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Blood Vessel Simulation

Flux Pressure
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Transition from fetal to neonatal circulation: Modeling the effect
of umbilical cord clamping
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ARTICLE INFO ABSTRACT
Article history: Hemodynamics of the fetal to neonatal transition are orchestrated through complex physiological
Accepted 17 February 2015 changes and results in cardiovascular adaptation to the adult bivenrricular circularion Clinical nractice
during this critical period can influence vital organ physiology for -
Keywords: and congenital heart defect patients. Particularly, the timing of the J- Koreau R[d'th SOC- 43 (2006) -\IO- 4‘ PP 885_897
Fetal hemodynamics (ICC) vs. delayed cord clamping (DCC), is hypothesized to be an ir
Fetal-to-neonatal transition hemodynamics. The clinical need for a quantitative understandi
Series Preface Umbilical cord clamping development of a lumped parameter model (LPM) of the fetal ca
Preface Delayed umbilical cord clamping late-gestation to neonatal period. The LPM was validated with i
Lum|l2|.‘d parameter '“‘?dcl predict the effects of cord clamping procedures on hemodynamics a
Introduction Cardiovascular dynamics resistance functions to simulate the vascular changes were introo

LUMPED PARAMETER MODELS OF
CARDIOVASCULAR CIRCULATION IN
NORMAL AND ARRHYTHMIA CASES

(31.3 ml) increased neonatal blood volume by 11.7%. This increased b
in preload pressures by ~20% compared to ICC, which in turn inci
(COyee=993 mlfmin; COpee= 1197 ml/min). Our model accurately pr
DCC was shown to maintain oxygenation if the onset of pulmonary n
the other hand, a significant 25% decrease in oxygen saturations was
same physiological conditions. We conclude that DCC has a significa
mainly because of the improved blood volume and the sustained pl

1 The Heart and Circulation
11 Plan of the Cireulation . .. ... ... .. ..
1.2 Volume, Flow, and Pressure . . . ... . . ..
1.3 Resistance and Compliance Vessels
1.4  The Heart as a Pair of Pumps . . . . . . . ..
15 Mathematical Model of the Uncontrolled Cireul
1.6 Balancing the Two Sides of the Heart and
the Two Circulations . .
1.7 The Need for External Circulatory Control Mec
1.8 Neural Control: The Baroreceptor Loop . . . . . . . -

19 Autoregulation. - - -1 o : % EuNok JunGg AND WANHO LEE
110 Changes in the Circulation Occurring at Birth . ., . . b=
1.11 Dynamics of the Arterial Pulse e 33
1.12  Computer Simulation of Pulsatile Blood Flow . . . . . . 39
113 for C ing Projects C !
the Cireulation . . . . ... ... ... L. 63 3 “ r p. aties 3 r a1 \
e s B ABSTRACT. A new mathematical mo-del of [_)um-pmg heart c.ouple.d
EXEICISES . oo, 9 to lumped compartments of blood circulation is presented. This

lumped pulsatile cardiovascular model consists of eight compart-
ments of the body that include pumping heart, the systemic circu-
lation, and the pulmonary circulation. The governing equations for
the pressure and volume in each vascular compartment are derived
from the following equations: Ohm’s law, conservation of volume,

and the definition of compliances. The pumping heart is modeled
by the time-dependent linear curves of compliances in the heart.
We show that the numerical results in normal case are in agree-
ment with corresponding data found in the literature. We extend
the developed lumped model of circulation in normal case into a
specific model for arrhythmia. These models provide valuable tools
in examining and understanding cardiovascular diseases.

https://www.math.nyu.edu/~peskin/
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Blood Circulation
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Physiological Principles Ry
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« Conservation of volume @ Rs ‘
dv (1) CpudP (1) _ Sp ()P () =P, (1)) Fi()=F,, (1) C,db, @) B, 0-F, @) F,(0O-F,)
2= =0,(0-0,0) a X, x, i R, x,
Ohm’s Law
d(CRV(t)PRV(t)) _ STr(t)(I)RA(t)_PRV(t)) _ SPu(t)(PRV(t)_PPa(t)) d(CLA (t)PLA (t)) _ va(t) _PLA(t) _ SMi(t)(PLA (t)_PLV(t))
0, (1) = FO-HK®) dt - R, R, dt TR, R,
R
2 Y, 9.0 G0
K d(Cr OB, () _ P() = Fpi(t) _ Sy, () (B () — Py (1)) d(CLV(t)PLV(f:)) S (t)(PLA (H)— PLV(I)) S, (t)(PLV(t) P 1)
dt Rsv RTr \\'dt"'/, \‘~-___R‘Mi—" \\‘--_R_A.O_—”’/
- Definition of compliance
ho =" a™ G ( ) A (t) C,dp, ) _P,(0)-F, (1) F,(0)—F,@®) C.dP, @) _ S, (P, O)-L,®) P,0O-F,®)
% V jsthevolumeat B (t) =0 dt R, R, dt Ry, R,
d(C,()P(1)) 1 Pu>Pu | P> P 1 Pr> Prr 1 Pev> Pra
‘ —0.(t)- 0, (¢) Sui = | Sio = | Sr = | Shu = |
dt 1 2 0 otherwise 0 otherwise 0 otherwise 0 otherwise




Pumping Function: C(t)
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Numerical Method

« Backward Euler Method

Governing equation at LV

d(C, (OB, ) _ Su(OEBEO-F, @) S, OF,O-F,@)

dt RMi RAo

@ Discrete equation

n+l pn+l n n n+l n+l1 n+l n+l n+l n+l
CLV PLV _CLVPLV _ SMi (PLA _PLV )_SAo (PLV — D, )

Sa

At Ry, R,,

y A
y(xn+2)
X numerical
v |~ solution
yn+2
X +
Voo Y(Xn41)
Yn h'f(xnayn)
>
Xn Xn+1 Xn+2 X

We need to solve a 8 X8 matrix system for updated pressures.




Normal Case

Psa during 1 min

P-V diagram at LV

Left heart pressures

Right Heart pressure

Pressure at Systemic Artery Pressure-Volume Diagram at Left Ventricle
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. X |
Pressures are 109.5/77.6 mmHg Time(s) o bz 44 5 s N e

- Stroke volume is around 0.07 liter
- Heartrateis 1.25 Hz
- Cardiac output is equal to 5.41 liter/minute

Although we use linear functions for cardiac
compliances as a pumping source, all curves
approximate representative curves for normal
human.




(literss/mmHg)

Compliance

Arrhythmia Case

Irregular pumping: AV=0.05, T=0.0133

After irregular pumping (2 times): AV=0.07,
T=0.0133*2/3

Normal Case : AV=0.07, T=0.0133
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When heartbeat is irregular---

- 8th, 26th, 35th, and 48th beats are irregular
- Pressures are 99.8 /72.1 mmHg

- Stroke volume is around 0.05 liter
After irregular pumping:--

- Pressures are 125.9 /97.9 mmHg




Prediction of Left Ventricular Ejection Fraction(EF)

H 2O 2 HE| H|Zute

O C -

Cl| 0|

- Data set] : 1 TCHAIRH(ERE) 44 GIOJE| + LS Ber AlAIR (n =2250)

- Data set2 : HCHAMKH(EHAE £M O|O|H + CHE 9 L

vessel
108 LAD MID
109 RCA MID
110 RCA MID
111 LAD MID

procedure  action file BAY HE/Lo|

MAE + AT E AlA

PRE ADO IV 0124_LAD MID_PRE_ADO IV_CFR 2012-12-10 M/67Ml  BP: 142 / 88
POST STENT ADO IV 0125_RCA MID_POST STENT_ADO IV WAHBAL: Yes
PRE 0126_RCA MID_PRE
PRE ADO IV 0127_LAD MID_PRE_ADO IV_CFR
M-Mode data
LVIDd: 46mm
LVIDs: 27mm

LVEF: 66%

LVMI : 67.9g/m*

RWT : 0.35

RWMA]
Ant
Basal 1
Mid 1
Apical 1
Apex 1

PN

index patient_id file_name gender
Wt: 78kg BSA: 1.88m°
1 233 3394 _LAD M
2 234 3397_RCAF
MV Doppler 3 235 3400_DIACM
E: 0.59m/s e 0.057m/s 4 235 3403_LCX M
A: 0.81m/s a:0.121m/s
EA073  Eet 1035 > 236 3406_LAD M
DT: 297.0msec  LAVI: 29ml/m2 6 236 3400 RCA M
A-L(196/174/53) .
7 237 3412_LAD M
8 238 3415 LAD M
o 9 239 3417_LAD M
1 1 10 240 3421_LAD F
- 11 241 3428 RCA M
12 242 3431_RCAF
1:Normal, 2:Hypokinesia, 3:Akinesia, 4:Dyskinesia, 5:Aneurysm, 99:Invisible 13 242 3434_LCX =
= | :;1 | AlHE X =
T/, BSA, 5= F,

=x
T

oz riot

t—'H“—, 2 A X/E| S

rest AENO|A1Q] M, LtO|, 7|,
Z5l0] table2 Hz|at

lo

N

E Lp7ts g N¥ES

A HHE E (Ejection Fraction, EF) : A&
oF — A Al L7}
AL 2
_ oA RO RO -
- Al Al
o

Ready

ABP
]

ABP

120

100

120

100

2 (n=103)

age height weight  BSA
51 179 714 1.89
54 147 43.65 1.33
69 160 67 17
69 160 67 17
50 160 80 1.83
50 160 80 1.83
49 181 64.9 1.83
73 156 40.2 1.34
66 169 67.9 1.78
82 151 55.1 1.5
66 169 69.1 1.79
85 145 57 1.48
85 145 57 1.48

0: sample0005.csv ----

EF

64
48.7
386
386
17.8
17.8

67
443

62
283

61

68

68

heart_rate bp_max

61
89
92
92
113
113
88
72
92
80
93
76
76

> sample0005_cr.csv

bp_min
100 63
130 63
131 95
131 95
149 96
149 96
127 76
126 65
130 80
95 51
139 72
152 89
152 89
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Prediction of Left Ventricular Ejection Fraction(EF)

o ZFMAMO| compliance % €.y () - F71H FEoH= Zdoz n g
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Blood Circulation in the Fetus and Newborn

[ =
« EO}7|02t U= A2
- S (Ductus arteriosus)
- Mo 3h(Ductus venosus)
- Lt2IZ (Foramen ovale)
= -
- M|CH(EHZE, umbilical cord)
TDAo 48 ADAo 48 FB 47
36 3847 35 35
43.7 42 43.7 42 43.7 41
30 2522 |LUNG
411 13 26
T2 Lizarweraum teres) m 35 PAB 7 1 3 m 22
A (Inferior vera cava) AocA 51 PA 52 KID INT PLAC
e 36 36 14
W3 (Umbilicas)
Ml et abdominal soeta) / 49.0 43 42.0 45 JLoEEEEsnEESSES S & 38,5 34 34.1 12 43.2 26
PE FA (Commen iliae artery) CA 48 ASC 53 |l/ IV 35 LA 40 \:
et 35 4543 36 ] 1.9 = L5} ﬁ
(Umiilical arterios) 49.0 42 49.0 45 : 49.0 25 49.0 3.0 :
Waageig 22 uB MPA 54 1 o /A W : LIV uv LB
W Urinary Madder) () 21 37 : 20 21: 1514
39.0 19 42.0 46 - N ~N | :
- o Ry 57] (R 49) 56.4 6 69.4 8[[362 11
#hPlacontal 13 : 2.0 = 195 18
TR e 40.8 32 10 5557 0 0 20 35
\\\d-.ﬂ _6) \4-.0 : .?;/1
\ sW«¢ 55| @ oooooisttues = IvC 55| 118
R ek 4.8 44
BEAE A :Fﬁ = 40.2 5.0 3731 3847 (49.9 49 o .
AxE 4t [ Experimental flow rate M. Yigit, W. Kowalski,
34 s ¢ [0 Simulated flow rate | NAME max pres. D. Hutchon, & K. Pekkan
- min pres. —— J. Biomechanics (2015)

0, sat. mean pres. Vol. 48,No. 9, pp. 1662-1670




Governing Equations
- Hemodynamic model _Ventricle
d(Cp) N_p._p. (tHR/0.303) " 1
= Z e En() =1.67 132 21.9
1+ (t.HR/0.303) " 1+ (t.HR/0.508)""
- Atri
« Elastance (1/C) am -
E () — 270 (t.HR/0.303) " 1
E(t) = (Emax — Emin)En(t) +Enmin (D =270\ (tHR/0303) 7| |1+ (CHR/025)7"°
« Gas exchange model
d(V][ o N
( 2 Z Q]l O2 OZ]mgz) Z Qij[OZ]i_M
Qi >0 Q; >0
j=1 j=1

[02]in.pg =T102]y — rHy ' (

H([O2]in.pg +102]prac) N (1—- }’PB)H([Oz]pLAc))
Y pB Y pB
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The Transition in Immediate and Delayed Cord Clamping

1.5

Flow Rate [I/min]

Blood Pressure [mmHg]

0.6

0.2 0.4

6 0:2 0f4 0?6 018 ‘.I 0
Time [-] Time [-]

**oiofak ol MAF = JZIP* *x S OH S Qb
DCC= ICCOf| H|sl| AlAofe| HolizrZ DCCe= ICCH| H|3H 20% O =& S
11.7% B7IA7|H, preload ¥t A& FA2 FX[6HH, O|l= O L2 2t ¢
=HE 20% S7} MM 7|

DCCZ} ICCO| H|slf edtizf 8l X|&HQl Ejit s 5O 2 Qlot JHMEl M2t 7| =t

dgfo| At

0 0.2 0.6 0.8 1

0.4
Time [-]
**)LI_|-_+_§|.**
DCC= H| 7|50 O|&st7HLE X|HE &
2 MABHE RX|oHE EHH, ICCE 22
ZHOAM LA EotETF RO[6HA 24




Fetal Circulation Model

PDE Heart model ODE Circulation model
8 ! ' ' ™ ~ TDAo 48 ADAo 48 FB 47
[ ] S o 36 3847 35 35
~ ~ 43.7 42 43.7 42 43.7 41
) ) S e [ 20 LUNG -
~ 41.1 13
R. Atrium L. Atrium LDA | b N N U |
AoA -;’é PA ';é e KID INT PLAC iy
~
/- 49.0 43 42.0 45 -~ 385 34 341 12 432 26
CA 48 ASC 53
3 36
49.0 42 4543 49.0 45 ﬁ
22 us MPA 2‘7‘ Lv 1514 uv LB
g 39.0 19| [42.0 46 B J 564 6 69.4 8[[36.2 11
27 : . i 40.8 32 ig 18
R. Ventricle L. Ventricle : s
SVC 55 IVC 55
Q \\ 48 — 4.4
[a02-50] ~ 3731 3847 |49.9 49 M. Yigit, W. Kowalski,
0 , , , ---" Experimental flow rate D. Hutchon, & K. Pekkan
0 ) 4 6 ] Simulatedflow rate | RAME — Teen e J. Biomechanics (2015)
X (Cm) 0,sat. mean pres. Vol. 48, No. 9, pPp. 1662-1670
Physical valve configuration
"y = Tendinous cords
\ { g Ascending aorta

Sinatubular junction
Right coronary ostium

Right sinus of Valsalva = A ot Left coronary ostium
= Left sinus of Valsalva

Papillary mucles |
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Heart Motion, Fluid Pressure, and Vorticity

. t=0.00 (sec) Activation function
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Blood Pressure and Volume in the Heart
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Fact: The blood pressure in the fetal aorta is approximately 30 mmHg (20 weeks) and 45 mmHg (40 weeks)

The fetal pulse pressure is 20 mmHg (20 weeks) and 30 mmHg (40 weeks).

>4

=t

National Institute for

1

athematic



Blood Flow through Heart Valves and Foramen Ovale
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Conclusions
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Thank you for your attention!

Wanho Lee (wlee@nims.re.kr)
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