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Abstract : A computational model representative of cardiovascular circulation was built using 12 standard lumped
compartments. Especially, both the baroreceptor reflex and the cardiopulmonary reflex control model were implemented to
explain the auto-regulation of cardiovascular system. Another important aspect of this model is to utilize the impulse-response
curve of the nerve system in transferring the impulse error signals to autonomous nerve system. For the verification of this
model, we have computed the normal hemodynamic conditions and compared those with the clinical data. Then, hemodynamic
shock of 20% hemorrhage to cardiovascular system was simulated to test the effects of the control system model. The results
of these two simulations were well matched with the experimental ones. The steady state LBNP simulation was also
performed. The transient changes of hemodynamic variables due to ramp increase of bias pressure of LBNP showed good
agreement with the physiological experiments. Numerical solution using only the baroreflex model showed relatively a larger
deviation from the experimental data, compared with the one using the control model having both the baroreflex and the
cardiopulmonary reflex systems, which shows an important role of the cardiopulmonary reflex system for the simulation of the
hemodynamic behavior of the cardiovascular system.

Key words : Cardiovascular circulation, Lumped parameter model, Baroreflex system. Cardiopulmonary reflex system, LBNP,
20% hemorrhage.

Jrﬁimﬂ
0

FAAA AR, (100D A% FHA AHF 18897, N =
FogsgE A N
Tel. (054)467-4207, Fax. (054)467-4050

E-mail. simeb@knut kumoh.ac.kr A8 @A cardiovascular system)?] EFYoHy WHE &
ATE 1999E FLIAWEE SeATuld] et ATH = Tk 8EEE A% 54, g8 da9 A9y &

o e

2.



354 Aew .
A2 AAAY sEE A% A&xA7Tel der, oY
NEAL o8 Ao YAsEBol AR AFA AE
#A4¢ 889 sHhemodynamics)® ©19 AH&FA7 T R
sure APt AFEo]l P9 vk ot ARAE B2
Ao FHEEA gL H2 dolirh 53| AZAL @71H
24824 7) %5 (short-term autoregulation)el €& FFH 3+

[e]
Ldes

wale oe 7HA
oje B Asag WAYES Wz vk AF7AA o
2 FHsl7] 98 $Be A¥y AFEo] o]Fo] 7 vt glov
olo] B3 AMF Ul8e Beneken & DeWitt[l], Sagawal2],
Blomgvist[3] 5ol Heh} itk olelgh /kr_]tngl @?%Jﬂr st
of Ag@A e A 2 o]24
A7t o]Foj vl glor
(numerical simulation)l
gtk o9} 2 XA
1A ZA9-9] A=A wgks
£ 3o, 9]47‘4
Aol g 59 £
3 d7sar ek
AdHAY FAA
Grodins[6]9] 2j8f o]
S oA thFS
zs]- D\:-IIE__O_ Zi
7, 8],
a5 AAE B 8
reflex systemoﬂ
EPEEEI]
A8 84 9 tﬂﬁ}%
A€

galA tire AzE eEm,

@13 1}%5_23
=3 5 artenal baro-
/1 o =xAoE R
‘—*.(hemod1aly51s ) #xtg
2w ok 2y AE71

]t%ﬁbﬂ/ﬂ ddo=z 51?1
Ao R 4#HFA cardiopulmonary
reflex system?] ?@015}. o] WAY |
93 AEYA 53 2] venous return®| #
79 arterial baroreflex systemell =A| & 7“
sl Aow gEA Uil webd F o AEd &
A sjAe Yairle 71E9 arteral baroreﬂex model°1
o}, cardiopulmonary reflex system& E#ste A&z
5o FEo] aEh

= 01?01]/\1‘“ ’“3*4741—4

g

S~
X'OL o}:{g g{m i
.

ol

. 0}“ -
:lm 18 T ofy
Toen o gk ob g
N oz 1% o rir 2

H
o=

& mAsE

?_Oﬂ}\i\__ E‘E’_
Wyt a3
o ARssEt ¥

© al
12719 ,&/’\'—
FEHAE gﬂ

=
=

LS dig A # ohyet
Aol @714 zAg71s NF
@r1E Agxd TlsdAe
W ole} cardiopulmonary reflex
deha ek £ A8 Sl 2
ol 9o A= W AAUE 2 oleh ddgd AFHe
A EAL AAE dolHed 7153}04 A= Pﬁﬂ} L
= T7ad TXISH*% o] B e 7\:.4
A8l (normal state)oll/‘1-4 g%
‘31 Ay Az} v HEITH
ﬁi‘ 2o A
39k Al 7HA Hx
LBNP(lower body negative pressure)d 3
Hstgon, ol 7|zl AREH sy

arterial baroreflex system
7Vl W mds

o\}l
_O'L
AR
o
o

= -IR ru
ok JS‘-‘
of M 2

PAx
uirt
o

po M

>

o (B

ob
Wy 2

(e

S
N
& rjr Lo

9‘.

/‘é

o

L.
=

ofN *
o
N

im

do

(o}

il

A~

1>

-3

7}

_O'g

=
)

mlo
4
>

[
t

Al

nIl-

o

m

2.

Architecture:

B

L

A e 12718 AdH
TFdstart.
(upright posture)ol} 93 F¥ &
B o)& gigk AeAAAY Wald F4
2 olg} Ze o FAFAME FE
olo] 7]¢18t venous returne] T~ FL3}H,
A% A48A(systemic circulation)oll it Al
=

o]
zdg

parameter

287
o olgh e AfE £ ATIANE FUA % AEWAE

l‘

Gaapl 2R v, AU R AedAE e aaE
A vlad AAsA @t Fig. D.
Py B, R, P
%Cw W - "
) T =
oM ci*

Fig. 1. Circuit diagram of the lumped parameter model
for human cardiovascular system
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Fig. 2. Components of each compartment in the hemo-
dynamics model
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Table 1. Parameter values for the hemodynamic model
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Fig. 1o Yehd 479] a4 zoM2 AF(arterioles)
Agghe, Zk F22 Adys AulEZ(cardiac output)] M

TOEA 23%, A7 22%, BFEE 30%, A 25%)9) 7 %8}
4, 9F 1 PRU(peripheral resistance units, mmHg - s/ml)<l
A A Adags wiEsslith aEln Z9 outflowZol A
o] A& k2 Beneken and DeWitt[1]el4] AAXE AL 7]z
7 3o A HgHe gAAFE I A B
T A9 dAT e A Aem B 4 loH17], A4
9] outflow A& HEL DefaresE{18]¢] AFAI} e} 8}
A A

Capacitances:

&Hol A9 capacitancei= T2-A™ Ato] HF-o] A7k

FE gevh Fo-gu alelo] g

A wE AZPESE oF 16201, o] GH”E% sl

capacitancew < 2.0 ml/mmHg7} ®H1]. §AHsH 2o

o ZoAe] capacitance® TEGEH, I FAEA @
#d FnAEE 99 Table 19] YeR} et

(time constant)®

=
=
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Pumping chambers:

 AFodME HAe 5%, olg NTE Azl wa} W)
8= capacitance 24 ﬂlﬂ?&ﬁ}. Z 4% A (systole)oll HA 7k
2, ol¥A(diastole) Aol Ha e ZINEE dt) FAA 9
capacitance Cl& ®HJ A S (elastance) El (El=1/CDl gt
ojele} Ao tE-AH THL gFgate] T l 2 gk
= % 04914 10 ml/mmHg<] H4el UARTHIOL 44l
A5, 2 @9 WYE ok 12-20 mY/mmbgelth e Fig. 3
& 2 Ao AE FHadd e Azt whE eAdAGe)

(=]

ZPFV(V) Capacitance(C) Inflow resistance(Ri) |Outflow resistance (Ro)
Compartment

ml Ref. ml/mmHg Ref. PRU Ref. PRU Ref.
Right ventricle 15 (14) 1.2-20 m 0.012 0.003
Pulmonary arteries 90 (14) 4.3 Mm 0.003 2
Pulmonary veins 490 (14) 8.4 m 0.08 17
Left ventricle 15 (14) 0.4-10 (1 0.01 (18) 0.006
Systemic arteries 715 (14} 2.0 m 0.006 8
Systemic veins
Upper Body 650 (1 8 (15) 3.9 estimate 0.23 m
Kidney 150 (10) 15 (15) 4.1 estimate 0.3 (n
Splanchnic 1300 (15) [515) (15) 3.0 estimate 0.18 m
Lower limbs 350 (15) 16 (16) 3.9 estimate
Abdominal veins 250 (15) 25 (15)
Inferior Venae Cavae 75 (15) 2 15) 0.01 0.015 (1
Superior Venae Cavae 10 (15) 15 (15) 0.28 0.060 ("

J. Biomed. Eng. Res: Vol. 22, No. 5, 2001




396 Aew AL - A%

Ts Tp

—— Time varying elastance used in model
« Time varying elastance in humans
according to Senzaki et al.

E)t) (mmHg/mi)

02 T —

00 03 08 D.19 1}2 1t5 1.‘8 211 74 277 30
Time (normalized units)

Fig. 3. Left ventricular elastance vs. time
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A& HE T Hstd weds pk9t skl Zzhe Al

Table 2. Baroreceptor reflex gain values

774 E gain value o, B8 FoHAL & A(DAA vebt &
EFHEA P FE agn o) SRR AA(30R)
of it} A®ald, o AFoA9 ¢7+3 effector?] Fke] =
, o] zhg "‘_7371“01] o8 2HFS oulgrt ol 2
FARRE RS YA Aojwad 2%W A arteriole
resistance), heart contractility(44¢] capacitancedt ¥ @
), venous tone(ZPFVI Aol Hgslol A A 23
WAE A2g AddsEe & 48 ¢ vl baroreflexs}
cardiopulmonary reflex systemel A#¥ parameter? #HE
B o 2717h He FaEde] vhg Table 29 3o whelglth

cardiopulmonary reflex®] 7% barereflex®= g ubg

9} contractilityo] Widt AHAQA 2H75L 1A gl
AAZ cardiopulmonary reflex® A% W3 FiE oA
FEsHA 1 dBBAZ EEA &S el th2],
4. itz U HE
HAMEQI Aol B0 AHE:!

2 dArdMe & B AgE A Aste A4

Reflex Limb Units Gain value Timing Reference
9.0 Parasymp. (21
- | H
R-R Interval ml/mmHg 9.0 Symp. 21)
Contractility 2
L-V End-systol. ml/mmHg -0.007 Symp. (23)
R-V End-systol. -0.021 Symp. (23)
Resistance
Upper Body -0.01 Symp. (23)
Kidney PRU/mmHg -0.01 Symp. {23)
Splanchnic -0.01 Symp. (23}
Lower Limb -0.01 Symp. (23)
Venous Tone (ZPFV)
Upper Body 5.3 Symp. (24)
Kidney ml/mmHg 1.3 Symp. (24)
Splanchnic 13.3 Symp. (24)
Lower Limb 6.7 Symp. (24)
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Table 3. Cardiopulmonary Reflex Gain Values
Reflex Limb Units Gain value Timing Reference
Resistance
Upper body -0.06 Symp. (25]
Kidney PRU/mmHg -0.06 Symp. (25)
Splanchnic -0.06 Symp. (25)
Lower limb -0.06 Symp. (25)
Venous Tone(ZPFV)
Upper body 13.5 Symp. (26)
Kidney mil/mmHg 2.7 Symp. {26)
Splanchnic 54.0 Symp. (26])
Lower fimb 19.8 Symp. (286)
Table 4. Model verification - results of normal subject 160
Parameter Simulation ol range - o LV Pressure
results 140 — o Arterial Pressure
Cardiac index (L/min/m®) 3.2 2.8-4.2 1202
Stroke index (m/beats/m?) 54 30 - 65 s
100
Pressure (mmHg) E -
Left ventricle :._T 8o
Systolic 129 90 - 140 5 C
End-diastolic 1M 4-12 o 60
. . o -
Systemic arterial -
Systolic 128 90 - 140 “oF
Diastolic 79 60 - 90 ok
Venae Cavae -
Maximum 4.5 2-14 b €
Minimum 3.0 0-8 3 35 4
Right ventricle Time (sec)
SYSK’“,C 30 16-28 Fig. 6. Temporal distribution of pressures
Diastolic 13 5-16
Pulmonary artery 370 = o] 3 Hole A o] =
Systolic 30 15 - 28 A7)Ee Y7 Qsle] dojxl ks BAS] 9fdte] o
Diastolic 13 5-16 742 BFAEH parameterd WAL W) SUh A&
Resistance (mmHg/mi/s) = z8Harteriolar resistance)el Z7FE $lg ¥ 3,
Total peripheral 1.0 0.68 - 1.05 venous tone? ZF7HZPFVE 727 o ZxQ Aot}
Total pulmonary 0.12 0.11 - 0.19 08 Fig. 7¢ 28 A% HEASA parameter? WEHEL
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Fig. 8. Comparison of the present simulation with
experiment(23) for LBNP. Percentage changes of (a)
heart rate (b) mean blood pressure (¢) cardiac output
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