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Abstract @ In this paper, we proposed a heart activity control model for simulation of the aortic sinus baroreceptor, which was the most
representative baroreceptor sensing the variance of pressure in the cardiovascular system. And then, the heart activity control model composed
electric circuit model of the cardiovascular system with baroreflex control and time delay sub-model to observe the effect of time delay in heart
period and stroke volume under the regulation of baroreflex in the aortic sinus.

The mechanism of time delay in the heart activity baroreflex control model is as follows. A control function is conduct sensing pressure
information in the aortic sinus baroreceptor to transmit the efferent nerve through central nervous system. As simulation results of the proposed
model, we observed three patterns of the cardiovascular system variability by the time delay. First of all, if the time delay over 2.5 second, aortic
pressure and stroke volume and heart rate was observed non-periodically and irregularly. However, if the time delay from 0.1 second to 0.25
second, the regular oscillation was observed. And then, if time delay under 0.1 second, then heart rate and aortic pressure-heart rate trajectory
were maintained in stable state.
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2 97E RAEAY BA87edFAY FdIGAR A A ST
Bl Aol 3] o] Fo]F A .(0405-ER01-0304-0001)
EARAA : AAE, (602-739) BAZAA MF ol E 1410

P 3o g etua A= 2t 7159 WF A 8L I3 4As
Tel. 051-240-7535, Fax. 051-240-7534 A FA87] Hole F3] B8 HE A o) A) 2 H (feedback
E-mail. grieon@pusan.ac.kr control system)Eo] Zx]gt} o]E HF Ao} ANAHEL



b

566 HYd - 4=

&7 A (homostasis)S A3, AA e F&, &,
B, 27|93 (acid base balance), A& %L o] A3l grA 9]
83 B9 49, aga dA AFE 24ske od JHA
EAE9 =¥ ol g7 Wl F AW Fol WA
stot. olgj st Al2® Fol <AA Y AAES 3 T]|FHA
g rJi#dez %3 9¥E g@9sie 3L
(circulation system)o] EZAJ3}H, o]E F FE A A|xH
o] 48 @A~ (cardiovascular system, CVS)o]t}[1,2].

CVSe Z2EF, AA7|%(renal function), FFA17ZA
(central nervous system, CNS), 22|31 a7 (sympathetic)
2 337 (parasympathetic) A AR o] o] A& A A A
(autonomic nervous system, ANS) 5 &8 7}x] 821Ed]
osle] WHisle 548 AdY34]. °|& F ANSt 4%
o] @58 FAdte ugAAHY JAste FuziidREes
TEEe 9 #H W AA X (activity)e] WM} S
o wzketAl wkHEste CVSe rjeg ZAESoh a8x
CNS& Q1A BE 7R A& @2str] sta] whA
715S Aojsle 44 AAH AF 715E Aoste ¥
44 7oz Fusel oy Ju Wshl Ugse oY
@ 574 54¢ Jgdt 0dEs VS gad 54
EA W3lx CNS9 Ao 75 o] ZAHA} 4] 53]
cvse) 4R e FASE Agel 23 75 A
ut&2(cardiac output), Au}F4(heart rate), 18]y AV3F
A k& 2k (stroke volume) 52 ANS9} CNS9| ¢8-A &
A} Alofel ofs] ZHEt

o9 2o YR TA 54 WS YehhE CVsy| 7|
dste CVS wde AR e @ae
(formalism)& A}&-3le] Rdastn A EH A Sl &
F A7e Bol A=HAY. st stH CVSe dR/HEHA
A owe} H7F2AHY u] FAE S o]t CVSE
A7zlg wdz AAste d7r 8 dixiel ofs) Hol
FRHATT Ying[5]& CVse A7z wdg o]&3ty 1
8¢, weola, wutdF Fof WAl HFo] 3l
= AL CVS TEAS #BF3¥ 1, Drezewiecki[6]= |
FZ CVvss RA4E BHxAA ] A2 2dE A9bshal,
G g o]&3te Ao HAFstet FHst e A
FAE s AlEHelde sttt 271 Borst[7]=
AE5WE AA(carotid sinus nerve)o] W FL AIL
F71Ho 2 A7I8te CVSY &9 ZE7] Fte pEA
hate]l EAE 2 HBAZE HriEldd. Madwed(8]E
Windkessel 2dd] ANS 7]%5& A sle Aol 2de& o
23] AojA S T4 F A7 wet Wo] st A
BL= L (heart rate)?] AFHEHS HEAMsto] A ANS A
ANzt A AztAele] wATE uwuaAd. w
Cavalcanti[9]= Hl9}EA 2d<¢l Windkessel Zdo] i
FEUge BAESD, FFEEA 2A AR A4S 7
Al 2dS Algdte] =Yy g F AIEHoHAE Y3t
At ols} Ze] g dARAEd o3 JdE RdE
o Wold #IFA A4 Ag HEd F83F JHR=2 A}
853 glon), BgHA et AREe
7% meH E7E AEHT ok

B gy CVSe] Felrxstd]] S4& 1#s
of old dAyztEe] AAIG CVS AVIE 2
e, Addsd, M5, AHE, A9,

o
[SR=1

2

olzsls] x| : #2547, 635, 2004

AW A5Y - BEE -

[e}

188 - 487 - AES - o BE - AAS

‘

ot

oAt fo

HE MEEEe RdE AAIstn, AAIE 2d

< A3ty MA7iszE mde] geuHES A
agn AAg WArFE 2de] Bi4ds 3F
7] st WEAHoZ AEHIL Ye AEYIH =T
9] VisSimE o] &3}e] CVS A7|3lg nd& ALE3 A%
AE uAL Alo] BRES Al EFHolAStH S AgtE ¢t
A Al REle Futo]l Y W hHAE Ao
EAE 830 PAES AHEsle RdHYsden, ¢
F&A AFAAAAMY AR wWE CVS oA
#wEsdth g AlEdEeld 8 A3 @38 AR
Aol WE AlulFSH ol Al(heart rate variability, HRV)2]
HEYE BAske] ANS Gao] oF CVSe Alo] W3
& nEsAT,

u

—

=2
74
e

e

Cvsel Tkt B4 SAHE oid A B 5 BFY
A ®z}, 28, 21371%, CNS, 28]l ANS 59
2950 odte] Matdth. el ol FHHA %
< 7IHE e wslE £x Yok aER A Y
9RFT B3P CVS 715S guapl FHeHE CVS =
o] Abe AY Erbssith wEd g2 a7 IFAA
T CVSe] dRAFAHA ov], YsarAl a4 2 A7
A Aol o EFFRA=AILH #F 4T,
23 A7 B G99 Ao} )EEe neF CVS 2
o B A7E +Wsn Aok

B g AE CVS Ar|3 2 29 Rideout[4]d]
o) Agte HFZT AEH A2 2de HTEE
2% CVSY HelTzetH B4 Lejstel 48R A
zde B8 BUe AFYSRAT. ATHE ANY2
wde ZAUSA, AdUE, ASH, AP, AT,
AR 5oz o AR BdE ANHL AN
2o mEgAAE HEstd A 2de dHoivig
58 AEFHen, B Ao AAE CVS Hr3lg &
dg 28 1o vehldoh 28 194 digAAE e
1Z9 s, PAD 5 229 59, PA)E 78
stgey, Axcd FAAE ATYPA3), AgH 1PV
AR 2PV)E TFEEHT EI HFHAE HEH
1(PP1), #E= 2(PP2), ¥ 3(PP3), #4= 1(PL1), 218
3 #HAW 2(PL2) Fo8 FREYCH

2% 19 QeBAadel A/52 mdd A8E 27
so) oule ¥ 13 Row, ofF 2489 e 7o) 9
o A& 2Go| N AHESE AR WBPYNe ¥ 29
2t B 204 %71 ¢ AlEE Sstd WoZE e
(medical units)el] 1332 F3dlo] CGS(centimeter-gram
-second) ¥ @aEtgoen, CVSY Z+ RYolN =7 3k
o FarddMe v|EgAS Yehidt aga ® 2
o 2 R 27] gE Jledd ol TICE x7|x
Z(initial condition)d A 2] A®, “Us 2E#H27F gl
(unstressed)A 8] 18] T EDM-E  end-diastolicA} el o] A 9
Yoz gl 273-¢ 247k ou gt el L. Ventricle



SRl

3 Rt Ventricle®] A4t 1o} A1&-§ LD} RDE #44

7 A A A9 A A% (stiffness) & o] W3}, B
5 #S HESRTh 283 Pspices A
24 sE TEEAE £ 3

459} 729] %

Sl & 2004 AN v
| e H,

AFNA

ol deivle gEe AT 499 A

, 18, A

oo —'W o

= Al Ale] 2EE o] 83 A¥AA A ndy ® AlEYolAd 567

=8 ’b‘Eﬂ—E* _1_246} Solth. WA e gael AL

171% *3, 51% ¥ 5% 22 4] =

Sl Aaspl sl ge HAEHR AEH el
T2 VisSimg AMg3led Al B o)L 3T 4 Stk

Rt — T Pumvz _Hi R
PLA PLY PAL PA2PA3 PVIPVZ _ PRA PRV PPl PP2 PP3PL1 JPL2
e T P T e TR TR (Y[R e TR TR
CLA Lu-w spat Lygilyofl ::m R ;Iem 2R :;cpz;
| A ! ;’I l ey |
| Ltawimn  JitVentricle | Aortal |az :.A31$.V§1 | 8¥st.V2 || Rt.Atrium IRt.Venn'ic]e megm

a7 1 AE Alage Moz =Y
Fig. 1. Electric circuit model of the CVS
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Table 1. Description of parameters in electric circuit model of the CVS

parameter Meaning parameter Meaning
PLA Left Atrium Pressure PRA Right Atrium Pressure
RLA Left Atrium Resistance LRA Right Atrium Inertance
LLA Left Atrium Inertance RRA Right Atrium Resistance
CLA Left Atrium Compliance CRA Right Atrium Compliance
PLV Left Ventricle Pressure PRV Right Ventricle Pressure
RLV Left Ventricle Resistance RRV Right Ventricle Resistance
LLv Left Ventricle Inertance LRV Right Ventricle Inertance
CLv Left Ventricle Compliance CRV Right Ventricle Compliance
PA1 Pressure of Proximal Aorta PP1 Pulmonary Artery Pressure
RA1 Resistance of Proximal Aorta LP1 Pulmonary Artery Inertance
LA Inertance of Proximal Aorta RP1 Pulmonary Artery Resistance
CA1 Compliance of Proximal Aorta CP1 Pulmonary Artery Compliance
PA2 Pressure of Distal Aorta pPP2 Pulmonary Artery Pressure
RA2 Resistance of Distal Aorta RP2 Pulmonary Artery Resistance
CA2 Compliance of Distal Aorta CP2 Pulmonary Artery Compliance
PA3 Pressure of Systemic Arteries PP3 Pulmonary Artery Pressure
RA3 Resistance of Systemic Arteries RP3 Pulmonary Artery Resistance
CA3 Compliance of Systemic Arteries CP3 Pulmonary Veins Compliance
PV1 Pressure Systemic Vein PL1 Pulmonary Veins Pressure
RV Resistance Systemic Vein RL1 Pulmonary Veins Resistance
CVvi1 Compliance Systemic Vein CL1 Pulmonary Veins Compliance
Pv2 Pressure Systemic Vein PL2 Pulmonary Veins Pressure
Lv2 Inertance Systemic Vein LL2 Pulmonary Veins Inertance
RV2 Resistance Systemic Veins RL2 Pulmonary Veins Resistance
cve Compliance Systemic Veins cL2 Pulmonary Veins Compliance
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Table 2. State variables and differential equation in electric circuit model of the CVS

Calcuation of initial volumes

Puim. Art. 1 QP1IC = QP1U + PP1EDM*CP1%1332
Pulm. Art. 2 QP2IC = QP2U + PP2EDM*CP2x1332
Pulm. Art. 3 QP3IC = QP3U + PP3EDM*CP3%1332
Pulm. Veins 1 QL1IC = QL1U + PL1EDM=*CL1%1332

Pulm. Veins 2 QL2IC = QL2U + PL2EDM=*CL2%1332

L. Atrium QLAIC = QLAU + PLAEDM=*CLA*1332
L. Ventricle QLVIC = QLVU + PLVEDM=*1332/LD

Syst. Art. 1 QA1IC = QATU + PATEDM=*CA1%1332
Syst. Art. 2 QA2IC = QA2U + PA2EDM+*CA2%1332
Syst. Art. 3 QA3IC = QA3U + PA3EDM=*CA3*1332
Syst. Veins 1 QV1IC = QVIU + PVIEDM*CV1x1332
Syst. Veins 2 QV2IC = QV2U + PV2EDM+*CV2%1332
Rt. Atrium QRAIC = QRAU + PRAEDM+*CRA%1332

QRVU + PRVEDM=*1332/RD

]

Rt. Ventricle QRVIC

Calcuation of total initial blood volumes(QT)

QT=QP1IC+QP2IC+QP13C+QL1IC+QL2IC+QLAIC+QLVIC+QATIC+QA2IC+QASIC+QV1TIC+QV2IC+QRAIC+QRVIC

Calouation of total unstressed volumes(QU), stressed volumes(QS)

QU=QP1U+QP2U+QP3U+QL1U+QL2U+QLAU+QLVU+QATU+QA2U+QA3U+QVIU+QV2U+QRAU+QRVY, QS=QT-QU

Pressure—Flow Equations

Pul. Vein 1 PL1 = (QLI-QL1U)/CLI
FL1 = (PL1-PL2)/RL1
QL1 = [(FP3-FL1, QL1IC)

Pul. Vein 2 PL2 = (QL2-QL2U)/CL2
FL2 = [(PL2-PLA-RL2+FL2)/LL2
QL2 = [(FL1-FL2 , QL2IC)

Left Atrium PLA = (QLA-QLAU)/CLA
FLA = [(PLA-PLV-RLA*FLA)/LLA

QLA = [(FL2-FLA, QLAIC)
System. Veins 2 PV2 = (QV2-QV2U}/CV2
FV2 = [(PV2-PRA-RV2*FV2)/LV2
Qv2 = [(FV1-FV2, QV1IC)
Rt. Atrium PRA = (QRA-QRAU)/CRA
FRA = [(PRA-PRV-RRA*FRA)/LRA
QRA = [(FV2-FRA, QRAIC)
Rt. Ventr. PRV = (QRV-QRVU)*SRV
FRV = [(PRV-PP1-PRV*FRV)/LRV
QRV = [{FRA-FRV, QRVIC)
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Table 3. Parameters value in electric circuit model of the CVS
CONTINUOUS SYSTEM CIRC
TIME Heart Period 0.8 Systolic Period 0.3
QP1U 7.8 PP1EDM 7.2
QP2U 23.4 PP2EDM 7.0
QP3U 210.5 PP3EDOM 6.6
QLU 69 PL1EDM 4.45
QL2u 69 PL2EDM 3.62
QLAU 814.5 PLAEDOM 3.45
QLvy 10 PLVEDM 4
QA1U 35.1 PA1EDM 64.3
QA2U 85 PA2EDM 64
QA3U 710 PA3EDM 63
INIT Qviu 909 PV1EDM 13.5
Qva2u 1948 PV2EDM 7.2
QRAU 1948 PRAEDM 6.64
QRVU 10 PRVEDM 7.4
CP1 0.0001 CLA 0.01176
Ccv2 0.045 CA1 0.00018
CcpP2 0.0003 CA2 0.00023
cL2 0.001 CA3 0.00182
CP3 0.0027 Cv1 0.021
cL2 0.001 CRA 0.045
CL1 0.001
RP1 10 RP2 40
RLA1 30 RL2 10
RLA 5 LLA 1
LLV 1 RA1 10
RA2 160 RA3 1000
PAR RV2 10 Lva 1
LRA 1 RRYV 5
RP3 80 LL2 1
RLV 5 LA1 1
RV1 90 RRA 5
LRV 1
2 ABHE Al Ao] w9
A BE 7#, 24, AF Ao AaF TN LA T5(f) .
HE PSS AT Aosis 23 Hol J5L " 5 Cardiovascular System PAI(D)
shal gl CNS= CVSIA HAsts st 54 549 )
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Fig. 2. Proposed baroreﬂex control model of the heart activity
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volume vs aortic arterial pressure
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Table 4. Parameters value in the baroreflex control model of the
heart activity

Value Units
PA1 60-130 mmHg
PA2 60-130 mmHg
FLV 0-900 ml/s
CVS Moel
FA1 0-800 ml/s
[PA1 section]
RA1 10 gm/(cm*+s)
LA1 1.0 gm/cm*
CA1 0.00018 cm*xs?/gm
Ts 0.6 sec
Tm 1.2 sec
Heart Rate P 89 mmHg
a 31
y 6.7x10"
Vmax 86 mi
Py 25 mmHg
Stoke Vol.
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K 7
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Fig. 4. Variation of aortic pressure, stroke volume and heart
rate by the time delay (a) time delay is 1.6 sec, (b) time delay
is 2.5 sec
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