
Introduction

Cardiovascular diseases remain one of the main

causes of reduced quality of life, a high level of disability

and mortality in the working population of the economi�

cally developed and developing countries, as well as high

economic losses due to the loss of labor capacity [1].

Early diagnosis and drug treatment of atherosclerosis is

necessary to prevent such complications as myocardial

infarction and cerebral stroke [2]. The State Program for

Healthcare Development in the Russian Federation pro�

claims the improvement of prophylaxis and treatment of

cardiovascular pathologies as one of its goals. The diag�

nosis of pathological changes in the vascular walls is an

important task of modern medicine and biomedical

research [3�5].

The arterial wall is a three�layer structure consisting

of the following coats (tunicae): an inner coat (intima), a

middle coat (media), and an outer coat (adventitia). The

intima consists of a layer of endothelium, a subendothe�

lial layer with smooth muscle cell inclusions and a net�

work of elastic fibers, and an inner elastic membrane [6].

The pathological changes caused by atherosclerosis occur

mostly in the intima.

Large randomized clinical trials revealed a close cor�

relation between the risks of development of cardiovascu�

lar diseases associated with a pathological increase in the

intima−media thickness (IMT) and an increase in the

arterial stiffness [7]. The recommendations for prevention

of cardiovascular diseases issued by the Russian Society of

Cardiology specify the parameters that have to be evalu�

ated to reveal atherosclerosis at the pre�clinical stage of its

development. In particular, according to experts’ conclu�

sions, the IMT of the common carotid arteries (CCA) is

an independent factor for prediction of the cardiovascular

pathology development that can be used for evaluation of

the drug therapy efficiency [4, 8].

Ultrasound (US) scanning in the B�mode is a con�

ventional method of diagnosis of the state of the great

superficial arteries. The B�mode scanning uses the effect

of the US reflection from the interfaces between tissues

with different acoustic properties. The reflected US

beam is converted using a transducer to an analog radio�

frequency (RF) signal, and then subjected to analog�to�

digital conversion and nonlinear processing (threshold

processing, compression) to optimize the quality of the

B�mode imaging. At frequencies of 5�10 MHz, the lon�

gitudinal resolution of imaging ranges from 0.4 to

0.2 mm, which is insufficient for an accurate measure�

ment of the IMT (characteristic size, 0.4�1.2 mm) [9,

10].
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A technique for US evaluation of the great arteries

was developed to increase the accuracy of measurement

of the vascular wall thickness. The technique provides

analysis of the structure of the RF signal segments corre�

sponding to the echo signal reflected from the posterior

wall of the artery. The information on the state of the arte�

rial wall contained in the RF signal is used to increase the

quality of the B�mode imaging and the accuracy of meas�

urement of the vascular wall thickness [7].

The following US scanners equipped with the soft�

ware for automated evaluation of arteries based on the RF

analysis are currently available on the market: Aloka

ProSound Alpha�7/10 (Hitachi Aloka Medical, Japan)

and MyLab Alpha/Сlass C/Five (Esaote, Italy).

Let us consider in more detail the implementation of

the technique based on the RF analysis in the Esaote US

devices. There are two versions of the software for imple�

mentation of this technique: RF�QIMT (Quality Intima

Media Thickness) and RF�QAS (Quality Arterial

Stiffness). Both versions provide measurement in the

real�time mode without post�processing. The researcher

exerts almost no effect on the results of measurement. 

The RF�QIMT software provides measurement of

the IMT independently of the researcher’s presettings

(scanning depth, angle, zoom, etc.). The carotid arteries

are scanned using an algorithm similar to that of the stan�

dard B�mode scanning. A high�frequency (13�14 MHz)

sensor is used to obtain the vessel image in the longitudi�

nal projection. When the QIMT software is activated, a

“measuring frame” appears on the US scanner screen.

The vascular walls are automatically outlined in the

image, and the IMT and the CCA diameter are measured

(Fig. 1a). The accuracy of the IMT measurement is

increased by averaging the measurement results with

≤20% spread of absolute values for six cardiac cycles

recorded in succession. The research protocol of the

MyLab US devices includes the Howard table with the

reference QIMT values taking into account patient’s age,

gender, and race. The Howard table is based on the results

of the prospective ARIC study of healthy subjects (n =

15792) [11, 12].

The RF�QIMT algorithm of measurement of the

CCA IMT is based on processing the envelope of the RF

signal segment corresponding to the echo signal reflected

from the posterior wall of the artery [7]. The processing

allows the IMT characteristic points (minimums and/or

inflections) to be determined (Fig. 2). It was shown in

[13, 14] that the CCA IMT could also be determined

a b

Fig. 1. An example of the results of measurement of the IMT and the CCA stiffness using the RF�QIMT (a) and RF�QAS (b) software in

MyLab devices.

Fig. 2. An example of the RF signal envelope processing at the

segment corresponding to the echo signal reflected from the pos�

terior wall of the artery.
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without constructing the signal envelope from the follow�

ing data: variation rate, amplitude, pulse sequence, inter�

sections with the RF signal zero level.

The RF�QAS software can also be applied to meas�

ure the local parameters of the arterial pressure and stiff�

ness. An example of the vascular wall imaging with simul�

taneous recording of the pulse wave is shown in Fig. 1b.

The stiffness parameters are calculated from the maximal

and minimal diameters of the artery using the vascular

wall distention curves calibrated by the arterial pressure

data [7]. The standard deviation of the CCA distention

values in six successive cardiac cycles should not exceed

30%.

The RF�QAS software used in the Esaote devices

determines the following parameters: local systolic pres�

sure in the carotid artery (loc Psys), local diastolic pres�

sure (loc Pdia), pressure at a given point (P(T1)), trans�

verse compliance coefficient (СС), transverse distensibili�

ty coefficient (DC), augmentation index (AIx), stiffness

indices (β and α), and local pulse wave velocity (PWV).

The “echotracking” principle of detection of the

vascular wall parameters used in the Aloka scanners is

similar to that used in the MyLab devices. The software

provides automatic calculation of the following parame�

ters: IMT, stiffness index (β), elasticity modulus (Ep),

arterial compliance (AC), augmentation index (AI), local

pulse wave velocity (PWVβ), CCA diameter, and pressure

in CCA [15].

Calculation of Vascular Stiffness Based on RF Analysis

The RF�QIMT and RF�QAS technologies provide

calculation of the local pressure and stiffness characteris�

tics on the basis of the following data: results of pressure

measurement in the brachial artery, the CCA wall move�

ment during the cardiac cycle, variation of the vascular

volume and diameter during systole and diastole [16�20].

The compliance of the arterial wall determines the ability

of the vessel to transform pulsatile flow of blood into a

steady flow. The transverse compliance coefficient (CC) of

the vascular wall is the absolute variation of the inner

opening area of the vessel caused by the variation of pres�

sure:

where ΔА is the variation of the cross�sectional area A of

the vessel during systole, mm2; Δp is the local pulse pres�

sure, Pa; Dd is the artery diameter during diastole, mm;

Ds is the artery diameter during systole, mm.

The distensibility of the vascular wall characterizes

its ability to withstand the blood pressure. The transverse

distensibility coefficient (DC) measured by the US

devices is determined from the relative variation of the

inner opening area of the vessel caused by the variation of

pressure:

The RF�QAS software also provides measurement of

the stiffness coefficients β and α. The latter coefficient

characterizes the variation of the cross�sectional area of

the vessel caused by the pulse wave:

where Ad and As are the cross�sectional areas of the vessel

in systole and diastole, respectively, SP is the systolic

pressure in the carotid artery, and DP is the diastolic pres�

sure in the carotid artery.

The index β characterizes the ability of the vascular

wall to withstand deformation. The index increases with

increasing arterial stiffness:

The pulse wave velocity (PWV ) increases in propor�

tion to the vascular wall stiffness. The local PWV can be

calculated from the results of the RF analysis:

where D is the diastolic diameter, ΔD is the diameter vari�

ation during systole, DC is the transverse distensibility

coefficient, Δp is the local pulse pressure, and ρ is the

blood density.

The augmentation index (Aix) shows the difference

between the first and the second systolic peaks in the ves�

sel. It is partially determined by the return time and the

amplitude of the reflected waves, which, in turn, depend

on the local pressure values in the vessel:

where АР is the augmentation pressure and Loc Psys/Loc

Pdia are the local values of the systolic and diastolic arte�

rial pressure, respectively. 

mm2

kPa

kPa−1

m
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The elasticity modulus (Ep) is determined from the

increase in the relative opening area caused by pressure

variation:

where Ps is the systolic pressure and Pd is the diastolic

pressure.

Laboratory and Clinical Trials

The suggested technique for US evaluation of arter�

ies based on the RF analysis was tested under laboratory

conditions using an US phantom developed specifically

for this purpose. The phantom could be moved in two

planes. The accuracy of measurement was assessed with a

high�resolution laser system used to monitor the phan�

tom motion parameters.

According to M. Cinthio et al. [21], the measure�

ment error was 2.5% of the full deviation scale; repro�

ducibility, 12 μm; resolution, 5 μm. These parameters

fully meet the requirements for in vivo examination. A

limited in vivo examination was conducted. An area of the

right CCA intima of a healthy subject was monitored in

two directions for the duration of several cardiac cycles.

The examination revealed repetitive loop�like motion of

the intima with radial and longitudinal displacements

within the range of several millimeters [21].

According to A.P. Hoeks et al. [22], the resolution of

the technique for US evaluation of arteries based of the

RF analysis reached 10 μm; the error of the in vitro exam�

ination was ~17 μm; the error of the in vivo examination,

~30 μm [22, 23].

A study conducted by a group of Russian researchers

showed that the intraoperator reproducibility of the tech�

nique used for examinations at 5�10�min intervals was

14.4 % [24].

The possibility of clinical application of the suggest�

ed US technique was corroborated by a number of stud�

ies. С. Palombo [7] observed a statistically significant

increase in the IMT in patients with diabetes mellitus as

compared to a control group. As shown in another study,

the presence of a combined pathology (arterial hyperten�

sion and ischemic heart disease) had an especially severe

detrimental effect on the vascular bed leading to a high

degree of pathological remodeling of the carotid arteries

[25]. According to S. Yang et al. [26], patients with decel�

erated coronary blood flow exhibited an increase in a

number of parameters of local arterial stiffness as com�

pared to subjects with normal coronary perfusion. As

noted in [26], these results can be considered as an indi�

rect symptom of a microvascular pathology, endothelial

dysfunction, or atherosclerosis of small and epicardial

arteries in patients with decelerated coronary blood flow. 

Thus, examination of patients with various pathologies

revealed a high sensitivity and accuracy of the US evalua�

tion of the walls of the great arteries based on the RF

analysis. This technique can be considered as a promising

alternative to conventional markers of the arterial stiff�

ness [27].

Limitations and Promising Features 

As shown above, analysis of the RF signal allows a

considerable number of the arterial stiffness parameters to

be determined in the automatic mode. However, the sug�

gested technique has a number of limitations. In particu�

lar, the major part of the arterial stiffness parameters can�

not be evaluated without assessing the local pressure. The

parameters of pressure in the major arteries are deter�

mined by applying a transfer function to an averaged

pressure curve constructed for the brachial artery [28].

Oscillations of the arterial wall are detected by the

RF analysis only in a single plane. The values of the max�

imal and the minimal distance between the proximal and

the distal walls along a single axis are fixed, which impos�

es limitations on the evaluation of the state of the lateral

walls [29]. Thus, the distension in the other planes is not

taken into account.

Despite these limitations, the clinical application of

the suggested technique holds considerable promise. In

particular, the RF analysis can be used to evaluate the

local stiffness of the great superficial arteries (namely, the

common carotid and the femoral arteries), which often

suffer from atherosclerosis. The automatic mode of

detection of the IMT and local arterial stiffness based on

high�quality imaging of the vascular wall during the car�

diac cycle is another important advantage of the suggest�

ed technique [26, 28].

Conclusion

According to recent studies, the IMT and the arteri�

al stiffness should be considered, in addition to such well�

known risk factors as the cholesterol level and the arterial

pressure, as important markers of the development of

arteriosclerosis and atherosclerosis [7]. Thus, US evalua�

tion of arteries became a highly demanded diagnostic

technique. US imaging in the B�mode does not provide

the resolution sufficient for measurement of the IMT
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with the characteristic size of 0.4�1.2 mm [10]. The tech�

nique for evaluation of arteries based on the RF analysis

is relatively new. It provides the real�time measurement of

the IMT and the arterial stiffness parameters with a reso�

lution of ~10 μm [22, 23]. The main advantage of this

technique for determination of the arterial stiffness

parameters is that it combines the high quality of the B�

mode imaging with the automated high�frequency evalu�

ation of the state of the arterial walls based on the RF sig�

nal analysis [7]. The technique can be used for early diag�

nosis of subclinical atherosclerosis in cardiovascular

patients with the purpose of preventing the development

of cardiovascular complications and planning effective

drug therapy.
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