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Abstract

Introduction: Atherosclerosis is the underlying cause of a
cardiovascular disease epidemic worldwide. The understanding of
normal artery structure and function and the initial disarrangements
conducting to atherosclerosis is of key relevance to develop
preventive interventions based on a rational study of arterial
structural and functional parameters, their pathologic behaviour and
response to therapeutic interventions. New US approaches enable
a precise evaluation of the forces and stimuli acting on the arterial
wall and measure its responses precisely in different clinical stages
of the arterial atherosclerotic disease and a better assessment of
the efficacy or not of different therapeutic interventions. The ability to
analyse WSS hemodynamically and to measure it accurately is an
essential basis for the assessment of the atherosclerotic risk in the
general population. A new angle-independent technique, measuring
and visualizing blood flow velocities in all directions, called Vector
Flow Imaging (VFI), has been proposed. Systems are equipped with
VFI based on a multi-angle transmission plane waves method, which
allows a very high frame rate and a detailed visualization of complex
flow.
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Methods: This study enrolled 110 consecutive patients derived
to perform a non-invasive vascular evaluation to refine the
assessment of their cardiovascular risk. The mean age was 55.9 +
13 yo., fifty-seven were men (52%) and there were no significative
differences of age between sexes (men 55 + 12.5 and women 57
+ 12). Eleven of them were on secondary prevention (7 men, 4
women, 8 revascularized Coronary Artery Disease and 3 chronic
stroke), 8 had no CV risk factors, 35 did not receive CV medications
(antihypertensives and hypolipemiants). Fifty-one (46%) were
hypertensives, 46 (90,2%) under treatment with different degrees
of blood pressure control (22 controlled, 28 not controlled and 5
without treatment at the moment of the evaluation). We measured
Intima Media Thickness (IMT) using automatic edge detectors and
if any plaque were detected we obtained images in the two main
axes and then we measured the surface of the plaque and sum
up the total surface as “plaque atherosclerotic burden”. Finally, we
performed the carotid femoral Pulse Wave Velocity (c-f PWV) and
the endothelial function test in the left arm, considered “regional”
parameters. We added to the original vascular study of our laboratory
“local” determinations of IMT using radiofrequency, multidirectional
doppler flow (VFI) measurements and radiofrequency analysis of
the distensibility of carotid arteries.

Results: We found, as expected, significative differences between
hypertensives and normotensives with higher c-f PWV and lower
endothelial function in the first group. There was no relation between
the local and the regional methods arising from typical and wide
differences in the arteries involved. (Aorta, Carotid and brachial
arteries). In the case of PWV carotid y c-f PWV they were affected
by Systolic Blood Pressure (SBP) when local parameters were
considered but age exerted a strong effect on c-f PWV far beyond
SBP when systemic confounders were analysed.

Discussion: In a group of middle-aged patients, distributed a
half hypertensive and a half normotensive, we evaluated new US
doppler technology like VFI and radiofrequency to evaluate local
arterial parameters like carotid IMT, remodelling, Wall Shear Stress,
local Pulse Wave Velocity and arterial compliance. There was no
relation between the local and the regional methods arising from
typical and wide differences in the arteries involved.
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Vectorial doppler; Wall shear stress

Introduction

Atherosclerosis is the underlying cause of a cardiovascular disease
epidemic worldwide. The understanding of normal artery structure and
function and the initial disarrangements conducting to atherosclerosis
is of key relevance to develop preventive interventions based on a
rational study of arterial structural and functional parameters, their
pathologic behaviour and response to therapeutic interventions [1].
Blood flow alteration and inflammation, in addition to systemic
risk factors, are considered possible causes for the development of
atherosclerotic lesions.
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Haemodynamics play an important role in the pathogenesis of
atherosclerosis. Thus, vessel walls that are exposed to a steady blood
flow and with a higher level of Wall Shear Stress (WSS) remain
essentially disease free. In contrast, areas of blood vessels that are
affected by disturbed or turbulent flow, which in turn results in a
low level of shear stress, become prone to atherosclerosis. Disturbed
flow usually occurs in vessel dilatation, branching regions or in case
of adverse pressure gradient and significant flow decelerations [2].
Ultrasound is a non-contaminating technology, ease to use, cheap and
continuously innovative, either the method itself or the computational
advances for images processing, especially in the vascular field of
diagnostics and therapeutics. External or intravascular applications,
allow a better understanding of the initial steps of the atherosclerotic
disease and a close follow up of the disease evolution or the therapeutic
interventions.

New US approaches enable a precise evaluation of the forces and
stimuli acting on the arterial wall and measure its responses precisely
in different clinical stages of the arterial atherosclerotic disease and
a better assessment of the efficacy or not of different therapeutic
interventions.

The ability to analyse WSS hemodynamically and to measure it
accurately is an essential basis for the assessment of the atherosclerotic
risk in the general population. Colour Doppler imaging (CD) and
Spectral Doppler or Pulsed Wave analysis (PW) can provide a real-
time direct imaging visualization of flow and the measurement of blood
velocities, respectively. The methods have been used to characterise
patterns of flow velocity and correlate them with variations in WSS

[3].

Some studies, performed to analyse the flow in the carotid arteries,
showed that the development of arterial plaques is more frequent in
the presence of a vortex flow. Colour Doppler (CD), for evaluation of
flow patterns, and spectral Doppler analysis (PW), for measurement
of blood velocities, have been used to detect flow disturbances in
the carotid bifurcation. Although these studies showed that complex
flow patterns are detectable, CD and PW are angle-dependent
and only estimate the axial component of blood flow velocity;
consequently, the quantification of complex flow is not achievable
with conventional ultrasound (US) systems. Moreover, CD is also
affected by a limited frame rate, allowing low temporal resolution;
PW displays the complete spectrum of velocities through the cardiac
cycle, but related to a small sample volume and along a single line
only. These limitations explain why, in the last decades, the flow
complexity analysis was not used for clinical diagnosis or for long-
term prognosis and the Doppler evaluation of abnormal flow velocity
has been restricted only to the grading of vessel stenosis (Figure 1)

[4].

In recent years, new different techniques have been proposed
aimed to better describe the flow complexity in the carotid artery and
other vessels. A new angle-independent technique, measuring and
visualizing blood flow velocities in all directions, called Vector Flow
Imaging (VFI), has been proposed [5]. VFI is an operator independent
technique that can provide more intuitive and quantitative imaging
of vortex formation, which is not clearly distinguishable in the CD
images. Various VFI methods of estimation principles can be used [6].
Among the various methods of estimation suggested, the one based
on phase shift estimation with Transverse Oscillations (TO) and the
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other based on Plane-Wave Imaging (PWI) were implemented on
commercial systems, thus ready for clinical application [7].

Figure 1: Different ultrasound approaches to study arteries structure and
function.

The PWI methods estimate the 2D vector velocity of the flow at
higher frame rate than the TO method, allowing better depiction of
complex flow patterns. Systems are equipped with VFI based on a
multi-angle transmission plane waves method, which allows a very
high frame rate of about 500 Hz. Such a high frame rate offers a
detailed visualization of complex flow by showing even transient
events, otherwise undetectable.

We evaluated, in a real-life study the feasibility of some clinical
applications of this new technology for the evaluation of carotid flow
patterns in comparison to the conventional US techniques [8].

Materials and Methods
Study patients

This study enrolled 110 consecutive patients derived to perform
a non-invasive vascular evaluation to refine the assessment of their
cardiovascular risk. The mean age was 55.9 + 13 y.o., fifty-seven
were men (52%) and there were no significative differences of age
between sexes (men 55 + 12.5 and women 57 + 12). Eleven of
them were on secondary prevention (7 men, 4 women, 8 Coronary
Artery Disease revascularized and 3 chronic stroke), 8 had no CV
risk factors, 35 did not receive CV medications (antihypertensives
and hypolipemiants). Fifty-one(46%) were hypertensives, 46 of
them (90,2%) under treatment with classic antihypertensives (beta
blockers, RAS inhibitors, calcium antagonists and diuretics) with
different degrees of blood pressure control (22 controlled, 28 not
controlled and 5 without treatment at the moment of the evaluation).
The distribution of the remaining risk factors is described in table 1.

Protocol

This is a single measurement, observational and descriptive study.
We received the patients in the early morning, fasting and resting
at least 15 minutes prior access to the vascular laboratory and the
study was performed supine in a calm room climatized at 23° C. We
explained the protocol, approved by the local ethics committee and
the patient then signed the informed consent. We measured height,
weight and waist diameter then the blood pressure in the right arm
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standing and sitting according to Argentinean 2018 Guidelines for
Hypertension Diagnosis and Treatment. The echographic study was
performed in supine position following, in the analysis of vessels of
the neck and femoral groins, a clock wise order. We measured carotid
IMT (Intima Media Thickness) using automatic edge detectors at end
diastole using ECG. If any plaque were detected we obtained images
in the two main axes and then we measured the surface of the plaque
and sum up the total surface as plaque atherosclerotic burden.

e

Table 1: Baseline Characteristics of the study population (n=110).

Then, we measured the carotid femoral distance to calculate
the Pulse Wave Velocity (PWYV) using the transit time calculated
substracting the time from ECG to the foot of the doppler signal in
the femoral artery, the time from ECG to the foot of the carotid artery
doppler wave. The PWV was calculated dividing the carotid femoral
distance in meters over the transit time in seconds [9].

Finally, we performed the endothelial function test in the left
arm according to the technique described in 1992 by Celermajer,
et al. [10] and clearly described in 2002 American Guidelines for
Evaluation of Endothelial Function [11]. We added to the original
vascular study of our laboratory determinations of IMT using
radiofrequency, multidirectional doppler flow measurements and
radiofrequency analysis of the distensibility of carotid arteries and left
brachial artery during the endothelial test. As the analysis of results
of these techniques was a post process procedure it didn’t increase
significantly the duration of the study.

Equipment

We used the Resona 7 a colour Doppler ultrasound device
(MINDRAY, Shenzhen, China) with a high-sensitive 4-13 MHz
multi-frequency linear arrayprobe transducer. The patient was in the
supine position with his or her head 20° deviated to the opposite side.
The device has built-in digital system processing software. A series
of carotid artery parameters such as Vector Flow Imaging (VFI), Wall
Shear Stress (WSS), RF Quality Intima-Media Thickness (RFQIMT),
RF Quality Arterial Stiffness (RFQAS), to determine local PWV and
the hardness coefficient were measured automatically.

High-frame rate VFI

The high-frame rate VFI is based on PWI. Acquisition of flow
vector information at high frame rates was obtained by performing
multi-directional transmissions of plane waves; after a single plane
wave transmission, multiple images receiving lines were obtained. It
allowed calculation of the true velocity vectors at any location in a
vessel. The dynamic flow was obtained by continuously updating the
target’s position according to the calculated velocity. The interleaved
transmission sensure both a highly sensitive vector flow image and a
high-resolution B-mode images. The flow was analysed by the system
for 1.5 s at a Pulse Repetition Frequency (PRF) of 10-15 kHz and at
a very high frame rate of 400-600 Hz, depending on the used PREF,
allowing to study atleast one cardiac cycle. The data were reprocessed
automatically by the US system in a 35-36-s clip, generating a
sequence of about 600-900images that could be displayed at aframe
rate of 20-30Hz. The acquired data could be further evaluated in the
saved video. Such a high frame rate allowed a detailed analysis of
haemodynamics.

V Flow detects the speed and direction of all blood cells flowing
through every point of the Region of Interest (ROI). There are low-
speed cells, high-speed blood cells, and reversecells flowing through
a point in a short moment. It means that the speed measured and
displayed by V Flow in a point is the average speed of all blood cells
in a precise short moment. Spatiotemporal characteristics of flow
was evaluated visually and quantitatively to asses the specific flow
patterns. VFI shows velocity vectors, streamline distribution and
vorticity distribution (Figure 2).

Figure 2: Vector flow imaging.

The streamline distribution uses arrows to indicate the flow
direction. The colour and length of the arrows showed the flow
velocity, magnitude and direction (green means low velocities, yellow
and orange medium velocities and red higher velocities; the longer
the arrows the faster the flow). For quantitative evaluation, velocity
curves were available: the maximum velocity vector point curve,
automatically detected by the system, and the user-defined vector
point curve. Both were displayed at the bottom of the image and
showed the fluctuating velocities of the flow varying in subsequent
cardiac cycles (Figure 3) [12].
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Figure 3: Different parameters obtained with vector flow imaging.

Wall shear stress

Both estimates of viscosity and Wall Shear Rate (WSR) are
needed to quantify WSS. Because viscosity can be challenging to
measure noninvasively, many ultrasonic techniques to date have
instead focused on measuring the WSR. One proposed approach is
to measure the peak flow velocity at a single depth within the artery
using conventional spectral Doppler (typically near the centre of the
lumen) and then estimate the WSR from the velocity data using a
flow model. Alternatively, WSR can be estimated by measuring the
flow velocity at several depths in the artery and then computing the
spatial derivative of the measured velocity profile near the wall as we
did as these approaches need multi-gated spectral Doppler or VFI to
characterize the flow velocity profile within the artery.

Radiofrequency parameters

A series of carotid artery parameters (named in this study “local”
parameters) such as RF Quality Intima-Media Thickness (RFQIMT),
RF Quality Arterial Stiffness (RFQAS), real-time carotid IMT and
elasticity can be measured automatically. The bilateral long axes of
the carotid arteries were explored, then the probe was adjusted so that
the ultrasound beam was perpendicular to the anterior and posterior
wall of the carotid artery and to get a clear image of the front and
rear walls of the blood vessels. Then RFQIMT was initiated, the
carotid artery IMT was measured at 1.0-1.5 cm at the posterior wall
of the carotid artery enlargement proximal end, quantitative real-time
detection of six cardiac cycles of carotid artery IMT was performed,
then their mean values were calculated.

The system can automatically calculate RAVQRS and then the
local PWYV, hardness coefficient (B coefficient) an index of arterial
compliance (CC).

Parameter definitions:

B= In(Ps/Pd)/[(Ds - Dd)/Dd] (1)
CC=n(Ds . Ds - Dd . Dd)/[4 (Ps - Pd)] 2)
PWV = (BPd/2p) 3)

Among them, Ds is the largest internal diameter of the carotid
artery, Dd is the minimum inside diameter of the carotid artery, and p
is the density of blood.
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Results
Population

The general population characteristics and those of hypertensives
and normotensive patients are described in table 1. We considered to
split the sample according to the presence of hypertension as 90 % of
these patients received cardiovascular drugs with hemodynamic effect
and impact on the vascular parameters to be measured. Hypertensive
patients were younger, presented higher values of blood pressure and
cardiovascular drugs use. No significant differences in the proportion
of dislypemia, diabetes, overweight or sedentarism was found. (Level
of significance p< .05).

Local arterial parameters

We measured in the left common carotid artery three different
parameters and compared the values of the whole population against
hypertensives and normotensives: remodelling (IMT / carotid
diameter ratio), wall shear stress in the mid common carotid trunk
and the regional pulse wave velocity and hardness coefficient.

We tried to define the reference boundaries for these parameters,
and then if there were differences between hypertensives and
normotensives (Figure 4). The comparison between hypertensives and
normotensives did not show significative differences for remodelling
but showed significative differences for carotid PWV and mean WSS

(Figure 5).

Figure 4: Boundaries and confidence limits of the regional arterial parame-
ters: Remodelling(A), wall shear stress (B), carotid PWV (C) and hardness
coefficient (D).

Figure 5: Comparison of Remodelling (A), mean wall shear stress (B) and
in Hypertensive’s (H) and Normotensives (N).

Finally, we thought that it could be due to the level of control
of blood pressure but an ANOVA test only showed significative
differences in carotid PWV between normotensives and non-
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controlled hypertensives. It is noticeably the trend with increased
remodelling, lower WSS and higher PWV in non-controlled and
untreated hypertensives (Figure 5 bis).

Figure 5 (bis): Comparison of Remodelling (A), wall shear stress (B), and
carotid PWV (C) in controls and hypertensive’s according to BP control.
(ANOVA test).

Regional parameters

We analysed two well-known parameters measured in peripheral
arteries widely renown and supported by solid scientific evidence;
Carotid femoral Pulse Wave Velocity and Post ischemic dilatation of
the brachial artery as index of endothelial function. Carotid femoral
PWV was measured as described in guidelines and Endothelial
function according guidelines and the results corrected according to
age and brachial artery diameter. We found as expected significative
differences between hypertensives and normotensives with higher
c-f PWV and lower endothelial function in the first group (Figure
6) [13]. The Atherosclerotic plaques burden is also included in this
group, as includes carotid and femoral plaques. The burden increased
with age but showed no differences according to sex or the presence
of hypertension.

Figure 6: Comparison of regional parameters (A) carotid - femoral pulse
wave velocity (c-f PWV) and (B) Endothelial Function according to the
presence or not of hypertension.

N

Comparison of methods

Finally, we evaluated if there was a relation between the regional
and the systemic parameters, namely carotid PWV with c- PWV and
the Wall Shear Stress (WSS) with the peripheral endothelial function
test (Figures 7 and 8).
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Figure 7: Comparison of regional c-f pulse wave velocity and Carotid PWV.

Figure 8: Comparison of regional Endothelial function and Wall Shear
Stress.

As described in classical literature there was no relation between
the regional and the systemic methods arising from typical and wide
differences in the arteries involved. (Aorta, Carotid and brachial
arteries) In spite of this, they were concordant according to Bland and
Altman test and differences seem to be related to the extreme values
and otuliers.

Multiple regression analysis showed that a regional parameter
like endothelial function can be related with regional and systemic
parameters, but a local parameter like mean WSS, considered linked
to endothelial function, was not (Figures 9 and 10).

Figure 9: Comparison of regional Endothelial function interaction: System-
ic vs. Local.
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Figure 10: Local Endothelial function by means of WSS: Regional vs. local
parameters.

In the case of PWV carotid y c-f they were affected by Systolic
Blood Pressure (SBP) when local parameters were considered but age
exerted a strong effect on c-f PWV far beyond SBP when systemic
confounders were analysed (Figures 11 and 12).

Figure 11: Regional Parameters: c-f PWV according to BP control.

Figure 12: Regional Parameters: c-f PWYV strong relation with age.

Discussion

In a group of middle-aged patients, distributed a half hypertensive
and a half normotensive, we evaluated new US doppler technology
like VFI and radiofrequency to evaluate local arterial parameters
like carotid IMT, remodelling, Wall Shear Stress, local Pulse Wave
Velocity and arterial compliance.

J Angiol Vasc Surg ISSN: 2572-7397, Open Access Journal

DOI: 10.24966/AVS-7397 /100056

In order to evaluate if these parameters reflect the effect of
systemic conditions like hypertension, we measured also regional
parameters like c-f Pulse Wave Velocity and Endothelial function by
flow mediated vasodilation in the forearm. As described in classic
literature there was no relation between regional and local parameters,
but this time they were measured no invasively and by means of a
single, reproducible method using US.

The limitations of this study are the non-controlled and a “real
life” design in a group of consecutive patients, derived for evaluation
of Cardiovascular risk.

Other limitation is the sample size in special to determine
boundaries to consider the parameters found as normal or not and in
particular, if the differences found were or not representative of what
happens in greater samples.

The availability of this type of technology will allow a closer
evaluation of the initial steps in the development of atherosclerosis
and future studies should be designed with adequate samples to
address questions about the initial abnormalities conducting to
arteriosclerosis, (ie., Arterial stiffening) or Atherosclerosis (ie.
Atherosclerotic plaques) in order to direct preventive and therapeutic
decisions.
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