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Abstract— Blood pressure (BP) variability is generally consid-
ered to be due to neurogenic influences on arterioles modulating
peripheral resistance, as well as variations in stroke volume
(SV). However, for a given change in peripheral resistance or
SV, the degree of BP variability is modulated by the stiffness of
large conduit arteries. Recent epidemiological evidence shows
that cardiovascular risk is not only related to the average
arterial pressure, but also to the degree of diurnal variability.
In addition, short-term variability has been shown to be
related to aortic stiffness measured as pulse wave velocity,
a strong independent predictor of cardiovascular risk. This
study addresses the relation between large artery stiffness
and BP variability using a lumped parameter model of the
systemic circulation described by total arterial compliance,
total peripheral resistance (TPR) and aortic characteristic
impedance. The variability in TPR is simulated using a random
function with a Gaussian distribution and changes in arterial
stiffness are simulated by variation in compliance, where
compliance is either linear (pressure independent) or non-
linear (pressure dependent). Simulation results show that (i) BP
variability is greater when due to changes in TPR compared
to similar relative changes in SV, (ii) pressure dependency
of arterial stiffness results in a curvilinear relation between
systolic BP variability and mean arterial pressure (MAP), such
that a critical mean pressure (MAPc) exists for minimal BP
variability, (iii) increase in arterial stiffness (as occurs with
aging) result in a higher MAPc for minimal BP variability, or
increased BP variability at older age for similar values of MAP.
These findings suggest that interventions aimed at reducing BP
variability will need to consider large artery stiffness for optimal
efficacy.

I. INTRODUCTION

Elevated arterial blood pressure (BP) is the major contrib-
utor to increased cardiovascular risk in the aging population,
leading to increased mortality and morbidity [1]. However,
the physiological level of BP, even when elevated, is not nec-
essarily constant, with variations occurring due to a complex
array of signals, some of which activate BP control systems
(eg. baroreceptors) [2]. Because of the normal physiological
variability of BP, 24-hour ambulatory BP measurement has
been increasingly used to ascertain the extent of BP variation
throughout the day and night [3]. These measurements have
revealed wide patterns of BP variability leading to studies
examining the association between cardiovascular risk and
degree of BP variability, in addition to average levels of BP.
Recent evidence indicates a significant increase in risk of
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stroke with increased visit-to-visit BP variability, indepen-
dent of the average value of systolic BP [4].

The underlying mechanisms related to BP variability are
complex and multifunctional, involving neurogenic influ-
ences on the peripheral vasculature and cardiorespiratory
function, as well as compartmental fluid shifts [2], [5].
Factors affecting resistance vessels influence mean BP, but
variability is usually assessed by changes in systolic and
diastolic BP [4]. For a given stroke volume (SV), pulse
pressure (PP) is determined by the windkessel properties
of the aorta as well as peripheral wave reflection [6]. In
addition, the stiffness of large arteries also increases with
distending pressure, so changes in mean BP will also have an
inherent effect on PP. Hence, these interacting mechanisms
can also play a role in the dynamic changes in BP affected
by the passive mechanical elastic properties of large conduit
arteries, separate from the active mechanisms involved in
closed loop control of BP [2]. Indeed, recent studies assess-
ing BP variability with 24-hour measurements have shown
that all indices of SBP variability are related to levels of
aortic stiffness as measured by carotid-femoral pulse wave
velocity [7].

This study simulates the effect of large artery stiffness
on BP variability by the use of a lumped parameter model
of the systemic arteries with variations in BP driven by
randomly distributed changes in peripheral resistance or SV.
Simulations also assess the role of the pressure dependency
of arterial stiffness on BP variability.

II. ARTERIAL MODEL

A. Circuit components

The systemic arteries are represented by a 4-element
windkessel model with the equivalent circuit elements of
aortic characteristic impedance (Zc), blood inertance (L),
total peripheral resistance (TPR) and aortic compliance (C),
which is also a function of pressure (C(P )) (Fig. 1). The
nominal values for the circuit elements are shown in Table
I. The input to the model is a physiological flow wave at
a nominal heart rate of 60 beats/min. All simulations were
performed in Simulink and Matlab.

B. Random function generation

The variation in blood pressure is brought about by
variation in TPR or in SV. For variation in TPR, a random
function is generated with a Gaussian distribution such that
the value (TPRv) varies randomly around a constant value
(TPRc) beat-to-beat. The function is described by (1), where
a and c are real constants and x is the seed for the random
function generator. An example of the resulting variation is
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Fig. 1. Circuit representation of a 4-element windkessel model: aortic char-
acteristic impedance (Zc), blood inertance (L), TPR and aortic compliance
(C), which is also a function of pressure (C(P )), the exponential relation
shown center. [A] The flow input is constant (upper trace) and the blood
pressure (lower trace) varies due to randomly varying value of TPR (right).
[B] TPR is constant and blood pressure (lower trace) varies due to variation
in SV (upper trace).

TABLE I
NOMINAL VALUES FOR MODEL COMPONENTS

parameter symbol value
characteristic impedance Zc 0.05 mmHg·ml-1·s
blood inertance L 0.008 mmHg·ml-1·s2

arterial compliance C 2 ml·mmHg-1

total peripheral resistance TPR 1.2 mmHg·ml-1·s

shown graphically in Fig. 2 for an interval of 5 minutes.
A similar function as in (1) is used for the beat-to-beat
variability in SV, which is used as the input signal into the
lumped model.

TPRv = a · exp

[
− (x− TPRc)

2

2c2

]
(1)

III. SIMULATION OF BLOOD PRESSURE VARIABILITY

While there are many forms of defining BP variability,
in this study, the index for BP variability, systolic blood
pressure variability (SBPv) (%), was determined from the
standard deviation (SD) and mean of systolic pressure
(SBPm) over 5 minute epochs (2).

SPBv(%) = 100 · SD

SBPm
(2)

Fig. 2. The random variation in TPR as described by the Gaussian
distribution function (1) shown for an interval of 300 seconds. Variation
is beat-to-beat at a heart rate of 60 beats/min.

Fig. 3. The response of SBP to step changes in TPR for 5 minute epochs.
Each epoch of TPR step has an identical random variability function. The
simulation is run with a pressure dependent compliance in the model. Note
the increased variability in SBP at higher values of TPR, and therefore at
higher mean BP.

The simulation for a step change in mean TPR resulting
in increase in mean BP is shown in Fig. 3.

Further simulations were conducted using the model to
quantify the relation between SBPv (%) and the causal
variable for variability in BP. Fig. 4 shows SBPv (%) when
variability is due to random variation in TPR, SV and heart
rate (HR) for pressure independent and pressure dependent
arterial compliance. When TPR is varied, SV and HR are
constant, so change in TPR is proportional to mean BP.

This shows that for a pressure independent compliance,
SBPv (%) decreases monotonically with increase in mean
BP. However, for a pressure dependent compliance, the
relationship is curvilinear, with a critical value of mean BP
where SBP (%) is minimal. This curvilinear relationship is
not seen when BP variability is due to variability in SV or
HR.

IV. EFFECTS OF AGE

A hallmark of arterial aging is the increase in arterial
stiffness, resulting in reduced aortic compliance [6]. In
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Fig. 4. BP variability (SBPv (%)) due to changes in TPR (left), SV (center) and heart rate (right). Simulations were conducted with and without pressure
dependency of arterial compliance (C). SBPv (%) values are of the same order as those in epidemiological studies [4], [7].

Fig. 5. Exponential relationship between total arterial compliance in the
4-element windkessel model and mean BP. Data obtained from Wesseling
et al [8].

addition, there is also a loss of pressure dependency of aortic
compliance with age [8]. The effect is modeled for 3 ages,
30, 50 and 80 years using an exponential relation (3) between
aortic compliance (C) and mean BP (MBP) [8] (Fig. 5),
where k is 0.022, 0.016, 0.007 for ages 30, 50 and 80 years
respectively. C0 is a constant coefficient derived from the
mean across all ages.

C = C0exp(−kMBP ) (3)

To test the effects of pressure dependency of arterial
stiffness on BP variability without the confounding effect of
change in overall compliance, the relationships described in
Fig 5 were used for simulation comparing the BP variability

for the range of exponents in (3) and when the value
of compliance (C) is similar for a specific pressure. The
reference pressure chosen was 100 mmHg and comparison
was made in relation to a constant value of compliance with
no pressure dependency (Fig. 6).

When compliance was not pressure dependent, the BP
variability, when due to random beat-to-beat variation in
TPR, decreases with increasing mean BP. However, when
compliance is pressure dependent, the curvilinear relation
between BP variability and mean BP was found for all ages.
In addition, with increasing age the critical pressure where
BP variability is minimal is higher (Fig. 6).

V. DISCUSSION

This study aimed to quantify the effects of large artery
stiffness on the variability in arterial pressure due to changes
in vascular (TPR) or cardiac (SV and HR) properties. This
was aimed at addressing only the passive effects of arterial
mechanical properties (as separate from the active mecha-
nisms involved in closed loop control [2], [5]) using a lumped
parameter arterial model.

Simulations show that BP variability is dependent on the
degree of pressure dependency of arterial compliance. For
no pressure dependency, BP variability has a much greater
sensitivity to changes in TPR than SV or HR. However, for
pressure dependency of arterial compliance, BP variability
increases monotonically with SV and HR, but shows a
curvilinear relation with TPR and mean BP for changes in
TPR. The implication of this is that there is a mean BP where
BP variability is minimal. The novel finding using this model
is that the optimal mean BP for minimal BP variability is
also age dependent due to the known changes of pressure
dependency of aortic stiffness [8].

This finding has potentially important implications in
treatment of hypertension. Presently, all hypertension guide-
lines prescribe similar target values irrespective of age [9].
However, from the findings of this modeling study, the effect
of age-related changes in large artery stiffness is to increase
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Fig. 6. Upper panel. Effect of age on loss of pressure dependency of
arterial compliance (C) with age in comparison with a nominal value of
C of 2 ml/mmHg independent of pressure (Cp(0)). Compliance curves
Cp(−0.022), Cp(−0.016), Cp(−0.007) refer to ages 30, 50 and 80 years
respectively as described in (3) and Fig. 5. Lower Panel. Simulation of
systolic BP variability (SBPv(%)) as a function of mean blood pressure
with change in pressure dependency of arterial compliance. The arrows
indicate the critical mean pressure form minimal SBPv (%) for age 30 (left
arrow) and 80 years (right arrow)

the relative BP variability in the elderly at pressures corre-
sponding to those in the young. Indeed, this phenomenon
may also play a role in the apparently increased range of
hazard ratio for increased small vessel disease in the brain for
those with increased values of arterial stiffness as measured
by aortic PWV, even when hypertension is controlled [10].
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