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A Differential Model of the Baroreflex Control of the Cardiovascular
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Abstract—In this paper, a differential model of the cardio-
vascular system and its baroreflex control is presented. This
simplified model of the circulation includes the left heart,
arterial and venous compartments, the afferent baroreceptor
pathway, the sympathetic and vagal efferent activities and
excitation-contraction coupling at the cardiac muscle level. The
model is used to simulate the interactions among the baroreflex
control loop, the pulsating heart and the effector during
a graded orthostatic tilt. There is a satisfactory agreement
between the model and experimental results illustrated through
heart rate variability analysis. Experimental data on heart rate
control can then be explained fairly well by a rather simple
action of the sympathetic-parasympathetic system on the heart
rate. The output of the proposed model are usually measured
cardiovascular signals. An objective is to use it in model-based
signal processing in order to assess the short-term control of
cardiovascular system.

I. INTRODUCTION

The cardiovascular system (CVS) is a complex mechani-
cal, chemical, and hemodynamic system in which the vari-
ables are interrelated through a variety of feedback mecha-
nisms. Among these mechanisms controlling the cardiovas-
cular function, the most thoroughly investigated is the short-
term control: the baroreceptor reflex system [1], [2].

Many mathematical models have been proposed to rep-
resent the dynamic regimes of the CVS in interaction with
the baroreflex control loop [3], [4], [5]. In this study, we
present a mathematical model of the CVS controlled by the
autonomic nervous system (ANS). Compared with previous
models, here the CVS and the ANS functions are both
modelled by taking into account the major elements of their
structures. By doing so, we gain physiological meaning for
the model parameters but the closed loop behavior is now
only indirectly modelled: we have to adapt the interface
between CVS and ANS sub-models and to tune the ANS
action (the control) in order to recover correct closed loop
behaviors. The tilt test is used to assess the resulting model.

The model of the CVS is taken with minor changes from
[6], where a differential model of the electro-mechanical
activity of the cardiac muscle, first presented in [7], [8],
is used coupled with windkessel models of the vascular
compartments.

The complex structure of the multi-feedback baroreflex
system, its function, and the role played by the different
mechanisms have been the subject of a multitude of exper-
imental studies in the last decades. These studies provide
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quite a complete description of the different components
in both dynamic and static conditions. Nevertheless, under-
standing the behavior of the baroreflex system as a whole is
still a hard problem, which is not yet completely resolved [5].
Many authors consider that the control objective is the heart
rate itself and propose direct models for its regulation [9].
These ANS models suppose a constant stroke volume, so that
controlling the heart rate is equivalent to control the blood
flow averaged on a heart beat, which is the main cardiac
function. Here, our stroke volume depends upon the pre-load
and after-load conditions of the heart and we consider that the
short term control objective of the ANS is the averaged blood
flow regulation under arterial pressure constraints. In order
to take into account the baroreflex loop in CVS modelling,
several mathematical models have been proposed for the
baroreceptor [10] and the ANS, for which we choose the
model proposed in [2], that appears as a good basis to build
a sound controller for the CVS.

The heart rate power spectrum exhibits a peak in low
frequencies (LF) band (0.04-0.15 Hz) believed to be due to
the baroreceptor mediated blood flow and pressure control
and includes contribution from both the sympathetic and
parasympathetic nervous system [3]. The aim of this paper
is to show that our model is able to recover such heart rate
variability during a tilt test.

The present article is structured as follows. First, a quali-
tative and quantitative description of the model is presented
and parameter values are assigned. Subsequently, the model
is validated by simulating experimental results concerning
the interactions among the heart, pressure pulsatility and
the baroreflex in normal closed-loop conditions. Finally, the
system is simulated after a hemodynamic perturbation due
to the transition from supine to standing posture (tilt test),
to clarify the relative role of each mechanism in response to
decrease of venous return to the heart.

II. MODEL DESCRIPTION

We model the heart as a controlled pump with variable pre-
load and after-load conditions represented by two vascular
compartments, systemic and venous. A detailed baroreflex
loop is presented. Parameter assignments are given in tables
I and IIL

A. The Heart as a Pump

We have considered the left ventricle alone in a simple
circulation circuit, see Figure 1. The contractile activity of
the left ventricle is described, as for an isolated muscle fibre,
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by a three-element Hill-Maxwell model composed of a con-
tractile element (CE) in series with an elastic element (SE),
the series being connected in parallel with a passive element
(PE). CE is under the control of a chemical input &, mainly
depending on the calcium concentration. The following set
of controlled differential equations is a constitutive relation,
of visco-elasto-plastic type, between the stress o, and the
strain €. in CE: [7], [8]:

ke = —(|u] + 1 (g:) 4+ A|éc| ke + koul +
Te = —(|ul + 1(ec) + Al&|) e + ke +Tolul (1)
O, = dc(E)(TC—ché()) +ncéc

where (the subscript c is used for CE variables):

- k. is the stiffness, sometimes called variable elastance,

proportional to the number of bound actin-myosin bridges.

- 1. is the stress resulting from the actual stiffness and the

internal deformation of the sarcomere.

- u > 0 controls the contraction and u =0 (resp. u < 0) the

passive (resp. active) relaxation and |u|y = 1/2(u+ |u|).

- u(e) = u*(1—k(e, —€0)"®) is the contribution of elonga-

tion on the frequency at which cross-bridges unfasten [11].

- d.(€) = (14 ¢€)? is the density of possible actin-myosin

bridges as a function of the total strain € of the muscle.
The balance of forces between SE and CE, taking into

account an acceleration of moving mass, leads to:

.ucéc = ks(g - Kgc) — O¢ (2)
An exponential stress/strain relation is used to model PE:
k
ople) = 2 (e 1) 3)
kpt

The total stress o can now be defined as a function of &
and u by using (1), (2) as the state equations for the muscle
state variables &, €., k., T,

o(&,u) = op(€) + o )

The isometric phase (¢ = 0), corresponding here to the
isovolumic phase, is important in clinical applications to
assess the heart contractility or to understand the interplay
of extrinsic and intrinsic feedback controls (e.g. ANS action
and Starling effect). The asymptotic value of o in that case
(E=k.=1.=¢ =6 =0)is enlightening because, taking
u as a function of the intracellular calcium concentration, it
shows important control effects described, e.g. in [12]:

(0 +ko&o) lu| +
p(e) +[ul
For contractions (u(t) > 0), we recover the Starling effect (o
increases with €) through d and p, the increasing of calcium
sensitivity with & through p, the saturation of the control

with the Hill-function shape of (5) with respect to u.

Ciso(€,u) = 0,(€) +d(€) (5)

B. The Vascular Compartments

The simplified vascular system includes the left ventricle
and two compartments, as shown in figure 1. This will
be sufficient to take into account the effects of variable
filling or ejection conditions. Blood flows from the venous
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Fig. 1. Simplified hydraulic analog of the cardiovascular system.

compartment into the ventricle through the mitral valve,
mimicked as an ideal unidirectional valve in series with
a constant resistance. The blood is ejected from the left
ventricle into the arterial compartment through the aortic
valve.

In order to link the strain € and stress ¢ in the muscle to
the left ventricle volume V;, and pressure P, the ventricle is
modelled as an incompressible cylinder of constant height
and variable radius r and thickness e. Simple geometric
considerations and Laplace’s law show that:

W B v, 1/2
g\/;v—l, P’”<<1+Vzv> —1)o(eu) (6)

The conservation of mass for the left ventricle leads to:

Tl [ TN )
where P, and P, are the venous and the arterial pressures.

The compartments are connected by capillaries and arte-
rioles, modelled as a resistance R;. They are characterized
by their compliances C,, C,, such that their volumes are
V, = C,.P, with C, constant and V, = C,(P,).(P, — Poiasy)
where P,i.sy 1S an external pressure representing orthostatic
stress. Their models are the equations of conservation of
mass. For the arterial compartment it is:

1 1
—|Py— Py ——(P,—P, 8
Ravl 5 a‘+ Rs( a v) ( )

By assuming that the total amount of blood, V; contained in
the cardiovascular system is constant, we have:

C,P, =

C,(P).P,=V,—C,P,—V},, with P, =P, —pgh,sin® (9)

In (9) 6 is the angle of the graded tilt test and A, is
the distance to the hydrostatic indifference point, where we
suppose that the pressure is regulated [13].

C. The Baroreflex loop

When the baroreflex loop is described (see figure 2), a
distinction is made among the afferent pathway (involving
the carotid baroreceptors and sinus nerve) and the efferent
sympathetic and parasympathetic pathways [6].

Afferent pathway. The dynamic relationship between in-
trasinus pressure and the activity of the sinus nerve is
described according to experimental results reported in the
physiological literature [14]. Two main aspects arising from

904



TABLE I

CARDIOVASCULAR SYSTEM PARAMETERS

Left Ventricle

passive relaxation parameter A 10
maximal stiffness ko 7500 mmHg
maximal stress T 500 mmHg
viscous friction coefficient Ne 5247 mmHg.s
muscle volume Vin 3.15V;,
stiffness of SE ks 30000 mmHg
% of CE in the SE-CE series K 61.25
inertia factor Ue 15 s2.mmHg
growth factor of PE stiffness kp1 2
stiffness of PE for small strains kp2 7 mmHg
direct stress factor &o 0.1
relaxation rate parameter k 0.4035 1/um
relaxation rate parameter €0 1 um
relaxation rate parameter u* 25 1/s

Vascular System
systemic resistance Ry 1 mmHg.s/mi
resistance sensitivity to control kg, 1 mmHg.s/mi
venous compliance Cyo 400 ml/mmHg
compliance sensitivity to control ke, 0.5 ml/mmHg
compliance sensitivity to pressure cy 0.017 ml/mmHg?
arterial compliance Cq 2 ml/mmHg
aortic valve resistance Ry 0.02 mmHg.s/ml
mitral valve resistance R 0.01 mmHg.s/ml
total volume Vi 5000 ml
ventricle reference volume Vi 20 ml
initial venous volume iy 80%V;
initial arterial volume Via 17.6%V,
initial left ventricle volume Vi 2.4%V,
initial venous pressure Py 10 mmHg
initial arterial pressure P, 90 mmHg

these experiments are considered. First, the relationship
between intrasinus pressure and sinus nerve activity in static
conditions exhibits a sigmoidal shape with upper saturation
and lower threshold. Second, the carotid sinus baroreceptors
are sensitive not only to the intrasinus pressure mean value
but also to its rate of change [5]. In baroreceptor-heart rate
studies in man however, one never assumes the detailed
arterial pressure wave as input stimulus for the pressure
receptors. It appears from the literature that there is a little
consensus about what pressure should be considered as
the most appropriate baroreceptor input. In continuous time
models, the natural choice is the continuous arterial pressure
as in [2]. In order to describe the response of the baroreceptor
activity v, to the arterial pressure, we use the simple equation
originally proposed by [15]:

Vp = ko [Py — Py +kgPy, with B, = P, — pghysin® (10)

In (10) a bias depending upon 6 modifies the measured
pressure: it is the hydrostatic difference of pressure between
the baroreceptor position and the hydrostatic indifference
point, at the distance h,.

A sigmoidal function represents the saturation and thresh-
old characteristics of the baroreceptor response [16].

V() =a [arctan (W) + ﬂ an

Efferent sympathetic and parasympathetic pathways. The
heart is influenced by the ANS in order to react to differ-

TABLE II
BASAL VALUES OF BAROREFLEX LOOP PARAMETERS

Baroreceptor activity v,

Py 50 mmHg
kim 0.01 1/mmHg
ky 0.0025 s/mmHg
Vo 1.0625

a 0.2

g 0.0001

Sympathetic activity N

Ty s

0; 2

O 0.34

K, 1.00

Vagal activity N,

Ty 1.0 K

0, 0.5 s

S, 0.17

K, 0.55

Contractility /

! 10 s

o/ 2

8! 0.6

K! 1.3

Heart rate HR

HRy 95 bpm

ent stress situations. Three main effects are distinguished:
the sympathovagal balance of the frequency of the sinus
node, the contractility of heart, and the velocity of atrio-
ventricular conduction (this last effect has not been taken
into account because the atrium has not been considered ).
The sympathetic control dynamics N; (of the three effectors:
heart rate, peripheral resistance and compliance, and cardiac
contractility) and the parasympathetic control dynamics N,
(of the heart rate) have been implemented as first order low-
pass filters with pure time delays [17] .

Tst(t) +Ns(t) =& —Kvp(t— 6y)
(12)

TVNV(Z) +N,(t) =6, +Kvp(t—6,)

The presence of pure delays in the responses is largely
documented in the literature [3]; moreover, delays play a
pivotal role in affecting the stability margin of the overall
system and might be involved in the generation of Mayer
waves. Both the sympathetic and parasympathetic compo-
nents affect the heart rate HR(f) which increases propor-
tionally to vagal stimulation and decreases proportionally to
sympathetic stimulation . The final heart rate level is then
computed by multiplying the positive changes induced by
the vagal stimulation, the negative changes induced by the
sympathetic stimulation, and a constant level representing
heart rate in the absence of cardiac innervation[17], [18].

HR = HRo[1 +NJ][1 —N,] (13)

The contractility 7 is not easy to model and not completely
understood and evaluated,i.e., the contractility of the heart is
extremely influenced by sympathetic nerves. The simplest
choice is an additive first order low-pass filter with a time
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constant and a pure time delay that modulate a baseline
inotropic condition, an augmentation of the baroreceptor
activity causes a diminution of inotropic effect /.

ti+1=1+8 —K!v(r—6!) (14)

Among the observed control effects, there are a sympa-
thetic vasoconstriction activation and a passive vasodilatation
by inhibition of the sympathetic nerves. These effects can be
modelled by: C, = C,o — k¢, Ns, and Ry = Ryo + kggN;.

The model described in this paper is a beat-to-beat one.
For this reason, the outputs of the controller have been
discretized as follows:

T*()=T(), Ve[t , tivi]
F)=1(t) , Vi€, i

with tiy =4,+T(t;), and T (1) = 1-116e(()t)

is the cardiac period.

D. The electro-chemical command

The circulation of blood is due to the contractions of the
ventricles controlled by changes in calcium concentration in-
side the contractile cells. The myosin heads can attach to the
actin molecules only if the binding sites are accessible which
necessitates the presence of calcium on the tropomyosin [19],
[20], [21].

For our purpose, it will be sufficient to use the approximate
representation of the intracellular calcium concentration C;
during twitch transients given by [21]:

Cilt) = Cay + (Coae — Cog) g exp(1 ~1/7s)  (15)
a
It has a resting level C,, = 0.01uM and achieves its maxi-
mum value Cg,.. = 1M at time T¢c, = 0.06s.

The dynamic of binding of the intracellular calcium on

tropomyosin is modelled as follows [11]:

¢
CTCa

where Cr is the concentration of free tropomyosin and Crc¢,
is the concentration of calcium bound up with tropomyosin.

The total tropomyosin concentration, Crgp = Cr + Crcq
is constant and the fraction of occupied tropomyosin sites,
Orca = CCTTCO“ is solution of:

= —konCiCr +kosrCrca

16
= konCiCr — k, fCTCa (16)

6rca = konCi(1 — Orca) — kofrOrca

In order to link O7¢, to the input u of the muscle model
(1)...(4), we consider that the contraction starts when Op¢, >
6o, corresponding in steady state to C; > C = %1(37090 and
we take u as a piecewise linear function of Or¢, — 6p:

ki (6rca—60) if Orca > 6o
u=1< k_(6rca—60) if 60> Orca > oo
0 if 6y > Orcy

a7)

(18)

We have 0 < Or¢, <1 and —k_0y < u < k(1 —6). If

. = kG
(17) is fast enough, Or¢c, = FonCthory

The contractility increases with Or¢, and then with C;, so
that we take C, . as the inotropy control /.

Amax

Autonomic Nervous System

—> Sympathetic chronotropic
effect

Sinus Node

sympathetic chronotropic
effect

Cardiovascular Systean

ult)

[Electrochemical
control

. . Cardine muscle
—> Sympathetic inotropic effect

I(t)

Cardiac flow

—> Sympathetic vascular effect Vascular system

v, P,
: w

Closed loop diagram of the cardiovascular system control.

Fig. 2.

Calcium uptake during active relaxation is modelled by
k_ and k,¢r similar to the gain of a calcium pump in (17).

For the simulations, we have taken: 6y = 0.5, k,, =
40pM "5 and kg =205~ so that C; > " = 0.5uM ;
600 = 0.2, ky =200s" and k_ = 100s~".

ITII. ORTHOSTATIC TILT TEST

The main hemodynamic change due to the transition from
supine to standing, is the redistribution of the venous blood
volume, from the intrathoracic region towards the venous
volume in the legs and the lower abdominal veins. The
venous system is relatively very distensible; so the very
large increase in transmural pressures (the difference between
pressure inside and outside the veins) in the lower limbs will
increase a lot their capacity. Immediately after standing, or
being tilted, much of the flow of blood emerging from the
capillary bed into these veins will remain there to fill the
veins and to increase their capacity, instead of flowing on
back to the heart. Thus, immediately after standing, there is
a temporary decrease of venous return to the heart, until the
venous reservoir is filled under the new transmural pressure,
and then a steady state is reached and venous return will be
as large as before. The control system increases heart rate,
cardiac contractility and vascular tone by a decrease of vagal
outflow and an increase of sympathetic outflow.

In the present model, only the venous compliance is
affected because it depends of the transmural pressure and
therefore of the term due to the gravity, so that

CV(PV) :CVO_kCVNs""CvPv (19)
where ¢, is the pressure sensitivity of the compliance.
An approximate solution of (9), (19) is
P, = CVEG) [V; — CuPy — Vi) + pghy sin 6 20)

with C,(0) = Cyo — k¢, Ny + ¢,pghy, sin 6

During the orthostatic tilt test (At = Ss), it is assumed

that 6(¢) = ag(t —ty;), with 6 € [0, 7], and ag =
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Fig. 3.  Top: left ventricle pressure/volume function during two basal
cardiac cycles. Middle: time pattern of left ventricle pressure (continuous
line), arterial pressure (dashed line) and venous pressure (dot-dashed line).
Bottom: time pattern of the command u.

IV. RESULTS

Numerical integration of differential equations was per-
formed using the fifth-order Runge-Kutta-Fehlberg method
with the software package SCILAB/SCICOS devoted to the
simulation of ordinary differential equations.

The simulated time patterns of some hemodynamic quanti-
ties (arterial pressure, venous pressure, left ventricle pressure
and the electro-chemical command) are shown in the middle
and bottom panels of figure 3. In simulation, the state
variables have the desired qualitative evolution. For each
cardiac cycle, the rise of u is followed by the rise in the
left ventricle pressure, as long as this pressure is lower
than the arterial pressure and the volume remains constant.
After that, the ejection starts (the left ventricular volume
decreases). Then u becomes negative and the ventricular
pressure brutally decreases, implying the aortic valve closing.
From this moment, the ventricular volume is constant again.
When the pressure becomes lower than that in the veins, the
filling starts until the ventricular pressure becomes equal to
the venous pressure, which implying the mitral valve closing.
A new cycle can then begin.

Many studies investigated the aspect of cardiovascular

cardiac period power spectral density (ms*ms)
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Fig. 4. Spectral analysis of simultaneous cardiac period variability.
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Fig. 5. Cardiovascular signals in a tilt up test. Top: time pattern of the

cardiac period. Middle: time pattern of the arterial pressure. Bottom: time
pattern of the cardiac flow.

variability with specific attention of the role of the barorecep-
tor [2]. The baroreflex acts as a nonlinear negative-feedback.
In human, baroreflex changes of heart activity start after at
least 0.5 s and the control action is fulfilled with a 2 s time
delay. It is well known that nonlinear controls acting with
a pure time delay can cause an oscillatory evolution [22].
The power spectrum analysis of cardiac period fluctuations
is given (see figure 4). We recover the low frequency
component, LF band (0.04-0.15 Hz), that is believed to be
due to the baroreceptor mediated blood pressure and includes
contributions from both sympathetic and parasympathetic
nervous systems [3].
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Fig. 6. Left ventricle pressure/volume function in a tilt up test.

The spectral analysis of heart rate variability can quantify
graded changes in sympathovagal balance induced by passive
tilt. The current opinion is that the slight tachycardia usually
accompanying upright position is the result of a sympathetic
excitation associated to a vagal withdrawal in the neural
modulation of sinus node pacemaker activity [23], [24]. The
heart rate simulation reproduces the general trend of the
experimental finding (top panel of figure 5). Arterial pressure
and cardiac flow simulations present a bias (middle and
bottom panels of figure 5) which is assumed to be due to the
distance of the baroreceptor from the hydrostatic indifference
point, where we suppose that the pressure is regulated, we
observe that the pressure at the point s, lower than the
baroreceptor position is without bias. The effects of variable
filling and ejection conditions during the tilt test is shown in
figure 6.

V. CONCLUSION

The aim of this paper was to propose a model simple
enough to be further studied and able to reproduce some
experimental results about short term control of the car-
diovascular system (the process) by the autonomic nervous
system (the controller) corresponding to the physiological
conditions and to the hemodynamic perturbation (graded
tilt test). The proposed model, based on previous models
of cardiovascular sub-systems, has 6 state-variables for the
process and 4 for the controller. It has been possible to tune
the controller with realistic parameters in order to recover
the main phenomena observed during an orthostatic stress.
In particular, the similitude of the results of the short-term
spectral analysis of the heart rate variability confirm the role
of the sympathovagal balance, the main feedback considered
here. This kind of model may help to define and identify
clinical indexes from heart rate and pressure measurements.
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