BME 5742 Blo-Systems Modeling
and Control

Lecture 42
Heart & Blood Circulation
Steady-State Flow-Pressure-Volume
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Model of the Uncontrolled
Circulation

 We like to explore the various flow relationships,
and constraints.

 The model (even though being highly
Incomplete, in the sense that no control
mechanisms are shown) is useful in

understanding self-requlating properties of blood
circulation.

 Need to understand why additional (external to
the circulation system) controls are needed.
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Simplified Circulation Model

e This minimal
aggregated
model features
two pumps, four
compliance
vessels and two
resistance
vessels.

« Math law is given
for each
component
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Model Compliance Vessels Assumptions

R;Qp = Ppy — Py
Systemic (s) and
pulmonary (p)

arteries (a) and L // = CpePp,
veins (v) are / _ .
compliance T

vessels.

We may (as a
first
approximation)
neglect the dead
volumes V. ;.
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Model Resistance Vessels and Pumps

Assumptions

e Systemic (s) and

pulmonary (p)
tissues act like

resistance [ l
vessels.

 We neglect the
systole
compliance of the

heart chambers. \
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Model Equations

* In this eight

components
model, each
component Is
characterized by
one simplified
equation (see
figure).

All flows,
pressures and
volumes are
unknown.
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Model Unknowns

All flows,
pressures and
volumes are
unknown: Qg ,Q,

Qs’Qp’ sa’ I:)sv’
Po., Povs Vear V

par ' pv: Vsa’

vpa,v - 12
unknowns and

only 8 equations.

How do we
resolve the
discrepancy?

Sv?
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Model Unknowns at Steady-State

RQP Ppa

e At steady-state all
flow rates are \\ // s
equal: Qg = Q,
=Qs=Q,=0Q =

* Q,Pg Py, P

sv: ! pa:
va’ Vsa’ st’ V
Voy 2 9 N V,=C,

un <nowns, and
only 8 equations.

 Still a discrepancy A
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Model Unknowns at Steady-State taking into
account Constraints:

R[JQp = Ppa W [Jpv

e All volumes add

o
up to the total Vi m i o Bk
plood volume V,,.

f Vyis known, we
nave an equality

constraint:

Vsa+st+Vpa+va: ) .

V ‘V.Q\' = (-’S\.'PHV
0

Qr = KgPyy [ QL =K Py
e Now we have 8

equations with 8 A

unknowns R,Q. = Pyy — Py
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Equations Solution Strategy:

Step 1: Express R, =P
heart pressures as

functions of Q. " P
Step 2: Find the )
resistance vessels
pressures as

functions of Q
Step 3: Find all
volumes as Vio=CoPix Vi =CoPy,

functions of Q.

Step 4: Find Q
from volume o
equality constraint.p, R,Q, =Py~ Py,

Qr = KgPyy =K P,




Pressures as Functions of Flow

P zg Rpgup[
) KR \ y/\ //
p oA L ‘
K, _

=QR,+ P, = QR _|_g
KR
I‘<L

R.Qu= PP
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Volumes as Functions of Flow

RpQp = Ppa— P,
av
I:)sv _gjvsv :Csvg
Kg Kg Vpy = CovPp
vazg:VpV:vag | ‘
K
L L QL= KI,Pp\-

CS&
K. )Q

P, =0R, +Kg =V, =(C_R, +

R

Q Cpa
Ppa :QRp +K—:>Vpa = (CpaRp + K )Q

L L

Recall: we neglect systolic heart P
compliance and compliant
vessels’ dead volumes™ """ 2



Note about Units of all Coefficients:

o If V=aQ, where [V]=liter and [Q]=liter/min,
then [a]=min.

A coefficient C,/K where K=C,F means
that [C/K]=[F]=min.

 As we know [CR]=min.

e S0 we see that all coefficients in the V vs.
Q equations have time units.
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Defining Time Constants:

R[JQP — Ppa i pp\;

VSV — CSV g — TSVQ 5
K R Voa = CP‘N //P\ = CovPpy
Q .
va - C pv K_L — TpVQ Qr = KgPyy T l QL =K Py
C
Vsa = (Csa Rs +—= )Q — TsaQ
KR Vg = Co Py C,,P
Coa
Vi = (CoR, +-)Q=T,.Q N
L f—
RQ; =P, -P

V. =T.Q 1=sv,pv,sa, pa
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Solving for Q from the Volume Constraint

Equation:

VSV :TSVQ pr
V, =T Q \\ // .
Vsa :TsaQ

Qr = = Ky Py
V. =T,Q
Vszw+Vm+Vw+Vm::
=V, =(T, +T, +T,+T,,)Q

\V b

Q — : R.Qu < Pu- Py

T, +T W +T
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Solving for Volumes and Pressures from the
Q EXpression

0= V, 0= P
To+T, +Ta+T5

V.=T.Q i=sv,pv,sa,pa \\ // ks
V. . Q= _K.P,

P =€'i | =SV, pv, sa, pa

V. = TiVo Voo = CoPe Vaa= CuPi

L T 4T, 4T, + T,
_ TVo DA

Ci (TSV + Tpv + Tsa + Tpa) e
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Finding the Vessels’ Compliances from the
Resting Pressures and Volumes:

=Py~ P, P [mmHg] V [liters]
sa 100 1.0
\\ // SV 2 3.5
pa 15 0.1
Qr = Q= K|
pv ) 0.4
// \\ C; [liters/immH(g]
e Voot Sa 0.01
SV 1.75
DA pa 0.00667
RQs =P, - P,
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Finding the Systemic and Pulmonary Resistance
(Recall: For pulse rate of 80 [bpm] and V,=5]liters]
- Q=5.6]liters/minute] )

Qr=

R QP

\\//

=K Py,

SV SVE 8V // \\ sa ™ sa* sa

P [mmH(]

V [liters]

Sa

100

1.0

2

3.5

15

0.1

5

0.4

17.5 [mmHg/
(liters/minute)]

1.79 [mmHg/

(liters/minute)]
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Finding the Pumps Coefficients (Recall: For pulse

Qr=

rate of 80 [bpm] & V,=5[liters] =

Q:5.6[Iiters/minute] )

R QP

\\//

=K Py,

SV SV 8V // \\ I\';i = s4% sa

P [mmH(g] V [liters]
sa 100 1.0
SV 2 3.5
pa 15 0.1
pv ) 0.4
K, [1.12 [(liters/minute)
P, / mmH(]
Kg [ 2.8 [(liters/minute) /
mmH(]
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Finding the four Time Constants (typical values)

i T, [seconds]
SV 37.5
pVv 4.3
sa 10.7
pa 1.1
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Need to Coordinate the Two Heart
Sides

 What keeps the cardiac outputs of the
right and left heart equal?

 What mechanisms control the partition of
blood volume between the systemic and
pulmonary circulations?

o Fact: If the left cardiac output exceeds the
right cardiac output by only 10% for one
minute, the entire pulmonary circulation
system will be emptied.
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Transient Flow and Built-in
Negative Feedback

 The right and left cardiac output are equal at
steady-state, but may differ during transient.

e A sudden change in any coefficient (resistance,
compliance or pump coefficient) may cause a
temporary deviation between Qg and Q.
Consequently, pressures and volumes change,
and eventually restore flow equality between the
two sides.

* The steady-state flow-pressure-volume
relationships contain within them some “negative
feedback” restoration mechanisms!
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Example to Self-Restoration: Assume
that K; Is Suddenly Reduced

V,, = CSVi =T,Q * Time constants T,

Ke and T, Increase,
vV, =C, Q -T,0 whereas T, and T,

Ki remain unchanged.
V, =(C_R, + CKsa)Q:TsaQ * A sudden drop of Ky

R causes a sudden drop

V., =(C.R LSOm0t of Qr, (recall:

pa ID K pa :K P d

: Qr=KgPy,) compare
to Q,.
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If Qg < Q, there will be a net transfer of blood
volume away from the pulmonary circulation and
Into the systemic circulation

V. * P Increases and P,
Q= decreases, which
To+T +Ta+T5
Increases Qx and
Vi=TiQ 1=sv,pv,sa,pa decreases Q,.
p-Vi  i_s pusapa ° Thisrestores the two
C. flow rates Qi and Q,
v TV, Into a new equality.

T AT 4T 4T, e Systems settles into a
new equilibrium, with
TV, .
— i modified pulmonary
Ci(Tgy + Ty + T +T5) and systemic
volumes.
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Steady-State Volume Ratios as
Function of the System Parameters

CratCpn +C_R
vV, :Vpa +V, :Tpa +T, _ K ba P
Vs Vsa +st Tsa +Tsv CsaK_I_ CSV + Csa Rs
R

* V, Is the total pulmonary blood volume, and Vg is
the total systemic blood volume.

 Temporary flow disparity cause volume and
pressures changes that act to restore flow parity.

» Key mechanism: Q dependence on P,, (cardiac
output depends on the venous pressure)
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Stroke Volume and Cardiac Qutput

Maximum volume: V=V +C 0P,
Minimum volume: Vo=V, +C, . .P;
Stroke Volume: Vo= Vep— Ve =
= Ediastulepw _ Csystulepa = Cdiastulepv
assuming that CSE,SME IS very small.

Let F be the heart rate [beats/minute],
then:

Cardiac Output = Q = FV 0. = FC 50 P,



Why is it that Q Dependence on P,,

IS sO Critical?

Imagine that the values of Cger Cyiastores
P, and P, are such that:

* Q:Fvstroke~FCsystoIe a

 Need to show (as an exercise) that there
IS no longer built-in negative feedback in
the flow-pressure-volume system.
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The Flow-Pressure-Volume auto-
regulation Is however insufficient!

There Is a need for more feedback
mechanisms. “Why” and “How”
will be explored in the next part.
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