP T DEZ N A PN b= 21 5 4 (1 N
IR T Re S B T AT LU SZ WA R RS PE, A Bl HE W A% A S B RE X
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SZ I FIBMELIUT T REAE A o BRIk, SRR 2 B 7L SZ MHZ I VE T e 2
A Bebt, Kl FC B KA 7 12 N 1E Ja i T e i 14 0 19X 2% 7K ST Ty e AH DS 1
R T HEPMIO B, Kok SZ FiE LI AR S I R AT ROZ IR R T A
S 5T A% A HARAE R X ) FC.o

WEFL T SRS B B — (R B 2 B AR . — S IX — R e 1 T
TOE AR “BEA LI 1 58 A S PR B ] P e 2 % e R 5 1B PR LT
Ik, FiETEZIWr 5 ARLIWr o L IF 0 SR Lt it B EANE M. Si4h, BARSZ F
LT 1Y) PANSS A3 5 Ja) 005 20 AR AN D) e A LV R Al A O¢, 2R AEkS
M T AHRS B0 5 5500 A8 2 8] 2 AR G

BN, ARSI 2 R R W 5 AR S RTB S 5 R D Re LSBT 8] R e R 5
Al SZ FEMELIVT i 9EEk. 5/ 5 DLPFC. Broca X [{ZhBEMEA HAEHLFX4 T SZ
FIEELIWT T Rk Ah, ARYEFTR I BRI AEARUESR, SRR ORI R T Re
BRI AT RE LT SZ FIEMELIWr sh R . 18 SZ B, fEIES 2R -
SUIRAA-/INI W0 2% 4 IR EERR IR 55, gk — B SR T HBIX T SZ Je e e fi it iy Wi Al
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SRR P T T LY
A R RARE: A AR

Baojuan Li, Long-Biao Cui, Yi-Bin Xi, Karl J. Friston, Fan Guo, Hua-Ning Wang,

Lin-Chuan Zhang, Yuan-Han Bai, Qing-Rong Tan, Hong Yin, Hongbing Lu (co-first
author)

Neurosci Bull, 2017; 33(3):281-291.

& SZ FENEZIUr B IN N S & AL MW LRIE IR KA L AN 4, (B2
AFEIRATRTWIRE 7 O SBIDL Rszih—. = =0 PUZEN I Th RS AL I R IR i 5
T 5 AR K XA R BB A R R e 5 SZ S AEPEZIWr VI . — I Jardri ZE
BT ARG ZE 20 AT R I T, SZ F B L) Wr S 1A) iz J= 5 ) 144 5i 1) o [X €045 72l Broca
X\ RHiEl A 5% El W E el S B e] L AU B 55 DA SOSAN i
%, EM T SR ML S SR MR, SR AR A1
W28 15— Pk B A5 () 75 /0 4F Broca [X i a1 382, X1 T tDCS 8% TMS 143
HURT SZ FETEZINT A, ASL A1 8 ps Ty i AS I 3806045 W 5 Jz J22 A1 Broca [X F) i
M X CBF BT 641,

THEENE, SZ FIBMLIWTIE P & RS K X 2 (A A A = . SR FC
grHr, Lawrie 55K 2] DLPFC 53t i )= 2 18] () FC [F] SZ & & 14 41 i) ™ s i
2K, 5 SZ Wr-L)vt BE AL, SETELIN B H RPN D S A K
Z ] FC 357, s A R3EFR, 5 AEKIWT 5k Ll £V B e (MW 52 52 J2 55 A Mt
I i At e FE TS PO INIA% FC g5 . 15 2 AT (X FC 5 0°%, Al 136 2 B XU 4]
% R b S P TR B R ] FC B R ARIA, SZ S B MKW [ AEL) YT S AR L
i, /5 AT 5 %) Wernicke [X 5 72 (%5 [l ——fu4% DLPFC——) FC B & 38 3%,
i, Rolland 58 &3 SZ FAEMEZ)Wr &35 W oR AR % 15 Hh i i1 2l % H (1) i X FC
1 2 39510, Tl Mondino 254 B tDCS V55 SZ i # & B LI 5 I T A 8
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B S H M X (20l DLPFC) ) FC RIS, i, St i Hiib g s o 2 il
HIAH AR PSR 3R AL 1 SCRr. B A 3 $R 1 5 A0 BIAH R B A0 B2 J2 22 ] 1) 45
P SR S 1Bt MY, SZ FiE ML 3 s & 2 ¥ (fractional
anisotropy, FA) F#%, FEBA7F A2 ) 5 AR A4 0 22 7 f) b g pfecle 47 214, 2890,
1117 HARACA A I —— 22 ) 5 IROR B o 58 B S i —— AR B I Y — R 2 25 0 i P i
O, SRR BT N X 2 e — AN R AR E B, K Broca [X . 1M b
YR IET DLPFC, X2 SZ FI ML i) B 2 5 J= X 35, Al DLPFC- /e i 1
SMPERIRS S SZ REABARKE® . FAh, AR L[] 5 e T S
(mean diffusivity) t15 SZ FiEPELWIAREY, I H 8 s T o 5 2 1
ERTE 27 24 P9 1) FA TP S o 58 SR B 4 R Wi it R 5 A0 38R PO AR o i [X 2 1)
FC ', 45 MIERE S Mt IR 1y X B bl 22 0 2 [A] R AH ELAE FH Bk B it 1 S
SZ KRB PO 1 2 4% ) S R, R LB A, 7 S N £
TR G B BT v, G e P ) b o) i S OO0 i A SZ v i 3h AR A
e (dynamic causal modeling, DCM) $27~: “a failure to modulate the sensitivity of

neurons responsible for passing sensory information of prediction errors up the visual
cortical hierarchy” M. BERE 5 A5 p I A ELAT VB AE A T B0, IR 30 VS
& T F LI WS 2, JoVE ) 99 RS B 28— R E AL B X
RAENEA A ——BVF P LA#RE SZ KA ZAEIR (Bdn, )58 . 1E4T Adams 551 81
(U8, 4 S7 EABELIUE AN TEA 1 55 ER i T A i E P (R AE R ED
) I i 5 SR AR BE R R Ccorollary discharge) 7] fE B 47 BEAR .

HIRATIEE T FC S MIERE MW TR 1870 5 SZ F Bk ZIWr AH < il
f2%, SEie—. =, =, WWMARMAEIE T SZ FiE LIV R P 2% 575, (HA=2&
XL 286 P (RS B i ANTE 2 . L2, EC CHRGER Mie LE—IMM&
BIeR I —BEER CHIAD 201, DCM AF /& B T D) RERH 22 s A8 & ik [X 7] EC [
HARP, DCM AL AT EFRAT T B ACAS [FIN X 18] R e 5, b RE AT — M X
B 73— X EE B A . ARG B E I DCM ¥ 3k H T8~ SZ Z)Wr H 3 5 i 4%
N (X G3E T Broca [X 5 Wernicke [X % F A {1 BRIK FIE WG XD ) EC A84kl®, 5
4Gt E I DCM ML, BEFL DCM (stochastic DCM, sDCM) g% Fl T HE i 5,
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K sDCM 57— SE i 20K 15 55 () 55 B A B 2 L LS 2252200 e — S5 ST AT
H1, sDCM /K SZ #3% M e 41177 J2 = 5 DMN Fi 8T A1) EC Jkgy, XL
SRS N B S8 i A5 R BT N R, SR DCM,  3RATTRT I F 72
RI SZ HF 5 DMN A i A U i AR AH R B EC 2038, $ifg B5-DLPFC- A I B 43t
R 55,

FEASZG T, K] sDCM H57 A JiRE 3T IMRI BB 3 2110 5 35 8 kL 0T
FHOCHIIT 5 FI1E 5 AL BN X 2 [A] /¥ EC, f04% DLPFC (A 5 15 4% R Jz (U
AR MY GEfZARED . i ((BEJEID. Broca X (FiBE/=42), M5 4F Hy
HR SZ B VELIT 5 B A B 22 LR . 18 5 DIAE (Broca [X) FLA i AR Bk 22,
MR LRI T, WA, RERRAAM, SRS SZ SIRMELIWIAHCH), ¥
K DLPFC. 5. i Wist 2. ik, Ml Sz &iB kL0 B B0 3t J 2 1
A ) EHG 58, I TILESR Z AN HWT 58 RI 2 T H AR R o A B

5.1 ##

5.1.1 #ik

IS8 =, HARS N 3.0.1. AHFIT 50 DU 2 B K2 58— it s = B 2P e PR R 36
B o tteitE, A S 5 B4R HE T B A .
5.1.2 fX B

[Flseie—, HAAZ N 1.1.2.

5.2 53k
5.2.1 BBRE

Flseie =, BAS 0 3.2.1. A EPI FHIZRE4 Sk it B S Th B4 .
5.2.2 FETALE

AL ER B MR B . ST, B oehc i MR B DI IE L3, Sk
SR R > 2.5 mm FI/ELEEE> 3.0 4R 5 B HE 1 B S bR AL 2] MNI 2314,
B2 H 8 mm FWHM = % o
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5.2.3 | N ERHEHA

FEERKT, IR AR AT IR 72 i B A 40 A5 2%, g kb e 1 SR P
M (general linear model, GLMD. GLM f#fik H TRAEZ R SMEs1 248, —
AR PRI, DR TZEE R
5.2.4 3#%&H ROIs

WRTHTR, Ko 45 5 T RE B AT A 8k A RIE# FL4 ROIs, 1
F5 W5 2 5 . DLPFC (£13% Frontal _Sup_L 5 Frontal Sup_Medial L). #5.
fixi LA & Broca [X (f33% Frontal_Inf_Tri_L 5 Frontal_Inf_Oper_L).>XH WFU PickAtlas

Tool F1 AAL FE 44 (Version 3.0.4, http://www.nitrc.org/projects/wfu pickatlas/) 12
A R X HVE— mask, $EEERAEA ROI I4E SRR (a7 51 . mask HIf7E 5
ROIs [¥H 8] /7 41 e o~ T B 5-1,

Auditory Cortex
2 T T T T T T T T T
0 WWW»MWMWW 1
_2 L Il 1 L 1 1 L L 1
0 50 100 150 200 250 300 350 400 450 500
time {seconds}

DLPFC
2 T T T T T T T T T
0 WMWMWW R
_2 1 1 1 1 1 1 1 Il 1
0 50 100 150 200 250 300 350 400 450 500
time {seconds}

Hippocampus

op mwj\'vq\-‘w-{‘w"\w‘\ wigflaanaf gy b Jp\.\—f\,.”\r W ‘" TN PP
1 Il 1 1 1 Il 1

1 1
0 50 100 150 200 250 300 350 400 450 500
time {seconds}

Thalamus

1 Il 1 1 1 1 1 Il 1
0 50 100 150 200 250 300 350 400 450 500
time {seconds}

Broca’s Area

1 1 1 1 | 1
200 250 300 350 400 450 500
time {seconds}

1 1
0 50 100 150

A 5-1 BEARAL B KIREE ROIs B 8] 751
Fig. 5-1 Locations of the masks and extracted ROIs time series
Yellow indicates the left thalamus; red indicates the left DLPFC; blue indicates the left

auditory cortex; violet indicates the left Broca’s area caudate; green indicates the left
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hippocampus. DLPFC, dorsolateral prefrontal cortex.

5.2.5 SDCM
X F sDCM W5t /M1 Broca [X . DLPFC. #§ 5. Fefi, LARWT 312 Z I8l EC.
AT AR B A TR AR, SRS L GBI e iz AP A TA) Le t AR R
W TR A THE N2 BN HEWT I Ge it & . B TR R %0 ROIs IR 1% 4%,
ERT S 2H 18] B AR F AR TR P AR .
5.2.6 GiHFSHT
ROC 73 #1 HI i AR M EAE X 4> SZ FiBTELIWr 5ARLIr B 2 b
B34k, Allen MOl SO SR I B 55 K0 5™ B AT HIDEHE T, O TR EC 15
LYo LA DG, THE B ELIUT B R 5 AHRS R4 2 [A]] Pearson
HRERE . B2 HILERIER PE/NT 0.05 MM AZRBASG I8 L.

53 &8

5.3.1EC

FEAKF B2 (R CRFEAR t R 46 P {H 0.05, £ H ELHZ Bonferroni &2 1E) 7R
T 5-2 5% 5-1. fEFIEMELWT BT, Uit )= DLPFC LA Broca X B 1 —
AR M L (B 5-2A). M S, AELIWr B kil 2] R 8 m s # (&
5-2B), Kk DLPFC 5 Broca X Z[a]. Writ /= 5 Broca [X 2 [H] (XA &%, 00

BB T W B 5 i 2 TA)  Wrn Bz J2 5 e i 8] A B R DA SRS 3] DLPFC
[ %R . HCs tH B R W3 J7 /2 55 Broca X 2 8], DLPFC 5 Broca [X 2 [8] 41
HiEx (B 5-2C).

#5-1SZ BF 5 HCs WERERE (H2)
Table 5-1 Strength (Hz) of Connections in SZ Patients and HCs

Connections AVHs patients Non-AVHs patients HCs

auditory cortex-DLPFC* -0.1161 —0.0946 —-0.0634
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auditory cortex-hippocampus” 0.0449" 0.2516 0.0664
auditory cortex-thalamus” 0.0658 -0.2112 —0.0203
auditory cortex-Broca’s area®”* 0.1334 0.2413 0.1628
DLPFC-auditory cortex® -0.2732 -0.0016 -0.1180
DLPFC-hippocampus® 0.1552 0.1698 0.2111
DLPFC-Broca’s area®” 0.3538 0.4347 0.3999
hippocampus-auditory cortex” 0.1378 0.3213 0.1288
hippocampus-DLPFC"* 0.0967 0.2849 0.1583
hippocampus-thalamus* 0.0130 0.1362 0.3128
thalamus-auditory cortex” 0.0446" -0.2738" -0.0322
Broca’s area-auditory cortex®"* 0.3543 0.3224 0.4199
Broca’s area-DLPFC*"* 0.2910 0.3505 0.4051

Significant effective connectivity at the group level (P < 0.05, Bonferroni corrected) of AVHs (%),

Non-AVHs (), and HCs (°). “P < 0.05 versus Non-AVHs patients (uncorrected); “P < 0.05 versus HCs

(uncorrected).

B

$

. ‘Hippocampus

Cortex C
.

Broca’s /—‘

=

Area ‘
Auditory r\‘Thalamus Auditory
’ Cortex . Thalamus
J L W
ippocampus iPpocampus

g
DLPFC /—“ DLPFC
Brocds

Area

-
4

& 5-2 SZ B 5 HCs ¥ ROIs Z A B#E K EC (HMNKP)
Fig. 5-2 Significant EC (at the group level) among ROIs in the SZ patients and HCs

Significant connections in the AVHs group (A), Non-AVHs group (B), and HCs (C).
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PFEAR t-4656 (P (N 0.05, LEHERKLIE) SR 5440 gAML, Sz

B ELIWT BB A e i 20T B2 2 ) EC 35 (] 5-3A). 5 HCs AL, M Fe i W7
R TR I HE R B E AR LT (A s (B 5-3B). Ji4bh, H B MELIUT i T

I 2 B T R S o
5.3.2 ROC 4

Frfioi-Wr 3 7 2 R 28 R IRIF N 0.79 (95% B (F X (7], 0.64-0.95), Wiz
- R M 2 R Ay 0.70 (95%E A5 X 8], 0.51-0.88), on B NE(E A&
X 73 Sz FiEtE LW HARZIWr B H)iz e /) (P <0.05, & 5-3C).
5.3.3 FRMEST

B S, X E W PELIWT ALAT £V T B R R P AR DG A AT 25 BRI, AHRS
TG 5 e i 31 i 2 J2 e 4 % W i 2 J 2 380 B i 4 oA G (B 5-3D 5 B, Tfii Broca
X W7 52 Bz J2 (200 i 5 AHRS B4y 2 IEH>E (B 5-3F).,

A B Cc
— ‘ DLPFC Brocdls ‘ DLPFC
Area \ Area \
Auditory \ Thalamus Auditory Thalamus 2o
Cortex Cortex =
2 : 3.
(o o 3
“Hippocampus “Hippocampus uditor tivity
rtical- nectivity|
:l 1.0
1-Specificity
D E F

0757 r=.025 0759 r=.028
P=0.2]

P=0.33
0.00 \ 0.004 \

10 15 20 25 3 35 40 10 15 20 25 30 35 40
AHRS score AHRS score AHRS score

& 5-3 SZ SR 5N BEZEBER EC (AHEKF). ROC 4T RAHR

it
Fig. 5-3 Significant EC (at the between group level) among ROIs between the SZ
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B
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Strength of connection
cortex)
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(81

Strength of connection
(thalamus-auditory cortex)

(auditory corte:

s
&
n
3

patients with and without AVHs, ROC analysis and correlation analysis
(A) Increased (red) and decreased (green) EC in the AVHs group as compared with

Non-AVHs group. (B) Decreased (green) EC in the Non-AVHs group as compared with
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HCs. (C) ROC analysis for distinguishing AVHs from Non-AVHs. (D-F) Correlations
between the AHRS score and strength of connection from the thalamus to the auditory
cortex, from the auditory cortex to the hippocampus, and from the Broca area to the

auditory cortex.

5.4 ¥Hig

iz fMRI 5 sDCM, £ R E7R SZ F G L)W 8 2 53K 38 HH EE B ii-Wr 5
B JE R i 5 W f J2 -1 S RS . AR, SZ BB EE S HCs 2
[ 22 S IR R gt 2 o HCs B Fefisi-Fir ot B 2 - S e nm FE A T SZ F a4
HAEZIWr B 6], e taiRan 1 5 W IR LIV B8 AR X RORE A B SRS TR 1 2 R
L, SHEEMLIT EEPEREEES HCs M. Aok, HEfEEAREEE K& 4]
W, R 9 9 Jardri 2R s a5 180,
5.4.1 SZ FE BB R EW-I7 35K B e

RIS RIER SZ B IEVEZ)Wr B8 R I HH AT HH 1B PR RS R 1 e i I e
APVES), FEW R EE. BARINE, SZ 5L B Fii-Wr i % = EC 3
R, PEANIETS AN R B W B 2 B A PR NIRRT I X — R 3 2 it ) 2
FARER A GBI DT A A AR IRAA 5 S 2810 i 3 B2 J22 18] R fik iy 246 R AE B DXORETRO A
PEMPZE R, RIREIR, SZ MR K Y B, 8 TKF, SZ ik
NEMAKEENRG, HPBAARSZERERGREREN. HERKFHRCE
R SZ FIBNELXINE £ % R HE R4 A ) FC R3O, £E SZ /N, Chun %
FA P20 F AR P22 T VRAIE S 1 o - Wi o B Jo SR A 356 fR i 5 X0 W AH G, Drd2 4R )
fibi-F Z RS A AR T SZ T MELIWT 10— g B A B LA, X S AR SEI (1 K
PN —E, ARSI R AEAR MR KB SZ 5 18 M L)W 3 M i 21 WT ot 157 J2 103
Berrwy o Frald SZ ARV B R e v Kz J2 B A, 5o B0 B = 1
e N1 2 G s, AmEz)Wrieik. Mk, SIELINEEMEL, SZ 5
B L W B Joik PR A i 2 W o J2 25 IR M A PEAE N o IR Lo 17X e i 21T i
I EAT RN RN, S35 TR S EELIW . 455 % RERM S IHRUESE,
T Jii-Wr o J2 J2 R PR A P e 2 SZ S B LIV m B AR B AL I R R
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5.4.2 TGS SHRHENT 5 SZ FEMQN

T SRR, RIS RS LTSS BN, 1T Fogelson iz
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5.4.4 SZ & WAIVr s 5 B2 2 - T EE R U 55

T W0 B 75 S 2 A IR SS , ARSI K SZ & EPEZIWT L ARLIWT
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Auditory perception <

Memory retrieval oo

== Hyperconnectivity ==== Hypoconnectivity

Bl 5-4 SZ B EMEKIUT AT BedL
Fig. 5-4 Proposed mechanism responsible for AVHs in SZ

Disrupted interactivation among the sensory information filtering (thalamus), auditory

perception (auditory cortex), and memory retrieval (hippocampus) might be involved in

AVHs in SZ. Thalamic-auditory cortical-hippocampal dysconnectivity may lead to

increased activation of the auditory cortex and false perceptual inference in the absence of

auditory stimuli.

7 AR AN 2 2 MR8 W 5 BB M, 2RI, AR — 24
REIRTT N SZ BH IR Z I, KB HE— DR H 1%L A & £ 5 8t 7T,
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Fig. 1 Proposed neural mechanism responsive for the AVHs in SZ patients
Dysfunctional interaction of brain regions involving auditory processing, language

producing and monitoring, sensory information filtering, and verbal memory retrieval
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predisposes SZ patients to false perceptual inference, i.e., AVHSs in the absence of external
auditory stimuli. We hypothesize that language-related memory retrieving helps to provide
the source of inner speech, and active speech imagery, initiation and production without
appropriate monitoring yield excessive inner speech, inducing overmuch auditory input
due to deficit information filtering. ACC, anterior cingulate cortex; DLPFC, dorsolateral

prefrontal cortex; SMA, supplementary motor area; superior occipital gyrus.
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Appendix 1: A spectral dynamic causal
modeling study iIn first-episode schizophrenia

Long-Biao Cui, Jian Liu, Liu-Xian Wang, Chen Li, Yi-Bin Xi, Fan Guo, Hua-Ning Wang,

Lin-Chuan Zhang, Wen-Ming Liu, Hong He, Ping Tian, Hongbing Lu, Hong Yin
Front Hum Neurosci, 2015; 9:589.

Understanding the neural basis of SZ is important for shedding light on the
neurobiological mechanisms underlying this mental disorder. Structural and functional
alterations in the anterior cingulate cortex (ACC), dorsolateral prefrontal cortex (DLPFC),
hippocampus, and medial prefrontal cortex (MPFC) have been implicated in the
neurobiology of SZ. However, the effective connectivity among them in SZ remains
unclear. The current study investigated how neuronal pathways involving these regions

were affected in first-episode SZ using functional magnetic resonance imaging (fMRI).

1.1 Subjects

The study sample consisted of 49 first-episode SZ patients from early intervention
services within the outpatient clinic and inpatient department at Xijing Hospital, and 50
healthy controls (HCs) recruited by advertisement from the local community (Table A1-1).
Please see 1.1.1 of the main text. All participants gave written informed consent approved

by the local Research Ethics Committee (Xijing Hospital, Fourth Military Medical
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University) after a complete description of this study.

1.2 Methods

1.2.1 Image acquisition

The fMRI images were acquired on a 3.0-T Siemens Magnetom Trio Tim scanner.
Please see 1.2.1 and 2.2.1 of the main text.

1.2.2 Data preprocessing

Please see 5.2.2 of the main text.

1.2.3 General linear model

Please see 5.2.3 of the main text.

1.2.4 Regions of interest

For each participant, symmetric eight regions of interest (ROIs) including bilateral
ACC, DLPFC, hippocampi, and MPFC were selected (Fig. Al-1). Please see 5.2.4 of the

main text.

Fig. Al-1 Locations of the masks
Red indicates DLPFC; vyellow indicates ACC; dark purple indicates MPFC; violet

indicates the hippocampus.

1.2.5 Spectral dynamic causal modeling
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Effective connectivity among the bilateral ACC, DLPFC, hippocampi, and MPFC
was investigated using spectral DCM as described elsewhere. In the absence of a
particular hypothesis or model space we used the fully connected model for an exploratory
analysis of all possible reduced models, without one or more connections: after the full
DCM for each participant was inverted, we employed a network discovery procedure
using Bayesian model reduction (BMR) to find the best model that explains the data. This
procedure tests every possible model nested within the fully connected model. The model
with the highest posterior probability is chosen as the winning model during this
procedure. This BMR procedure is an efficient way to score a large model space without
having to invert every reduced model. A fully connected model was constructed for each
subject. This model was then inverted using generalized filtering. The model selection
procedure was used to identify the model best explaining how the data are generated. Thus,
we used a network discovery scheme in order to identify the optimal model pooling over
all subjects. Model evidence of a fully connected model was used to approximate the
model evidence of all the possible models and search for the model with the largest
evidence. This network discovery-based model selection method can find the best model
in the whole model space only by estimating parameters of a fully connected model.

On the basis of spectral DCM analysis, the connection strength described the strength
of a coupling according to the rate at which neuronal responses were induced in the target
region (in other words connection strengths are effectively rate constants in 1/s, Hz). The
resulting (maximum a posteriori) estimates of connectivity were then treated as summary
statistics for classical random effects inference at the second (between subject) level using
appropriate t-tests. We reported (Bonferroni corrected) P values for all other connections
to demonstrate the specificity of the differences. Then, we characterized the differences
using Bayesian parameter averaging (BPA) for each group separately after network

discovery procedure. See the flowchart of our each step (Fig. A1-2).
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Fig. Al-2 Steps for data analysis
The resulting constant images were used for constraining the ROI extraction step in the

spDCM.

1.3 Results
1.3.1 Clinical data
The demographic and clinical data are shown in Table Al-1. No significant

difference was present between SZ patients and HCs on any demographic variables.

Table Al1-1 Demographic and clinical characteristics of first-episode SZ patients (n =

49) and HCs (n = 50)

Characteristics SZ Patients HCs Statistics P
Age (years) 26 +6 27 +4 t=157 0.12
Sex (male/female) 29/20 31/19 v*=0.08 0.77
Ethnicity Han (Chinese) Han (Chinese)

Handedness (right/left) 49/0 50/0

Duration of illness (months) 10 +14 —

PANSS Total Score 162 +27 —
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PANSS Positive Score 24 +8 —
PANSS Negative Score 24 7 —
PANSS General Psychopathology 49 +9 —

PANSS, Positive and Negative Syndrome Scale.

1.3.2 Network discovery-based model selection findings

Having inverted a fully connected model with full extrinsic connectivity, the log
model evidence for all reduced models (models with one or more missing connections)
was then assessed. Fig. Al1-3 shows the network discovery procedure compared the
evidence of all reduced models for each group and the results of post-hoc optimization.
The left panel is for SZ patients and right panel refers to HCs. The fully connected model
was the full model with the highest evidence. The procedure selected the fully connected
model as the best model with a posterior probability of almost 1. The fully connected
model had 49 parameters describing the extrinsic connections between nodes and the
intrinsic (self-connections) within nodes. This suggested that the fully connected model

was the best explanation for these data, indicating eligible and rational ROI selection.

log-posterior model posterior log-posterior model posterior
0 1 0 1
-200
2 08 > 0 08
-l 2 2 Z0s
8 -600 E 8 -1000 =
e £ 04 & S 04
g -0 = g =
1000 02 1500 02
-1200 0 -2000 0
0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300
model model model model
SZ patients HCs

Fig. A1-3 Results of the post-hoc optimization or network findings

The corresponding conditional parameter estimates were shown over the 49 (intrinsic and
extrinsic) connections. The profiles of model evidences are shown with the posterior
probability for each model. In both groups, the full model had a probability of almost 1
and a log-probability of almost 0. As shown in the figure, the model with the highest

evidence was the fully connected model based on the results of post-hoc optimization or
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network findings.

1.3.3 Effective connectivity
The BPA results of the effective connectivity are shown in Fig. Al-4. We set the
threshold to 0.9 Hz. SZ patients exerted decreased connections from the left hippocampus

to left DLPFC and from the left DLPFC to right MPFC.

BPA differences
1.2

0.9
0.6
0.3
0.0
-0.3

-0.6

-0.9

Posterior expectation (Hz)

Right ACC—Left DLPFC Left hippocampus—Left DLPFC

1.2

Left Right

Connections

Fig. Al-4 Significant effective connectivity (between the group level) among ROIs in
the SZ patients and HCs

The left panel shows the BPA of the differences for spectral DCM. The right panel shows
only those edges on the graph that survive the threshold of 0.9 Hz in the left panel, i.e., the

decreased (green) connections in SZ patients relative to HCs.

1.4 Conclusion

The present study characterized the abnormal effective connectivity in vivo in
first-episode  SZ by means of spDCM, revealing anterior cingulate
cortico/hippocampal-prefrontal hypoconnectivity. spDCM revealed abnormal effective
connectivity involving PFC and hippocampus in patients with first-episode SZ. This
suggests the SZ subjects fail to recruit these neural pathways. This study further provides a
link between SZ and dysconnection hypothesis, creating an ideal situation to associate
mechanisms behind SZ with aberrant connectivity among these cognition and

memory-related regions.
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Appendix 2: A stochastic dynamic causal
modeling study in unaffected first-degree
relatives of first-episode schizophrenia

Yi-Bin Xi, Chen Li, Long-Biao Cui, Jian Liu, Fan Guo, Liang Li, Ting-Ting Liu, Kang

Liu, Gang Chen, Min Xi, Hua-Ning Wang, Hong Yin (co-first author)
Front Hum Neurosci, 2016; 10:383.

Familial risk plays a significant role in the etiology of SZ. Many studies using
neuroimaging have demonstrated structural and functional alterations in relatives of SZ
patients, with significant results found in diverse brain regions involving the ACC, caudate,
DLPFC, and hippocampus. This study investigated whether unaffected relatives of first

episode SZ differ from HCs in effective connectivity measures among these regions.

2.1 Subjects

We assessed 50 HCs and 46 unaffected first-degree relatives of patients with first
episode SZ (age- and gender-matched to HCs) (Table A2-1). The DSM-IV-TR consensus
diagnoses were established by two trained senior clinical psychiatrists with all clinical data
and Structured Clinical Interviews for DSM Diagnoses interviews: inter-rater reliability
was higher than 90% among raters. Relatives of probands were free of Axis |
psychopathology and not taking psychoactive medications. Participants were recruited via
word of mouth and advertisements at the Fourth Military Medical University; all provided

written informed consent approved by the institutional review board of Xijing Hospital.

2.2 Methods

2.2.1 Data acquisition
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The resting state fMRI images were collected on the 3.0-T Siemens Magnetom Trio
Tim scanner. Please see 1.2.1 and 2.2.1 of the main text.

2.2.2 Data preprocessing

Please see 5.2.2 of the main text.

2.2.3 General linear model

Please see 5.2.3 of the main text.

2.2.4 Regions of interest

For each subject, we studied the effective connectivity among seven ROIs including
the left DLPFC (consists of Frontal_Sup_L and Frontal_Sup_Medial_L), and the bilateral
ACC (Cingulum_Ant L and Cingulum_Ant R), caudate nuclei (Caudate L and
Caudate_R), and hippocampi (Hippocampus_L and Hippocampus_R) (Fig. A2-1). Please

see 5.2.4 of the main text.

Fig. A2-1 Locations of the masks
Yellow indicates the left DLPFC; semitransparent red indicates the left ACC, and blue
indicates the right ACC; green indicates the left caudate, and violet indicates the right

caudate; cyan indicates the left hippocampus, and red indicates the right hippocampus.

2.2.5 Model specification and parameter estimation

In the current study, we aimed to search over all possible models generated from the
connections among the seven ROIs. In this case, we did not limit our analysis to simply
compareing a few competing hypothesis (models). In contrast, we used a data-driven

approach to search over all possible models. Specifically, a fully connected model (full
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model) with bidirectional connections between any pair of regions was constructed for
each subject (Fig. A2-2). Parameter estimates and model evidence of the full model was
obtained using generalized filtering which is a recently developed scheme for sDCM
model inversion and parameter estimation (Friston et al., 2010). After the full model was
inverted, we employed a network discovery procedure (Friston et al., 2011) to search for
the best reduced model which has the highest model evidence. A reduced model has the
same group of ROIs as the full model, but only a subgroup of the connections in the full
model (i.e., some of the connections are absent in the reduced model). The network
discovery scheme provides approximation of the model evidences of all the possible
reduced models without inverting every reduced model. The reduced models and the full
model are then scored according to their model evidence. Model which has the highest
model evidence was chosen as the winning model. Parameter estimates of the winning
model were also obtained using the network discovery scheme and used for group analysis

and making inferences on effective connectivity between brain regions.

DLPFC.L
ACC.L

ACC.R
Caudate.L
Caudate.R
Hippocampus.L

Hippocampus.R

Fig. A2-2 Fully connected model constructed
The lines with arrowheads between distinct ROIs refer to the connections in the left panel
for relatives of SZ patients and right panel for HCs. The color of each node is in line with

that of Fig. A2-1. ACC, anterior cingulate cortex; DLPFC, dorsolateral prefrontal cortex.

2.2.6 Group Analysis
On the basis of SDCM analysis, the strength of connection described the coupling

strength according to the rate at which neuronal responses were triggered in the target area
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(connection strengths are effectively rate constants in 1/s, Hz). To see whether these
differences could be estimated and detected reliably, we characterized the differences
using BPA. We used BPA for each group separately after network discovery procedure. We
can then go on to discuss the results based on largest two or three connection differences,
thereby being as a guiding principle to set the threshold (strength of connections measured

in Hz).

2.3 Results
2.3.1 Demographical characteristics
No significant differences were present between SZ patients’ first-degree relatives

and HCs on any demographic variables (Table A2-1).

Table A2-1 Demographical data of the participants

Variables First-degree relatives of SZ patients HCs Statistics P value
Age (y) 28 +5 27 +4 t=-0.35 0.73
Gender (M/F) 22124 31/19 v* =195 0.22
Ethnicity Han (Chinese) Han (Chinese) — —
Handedness (R/L) 46/0 50/0 — —
Education (y) 15 +1 15 +2 t=023 0.82
Smoking status (S/N) 11/35 18/32 =166 0.27

M, male; F, female; R, right; L, left; S, smoker; N, nonsmoker.

2.3.2 Network discovery-based model selection results

The evidence of all reduced models was compared by the network discovery
procedure for each group (Fig. A2-3). The left panel is for first-degree relatives of SZ
patients and right panel refers to HCs. The procedure selected the fully connected model
as the best model with a posterior probability of almost 1. The fully connected model had
49 parameters describing the extrinsic connections between nodes and the intrinsic

(self-connections) within nodes. In Fig. A2-3, the profiles of model evidences are shown
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with the posterior probability for each model. In both groups, the full model had a
log-probability of almost 0 and probability of 1. Therefore, they shared the identical

winning model.
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Fig. A2-3 Results of the post-hoc optimization
The corresponding conditional parameter estimates were shown over the 49 (extrinsic and
intrinsic) connections in relatives of SZ patients (A) and HCs (B). This figure suggested

that the fully connected model was the best explanation for the data.

2.3.3 Effectivity connectivity

BPA results of the effective connectivity can be seen in Fig. A2-4. When using BPA,
in the context of uncovering the group differences, as a guiding principle it would be best
to choose top two or three connections and then we set the threshold to 0.06 Hz. SZ
patients’ relatives exerted increased connection from the left ACC to right hippocampus,

but decreased connection from the right ACC to right hippocampus as compared to HCs.

>

BPA differences
0.10+
0.08 4
0.06
0.04 4
0.02
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*

0.00 4
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Fig. A2-4 Significant effective connectivity (between the group level) among ROIs in
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the first-degree relatives of SZ patients and HCs

A: BPA of the differences for SDCM shows only those edges on the graph that survive the
threshold of 0.06 Hz, i.e., the increased (Left ACC-right hippocampus) and decreased
(right ACC-right hippocampus) connections in relatives compared to HCs. B: Schematic
illustration showing connectivity patterns in first-degree relatives of SZ patients. “*”
indicates self-connection of the left caudate. The slice location (coordinate) is marked in

the upper-left.

2.4 Conlusion

Our findings show the pattern of effective connectivity among DLPFC, ACC,
hippocampus, and caudate in the familial high risk population of SZ patients, which may
be tied to a familial risk of SZ. Specifically, we found that increased effective connectivity
from the left ACC to right hippocampus and decreased effective connectivity from the
right ACC to right hippocampus in unaffected first-degree relatives of first episode SZ
patients. The anterior cingulate cortico-hippocampal dysconnectivity may therefore serve

as a potential sign of a general vulnerability to develop SZ.
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Appendix 3: Perfusion and its connectivity of
first-episode schizophrenia patients and their
unaffected first-degree relatives

Long-Biao Cui, Liu-Xian Wang, Ping Tian, Hua-Ning Wang, Min Cai, Fan Guo, Chen Li,

Yu-Jing Wu, Peng-Gang Qiao, Zi-Liang Xu, Lin Liu, Hong He, Wen-Jun Wu, Yi-Bin Xi,
Hong Yin
Submitted to Sci Rep

Neural substrates behind SZ and its heritability mediated by cerebral function are
largely unknown. Cerebral blood flow (CBF), as a biomarker of activation in the brain,
reflects the neuronal metabolism, and is promisingly used to detect brain alteration thereby
shedding light on the underpinnings of SZ and features of their relatives at high genetic
risk. SZ patients have exhibited increased or decreased CBF in different brain regions,
with hypoperfusion in the frontal lobes, anterior and medial cingulated gyri and the
parietal lobe, while increased perfusion in the cerebellum, brainstem and thalamus.
However, the results, especially the activated brain regions, are not all inclusive or
consistent. The aim of the current study was to detect the CBF alteration patterns in SZ

and their first-degree relatives.

3.1 Subjects

This study was approved by the local ethical committee, and all participants provided
written informed consent after complete description of the study. A total of
demographically matched 51 SZ patients, 33 unaffected first-degree relatives of these SZ

patients, and 53 HCs were included in the experiment (Table A3-1).
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3.2 Methods

3.3.1 Image acquisition

MRI data were collected on a 3.0 T Siemens Magnetom Trio Tim scanner using an
eight-channel phased array head coil (Siemens, Germany) between July 2013 and October
2015. Please see 1.1.1 of the main text.

3.3.2 CBF calculation

Please see 1.2.2 of the main text.

3.3.3 CBF connectivity analysis

Please see 1.2.3 of the main text.

3.3.4 Statistical analysis

Please see 1.2.4 of the main text.

3.3 Results

3.3.1 Demographic and clinical data

The demographic and clinical data are shown in Table A3-1. There were significant
differences in education years between SZ patients and unaffected relatives, SZ patients

and HCs. No other obvious differences were found.

Table A3-1 Demographical and clinical characteristics of three groups

Characteristics SZ patients Unaffective relatives HCs

Age (years) 26 +6 28 +5 27 4

Sex (male/female) 25/20 23/9 32/19
Ethnicity Han (Chinese)  Han (Chinese) Han (Chinese)
Education (years) 13 +2** 14 +2 15 +2
Handedness (right/left) 45/0 32/0 51/0

Smoking status (smoker/nonsmoker) 11/34 8/24 18/33

PANSS Total Score 24 x8 — —

PANSS Positive Score 23 7 — —
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PANSS Negative Score 49 +8 — —

PANSS General Psychopathology 161 28 — —

*P < 0.05 versus unaffected relatives; “P < 0.05 versus HCs.

3.3.2 Brain regions with significant differences in CBF

Whole brain CBF values of each subject were calculated before analysis. Differences
between SZ patients and HCs, SZ patients and unaffected relatives are displayed in Fig.
A3-1 and Table A3-2. ANOVA showed significant difference of CBF in the bilateral
middle/superior temporal gyri, precuneus, cuneus, superior occipital gyri and cingulate
gyri, and left medial superior frontal gyrus (P < 0.005, AlphaSim correction, cluster > 27).
Compared with HCs, SZ patients had higher CBF values in the left medial superior frontal
gyrus and right precuneus (P < 0.005, AlphaSim correction, cluster > 27). Analysis
between SZ patients and unaffected relatives demonstrated that SZ patients had obvious
decreased CBF values in the left middle temporal gyrus (P < 0.005, AlphaSim correction,
cluster > 27). In addition to the former analysis, we also compared CBF values between
unaffected relatives and HCs. Unaffected relatives demonstrated increased CBF values in
the bilateral middle temporal gyri and precuneus, left superior temporal gyrus and superior

occipital gyrus, and right cuneus (P < 0.005, AlphaSim correction, cluster > 27).

Table A3-2 Brain regions with significant differences in CBF

Regions Cluster size Peak F/T value Peak MNI coordinate
X Y VA
ANOVA
Left MTG 104 9.8593 -52 —54 2
Left MTG/STG 175 14.3602 —60 —40 6
Right MTG/STG 233 10.4084 62 -34 4
Left cuneus/precuneus/SOG 71 7.2865 -18 —64 24
Right cuneus 29 6.3264 14 —86 18

-138-



FoFEAFHEFHAI

Right precuneus/SOG 72 8.7688 24 —64 28
Right precuneus 64 7.9461 12 —66 50
Bilateral MCG 95 6.7861 2 —24 30
Left medial SFG 88 10.0719 —6 50 34
SZ > HCs

Left medial SFG 49 3.9741 -6 52 34
Right precuneus 37 3.7397 12 —66 52

SZ < Unaffected relatives

Left MTG 51 —4.2625 —64 —42 4

Unaffected relatives > HCs

Right STG 163 4.5259 66 -32 6
Right MTG 34 3.6221 54 —58 6
Left MTG 239 5.3947 -60 —42 6
Right precuneus 31 3.9009 8 —46 62
Left precuneus 37 3.8766 2 —66 26
Right cuneus 59 3.9966 22 —64 28
Left SOG 44 40131 -20 —64 24

MCG, middle cingulate gyrus; MTG, middle temporal gyrus; SFG, superior frontal gyrus; SOG,

superior occipital gyrus; STG, superior temporal gyrus.

3.3.3 Correlation analysis

Correlation analysis between image measures and PANSS total score showed that
CBF values in the left middle temporal gyrus manifested a significantly negative
correlation with PANSS total score (r = —0.371, P = 0.012).

3.3.4 CBF connectivity

By calculating Pearson’s correlation between regional CBF across subjects, we

-139-



FoFEAFHEFHAI

obtained three 90 %90 CBF connectivity matrices, exhibiting correlation coefficient value
for each group, as shown in Fig. A3-2. In each matrix, the green color stand for
non-correlation, and red and blue colors represent positive and negative trend of
correlation, respectively. All 90 components’ CBF connectivity of whole brain can be
observed from the matrix of each group. Similar pattern of CBF connectivity was detected
in SZ patients and their unaffected relatives.

In order to directly perceive the CBF correlation of each group, we used BrainNet
View to present the connectivity patterns with correlation coefficient value larger than 0.6
or less than —0.6, including the connectivity of all ninety modules of the whole brain (Fig.
A3-3). Then, z values of connections with significant difference between SZ patients and

their unaffected relatives are listed in Table A3-3.

+16mm

Fig. A3-1 Comparisons of CBF among three groups using ANOVA
The coordinate of each slice is marked in the upper-left. The color bar on the right

indicates the F values.
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Fig. A3-2 The CBF connectivity matrix obtained by calculating Pearson’s correlation

Fig. A3-3 The CBF networks showing connections with correlation coefficient value
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larger than 0.6 or less than —0.6

Line color indicates the positive (red) or negative (blue) coefficient.

Table A3-3 z values of significantly different connectivity with regions of different

CBF between SZ patients and their unaffected relatives

Connectivity z values P values
SZ > REL

Left MTG-right hippocampus 3.2682 0.0038
Left MTG-left auditory cortex 3.2902 0.0036
Left MTG-right auditory cortex 3.7759 0.0006
Left MTG-left STG 2.8149 0.0152
Left MTG-right STG 3.5689 0.0014
Left MTG-left MTG (temporal pole) 3.3776 0.0027
Left MTG-right ITG 3.6094 0.0012
SZ<REL

Left MTG-left lingual gyrus —3.1136 0.0063
Left MTG-left 10G -3.2017 0.0047
Left MTG-right IOG —2.9308 0.0109
Left MTG-right inferior parietal lobule -3.6329 0.0011
Left MTG-right SMG —2.9428 0.0105
Left MTG-left angular gyrus —5.3643 0.0000
Left MTG-right angular gyrus —2.9255 0.0111
Left MTG-right putamen —2.9335 0.0108
Left MTG-right pallidum —4.6493 0.0000
Left MTG-right thalamus —2.9342 0.0108

I0G, inferior occipital gyrus; ITG, inferior temporal gyrus; MTG, middle temporal gyrus; SMG,

supramarginal gyrus; STG, superior temporal gyrus.
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Notably, SZ patients and their unaffected relatives revealed disrupted pattern of
characteristic path length, and they also exhibited relatively small clustering index, and
low local efficiency and global efficiency in contrast to HCs (Fig. A3-4). Moreover,
unaffected relatives were with intermediate level between HCs and SZ patients for local
efficiency and global efficiency. Generally, both SZ patient group and their unaffected

relatives showed deficit communication within the network compared with HCs.
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Fig. A3-4 Global network properties as function of sparsity degree.
The characteristic path length, clustering index, local efficiency, and global efficiency
decrease as the sparsity degree increases. SZ, schizophrenia; REL, relatives; HCs, healthy

controls.

3.4 Conclusion

In summary, the present study reveals CBF change in first-episode, drug-nawe SZ
patients and their first-degree relatives, demonstrated CBF alterations pronounced in brain
regions within DMN and deficit CBF connectivity patterns, and further elucidated
association between CBF values with clinical symptoms. Our results may help exploring

pathogenesis underlying SZ itself and the heritability in liability of SZ.
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Appendix 4: Disease definition for
schizophrenia by functional connectivity using
radiomics strategy

Long-Biao Cui, Lin Liu, Hua-Ning Wang, Liu-Xian Wang, Fan Guo, Yi-Bin Xi,

Ting-Ting Liu, Chen Li, Ping Tian, Kang Liu, Wen-Jun Wu, Yi-Huan Chen, Wei Qin,
Hong Yin
Submitted to Schizophr Bull

SZ is considered as a severe psychiatric disorder with high clinical heterogeneity.
Specific biomarker reflecting its neurobiological substrates is required for diagnosis and
treatment selection of SZ. Fortunately, evidence from neuroimaging has implicated
disrupted functional connectivity in the pathophysiology. We aimed to develop and
validate a method of disease definition for SZ by resting-state functional connectivity
using radiomics strategy. In this study, on the basis of the dysconnectivity theory of SZ
and by means of radiomics approaches, we aimed to develop and validate a method of
disease definition for SZ by resting-state functional connectivity using radiomics strategy
in first-episode untreated patients, improving objective SZ individualized diagnosis using

quantitative and specific biomarker in clinical practice.

4.1 Subjects

This study was approved by the local Research Ethics Committee. All participants
gave written informed consent after a full description of the aims and design of the study.
Two samples of first-episode SZ patients were recruited in the Department of Psychiatry,
Xijing Hospital; one from May 2011 and Sep 2013 and another from April 2015 to
December 2016. The DSM-IV-TR and DSM-V were used for these two groups,
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respectively, and consensus diagnoses of SZ were made using all the available information.
In addition, two groups of HCs were recruited from the local community by advertisement
at the same period when SZ patients were recruited. A total of 108 SZ patients and 121
HCs participated in this study (Table A4-1).

Table A4-1 Demographical and Clinical Data of Participants

Data set 1 Data set 2

Characteristic Patients (n =52) HCs (n=66) Patients (n =56) HCs (n=55)
Age (y) 26 +6 29 £7 23 +6 32 +11
Gender (M/F) 31/21 33/33 30/26 26/29
Education level (y) 13 +2 15 42 11 +3 15+4
Scanner (T) 3.0 3.0 3.0 3.0
Duration of illness (mon) 11 +14 — 14 +20 —
PANSS score

Total score 97 17 — 85 +14 —

Positive score 24 +8 — 22 +5 —

Negative score 24 7 — 20 +6 —

General score 49 +9 — 43 +9 —

4.2 Methods

4.2.1 Image acquisition

High-resolution T1-weighted anatomical imaging and resting-state BOLD-fMRI
were obtained for both data sets. Two data sets were aquired on a Siemens 3.0 T
Magnetom Trio Tim MR scanner and GE Discovery MR750 3.0 T scanner in the
Department of Radiology, Xijing Hospital, respectively. Specific scanning parameters
varied by MRI scanner (Table A4-2).

4.2.2 Dara preprocessing

Functional image preprocessing was carried out using CONN software
(http://web.mit.edu/swg/software.htm). Briefly, after excluding the first 10 images to

-145-



FoFEAFHEFHAI

ensure the signal to reach equilibrium, functional images were corrected for head motion
and temporal differences. The subject was excluded if any translation or rotation
parameters in this subject’s data set were exceeded + 1 mm and/or + 1°. The corrected
functional images were firstly co-registered to each subject’s T1 images without reslicing.
Then, T1 images were normalized to the Montreal Neurological Institute (MNI) space,
which generated a transformed matrix from native space to MNI space. Functional images
were than transformed to the MNI space using this matrix and resampled at 2 <2 <2 mm>.
Outlier detection was performed on the normalized images. Finally, all images were
smoothed with a 6 mm FWHM Gaussian kernel.21 Then, we randomly selected 80% of
total subjects as training data set (total 183 subjects) and 20% as the validating data set

(total 46 subjects).

Table A4-2 Detailed Scanning Parameters

Siemens scanner GE scanner

Structural data  Functional data Structural data  Functional data
Repetition time (ms) 2530 2000 8.2 2000
Echo time (ms) 35 30 3.2 30
Flip angle (9 7 90 9 90
Field of view (mm?) 256 %256 220 <220 256 %256 240 %240
Matrix 256 <256 64 %64 256 <256 64 %64
Slice thickness (mm) 1 4 1 35
Section gap (mm) 0 0.6 0 0
Number of slices 192 33 196 45

4.2.3 Network constructed

AAL cortical and subcortical atlas was used to parcellate the whole brain into 90
non-cerebellar anatomical ROIs. For each subject, each ROI time series was extracted as
the average time series across all voxels within that region. To remove spurious sources of
variance, all of ROI time series were performed by the following steps: 1) linear
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detrending; 2) regressing out the six head motion parameters and their first-level
derivative, the averaged cerebrospinal fluid and white matter signals, and the scrubbing
signal from the time series; 3) 0.01-0.1Hz band-pass filtering. All of these were done by
using CONN software. Finally, Pearson correlation coefficients were calculated between
each pair of preprocessed ROI time series, and a temporal correlation matrix (N < N,
where N =90 is the number of ROI in AAL atlas) was obtained for each subject.

4.2.4 Feature selection

Original features were selected as those edges which the connectivity coefficient
were significantly differences using two sample t-tests (P < 0.05, uncorrected for multiple
comparisons). Considering the individual variation, leave-one out method was used to
insure the stability of selected edges. Briefly, 183 times two sample t-tests were performed.
Each time, one subject in order was excluded. Only those edges which had stably
significantly at each time were selected. In this step, 117 original features were included.

Least Absolute Shrinkage and Selection Operator (LASSO) method with 10-fold
crossing validation using mean of square error (MSE) as cost function was performed to
eliminate the multi-collinearity among 117 original features and shrink these features into
few more important features according to MSE + 1SE (standard error) Criteria. In this step,
32 features (LASSO features) were remained.

Support vector machine (SVM) method was used to estimate the status (SZ or not) of
each subject based on the features. The SVM procedures included t-test filtering to include
only reliably different features, linear kernel separation and soft margin separation. In our
research, 10-fold cross-validation which is widely used in machine learning approaches
and provides a good estimate of accuracy, was further used to estimate group classification
and prediction accuracies, and repeated for 1000 times. Accuracy, sensitivity, specificity
were computed to quantify the classification performance. The ROC curve is reported
using R version 3.2.3 (R Foundation for Statistical Computing). The area under the ROC
curve (AUC) represents the classification power of a classifier, and a larger AUC indicates
a better classification power.

The permutation test was applied to determine whether the accuracy obtained above
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were significantly higher than values expected by chance. Specifically, we permuted the
class labels (1: SZ patients, 0: HCs) across the entire sample 1000 times without
replacement, and the entire classification procedure was reapplied each time. The P value
for the accuracy was calculated by dividing the number of permutations that showed a
higher value than the actual value for the real sample by the total number of permutations.

4.2.5 Evaluation metrics

The Pearson correlation coefficients between real values and predicted values and
normalized MSE (NMSE) for prediction precision, and coefficient of determination (R?
and Bayesian Information Criterion (BIC) for model fitting were used as evaluating
indicators. Correlation coefficients measures the linear dependence between predicted
value and real value and is less affected by the distribution of the input, which had been
used in many study to evaluate the performance of the prediction model. NMSE measures
the difference between predicted value and real value. R? and BIC measure the extent of
model fitting and the extent of model simplification, respectively.

4.2.6 Validating the performance

Finally, the validating data set MR images were implemented to evaluate the
classifier performance. We repeated the above processing and computed the accuracy,

sensitivity, and specificity.

4.3 Results

4.3.1 Functional connectivity features building

Fig. A4-1 highlights all the 117 functional connectivity features with group
differences used from SZ patients and HCs for classification analysis (P < 0.05,
uncorrected for multiple comparisons). Here, for clear presentation, Fig. A4-1B and C
show connectivity differences between cortical and limbic areas, and cortical and
subcortical areas, respectively.

4.3.2 Feature selection

Of functional connectivity features, 117 features were reduced to 32 potential

predictors on the basis of 183 subjects in the training data set, and were those with
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nonzero coefficients in the LASSO logistic regression model (Fig. A4-2).

Fig. A4-1 Functional connectivity features building

(A) All (117 connections) of the functional connectivity features between SZ patients and
HCs using two-sample t-test (P < 0.05, uncorrected for multiple comparisons). (B)
Connections between cortical and limbic system areas. (C) Connections between cortical
and subcortical areas. (D) 3D structural displayed the nodes and connections of 117
features. Red line: connections between the same hemisphere, green line: connections

between the different hemisphere.

4.3.3 SVM analysis and classification

In the training data set, the SVM classifier accurately discriminated SZ patients from
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HCs on the basis of the ROC curve, with an accuracy of 87.09% (Fig. A4-3). The
specificity and sensitivity was 86.79% and 87.22%, respectively. The permutation tests
showed P < 0.001 for accuracy (Fig. A4-3). Thus, the prediction accuracy for SZ patients

had a significantly higher level than that of chance.

Cross-validated Deviance of lasso fit

Deviance

Coefficients

-20 -

-30

Lambda

Fig. A4-2 Feature selection using the least absolute shrinkage and selection operator
(LASSO) binary logistic regression model

In the upper panel, tuning parameter (lambda, A) selection in the LASSO model used
10-fold cross-validation via minimum criteria. Dotted vertical lines were drawn at the
optimal values by using the minimum criteria and the 1 standard error (SE) of the
minimum criteria (the 1SE criteria). In the lower panel, LASSO coefficient profiles of the

117 features. Vertical line was drawn at the value selected using 10-fold cross-validation,
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where optimal lambda resulted in 32 nonzero coefficients.
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Fig. A4-3 Classification results

In the left panel, ROC curve for the identification of SZ patients by functional
connectivity features. The x-axis is the false positive rate (FPR); the y-axis is the true
positive rate (TPR). In the right panel, the histogram is the permutation distribution of the

accuracy of functional connectivity features. The values obtained using the real labels are

indicated by the red box.

4.3.4 Diagnostic validation of functional connectivity features
The functional connectivity features was further confirmed in the validating data set.

In this cohort, the accuracy, specificity and sensitivity were 82.61%, 88.00% and 76.19%,

respectively.

4.4 Conclusion

In the current study, we explored whether functional connectivity biomarker define
SZ using radiomics strategy. Specifically, the accuracy was 87.09% for the purpose of
diagnosing SZ patients by applying functional connectivity features, with a validation in
the independent replication data set (accuracy = 82.61%). Evidence from the current study

points to the disease definition for SZ by functional connectivity features using radiomics
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strategy. Our findings are helpful to facilitate objective SZ individualized diagnosis using
quantitative and specific biomarker reflecting its neurobiological substrates in different

sites.
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Appendix 5: Dysconnectivity with anatomical
basis in the brain are associated with
post-TIPS hepatic myelopathy patients with
cirrhosis

Long-Biao Cui, Shuyao Ren, Yi-Bin Xi, Ling-Li Zeng, Gang Chen, Kang Liu, Tianlei Yu,

Chuangye He, Wengang Guo, Zhanxin Yin, Zhengyu Wang, Jing Niu, Bohan Luo, Dewen
Hu, Guohong Han, Hong Yin
Sumitted to J Hepatology

As a rare and likely overlooked complication in chronic liver disease patients with
portosystemic shunts, hepatic myelopathy (HM) is characterized by severe and mostly
irreversible neurologic symptoms and may be secondary to surgical procedures such as
transjugular intrahepatic portosystemic shunt (TIPS). HM patients, pronouncedly
presenting with a progressive symmetric spastic paraparesis of the lower limbs, are usually
resistant to medial therapy and ultimately wheelchair-bound with dramatically decreased
quality of life. However, routine examinations could not be useful for diagnosing HM,
because their results are usually normal or non-specific abnormal in patients with HM.
The diagnosis of HM, established on clinical grounds after excluding other possible causes
of spastic paraparesis, is a difficult clinical problem due to largely unknown
neuropathological underpinnings behind HM and a lack of specific biomarkers for this
devastating disorder. Cerebral functional magnetic resonance imaging (fMRI) that detects
slight alteration of the regional and network-level brain activity might be helpful in the
early diagnosis of HM, which promisingly helps to guide the treatments and improve the
outcome of patients with HM. We aimed to investigate: (1) whether motor system in the

brain of HM shows altered patterns of functional connectivity, (2) what the anatomical
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basis behind it is, and (3) the potential clinical significance of these alterations.

4.1 Subjects

After undergoing careful medical history taking, physical examination, and imaging
and laboratory examinations, 23 patients with HM and 23 matched patients without HM
after TIPS due to bleeding esophageal varices with a history of liver cirrhosis induced by
hepatitis B or C virus infection, as described in our previous studies, from the Xijing
Hospital of Digestive Diseases between November 2005 and March 2014 were enrolled in
the current study (Table A5-1). Diagnostic criteria of HM were as follows: (1) history of
decompensated hepatic cirrhosis and clinical manifestations, (2) formation of a
portosystemic stent after TIPS, (3) typical clinical features of myelopathy, especially
progressive spastic paraplegia of the lower limbs without obvious atrophy and shallow
sensory and sphincter dysfunction, (4) recurrent or transient HE, (5) liver dysfunction, and
(6) without spinal cord space-occupying mass, multiple sclerosis, amyotrophic lateral
sclerosis, human immunodeficiency virus (HIV) infection, syphilis, or hepatolenticular
degeneration. Twenty-four healthy controls, free from liver disease, were enrolled in the
current study. Each subject underwent a review of medical history, physical examination,
gastroendoscopy, abdominal computed tomography, and liver ultrasonography. The
following exclusion criteria applied to all groups: (1) history of psychiatric, neurologic or
systematic illness, (2) diagnosis of substance abuse in the prior 30 days or substance
dependence in the prior 6 months, (3) pregnancy and being during lactation, (4) MRI
contraindications, and (5) head motion > 3 mm and/or 2<during fMRI scan. The local

ethics committee approved this study, and all the participants provided written informed

consent.

Table A5-1 Demographic and clinical characteristics of participants
Items HM (n=23) Non-HM (n=23) HCs(n=24) Pvalue
Age, years 5149 45 +8 50 11 0.08
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Sex, male/female 21/2 21/2 20/4 0.61
Education, years 9+4 8 +4 10 +3 0.18
Handness, left/right 0/23 0/23 0/24 —

Liver function

Child-Pugh classification, A/B/C 4/16/3 10/10/3 — 0.14

Liver function scores 8 +2 7 %2 — 0.08
Hepatic encephalopathy stage, 0/1/2/3/4  5/6/8/2/2 0/9/12/2/0 — 0.06
Paraparesis (+/-) 23/0 0/23 0/24 —

Neurological examination

Limb muscle strength grading 3+1 540 540 —
Increased tone (+/-) 15/8 0/23 0/24 —
Hyperreflexia (+/-) 17/6 0/23 0/24 —
Babinski sign (+/-) 18/5 0/23 0/24 —
Ataxia (+/-) 2/21 0/23 0/24 —
Tremor 4/19 0/23 0/24 —
Paresthesias 2121 0/23 0/24 —
4.2 Methods

4.3.1 Image acquisition

MRI data were collected on a 3.0 T Siemens Magnetom Trio Tim scanner using an
eight-channel phased array head coil (Siemens, Germany) between July 2013 and October
2015. Please see 1.2.1 and 2.2.1 of the main text.

4.3.2 Data preprocessing and functional connectivity analysis

The five initial images were discarded. fMRI data were processed using the
procedures as described in detail previously with Statistical Parametric Mapping package
(SPM8, Wellcome Department of Cognitive  Neurology, London, UK;
http://www.fil.ion.uncl.ac.uk/spm) by the following steps: (1) slice timing correction; (2)
rigid body correction for head motion; (3) atlas registration with an EPI template in the

Montreal Neurological Institute (MNI) atlas space, resampling to 3-mm isotropic voxels
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and spatially smoothing using a Gaussian kernel of 6 mm full-width-at-half-maximum; (4)
normalization for global mean signal intensity across runs; (5) linear detrend and low-pass
temporal filtering of less than 0.08 Hz; and (6) regression of nuisance variables including
the six parameters obtained by rigid-body head-motion correction, global signal,
ventricular and white matter signals, and the first temporal derivatives of all of the above.
We included cortical and subcortical motor areas involving motor and motor control
as seed regions (Pool et al, Neuroimage). Coordinates of these regions from activation
likelihood estimation meta-analyses (M1: Hardwick et al., 2012; PMd: Witt et al., 2008;
SMA: Rehme et al., 2012; pre-SMA: Keuken et al., 2014; putamen: Hardwick et al., 2012)
were used for the resting-state analysis (Table A5-2). The time series of the respective
ROIs in each subject was subsequently represented by the averaged BOLD signals within
a sphere with a radius of 8-mm centered at the seed voxel MNI coordinate. For each
subject, Pearson’s correlation coefficients were then calculated between the time courses
of the seed reference and all other voxels in the brain. Finally, the Fisher r-to-z
transformation was used to convert correlation coefficients of the functional connectivity

maps to z-maps in order to produce approximately normally distributed data.

Table A5-2 MINI coordinates of seed regions

Seed regions Left Right

X Y Z X Y Z
M1 -38 =24 62 34 =22 62
PMd -16 —20 48 34 -8 52
SMA -8 0 54 8 0 54
Pre-SMA -8 18 46 8 12 58
Putamen —26 4 4 26 0 2

4.3.3 Gray matter and white matter volume analysis
The anatomical images were preprocessed using SPM8. First, the New Segment
procedure was performed to segment the T1-weighted MRI images into six partitions, i.e.,
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gray matter, white matter, cerebrospinal fluid and three other background partitions based
on a modified mixed model cluster analysis technique. Second, a template was generated
from the entire image dataset using the DARTEL procedure, and the resulting images were
spatially normalized into the MNI space using an affine spatial normalization. Third, the
gray matter images were spatially normalized to the relative template (1.5-mm isotropic
voxels) and smoothed with an 8 mm full-width-at-half-maximum isotropic Gaussian
kernel.

4.3.4 Statistical analysis

For the z-maps of each ROI, one-sample t-tests were performed for each subject
group (P < 0.001, uncorrected; cluster size > 10 voxels). An inhouse script was run to
create a mask from the one-sample t-test results of the three groups for each ROI.
Two-sample t-tests were performed on the z-maps between groups applying the masks
(voxel-wise P < 0.001 in conjunction with cluster-wise P < 0.05 to correct for multiple
comparisons based on Gaussian random field theory; cluster size > 10 voxels). In the gray
matter volume analysis, a threshold of P value less than 0.001 (uncorrected) with a cluster
threshold of 50 was used in SPM8.

Pearson correlation coefficients were separately computed in abnormal connectivity
with clinical data for each patient group. A Receiver Operating Characteristic (ROC)
analysis was performed to distinguish HM from Non-HM patients on the basis of the
strength of connectivity. SPSS 16.0 (IBM SPSS Statistics) was used for additional

statistical analysis. P value less than 0.05 was considered statistically significant.

4.3 Results

4.3.1 Functional connectivity

When comparing HM and Non-HM, we found weaker right SMA-seeded functional
connectivity with bilateral insula and thalamus, left cerebellum and middle temporal gyrus,
and right middle cingulate gyrus and midbrain in HM patients (Fig. A5-1 and Table A5-3).
There was also decreased functional connectivity between the right putamen and right

midbrain in HM patients as compared to Non-HM patients. Besides, both patients with
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and without HM showed extensive reduced functional connectivity in contrast to HCs

(Table A5-3).
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Fig. A5-1 The right SMA-seeded functional connectivity with differences between

HM and Non-HM patients (P < 0.001, cluster size > 10)

Color bar represents T values. The slice location is marked in the upper-left.

Table A5-3 The Right SMA- and putamen-seeded functional connectivity with

differences

ROIs Voxel  Peak MNI coordinate  Regions T value
X Y Z

Right SMA

HM vs Non-HM 15 -18 -51 —33 Left anterior cerebellum —3.8939
10 =45 -3 —24 Left MTG —4.1215
15 —42 -3 —6 Leftinsula —4.2732
10 18 =21 -9 Right midbrain —4.1973
58 -15 —24 0 Left thalamus —4.6777
25 9 =15 —3 Right thalamus —4.3490
39 42 -12 6 Rightinsula —6.4477
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HM vs HCs

Non-HM vs HCs

Right putamen
HM vs Non-HM

HM vs HCs

Non-HM vs HCs

11

13

94

13

137

18

13

11

87

15

20

72

11

20

18

12

11

92

42

18

70

22

15

20

25

106

57

=57

—30

48

45

18

—45

—60

51

42

27

12

-15

—21

12

33

12

—21

—18

-12

36

=27

15

9

18

21

27

39

45

69

-9

24

27

54

—33

—36

Right DCG

Left cerebellum

Left Rolandic operculum
Right IFG, opercular part
Lef t supramarginal gyrus
Left MFG

Right supramarginal gyrus
Right precentral gyrus
Right SMA

Right SFG

Left STG/MTG

Left postcentral gyrus
Right postcentral gyrus

Right MFG

Right midbrain
Left cerebellum
Left cerebellum
Right putamen
Right midbrain
Left thalamus
Left putamen
Right DCG

Left SMA

Right cerebellum
Right putamen/caudate

Right ACG

—4.1215

—3.9415

—4.8110

—4.2700

—4.9269

—3.8836

—4.1734

—3.7676

—4.3666

—3.9802

5.1860

—5.0284

—3.8452

—4.0030

—4.3512

—4.0733

—3.6807

—4.5885

—6.2571

—4.4904

—4.4413

—4.1959

—3.8033

—3.9308

—4.8129

—4.4294
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15 27 42 27 Right MFG —3.8541
29 45 6 45 Right precentral gyrus —4.8896
45 3 18 63 Right SMA —-3.9500

ACG, anterior cingulate gyrus; MCG, middle cingulate gyrus; IFG, inferior frontal gyrus; MFG, middle
frontal gyrus; MTG, middle temporal gyrus; SFG, superior frontal gyrus; STG, superior/middle

temporal gyrus

4.3.2 Gray matter and white matter volume

To search for the anatomical basis of altered functional connectivity, we compared
the gray matter and white matter volume between HM and Non-HM patients (Table A5-4).
Among these brain areas with decreased volume in HM patients relative to Non-HM
patients (P < 0.001, uncorrected), the right insula and left cerebellum just revealed

hypoconnectivity with the right SMA (Fig. A5-2). Moreover, the white matter volume

reduced in the right corona radiata beneath the seed region, right SMA (Fig. A5-3).
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Fig. A5-2 Altered functional connectivity with anatomical basis

HM patients showed significantly reduced right SMA-seeded connectivity with the left
cerebellum and right insula (left panel) and gray matter volume in the left cerebellum and
right insula (right panel) as compared to Non-HM patients. 'P < 0.001 (uncorrected)
between HM and Non-HM patients.
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Fig. A5-3 Altered white matter volume

HM patients showed significantly reduced volume of the white matter (arrow in the right

panel, as marked with a black frame in the left panel) under the right SMA (seed) as

compared to Non-HM patients. P < 0.001 (uncorrected) between HM and Non-HM

patients.

Table A5-4 Regions of gray matter and white matter volume with differences between

HM and Non-HM

Comparison Voxel Peak MNI coordinate Regions T value
X Y z

Gray matter

HM > Non-HM 76 -18 15 -39 Left fusiform gyrus 4.4900
98 24 -18 —34.5 Right hippocampus 45443
61 315 —405 -3 Right hippocampus 4.6167
131 -19.5 -63 15 Left calcarine/precuneus 4.5805

HM < Non-HM 50 -9 -102 135 Left lingual gyrus —3.6531
175 24 —96 -9 Right 10G —4.4440
217 -3 —45  —13.5 Left anterior cerebellum —4.3687
55 27 -855 135 RightlOG —-4.8018
173 42 —6 —4.5 Rightinsula —4.0485
57 405 -795 225 Right MOG —4.4440
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59
White matter
HM < Non-HM
463
58
82
73

30 -84 24 Right MOG —4.0862
135 18 37.5 Right ACR —4.6588
45 42 30 Right SMG —-3.7636
—435 —57 75 LeftPTR —3.9098
-105 -105 36 Left cingulum -3.8915

ACR, anterior corona radiata; 10G, inferior occipital gyrus; MOG, middle occipital gyrus; PTR,

posterior thalamic radiation; SMG, supramarginal gyrus.

4.3.3 Correlation and ROC analyses

The strength of right SMA-seeded functional connectivity was positively correlated

with folic acid level in HM patients (r = 0.59, P = 0.04) (Fig. A5-4). We also detected

clinical correlation trends with the strength of other connectivity (Table A5-5). In addition

to clinical correlation, the strength of right SMA-seeded functional connectivity also

showed the best diagnostic value of distinguishing HM patients from Non-HM patients

(area under curve: 0.90; 95%CI: 0.81, 1.00) (Fig. A5-4). The diagnostic performance of

other connectivity is listed in Table A5-6.
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Connection strength: 0.16

Sensitivity: 0.913 (21/23)

Specificity: 0.826 (19/23)

Positive predictive value: 0.840 (21/25)
Negative predictive value: 0.905 (19/21)
Accuracy: 0.870 (40/46)

e
o

T T T T
0.2 0.4 06 0.8

+Specificity

Fig. A5-4 The right SMA-seeded functional connectivity with the right insula

showing clinical significance

There was a positive correlation between the decreased strength of this connectivity the
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folic acid level in HM patients (left panel). Sensitivity, specificity and accuracy for

distinguishing HM from Non-HM patients were 0.913 (21/23), 0.826 (19/23) and 0.870

(40/46) when the cut-off value of strength of connectivity was set at 0.16 (right panel).

Table A5-5 Correlation of clinical data and strength of functional connectivity

Seed regions Regions connected Clinical data r P value
Right SMA Right insula Folic acid 0.59 0.04

Left anterior cerebellum Muscle strength -0.51 0.08
Right putamen Right midbrain Vitamin B12 0.54 0.07

Table A5-6 ROC analysis of connectivity for distinguishing HM from Non-HM

Seed regions Regions connected AUC 95%ClI P value

Right SMA Right insula 0.902 0.807, 0.997 0.000
Left insula 0.851 0.735, 0.967 0.000
Right thalamus 0.828 0.711, 0.945 0.000
Left thalamus 0.879 0.783,0.975 0.000
Left anterior cerebellum 0.819 0.685, 0.952 0.000
Left middle temporal gyrus 0.824 0.706, 0.943 0.000
Right middle cingulate gyrus 0.809 0.687,0.931 0.000
Right midbrain 0.837 0.725, 0.950 0.000

Right putamen Right midbrain 0.847 0.733, 0.960 0.001

AUC, area under curve; 95%CI, 95% confidential interval.

4.4 Conclusion

In conclusion, this study shows motor regions-seeded functional connectivity

differences and gray matter volume alterations supporting the abnormal connectivity

among HM and Non-HM patients after TIPS and HCs. Furthermore, our study also reveals
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the aberrant connectivity’s correlation with clinical and laboratory findings, as well as its
diagnostic value to discriminate HM from Non-HM patients. Its dysconnectivity with
other motor regions including the insula, thalamus, midbrain and anterior cerebellum
could be therefore considered to be implicated in dysfunctional movement monitoring, as

a descending and/or ascending neural pathway (Fig. A5-5).

SMA < Motor system
Brain

A »
| | S A
TIPS -—=— Spinal cord

HM (spastic paraparesis)

Fig. A5-5 Summary of findings involving SMA in patients with HM after TIPS

The SMA of HM patients showed decreased connectivity with the insula, thalamus,
midbrain, cerebellum, middle temporal gyrus, and middle cingulate gyrus. Our study
might shed light on the neural underpinnings behind HM after TIPS. The crosstalk
between the brain and spinal cord and the linkage between this neural regulation and the
onset of HM will deserve further investigation in the future to predict and prevent HM at

an early stage after TIPS, as well as improve the outcome of HM.

On the one hand, this might cause disability to modulate the performance in the case
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of motor errors, resulting in HM patients’ progressive myelopathy ranging from walking
difficulty to paraparesis in the end. On the other, the neurological status of HM patients is
likely to disrupt their brain activity, exhibiting imbalance among motor regions in relation
to movement monitoring. The crosstalk between the brain and spinal cord and the linkage
between this neural regulation and the onset of HM will deserve further investigation in
the future, particularly focusing on the brain and the cerebrospinal interaction, to predict

and prevent HM at an early stage after TIPS, as well as improve the outcome of HM.
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