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A MATHEMATICAL MODEL OF CARDIOVASCULAR RESPONSE TO
DYNAMIC EXERCISE

E. Magos, A. Felicani, and M. Ursino,
Department of Eledronics, Computer Science and Systems, University of Bologna, Bologna, Italy

Abstract-A mathematical model of cardiovascular response to
dynamic exercise is presented. The model includes the pulsating
heart, the systemic and pulmonary circulation, a functional
description of muscle exercise hyperemia, the mechanical effeds
of muscle @ntractions on hemodynamics, and various neural
regulatory mechanisms working on systemic resistance, venous
unstresed volume, heart rate and ventricle contractility. These
medhanisms comprehend the direct effect of motor command
signals on cardiovascular and respiratory control centers (the so
called central command), arterial baroreflex and the lung-
stretch receptor reflex. The model is used to simulate the steady
state response of the main cardiovascular hemodynamic
quantities (systemic arterial presaire, heart rate, cardiac output,
systemic vascular conductance, and blood flow in working
muscle) to various intensity levels of two-legs dynamic exercise.
A goad agreement with physiological data in the literature has
been obtained. The model sustains the hypothesis that motor
command signals emanating from cerebral cortex provide the
primary drive for changes of circulation and respiration during
exer cise. The model may represent an important tool to improve
understanding o exercise physiology.

Keywords - Dynamic exercise, central command, autonomic
nervous g/stem

|. INTRODUCTION

Physicd adivity, among dher various stresses encountered
in normal life, mostly challenges the regulatory abiliti es of
the cadiorespiratory system. During exercise, the
cadiovascular and respiratory systems must ad in concert in
order to supply adequate oxygen and nutrients to working
muscles, sustain removal of cabon dioxide ad other
metabolic products, disdpate hea and, at the same time,
maintain the requirements of other essentia organs. To
adhieve this, dynamic exercise is accompanied by hyperpneg
increase in cardiac output, and redistribution of blood flow
towards adive muscles, mainly due to a strong deaease in
their vascular resistance As a consequence of skeletal muscle
vasodil ation, total peripheral resistancefalls and mean arterial
pressure only rises modestly. These cadiovascular
adjustments result from a superimposition between
extravascular medhanicd effeds of muscle @ntradion (the
so cdled muscle pump), locd vascular control processes and
areconfiguration of autonomic nervous adivity: in particular,
sympathetic adivity to heat and vessls increases, while
cadiacvagal tone withdraws.

Even if this enario is amply documented [1-4], a clea
comprehension o the underlying mechanismsis gill ladking.
In particular, the origin of the readjustment of the autonomic
nervous system, as well as the origin o respiratory response
have not been established yet and various hypotheses exist.
Several experimental results [5-7] support the idea that
changes in ventilation and in cardiovascular variables which
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occur during exercise, may be partly due to an “irradiation”
of motor impulses descending from cerebral cortex into
cadiovascular and respiratory control aress. This idea is
known as “central command’ hypothesis, and presumes that
no signals are fed back from the periphery to the center (i.e.,
a feed-forward controller). Fealback control medanisms
originating in working muscle have been proposed to
contribute to exercise response, too [8,9]. Nevertheless, the
role of muscle afferents during adual dynamic exercise is
strongly controversial, espedaly in human subjeds [3].
Finally, feedback from central and peripheral chemoreceptors
could na be implicated in the respiratory response, since
arterial gas levels only show little danges [6,7]. The
complexity of the problem is further increased since danges
in cardiorespiratory variables evoked by exercise may elicit
the secondary action of additional control mechanisms (such
as baroreceptors or receptors located in the lungs).

Aim of thiswork isto present a mathematicd model of the
cadiovascular regulation to dynamic exercise, with particular
emphasis given to the role of central command. In the model
centrad command is a function of relative intensity of
exercise, and dredly affeds autonomic nervous adivity and
respiration. Furthermore, the model includes a description of
the locd metabadlic medanisms involved in muscle exercise
hyperemia ad the muscle pump. Finaly, al these
medhanisms interad with the baroreflex system and with the
lung-stretch receptor reflex.

Il. METHODOLOGY

In the following, a qudlitative description of the
mathematical model is presented.

The model distinguishes between the controlled system
(i.e: the heart and the vascular system) and the control
mechanisms.

A. Plant

Fig. 1 shows the eledric analog o the crdiovascular
system. The pumonary circulation includes 3 compartments,
differentiating among large arteries (subscript “pa”),
periphera (“pp”) and venous (“pv”) circulation. The systemic
circulation includes 13 compartments. The first represents the
large systemic ateries (“sa”). The others describe the
peripheral and venous circulation in six districts arranged in
paralle: brain, heart, adive muscle, non adive or resting
muscle, splanchnic drculation and the remaining
extrasplanchnic vascular beds (subscripts “b”, “h”, “am”,
“rm”, “s’ and “e”, respedively). A distinction among these
regions is necessry since regulatory mechanisms exert a
different adion on each of them [10]. The adive muscle
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Fig.1. Eledric anadlog d the cadiovascular system. Seetext for symbal
meaning. The ided diode between Ramv and the right heat mimics the
venous valves in adive muscle compartment, which prevent retrograde
flow. Cp = Csp+Cep+Crmp+Camp+Cbp+Chp.
branch mimics keletal muscle in the legs, since in this work
we simulated the response to two-legs exercise
Hemodynamic in ead compartment is reproduced by means
of a hydraulic resistance (“R”) and a linear pressure-volume
curve, charaderized by an unstressed volume and a constant
compliance (“C”). The only exception is the venous adive
muscle compartment (“mav”), where we used a non linear
relationship between blood volume and transmural pressure
[11], in order to obtain a more reliable description of muscle
pump. Mechanicd effeds of muscle mntradions have been
simulated assuming that extravascular pressure outside adive
muscle veins (i. e, intramuscular pressure) changes
periodicdly during exercise [12]. Findly, the inertial effeds
have been included orly in the large artery compartments
(inertances Lg, and L), where blood accéeration is

significant. The heart embodes passve dria (subscripts “ra”
and “la”), described through a linea cgpadty, and pusating
ventricles (“rv” and “Iv"), smulated by a time-varying
elastancemodel.

B. Control mechanisms

In the description of the control system, a distinction is
made between afferent pathways, which carry signals from
periphery to the cantral neural system, the dferent
sympathetic and parasympathetic pathways and the adion of
severa distinct effedors (Fig. 2).
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Fig. 2. Block diagram of control mechanisms. | = exercise intensity.

The afferent pathways transport information from arteria
baroreceptors and from lung-stretch receptors. The arteria
baroreceptors respond to changes in bah the instant value of
systemic aterial pressure and its rate of change [13]. Slowly
adapting lung-stretch receptors respond to changes in tida
volume [14]. Each afferent mechanism is mimicked through a
static charaderistic and afirst order dynamic.

The efferent pathways embrace four different kinds of
fibers: sympathetic fibers to systemic aterioles, sympathetic
fibers to the veins, sympathetic fibers to the heart, and the
vagus. The adivity in these fibers is a non-linear monaonic
function of the weighted sum of afferent information, where
weights may be positive or negative. Moreover, sympathetic
and parasympathetic adivities are influenced by the eentral
command, too. According to experimental results [3,4],
central command hes an inhibitory effed on the vagus, while
excites yympathetic adivities. The relationships between the
central command and the efferent adivities are monotonic
functions of the relative exercise intensity with a lower
threshold and an upper saturation level.

The effedors include the response of systemic peripheral
resistance and venous unstressed volume (in the splanchnic,
adive and non-active muscle, and aher extrasplanchnic
compartments) to adivation of sympathetic fibers, the
response of heart contradility to cardiac sympathetic nerves,
and the response of heat period to cardiac sympathetic
nerves and to the vagus. Each effedor response comprehends
a pure delay, a monaonic static function and a first-order
low-pass dynamic. In order to reproduce muscle exercise
hyperemia, we asumed that peripheral resistance in the
adive muscle compartment (Ramp) depends not only on

neural influences, but also on locd metabolic oontrol
mechanisms. The latter comprise the effed of increased
oxygen consumption rate and of metabadlic production of
vasodil ator substances [2,12], each described as a function of
exercise intensity through a static charaderistic and a first-
order low-pass dynamics. Both an incresse of O,

consumption over the basal level and the release of
vasodil ator substances produce adecrease in Ry, Finaly, in

the model the adivity of lung stretch reagptors is a function
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of changesin tidal volume. According to experimental results
[1], we asumed that tidal volume in static condtions is a
linea function of exercise intensity. This function mimics the
drive of the central command on respiratory control centers.

All functions and parameters in the model have been taken
from the physiologicd literature. The model has been
simulated on a personal computer with Pentium processor, by
using the Runge-Kutta-Fehlberg 4/5 agorithm with
adjustable step length for the numericd integration of
ordinary differential equations.

I1l. RESULTS

Validation of the model has been achieved simulating
cadiovascular response to different levels of dynamic
exercise in stealy state cnditions, and comparing simulation
results with clinicd and physiologicd data. The only input
for the model is the relative intensity of agobic exercise (1).
At rest | is equal to O, while & the anaerobic threshold | is
conventionall y set equal to 1

Fig. 3 compares the percentage changes in heat rate
(HR), cardiac output (CO), mean systemic aterial pressure
(MAP), systemic vascular conductance (SVC), and bood
flow in adive muscles (Q,,) computed with the model at

four different exercise levels, with analogous data in humans
[2]. As it is clear from the figure, the agreement between
simulationand in vivo resultsis stisfadory.

Fig. 4 shows the distribution of cardiac output between the
different organs obtained with the model at the same exercise
intensities considered in Fig. 3. The model is able to
reproduce the redistribution of blood flow towards working
muscle during exercise, amply documented in physiologicd
literature [3,4].

HR
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Fig. 4. Distribution d cardiacoutput between different organs obtained
with the model at the same four exercise intensiti es considered in Fig. 3.

V. DISCUSSON

Asitisclea from Figs. 3 and 4, the main cardiorespiratory
effeds of exercise dm to supplying adequate oxygen and
nutrients to working muscles. Model ascribes these
adjustments to the complex interadion among locd
metabolic control processes, medhanicd effeds of muscle
contradions, the adion of central command and adivation o
reflex medchanisms, secondary to changes in cardiorespiratory
variables diredly elicited by exercise. In particular, in the
model a primary role is played by the centra command,
which exerts its adion both on vagal and sympathetic fibers.
Its effea on efferent adivities may be briefly summarized as
follows. Action of central command m vagus reacdes its
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Fig. 3. Percentage changesin heat rate (HR), cardiac output (CO), mean arterial presaure (MAP), systemic vascular condictance (SVC), and Hoodflow
in adive muscles (Qam) plotted versus relative exercise intensity (1). Closed red symbols conreded by solid line ae model results; open blad circles
conreded hy dashed line ae experimental dataon human subjeds|[2].
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maximal strengthen at very low exercise intensity, causing
vagal adivity to fall nea 0. On the contrary, central
command starts to affed sympathetic adivity to heat only
when exercise intensity is moderate (I nea 0.4), then it rises
rapidly. This is consistent with experimental evidences [3].
Activity in the sympathetic fibers to veins starts to increase &
low exercise intensities and rapidly reaches an high saturation
level. Finaly, adion of central command an sympathetic
fibers to periphera resistances is null at low exercise
intensiti es, then it increases modestly.

In the model, the primary changes in autonomic nervous
adivity €licited by central command are moduated by
adivation o secondary reflex medianisms. In particular,
incresse in arterial pressure triggers the baroreflex system,
causing a decrease in sympathetic adivities and an increase
in the vagal one, while the increase in tidal volume dicits
lung-stretch receptors which induce adecrease in sympathetic
adivity to vessls and in vagal adivity, too. Thus the value of
efferent adivities during exercise results from the interadion
between several components, in part excitatory, in part
inhibitory, which superimpose non-linealy. Finaly,
interadion between neura influences and locd processes
determines the final response of the hemodynamic quantiti es.
In particular, in adive muscle locd vasodilator medcanisms
predominates on reural influences, causing afall in R, and

thus a strong increase in Q. It is worth noting that blood

flow in other organs remains pradicaly unchanged, since
antagonist effeds on these organs (vasoconstriction,
increasing in MAP) tend to balance e&h cther.

V. CONCLUSION

In conclusion, the present work is able to integrate the
main mecdhanisms involved in exercise resporse into a single
theoreticd framework. The simulation results show that the
model is able to reproduce cardiovascular response in a large
range of exercise intensity, sustaining the idea that central
command is the primary drive for changes in circulation and
respiration during exercise. Moreover, the model underlines
the extreme complexity of exercise response, resulting from
the non-linear interadion of many mechanisms (sometimes
synergistic, sometimes  antagonistic), simultaneously
operating. At present, the model may be useful in the
interpretation of experimental and clinicd data, to improve
our understanding o exercise physiology and as an
educdtional tod to analyze the complexity of cardiovascular
and respiratory regulation. In perspedive, it may be of
clinicd value since knowledge of the cardiovascular effeds
of exercise may be used in diagnasis of disease states.
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