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Effects of External Counterpulsation on Typical Coronary Artery
Diseases: A Lumped Parameter Model Study
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Engineering; Key Laboratory for Biomechanics and Mechanobiology of Ministry of Education, Beihang
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University, Shenzhen 518033, Guangdong, China)

Abstract: Objective To study the hemodynamic effects of enhanced external counter pulsation (EECP) on
typical coronary artery disease and microcirculation angina. Methods A physiological model of the right dominant
coronary artery, including the coronary conduit arteries and coronary microcirculation, was established using
lumped parameter models. Pathological conditions, such as one-vessel lesions, three-vessel lesions, and
microcirculation angina, were simulated. EECP intervention models were established, and the hemodynamic
effects of EECP on pathological models was simulated. Results The simulation results of the coronary
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physiological model, pathological models, and EECP intervention model established in this study were consistent

with experimental data in related literature. EECP improved coronary blood flow in all three pathological

conditions. For one-vessel lesions, EECP could not recover the blood flow of left main coronary artery to a

normal level after the stenosis rate reached 80% —-85% . For three-vessel lesions, EECP treatment could not be

used if the stenosis rate in one of the three vessels exceeded 90% . For microcirculation angina, EECP was

effective when critical condition myocardial blood flow was >1.03 mL/min-g and coronary flow reserve was >

1. 64. Conclusions

The model of coronary disease under EECP interference established in this study meets

expectations, and the obtained simulation data have certain reference values for the clinical application of EECP.

Key words: lumped parameter model; coronary artery diseases; microcirculation angina; enhanced external

counterpulsation (EECP)

TEE R B K LA e — S i 2R 8 1 A 0
Xof Nl B i B2 A8 3 . R Bl bk il A o
P T i LA 0 7 R B, i PR R S B 8 e i
[% 57 (left anterior descending, LAD) &) Jik . 22 Jig 52
(left circumflex, LCx) 3l ik 5 £ 5 4K 3l Bk ( right
coronary artery , RCA) B2 B8 FE K F 70% , 5l /42
F 5K (left main coronary artery, LMCA ) B 42545
FREERT 50% ' BR T bR 3h bk i & e A 41 B A
— B E UL B O I R — i O &
( microvascular angina, MVA) >/ MVA TEIIf K |- X
PR RS bR S0 ok G 10 A8 ) R BB, B8 AT O SO R R
{ESERINAI] 7133 - ATHD W T S

Hh 5 K S8 2 48 ( enhanced external counterpul-
sation , EECP ) 1E.C il MLE 6 B 1 5 He &2 AT )12
FRIIIfG AR R SRR AR . EECP i 7 51 2034
ARG BB R 4 7 =X, AT DATE O BIE ST 7R BT A
Y KR 2 S kAL | DA T 4 v e K 4 I O
RO LA U BE MBS B L SR, H
IR T B 70 A R, EECP 78 56 ik U LT
EFA TP B 5 00 1 A B A

B SRR BB AR AT MU 3 12740 A 1
I NGRS R GE, e h SRS RL (F i A )
A LIRS A SRR Sl K, R 1l | 1 U O 9 3l
DA T 5 BRSPS ek
RIS e v31  3 TT AR 90 1t AR 155 0 3 53 Sy A (I 35
B AR DL R LR 3 Fh, o A
B IL( L 70% ~ 86% ) AN S AR SR
AT RIS A H B TR B ik i 548 Sl koA R
FEREE O NG PR R (5 5 EECP X # AL e
JK ML B2 MVA 520

EECP 7 LAY et Jik i 87 9 BAT R AR 9T
AR AF I R A 00 B0 ) 2 D LA 5 s — 2
B, ARSCHER WA BEAAHE. O @650 WU
TG EEAR B kA h S BRI LA S EECP T T5et ik
PPN | T 56 T ik R 12X 90 2540 400 T ASE R AT 2801k
() 7 B TR B ik i S A 4 h S HORB TR | A 3
BASTRRAE | =SOSR B AY | IR TR A AL, OF
HE—2PHEN, MVA BB . B fjj B EECP R YT
RUSEEAR B K i 4850 , AL G 45 AOR 538 HIYE
1 A&

1.1 SEERIKSOAHNRBIIEER

SE LIRS P IL T Pietrabissa 25 HF 5%,
A M Bt BEL(R) BN M (C) BA AR (L)
AT .

R = 128ul/(=wD*") (1)
C = wD*l/(4Eh) (2)
L = 4pl/(wD?) (3)

Xl MM BRKE; D NHA; h NEEJR b=
0.08 D;E AsfPERIE  E=200 kPa; u N IMIKEE,
u=4.0 mPa-s; p HIMWHEE, p=1 000 kg-m™,
R.C # L ZHL3CHR[10]

O UG R 43 B9 22455 (DL 1) B2 T Spaan
VUSRI o AR B, A X
O —/N R X3, T8 20 5 548 3 koA 78 1
il Ak ( 2,5 C,) T8 R T FE R K
K2 LIS (2, 5 C) B B0 ILE
(pra=5 mmHg,1 mmHg=0. 133 kPa) ,

O WU AE B8 1T 43 Ry o0 A1 RS o o 80 PR
3 )2, MG Spaan M WEGE, BT A



ER4EMHE $£39% F1H 2024%52HA

26 Journal of Medical Biomechanics, Vol.39 No.1, Feb. 2024
Z, 0, Hoa=1",
(BB BEE CEP ML A (0355 J7) B0 AR (R
T &n SE) R, X TSE0 FBE (left ventricular
| free wall, LVfw ) 5 45 (> % B¥ (right ventricular free
n wall, RVfuw) SOARER IR, B AL LS
P [ty CEP 4351 0% O E N/ 5/6.1/2,1/6, i)
C, b (septum, Sep) Y CEP 544 .0 FE R MG, %
Ic R, BN 12 AL EE S, 3 R0 U CEP 41 7
T A I, AR SRR 12 (B SIP .05
,l},;r}ﬁ : m \E-EE/ m HEL %5 (elastance , E) BCIE L, BV,

Bl OAEREa g
Fig.1 Lumped parameter model of the intramyocardial
coronary vessels''?!

E: Qu AL SIS, Q,,,, 90 HUA BRI L 5 py,, T
ONUNIETT  pry JAG 05 5T 5 2, R 5 S B IKRHE BT
7, MG SNSRI C,, W% 2SR, €, W%
SCHHDKIBUSEPE s R, SR P B R, Ry (R, R TERH s €, L C,
BRI A

LANABH (R, FI Ry ), H 5% I (B 5 TR i 25 -0
B AT
R, = RO,L’V(Z),:'/V? (4)
b v, R A AR, i=1,2;R, NS
BV, MBI
TN B (R, ) H A = AR D e | TR R
Brwra vy (1 N
R, =R, [yVo,/Vi+ (1 =y)Ve,/Vi]1 (5)
Py HO~1 ZMEM 1 ADHE,y=0.75""R, .
NZZE W, BERE SRR V() iR R B
wmr.
V(t)=V,, + f(] P
i 0.i L
Ko W] e>05p,, HEREE ST po =p-pum(p N
MAE NI, p,, AN
O UG ER 18 -0 e DG 2R Y ik 7R 39 A
SEREATRA . ARAE Mynard %1 BFFE 2551 0 L
WS p,, AR AMNE 17 (cavity-induced extracellular
pressure, CEP ) 5 20 ffd P & 71 ( shortening-induced
intracellular pressure, SIP ) J:[E 4 B, p,, 132 2.0
WU R, BT F3RARAE p,, THE IR
p., = aCEP + SIP (7)
T 2o DA WL JBE ) 6 A s ) B Js A% 3o 1) 4100 o 4

dt’ (6)

SIP =k, ( Zey2S BE )

SIP =@k, (£1/0 % HE)
Horb o 2w R, 8 SIP W25 T0 58 TR 7 16 (.
18% , B3} mL, HASEEAE KR Lof0E
ME AR OERNEIRE E, M E,, XS R
= Liang AL R A ZH 2 R AE s o
1.2 BBFIRE Bk R E R

AHIFSEAEASE 1BRSIAE MRAE | = S AE e R LA

Lo MVA =GR SRR o B SO A AR fe PR AR
e TG B 78 28 FE A2 (0% ~85% ) 4l iE 470
= SRR RS LT Maasrani 50 (I R B (W
x1),

®1 =XRTREMIERRE
Tab.1 Clinical cases used for three-vessel lesion modeling

BE WA/ % . ,
w= IMNCA LAD LGk ERMERHE

1 260 99.0 90.0 LMCA #JFMH% LAD 55 LCx B BA
2 87.0 70.0 90.0 LAD EEBRZA  LMCA 5 LCx T BA
3 830 780 0 LCx JoPk7E ,LAD 5 LMCA HJE %
4 91.6 84.8 95.6 LMCA \LAD 5 LCx Y& EEpe A

FETFIRAEFLE () RITEAN MAF B R.C HI
L, X B=1-s, M| R .CF1 L Wit HEFREXT .

[15]

R=RB" (8)
C=cp (9)
L=LgB" (10)

MVA /Y 5 SCo Ak T e IR 3l Jik i 0 6% &
( coronary flow reserve, CFR) [)5Z 45150, CFR M2
SR RFE MRS T 2 /Y AR Sk L & (q,,)
FEAGLAR B IKMLFRE (g,) FILHLAE, CFR IEH N
2.5~5.0" LG FLE S CFR<2. 0 #k i e
CFR =2 Jyfi Bl FH18



FEX, & FMNREARBRIKEFRIERALARNETSHEERE
WANG Bitian, et al. Effects of External Counterpulsation on Typical Coronary Artery Diseases:
A Lumped Parameter Model Study 27

3 28 A B T BRI BEL A A MVA 3 P 7 1l A
Al #ERET(R,) SRR MR SR (R,)
BERANR, MY Algranati %' iBF 7 5 | B0
SEE IR BN DK BEAE R 2 S S KRR BT ( R, +Z ) 0L
TRAGFRBEL BT (R, + R, + R, ) F1 55 3 #5 bk 45 1F B BT
(Z,) FRERE T RITRBE L N 25 ¢ 68 = 7, FEMRAS
TR 42 1 27 ¢ 31, [F) AU A S KRR AR B BT
(Z,)AAE LN /NSl Bk | = 20 i A8 /N i bk i)
BHAE M 8 = 3 = 1197 JH%% 3 2.0 LB L, f 0
PRS00 MBI i LU ORAREE 1. 14 ~ 1,50 Ju g
HRIE A I3 5 1 A Eb ol 3k 3k A 2 0 LA
B2 % E O 0 W S 111 7 = 1 = S o 1
(L, T J 45 B 2 60% 3 R B 7T {5, 9 MVA
o5 L FE MR

ARICE LT — Sigmoid PREL( LI 2) , 1% K
O T M £ 7K T BB B (y ) $5 3R TG 24 T BHL
AR ARG L
2<Ro—kRm) (1)

1 +e”

Ry R, G PR B, 43 B R g, F g, 5
kOEEGE=1, TG R Z MARE, MVA &
HHT CFR B F80 R 3K, 51 ¢, 0801,

R(y)=R, +

400 ¢
E 300
&
E 200f
g
“:% 100 — IEWAM
= BB
0
Sk TR E

B2 ®nEomREESTKEFREIESAREE
Fig.2 Schematic diagram for the sigmoid function of microcircu-

lation resistance in patients with microcirculation angina

1.3 EECP fTi:EH#

EECP i # H A = 3l ik 19 1L & R H Michaels
%‘m Y S0 B b, i AE A D = IR SRR T Liang
SR SR . AR SO T PR T RESZ M
FEor AT AR . O il & - B /Mg
(EECP1 ##1) | H: 3 SR B AL 2 56 Bk il 45 &7 5K
SEGERK AN, 5 R M R, @ 4L Bk
FIEARAR AL (EECP2 A1) | H = BB ML A0

B IR IR, FBO kR 2238 A, 5 1 I F 38 hm

P Fl EECP 55 AU ) 2 $ 4R B 7 a0 R
® EECP1 BAL, FT2(9) , ¥ 76 DR IAE #1  J2AR
AW (R, ) VEARBH T BR A, 5 5 K e il PR 25 3t BH
(R)VEAEBE LB, # 1 ZH A0 B B 114 e Jik 3t
BH, (X ZH AR 11534015 1 24 EECP ff 45 R,
T B 5 7 AR S 50 R 30T 9 3 BH 2 8 @ EECP2
B fEERECRE T, f 0 R J1 8 0.665 kPa
(5 mmHg) . fEREER G E A0 b R A PERE
fi%, LL—7.98 kPa(-60 mmHg) 4 JE 71 F FR1E, ¥4 i
1 AHBRRE R R A 0 o T 0 i o8 P s 2l 580
FARAS 1 41 EECP {5 H45 5, e B 31 e 42230 76 14
S S ORI A D B R T

2 H#R

2.1 IEELEIETEHKERIIE

TE AR B SOR AT S ik L I 2 A7 A5 5 R
LMCA .LAD .LCx 5 RCA , .U JJLIHAGFA I F2: 437 15 3 B
LVfw RVfw 5 Sep, Z5H W7w, /Nah ik il i e &2
BREF TR AR /N K L S e T 2 B e B A
2.2 HARIE ki B RAE R IEIE

IR 2 B SRR B K A% S (Rt e 7 R
AN 3 (a) Fr7R . FH I g B A8 6 A5 I 3 £
BYsZI A] UL, LAD \LCx 5 RCA #4173 s 58 25 {E
430 35% .50% 5 35% [ WLIEl 3(b) ], ST um A A
T8 Wi e 7 R g B 78 1) s BB A5 A 43 i R 75%
35% F125% [ WK1 3(¢) ],

Xt B IR = SO AR O B S I RS, 4
RN, TE 4 PR O WA X5 22 0 51k 4.95% |
29.21% 30. 08% F1 36. 16% [ VLI& 3(d) ], Ekak
78 UMW SR IR N | 2 568 ik & 7k S A SRR AE I
S5 ULIE 3 (e) ], BHE 1.4 0 3RAE T 95% , I
T ol R R 98.93% 5 96.37% , L AR JC i 3t i
SORNERTE S AN IV AN S KIC IR

ST HCIEH FEMLE O T MVA A58 ()5 B 25 5 5 3
BREE 2 B, Fe M55 0 T 55 80 5 B 45 SR 5 SOk Bk o
FA—FHWE3(e) ],

2.3 WOPRIEEBKIE SR
HEER

IEH AR B Ol R SRS R R 4T EECP, W A

EECP 5 AR (19 1L 375 T 384 25 % L an 18] 4. (a) FF

$ B 7 ik 1 s B



EREMAE $£39% F1H 2024528
Journal of Medical Biomechanics, Vol.39 No.1, Feb. 2024

20
i~

g %( 15 of 1.0

R & 10 S

H o 5 0.5
g

50 100 O 20 40 60 80 100 O 20 40 60 80 100
AR % BAF /% WA=/ %
(a) MESBEEIRE LB (b) 43w 7 (¢) B hr E XS M B
of ek 1L % B2 5
W ~ 3 E% O
720 L ulodd = 35 L 1
E mHEER 30 NiL EEas
B S E 25
B e 1§ 2.0
®ngo £ 15
(= - =
Lrhe g 0.5 F= =
Q
2 0 B mE BE: MEd = 9 02040608 10 LMCA LAD  LCx
i [al/s A © od

(D HREREGMRGE RIS (&) A BE MGFH T (O WAL EE P mkiE

1000

100 . WSRO O B S
10 E Ii? I

) - - . L mr Wl
LADEHHE LCxEHMiE LADIM R LOxME  ZILMBF CFR

(g) MVAE 53CHR[SI® EE

3 REEBRIRE
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