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Summary An early change in arterial wall dynamics introduced as a novel risk factor for
cardiovascular events in various populations is discussed in this review.

Distensibility of an artery segment as reflection of the mechanical stress affecting the arterial
wall during the cardiac cycle has been intensively studied recent years through the technological
development of high-resolution ultrasound systems.

A decrease of arterial distensibility (i.e. increase of arterial wall stiffness) seems to be a
common pathological mechanism for many factors associated with cerebrovascular and car-
diovascular diseases. It is difficult to define the role of each factor affecting the arterial wall
motions dependent mainly on the left ventricle, intra arterial pressure and blood volume,
endothelium function, smooth muscle tone and neural control mechanism. The calculations
of arterial compliance, elastic modulus, augmentation pressure, stiffness and intima—media
thickness may help to identify the role of each mechanism if they are based on high-tech
measurements of arterial wall.
The role of nervous regulation of blood vessel’s tone in this process is not clear. Our studies
show the strong correlation between autonomic imbalance and increase of carotid arterial
distensibility in young patients. Various possible relationships between changes in the dynamic
artery wall properties and neural regulation are discussed.

a
m
(
p
(
w
m

 acces
© 2012 Elsevier GmbH.

ethods of analysis of arterial wall motion

t is widely accepted that the early carotid arterial wall dis-
ase is a useful predictor of the risk of both ischemic stroke
nd coronary heart disease in asymptomatic population [1].

The parameters of arterial wall elasticity properties
hould be employed as a surrogate marker to detect early
tage of vascular diseases. Increased artery wall stiffness
nd decreased arterial distensibility are accepted to be a

Open
ommon pathological mechanism for many factors associ-
ted with stroke, arterial hypertension, diabetes mellitus,
yperlipidemia and myocardial infarction [2,3].

∗ Tel.: +371 29454412; fax: +371 67288769.
E-mail address: baltgaile@gmail.com

F

I
b
m
w
f

211-968X © 2012 Elsevier GmbH.
oi:10.1016/j.permed.2012.02.049

Open access under CC BY-NC-ND license.
Several quantitative or qualitative analysis methods for
rterial wall function have been suggested. From them the
ost popular are the detection of flow-mediated dilatation

FMD) of brachial artery, assessment of peripheral arterial
ressure waveforms, measurements of pulse wave velocity
PWV), measurements of arterial distensibility and stiffness
ith calculation of Young’s modulus of elasticity of wall
aterial, wall thickness and blood density.

low-mediated vasodilatation (FMD)

n the 1990s, high-frequency ultrasound imaging of the

s under CC BY-NC-ND license.
rachial artery to assess endothelium-dependent flow-
ediated vasodilation was developed. Although FMD is
idely used to provide the information about endothelium

unction in common it is related to the capacity to respond
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Arterial wall dynamics

to different stimuli and confers the ability to self-regulate
tone of the brachial artery only [4].

Pulse wave velocity (PWV)

Another assessment of arterial stiffness and compliance can
also be performed by measurements of the speed of travel
of the pressure pulse wave along the specified distance on
the vascular bed. To measure PVW, pulse wave signals are
recorded with pressure tonometers positioned over carotid
and femoral arteries and are calculated as a ratio of distance
and time delay:

PWV = Distance (D)
Time delay (�T)

m/s

Measurement of aortic PWV seems to be the best avail-
able non-invasive measurement of aortic stiffness while it
is not specific for changes in elastic properties of carotid
arteries [5—7,10].

Parameters of arterial wall distensibility and
stiffness

Since no precise direct measurement method for the deter-
mination of arterial wall elasticity or stiffness has been
suggested several indirect methods such as calculation of
arterial compliance, Young’s modulus of elasticity, stiffness
index and arterial distensibility are commonly used.

The different parameters of carotid artery’s wall elas-
ticity could be measured by high resolution B-mode and
M-mode ultrasound using manual and automatic mea-
surements as well as wall echo-tracking system [8,9].
Development of methods based on ultrasound RF signal, tis-
sue Doppler imaging and other tracking systems helps to
increase the accuracy of automatic measurement of vascular
wall properties such as IMT, arterial stiffness/distensibility
and wall compliance, although even these methods are not
free from errors [8,11,12].

The good reproducibility of carotid arteries diameters
measured by 2D grayscale imaging, M-mode and A-mode
(wall tracking) is proved [13]. However it is also mentioned
that very small changes in linear measurements of carotid
diameters can have big effects on estimates of arterial
mechanical properties such as strain and Young’s modulus.
Additionally the cross-sectional imaging cannot be used to
determine diameter or area of the lumen for a current clin-
ical setting because of inadequate image definition of the
lateral walls.

Carotid distensibility measured as changes in arterial
diameter or circumferential area in systole and diastole is
a reflection of the mechanical stress affecting the arterial
wall during the cardiac cycle.

Distensibility can be calculated as Ds − Dd

where Ds is end-systolic diameter of artery. Dd is end-

diastolic diameter.

Distensibility or Wall Strain = Ds − Dd
Dd

ˇ
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ross-sectional distensibility = As − Ad
Ad

here As is the systolic cross-sectional area of artery. Ad is
iastolic cross-sectional area.

It is difficult to understand and define the role of each
actor influencing the arterial wall dynamics. Vasodilatation
nd vasoconstriction are dependent upon the left ventricle
nd intra arterial pressure and blood volume, endothelium
unction, smooth muscle tone and neural control mecha-
ism.

Could the type of measurement and analysis of arterial
all distensibility help to define the mainly affected part of
rterial wall involved in pathological process?

The influence of left ventricle function on a blood pres-
ure could be measured by calculation of total arterial
ompliance:

AC = SV
PP

here SV is left ventricle stroke volume.
Classical compliance is a change in blood volume in

esponse to a given change in expanding pressure:

C = �V

�P
− volume change to pressure ratio

ince the distensibility of arterial wall is mainly blood
ressure and volume dependent the systolic and diastolic
ressure ratio is included in a most of calculations of vessel’s
lastic properties [14,15].

Wall stress can be defined as the difference in systolic
nd diastolic blood pressure:

ulse pressure (PP) = Ps − Pd

The stress/strain relationship can be measured as ves-
el’s diameter (or area) and pressure compliance given by
ifferent equations [16,17]. The most frequently used are:

ompliance (C) C = Strain
PP

Pressure/strain elastic modulus (EM) is calculated as

M = K × Ps − Pd
Strain

here K is conversion factor for mmHg to Nm = 133.3.
Young modulus of elasticity (Y) which reflects the stiff-

ess of an isotropic elastic material and can be defined as a
atio of stress to strain per unit area [18].

= �P

�D
· Dd

IMT

here IMT is intima—media thickness.

Stiffness index (ˇ) is calculated as

= ln
Ps
Pd

· Strain
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Figure 1 M-mode image of the right bulb of common carotid
artery of 24 years old female with normal arterial blood pres-
sure. IMT is 0.049 cm. The artery distension during cardial cycle:
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Young elastic modulus (EINC)

INC = 3(1 = LCSA/WCSA)
DIST

here LSCA — luminal cross-sectional area; WSCA — mean
all cross-sectional area; DIST — cross-sectional distensibil-

ty.
There are some beliefs that inclusion of different mea-

urements of wall properties as well as hemodynamic
arameters in equation could provide more informative and
omprehensive index.

Like EINC-pressure and EINC-stress curves calculated
rom IMT and from diameter and pressure waveforms could
rovide more precisely direct information about elastic
roperties of the wall material that is independent of the
essel’s geometry, whereas distensibility gives information
n the elastic properties of the artery as a hollow structure
19].

The same could be said about the measure of contri-
ution that the wall reflection makes to systolic arterial
ressure. These measurements of reflecting waves coming
rom periphery to centre are calculated as augmentation
ressure (AG) and augmentation index (AI) [20,21].

The disadvantage of above mentioned calculations lies in
he comparison of elastic properties of different arteries like
he comparison of wall dynamics of carotid artery to changes
n blood pressure measured in a brachial artery. Calculations
f FMD, PWV, Ai and other stiffness parameters cannot be
ttributed to carotid artery properties only since brachial,
emoral, aortic and internal carotid arterial segments differ
n the proportion of elastin—collagen to smooth muscle as
ell as proportion of endothelium to media layer and neural
ontrol.

Thus, the recording of pressure ratio during the car-
iac cycle in a brachial artery can provide only indirect
nformation of pressure/strain ratio in carotid artery. Con-
idering this argument, it seems logical to evaluate carotid
rtery wall dynamics by ultrasound measurements of arterial
all structure and movements in a strictly precised vascular
rea.

ndothelium, smooth muscle and arterial
istensibility

part from the blood pressure as the major determinant of
essels stretch the blood flow shear stress could play the
mportant role in arterial distensibility. Endothelial cells are
he primary vascular cells exposed to shear stress from the
riction of laminar blood flow against the vessels wall. One
f possibilities to detect the influence of endothelium and
mooth muscle on arterial distensibility or stiffness is the
ecording of intima—media thickness (IMT) and its relation
o vessels diameter (Fig. 1). The most popular are the mea-
urements:
IMT to vessel’s radius ratio:

IMT
Radius

= 2 × IMT
mean internal diameter

,

i
s
[
e

s − Dd = 0.716 − 0.617 = 0.1 cm, where Ds is marked with + Dd
arked with ×.

Mean circumferential wall stress (MCWS) [19]

CWS = Mean BP × mean internal diameter
2 × IMT

IMT and MCWS are indicative for changes in both endothe-
ium and smooth muscle wall’s layers since even high
esolution ultrasound technique can provide the image of
ntima—media complex [22]. This technique with the phased
racking can obtain the measurements even of minute
hanges in IMT. From the maximum change in thickness dur-
ng one heartbeat, the radial strain of each assigned layer
n the artery wall (εr) is calculated as:

r = hmax − hmin

hmax

here hmax and hmin — maximum and minimum thickness of
n assigned layer in the wall, respectively [23].

Commonly used the IMT measurement become the
arker of early stage of decreased elasticity or increased

tiffness of arterial wall. Significant correlations between
ncreased IMT and the presence of arterial hypertension,
yperlipidemia, arterial atherosclerosis, diabetes mellitus
nd aging had been proven in many studies [24]. IMT and
arotid artery stiffness became useful predictors of the risk
f cerebrovascular and cardiovascular events [25].

Some results of the correlations between IMT and arterial
istensibility indicate that gender- and age-related differ-
nces can be manifested even in young, healthy adults and
ay be identified with techniques that assess carotid dis-

ensibility across a range of pressures [26].
Although smooth muscle tone is a key determinant of

echanical properties of arteries its assessment in humans

s technically limited and direct contribution of vascular
mooth muscle to artery elastic mechanics is controversial
26,27]. Detecting the influence of tone on arterial prop-
rties is possible by applying sympathetic/parasympathetic
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Arterial wall dynamics

stimulating test to the measurements of wall elastic prop-
erties.

Neural stimuli and arterial distensibility

There is the certain association between the changes in
carotid arterial distensibility and autonomic imbalance.
Some results of investigations suggest that the pathophys-
iological state of arterial distensibility may modify the
autonomic balance. Carotid arterial distensibility is an
important determinant of improvement in autonomic ner-
vous regulation after the function of left ventricular wall
motion abnormality has been improved [28]. All together
both factors — changes in carotid distensibility and changes
in left ventricular diastolic filling can influence carotid
baroreceptors. Although it is known that baroreceptor sen-
sitivity is reduced with increasing age and in patients with
arterial hypertension it is difficult to determine whether this
reduction is caused by reduction of arterial distensibility or
disturbances in the neural transduction part of baroreflex
arc [8]. Some data support the hypothesis that reduction in
carotid artery wall elastic properties may lead to low vagal
tone. Increased cardiovascular risk associated with low vagal
tone may partly be mediated via changes in carotid artery
elastic properties [29].

The hypothesis that carotid arteries undergo rapid
changes in distensibility on moving from the supine to
head-up tilt postures and, subsequently, that this change in
carotid distensibility might be associated with concurrent
reductions in cardiovagal baroreflex sensitivity had been
tested [30]. It might be speculated that the reduction in
diameter and maximal distensibility of the carotid region in
orthostatic tests alters the interactive effects of the vari-
ous types of baroreceptor afferents from the carotid sinus
that differentially affect blood pressure control. Some find-
ings indicate that sympathetic activation is able to decrease
radial arterial compliance in healthy subjects. The reduc-
tion in arterial compliance probably resulted from complex
interactions between changes in distending blood pressure
and changes in radial arterial smooth muscle tone [31].

Values of rates of carotid distention are highly variable in
young healthy individuals. There are also findings of carotid
sinus distensibility exceeded aortic arch distensibility at the
ages<35 whereas this relation was reversed at the ages >35.
It could be assumed that this feature may impact on the abil-
ity to observe more consistent acute adaptations to postural
perturbations [32]. These findings can also be explained by
more pronounced effect of nervous regulation on arterial
wall motion in young people. Furthermore the fact men-
tioned in the SMART study that some patients with the low
systolic blood pressure had decreased arterial stiffness i.e.
increased arterial distensibility coincided with our numerous
observations in the practical survey of blood vessels and pro-
voked the question whether it is a consequence of imbalance
of autonomic regulation of wall dynamics [2,33].

Material and method
To detect the changes in the carotid artery wall tone we
examined 97 young patients (42 men, 55 women from 17
to 35 years of age,) selected from patients who visited our

a
(

b
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ospital between 2002 and 2005 for clinical examinations.
he main complaints were weather dependent and stress
elated headache, dizziness, excessive sweating, orthostatic
ight headedness, postural hypotension and fainting in his-
ory. All of the clinical routine tests had been done to
xclude any disease which could cause above mentioned
ymptoms. Blood pressure instability during orthostatic test
ad been detected in the most of cases (n = 78) The tendency
o low brachial blood pressure (s/d 101/54 ± 12/9 mmHg)
ound in 66 cases and slightly raised brachial blood pressure
s/d 140/75 ± 9/7 mmHg) in 12 cases. All patients underwent
eck and cerebral blood vessels examination as a part of
linical tests. Results of ultrasound examinations of carotid
rtery had been compared with the results of the same
xamination of control group from 25 sex and age matched
ealthy individuals.

As a part of routine ultrasound examinations blood ves-
els of neck were examined usual way by 4—7.5 MHz linear
robe and cerebral vessels by 3—3.5 MHz sectoral probe
sing two ultrasound systems — ‘‘Applio’’, Toshiba Medical
ystems and ‘‘iE-33’’, Philips. Measurements had been done
y one experienced examiner and data from both ultrasound
ystems had been compared. The small group of 7 patients
as observed using both machines.

Ultrasound images of carotid artery were acquired and
MT measurements were done using B-mode regime usual
ay. Blood flow was examined using Color and Power Doppler
ode in a standard regime. To register arterial wall’s moving
uring cardiac cycle the M-mode was applied additionally to
-mode and Color-mode images. With a high M-mode res-
lution it was possible to define all layers of arterial wall
nd to measure IMT. All measurements of vessel’s IMT and
all movement obtained from B-mode images and M-mode

mages had been compared and subsequent mean values had
een calculated to avoid inevitable errors (Figs. 1 and 2).
he area for measurements was carotid bulb dilation. The
all movements were measured as end-systolic (Ds) and
nd-diastolic (Dd) diameters of carotid artery (Fig. 1).

esults

here was a good comparability of measurements obtained
sing both ultrasound systems.

IMT of carotid artery of normotensive and hypotensive
atients with a signs of autonomic nervous dysfunction did
ot differ from IMT of healthy controls (mean far wall CCA
MT 0.46 ± 0.07 mm, max −0.53 ± 0.08 mm) while patients
ith mild hypertension had higher rates of far wall CCA IMT

mean 0.54 ± 0.07 mm, max 0.65 ± 0.09 mm).
The carotid artery distensibility was significantly higher

n a patient group as compared with a group of healthy con-
rols: 0.11 ± 0.04 cm and 0.07 ± 0.02 cm respectively. The
ame change in distensibility in patients with initial mild
ypertension was not statistically significant.

The peak systolic blood velocity in carotid artery
Vmax ± sd 125 ± 15 cm/s) was increased compared to
ealthy individuals (Vmax 87 ± 13 cm/s) Systolic acceler-

tion was accompanied by increase of pulsative index
1.96 ± 0.87) as a result of drop of diastolic velocity (Fig. 2).

Signs of impaired arterial wall tone occurred as vascular
ruits and heart tone registered not only in dopplerograms of
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Figure 2 B-mode images of the carotid artery of the same
patient. Comparative measurements of IMT: A and B — auto-
matic measurements of mean IMT (0.47 mm, 0.44 mm), C —
manual measurement of max IMT (0.44 mm). Compare to IMT
measurement by M-mode (0.49 mm) from Fig. 1.

Figure 3 Representative M-mode (A) and color-coded duplex
sonographic (B) images of carotid artery (near bulb region)
of 18 years old female patient with low blood pressure
(90/50 mmHg), and orthostatic intolerance. Increased artery
distensibility during cardiac cycle Ds (marked as +) − Dd
(marked as ×) = 0.16 cm. Significantly high peak systolic veloc-
ity −180 cm/s with diastolic drop: pronounced diastolic notch
and significantly increased systolic/diastolic ratio 7.5.
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arotid arteries but also in intracranial arteries were found
n 48 of cases. 16 patients had additional mid-diastolic wave
s additional wall distention (not exceeded 0.02 ± 0.01 cm)
ccompanied by high systolic blood flow velocity with a
rominent increase of systolic/diastolic velocities ratio. All
hese patients had significant brachial pressure fall during
rthostatic test indicated the lack of autonomic nervous
egulation (Fig. 3).

onclusion and discussion

he strong correlations exist between carotid arterial elastic
roperties and carotid baroreceptors, cardiovagal barore-
ex sensitivity with an impact on arterial blood pressure
nd stroke volume. We can assume the interdependency
etween carotid distensibility and autonomic balance.
hereas some studies suggest that reduced elastic proper-

ies of carotid arteries cause the reduction of cardiovagal
aroreflex sensitivity resulted in changes of hemodynamic,
he results of our previous and recent studies show the
ependence of carotid arterial distensibility on autonomic
eural regulation of wall tone.

The autonomic imbalance in young people was associ-
ted with the increase of arterial distensibility, expressed
s increase of carotid arterial systolic/diastolic diameter
hange, sometimes additional arterial mid-diastolic wall
otion, accompanied by abnormal distribution of flow

elocity during cardiac cycle with the marked systolic flow
cceleration and significant increase of systolic/diastolic
atio.

This conclusion coincides with the findings of the
ecreased arterial stiffness in a young people under the
cute sympathetic stimulation of artery. These results may
e explained by an unloading of stiffer wall components
uring active arterial constriction under influence of auto-
omic stimulation [27]. The further comparable evaluation
f patients with different impairment of nervous system
ould help to determine the role of nervous regulative func-
ion on arterial wall dynamics.

Taking into account many basic mechanisms and various
actors influencing arterial wall dynamics it is difficult to
easure the impact of each of them separately. Arterial wall

tiffness or distensibility measurements reflect the dynam-
cs of all structures of the arterial wall as well as dynamics
f blood perfusion. Arterial mechanical properties can be
alculated in different ways including parameters of various
actors affecting wall motion. The development of the high
esolution ultrasound tracking techniques makes it possible
ore accurate measurements of arterial elastic properties
hich is extremely important for early detection of vascular
athology.
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