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Introductory facts

Heart failure: the heart is unable to pump sufficiently to provide the body with enough
blood flow.
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8 million in Russia suffer from a heart failure

2.4 million of them have an acute heart failure

More than 1 million hospitalizations due to an acute heart failure per year in USA
450 000 with cardiac failure die in USA annually

Cardiac transplantation is a gold-standard therapy in an acute heart failure
Cardiac transplantations per year:

2000 in USA

100 in Russia

Ventricular Assist Device implantations per year:

> 2500 in USA

< 20 in Russia



Basic anatomy of the heart
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Sputnik Ventricular Assist Device

» Developed in Russia
» 3 devices: Sputnik 1, Sputnik 2, Pediatric Sputnik
» Data is provided by the development team
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kposoobpauierusi, MNetyxos . C.



Motivation
The interaction of the VAD with a human circulatory system is examined in order to
archieve the following goals with an impeller speed control:
» Recovery of the cardiac output (in accordance with an exertion)

> Aortic valve opening
» Blood flow pulsation

Circulation Blood pressure Common carotid artery Middle cerebral artery

A) Healthy

B) HeartMate I

(moderate pulsatility)

C) HeartMate |1
(low pulsatility)

D) Jarvik 2000

E) HeartMate 3




Model

1D hemodynamic model in vessels requires boundary conditions computed using 0D
junction point models.
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1D hemodynamics

1D flow in a separate vessel is a viscous incompressible fluid flow through an elastic
tube.

» Mass and momentum balance equations

85k/8t + B(Skuk) /aX = ¢k (1)

Ouk /0t + 0(uz /2 + pi/p) /Ox = fa(Sk, uk, SP) + 1k (2)

t — time, x — coordinate along the vessel, S — cross-section area of the vessel, u and p —
the averaged over the cross-section linear velocity and blood pressure, p — blood density

» Numerical solution

Explicit two-step hybrid scheme (2nd order in space, 1st order in time)
CeTo4Ho-xapakTepuctuyeckne YucnerHole metoasl, Maromegoe K.M., Xonogos A.C.



1D hemodynamics

> Elastic properties of vessel

pk(Sk) — puk = pcif(Sk) (3)
exp (Sk/S2 —1) -1, S > S?
(50 = { OO LRS T L S 5 (@
In (S/SP), S < S
» |nitial conditions
Sk(0,x) = SR, uk(0,x) = Qo/Sp (5)

t — time, x — coordinate along the vessel, S — cross-section area of the vessel, v and p —
the averaged over the cross-section linear velocity and blood pressure, p — blood density



0D model of vessels bifurcation

» Mass conservation

> Skt %) ui (t, %) =0 (6)

k=ki,k2,....km

» Bernoulli integral conservation

u? Xi u?  Xj
pi (Si (t,%;)) + p,(2t,,) =pi (S (t. %)) + pj(ztj)> (7)

» Discretized compatibility conditions along characteristics of hyperbolic equations

U(t,Xg) = Oé(t,Xo)S(t,Xo) + B(taXO) (8)



3-element Windkessel node

» Discretized compatibility conditions along characteristics of hyperbolic equations

u(t, xo) = a(t,x0)S(t, x0) + B(t, x0) (9)

» 3-element Windkessel model

. R,
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Characteristic outflow boundary conditions for simulations of one-dimensional
hemodymanics, Bo-Wen Lin



0d heart model

» The dynamics of the volume of a heart chamber

d?v, dVi

dt2k+de +Ek()(ka\/[?)‘i’PE:Pkak:IValaa (11)
— index of a chamber, V0 — reference volume of the chamber, P® — reference pressure in

the chamber, | — inertia parameter, R — hydraulic resistance of the compartment.
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» Variable elastance
E(t)=E? +(E°— E%e(t),0 < e(t) <1, (12)
e(t) is a periodic function with a period equals to the duration of the heart cycle.

»  For the left ventricle .
1—cos —m,0<t< Tg,
sl
—— t— T,
e (t) = 5 ]1—cos 15271' Ts1 < t < Tgp, (13)
0, Ty <t<T.

P For the left atrium

0,0<t< pr,

1 t—
e (t) = > 1 — cos 277, Top < t < Tpp + Tpw, (14)
w

0, Tpp+ Tpw <t T.



0d heart model

» The flow rate through the chamber is described by the mass conservation condition

dv,,
dl = Qmi - QaOa
; (15)
Vi _ o o
dt = Wipv mi-

» The Poiseuille pressure drop condition for the connections between the chambers
and between the chamber and the appropriate vessel

Py — P,
an = gao(eao)%a
ao
Pu—P
Qmi = gmi(gmi)%a (16)
mi
Pipv — Pia
Ql v — pi,
i R/pv

g(0) = {6™" <6 < 0™>,0 < g(#) < 1} is a smooth monotonic valve function of the
valve opening angle 6. For the closed valve it holds g(#™") = 0, for the fully opened valve
we have g(0™¥) = 1.



0d heart model

» Valve function

(1 —cos 930)2

8ao (eao) = (1 _ COSHQ”O‘?X 5:%0 X 00 < eao s
1-— mi 2 i
g (Om) = ((I:m))z Omin < O < O, a7
—cos s
0,0 < gmin
9 — ) M
& (%) {1,9 > gmax
> Newton's second law of the valve movement
d%040 dfo r
a2 —K, dt + (Pr — Psas) K&, cos Blao — F5(0a0),
dzemi f demi (18)

Tz = K + (P = Pu) K cos Omi — Fii(Omi)-

m



0d heart model

» To couple the heart model with a 1D hemodynamics in the ascending aorta we
need to consider the following

Qa0 = Ssysusys
Usys = assys + 5 (19)
Psys — P(Ssys)

» In general, this leads us to the system of ordinary differential and algebraic
equations

{yg = g(yf7 t) (20)
f(yr, t) =0

where yr = (yg, ...)
» We use implicit Euler method to discretize it and then solve it with Newton's
method.



0d pump model

: 0’ Qp > ew —-R erQ27 ngo
Qp = a(Pa—Pp)+bQ2+cQpuw+dw?+ p per ¥p
P ( ) I P Rrec(Qp - ew)2; Qp S ew

Rpenga Qp > O
(21)

Qp — pump flow, P4 — aortic pressure in the connection node, w — impeller speed

Boés, Stefan, et al. "Hydraulic characterization of implantable rotary blood pumps."IEEE
Transactions on Biomedical Engineering 66.6 (2018): 1618-1627.

But it's not enough...



Equations additional to 0d pump model

» Need to change mass balance for the left ventricle and add more equations in order

to combine 0d pump model with the heart model

Vlv = Qmi - an - Qp

» Mass balance in the connection node

S1up + S = Qp

» Discretized compatibility conditions for two segments of aorta

up =a151 + B
u = a5 + 32
» Bernoulli integral conservation
2 2
u u
p1(S) + 2L = g (S) + 22
2 2
P(Qp/sp)2

(5)+ 2% —pyt
pP1(°1 5 = A 5

(22)

(23)

(24)



Results

Aortic pressure
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Results

Left ventricular pressure-volume diagram
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Results

Stroke volume through the end of ascending aorta
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Conclusion
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New model including 0D heart model and the model of LVAD for 1D
hemodynamics is proposed and implemented

A versatile C++ software package for 1D blood flow modeling is being developed
TODO: Model of the heart chamber requires some changes
TODO: To experiment with the complete close-loop model of circulatory system

TODO: To solve the LVAD control problem in accordance with the requirements
to the next-generation pumps.



Thank you for your attention!



