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Blood Flow Simulation during Flow-Mediated Dilation

Naoya Asami*, Non-member, Yoichi Yamazaki**, Non-member, Yoshimi Kamiyama*, Non-member

(20174E3 A 31 H324F, 20174F 10 H 31 HH32AF)

Endothelial dysfunction is known to be the early stage of arteriosclerosis. The flow-mediated dilation (FMD) test is

the most commonly used method to diagnose the endothelial function. The test measures the maximum vasodilation

(FMD response) on the brachial artery induced by the increases in blood flow after cuff deflation on the forearm. The

vessel diameter must be captured clearly with the ultrasonic probe during the test. The vasodilation is induced in

response to changes in the mechanical property of the vessel wall due to the blood flow stimulation. The changes are

supposed to affect the pulsatile flow, but the influence of continuous behavior of vascular property on hemodynamics

has not been clarified. In this study, in order to clarify the influence of the FMD response on hemodynamics, we

propose a mathematical model that can simulate hemodynamics and vasomotor responses. As a result, it was shown

that vessel wall dynamics affected the pulsatile flow. This result suggests that the endothelial function can be evaluated

from blood flow.
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Fig.5. Identical twin experiment of the Young’s modu-
lus estimate by the PWV data feedback. The solid line
is the true value, the red dot is the observation data, and
the dashed line is the simulation results when the obser-
vation data feed back to the model, (a) in the figure shows
the PWV and (b) shows the Young’s modulus of the right
brachium.

bS8 PWV 77— 2B L, ETNVIZT 14— F
Ny 7§ 5HIETY Y TROBNELEHEETE L%
fifid™ %, FMD MR D MEEDOEILITHRL N TH L Z &
Mo, MEHEROZILER N THELLEEZOND, £
ZT, Y rEEEM 40[s] TERILEEEEO PWV 21l
LT, 1RS> ) v 7L, BllEEE L LT
200 [cm/s] DH T T ¥ ) A REMR 12T — % % T —
R

Fig.5 I2PWV 7 4 — BNy 7 %477 o 72RO BF-EER D
R %R, Fig.5(a) BSPWV, (b) 56K LR Y >~ 7%
ARLTBY, EWPEME, FREOSVER LT — 5, %
WP ETIWICHET—2 %714 —F Ny 7 LzBOY 2 o
L—Yar iR Thsd, EFVISLHEIENE PWV IE—
FEICEI LTV a 720, BEIROZbE LTw5, g
ENTX 7R, BT — 712G FNLHBHREDOLE
BT TWED, BEZEHETETVE, 2O EnH
PWV 7 4 — )Ny 7 %1779 2 & T, ¥ ¥ 7EOREMIE

224

Q, [mlis]

01 02 03 04 05 06 07 08 09 1
Time[s]

Fig.6. Waveform of cardiac output.

Table 1. Control parameters used in simulation.

Number | Parameter | Value Unit
1 Kp; 0.01 s/cm
K 0.08 s/cm
i Kpy -0.01 cm™!
Kn -0.5 cm™!

111 Kp3 -0.01 | mmHg™!

Kn3 -0.0045 | mmHg™!
v Kpy -0.001 s/fem
Ky -0.002 s/cm
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TArTIATVADPKTL, $H—E—7#l#EoOg S A
W3NEL Tz 2O ENS, FMD RIGEIZEBIT A T Y
TIA T ABADE—Y — 7 @BEEOR S B LS
ZTCWLZENGIrolze 72, TN OMERIZIMITIRIE
ICHNEEBEICB T 2 1B E EN TV DL T L R2RIELTH
1) BRILET 2 O M T & #9452 & T FMD UG & R
DIEHE IS TE LIRS N7z,

5. % B

AWFZETIE, FMD WALk o IS BEBRE D22 LS ML B RE

NG R DB AT S 72012, T - A BEBYRE % [F]IEE

W23 3a2al—3ard bl N TELIEMMEFVAMHESEL
Too WESEL 2B ETNICE o C, F— % [AMbid &8 A
TAHI LY, EENRENSHEZ N7 2 — 5 2 HEE
L, FMD BEROERAZ HIHT LI L0 TE /2, 72,
o8 SNT B85 X — 7 OBAUIZ AR Y 7%
ZALZ LCW5b 2 ERMERE L 720 F-EE TNV T FMD Kt
BOMBEEEY I 2L —3 3 v 2 {7k o2k %, IMmERE)
FEOZALDS MR OTARI B RIT L TWD 2 &A%
ol TOBLITERERTHEMT LI LATE, I
TP % TS 5 2 & CHEZRER AT & 2 2 L AVURIE
ENbo T/, METEHROFHINEIMEBEENRE O FHANZ R
T, WEMED AT RZ 5T 0, BRI T2
NOICHAPHIFEEE NS,

E
KIFFRO—FII T EERAIRATFIC L 5 0D TH 5,

X

(1) EEIMEAE | [P 27 £ ANDBREEHBEERT B8 OB,
http://www.mhlw.go.jp/toukei/saikin/hw/jinkou/geppo/nengail5/dl/
gaikyou27.pdf

R. Ross: “Atherosclerosis— an inflammatory disease”, New England Journal
of Medicine, Vol.340, pp.115-126 (1999)

(3) A. Kutluk, T. Minari, K. Shiba, T. Tsuji, R. Nakamura, N. Saeki,

(2)

IEEJ Trans. EIS, Vol.138, No.3, 2018



FMD KIGEOIIiEY I 2 L— 3 ¥ GRAE, )

(4)

(5)

(6)

(7)

(8)
(9)

(10)

(11)

(12)

(13)

(14)

M. Kawamoto, H. Miyahara, Y. Higashi, and M. Yoshizumi: “A New Ap-
proach to Evaluation of Reactive Hyperemia Based on Strain-gauge Plethys-
mography Measurements and Viscoelastic Indices”, International Confer-
ence on Biomedical Engineering, Vol.23, pp.2059-2063 (2008)

M. Sato, H. Hasegawa, and H. Kanai: “Correction of change in propaga-
tion time delay of pulse wave during flow-mediated dilation in ultrasonic
measurement of arterial wall viscoelasticity”, Japanese Journal of Applied
Physics, Vol.53, 07KF03 (2014)

Rk &5 - SRR - NSRS L TIEREN OB & IGR I 577
A FF 4 > 2013 MEHEREOIHRBIFHIIE T 274 FF 1> ],
pp.21-24 (2013)

A.J. Flammer, T. Anderson, D.S. Celermajer, M.A. Creager, J. Deanfield,
N.M. Hamburg, T.F. Luscher, M. Shechter, S. Taddei, J.A. Vita, and
A. Lerman: “The Assessment of Endothelial Function”, Circulation,
Vol.126, pp.753-767 (2012)

HRILR - gTHEG TEo LA oYy — i), aa54, pp.68-81
(2010)

A.P. Avolio: “Multi-branched model of the human arterial system”, Medical
& Biological Engineering & Computing, Vol.18, pp.709-718 (1980)

M.C. Corretti, TJ. Anderson, E.J. Benjamin, D. Celermajer,
F. Charbonneau, M.A. Creager, J. Deanfield, H. Drexler,
M. Gerhard-Herman, D. Herrington, P. Vallance, J. Vita, and
R. Vogel: “Guidelines for the ultrasound assessment of endothelial-
dependent flow-mediated vasodilation of the brachial artery: a report of the
International Brachial Artery Reactivity Task Force”, Journal of the Ameri-
can College of Cardiology, Vol.39, pp.257-265 (2002)

L.R. John: “Forward electrical transmission line model of the human arterial
system”, Medical & Biological Engineering & Computing, Vol.42, pp.312—
321 (2004)

Y. Kitta, J. Obata, T. Nakamura, M. Hirano, Y. Kodama, D. Fujioka,
Y. Saito, K. Kawabata, K. Sano, T. Kobayashi, T. Yano, K. Nakamura, and
K. Kugiyama: “Persistent Impairment of Endothelial Vasomotor Function
Has a Negative Impact on Outcome in Patients with Coronary Artery Dis-
ease”, Journal of the American College of Cardiology, Vol.53, pp.323-330
(2009)

RS - MEHITSE - A - B 7 — & R L8 -
FEREETNVERMET A4/ N—2 3 v, FHERRFZEM B RE,
pp.129-131 (2016)

NI LT L\ I E & IRIEFIAT~ = 2.7 )V ], MEDICALVIEW
(2008)

ARIFEIEN - SFEPR S - PR - SREHE— - 8B H - SHESR -
BT - PNER - ER AR BT TAREE - IR -
ik TR AR A SRR RO SR At O B IR BERGTHE AR O HE
sEJ, FHM A BYRIEE SR SCHE, Vol 49, pp.1029-1036 (2013)

TP - ANIERE - AT - kSR - IMFHESR - ML
(A4 b v B FEE 1], ZVEET - P v/8r, pp.204-206
(2010)

GE&E) 2016 BHIR L RAHERF AT E R
FREE BUERIRFRF B AR A2
TEBAOLILE 7 VI BRI, E1

HubfErasHo

GE&E) 2011 BRI RS E B L 1R
FEHAZHURRB S (A 4E RSB ST R O HLsT
HEWE T u Y 2 7 MEIEEIISE R 2012 AR
SEREFREFBEN T B (F8EE). 3
FERYPUARE R A B T A TR AR B, [ R ] (AL B
2B B W98, TEEROEILE TV 205
\2fitd. IEEE, FHUABHIESS, B iR
FRERHo

(FERE) 1990 BAGHATRI AR R bt 1
PRIET o L, FAERKEIF, 98 ARG
THHEH A BIHI% . 2008 #d%, MRD =2 — oA
YT AT AT AT, TEEAROEHETIVIZH
I HWZEICfES, ARVO, Society for Neuroscience,
HAMBR 45, HAMRER R4S .

227

IEEJ Trans. EIS, Vol.138, No.3, 2018



