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Abstract

We have developed a computational model of the car-
diovascular system with the aim of analyzing the hemody-
namic response to orthostatic stress. Using the model, we
investigate the hemodynamic effects of changes in model
parameters that are thought to contribute to the syndrome
of post-spaceflight orthostatic intolerance. Our simula-
tions indicate that changes in total blood volume have the
largest detrimental effect on arterial blood pressure home-
ostasis. If the baseline volume status is borderline hypov-
olemic, changes in other parameters can significantly im-
pact the system’s ability to maintain blood pressure in the
upright posture. In particular, any deleterious change in
the venous tone feedback impairs blood pressure home-
ostasis significantly. This result has important implica-
tions for countermeasure development as it suggest that an
a-adrenergic agonist might alleviate the orthostatic syn-
drome seen post-flight.

1. Introduction

Human space exploration has demonstrated that the car-
diovascular system adapts quickly to the weightless envi-
ronment and thus enables astronauts to perform well in
space with essentially normal hemodynamic status. While
such adaptive changes are entirely appropriate in space,
they seriously impair cardiovascular performance upon re-
turn to the normal gravitational environment as evidenced
by the high incidence of post-spaceflight orthostatic intol-
erance (OI): after short-duration (Shuttle) missions up to
64% of astronauts fail to complete a 10-minute stand test
on landing day [1]. The incidence jumps to over 80% after
long-duration (MIR or International Space Station) mis-
sions [2]. Although considerable experimental effort has
been focused on this problem over the past forty years,
there remains a critical lack of understanding as to its phys-
iological causes. Mechanisms that have been proposed to
contribute to Ol include hypovolemia, cardiac atrophy, au-
tonomic dysfunction, and changes in the venous compli-
ance of the legs (see [3] for a recent review).

While each proposed mechanism offers a plausible ex-
planation for the genesis of post-spaceflight OI, it is im-
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perative to understand the relative importance of each of
these mechanisms in order to aid in the development of
a functional countermeasure. Given the small number of
astronauts studied on each mission, it is unlikely that ex-
perimental methods can be used to establish a hierarchy of
importance among the proposed mechanisms.

The goal of this paper is to analyze, in the context of
a computational model, the impact each of the proposed
mechanisms has on the system-level cardiovascular re-
sponse to orthostatic stress. In so doing, we generate in-
sight into the relative importance of these mechanisms,
which in turn enables us to suggest a possible countermea-
sure to alleviate the orthostatic symptoms seen post-flight.

2. Cardiovascular model

We have developed a computational model consisting
of a lumped-parameter representation of the hemodynamic
system coupled to set-point models of the reflex pathways
responsible for short-term blood pressure control [4].

For the hemodynamic model, we subdivided the human
vasculature into 17 compartments, each of which we mod-
eled using the electric circuit analog shown in Figure 1: a
capacitor captures the vascular pressure-volume relation,
whereas resistance to blood flow is represented by linear
resistances. The hydrostatic pressure source, P, affects
blood volume redistribution during changes in posture. We
similarly represented the cardiac chambers but modeled
their pumping action as time-varying capacitors. The en-

Figure 1.  Single-compartment circuit representation.
P,_1, P, P,4+1: compartment pressures; P}, P.: hydro-
static and external pressures; ¢, ¢n+1, ¢c: flow rates; V,:
compartment volume; R,,,R,1: flow resistance.
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tire hemodynamic system is closed-loop and contains four
parallel peripheral vascular beds to allow for regionally
distributed blood pooling.

We implemented set-point-based reflex models to rep-
resent the homeostatic action of the arterial baroreflex and
the cardiopulmonary reflex [4]. The reflex models gener-
ate error signals by subtracting pre-defined pressure set-
points from pressure signals generated by the hemody-
namic model. The error signals are subsequently con-
volved with impulse response functions and scaled by
static gain values that are specific to the various effector
mechanisms (heart rate, cardiac contractility, venous tone,
and peripheral resistance).

2.1. Simulations

To validate the behavior of the cardiovascular model
during orthostatic stress, we simulated the experimen-
tal protocol of Smith and co-workers [5], who subjected
young and older male subjects to different degrees of head-
up tilt. We assessed the importance of mechanisms pro-
posed to contribute to post-spaceflight OI by repeatedly
simulating 75° head-up tilts using a range of values for
select parameters. We reduced total blood volume to sim-
ulate the effects of hypovolemia. We increased the ve-
nous compliance of the leg compartment to simulate the
effects of increased capacity of the leg veins, and we sim-
ulated cardiac atrophy by reducing the right ventricular
end-diastolic compliance. Finally, we simulated the ef-
fects of autonomic dysfunction by reducing the gain val-
ues to the arteriolar resistance and the venous tone reflex
limbs. We quantified the impact of changes in these param-
eters on overall cardiovascular performance by measuring
the change in arterial pressure in response to head-up tilts
three minutes after the onset of stress. Experimental results
and simulations are displayed as mean = standard error.

3. Results

Figure 2 shows the steady-state changes in mean arte-
rial pressure (MAP, measured at heart level) and heart rate
in response to tilts to various angles. The mean simula-
tion is indicated by the solid lines; open circles represent
data from young subjects, solid circles represent older sub-
jects [5]. Both MAP and heart rate increase in response to
graded orthostatic stress. The trends of the data are cap-
tured well by the simulations.

Figures 3 — 5 show changes in MAP three minutes af-
ter the onset of a 75° head-up tilt. In Figure 3 total blood
volume is reduced in decrements of 2.5%. The simula-
tions indicate that the cardiovascular system is capable of
maintaining MAP in the upright posture at or above supine
baseline as long as the volume status is not too compro-
mised. The cardiovascular system fails to protect MAP
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Figure 2. Change in mean arterial pressure (top) and heart
rate (bottom) as a function of tilt angle. See text for details.

if reductions in total blood volume exceed 5%. In con-
trast, detrimental changes of up to 15% in any of the other
parameters only marginally impact the cardiovascular sys-
tem’s ability to protect MAP as indicated in Figure 4.

In Figure 5, we repeated the simulations shown in Fig-
ure 4 but started from a borderline hypovolemic volume
status (5% redcution in total blood volume). The para-
metric perturbations that previously impacted MAP only
insignificantly now have serious consequences for main-
taining arterial pressure in the upright posture.

4. Discussion and conclusions
Despite over forty years of experience in human space
exploration, post-spaceflight OI remains a critical yet un-
resolved problem in the life-science space program. With
current countermeasures in place, MAP in pre-syncopal
astronauts can drop by more than 30 mmHg when moving
to the upright posture on landing day [2]. The simulations
presented in the previous section aid in the understanding
of the problem as they provide a possible explanation for
the etiology of the syndrome.

The results displayed in Figures 3 and 4 suggest that
from the mechanisms proposed, reductions in blood vol-
ume have the greatest detrimental impact on overall blood
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Figure 3. Dependence on volume status of mean arterial
pressure response to 75° head-up tilt.

pressure homeostasis in the upright posture. The results of
Figure 4 indicate that if the volume status is not compro-
mised, relatively large changes in any of the other param-
eters need to be hypothesized in order to account for the
clinical picture seen post-flight. Reductions in total blood
volume following spaceflight are highly variable; recent
reports suggest a mean overall reduction of approximately
6% in male pre-syncopal astronauts [6]. Our simulations
give credence to the view that hypovolemia is one of the
principal contributors, yet at a level of 6% it might not be
soly responsible for the clinical picture of the syndrome.

To assess the importance of mechanisms other than hy-
povolemia, we repeated the simulations of Figure 4 but
superimposed the fractional changes in parameter values
on a borderline hypovolemic volume status (5% of hypo-
volemia). The results of this analysis are shown in Fig-
ure 5 and suggest that even moderate perturbations in any
of the other parameters become very detrimental to arte-
rial blood pressure homeostasis. Of particular importance
are perturbations to the a-sympathetically mediated reflex
pathways of arteriolar resistance and venous tone, both
of which depend on the peripheral neurotransmitter nore-
pinephrine (NE). Meck and co-workers [7] have recently
demonstrated that astronauts who become pre-syncopal on
landing day fail to mount a significant vasoconstrictor re-
sponse due to an inappropriately low release of NE in the
upright posture. Our simulations suggest that in volume-
compromised individuals failure to constrict arteries and
veins leads to serious reductions in MAP in the upright
posture. Furthermore, for similar fractional changes in
gain values, reductions in venous tone gain impact MAP
more dramatically than reductions in resistance gains.

In summary, our results point to possible etiologies
of post-spaceflight OI based on either significant hypov-
olemia or a critical combination of hypovolemia and de-
pressed vasoconstrictor capacity. In the absence of a func-
tional fluid replacement countermeasure, an «-adrenergic
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Figure 4. Mean arterial pressure response to 75° head-up
tilt under varying parametric conditions. Baseline volume
status is euvolemic.
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Figure 5. Mean arterial pressure response to 75° head-up
tilt under varying parametric conditions. Baseline volume
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status is hypovolemic.

agonist, such as midodrine, might be a viable strategy to
alleviate orthostatic symptoms post-flight. Initial success
with midodrine supports this suggestion [8].
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