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HLAR, — AN 16 T4 FB AR B 51) 43 ) 7 T N T B is
R, #iRK2, 39 5 Bk, L METEHE N 64 3
P B, TR RN PR A 2R TEAR T HEAR, 230l
10 3145, HAEM L AP 16 FHLEKR.

B 1 PAe B R A B2 AL, B
PRI ORI E  (a) B 1 (b) #i 2

Fig. 1. Electrode locations on the reconstructed brain
surface for two subjects with the black discs represent-
ing the micro-ECoG arrays: (a) Subject 1; (b) sub-
ject 2.

2.2 SLINEIT

KA BEAT B 0 B SR IR AT 55, BIAEA 4
UL T SENLBE R 48 75 P B B — 0 S0 .

% 18 [H Br ¥ #7 (International Phonetic Alphabet,
IPA), SCHEE T RIBCN I JTH (/ah/, Jee/)
FANAHE (/v/, [/, /d/, /], g/, /k/) H k12
AT, BARwR R, BT & R S R
REEW 3 WEH, Wi s S, Hhus
H/p/ M /b) FE B ISR &, vt /t/ ) /d/E
EEERREE, T kK g/ T E .

7 58 L E-Prime 90 5, a5
B H A B E B A R LCD Bnds b,
AN H BRI () 9 1 s, & 759 1E B AL 2000, 2250,
2500 ms Z [AIFEHLIE R, R 15 2 (8], Bide bR
ST RN ST E R 109k, B 120 1K, SREE
1812474 15 min.

®1 OEFRESIER
Table 1. Syllable stimuli.

b Enil
M BAH, BEE, PAH, PEE
Vil DAH, TAH, DEE, TEE
Y& GAH, KAH, GEE, KEE

2.3 HIERE

Segg kR ) B AR AR R R b T E LA
FEHA A1 m B — kA7 b, R AR & B
B2 B, tFENGRRA T A —NaerE, i
FH RO W8 W AE B e A T [R5 0 A o ol
B 2. 22 v RUBCE AE SRR g 10 JE A, A TR
BB % RS 5 (44.1 kHz), I 5MEE 5 FL
o, ZIEiEHdE K% R 4 (Blackrock Microsys-
tems, Salt Lake City, UT) H T @47 £ K4, X
PR K ATIL 30 kHz, A 1T &L Hrit i, A
F K58 R 408 R 5 1 i 15 5 B4R A 8 1000 Hz,
FEIEAT 2 M 75 R B

K2 sinddiRagos mE

Fig. 2. Schematic of the data acquisition system.
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B A Rt — 1 20 AR 1K s B AT L SR
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M 1 AR PO AR SCOBE O R AR I R A o R
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(] (1) A 3 ] LA A (2) AR P[RR
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A, AT ARERAE ¢ I ZIE I8 (847 A I BUE AL AR, &
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N T FEARME SRR A2 E R P 1, JATT
A5 et 39T 42 1 32 o 80 4 AR R B AT I
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- 1
t_ i — t T _ AtyT—1)2
A = arg AEIEIEPXN T T§:1w (T)(x] —A;XT7)

+ A (Al (3)
S, N FH o L S A, AR
U 2 AT P e O R . 725 0 S
i1 (4) ST

wt (T) _ Kh(T - t)

S K-ty
Kp(-) = e /0, (5)

RIEFESHN N 100, LEBSH L N5 &
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RS 2 8] BRI 12 Z 05 AL ER AR HEEAT 2 20 bn
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28 EAT S35, 49 B A AL A K 00 T 2 e B[R],
B3 AT, Bk 1 P35k B R 4G B %1 412 ms,
S A RN 8 1015 ms. WO 2 B9k
UG Z°H 748 ms, P35k & 45 I 2124 1519 ms.
AR 1 P2 R R Ah I 2 R T K 2, e

[t bE e 1 2 4, 3% 5 i ik A B BT JE DL R R ]
EEES

SR FH 22 MEAR T2 R A5 B AN b A R S BB A 11
120 UL B B4R, P 4 gk 1 e — 3
P FLAR K ol FELRRE BB A0 A P b B RT DA H
{HE AR LA R AR AE 70—110 Hz iy SRUBL) D 2 AE
Wi N2 22 J 350 35 G0, B A S IR ) (R 45O
PR AR A 2 N T L, AR R 2 A
BB PN, AT W (1 R A Eh 8, T e -5 e
R B AR

1.0 1.0 T
0.9} @ 0.0f ™
0.8} 0.8}
0.7+ 0.7F
0.6} 0.6
0.5} 0.5}
0.4} 0.4}
0.3} 0.3}
0.2} 0.2}k
0.1} 0.1},
0 ' . ' i 0 J
—1 0 1 2 —1 0 1 2 3
Time/s Time/s
K3 B ESF e, TR G SRR 2, P ok R Gk 2 2 0 2R s i R ER R I %) 55 45 TR %)

(a) Bk 1; (b) Bhik 2

Frequency/Hz

Fig. 3. Speech response amplitude envelops averaged across all trials with solid lines as stimulus onset and

dashed lines as articulation onset/offset: (a) Subject 1; (b) subject 2.

Time/s

Time/s

K4 (MTRG) AR S MO RIS ZE  (a) SRR (b) Rod ik
Fig. 4. (color online) Time-frequency power spectrum averaged across all trials: (a) Standard electrode;

(b) micro electrode.
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o}
=]
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20 & 2.0
o I
=
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0 0
—0.5 0.5 1.5 2.5
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I 1) FUR & 2 5 (R L %0 2 45 s %) (5
A gamma AEL (70—110 Hz) HITh &5 Bl T 71,
1335 T BRI EEEIRES, wE s ME 6 frR. M
P 5 AT LU H, 0 138 5 N E R S 2 T R

XA RSB X s aIX, i B Ak th 2 8
ANFHEOEIRAS. A EE TR 8 R 9 gamma
BeRe R, RKERIGN Z 2 J5 s 2, Th%
WHR. By TI8sh BR IS, KREZJRiEHE &
WT 5 R R H AR B . 1 6 Rtk 2 R B 2
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LT 0o 52 J2, PR FE AR B 21, 3% BH 2 R 0
P 4 % A AT PR IS 22 7 1T e S T AR AE B 2
FIFE AL B AR SE, #0317 T R ki e
LR, 5iEE GRERESEHR, IUER S
AR A B R O

N T BSAIE A gamma T S ] DL TR ETE S
X VP4l B5, B 6 s bRt 1 I IR Bz 2 H
(R0 D RE VT AS &6 3. TRl (R AN BB 2 TR PR R e 2

=i i) B —— T

BN ¥ 2 FRI B AR, AR ZRA [ 1 i 2
e, FERREE dr & ohgesx, a5
FIREAE G, W85 B IE 31 D RE AR O (1) HL AR,
3 €0, ) 2 7S T BT 5 A e R () L. BT DU Y B
1S X5 B E R S5 R AR B =
FHL T 5 I gamma B B 2 (1 FE A AT T8 B ALK
WIZ A X, A B A gamma i B ) AR X6 T
B 2 F s e i 8. 43R 2 HH T IR gt A A
FENA, AN S D B R AR HEAT TR LRI
WA JKIa 3 X )T

—ff =—iBd = EULEE TN

K5 (MTIRO) B 1SRRI X SR N e (a) KSR 212 AT; (b) K& RIGN %12 )5

Fig. 5. (color online) Trial-averaged high gamma features plotted anatomically on the brain map of subject

1: (a) Before articulation; (b) after articulation.

K6 (PTIR) B 2 iSRSNI s 45 g A

Fig. 6. (color online) Trial-averaged high gamma features plotted anatomically on the brain map of subject

2: (a) Before articulation; (b) after articulation.

4.2 BEE DI Er 4R E TS

EHUA B T = 80 gamma REAE A HL B R AT I AR
DU 307 9 25 A g, 4R 1 328 B 9 AN A vHE FE AR 9 ANk
H A, A3 2 e H 10 AR s, 28 1 4z v 4L
RUBR H I RI e B Al 1 7 Dl 44 i B e Fl
WxF 2 18] B B AR Bh AR 42 R A, T LUE ) &
W 2 2 J5, KR53 8: 24 (connectivity coeffi-

(a) KERIGNZIZ HG; (b) KERIGHZIZ 5

cients) A b T-FE 4 #0235 13 5, 1y HAS R
W 2 1R) P R i 5 DA S IR B () I ) A 22 5. ik
1 Al B 2 T R B2 DR T s v PG

Bl 8 AL 9 73 3] 19 44 40 R 8 AR AR I 2 2
R S RCUG I Z 2 J5 W F I M 2 iz, v 7 is 2
R EEER, B R ER T A BGERER T
20%. VEFEHTK R 20 AN €435 5 3 4 i R R L 471
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Connectivity coefficients Connectivity coefficients
70 60
T HLAR
4 00 50
g
v . 50
g Ttk 5 40
=] &
: -
< [} 30
O =
30 §
—vhe 4 20
bR e A 20 ©
10 10
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Fig. 7. (color online) Connectivity coefficients between selected channels using TV-DBN: (a) Subject 1; (b) subject 2.
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Fig. 8. (color online) Trial-averaged connectivity for subject 1 before (left) and after (right) articulation: (a)
Connectivity within standard-ECoG electrodes; (b) connectivity within micro-ECoG electrodes; (c) connec-

tivity between standard-ECoG and micro-ECoG electrodes.
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Fig. 9. (color online) Trial-averaged connectivity within standard ECoG electrodes for subject 2: (a) Before

articulation; (b) after articulation.
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Table 2. Quantitative analysis of time-consuming for
SdDTF and TV-DBN.

120 ¥ 5£5 /min B S2 /min
BATIRHL SADTF TV-DBN TV-DBN
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Fig. 10. (color online) Trial-averaged connectivity ma-
trix for three types of syllables of subjectl: (a) Bil-

abial; (b) alveolar; (c) velar.
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abial; (b) alveolar; (c) velar.
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Abstract

Cortical networks for speech production are believed to be widely distributed and highly organized over temporal,
parietal, and frontal lobes areas in the human brain cortex. Effective connectivity demonstrates an inherent element
of directional information propagation, and is therefore an information dense measure for the relevant activity over
different cortical regions. Connectivity analysis of electrocorticographic (ECoG) recordings has been widely studied for
its excellent signal-to-noise ratio as well as high temporal and spatial resolutions, providing an important approach to
human electrophysiological researches. In this paper, we evaluate two patients undergoing invasive monitoring for seizure
localization, in which both micro-electrode and standard clinical electrodes are used for ECoG recordings from speech-
related cortical areas during syllable reading test. In order to explore the dynamics of speech processing, we extract the
high gamma frequency band (70-110 Hz) power from ECoG signals by the multi-taper method. The trial-averaged results
show that there is a consistent task-related increase in high gamma response for micro-ECoG electrodes for patient 1 and
standard-ECoG electrodes for both patients 1 and 2. We demonstrate that high gamma response provides reliable speech
localization compared with electrocortical stimulation. In addition, a directed connectivity network is built in single trial
involving both standard ECoG electrodes and micro-ECoG arrays using time-varying dynamic Bayesian networks (TV-
DBN). The TV-DBN is used to model the time-varying effective connectivity between pairs of ECoG electrodes selected
by high gamma power, with less parameter optimization required and higher computational simplicity than short-time
direct directed transfer function. We observe task-related connectivity modulations of connectivity between large-scale
cortical networks (standard ECoG) and local cortical networks (micro-ECoG), as well as between large-scale and local
cortical networks. In addition, cortical connectivity is modulated differently before and after response articulation onset.
In other words, electrodes located over sensorimotor cortex show higher connectivity before articulation onset, while
connectivity appears gradually between sensorimotor and auditory cortex after articulation onset. Also, the connectivity
patterns observed during articulation are significantly different for three different places of articulation for the consonants.
This study offers insights into preoperative evaluation during epilepsy surgery, dynamic real-time brain connectivity

visualization, and assistance to understand the dynamic processing of language pronunciation in the language cortex.

Keywords: ECoG, high gamma, time-varying dynamic bayesian networks
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