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Development of Ultrasound Diagnostic System
for Functional Gastrointestinal Disorders using Finite Difference Method
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ABSTRACT

The disaster from functional gastrointestinal disorders (FGID) has detrimental impact on the quality of life of the
affected population. There are, however, rare diagnostic methods for FGID. Our research group identified recently that
the gastrointestinal tract well of the patients with FGID became more rigid than that of healthy people when palpating
the abdominal regions overlaying the gastrointestinal tract. The objective of the current study is, therefore, to identify
feasibility of a diagnostic system for FGID based on ultrasound technique, which can quantify the characteristics above.
Two-dimensional finite difference (FD) models (one normal and two rigid models) were developed to analyze the
reflective characteristic (displacement) on each soft-tissue layer responded after application of ultrasound signals. Based
on the results from FD analysis, the ultrasound system for diagnosis of the FGID was developed and clinically tested via
application of it to 40 human subjects with/without FGID who were assigned to Normal and Patient Groups. The results
from FD analysis showed that the maximum displacement amplitude in the rigid models (0.12 and 0.16) at the interface
between the fat and muscle layers was explicitly less than that in the normal model (0.29). The results from actual
specimens showed that the maximum amplitude of the ultrasound reflective signal in the rigid models (0.2+0.1Vp-p) at
the interface between the fat and muscle layers was explicitly higher than that in the normal model (0.1+0.0Vp-p).
Clinical tests using our customized ultrasound system showed that the maximum amplitudes of the ultrasound reflective
signals near to the gastrointestinal tract well for the patient group (2.6+0.3Vp-p) were generally higher than those in
normal group (0.1£0.2Vp-p). These findings suggest that our customized ultrasound system using the ultrasound
reflective signal may be helpful to the diagnosis of the FGID.
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A =1%Lame constant (Lambda)
H = 2" Lame constant (Mu)
p = Density
VL = Longitudinal wave (Phase) velocity
VT = Transverse (Shear) wave (Phase) velocity
u = Displacements in the x direction
v = Displacements in the y direction
x = X direction
y =Y direction
t=Time
U = Strain energy per unit of reference volume
¢, a;= Temperature-dependent material parameters
J?'= Elastic volume ratio
Ai=J3 2, = Deviatoric stretches
A;= Principal stretches
0 v = Uni-axial nominal stress
€ vy = Uni-axial nominal strain
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Z(Layeno 2 FAHNLH, 7 AzFo dE €
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Table 1 Material Properties for the Developed Models'

p VL vr A
LAYERS (gfem’)  (mls) _ (m/s)  (N/mmd)
SKIN 1000 1519 1074 2307
FAT 920 1478 1045 2010
M NORMAL
U MODEL 1040 1552 1097 2505
S RIGID
C  MoODEL 1 1040 2328 1646 5636
L RIGID
E MoDEL2 1040 3104 2195 10020
Transducer
Receiver 1 Skin Layer
Receiver 2 Fat Layer
. Rigid Region in
Receiver 3 Muscle Layer
Muscle Layer
Infinite Boundary Condition

Fig. 1 Two-Dimensional model and its elements; Model
type (normal or rigid model) was determined
with the material properties used in the rigid
region in the muscle layer
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Fig. 2 Source signal (SMHz frequency with amplitude of
1) applied to the models during 0.1pus
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Injection of

Skin Layer .
chemical
Fat Layer treatment for
Muscle Layer abnormal

specimen

e

Fig. 3 Prepared specimen; a chemical treatment was
injected into the interface between the fat and
muscle layers of the specimens
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Ultrasound Signal

Fig. 4 Test configuration (left) using actual ultrasound
system (right)
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Fig. 5 Ultrasonic responses for the normal and two rigid
models predicted by Finite difference analyses
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Fig. 6 Stress-Strain curves drawn from the hyperelastic
material mode! determined from the compressive
tests: The hyperelastic material model was used
for presentation of non-linear mechanical
characteristic of the specimens
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Fig. 7 Representative ultrasonic responses for the normal
and rigid specimens determined from the actual
ultrasound system
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(b) Patient group
Fig. 8 A representative reflective signal of ultrasound for
normal and patient groups
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AF Holl FHANA S48 WAPeA AP &F
At g8 dF AT MExe 7FE d43e
2 B8 £ A& Aogu wodd. HI,
Takaki'’, Min # Leabu™ o] 43 ZA#HE 53 78
7HA M) X (Interstitial Cells of Cajal, ICC)7}F A= U
(Intracellular) Ca** o] 2 FX 9] ZHdo| 28 I
& gesls Aoz BIHYTY HE, TAEH
(Sarcoplasmic Reticulum)®] Ca?*-ATPase, IP3 58 A),
g ol U (Ryanodine)T 8- 28] M ET ]2
d(Plasma Membrane Ion Channels)s ¢ thdt g4
Eo) Ca* 9 F4-4E F7](Release-Refilling Cycle)
o d%& FA, P9 L4 A 8
BAAE 93 Ca* o FF-WE V)59 FHo
Fag JFgE 73 A Ha Uk o2
HERANEIE AERE FEAXNE X &
Bridd] B£XHo glon, 3] ¥R M
obefl, 24 uldl FEHsA EEHo Qo mal
A, TroF ojm g s oste] ¢ R A
[BAANEY =2 Q5] PEZ(Smooth Muscle)
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o HED WolA HFAHE ca* ol Lol A&A
oz wagsE, A% He PASE PYIol v
JARoln d&H 2oz odd AAHE @
Aol QY & 9g Folgdm AL olel@
ol %9 £ Ca* BIo| o8 WAEE
Sz.0lg Agd o8 AR GRolgt? e}
A, ol2ig A3E B 939 ARE FLa
o8 7154 A% Bolel Aoz PFE £ 9
2 Folgm wudEth Y oAY AMLL J%
B 9% Bole 1A @Al g 2JL LY
23}, 34U GFRANN BT} o wds
£ Aol #Ag B A7) Ay A7ARY o
A7ATGE 2gQ,
Adel FEAY Aol A
A7 Aol AAAWEC O wasite

T Aoz A3

A

s g
A F AAHp<0.05). °12EF A= AdAHo
2 ASA|Z AlHo| HAANHKEL JAH F=7}
e AME Yeide, 8 AFdAM AHE 3
3A717] At AL el dig A8 E A
gFRoz JAPAHE 4 UL FHolztn wad.

FAAEE vwdte A3g AHoA Run
o F Alol9 AAEAA vAtd 289 $H9
HYAZ 2t o HE olfE, 289 B3I
2 Q3lY FAAERY 28 2029 2&9 4
% Adol o wE %y ozt #EET
olgig Al A9 A Az wE Hu B
AR EZo] RgE AL FAEgsHHME &
a3tk ek, ol2id AREd 2ASY B o
ToA AL HF As Jddrire 7154 AF
g 713 gate] A oM 283 $HEA
o HFIE T3t FAY 7T AR Fely
AEE AFHoZ PUIEE TodF & & A
olg} Ats €t

2 379 A4 ZIgoMe 2E I3
28] A ¥ FidA WAEE 289 $99
AAe YUEFEHOERE & 20mm 9 ZHold 3
Gt ol AL AANE Fxe] YR A
Holl AFste Aol UAF} ol F AlAe
£ d7oA BAFE 93 ¥ FEdA walgE
2% §7d o APE s & &+
A& Aolgdtn warETh w=F, B ATFoA A
% 7194 9% Fol Awriziel AHAME FFH
oz PG & £ & Aolgtm Alg W)

2 47y APAFAM J5A AF s



Udg - $UT - 2P L o]FH - o4 AMY - AT - AP - 9= SHLTHRHA AU B A9

7HR gAe 973 7t dusigde A4S &
A3AXIRE & 2 7ldo] di& Hri7h ohke Uy
oA o A ejol Frin wordG. wetr, &
ATY F& AFoA, AA F3d FE2Y 4
2 Asle] o A VA 1 B=E AT
371 9% e WHoezA  vlA7] A Micro-
Mechanics)¥ o] ¥ &Y E & (Molecular Biology)
A EME FIYPstuA ot oy F& AFE
4 A7 BIAH AAHE FHANA & F
AS Aolgtxn Alg gl zey, A AFE @
M AFHFe] ALz 7154 AF FHE 7}
Z Ao thd 1G-S Y5t Z1AFAH T
A 28 SEHEAS o83 Ay e Al
=, 2%, 283 ANz s HAA o
ooj7t ok At dot

% 7|
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