0) D)Lt S i
Progress in Biochemistry and Biophysics
' 'j 2023,50(7):1716~1727

www.pibb.ac.cn

BARRE A RR AT A S MR 5

AR EAHFHYT I HSY BEEY
(VPR A IER T 2BE, P 7100655 > MLPHIBS K2R BRI £, PLPH 110034;
¥ VI TR S R A TRR2ABE, VU 710048
¥ Department of Mechanical Engineering, Chiba University, Chiba 263-0022, Japan; > Fi LA K AFHLH AR, BIAT 210016)

ME B S4B GD-EIT) 456 “4EHbtg (2D-EIT) W5t E AU B S AR A8 A 0 F 22 R
N, BTEBRFTEIT HoAR N T B & fm T gerk. ik 8 AZIRAWERAE LA 4 hAE S, RIFLE iR H
AL THEZSIRAS , SEITF UG5 52 R B DR A DI IE T 400 ml 28 I AMKIR, 7E4EA 200 mIARAS TR A 400 mIR A T 4331
i 3D-EIT KRG 5 3D 23 [l i L 3 3850 A o ol 1 s AR [RRRAS T s 2= Rt i 284k, RO RE AR (R 365387 3D-EIT 8
3D ERIYZS [ SR (6) . RIVEMEMGE TR, @y Pid R E AL, Stie s ih B SRR 5 2 iR
HIEE 3D A5 (R HL AR SR, RIS 1 I R TR) EE BN K B TR S T da 2R i ARtk 3, 13 H 2D-EIT $Uff 15
T SRS MEGEE ., BR 842NN 3D-EIT S5 b a8 (0] P i G o BRI REAR IG5 R I, a8 a1y
F SR M CROmBR S TR Y 6200 m1=0.226 3N F] CO RS TR 640 ™=0.387 (n=8, P<0.05). DHitt, 2k H B X es 6o
Yel G A UGN B RN, 2D-EITSUE 5 HA5 SRR, WA B REFEAM KR LUl B i il k22 (AY) B8
B AV E AR AR, SN S AR E, R T SRR AR s S AN KR A )5 1R S8 R e
2 (V) H/N, VHEAEBSR RSHEUR . /NN E SR, o B S ST AN G g n, I T 25% 1)
7 ,=—0.29 HIMBHIFE 100% 1 o7,=-0.41; TERE AR, o i B SR LGS s in, M5 25% 1 o,=—1.85
HINSE T 100% 19 o7 =-2.12. &5i8  3D-EIT AL FHAT LB R 038 33 BR B A R AN [ R B A B B 2 Re k22 5
2D-EIT RIEFEA R B FE R AI R AV, VI G Bon AR B AR 1 2518, 3D-EIT 454 2D-EIT # AR 4 A& i Wi 1
B B A B AR AR S AR

KR HBBHPUNGR, BER, BERACRES, AR, E R RN
FESES Q4-33, Q445 DOI: 10.16476/j.pibb.2022.0460

H & i8 /2 Wi #4 (gastroesophageal reflux pH 7.0 Y 2% R R vE— 486 5 pH HLA , SRS TR
disease, GERD) J&—F ILAYEE, HNEWMN  Spitme. fH— 1 Rshic stk i s s:
HIEHEARE, EERAEAIR AR e ZM 5 pH AR M, 3oRE T LUK 3 W95 A A4 £ 38 pH
WA P A I I B R W E S . RS SG MR, WE AR
BRI ER T I U . S e k] (electrogastrography, EGG) i i 7695 A& HB ik B
HOJ Ty B AR LB RN B B S SO ol s A B L WA 4 T B UL 28 10
AL 2RSSR AT IS A IR B paplig sl L S TR
B, AN G2 shom AR ROE e 2 HiEE Y R, (EAEG R 1
WARAINPIRTTY, S SEEEEEES . Bt AR BT, P HLRIZ (computed tomography,
TERE ' A T SR A RE IR A AR PR R SO T cT) @
Z45, WX E AR TAROTA,  AIR
I RARE

— BT, A T A Rk T
AR R CFLFEE IR TR LT < BRIEARES (2020Q017) WHH.
1B W 8 SETHE" BIRIET . 1 oeovor. s v sn@l6hcom
KB N pH A Wk PP GERD 7, I pH 4.0 F1 ik F01: 2022-00-25, $257 A8 2022-11-23

. BESLPR % (magnetic resonance imaging,
MRI) "' FI#E7 Af%  (ultrasonic imaging, UI) #%
JZ TS E I . CT I MRI G245 F 7




2023; 50 (7

KEM, %: BRARKBERERFREZLHRZFEHRR

<1717

ThHE b ATH A A AR R . UL B
BAE ARG

SR, FRABSE Y 1 B TE ARG I 5 2 A WA i
AR B B S B T AR B . B, B
TE P A pH AR AN BE X 42 (0 Jm A7 A T AR o
2 AR B2 25 25 9 N RO BN AR B YRGS
EGG#I\ A ZAE R AYER, {H EGG ARE H M4
FE AR, (RS HPT L&, CT. MRI
MULEARE 5, 1 HIJCEERE, X5 o kxr A
SEAR B S8 BT R R S5/ X i . ML Z T,
A E AL T RS ek, i e
SR, TEXAMEN T, BT P TSIR 8 7
AR, BT BB, RRUEEUHAERA
PE. ARG AR AR, JF BACHIRSS I E 2T
BPRSHHHAR 2

HLBHPTRLIE (electrical impedance tomography,
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Fig.1 3D-EIT system
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Table 1 The information of experimental subjects

Subjects Gender Age/years Hight/cm Body mass/kg BMI/(kg-m™)

1 Male 36 173 733 24.5
2 Male 35 168 74.0 26.2
3 Male 33 172 72.6 24.5
4 Male 35 164 69.5 25.8
5 Male 31 163 64.3 24.2
6 Male 30 181 99.8 30.5
7 Male 35 165 79.9 24.7
8 Male 31 180 63.4 19.6

0] (i) () (iii)

122 SEEotR

IR A SEH0 r ZNE 2 R, FESER TP IR
FIEOR SR XT AT 4 h f9AE 28K, fRIESL eI
LRI AL T HEZS AR . I SEER R 3 A
a. HHEZOIRA T AY 3D-EIT 45 b, #% A 200 ml £
MK (C™) R 3D-EIT &5 c. IR
A 200 ml & UMK (C°™) SRS B9 3D-EIT
M SCIRMEA B BORERT 4 h, BEASSZIG B BEFE R
47 min, AHFFE R Y 3D-BIT 1% 848 /2 i 3k
A R FH SE AR B A T s ) st R Jkets, 3
AR ML AR AE 3 2y [, B2 16 M EEIRAE
AR AR SR 3 A o 1A% s EAA Sz
TR IR, AR B AR 530 A &1 3 fis o i
SRIUT LI AL, A & 3 b i 2 BE AT I 2 AR =
10 kHz, HARHW =1 mA, PSS EIEW e ",

(iv) (iif) (iv)

i 1

:3

240 min 15 min 1 min

15 min 1 min 15 min

Fig. 2 Human gastric experimental protocol

The specific steps in experimental protocol by fasting process (i), empty condition (ii), drinking process, drink rehydrated water 200 ml (iii), and

3D-EIT measurement process (iv).
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R g
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16 electrodes in each layer

Fig. 3 3D-EIT sensor location ( a ) and electrode distribution ( b )
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Table 2 The results of Shapiro—Wilk test and

Kolmogorov—Smirnov test

Conditon  Item daf Shapiro-Wilk  Kolmogorov-Smirnov

Stats. Sig. Stats. Sig.
c0oml g 200ml 8 0219 0200 0911 0.360
CHooml 400 ml 8 0.224 0200  0.828 0.057
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®) EIT electrodes
EIT electrodes
12
3D abdomen boundary 2D abdomen boundary

Fig.4 Abdomen EIT imaging geometry and mesh

(a) 3D-EIT imaging geometry and mesh; (b) 2D-EIT imaging geometry and mesh.
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3D EIT electrodes
(3 layers of 16 electrodes earch)

e I ) G
y = =3
Phantom / Phantom 2

Fig. 5 3D-EIT numerical simulation conditions of gastric
lumen model
(a) Phantom / with small gastric volumes; (b) Phantom 2 with large

gastric volumes.

25%  50%  75%  100%

PP I Pz
)i ______ “EIT belt

G H

: Rehydrated water

Fig. 6 2D-EIT numerical simulation conditions of gastric

lumen model
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Fig.7 Example of adjacent drive electrical stimulation current protocol for 3D EIT
Injected current at electrode 1, 2: (a) measured voltage at electrode 3, 4; (b) measured voltage at electrode 9, 8; (c) measured voltage at electrode
47, 48. Injected current at electrode 17, 18: (d) measured voltage at electrode 19, 20; (e) measured voltage at electrode 25, 24; (f) measured voltage at
electrode 47, 48.

15

e 1

m=197 m=208

Fig. 8 Example of adjacent drive electrical stimulation current protocol for 2D EIT
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%QS_FHE%EVEEBJE‘F‘%%%EE{%OJDO élﬁ.lziﬂﬁ’flﬁ%% Eﬁﬁij][], 1. 2. 3. 6, 7. 8%%151“”%4’ C400m14jt
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, . . . - Ao = - X 100% 17
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C200ml 15 2=
£%
10 58
£3
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z (Back) éO—V x (Left)
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C200ml 15 Q:
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Fig. 9 Human experimental results of conductivity distribution images 0" reconstructed by 3D-EIT

FE 10 R s 2R R T 8 4452 i4# 19 3D-
EIT AMARSEEG s [0 B i 3% (o) MBCXTFEA ¢
Koo as |F S SR 22 (Ac) MEER. 251
L TR N COMUR AR ) 62 ™'=0.226 14 i £
COmOIR AR Y ¥ ™=0.387 (n=7, P<0.05), =5[]
A R L AGr=207.39 [% ], B, ik
JUE I 5 8 DX = 2 () P-4 P S 3R B B A AR o
W EE N, 3D-EIT REf% B HLE & 1 P4l B A
AL B 2 R MR I — 22 0] Y L SR A ARk

0.6 - % 4350

[ 4300

04 - Al
4200 &
IS S
{150 <

02 F 1100

450
0 0
C200ml Cé00ml AGP
Conditions

Fig. 10 The ¢—test results of spatial-mean conductivity o
and spatial-mean conductivity difference ratio Ao for 8
subjects in the 3D-EIT human experiment
*P<0.05.
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(@ (®) 20
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WARMR—, 5 TSRS B A AT i 550
HSEm . 25 b, 3D-EIT e84 A 2 10 0 H.
FE TP AR R 1 AR RS RL [ Al ) 3D-EIT
BB FLRIE T ARSI S5 5 B AT i
IR NE I — 27 (B N L SR AR A TR AL

3D Conductivity
distribution ¢°”

» (Upper)

z (Back) %O—> x (Left)

Phantom 2

Fig. 11 3D-EIT numerical simulation conditions of conductivity distribution image o*"

(a) Phantom / with small gastric volumes; (b) Phantom 2 with large gastric volumes.

2.5+
2.0
1.5+
1
1.0 -
N
0 CZOO ml C4IJO ml Aa.sim
Conditions

Fig. 12 The results of spatial-mean conductivity (o) and
spatial-mean conductivity difference ratio (Ao) for
3D-EIT simulation
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e 500t FEL AR (B S A7 A B AR, PR o B P
HLIZ TG B, e AV R 5 S FE R AR L AN
Bk, 52 AR A, S m=1 %] m=6
B 5 S s BT A KRB A, R 2
(AV) BT, e T 7EIZ I P8 N 3
e 5 00 AR ) 7 5 s R X0 Xk P S P

s M=
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PP A5, K L 5% 6,=0.69 S/m = T
M 5% 6,=0.35 S/m, [HI AV H P ARNK R A1)

@ Small gastric volume case

AVIV
&

Voltage pattern (m)

e, BY AV XS I AMKR AR

(b) Big gastric volume case

AVIV

1 3 5 7 9 11 13
Voltage pattern (m)

Fig. 13 The relationship between voltage difference and voltage pattern

(a) The relationship between voltage difference and voltage pattern in small gastric volume case; (b) the relationship between voltage difference and

voltage pattern in big gastric volume case.
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(V) il Rt
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m=1
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KR, FEARFR S B SRR NI 1955 m 4>
HU, v, 2 Y B I T BORE (RMVKH0%) B
WA m AR, B 14 88 THEHAAR (19)
TR PSR EZE (V) 7E/NEE 58U
BAIA, B, CHIDM (V) 43514-0.70, -0.74,

(a) Small gastric volume case

Models

-0.97 M1-1.01 V, Bl B I MR L3 in
TZRHT PR, AN, [RIRE R ARkt et AR R
BART, ¥FHEME, F. GHIH, V4ailh
-3.93, —4.20, —4.45H1-4.78 V, [AIFEE i858 4b
IR EL ARG T e TR, SR, /N AR
B H, K AR R A ZE AR R 00 T VRN,
B TR S AR R R R, AR 2%
PR AL AN KR /N B S BV &2, Rk VX
25 VR (14 RO BUR%

(b) Big gastric volume case

E F G H
B Models

Fig. 14 The relationship between rehydrated water ratio and average voltage difference
(a) The average voltage difference V of each condition when gastric is filled with 25%, 50%, 75% and 100% of rehydrated water in small gastric
volume case; (b) the average voltage difference Vof each condition when gastric is filled with 25%, 50%, 75% and 100% of rehydrated water in big

gastric volume case.
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Abstract Objective In this study, we propose three-dimensional electrical impedance tomography (3D-EIT)
combined with two-dimensional electrical impedance tomography (2D-EIT) to study the electrical characteristics
of gastric volume changes and the response to changes in the gastroesophageal liquid condition with the objective
of investigating the possibility of applying EIT technique to monitor gastroesophageal reflux disease (GERD).
Methods Eight subjects were asked to fast 4 h before the experiment to ensure that the gastric was in an
emptying condition at the start of the experiment. The subject was asked to drink 400 ml of rehydration water in
two parts, 3D-EIT was applied to detect the conductivity distribution in the 3D space of the abdominal cavity at
the condition of 200 ml intake and at the condition of 400 ml intake, respectively. In order to quantify the
variation of electrical characteristics in different conditions, the spatial-mean conductivity (o) of 3D-EIT was
analysed by using a paired-samples #-test. In addition, numerical simulation tools were used to establish two sizes
of gastric volume models to verify that the cause of conductivity changes in the 3D space of the subject’s
abdominal cavity in the experimental results is due to the changes in gastric volume. The trends of electrical
characteristics when gastric cavity was filled with different ratios of rehydration water were investigated, and 2D-
EIT numerical simulation was applied to reconstruct the conductivity distribution image o. Results The results
of the paired-sample ¢-test for spatial-mean conductivity (&) in the abdominal 3D-EIT experiment in eight
subjects show that the spatial-mean conductivity increased from **™=0.226 in the C**™ case to ¢**™=0.387 in
the C*°™ case (n=8, P<0.05). Thus, the & of subject’s abdominal gastric region increased significantly with
increasing gastric volume. The 2D-EIT numerical simulation results show that the measured voltage difference
(AV) is decreased gradually with increasing the rehydration water ratio of the gastric lumen filling. AV is sensitive
to the ratio of gastric lumen filling rehydration water. The average voltage difference V is smaller in the big gastric
lumen model with the same ratio of gastric lumen filling rehydration water compared to the small gastric lumen
model. V is sensitive to the size of gastric lumen model. In the small gastric lumen model, the spatial-mean
conductivity ¢ is increased with the ratio of gastric lumen filled with rehydration water, from o ,=—0.29 for 25%
filling to 0,=—0.41 for filling 100%; in the big gastric lumen model, the & is also increased with the ratio of
gastric lumen filled with rehydration water, from &,=-1.85 for 25% filling to &,=-2.12 for filling 100%.
Conclusion The 3D-EIT satisfactorily monitors the differences in electrical characteristics of different gastric
volumes by 3D-EIT images. 2D-EIT shows the same trend according to A¥, V, and & in different gastric volume
models. Therefore, we conclude that 3D-EIT combined with 2D-EIT technique satisfactorily monitors liquid
condition changes in the different gastric volumes.

Key words electrical impedance tomography (EIT), gastric volume, gastric lumen liquid condition, electrical
characteristics, gastroesophageal reflux disease
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