(®)
2015 2018

Rheology in network microchannel based on biomechanics of blood cells and its
application to acute circulatory failure
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Using in vitro and computer modeling from biomechanical viewpoints, we

investigated the blood flow mechanism in network microchannel that ranges from single blood cell’ s
motion and deformation, motions of an assemblage of blood cells, and up to blood flow in entire
network channel. We clarified that mechanical properties of a red blood cell from membrane’ s
viscoelasticity play an important role in motion and deformation in shear flow. We also demonstrated
that in a network microchannel, a blood flow at bifurcation was determined by interaction between
flow rate distribution at the bifurcation and flows in the surrounding channels. These points are
considered important in acute failure of microcirculation.



¢ X C—19, F-19—1, Z—19, CK—19 (G|

1. AFZEBIAE Y D =

WoNMEER I, MEEAIR, B, VBB L OMER EARK &5 MR TH Y, fia -
FRE A~ DY REIZ BT EE B &2 -1, AVEERREE T, WSR2 E L
TEY, R UM, OB Hbie Il 5 EEREERELZ S VR TELIZT EE D
T ZHE TS, HEEINRPAZE, R, BREE, SR EORKREA b L AN AR
ELEHIZBERT D2 ENRMONTOAN, TEREEDOHKFZ DL OITH 6N TRV, ZOHH
D1o& LT, MIMEBROIEDBORTHNOBEN S HICBfi SN ThR\NWI &, ZDHIZIE
WRE D B OMGE ISR IN T D EEREE O FEM O~ 2ICED RN &, ©2 885
ZHN5.

2. BrEEDHW

I ER AR O 2T B 35 K OV EREE O BB > D 4/ N & B AR O I B I 2 3 MG B 25 Eh 12kt
LT, SAFRIE—NVRNAF A= AL AT LAEWRZT, invitro EBRET LI L OG5k
I al—TarETAREETS. ZOEFAEHAWT, EREARIEBREEOMHHEL T EENIC
R A5, ZOHHADEENED L S ICIEREEICEN L DO ERET 5.

3. WZED Tk

il % OFRMERDZEJEIER) (3 (1) &) BHEEOFHEIE L TED L I ITIRESND 0 EH B2
Lo, &7, MuvhE#Aomi (3 @), 3 Q) 25, RmEROZEEIECTED L S I
WESNDPEHLNI LI, 2R DOREND, Ml GEKND LA U—(ZE D HUMEER
DMFEDOERA &, ZHUTHED PEBRIEE O 2 B8 L.

(1) BAMHRENATICET 52— ROEROEREE O EME I 21— 9
MR B E G %2 D 4 OIRIMERO LT EEN L, FRMERFEOREHMEIZ K X 2B L2 2T 5. =
AVE T, O IRMER DL EENZ -2 5 BRI S0 L 2p o TE72m, KtEOIRIZON
TIE, Hacbho TR, 22T, FHEEET Y 72 HA0T, MO AW
T OARMERDREEER(TT)IEBNC 5 % 2 HEL M7, 2 2Tk, KPER & ik cE7 vk
L 7o AR ek 2 Biplig AW au = (yy, 0,0)ICE 72, IR O B EZ T I3 O N AW, T
AT F K O RIAE O FEEAEME 2 B Uiz, O mENEMEICIE Skalak A%, o dhiF o
Helfrich A%, Zh Wiz, ==o— F OSBRI 208 L CTEOmENEMEZ €T b L
7-. Stokes WA ZAE L, WEDKEFMEZETE & FRIMERNAE DREMEFI L & OSERLARAT & 55 R B2 3R 1%
AW T o 7. ARIMEROBET = AR R ICHEBL Lz, W ABRIIC X 2 K507 & M o m
PO (v 7V —%) X Ca=0.1~10 FE LS.

(2) BUNRBMENITED in vitro 735

IRIMER DT IER) & 8 DKM e gL, MUMEERIZI W CIE 2 R E ST 5 S5 7
KT THID, AENTENLONED LI IZEHA L TWVDDONIZOWTIZHA LTV, £ 2T,
ERRO MR 2 I B U7z in vitro EEBRIZE D, 20 2 ODORFIZ L » T ARE S
OB ZFANT-. 22T, FREBEOM/NLEMEEZ SR LT, EHEWIE L R OM/ N %
ERIL72 (M 1). HBEEBEOSWEIZIZ 7+ NI Y 7T 7 0 2HWE. AaTEEESEH LZIE
Al 2 i TR E 2 O TR B O &) S 250 P CIE L 72462, 10.4~10.6 um ThH o 72,
Z ORI PDMS %t LiAdr, A —7 ATk S ¥72 PDMS % W /3— 45 AIZ/ED
2 Z & TEKIC U, (EEiIR & U CORRUK & RO 2 FsEAHEH Lz, EEhiis
ANV VNG AE T T AR ) arFa—T AN TERL, YU URST
(2 & 0 EENARAA 2 B NS PICREIR S B 7. ) PR ORI 0.1 pl/min (SRE L7-.
BINSBEMBE T TAA A= R AT EZHOTREADO N L—Y—ki 2 L, B OALED
R ED HEEAFE L, FL—Y—h & LT, BRKTETORBIE-ER Llum O
SR, MR CIEARIMERZ, ZRE AWz, HMEEIE, 252>V T 1 um/pixel (i L
U ADREFRIL 40 %), FEEIZOWT 1/4000 s (v v X —AE—K) & L7z, BN OWE
A ERRD T, WKE/ N7 A MCaEIL, KB A MIOWT, hL—H—ki D

K1 PDMS#UNEE () LiHlCHW=/hes A b (F)



WEE L R DR EE RO, F7, BEFO~~ N7 Uy NERMERESEHE L. —F,
T DR Z T, ORITET V& W TN 217V, WREENEROEMEEFHE Lz, =
DS, MIFIZHOWTIEL, ~~ b 27 U v MEISSE L CHFABEMT 2 L 52 BT ok E 2 e Lz,

(3) WNRKHENMAEOHFEE S I 21— a3

SWEICHIG LIEHEK Y I 2L —a 0179 28T, MO HFENRIRED O OZEMZR
etz adz. 2 2T, ARIMERITZE E O BRI & N OREERIRIC T TET M LTz,
FEEMREMER N 2 0E L, Et 0B LONS HREAICHESWT, KifEo 1 #TH 5 LSMPS
EEROTIRNEZFE L. MR = A ERE2 A ToHl L, EROE MR 7%
BCE U7-. BED BN ) 2R IR 5 NS U/ HIEE L TRAT 5 2 & T, FEEMRMERN &
RN IR T & D RRIEMT 21T o 72, BIEOIIR & L C, Hflize 2 4yl 3 O i 2 448 %
Gl L, TNENIZHONWT, EMEAMNEE 25 X Bk Lz, A —EREx2 52, 7
HEZ BHREER L L, BEIAAL L-. 2oL X, MAICBWTRMEKE 5.0 » m R TH
HIAYIZELE L CIRASE 2 (~~ h27 U v ME0.24). FRIMERONEHAEOKREAZ ML X 5D 5
frl Ui, MU x 2k 280D a0 ol (v 7Y —%) X Ca=0.35, LA
JIVAEIITRAF T 0.1 & L=

4. HFFERE

(1) MEDRERME G U 72 BRI BR 0D 25 7 i B

FAWFRAUCE T, RMERIE TT #EE) LN SHIEEE LT 5. 20, MELKEERIE
KT A DX, O AVWEMEG S K EWIE ERD L, [FIRFIC, TT 8O 8R oo B frr /71T
WML (M2). ZOfep/yO¥INE, JRMEREE ORISR EIEREN /NS < 72D Z 2K LT
W5, £, BEHEROKHNDKEWIEE, Dy, & frp/YiihELeolz. Z0 X1, GEnTIZTT
RN G X DRENR R o7z, RO ERBE THE SNZD,, & frr/yEEHERT D 1-0121E, B
DOE WP DUV T Skalak HI LV H KREWOT A LAMLETH Y, F7z, mHAREEIZONT
AW EE 2k 2 K5 OB (shear-thinning) 2SMETHD Z & buyhoiz.

PLEDOFERD S, NG &R %2 BT 2 72012, AR TRLIZXE DI,
HIREE L TT OFAFOW HFICERTHZERBETHDL Z RN -oT-. iz, ARIMERBORS
BPE D IERRIEAE OFLE D, FEA T ORMEROEFIEB R B W CHE R Z LR ENTE

T 0.06 T .
0.6 | surface viscosity N [UN-s/m]
N [uN-s/m] (0 =0.130.2
- +0=0.130.2 I 2037504 |

40.3370.4

)|

RBC elongation D,
normlized TT frequency fri/y

°

0

0.02

1 10 100 1000 10 100
suspension shear rate §[s1] suspension shear rate ¥ [s-1]

X2 B AW FICRBT 2 RMERDMIEZED,, () & TTEEOEM frr/y )

(2) B NREEREN ML 35 1T D Il o sh F & JE B i 0> 22h e

K, MiREHHOEED, WMAMPLRIONE THSD B A, C RO TIE, FMil
D T L DN Ak (B aidhm) kb, MEONHEI~TIGATREE (CS5m) ok
DENE L Rol. ~~ M7 Uy MEIE, HKEIE 20% (DR, f/MEEX 0% (J5) Tho
7o, RERUK & MR O RO EE, TNEMARE TERITEL, FIZ0RITETICL DR
IRFRAT OFE R & e 35 &, 22 OFHAS OO 18 M TRIK & ik o3 bt o K/ NG 1 —
Bl 2ok )iz, EEEREEITORBEIZIR S FIGELTE Y, KEOERES X O%EERE
MIERELITbhEboE2 NS, B, C AMOSIKICIERT % &, HEUKOBE TIX
24:76 THHDIZH LT, MKDHEAE TIE 39:61 &, CEICHE SNDEIENNEL otz 4y
IFEECld, WESKEWEIZHRIMERD X0 £ < WiihviAte &0 9 BIZR D35 4E T 5 (Zweifach-Fung
HE). ZOBRIZE ST, WENSKEW C AAIOFEOIRMERIC X 2 HFtoEing, #EME
W B ARIOWKEE D b RESRY, ZORBREPBELLEEX DD, EEEIZ, Bk C
W~ 7 Uy MEEET D E, CROFNRA~A~ M7V v bx@L otz —FH, ~~hr 7 Vv
NS U IO L7200 Tl TE AW ES B OB (L bR Sz, G AL, J s o5y
TliE, GEO~NT -7 U v bR 16%, J SO~ 7 v 5B 0% THIIZHbLET, 20
2 MM OSEIITEEDK L i EH 5 DHATYH 81:119 Tho7-. i, J SfHTEDREE,
7V VEIEOEREEE L TNWDALTHY, ABOWRKIZK T HES G5BT 2KICE -



TOHAET) 73@4%%517‘;_}:#/\7@0%_ IO DOFERNG, UL EMIZI T 5 Mo
WAVE BEAR T 5 7o OITIE, FRIMERIZ X 282 L (T, BUNAERIZREA D43 - B s DR
BREETHDZ kﬁiféht %@Vﬂd)lok LT, ARWFZETIX, & B 7 B JE AR
EDXIHBEHE 2500 ER LT,

(3) ARIMERDZET & EHEh 23 N BN i 12 G- 2 2 52288

W 2 4 ﬁﬁ@ﬁ AT I 2 L—T g LIZBWTE, HYEBEO LT A ESE)Z ?Kégﬁﬁ%
DM oTe. TS, RMEKITITARFOMIRZ R 72 F FRE T2 B8 L%, HERoRE
ﬁk@kb1”?é% (K 3874), BIOMMEEETICRE~LRNG5GE (K3 A) O 2FHE
UDEE%h/\ﬁ? v EIEEE _ﬁ%?)ﬂilsz IRIMERDMERE D855 ClX, ARIMERD 2 AROIRE J51H

(NGIReY IS 62@6 L OGRS IZIR > T2 BIRICE L, HHEOBRMERNIITSL ZLITk-T
BEEE LTz, IR As 88 L 7o AR BRI & ,_@%ﬁ EDFWNOEITE LT, EHLh—H DN
B~EBEL, ZORMBERMEKROEERIZHME L. Ca=0.035 & Ca=0.35 DIGE LRI 5 &,
CaPREVWGZEDOFNLVERTHZ RSz,

WUNMAEEOHEEY S 2L —2 3 2BV TIE, MAESH SRS ~OKERHCH I N
MOMEIZ LY &< OFRMERB TN (K4k). Tk, RbENARNPKEL, EOKE
R THLH D, RMEROWADETe &, FWATICH DIV BR CORmER IS, @R L, £

DO—EBITE N AELD/ N SN OMAE~ EFiivie. AT SR~ HERE T & 2 & D
iV EREL A EFR L, AT ORE LML & 5 OXEOLTH D RE b %2 X 4 HI17R7. B
FEEu T IRAE s B HEEICE D £ T L0 EDEE 220, FRIMEROIFEIZ Lo TRIT OREEE
#%WT% EPTRES T, RSB O R X 7253 & Bl TRMNT OFEITRE < o7t
DX %E@Jﬁl“‘k’m%ﬁiﬁ SIOIRMERNBENT D Z LI L Y, FEEAORE OFEEE)
B Lz, Zofiiix, 4. 28 TR LT Zweifach-Fung #0520 U7z RANT OREEE & #
ﬂﬁﬁ5mg£mkﬂb%®k%16ﬂé

PLEDOFERIN G, MU E NI ﬁﬂéﬁ?ﬂuﬁﬁODDTﬂiﬁE%hk Ziul ﬁ;l/f;ﬂﬂﬁﬁ%§§%0344ﬁﬁﬁi
AT FRIZ, ﬁa\ﬂfiﬁ‘ﬁi‘o’ifﬁ WEC 1T D AT ERL, RMEROERBICER T HEEL | =
T RN H Y, H#%Fﬁ'ﬁﬁ’ﬂfi’%ﬂ: j(% T A 5.2 B fi#g?)%f) —77, EREB DR
MR ED X T ERET DD HONT, KV 21T O VERH D Z & HRIE X
.

K €K

B DRMEROEILES). (#8T 256 () LERLLAVNEGS (

et T ‘
=
Inlet Lf Outlet

M4 BoNLEREZRT DRMEROSFOT (L) & AT ORE (F)

PLED X oIz, #MUMEBRIZEH T Mt EcEH L, BBRET NV EFEKET VEHWT, E
WL EEBRZFER O A Z T2, ZORE, IEE REERZEENC OV T, IRIMER(E & D J) 2R &
Z DETES), EEOMRMER D EEN ), F K O 8 D L2212 i DB 2 BARAI R
ZEMHETZ. ZOREREND, MFEAHEAIREEA~EL T D BRI, B x OFFEIMERD S ZRHED
TALCEE~DRERE 72 IS UTa it Em Bl O 2 b 7e ENRRIZ 2 D AREMERE 2 vz, 5% 0
AR S L C, EBICBIR SN AEREEROMBEREIOTT U > 70, mME#MEEOZR]| OB
BEED D, RS, OIS ERERE L-MiteT ) v 7 2td b 2 LT, EFRIEREEHE)
@ﬁﬁﬁ@@m%%mé

5. FIRFEKFmCE
GEEsm=) (B3 1)

O Kodama, Y., Aoki, H., Yamagata, Y. and Tsubota, K., In vitro analysis of blood flow in a microvascular
network with realistic geometry, Journal of Biomechanics, Vol. 88, pp. 88-94, 2019,




doi:10.1016/j.jbiomech.2019.03.022, & FHiA

@ Sugawara, M., Miyoshi, H., Miura, T., Tanaka, H., Tsubota, K. and Liu, H., Dynamics of actin stress
fibers and focal adhesions during slow migration in swiss 3T3 fibroblasts: intracellular mechanism of cell
turning, BioMed Research International, Vol. 2016, #5749749 (16 pages), 2016,
doi:10.1155/2016/5749749, #3¢

@ Sughimoto, K., Okauchi, K., Zannino, D., Brizard, C., Liang, F., Sugawara, M., Liu, H. and Tsubota
K., Total cavopulmonary connection is superior to atriopulmonary connection Fontan in preventing
thrombus formation: computer simulation of flow-related blood coagulation, Pediatric Cardiology, Vol.
36, pp. 1436-144, 2015, doi:10.1007/500246-015-1180-y, At H

B T INMGRECD)

O /NEMHRIN, FERfE—, JRimERIS X O EREE D HUMESR 1252 5 58, H A Y25 29
BIANA AT v T 4 TR, TN, 2018 48

@ Tsubota, K., Effects of membrane surface viscoelasticity on the tank-treading motion of a
red blood cell under shear flow, 8th World Congress of Biomechanics (WCB2018), Dublin,
Ireland, 2018 4

® Tsubota, K., Kodama, Y. and Kanai, R., Effects of red blood cells on blood flow in micro vessel
network: In vitro experiment and computer simulation, Joint Meeting of the European
Society for Clinical Hemorheology and Microcirculation, The International Society for Clinical
Hemorheology and The International Society of Biorheology, Krakow, Poland, 2018 4

@ &HEE, PEEfE—, RMERORHMEIZS UMy NEENIMEOH K I 21— a3 v,
HAKEMR RS 3 O RIS Ao V=7 U v VRS, 5, 2017 4E

® @R, FEHf—, RMEREBE L MUMEEN L A e U —0ki iy Iab—rvay,
H AR5 29 M Ao D=7 U v e, 4& &, 2017 4F

® Tsubota, K., Computer simulation of cellular shape based on elastic deformation, The 7th
International Conference on Computational Methods (ICCM2016), Berkeley, CA, USA,
2016 4

@ Koike, K., Tsubota, K. and Liu, H.., Experimental Measurements of Thrombus Formation
under Fluid Flow in Micro Channel, 8th Asican-Pacific Conference on Biomechanics
(APBiomech2015), #Ligi, 2015 4F

Tsubota, K., Computer simulation of blood cell motion based on viscoelastic deformation,
The 7th International Conference on Computational Methods (ICCM2016), Auckland, New
Zealand, 2015 4E

() GE14P)

(D Tsubota, K., Sughimoto, K., Okauchi, K., Liu, H., Particle method simulation of thrombus formation in
Fontan route, In: Advances in Computational Fluid-Structure Interaction and Flow Simulation: New
Methods and Challenging Computations, pp. 387-396, 2016 &

(£ Dfh)

R b=

THERT: « A F A H =7 AWFF=E HP
http://www. em. eng. chiba—u. jp/ bml/index. html

6. TR
(D geH &

WRIE H R4« BI RS
7 —<F K4 ¢ LIU, Hiroshi; SUGAWARA, Michiko

KB IC L D781, IFEHE OB R L BEICBWTERT 2O TY, 207, WIIEOEMELUIIERRDARFIC
SV, EOERFFICES SO TR ZOMREBRICET 2 RMREMEE, FREFEACRE S ES,



