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Overeview

1D-0D approximation in human physiology

Figure 1: Lymph vessels and nodes Figure 2: Bronchial tubes and alveoli
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Overeview

1D-0D approximation in human physiology

Figure 3: Blood vessels and aneurysms
Figure 4: Heart chambers
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Lumped dynamical model of the heart Heart chambers

Heart model

Figure 5: Heart chambers
Figure 6: Scheme of the lumped compartments.
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Lumped dynamical model of the heart Heart chambers

Heart model

The heart chamber dynamics

Ij
d2Vj
dt2 + Rj

dVj
dt + ej (t) Vj = pj , j = 1, . . . , 4 (1)

Myocardium activation function

ej (t) = E syst
j +

E syst
j + Ediast

j
2 e (t) (2)

S. Simakov Lumped dynamical model of the heart 07.11.2018 6 / 21



Lumped dynamical model of the heart Heart chambers

Heart model: activation function

For the left ventricle

e (t) =


1− cos

(
t

Ts1
π
)
, 0 6 t 6 Ts1

1− cos
(

t−Ts2
Ts1−Ts2

π
)
,Ts1 < t < Ts2

0,Ts2 6 t 6 T
(3)

For the left auricle

e (t) =


0, 0 6 t 6 Tpb

1− cos
( t−Tpb

Tpw
2π
)
,Tpb < t < Tpb + Tpw

0,Tpb + Tpw 6 t 6 T .
(4)

Figure 7: Chamber activation function.
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Lumped dynamical model of the heart Heart chambers

Heart model: interchamber flow

Flow between chambers (Poiseuille pressure drop)

Qij = αij
rij

(Pj − Pi ) (5)

Mass conservation for the lumped compartment (heart chamber)

dVi
dt =

∑
j
αijQij , i = 1, . . . , 4, (6)

αij is the function of the valve opening −→ to be shown later (see eq.(11))
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Lumped dynamical model of the heart Heart valves

Valves model

The valves are subjected by the friction force, pressure force and flow resistance force. The 2nd

Newton’s law can be stated as

d2θij
dt2 = K fr dθij

dt + Kp (Pj − Pi )ψij cos θij + F r
ij , (7)

where

ψij =
{

0,Pi < Pj and θij < θmin
ij ,

1, otherwise.
(8)

F r
ij =


0, θmax

ij θij < θmax
ij

K r tan
(

10
(
θij − θmax

ij

))
, θij > θmax

ij and dθij
dt > 0

K r tan
(

10
(
θij − θmin

ij

))
, θij 6 θmin

ij and dθij
dt < 0,

(9)

S. Simakov Lumped dynamical model of the heart 07.11.2018 9 / 21



Lumped dynamical model of the heart Heart valves

Valves model

Instant valve opening

αij =


0, 0 6 t < Topen,ij ,

1,Topen,ij 6 t 6 Tclose,ij ,

0,Tclose,ij < t 6 T .
(10)

Not instant valve opening

αij =


0,−∞ < θ 6 θmin

ij ,
1− cos θij

1− cos θmax
ij

, θmin
ij < θ 6 θmax

ij ,

1, θ > θmax
ij ,

(11) Figure 8: Valve function.
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Lumped dynamical model of the heart Heart valves

Numerical method: Obreshkov’s pairs integration method

Let’s consider extended set
d~y
dt = ~f (t, ~y)→ d~y

dt = ~w , d ~w
dt = ∂~f

∂t + ∂~f
∂~y
~y (12)

General solution for a single-step implicit Runge-Kutta method can be found as

~yn+1
s+1 = ~yn+1

s − B−1
(
tn+1, yn+1

)
~R
(
~yn+1

s

)
, s = 1, 2, . . . , ~yn+1

0 = ~yn (13)

~R =
1∑

k=0

[
ak~yn+k − τbk~f n+k − τ2ck

(
∂~f
∂t + ∂~f

∂~y ·
~y
)

n+k

]
(14)

B = ∂~R
∂~yn+1 = E− τb ∂

~f
∂~y − τ

2c

 ∂

∂~y

(
∂~f
∂t

)
+
(
∂~f
∂~y

)2

+ C

 ,C =
{(

∂

∂yj

(
∂~f
∂~y

))
· ~f
}

j
(15)
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Lumped dynamical model of the heart Heart valves

Numerical method: Obreshkov’s pairs integration method

It was shown1, that the set

a1 = 1, a0 = −1, b0 = 1
2 + c0 + c1, b1 = 1

2 − c0 − c1, c1 = c0 −
1
6 , c1 = 0 (16)

provides the methos, which is A and L stable, 3rd order approximation.

1Kholodov, Lobanov, Evdokimov, 2001
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Results Aortic regurgitation

Aortic regurgitation: valves

Aortic valve not fully closed
=⇒ reverse flow to the

ventricle (regurgitation):

θmin
ao : 0◦ → 25◦ =⇒

Early aortic valve opening
(0.05s).

Figure 9: Aortic and mitral valve angles.
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Results Aortic regurgitation

Aortic regurgitation: flow

Figure 10: Flow through the valves.

Aortic valve not fully closed:

θmin
ao : 0◦ → 25◦ =⇒

Peak aortic valve flow
increase 45%;
Backward aortic valve
flow 70ml/s.
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Results Aortic regurgitation

Aortic regurgitation: volume

Aortic valve not fully closed:

θmin
ao : 0◦ → 25◦ =⇒

Peak ventricle volume
increase 30%

Overexpansion!

Figure 11: Left ventricle and atrium volume.
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Results Mitral valve stenosis

Mitral valve stenosis: valves

Figure 12: Aortic and mitral valve angles.

Decreased opening of the
mitral valve:

θmax
mi : 75◦ → 50◦ =⇒

Late aortic valve
opening (0.05s);
Peak lumen decrease
25%.
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Results Mitral valve stenosis

Mitral valve stenosis: flow

Decreased opening of the
mitral valve:

θmax
mi : 75◦ → 50◦ =⇒

Peak aortic valve flow
decrease 40%;
Peak mitral valve flow
decrease 75%.

Figure 13: Flow through the valves.
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Results Mitral valve stenosis

Mitral valve stenosis: volume

Figure 14: Left ventricle and atrium volume.

Decreased opening of the
mitral valve:

θmax
mi : 75◦ → 50◦ =⇒

Peak ventricle volume
decrease 25%;
Peak auricle volume
increase 25%.
Overexpansion!
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Results Mitral valve stenosis

Conclusions

Benefits: The model reproduces basic known physiological behaviour of the heart
dynamics with the valves and their pathologies.

The drawback: The systole and diastole duration are still fixed parameters.

Future work: Patient-specfic validation is required.

Future work: Integration with the vascular network is required2.

1Partly done, but not presented here
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