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Abstract

This report discusses modeling efforts designed to study the phenomenon of orthostatic
stress. Orthostatic stress refers to stress placed on the cardiovascular system when the body
is in the upright position as compared to the supine position. This report introduces a model
of the cardiovascular and respiratory system which is used to simulate orthostatic stress.
The model consists of cardiovascular and respiratory components and includes cardiovascular
auto-regulation, ventilation control, and the baroreflex loop. Instead of an explicit formula
for calculating the control response (sympathetic and parasympathetic response) from the
pressures and blood gases, we use an inherent optimized control. Steady state analysis is
given and model simulation is compared to experimental data we have collected using head up
tilt (HUT) experiments. The simulations fit the measured data well and represent reasonable
physiological values.

This work has led us to examine and report on several issues relating to orthostatic stress
experiments. The head up tilt experiment (where gravity creates extra pressure stress on the
lower body) is to be distinguished from the lower body negative pressure (LBNP) experiment
where the lower body is subject to reduced exterior air pressure thus effectively increasing the
venous capacitance due to less counteracting outside pressure. Both tests create blood volume
shift to the lower body but the two physiological conditions are not equivalent. Because of
some confusion created by mixing HUT and LBNP in the modeling literature, we compare two
modeling representations and show that one implementation represents LBNP better while
the other represents HUT better. We will present extended analysis in a later paper.

*in collaboration with Prof. Schneditz and Prof. Rossler, Universitiat Graz
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1 Physiology

1.1 General cardiovascular and respiratory system function
Cardiovascular subsystem

The cardiovascular system (CVS) can be divided into two main circuits: the pul-
monary and the systemic circuit. These circuits can be subdivided into four main
vascular circuit components: pulmonary arterial, pulmonary venous, systemic arterial
and systemic venous. The pulmonary system circuit connects the heart with the lung
compartment, while the systemic system connects the heart to the tissue compart-
ments where metabolism takes place. The lungs and the tissue compartments act as
resistances in the flow of blood. An intricate control system acts to vary blood flow be-
tween tissue and lungs so as to maintain appropriate levels of nutrients, carbon dioxide
COs, and oxygen Os. Figure 1 provides a block diagram representation of this system.
State variables for the CVS consist mainly of vascular pressures Py, Pys, Pup, and Py,
where P, represents arterial systemic pressure and the other quantities are similarly
defined. Respiratory state variables are partial pressures for CO5, and oxygen O, in
the lungs and tissues.

Lungs
Paco, Pao, |€------ ]

Tissue
P\I/OQ Pvco,

v
MR02 MRC02

Figure 1: Basic CVS block diagram

A main function of the CVS control system is to maintain arterial blood pressure P, at
appropriate levels by varying cardiac output @ (via variation in heart rate H and heart
contraction) and vascular systemic resistance and venous compliance. The steady state
for various physiological conditions such as supine or standing is maintained by negative
feedback loops which depend on sensing arterial and venous blood pressure at several
sites. These steady states are most likely optimal for the system, although the nature of
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this optimality is still debated. The short term control of P,s depends on global control
mechanisms mediated by the sympathetic and parasympathetic nervous systems which
modulate heart rate, contractility, systemic arterial resistance, and systemic venous
compliance. There are also local control mechanisms for controlling vasodilation and
resistance to insure that enough blood is delivered to organs when needed and which
depend on local Oy and C'Os concentration. Longer term control mechanisms involve
control of blood volume via the kidney and hormonal controls which also have other
influences.

Respiratory subsystem

The respiratory system acts to exchange O which is needed by the various tissues for
metabolism for C'Os which is produced by metabolic activity. Efficient exchange of
these gases in the lungs depends on the ventilation rate V4 which is controlled by a
negative feedback loop depending on sensors for COs and O located in the carotid
artery and also sensors for brain tissue COs. A significant delay occurs in this feedback
loop which can effect stability. This delay is caused by the time needed for the blood to
transport these gases from the lungs to the sensory sites and hence this delay depends
on (). There are certain conditions where hypoxia can impact response to orthostatic
stress which are not examined in this paper. In the tilt table experiment, which we
will study, there is little deviation in blood gases and hence the transport delays are
ignored.

The respiratory system in turn influences CVS resistance via oxygen concentration
(brain and heart tissue also respond to COy concentration) and there are also other
mechanisms which act to match ventilation and cardiac output as well as synchronize
respiratory and heart rate frequencies.

Modeling aspects, mass balance

These system components and their relation are depicted in Figure 1. Descriptions of
blood flow depend on mass balance equations which are set up for the inflow and outflow
of blood from these four main vascular compartments. Inflow comes from cardiac
output @ while outflow denotes the blood flow (F") out of the vascular compartment and
through the lung or tissue compartment considered as resistances. Auxiliary equations
relating pressure, flow and resistance are essentially the same as Ohm’s law. The
following equations describe these flows for the arterial systemic, venous systemic, and
venous pulmonary circuits.

casPas (t) = Ql(t) - Fs (t)7
Cvs-'va (t) = F; (t) - Qr (t)’
copPop(t) = Fp(t) — Qu(b),

Pulmonary arterial pressure Py, is derived utilizing the assumption of fixed total blood
volume V.
1
Pap(t) = — (VO — CasPus (t) - Cvsts(t) - C'Uppvp(t)>-

Cap

The respiratory equations are developed in a similar way. Mass balance equations are
set up for the inflow and outflow of CO2 and Os from the lung and tissue compartments
as transported by the pulmonary blood flow F) and systemic tissue blood flow Fj.
Ventilation V4 exchanges these gases in the lungs and metabolic rates M R create the
opposite exchange in the tissue compartment.
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Vico, Paco, (1) = 863F,(t) (Cuo, (t = 7v) = Caco, (1))
+Va(t) (P1002 — Pago, (1),
Vio, Pao, (t) = 863F,(t) (Cug ~ Ca, (1))
+Va(t) (P102 — P, (t ),
Vico,Coco,t) = MRco, + Fs(t) (Caco, (t = 71) = Cuco, (1)) ,
V1o, Cuo, () = —MRo, + Fy(t) (Cap, (t) = Cup, (t = 71)) ,
VBeo,CBeo, (t) = MRpa,, + F5(t) (Caco, (t — 78) — Cheo, (1)) |

Section A in the appendix contains all symbol definitions. Control issues will be further
discussed in Section 2 where the full model is described.

1.2 Orthostatic stress

Orthostatic stress refers to the stress induced on the cardiovascular system due to
gravitational effects produced in the upright position as compared to the supine po-
sition. The main gravitational effect is the pooling of blood in the compliant venous
compartment of 4+ the lower body. This induces a fall in blood pressure which must be
counteracted by the baroreflex which senses this drop. Heart rate and contractility are
increased to raise the blood pressure and sympathetic activity responds by decreasing
the capacitance in the venous compartment and also influences systemic resistance.
The net result is that, while there is a shift of about 500 ml of blood to the venous
compartment, mean arterial blood pressure remains unchanged while heart rate H is
increased. The overall short term response depends on a combination of physiological
reactions which may vary greatly between individuals. In some individuals, blood pres-
sure is maintained by a large increase in contractility, small increase in H, and decrease
in venous capacitance while in other individuals other combinations of change in H,
contractility, and venous capacitance can occur.

Figure 2 illustrates the tilt table test which is used to study the effect of orthostatic
stress. This effect takes on medical significance in those individuals who have inade-
quate transient response to orthostatic stress (such as the elderly) and in astronauts
who exhibit orthostatic intolerance upon return to normal gravity.

According to the Textbook of Physiology (TP) [Pat89] the change in arterial resistance
can be quite significant as sympathetic activity increases. As sympathetic activity
increases from 0 to 10 Hz, the resistance increases up to 100 times for cutaneous
arteries, 10 times in muscle and 5 times in renal arteries (p. 857 TP).

To see the impact of the gravitational force on blood pressure, note that transmural
pressure increases in the feet from 98 mmHg in supine position to 198 mmHg in upright
position. The difference of 100 mmHg equals a blood column of 130 cm (p. 776 TP). As
mentioned above, the result is an increase in venous blood volume in upright position
of 500 ml (p. 881 TP) as compared to the supine position. On the other hand Rowell
[Row86] mentions a shift of 500-700 ml to the lower limbs and 200-300 ml to the pelvic
region.

Among other orthostatic changes which occur between the supine and standing posi-
tions, there is general agreement that:

e venous capacitance decreases in upright position.
e () decreases in upright position.

e H is generally higher in upright position.
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e central venous pressure C'V P is higher in supine position.

e stroke volume Vg, is higher in the supine position.

G

Tilt Table Test

Figure 2: Orthostatic stress diagram

Figure 3 represents a system block diagram which introduces a division of the systemic
vascular system into upper and lower systemic compartments and should be compared
with Figure 1. Using this division, it is possible to distinguish between the upper and
lower body and describe the influence of orthostatic stress and gravitational pressure
on the lower compartment.

1.3 Control loops

Control loops are shown in block diagram Figure 3 for the respiratory and cardiovas-
cular systems and represent the short term control response to perturbations in the
steady state of the system. System control depends on sensory mechanisms which
monitor critical state variables and respond to changes in these variables via negative
feedback loops. The two main short term system loops represented in the diagram and
which will be implemented in the model consist of the baroreflex loop which stabilizes
arterial blood pressure and the respiratory control loop which controls levels of C'O4
(and indirectly pH) and Os.

The baroreflex depends on arterial blood pressure sensors in the carotid and aortic
bodies. These sensors send signals to the central control in the brain which responds
via the sympathetic and parasympathetic systems to vary H, contractility, systemic
resistance R, and venous compliance all of which influence arterial blood pressure
P,s. There are also cardiopulmonary sensors (low pressure sensors) which respond to
pressure changes in the right atrium and pulmonary arteries.

Another important control loop consists of the local autoregulation of tissue vascular
resistance which responds to concentrations of Oy (and in some cases COy as well).
This response reflects the changing needs of the tissues due to metabolic activity. The
effect of Oy concentration on vasodilation in muscle tissue is important for overall
systemic resistance.

The respiratory peripheral chemosensors located in the carotid bodies respond to CO»
and O while the central chemosensors in the brain responds to COs. These sensors
send information to the the central control processor in the medulla which varies the
ventilatory rate Vjy.
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Implementation of the control processes which are represented in Figure 3 will be
discussed in the next section.

= Repiraton

Metabolism

Controller
In: PasUp
PaCO2, PaO2
Out:
H, VA, cvsLo
-
-
-
= Pgrav
v
Tissue

Figure 3: Orthostatic model block diagram
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2 Orthostatic stress model

In this section we present the model equations which will be used to study orthostatic
stress. The equations are adapted from earlier work of Kappel and Peer [Kap93] and
Timischl [Tim98]. The model is augmented by two lower systemic vascular compart-
ments where gravitation effects are introduced. The model consists of a set of nonlinear
ordinary differential equations, auxiliary equations, and an optimal control mechanism.
Model equations refer to states represented in block diagram Figure 3. Comparison of
this Figure with Figure 1 shows how the original model has been adapted. There are
now six vascular compartments and two respiratory compartments.

2.1 The basic ODEs

The basic model differential equations represent mass balance equations for blood
flow (Eq. 2.1 to Eq. 2.5) and mass balance for blood gases (Eq. 2.6 to Eq. 2.10) as
discussed in the last section. Equations 2.11 to 2.14 represent a model for contractility
as influenced by H (Bowditch effect) while Equations 2.15 to 2.17 represent the control.

CasUpPasup = Q1 — Fo — Faup (2.1)
CastoPasro = Fu — Firo (2.2)
CostoPosto = Fero = Fo = ¢ospoPosio (2.3)
cosupPosup = Fy — Qr + Faup (2.4)
CopPop = Fp — Q (2.5)
ViacosPaco, = 8638, (Cuco, ~ Caco,) +Va (Pioo, ~ Prco)  (26)
Vio, Pag, = 863F, (Cug, = Cao,) + Va (Pro, = Pao,) (2.7)
VBeo,CBoo, = MRBeo, + Fp (Caco, — Cheo,) (2.8)
Vico, Coco, = MRco, + Fs (Caco, — Coco,) (2.9)
Vo, Coo, = —MRo, + Fy (Cap, — Cuy,) (2.10)
Sy =0y (2.11)

S, =0, (2.12)

o1 = —yo —oqS; + B H (2.13)

Gr = =0y — .Sy + B H (2.14)

H=u (2.15)

Va = up (2.16)

CvsLo = Us. (2.17)

Section A in the appendix contains all symbol definitions. Control issues will be further
discussed below in Section 2.5.

2.2 Cardiovascular auxiliary equations

The first auxiliary cardiovascular equation (Eq. 2.18) describes pulmonary arterial
pressure in terms of the other cardiovascular pressures. Equations 2.19 and 2.20 de-
scribe relations for @ in terms of stroke volume, preload and afterload (see [Kap93] for
details). Equation 2.21 implements a maximum condition so that stroke volume does
not exceed the filling volume. Equation 2.22 describes the time of diastole in terms of
H.
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1
Pap(t) = C_ (‘/O - CasUpPasUp(t) - casLoPasLo(t) - cUSUpPUSUp(t)
ap
- CusLo(t)R)sLo(t) - CupR)p(t)) . (218)
&Pyt (Si(), Pasp(®) (1 = e7ta/ Frew)
Qi(t)=H (2.19)

Pasup(t) (1 - e‘td/(RlC”) + f(Sl(t), PasUp(t))e—td/mm) ’

e Pasup()F (8:(8), Pap(t)) (1 = e7ta/Fee)
@) =H : (2.20)
Pap(t)<1 - @ftd/(R,«cr)) + f(ST(t)’Pap(t))eftd/(RTcr)

1/2

f(s,p) =0.5(s+p) — 0.5 ((p— s)> +0.01) (2.21)
1/2
tg = ?{—0 -k (%) : (2.22)

2.3 Respiratory auxiliary equations

Auxiliary equations for the respiratory system consist of an equation for cerebral blood
flow (Eq. 2.23), and dissociation equations (Eq. 2.24 to Eq. 2.28) relating partial pres-
sures and concentrations of blood gases. Equation 2.29 represents a physiological
formula for minute ventilation to be used for reference. Minute ventilation (V) is
the air actually entering or leaving the body and is to be distinguished from alveolar
ventilation V4 which is the volume of air actually involved in exchange of blood gases
in the alveoli (and in some of the small airways). The difference (see Eq. 2.30) is the
dead space volume Vp which represents the volume of air within the larger conducting
tubes of the lungs which do not exchange gases with blood. We will model Va using
an optimal control approach (See Subsection 2.5).

Fp(t) = Fp, (1+0.03 (Pago, (t) — 40)). (2.23)
2
Cl, (£) = K (1 _ ¢ K2Pao, <t>) , (2.24)
2
Coo, () = Ky (1= e3P0 0)7, (2.25)
Ca002 (t) = K002Pa002 (t) + kco,, (2'26)
Cv002 (t) = KCOZP'UC02 (t) + kco,, (2'27)
03002 (t) = KCOZPBCOQ (t) + kco, (2'28)
Vi = Gye"0Fso0 (Paco, = Ip) + Ge (Paco, — Ic) (2.29)
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2 ORTHOSTATIC STRESS MODEL

2.4 The flows

The inter-compartment blood flows are defined by

F, = max(0; Pysro — Postp — Pyrav)/Ro (2.31)
Foy = (Pasup — Pasro + Pgrav) /Ra (2.32)
Foup = (Pasup — Pusup) /Rs (2.33)
Firo = (Pasro — Posro) /R (2.34)
Fy, = (Pap - Pvp) /Rp (2.35)

where the maxz function implements the action of the venous valves to avoid backflow.
Pyrqv represents the hydrostatic pressure induced on the lower compartments. The
derivation of this implementation will be discussed in Section 4.

Also
Ry = ApesiPoo, (2.36)
Fs :FSUp+FSL0 (2.37)
Pyrav = cpghsin(Tilting Angle) (2.38)

where p = 1.05 mg/mm? = 1050 kg/m® and ¢ = 1/133.322 mmHg/Pa. Eq. 2.36 de-
scribes the effect of oxygen concentration on systemic resistance. Mechanisms which
act to match ventilation and cardiac output as well as synchronize respiratory and
heart rate frequencies are ignored. Eq. 2.37 describes the flow through the tisue com-
partment. Eq. 2.38 describes the dependency of the gravitation effect on the degree of
tilt.

2.5 The optimal control

The control functions w1, us, and ug represent the variations in heart rate H, ventilation
rate VA, and venous capacitance c,sr,,. The control of venous capacitance includes the
baroreflex and may reflect the nonlinearity in the pressure-volume relation. There is
disagreement over the degree to which the change in capacitance is active or passive
(e.g. [Ste01]), which can be reflected by the weights of the control. Changes in systemic
resistance and contractility are modeled via parameter changes.

‘We model the control action as an optimal control via a cost functional. The transition
from an initial (steady state) disturbance to the final steady state is optimal in the sense
that controlled values Py, Py, Paco2, and Pao2 are stabilized such that deviations

from their final steady state values are as small as possible. Furthermore, H, VA, and
CysLo are prevented from changing too fast or too extensively.

The stationary equations for the system (Eq. 2.1) to (Eq. 2.17) determine a two-
parameter set of steady states. Therefore we need to choose the steady state values of
two state variables as parameters. In general we choose values for P, and H.
Mathematically, this can be formulated in the following way. To transfer the system
to the final or target steady state, we determine control functions such that the cost
functional

COq

oo ¥ 2 ¥ 2 f 2
/ da (PasU;U - PasUp) + Qv (vaUp - R)sUp) + qco (Pa002 - PCLCOQ)
0

2
+ qo0 (Pao2 — P[szQ) +q1 (U1)2 + g2 (U2)2 + g3 ('LL3)2 dt (239)
is minimized under the restriction

i(t) = g(=(t)) + Bu(t), z(0) = z*. (2.40)
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The values ¢; are weights defining the degree of influence of quantities on the cost. g,
represents the influence of the arterial baroreceptor loop and ¢, the influence of the
cardio-pulmonary baroreceptor loop.

In modeling the transition from the initial ”resting supine” steady state to the final
”head up tilt” state the following steps are carried out:

e Compute the steady states "resting supine”, z*, and "head up tilt”, z".
Here the steady state "head up tilt” is defined by parameter changes:

— Pyrqv increased based on the degree of tilt and Eq. 2.38,
— higher heart rate H,
— lowered capacitance, higher resistance, and increase contractility.

e The control functions wi, us, and ws which transfer the system (Eq. 2.1 to
Eq. 2.17) from the initial steady state ”supine”, 2:*, to the final steady state "head
up tilt”, z”, are found as follows. We consider the linearized system around z"
with initial condition 2(0) = z*, and the cost functional (2.39).

0 2 2 2
/ da (PasUp - P;LSUP) + qu (vaUp - Pz?sUp) + qco (Paco2 - P;LCO2)
0
h 2 2 2 2
+4q0 (Pa02 - PaOZ) + a1 (u1)” + g2 (u2)” + g3 (us)” dt

Here, superscript ”s” and superscript "h” will refer to the steady state values
”supine” and "head up tilt” respectively. These states are defined by parame-
ter choices defining these states. We then compute the control functions uq, ug,
and wug such that the cost functional is minimized subject to the linearized sys-
tem. This is accomplished by solving an algebraic matrix-Riccati equation. In
particular, uy, us and ugz are given as feedback control functions.

e This control is used to stabilize the nonlinear system (2.1) to (2.17). This control
will be suboptimal in the sense of Russell [Rus79).

We may implement step changes in P4, systemic resistance, and contractility, or
introduce smooth changes over a short tilt time. In the later case, though the system is
now nonautonomous, we still implement the control functions w1, us, and ug calculated
for a time-independent linear system around the final steady state "head up tilt”.
This further reduces the optimality but the thereby obtained (suboptimal) control still
stabilizes the system and is useful for dynamic studies.
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3 MODELING HISTORY

3 Modeling history

Several articles have been published, which describe models including orthostatic stress
— either head up tilt (HUT) or lower body negative pressure (LBNP). See for instance
[Boy72], [Cro74], [Leo79], [Whi83], [Mel92], [Sud93], [Kar94], [Mel94], [Bur00], [Pet02],
[Wal01], [Hel02], and [Hao03].

LBNP modifies the impact internal blood pressure has on the volume V' of a com-
partment by varying the transmural pressure Py.qns. Even though some models change
the compliance ¢, too.

V= f(C, Pt?“cms)a Pirans = P — Prpnp (31)
HUT models most often change the blood flow ¢ into, out of, or through the com-

partment according to the tilting angle ©.
q=¢"+Gsin® (3.2)

[Sud93] LBNP

¢ =P —pm) X ¢

where p; and p,, are pressures at beginning and end of tube, ¢; is the flow through the
i-th tube. Sud et al. approximated the compliance ¢; by a polynomial of p;, pm, Pext

(Pext=PrBNP).

[Mel94] LBNP
Melchior et al. consider deviations from 'normal’.

APtT'ans =ACVP — KtransPLBNP

QVm AIjtrans
AV = . arctan <7TCO W)

The volume increments AV tend to 0 when APj...s tends to 0, and they approach
Vi for large values of APy qns. (Blood shifts to lower limbs in HUT 500-700 ml and
in pelvic region 200-300 ml according to a citation of Rowell)

By using a nonlinear compliance they include the effect of an unstressed volume.

[Wal01] HUT and LBNP
A O(AU)

8t+ Oox =0
oU U  10P
- -t _py-—
o +U5‘:c o U — G cos(0)

P,=P—P, =K®(A/A)

where P. external pressure, P fluid pressure, A cross section (Ag unstressed), U flow
speed, p density, F friction, K stiffness, and ®(-) tube law. The LBNP is implemented
modifying the transmural pressure P; and gravity is changing the flow directly.

[Pet01l] HUT

Peterson et al. don’t give a single equation in this article, so it is difficult to tell how
they implemented the pressure changes because of the gravity, but as they refer to
hydrostatic pressure one may assume something similar as Walsh et al. and we did.
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[Hel02] HUT and LBNP

(e (Pa = Priar)) =

Pn—l_Pn_Pn_Pn+1
Rn Rn—i—l

Heldt uses the same implementation for HUT and LBNP, what brought us to our
considerations in Section 5. P; are compartmental pressures and Pj;,s represents the
orthostatic stress (either HUT or LBNP).

[Hao03] LBNP

The model of Hao et al. is directly derived from [Mel94]. The add on consists of the
extension of the model for negative Pi.q,s which leads to negative volume change and
at last to collapse of the vessels (using the same equations with different parameters).

4 Derivation of orthostatic effects

There are different ways to view the action of the gravitational force on the system of
blood vessels, which are discussed in this section.

In supine position the gravitational force is perpendicular to the body and thus doesn’t
have significant influence on the cardiovascular system and in particular the flows.
When standing the direction of gravitation is parallel to the body and thus it acts on
the blood cells in the direction of the arteries and veins. — The weight of the upper
blood cells presses on the lower cells.

Hydrostatic theory shows, that the pressure occurring at a certain hight is independent
of the form of the vessels above, it only depends on the height of the column, because
all other forces are compensated by the vessel walls.

In our model we split the arterial and venous systemic compartments in an upper and
a lower part, for distinction of vessels and tissue at about heart level and at a much
lower level. The pressures at heart level (Pysyp, and Py,sup) are the pressures we always
measure when visiting the doctor. These pressures act on the lower compartments and
influence the flow into or out of them, and, as mentioned before, in tilt there is an
additional pressure (here called Py;qs), depending on the tilting angle, which comes
from the weight of blood in the upper compartments acting on the lower ones.

In general the flow between two compartments is defined by Ohm’s law

= Pz - Pout )

R
Focusing for a moment only on the upper and lower compartments on the arterial
side, the pressure-flow relationship would be given by

(PasUp + Pbias) - PasLo

F, =
Rq

(4.1)

The pressures in this approach reflect the actual pressures inside the compartments,
thus P,s1, is a combination of the dynamic pressure and the hydrostatic or tilting

. _ pdyn _ pdyn
pressure (i.e. Pysro = P71 + Phias, but Posyp = PasUp).

Note that substituting the expression for P,,r,, the hydrostatic and gravitational effects
cancel.

13



14

4 DERIVATION OF ORTHOSTATIC EFFECTS

Similarly on the venous side (including the maximum function representing the venous
valves) we have

1
Fv = R_a maX((); vaLo - (vaUp + Pbias)) (42)

and between the lower compartments we have the "normal” flow

Pas o va o
Fypp = —teto—ttoke, (43)

Starting from the view that the kinetic energy and thus the flow is independent
of hydrostatic effects (see Berne&Levy [Ber97] and Rowell [Row93]) we develop the
following relation.

If the flow is given by just the dynamical pressures and noting that P,sr, = pan 4

asLo

dyn .
Pyias and Posup = P, g, we derive that

dyn dyn
PasUp - PasLo PasUp - (PasLo - Pbias)

F, = - 4.4
z R, (4.4)
1 dyn dyn 1
F, = R maX(O; P — PM‘UP) = R maX(O; (Pyspo — Prias) — P’UsUp) (4.5)
Pas o_Pias - va O_Pias
ESLO - ( L b )R ( L b ), (46)

which are equivalent to the flows given above.

Starting from the viewpoint of compartment volumes, Vs, for example
increases if there is more inflow than outflow and vice versa, that is

d VasLo

— F, — Fyp,. 4.7
dt L (4.7)

The volume of a compartment is related to the overall pressure inside the compartment
(hydrostatic plus dynamic). Simplified this function can be assumed to be linear.

VasLo = CasLo(den + Pbias) (48)

asLo
Differentiating Eq. (4.8) and combining it with Eq. (4.7) we get

d

% (CasLo(Piggo + Pbias)) =F, - Fypo

dyn dyn dyn
_ PasUp_PasLo _ PasLo_vaLo (4 9)

R, R

and similarly

d d d
i (C I (de" + Pb' )) — Pasyzlo — va?/go _ vayzlo — PUSUP
dt vsLo\L ysLo ias Rs Ru .

(4.10)

The hydrostatic pressure increases the volume of the lower compartments, which indi-
rectly influences the flows and the dynamical pressures of the system, which all happens
simultaneously.

To get the actual pressures (including the hydrostatic pressure) inside the compart-
ments (e.q. Pysro = pan Pyias), we plug in P — P — Pyias and PY? =

asLo asLo vsLo

vaLo - Pbias-
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We find that
i (C P ) _ PasUp - (PasLo - Pbias) _ (PasLo — Pbias) — (vaLo — Pbias)
dt asLol asLo Ra RS
i (C P ) _ (PasLo - Pbias) - (P’usLo - Pbias) . (vaLo — Pbias) — vaUp
dt vsLol vsLo Rs RU

which is again equivalent to the two approaches from before and our model equations:

d PasU - (PasLo - Pbias) PasLo - vaLo

as oPas o) = - - 4.11
dt (C LoTasL R, R, (4.11)
d PasLo - PUsLo (vaLo - Pbias) - P’usU
. \ Cus OP’US o) = - d 4.12
dt (C L L R, R, ( )

Note: Equations (4.9) and (4.10) can also be derived from the viewpoint of lower

body negative pressure with Py, the absolute value of the applied pressure (see
[Hel02]).
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5 Comparison of two models of orthostatic stress

As mentioned above, the head up tilt (HUT) experiment involves tilting a resting
supine subject to varying degrees of head up orthostasis (in varying amounts of time)
using a tilt table. Cardiovascular steady state and dynamic response are measured
for various quantities. The stress is induced by gravitational effects on blood flow
and distribution. Lower body negative pressure tests involve reducing the exterior air
pressure on the lower torso which results in changing effective venous compliance.

There are a number of ways to implement the effects produced by these experiments
depending on the different points of action on the system (see Section 3). There are
examples in the literature of modeling efforts which use a single basic implementation to
represent HUT and LBNP (e.g. [Hel02]). Furthermore, these two conditions are often
treated as representing the same physiological situation. The degree to which one
implementation can represent both cases has not been fully discussed in the literature.

To clarify these issues and find some conditions under which HUT and LBNP can be
treated as the same effect and when it is necessary to make a distinction, we take
a closer look at the modeling aspects by comparing two models, on which directly
implements LBNP and the other implementing HUT.

5.1 LBNP model

As proposed in [Hel02], orthostatic stress is modeled by the variable Py;,s, changing
the external and thus transmural pressure and the pressure-volume characteristics. See
Figure 4 LBNP case.

q1 = (Pn—l - Pn) /Rn
g2 = (Pn - Pn+1)/Rn+1

3= %(On (P — Pbias))

This clearly models the LBNP case but does it also implement HUT with the same
degree of physiological fidelity?

q

5.2 HUT model

For HUT we introduced in our model, the variable Pgy;.q, to model gravitational hydro-
static pressure, as discussed in Section 2, which changes the flow between compartments
of different heights. See Figure 4 HUT case.

q1 = (Pn71+Pgrav_Pn)/Rn
q2 = (Pn - P7L+1) /R7z+1

o tfen)

5.3 Comparison

In this section we take a look at the steady state and the dynamic responses of the two
models consisting of two (e.g. leg) compartments at the same height as represented in
the two cases of Fig. 4. The application of lower body negative pressure stress and tilt
stress will be referred to as orthostatic stress.

We keep the pressures at the inflow and outflow of the system constant to get a clearer
picture of the orthostatic effects, which may be done in experiments with animals, too.
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Pbi

ol

Figure 4: The structures of two compartment models: LBNP (left) and HUT (right)

HUT

For the simulations we use ramp functions for Ppies and Pypqy where Ppiqs = —FPyraw-

The pressure at the inflow P is held constant for the simulations, the first compartment
is represented by P; (arterial compartment), the second by P, (venous compartment)
and pressure Ps is held constant again.

The equations representing the two cases in Fig. 4 are given as:

LBNP model

HUT model

d(ciPr) _ d(c1Pryias) Jhoh AR
a  dt Ry R

d(coPs) . d(c2Pyias) +P1—P2 . P, — Py
a — dt R R

d(clpl)7Pgr(w+P07P17P17P2

dt Ry Ry

Ry

d(coPs)  Pyraw n P—-P P-D

dt Rs Ry

5.3.1 Steady states

The steady states are easy to calculate:

LBNP model

HUT model

_ Py(R2 + R3) + P3sRy

P
! Ry + Ro + R3

P _ PyR3 + P3(Ry + Ry)
? Ry + Ry + Rs

PO(R2 + Rg) + P3 R,

R3

P = +P'rav
! Ry + Ry + R3 g
PyRs + Py(Ry + Ry)

P, = Pru
2 R+ Ry + R3 + Frav

(5.3)

(5.4)

The steady state of the LBNP model is independent of the degree of induced orthostatic
stress, which is reasonable for LBNP, but surely not for HUT. At application of LBNP
the pressure may decrease for a short while, but afterwards will be maintained at the
same level as the initial steady state (as long as the inflow and outflow pressures are

17
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kept constant). In HUT the hydrostatic pressure change due to gravity must be added
to the normal (supine) pressure, which is reflected in the HUT equations, but not in
the LBNP model.

So the pressure steady states are not identical for HUT and LBNP, but according to
the models the steady state flows through the compartments are the same

Py — P;

qu1+R2+R3

which shows, that the steady state flows are independent of the way that orthostatic
stress is induced (treatment) — as long as inflow and outflow pressures are kept constant.

Also the steady state volumes in the compartments are the same

P()(RQ + Rd) + P3R;
Ry + R+ R3
PyRs + P;(R1 + R»)
Ry + Ry + R

VlL :Cl(PlL _Pbias) - Cl(PlL'i_Pgrav) =C1 ( +Pgrav> - Clle

‘/QL = CZ(PQL - Pbias) = C2(P2L +Pgrav) = C2 (

Conclusion: The two models have different predictions for the compartment internal
pressures, but agree on flow and volume predictions for steady state. Viewed from the
outside (as black boxes) the flow behaviors in steady state are indistinguishable, even
though internal pressures are different.

5.3.2 Simulations

Fig. 5 shows that both models have different pressure dynamics for the two compart-
ments. The pressures P; and P, (in Fig. 4) act like arterial and venous pressures
because of the choices we make for the two compliance values (¢; = 0.01, ¢2 = 0.643)
and for the input and output pressures (Py = 90, P; = 10).

Pyrav = —Ppias goes from 0 to 50 mmHg and the resistances are set to By = 0.01,
Ry =15, R3 = 0.01.

LBNP model - Ac,=0 HUT model - Ac,=0
140r 1 140r
120r 1 1201
100r 1 1001
o 80 o 8ol
5 5
& F % 60r B TP 4
8 60 g
o a ‘
40r 1 40r
20/ 1 2o ]
o e — o i
— arterial — arterial
-200 | ) ) _ |- venous 20}, ) ) _ |-~ venous
0 0.02 0.04 0.06 0.08 0 0.02 0.04 0.06 0.08
time time

Figure 5: Left: LBNP model pressure dynamics, right: HUT model pressure dynamics.

From physiology we expect, that in HUT the pressure in the lower parts increases to
a certain steady state — which is represented by HUT model.

The LBNP model shows different effects, which can be explained by taking a closer
look at the equations. — If we look again at the steady states before tilt and after tilt,
we notice that they are the same because %Pbms = 0 in both cases and thus the value
of Pyiqs is not relevant for the steady states. This is reasonable for LBNP, because the

+ Pgrav) = CQPQH =

=V

H
- V2
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whole body is at one level — so after applying the LBNP the compartments have to
return to the same pressure steady states (assuming we keep the inflow and outflow
pressures constant).

The internal pressure dynamics are different for the two cases.

When we look at the net inflow (difference of inflow and outflow) for the two models
and for each compartment, we get graphs as in Fig. 6.

LBNP model - Ac2=0 HUT model - A02=O
2000 T T T T 2000
1500 /% 1 1500
8 8 /
95 10001 E 10001
(9] D B
T T !
3 500 3 soof
[ [ !
0 1 o |
— arterial — arterial
500 ) ) ) ----_venous 500 ) ) ) ----_venous
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
time time

Figure 6: Net inflow into each compartment. Left: LBNP model, right: HUT model.

We choose Ppips < 0 to get similar results as in HUT, leading to the results shown
here. Note that in the paper [Hel02] it seems that Heldt chose Pp;us > 0, so the
flow characteristic would be reversed and the compartment would push blood into the
circulation instead of pulling it out. This appears to be a typographical error.

The dynamics of the net flows in Fig. 6 look identical, which is surprising given the
apparent difference in the model equations.

From Fig. 7 which represents the difference between the flows of the two models, we see
that the simulations do not give quite the same results, but the question is, whether
this is a numerical artifact or represents a real difference in the predictions of the
models.

LBNP model flow minus HUT model flow — Ac,=0

40,

30r

20r

10p

Flow difference
o

—30r — arterial
) ) ) ---- Venous

0.02 0.04 0.06 0.08 0.1
time

Figure 7: Difference in flows between LBNP and HUT

Since the capacitance plays an important role in orthostatic stress, we next examine
the effect of variable capacitance on the behavior of the two models.

In the following figures venous compliance co changes via a ramp function. Ac repre-
sents the maximum change in the capacitance.
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LBNP model - Ac,=-0.6 HUT model - Ac,=-0.6
140r 1 140r ]
120r 1 1201 ]
100F 100 ]
o 80 o 80r q
5 5 N
? L a 60 N 4
8 60 g ;
a g J
401 . 1 40+ 1
20 ! 120 S ]
o 7 ] o ]
— arterial — arterial
-200 | ) ) _ |- venous 20}, ) ) _ |-~ venous
0 0.02 0.04 0.06 0.08 0 0.02 0.04 0.06 0.08
time time

Figure 8: Pressure dynamics in the compartments including capacitance change. Left: LBNP
model, right: HUT model.

LBNP model - Acz=—0.6 HUT model - AcZ:—O.e
1000 T T T T 1000
500, ] 500},
of 0
3 @
8 -s00t 8 -s00t
o o
£ -1000t € _1000/
g S
& 2
& -1500t S8 ~1500
20000 i | 2000 ]
25008 E — arterial ~2500¢ ' — arterial
3000, . . . ____ venous 2000 . ) ) ---- venous
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
time time

Figure 9: Net inflow into each compartment including capacitance change. Left: LBNP model,
right: HUT model.

Once again we see that the pressure dynamics (Fig. 8) are different between the models.
However, there again appears to be no significant difference in the net flows (Fig. 9).

Fig. 10 exhibits the difference between model flows with variable capacitance. It is
clear that the difference in behavior is greater than with fixed capacitance, but still
quite small.

LBNP model flow minus HUT model flow - Ac,=-0.6

Flow difference
I
w
o

—40F
_50F
-60r — arterial
---- venous
_70 . .
0.02 0.04 0.06 0.08 0.1
time

Figure 10: Difference in flows between LBNP and HUT including variable capacitance
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5.3.3 Analytical results

In Section 4 we alluded to the fact, that the equations incorporating lower body neg-
ative pressure can be transformed into equations representing orthostatic stress with
hydrostatic pressure.

The difference in the two-dimensional models discussed here is represented by trans-
formations in the pressure representations. Thus an implementation with a negative
external pressure implies a compartment pressure different from what is expected from
an additional hydrostatic component to the compartment pressure.

The transformation of Equations (4.9 and 4.10) to Equations (4.11 and 4.12) is equiv-
alent to the transformation of Equations (5.1 and 5.2) to Equations (5.3 and 5.4).
The transformations are accomplished by substitutions using the following equiva-
lences:

PHUT _ PEENP 4 P, PHUT = PEBNP 4 By (55)

Using the transformations above, the flows can be shown to be equivalent. For instance

HUT __ P0+Pbias_ 1HUT
ql - Rl
_ PO+Pbias* 1HUT
Ry
_ PO +Pbias - (PlLBNP +Pbias)
Ry
- PO —PlLBNP
= Rl
:qlLBNP.

Conclusion: The following points summarize these results:

e The internal lower body pressures differ very much between models as between
LBNP and HUT.

e The dynamic flows are the same for both models. The differences in the simula-
tions represent numerical artifacts.

e These LBNP and HUT models are indistinguishable when only considering upper
body pressures, which illustrates the basis for using LBNP as an approximation
of HUT when restricted to certain physiological measurements.

e The actual pressures in the lower body can only be modeled using the associated
model. For modeling experiments with LBNP and HUT the model must consist
of both representations.

e There may be a difference of the controls of venous capacitance cy(t) between
LBNP and HUT, which was not addressed yet.

21
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6 Steady state analysis

At steady state there are no changes in time, thus the right-hand sides of the model
ODEs are equal to zero. So we can solve for the flows and for the state variables.

6.1 The flows at steady state
The following flow relations are given:

Fa:FsLo:Fva
Fp:Ql:Qr: sLo+FsUp:Fs-

. As expected the flows through the lower compartments are equal and the overall flow
is the same in the systemic, the pulmonary part, and the heart.

6.2 Derivation of equilibrium relations

To solve the ODE system with optimal control it is necessary to have the initial (steady)
state and the final steady state. Our first approach was using the Mathematica function
FindRoot, which uses a Newton method (which is a gradient routine) but got stuck
rather often, because of the bad condition of the Jacobian (cond(V f) ~ 10°).

Since it is easier to debug Matlab programs compared to Mathematica programs, we
recoded the model using the Matlab function fsolve, which seems to be a more robust
scheme giving solutions in most cases. But a solution was not always found and the
level of accuracy was unclear when found in some cases.

Thus it was useful to analyze the steady state equations analytically. Furthermore
analysis is needed to investigate uniqueness of equilibrium points for a given parameter
set.

In the model there are 19 variables, but we have only 17 ODEs, thus two states have to
be picked to determine the steady state. We choose H, because it is easily accessible
in experiments, and P, because we assume that it is held rather constant at a level
of 40 mmHg.

Our approach was to work separately with the cardiovascular and the respirator equa-
tions.

CcOy

6.2.1 Solving the cardiovascular pressure equations (Eq. 2.1-2.5)

H and thus ty; are given. In Section 6.2.3 we derive S; and S,. We have thus the
following steady state equations to examine:

From Equation (2.1):

P, — P, P, P, — Pys
OZQl_Fa_FsUp:Ql_ asUp E‘;’LO+ grav asUpR vsUp

= RaRsQl - (Ra + Rs)PasUp + RsPasLo + RansUp - Rngrav-

From Equation (2.2):

PasUp - PasLo + PgT'av - PasLo - vaLo
R, Ry
= RsPasUp - (Ra + Rs)PasLo + RaP'UsLo + Rqurav-

OZFa_FsLOZ
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From Equation (2.3):

PasLo - P’usLo _ P’USLO - vaUp - Pgra'u
R R,
:RUPasLo_ (R +R ) vsLo+R vaUp+R Pgrav

O:FSLO_F’U:

From Equation (2.4):

va O_P’US _Prav Pas _va
O:Fv_Qr+FsUp: L RUP = + U;DR UP_QT
v s

= RvPasUp + RstsLo - (R + R ) vsUp — Rngrav - RvRsQr~

From Equation (2.5):

P,, — P,
0=F—Q=="-"2—q
P

- Pap vp le
So we then have the following five equations to work with:

0= RoRsQi(Pyop, Pasup) — (Ra + Rs) Pasup + RsPasro + RaPosup — RsPyrav
0= RsPusup — (Ra + Rs)Pasio + RaPosro + Rs Pyrav
0= RyPisto — (Ry + Rs)Pysto + RsPysup + Rs Pyrav
0= —RyRsQr(Pap, Pusup) + RoPasup + Rs Posro — (R + Rs) Posup — Rs Pyraw
0= Pop — Ppp— le( vp> sUp)~

From (6.3) dividing by R, we derive a relation involving Pysr, :
R'I} + RS

PasLo = TPUSLO - R_S(P'usUp + PgTa'u)
R, + R; R, + R, R, + R R, s
= Pas o~ T 5 Pas Prav__va Prcw
R, R, “F Ry R, esvn® Pyras) = 7 (Poswy + Piras)
so that
R, + R; R, + Rs R, + Rs R; R R R, + R,
Pas o -1 P(Lé — P, s — |1 - 5
L( R, R ) "R, R, U”+1~zv“U”+1%v<+ R,
From (6.2) dividing by R, we derive Py, :
R, R, + R, R,
0= R_aPaSUp - R—apasLo + vaLo + R_apgr(w
implies
R, + R Ry
va ozipas o__Pas Pra'u'
L R, L Ra( up + Pyrav)

From (6.5) dividing by c,p and adding Eq. (6.1) multiplied by le;%s we derive the

following relation involving P, :

Vo casu ¢ ¢
o p asLo vsLo
0= PasUp PasLo - P’usLo
Cap Cap Cap Cap
C’USUp C’L)p
P’usUp Pvp 'Up le

Cap Cap

23



24 6 STEADY STATE ANALYSIS

implies

Coup R, + Ry CasUp Rp CasLo
1+—)P,=—|R P, —_— — P,
( + Cap) vp < D RaRs + Cap asUp + Ra Cap asLo

R CysU CysL R Vo
P vsUp vsLo D
+ < - vaUp - vaLo - Pgrav + .
R, Cap Cap R, Cap

Linear relations Thus the steady states of Pysr0, Pysro and Py, can be related to
the steady states of P,sup, Pustp, Pgrav, and to Vg as follows. Using the above three
relations involving Pusro, Posro and P,, we have the following linear relations:

PasLo = klpasUp + kQvaUp + kSPgrav (66)
vaLo = k4PasUp + k5vaUp + kGPgrav (67)
Pvp = k7PasUp + k8P'usUp + kQPgrcw + k10V07 (68)

where the following parameters are given to simplify the equation format:

R, + R
k= —2% ~ 5 k 1 —|R,+Rs(1 -k
' T R T R.+R. = 0<k < = [Ra+Rs( 1)] <0
R,
ko= ——m—— 0<k 1 ko=1-—k
>  R,+R,+R, = <R 2 !
ks =1 = ks =1
R,
ky= ——— % k 1
* T R,+R,+R, = O0<hi<
R, + R,
ks = —————— 0<k 1 ks=1-—k
" R, +R,+R, = << 5 4
ke =1 = ke =1
k7 see def. below = k7 <0
ks see def. below = kgéo
kgjfcasLo'*'CvsLo - k9<0
Cap+cvp
1
kl(]zi = 1<k10
Cap + Cop
1
kp=——""957-—— = 0< k<1
"~ R,+R,+R, 4§
R
k= —— = 1<k,
1+ Rgkp
tq
k= e = 0<k O<ty<1
1 exp< RlCl) l ( d )
k e ta = 0<k
r — €X - 7.
P R,c,

Let us denote Pf‘ff = min(Sy, Pustrp) PS7 = min(S,, P.y).

. k11 P, k13 Pysu
Next, setting Qi = £ 350 @r = Ppthns

, we have the following relations:

ki = He PEYY =  0<kn  kiz=He P! = 0<kis
ky

= 0<k
1— %, < R14

. k
k12:]lefﬁ = 0</€12 k14:Pfff
)
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Finally we give k7 and kg :

-1
c R, + R CasU

A vp (R a s asUp

! ( +Cap) *[ ( " RuR; - Cap )

+ <& CGSLO> R, + R, . CysLo R, :|

Ry cCaop ) Ru+Ro+ Ry  cap Ro+ Roy+ Ry

a Ra + Rs Ra as
= (70 C+Pc ) * |:— <RpCapR R.c + Rcc Up)
ap vp allsCap aCap
+ Rpcap o RacasLo Rv + Rs . RacvsLo Rv
Racap Racap R'u + Ra + Rs Racap Rv + Ra + Rs

1
= (e ol + Rolewy = RaFscusy

R, + R, B R,R,R,
R,+R,+Rs; R,+ R,+ Rs

+ (RpRsCap - RaRsCasLo) CvsLo:|

1
B (RGRQ(CHP + ci)p)
1

1
= - R e k a as k aslL.o k vsLo |
Cap + CUP |: p(RS + k)c P + ¢ Up + lc L + 4c L :|

) * [_RP(RG + kQRs)cap - RaRscasUp - k2Rs(Rv + Rs)casLo - k2RvRscvsLo]

and

-1
ks = (1 + cﬂ> * [(ﬁ — —CUSUP)
Cap Ry cap
+ & _ CasLo Ra _ CysLo Ra + Rs
Ra Cap Rv + Ra + Rs Cap Rv + Ra + Rs

1
= _ * R Raca - RaRSC’US
(RaRs(Cap+Cvp)) [ P vr
R, R, + Rs ]

+ (RpRsCap - RaRsCasLo) m - RaRszsLom

1 1

= m |:RP(R5 + kk)cap — CysUp — kQCasLo - k5cvsLo:| .

From (6.1) we derive P,spp in terms of Pyyyp -

0= _(Ra + Rs)PasUp + RsPasLo + RaP'usUp - Rngrav + RaRsQl(Pvpa PasUp)
P,

= _(Ra + Rs(l - kl))PasUp + (Ra + Rst)vaUp - Rs(l - kS)Pgrav + RaRsk11$
PasUp + le
P,
= _(Ra + Rs(l - kl))PaSUp + (Ra + Rst)vaUp + RoRok11 P -
PasUp + k12

= [PasUp + leH_(Ra + Rsk2)PasUp + (Ra + Rsk2)P7stp]
+ RaRskll(k7PasUp + kSvaUp + kQPgrav + klOVO)-

implies

[RoRskrki1 — (Pasup + k12)(Ra + Rsk2)| Pasup + RaRsk11 (ko Pyraw + k10V0)
(Pasup + k12)(Ry + Rsko) + Ry Rskski1

B PfsUp + (k12 — kskrki1) Pasup — kski1 (ko Pyraw + k10V0)

N Posup + k12 + kskski1

vaUp = -
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where ks = ﬁ is introduced for simplification of format. Introducing constants
b1, ba, and b3 defined in the obvious way to simplify the format we see that

PgsUp + bIPasUp - b2
PasUp"'bS -

P’usUp = (69)

From (6.4) we derive a relation involving P,y :

0= _RvRsQr(Papa vaUp) + R'U-PasUp + RstsLo - (Rv + Rs)vaUp - Rngrav

va
= _RvRskliii + (Rv + Rsk4)PasUp - (Rv + Rs - RskS)vaUp - Rs(l - kG)Pgrav
Pap + k14
va
= RvRskli% Up - (Rv + Rsk4)PasUp + (Rv + Rsk4)vaUp
Pap + k14
= RvRskIBvaUp - k14(Rv + Rsk4)(PasUp - vaUp)
1
T [VO — CasUpPastp — CasLoPasLo — CvsLoPvsLo — CosUpPustp — C’UpPUp]
ap

* (Rv + Rsk4)(PasUp - vaUp)
= RvRskl?)vaUp - k14(Rv + Rsk4>(PasUp - vaUp)

1
- c [VO - CasUp]Da:;Up - CusUp-vaUp
ap

- (klcasLo + k4cvsLo + k7cvp)PasUp - (k2casLo + kSCvsLo + kSC'up)vaUp
- (kSCasLo + k6cvsLo + kQCvp)Pgrav - klOVO] * (Rv + Rsk4)(PasUp - vaUp)
Capksk13

- —va
(PasUp - vaUp) up

+ (CasUp + ki1Caspo + kaCysro + k7cvp)PasUp
+ (C'usUp + kZCasLo + kSCvsLo + kSCvp)vaUp
+ (CasLo + CysLo + kQCvp)Pgrav - Capk14 + (klo - 1)%

substituting the relation (6.9) for P,sy, we have:

vaU
0= P Pas va
a Posvy — Postry + a2 Fesup + a3 Up + a4
PQU +b1PasUp_b2 PQU +b1PasUp_b2
0=a as7p + asPsty + a5 —=2L +a
1PasUp(PasUp+b3) _PaQsUp"i'blPasUp_bQ ? Up ° PasUp+b3 *

PfsUp +b1Pusup — b2 (a2 + as)PfsUp + (agbs + b1 + a4) Pasup + (aabs — b2)
(b1 + b3) Pusup — b2 Pysup + b3
0= a1 Py, + ai(by + bs)Pryy, + a1(bibs — b2) Pasup — a1bobs
+ (b1 + bs)(az + as) Pl + [(a2bs + by + as)(by + bs) — (a2 + as)bz] Piyy,
+ [(aqbs — b2) (b1 + b3) — ba(agbs + by + a4) Pasup — ba(aabs — ba)
This leads to:
0= [a1 + (b1 + bz)(az + a3)|Pory, + [(a1 + asbs + by + as)(b1 +bs) — (az + az)bo] Piyyr,
+ [a1(b1bs — b2) + (asbs — b2)(b1 + b3) — ba(agbs + by + a4)|Pusup
— [b2(a1bs + agbs — ba)].

0:a1

(6.10)

We thus derive the expression 6.10 for P,syp, involving a cubic equation, which may
have either one real and two imaginary or three real solutions.
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6.2.2 Solving the respiratory equations (Eq. 2.6-2.10)

Plugging (2.9) divided by Fj into (2.6) we derive P,

acoy -

863F, MR, .
0= 22200z Va (P1002 _ Pac%)

Fs
863F,M Rco
= Paco, = # + P, - (6.11)

Plugging (2.10) divided by Fj into (2.7) we derive Py,

863F,MRp, -
0= —;}‘75 + VA (P102 — Paoz)
F,M
= P, = _863F,MRo, o - (6.12)
2 FsVA 2
From (2.8) we derive Cp,,,
MRp
CBoo, = TBCO? + Caco, - (6.13)
From (2.9) we derive Cypp,, :
MZRco
Cv002 = Tz + Ca002 . (6.14)
From (2.10) we derive C,,
MRo
Cuo, = — F. 2+ Cuo, - (6.15)
6.2.3 Solving stroke volume and control equations (Eq. 2.11-2.17)
o=0 (6.16)
or =10 (6.17)
S = @H (6.18)
a
5, =g (6.19)
a,
u; = i=1,2,3 (6.20)

6.2.4 Conclusion

From these calculations we see that all cardiovascular steady states can be solved
for in terms of P,syp, while all respiratory steady states can be written in terms of
Py, (or equivalently Cv02)~ Furthermore, Pysup and P, are interdependent. P,
depends on F which depends on P,sy, while Pysp, depends on R, which depends
on Cy,, and thus P, . Simultaneously solving the equations Eq. 6.10 and Eq. 6.15
for Pysup and P,,, will provide the steady state solutions for any parameter set. To
implement an efficient algorithm for finding equilibriums and testing these equilibriums

for uniqueness, we implement an algorithm presented in the next section.
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6 STEADY STATE ANALYSIS

6.3 Program algorithm

For calculation of the steady state we use the Matlab function fsolve. Given the above
derived dependencies it is only necessary to search for values of P,sy, and Pv02 to
derive the other state variables. Thus we proceed by minimizing the deviation from
zero of the system steady state equations based on searching candidate values of Pgqyp
and P, . This scheme is equivalent to applying fsolve to the full system but is more
efficient and stable.

For the cardiovascular part of the scheme we have to distinguish between the cases
S; < Pysup and S; > P,syp. This is easy to do as S; can be easily calculated according
to Section 6.2.3 and P,y is given.

Thus using P¢// = min(S;, Pusvrp) we find Pyspp:

P - PgsUp + Peff(kIZ - k5k7k11)PasUp - Peffkskll(kQPgrav + klOVb)
osip = Posup + PefT kg + Pl fkgkgks
where
-
14+ Rk
k‘11 = (] * H
ki
k1o = .
12 = 7T »

We can then calculate
PasLo = kIPasUp + (1 - kl)vaUp + Pg'rav

PysLa = k4pasUp + (]— - k4)vaUp + Pgrav
Pvp = k7Pa‘;Up + kSR)sUp + kgpgrrw + ki1oVo

where

o R+R
"7 R, + R, + R,
O
* " R,+R,+R,

1 1
ky = ————— | Ry(— + ki)cy us k1Casro + kaCosio
! Cap"‘cvp( p(Rs+ k)Cp+C Up+ 1CasLo - Ra€ L>
k -t R(i+k)c —c —(1=k1)c — (1 — ky)c
8icap+c'up P RS k)Cap vsUp 1)CasLo 4 )CysLo
k :_CasLo+CvsLo
’ Cap T Cup

1
kip = ——.

Cap+cvp

Additionally using the solutions of Section 6.2.2 we get the respiratory states and then
can calculate the deviations of the steay state equations mentioned above.

Note This algorithm solves the steady states with exact maximum and minimum
functions, whereas the original implemented ODEs used smoothed max and min func-
tions and as a result we always have some small deviation between the calculated
steady states in the two formulation.
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7 Results

For comparison of simulations of the full model proposed in this report, we performed
HUT experiments measuring several quantities.

7.1 Data measurements

Fig. 11 shows a set of data measured at a HUT from 0° to 70° in 10 sec with
Finapres™ from a 25 year old male human.

Graz03 Measur

Figure 11: Measurement of 70° tilt in 10 sec.

7.2 Fitting the data

In Fig. 12 we show the results of a parameter fit, which was done by first adjusting
some model parameters to fit the steady state and afterwards adjusting the weights
in the cost functional to fit the dynamics. (Steady state values and parameters in
Appendix B)

The volume shift of blood into the venous leg compartment was 800 ml.
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7 RESULTS

J] Figure No.3

Figure 12: This is the model fitting the data

Fitting steady states

The variable TiltingAngle went from 0 to 70 degrees in 10 sec, heart rate went up from
59 to 90.6 and cysr0 and Apes, were set to match the Pas,, steady state (cyspo =
0.7%(1— frac)*(0.75 — 0.115) and Apesp = 131.61%(0.95 — 1.08)). Rather important
is also the fact, that we had to adjust the fraction of upper and lower compartments
to frac = 0.3 to get reasonable results.

Fitting dynamics

To fit the dynamics we adjust the weights in the cost function for the optimal control.
There are two different weight-vectors: WeightsU and WeightsX.

WeightsU puts weights on changes of the control
WeightsX puts weights on deviations from the final steady state

The fit was done by estimating the weights for the control. We used all three control
weights and weights for Pas,, and H, Py.0, and Py, .

For this data set, the weights necessary to fit the data indicate a strong influence of
the cardio-pulmonary control loop.
7.3 Ongoing work

The model exhibits reasonable performance as compared against data. The next steps
are anticipated in terms of model development.
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PasUp
3
PasLo
=
o
PvsLo
PvsUp

Pvp
o
PaC0O2
FS
o
Pa02
=
N
PBCO2

% i 3 3 ¥4 5 3 W3 2 3 B 3 3
49 38 90 10
S 485 / 5] u¥ o ast E, 0 \/\r
& a @
B 2 3 L T R — 8% 1 2 3 2 3
8 5 100 Supine Tiling
s~ | Tilt 0 70
_6 E, 0 PasUp 823523 785301
% e = Paslo 821223 121.8810
4 & 50 Pvslo 48912 454684
0 1 2 3 0 1 2 3 0 1 2 3 PvsUp 46613 16851
6 04 o 100 Pwp 61588  3.9999
5 E‘ PaCO2  40.0000  40.0000
<5 =02 < 50 Pa02 1024590 1024590
= g £ PBCO2 480769 480769
4 0 = 0 PVCO2 481373 489271
0 1 2 3 0 1 2 3 0 1 2 3 PvO2 343910 323953
S| 849585 87.0178
sigmal 00000  0,0000
Weightsx =[0.0149 0 0 6.4898 0 1.0693 0.00573 0 00 0 00 0 0 0 OJ; St Asiis 65!
Weightsu =[ 0.00017 0.0105 8.35]: sigmar 00000 0.0000
H 590000 906452
VA 52643 52643
cvsLo 0.3675 0.0563
Rs 167914 182248
co 46132 42050

Figure 13: Complete model output for the fitted data

e Analytical studies

1.
2.

The analytical results on steady state analysis will be further developed
Analytical results on the two dimensional model comparisons between LBNP
and HUT will be done to clarify the degree to which the two orthostatic stress
models are different, when they can be used interchangeably, and when they
must be distinguished.

e Physiological modeling

1.

o

e

L

Further experimental data will be collected and analyzed. As well as param-
eter identification performed with test subjects.

There are physiological differences between fast and slow tilt, as well as be-
tween small and large tilt. In small tilt low pressure sensors play a more
prominent role and implementation of this control loop effect needs to be
studied. Fast tilt involves buffering by the lung blood volume and this needs
to be studied as well.

Implementation of sympathetic effect on contractility should be explored as
a control, currently implemented as a parameter change.

The baroreceptors in the carotid artery are situated above the heart and sense
a slightly different pressure from the aortic sensors (which measure Pyqpp).
The effects of this variation in pressure are not modeled.
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7 RESULTS

Figure 14: Flows between the systemic compartments for the fitted data
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A Symbol definitions

Respiratory parameters

[ Symbol Meaning [ unit
MRco, metabolic CO2 production rate lsTpp - min !
MRo, metabolic Oz consumption rate lsTpp - min "t
aco, concentration of CO3 in arterial blood mmHg
a0y concentration of O in arterial blood mmHg
Pa002 partial pressure of COs in arterial blood mmHg
@0, partial pressure of Oz in arterial blood mmHg
P”COQ partial pressure of CO2 in mixed venous blood mmHg
on2 partial pressure of Os in mixed venous blood mmHg
VA alveolar ventilation IsTPS - min !
VAco2 effective C O3 storage volume of the lung compartment IsTPS
VAO2 effective O2 storage volume of the lung compartment lsTPS
VTCO2 effective tissue storage volume for CO4 1
VTO2 effective tissue storage volume for Oz 1
VBCOQ effective tissue storage volume for O2 1
K, k,m dissociation constants relating concen.to partial pressure
G, central controller gain factor 1/(min -mmHg)
Gp peripheral controller gain factor 1/(min -mmHg)
I. central drive threshold value mmHg
I, peripheral drive threshold value mmHg
Cardiovascular parameters
[ Symbol | Meaning Unit |
o coefficient of S; in the differential equation for o, min 2
ar coefficient of S, in the differential equation for o, min 2
Apesk Ry = ApeSkC'UO2 mmHg - min it
B3 coefficient of H in the differential equation for o; mmHg - min~—*
Br coefficient of H in the differential equation for o, mmHg - min !
frac upper compartment fraction of basic prone capacitance 1
Cas compliance of the arterial part of the systemic circuit 1- mmHg ™!
Cap compliance of the arterial part of the pulmonary circuit - mmHg !
Cus compliance of the venous part of the systemic circuit - mmHg L
Cop compliance of the venous part of the pulmonary circuit l- mmHg ™!
Fy blood flow perfusing the lung compartment l-min~?!
Fy blood flow perfusing the tissue compartment l-min~*!
H heart rate min !
Y coefficient of o; in the differential equation for o; min !
Yr coefficient of o, in the differential equation for o, min~!
Pus mean blood pressure in arterial region: systemic circuit mmHg
Py mean blood pressure in arterial region: pulmonary circuit mmHg
Py, mean blood pressure in venous region: systemic circuit mmHg
Py mean blood pressure in venous region: pulmonary circuit mmHg
Qi left cardiac output l-min~?!
Qr right cardiac output l-min~?!
R, resistance in the peripheral region of the pulmonary circuit | mmHg - min-17*
Rs peripheral resistance in the systemic circuit mmHg - min 171
S contractility of the ventricle mmHg
o derivative of S mmHg - min~*
u control function
Vstr stroke volume of the ventricle 1
Vo total blood volume 1
L, r left, right heart circuit respectively

33



B VALUES FOR THE DATA FIT

B Values for the data fit

Steady state values

State variable | Supine | Tilt |

Tilting Angle 0 70
Posup 82.35 78.53
Pisro 82.12 | 121.88
Pysro 4.89 45.45
Pysup 4.66 1.69
P, 6.16 4.00
Poco, 40.00 | 40.00
P, 102.46 | 102.46
PBco2 48.08 48.08
Pico, 48.14 | 48.08
Py, 34.39 32.39
S 84.96 87.02
S 4.32 6.63
o] 0.00 0.00
o 0.00 0.00
H 59.00 90.65
Va 526 | 5.26
CysLo 0.368 0.056
R 16.79 18.22
Apesk 124.60 | 141.65
I6/} 128.83 85.89
Q 4.61 4.21

Weights for Riccati

State variable | WeightsX |

Pastp 0.015
Pusro 0
vaLo 0
Posup 6.49
P, 0
Puco, 1.07
P, 0.006
Ppeo, 0
Poco, 0
P,,, 0
S 0
Sy 0
o] 0
o 0
H 0
Va 0
CysLo 0

| Control variable | WeightsU ‘
Uy 0.0002
Ug 0.0105
us 8.3500
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Parameter values

Parameters were either taken from [Tim98] or fitted*. R, and R, were chosen as small

as reasonable.

] Parameter | Value
V 5.0
frac 0.3
CasUp 0.01002*frac
CasLo 001002*(1-frac)
CysUp 0.70*frac
CysLo State dependent
Cap 0.03557
Cup 0.1394
Apesk State dependent
MRo, 0.290
MRco, 0.244
MRBCO?2 0.042
Fp 0.800
g 89.47
Qr 28.46
O State dependent
Br 2.08
i 37.33
Yr 11.88
q 0.01289
Cr 0.06077
K1 0.2
K2 0.05
kCO2 0.244
KCO2 0.0065
Preo, 0.0
PIO2 150.0
Ry 11.35
R, 4.158
R, 0.1
R, 0.1
VBeo, 0.900
Veo, 3.200
Vo, 2.500
Vico, 15.000
Vro, 6.000

For units refer to the previous section.
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