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Abstract

and myocardial oxygen consumption.
The arterial wall can be considered as a viscoelastic
material whose mechanical properties determine the
artery buffering function [1, 2]. Arteries often exhibit
spontaneous rhythmic activity, which is manifested by
low frequency oscillations in a phenomenon termed
vasomotion. This condition is predominant in small arteries
and microcirculation, but recently it has been shown to
exist in large muscular arteries [3]. In large arteries,
the physiological significance of this oscillation and its
relationship with myogenic and smooth muscle activity
remain obscure [4, 5]. Diameter oscillation results from
blood pressure and also from local properties of the arterial
wall, such as viscoelasticy and endothelial function (flowmediated dilation).
The aim of this study was to evaluate simultaneously the
oscillations in heart rate, blood pressure, arterial diameter
and arterial wall viscoelasticity in different hemodynamic
conditions.
For this purpose, an animal study was
performed on sheep. We analyzed the variability of heart
rate, brachiocephalic arterial pressure and diameter. Beat
to beat arterial wall viscoelasticity was estimated using
a viscoelastic model. The same variability analysis was
performed in this time series to clarify the contribution of
wall viscoelasticity to the arterial wall oscillatory patterns.

The aim of this study was to evaluate and characterize
arterial diameter and arterial wall viscoelastic variability.
An animal study was performed on seven sheep instrumented
in the brachycephalic artery. ECG, arterial diameter
and pressure waveforms were simultaneously measured.
Four different hemodinamic conditions were considered: 1)
under anesthesia, 2) conscious steady state, 3) vascular
smooth muscle (VSM) activation and 4) VSM relaxation.
A system modeling identification approach was applied
in order to estimate viscoelastic indexes. The linear
autoregressive with exogenous input model (ARX) was
applied to the single beat pressure-diameter data to assess
the arterial system dynamics. The elastic and viscous
indexes were derived from the identified ARX model.
Arterial pressure and diameter, heart rate and viscoelastic
indexes variability analysis were performed in the time
and frequency domains. While systolic pressure and
arterial diameter oscillation show a similar pattern to
heart rate at all frequency bands in control condition, wall
viscosity variability does not match with these parameters
(p<0.05). Compared with control condition, arterial
diameter variability was lower during anesthesia and
higher during VSM relaxation (p<0.05). The elastic
index variability was lower during anesthesia and VSM
relaxation and higher during VSM activation.
The
different behavior of arterial wall viscoelasticity suggests
that intrinsic mechanisms related with vascular tone and
vasomotion might be involved in the oscillatory pattern of
the arterial wall.

1.

Methods

2.1.

Surgical preparation

Seven male sheep were instrumented in the brachiocephalic artery in order to measure ECG, instantaneous
arterial diameter and pressure. Anesthesia was induced
with intravenous thiopental sodium (20 mg kg −1 ) and, after
intubation, maintained with 2% enflurane carried in pure
oxygen (4 l min −1 ) through a Bain tube connected to a Bird
Mark VIII respirator. A sterile thoracotomy was made at
the left fifth intercostal space. A pressure microtransducer
(Konigsberg) and a fluid-filled polyvinyl chloride catheter
for later calibration of the microtransducer were implanted
in the brachycephalic artery. A pair of ultrasonic crystals (5
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Several pathophysiological conditions affecting the
cardiovascular system are characterized by a dysfunction
of the viscoelastic properties of large arteries. These
alterations have pathophysiological relevance because
arterial wall properties play a key role in cardiovascular
homeostatic control by modulating a number of important
parameters, such as arterial impedance, cardiac after load
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MHz, 4 mm diameter) was sutured on the adventitia of the
artery, after minimal dissection, to measure external arterial
diameter. The transit time of the ultrasonic signal (1580 m
s−1 ) was converted into distance using a sonomicrometer
(Triton Technology Inc.). A polyvinyl chloride catheter
(2.3 mm OD) was advanced through the left mammary vein
to lie in the superior vena cava or right atrium for drug
administration. Before repairing the thoracotomy, all cables
and catheters were tunneled subcutaneously to emerge at
the interscapular space. The experiments were performed
in accordance with the Guide for the Care and Use of
Laboratory Animals [6].
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Figure 1. Example of ECG, arterial pressure and diameter
signals during control condition.
The arterial pressure-diameter relation is non-linear, with
less change in diameter with increasing pressure [9, 3,
10]. Arterial wall pressure-diameter hysteresis loop mainly
involves three properties: the elastic index (k E =a0 ), viscous
index (kη =a1 ) and inertial index (k M =a2 ) [10, 11, 12].
The description of the viscoelastic properties as
represented in (1) is general when the material is linear and
time invariant, or when only very small excursions from
a working point are considered [13]. Since the arterial
wall is not linear, we considered the measured data about
a working point, which can be established to be around the
mean arterial diameter and pressure measurements [7].
In order to estimate the parameters of (1), a discretemodel system identification approach is proposed. A linear
parametric AutoRegressive with eXogenous input (ARX)
model is described by [14]:
y(t|θ) = θT ϕ(t),

(2)

where ϕ = [y(t − 1), . . . , y(t − n), x(t), . . . , x(t − m)]T is
the input vector and θ ∈ IR m+n×1 is the parameter vector to
be estimated on the basis that input-output data (pressurediameter) y(t) and ϕ(t, θ) for {t = 1, ..., N } are known.
It is important to notice that the parameters from (1) can be
related to the ARX parameters through a complex mapping.
The inverse bilinear mapping from z to s plane was used
to reach this task [15]. In this study, the optimal order
model was the one that minimized the Akaike’s Information
Criterion [16] defined by:

The arterial pressure-diameter (x-y) relationship can
be modeled by the following continuous-time linear
differential equation:
m

dj y
di x
=
y(t)
+
bj j ,
i
dt
dt
j=1
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Experiments and data collection started on the seventh
postoperative day. One lead ECG, arterial pressure and
diameter were measured simultaneously in four different
hemodynamic conditions: 1) under anesthesia (ANE), 2)
in control unsedated condition (CTR), 3) under smooth
muscle activation (PHN) 1 and 4) under smooth muscle
relaxation (NPS)2 . Conditions 2–4 were fulfilled with the
sheep resting quietly on its right side in conscious unsedated
state. Signals were digitized using a 12 bit A/D converter
and sampled at 250 Hz.
An automatic procedure was developed for QRS
detection, arterial pressure and diameter waveform analysis
[7]. Beat to beat RR interval, systolic and diastolic arterial
diameter and pressure were obtained for each experimental
condition. Figure 1 shows an example of the signals: ECG,
arterial pressure and diameter during conscious unsedated
condition.
Berger’s interpolation method [8] with a sampling
frequency of 2 Hz was applied to the signals. Power spectral
analysis was performed on the time series to obtain very
low frequency (VLFN), low frequency (LFN) and high
frequency (HFN) components, normalized with total power.

2.3.

−0.5

−1.5
210

Diameter (mm)

2.2.

0.5

(1)

where the coefficients {a i , i = 0, . . . , n} and {bj , j =
1, . . . , m} define the material’s viscoelastic properties and
the model order is represented by n and m.

AIC(Np ) = N ln(σe2 ) + 2Np ,

1 Phenylephrine

administration (5 g kg−1 min−1 ), infused in parallel
with the dextrose drip).
2 Nitroprusside sodium.

(3)

where Np is the number of parameters, N is the number of
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data samples and σe2 is the residual variance
σe2 =

N

1
e(t)2 ,
N −1−p

VSM relaxation (p<0.05). The elastic index variability was
lower during anesthesia and VSM relaxation and higher
during VSM activation.

(4)

1200

t=d+1

3.

RR

1000

RR (ms)

where d = max{n, m}. Other criteria can be considered
but the AIC is a good compromise between the number of
parameters and the residual variance [14]. The general third
order model was determined as the mean best order model.
To assess the arterial wall viscoelasticity, the ARX model
was applied in a beat-to-beat basis to the input-output
data. Model parameters were computed using the least
squares algorithm [14]. After this procedure, the beat-tobeat viscoelasticity indexes were interpolated and analyzed
in the frequency domain in the same way as the other
signals.
All measurements and calculated values are expressed
as mean±SD. The presence of significant differences in
the estimated parameters was assessed using ANOVA
and Bonferroni post-hoc tests. Smooth muscle activation
and relaxation parameters were compared with that
corresponding to control condition by using a paired ttest. Values of t with p<0.05 were considered statistically
significant.
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Figure 2. Beat to beat a) RR interval (solid line) and PHN
dose infusion (dot line), b) systolic and diastolic pressure
and c) systolic and diastolic diameter during conscious CTR
and PHN conditions.
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Figure 2 shows an example of the results of the automatic
beat detection procedure. Beat to beat RR interval, systolic
and diastolic pressure and diameter are presented during an
experiment of phenilephrine infusion. The first segment
of the data corresponds to the control condition, and after
3 min PHN was infused (see figure 2a). The effect of
PHN infusion can be summarized as an increase in pressure,
diameter and RR (decrease in heart rate).
After beat fiducial points detection, parameter estimation
(viscous and elastic indexes) was performed on a beat to
beat basis. The time evolution of the arterial indexes
is presented in figure 3. Arterial pressure and diameter,
heart rate and viscoelastic indexes variability analysis were
performed in the time and frequency domains in the VLF,
LF and HF frequency bands. Table 1 shows heart rate,
blood pressure, arterial diameter and arterial wall viscosity
normalized power at VLF, LF and HF frequency bands
during the control condition. Systolic pressure and arterial
diameter oscillations show a similar pattern compared to
heart rate at all frequency bands. A significant difference
was found comparing these variables with arterial wall
viscosity variability.
Table 2 shows a summary of the standard deviation of
consecutive normal beats (SDNN) for the 4 conditions.
Comparing against the control condition, arterial diameter
variability was lower during anesthesia and higher during
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Figure 3. Elastic and viscous indexes estimation based on
the ARX single beat identification approach during PHN
infusion.
In conclusion, the intrinsic oscillation of heart rate,
pressure, arterial wall diameter and viscoelastic properties
was presented in this study. The different behavior of
arterial viscoelasticity suggests that intrinsic mechanisms
related with vascular tone and vasomotion might be
involved in the oscillatory pattern of the arterial wall.
An understanding of the pressure-diameter oscillation and
the intrinsic properties of the arterial wall will enhance
our basic knowledge of the functional properties of large
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arteries, and therefore we believe that the relationship
between local and central regulatory mechanisms merits
further investigation.

[5]

Table 1. Power spectral analysis of heart rate (HR), arterial
blood pressure (BP), arterial diameter (D) and arterial wall
viscous index (k η ) in control condition. Frequency bands
are normalized to total power. ANOVA, Bonferroni post
hoc test (n=7), † p<0.05 comparing k η versus HR, BP and
D.
HR
BP
D
kη

VLF/TP
0.74±0.10
0.84±0.09
0.78±0.11
0.41±0.11†

LF/TP
0.18±0.06
0.13±0.07
0.16±0.07
0.33±0.07†

[6]

[7]
[8]

HF/TP
0.08±0.06
0.03±0.01
0.06±0.03
0.26±0.08†

[9]
[10]
[11]

Table 2. Standard deviation of HR, BP, D, k η and kE
in CTR, ANE, PHN and NPS conditions. Unpaired tStudent’s test, (n=7), † p<0.05 comparing HR, BP, D, k η
and kE versus CTR.
RR
P
D
kE
kη

CTR
45±27
5.2±3.2
.14±.07
9.8±6.1
3.7±3.3

ANE
17±14†
3.2±1.1
.11±.03†
3.1±2.9†
0.6±0.4†

PHN
63±22
13.1±4.10†
.18±.09
18.2±14.7†
4.4±3.1

[12]

NPS
50±22
6.4±2.5
.25±.13†
3.6±1.8†
.41±.33†

[13]
[14]
[15]
[16]
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