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Non-invasive ultrasound (US) imaging enables the assessment of the properties
of superficial blood vessels. Various modes can be used for vascular characteris-
tics analysis, ranging from radiofrequency (RF) data, Doppler- and standard
B/M-mode imaging, to more recent ultra-high frequency and ultrafast tech-
niques. The aim of the present work was to provide an overview of the current
state-of-the-art non-invasive US technologies and corresponding vascular ageing
characteristics from a technological perspective. Following an introduction about
the basic concepts of the US technique, the characteristics considered in this
review are clustered into: 1) vessel wall structure; 2) dynamic elastic properties,
and 3) reactive vessel properties. The overview shows that ultrasound is a versa-
tile, non-invasive, and safe imaging technique that can be adopted for obtaining
information about function, structure, and reactivity in superficial arteries. The
most suitable setting for a specific application must be selected according to spa-
tial and temporal resolution requirements. The usefulness of standardization in
the validation process and performance metric adoption emerges. Computer-
based techniques should always be preferred to manual measures, as long as the
algorithms and learning procedures are transparent and well described, and the
performance leads to better results. Identification of a minimal clinically impor-
tant difference is a crucial point for drawing conclusions regarding robustness of
the techniques and for the translation into practice of any biomarker.
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Introduction

U ltrasound (US) imaging enables the assessment of both
structural and functional properties of superficial blood
vessels.1,2 Most of the available evidence relates to the

carotid artery, a large central artery, which has been shown to
reflect morphological and functional aspects of the arterial tree that
are relevant to (early) disease detection and monitoring.3–7 Other
arterial segments such as the femoral, brachial, or aortic segments
accessible by US have also been considered in epidemiological and
pharmacological research to improve cardiovascular risk prediction
and to investigate vascular effects of cardiovascular drugs .8–10
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region of interest; UHF, ultra-high frequency; US, ultrasound; VAR,
vasoactive range; WIA, wave intensity analysis; WSS, wall shear stress

doi:10.1002/jum.16243

This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial-
NoDerivs License, which permits use and distribu-
tion in any medium, provided the original work is
properly cited, the use is non-commercial and no
modifications or adaptations are made.

© 2023 The Authors. Journal of Ultrasound in Medicine published by Wiley Periodicals LLC on behalf of American Institute of Ultrasound in
Medicine. | J Ultrasound Med 2023; 42:2183–2213 | 0278-4297 | www.aium.org

https://orcid.org/0000-0002-1827-8866
http://jultrasoundmed.org
mailto:elisabetta.bianchini@ifc.cnr.it
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.aium.org
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjum.16243&domain=pdf&date_stamp=2023-05-06


Over the past four decades, major technological
developments have spawned the exploration, valida-
tion, and use of multiple vascular diagnostics and char-
acteristics in clinical, as well as interventional and

epidemiological, study settings. Today, the paradigm in
vascular medicine is shifting from primary/secondary
prevention toward global management of vascular
health in a life course perspective.9 In this context,

Figure 1. Vascular ageing parameters considered in this review. CAR, carotid reactivity; FMD, flow-mediated dilation; IMT, intima-media
thickness.

Figure 2. Resolution poses a lower limit to discriminate objects by imaging. A, in case of echography, the idealized location of an ideal
boundary between two homogenous media with differing acoustic impedances Z1 and Z2 yields a thin line in a black background. How-
ever, the boundary is typically reconstructed as a wider line due to the real emitted spatial pulse length (SPL). Note that here, still an ideal-
ized case is assumed in which only the emitted SPL determines resolution. B, Illustration showing that two reflective objects spaced apart
less than the axial resolution cannot be distinguished, or “resolved.” When the spacing exceeds the resolution, the reflective objects can
be resolved. A greater bandwidth (which is determined by the emission frequency and quality factor Q of a transducer) reduce SPL and will
thus improve axial resolution. Here, pure reflection is assumed (no scattering), hence the B-mode image is binary (black-and-white).
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vascular ageing is seen as an inevitable but modifiable
process driving the more overt manifestations of car-
diovascular disease, and usually depicted by two differ-
ent phenomena: arteriosclerosis and atherosclerosis.11

The vascular ageing process occurs as part of normal,
physiological ageing, with large interindividual differ-
ences, related both to individual susceptibility and
exposure to environmental and behavioral factors. An
example is provided by individuals whose arteries
appear abnormally healthy in comparison to their car-
diovascular risk factor burden representing a studied
model to find effective approaches for cardiovascular
protection.12 Mechanisms underlying this phenome-
non are not fully understood, thus direct assessment of
vascular status is crucial for correct evaluation of vascu-
lar ageing.12,13 Accordingly, personalized assessment of
vascular ageing could take a central role in health man-
agement, both at an individual and population level.
US imaging offers versatility, affordability, and accessi-
bility to match the practical conditions and economic
constraints around health management.

The purpose of the present article was to
review the current state-of-the-art non-invasive US
technologies and their ability to capture vascular
age-related changes from a technological perspec-
tive. Following an introduction on the basic con-
cepts of the US technique, the characteristics
considered in this review are clustered into: 1)

vessel wall structure; 2) dynamic elastic properties,
and 3) reactive vessel properties, as summarized in
Figure 1. Since precision (ie, repeatability/reproduc-
ibility) and accuracy (ie, closeness to real value)14

determine the best-possible performance of a
marker in practice, our literature search particularly
focused on performance in terms of these measures,
taking into account that resolution of the technique
poses initial limits (Figures 2 and 3). It should be
noted that no single final number will capture preci-
sion or accuracy of the vascular ageing literature,
since the system, mode, settings, or conditions are
different for the different parameters.

METHODOLOGY (WRITING AND EDITING
PROCESS)

This review was conceived within the VascAgeNet—
Network for Research in Vascular Aging, COST
Action CA18216 (https://vascagenet.eu/)—as an ini-
tiative of the Working Group dedicated to harmoniza-
tion of technologies (WG3).15 A multidisciplinary
subgroup with experience in US imaging was created
and the first task was to review the US technology
available for assessing vascular ageing. Non-invasive
vascular US measurements used in humans11 and
their backgrounds were identified by the whole team

Figure 3. Sources of uncertainty. A, Statistical principle for detecting difference in a measure (Δμ), where a difference of about four standard
deviations (σ) is considered statistically significant in case of normal distributions (as shown). Underneath the distribution curves is a simpli-
fied depiction of the limit for detecting a difference (or changes in case sequential measurements are considered). B, A first minimal detec-
tion threshold for a measurement (Δx) is primarily determined by the technology/principle/processing-chain used (here characterized by σ
system). C, In practice, the application of the technology involves multiple sources of uncertainty increasing measurement variability (here
characterized by σ measurement): these may involve, for example, intra- and inter-operator variability pertaining to practical conditions and
constraints. In D, the ultimate build-up of uncertainty is illustrated for a typical two-group or paired comparative study, showing how various
source of variabilities (taken together yield σ group) pose limits to detecting the difference Δμ.
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and members were assigned responsibility, based on
expertise, for literature search and selection focused
on technical performance of one or more specific vas-
cular topics. The adopted databases were PubMed,
Scopus, and Web of Science: key words included the
“vascular parameter/technique” and ultrasound and
precision/reproducibility/repeatability/accuracy/vali-
dation (see online supplemental Data S1). Within this
phase other pertinent papers that the authors were
aware of or references within the found literature were
also considered. The contributions were critically
revised by a core group of facilitators (EB, RMB, AG,

KR), who harmonized the whole manuscript and
solved the conflicts by consensus. The final manuscript
was then approved by the whole subgroup. As a final
step the paper was internally reviewed by three
VascAgeNet members (Figure 4).

Imaging Principles and Operation Modes

Physical Principles
US is a portable, affordable, and safe imaging technique
based on the generation of inaudible high-frequency

Figure 4. Main steps of the literature review implementation.
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sound waves, their propagation, and the analysis of their
reflection and scattering by the imaged tissues.

Longitudinal compression waves are generated
by a piezoelectric crystal, which transforms electric
signals into deformation and is often called a trans-
ducer. An alternating voltage is applied to the crystal
that deforms accordingly, producing compression/
rarefaction sound waves with the same frequency of
the electric signal imposed. In contrast, for wave
detection, the opposite happens: the crystal responds
to returning sound waves by producing electric sig-
nals, which is called radiofrequency (RF) signal. Sev-
eral characteristics define a RF signal. The wavelength
is the distance over which the wave’s shape repeats.
The maximum pressure fluctuation is called ampli-
tude, while bandwidth is the range of frequencies a
transducer can generate. According to the classic
wave propagation theory waves propagate in a
straight line inside a medium at a specific velocity that
remains uniform if the medium is homogeneous.
Waves are partially reflected at the interface between
heterogeneous medium due to differences in acoustic
impedance. These reflected waves travel back to the
transducer and are converted into RF signals. The
time difference between peaks provides information
about the localization of boundaries between

structures. A variety of transducers exist for different
applications, the shape, the number of elements, and
the central frequency (the lower the frequency the
greater the penetration depth but lesser the resolu-
tion) are adapted to specific organs. In addition, con-
trast agents consisting of encapsulated microbubbles
containing gases can be used in vascular imaging (for
example, for plaque analysis).16

US versatility enables the measurement and esti-
mation of a considerable range of vascular characteris-
tics: from the evaluation of structural alterations of
arterial layers and composition, to the analysis of
related changes in the elastic and reactive properties,
for example, to endothelial function or sympathetic
activity (Figure 5). Application is limited to superficial
sites and due to the availability of different systems,
standardization is a crucial aspect. The wide adoption
of US in clinics provides a concrete opportunity for
the implementation of a safe and relatively low-cost
integrated picture based on the vascular characteris-
tics we are describing within this work and positively
impacting in the patient’s management. Different
techniques for US wave generation, working princi-
ples and data processing give rise to a variety of differ-
ent imaging modes. More specifically, core US data
used in vascular health assessment are: motion (M-)

Figure 5. Ultrasound data output that can be obtained non-invasively.
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mode and brightness (B-) mode and Doppler signal
analysis.

M-Mode and B-Mode
In most cases cardiovascular structures are visualized
via a pulse-echo principle, where the transducer is
used in alternation as the generator (pulse) and the
receiver (echo). The strength of the echo (propor-
tional to image brightness) and the time between
pulse generation and echo return are used together
with known propagation velocity to obtain an esti-
mate of axial distance (in different cardiovascular tis-
sues, US wave velocity clusters around an average
value of 1540 m/s). If this working structure is
repeated over time from a fixed perspective (ie, fixed
beam direction), time-resolved one-dimensional M-
mode images are obtained. Conversely, if the direc-
tion or location of the generated beams varies over
time, either manually or more-often, electronically,
two-dimensional (2D) or three-dimensional (3D) B-
mode (brightness) images are generated. Temporal
and spatial resolutions of B-mode images are inter-
related and further depend on the size of the imaged
sector, the depth of the visualized structure, and the
characteristics of the transducer. Spatial resolution is
generally depicted in three directions: axial (along the
beam direction), lateral (in the image plane perpen-
dicular to the beam direction), and elevational (per-
pendicular to the imaging plane, also called slice
thickness). Because it relies on the balance between
the differences in travelling time between two neigh-
boring regions, axial resolution is mainly proportional
to the transmitted US pulse length (Figure 2).
Shorter pulses can be generated by a higher frequen-
cies transducer thus improving axial resolution. Typi-
cally, the frequency of standard vascular US ranges
between 7 and 18 MHz, but higher frequencies (46–
70 MHz) are increasingly used in vascular ultrasound.
Practical resolution typically varies between 300 and
30 μm for normal and high-frequency systems,
respectively. Lateral and elevational resolutions are
mainly determined by the width of the beam used
and they are, in general, one order of magnitude
lower than the axial resolution.

In summary, a minimum resolvable sample vol-
ume can be defined. This sample volume can be
approximately considered as wide and high as half of
the beam width at a given location and as deep as half

of the pulse length. Finally, temporal resolution
depends on the rate of image generation. In particu-
lar, the time US waves take to travel to the target and
come back limits the rate at which images can be
acquired. Temporal resolution of B-mode images is
also inversely related to the number of scan lines. It
can be improved by reducing the spatial resolution or
the size of the image, simultaneously acquiring multi-
ple sectors, and increasing the frequency bandwidth.
As previously mentioned, increasing pulse frequency
is beneficial in terms of spatial resolution. However,
high frequencies are subjected to larger attenuation,
which in turn limits the imaging depth; hence, a com-
promise must be found. Typical time resolution for
US standard equipment ranges between 20 and
60 fps in B-mode and up to 1000 fps in M-mode.

Ultrasound image quality (eg, for enhanced con-
trast between different regions), can be improved by
exploiting multiple sources of information. This is the
case for harmonic imaging that uses the harmonics
generated from the non-linear propagation of waves
through the body tissue.17 Another approach worth
mentioning is compound imaging that combines
information from multiple angles of insonation.18

However, limitations of these approaches can include
reduction of temporal resolution due to the time
needed for the advanced signal processing.

It is worth mentioning, that raw RF data have
been used for the first studies in the field of vessel
dimensions and elasticity and the derived echo-
tracking devices have been historically considered as
the pioneering technique in measuring arterial wall
thickness and distension.6,19 Subsequently, systems
that process B-mode output of standard ultrasound
equipment, have also been developed.20–22

Doppler Signal Analysis
The other widely applied working principle of US
imaging is used to quantify velocities (of blood, heart,
and vessels) and relies on the frequency content of
the US wave (Doppler Effect). Indeed, moving struc-
tures lead to an apparent change in signal frequency
resulting from reflection from a target moving in the
direction of beam propagation. Several working prin-
ciples are used for Doppler imaging: they vary with
respect to the nature of the generated waves, separat-
ing continuous signal (Continuous-wave Doppler)
from pulsed signal (pulse-wave Doppler and color

Bianchini et al—The Ultrasound Window Into Vascular Ageing
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flow Doppler). Continuous-wave Doppler imaging
does not distinguish the depth of the velocity, record-
ing all velocities appearing in the beam line, but has
no limit on recorded velocity. Conversely, pulse-wave
and color flow Doppler allows for the choice of the
sampling region, but maximum recorded velocity is
limited by the pulse rate frequency (PRF) leading to
potential aliasing (Nyquist limit, ½ of PRF). The
maximum measurable velocity is inversely related to
the depth of the imaged segment and the PRF. As
spatial and velocity resolution of pulse-wave and color
flow Doppler are inversely proportional a compro-
mise should be obtained, which normally results in
limited spatial resolution.

For both comprehensive and detailed overviews,
we refer the reader to the following sources:
Refs. [23–25].

Considering that resolution is a determinant of
how well a vascular ultrasound characteristic can cap-
ture underlying ageing-changes, advanced imaging
modes, requiring further technologies and data
processing, have been developed.

1. Ultra-high frequency (UHF) US is a relatively new
diagnostic imaging technique originally developed
for imaging small animals in preclinical research.26,27

Based on the same physical principles of standard
ultrasound, but with frequencies of up to 70 MHz,
UHF US has limited penetration depth but can pro-
vide an image quality with an axial resolution down
to 30 μm (better than standard equipments) and
has been used for superficial vascular imaging in

humans (Figure 6) such as radial, tibial, dorsal pedal,
temporal, and common carotid arteries.

2. Ultrafast US imaging produces imaging frame-rates
up to 10,000 frames per second (fps). Ultrafast US
can be used for local arterial stiffness estimation by
shear wave elastography and pulse wave velocity
along a short arterial pathway, providing a blood
pressure-independent estimation.28 Owing to such
an extremely high temporal resolution, ultrafast
US imaging enables visualization of rapid dynamic
responses of biological tissues. On the other hand,
lateral spatial resolution and contrast are inher-
ently worse than that in conventional imaging; ves-
sel elastography can be further limited by inherent
tissue motion (Box 1).

Reliability and Validity of US Vascular
Characteristics

Resolution, the capacity to separate two interfaces to
be imaged, poses the first limit of what can be

Figure 6. Example of Ultra-High-Frequency B-mode imaging: dorsal pedal artery (left) and radial artery (right), scanned with 70 and 50 MHz
linear probe, respectively.

Box 1. Summary statement
Ultrasound data: Different US modes can be used for vas-
cular characteristics analysis, ranging from RF-data, Dopp-
ler and standard B/M-mode imaging, to more recent UHF
and ultrafast techniques. The most suitable setting for a
specific application should be selected according to
requirements in terms of spatial and temporal resolutions.

Bianchini et al—The Ultrasound Window Into Vascular Ageing
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observed and, as mentioned above, is related to the
specific features of the ultrasound transmitted and the
received echo signal (Figure 2). From the derived
imaging, several parameters can be estimated. Validity
of these parameters in terms of agreement with the
true measurement, the so-called accuracy, is not
always easy to determine, especially when the identifi-
cation of the gold-standard technique is not univocal.
Phantoms represent one option to be used for such
quantification, however, in-vivo alternatives, such as
manual assessment by a skilled operator are closer to
the real practice, and, hence, they are also adopted.
Histology may also constitute a reference technique,
especially for tissue characterization, but tissue
alterations during the process of fixation often
modify geometrical characteristics such as wall
thickness/diameters. Measurements by RF-based
echo-tracking devices19 have been historically used
as the reference value for intima-media thickness
(IMT) and instantaneous diameter changes. Raw
RF data are not influenced by further post-
processing that is implemented in commercial US
equipment. These steps are utilized to improve the
B-mode image visualization, however, they can
affect, for example, the sharpness of interfaces and
thus dimensions obtained by edge-detection algo-
rithms that are sensitive to non-linear processing.29

Similarly, lumen diameter and arterial wall thickness
measurements can be altered by US settings, such
as dynamic range and gain.30 Since ultrasound setup
can significantly affect vascular parameter assess-
ment, it should be reported and replicated in
follow-up scans. Of course, non-linear and non-ideal
scattering and reflections in the tissue cannot be cir-
cumvented, also not by RF analysis.

Measurement variability (ie, precision) might be
determined by various sources22,31 (Figure 3), rang-
ing from data processing29 to practical conditions
such as US equipment setup,32 type of analysis (man-
ual or automated),20 subject- and operator-related
factors,21 and heterogeneous vascular anatomy.22

Since the US equipment setup has an impact on
the final data, B-mode based systems29,30,32 should be
standardized, or at least documented, for follow-up
analysis. Protocol standardization, as well as operator
training, assist in mitigating subject- and operator-
related variability, such as projection of the scans or
season, hour of the day, environmental temperature,

menstrual cycle, and so on. This is even more impor-
tant for reactivity tests (see Section 5.3.1). Data
regarding short- and long-term variability are useful
to properly estimate physiological variation and for
lowering inter/intra-session and inter-/intraobserver
variabilities.33

When adopting new generation systems, it is
important to verify whether values obtained with
newer apparatus are comparable to those obtained
with older ones. This holds true even for those con-
sidered as reference techniques, such as first and last
generation RF-based systems.34 Agreement between
different systems and the derived interchangeability
must be considered for follow-up studies and when
determining reference values.7,8,35

For processing US data, algorithms are gener-
ally preferred over manual processing since they are
time efficient, result in reduced operator depen-
dency and enhanced performance. For example,
computer-based arterial wall segmentation methods
increase the performance of US carotid artery imag-
ing.22 It is also interesting to note that the adopted
mathematical operator may also introduce small
biases, as previously observed for diameter mea-
surements with edge detection methods converging
to slightly different points.36 Recent advances in
the field of artificial intelligence have boosted vari-
ous techniques, for example, for pattern recogni-
tion. In particular, the classification of tissue types
and the segmentation of distinct structures in medi-
cal images might benefit from the application of
deep neural networks.37 New systems for diameter
and IMT measurement, offering a higher grade of
automation, have recently been proposed38–41 and
tested with respect to a “ground truth.” While in
semi-automatic systems, only the detection of the
different interfaces is automated, new approaches
aim at automating the entire process (detection of
the vessel itself, the appropriate selection of the
region of interest [ROI], delineation of the inter-
faces) with the end goal of improving the usability
of the final system. Due to the higher computa-
tional power of existing computer systems, larger
amounts of data can now be used to train these
algorithms and to obtain powerful detection sys-
tems, besides identifying vessel structure.42 AI-
based approaches might be applied to ultrasound
data also for Radiomic features extraction for
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instance for plaque characterization.43 This direc-
tion might provide a huge step ahead for the role of
vascular ageing assessment, especially if applied to
data that can be obtained by low-cost, portable, and
safe ultrasound equipment (Box 2).

Ultrasound-Derived Vascular
Characteristics

Vascular characteristics obtainable by US were
grouped according to: 1) vessel wall structure, 2)
dynamic elastic properties, and 3) reactive vessel
properties. Each characteristic is briefly described,
including current and emerging approaches, and its
reliability and potential impact are reported with a
focus on technical performance and ability of the
measurement to capture ageing-related changes in
vascular properties. An overview of the reviewed lit-
erature, and in particular on the performance of the
described approaches, is given and more details can
be found in Table 3a, 4a, and 5a (reporting accu-
racy data) and Table 3b, 4b, and 5b (reporting pre-
cision data) of online supplemental Data S1. More
specifically, the reported accuracy data are related
to closeness with the true value, whereas the
included precision data are related to repeatability
of the measurement. Finally, a summary of
strengths and weaknesses is reported for each
characteristic.

Vessel Wall Structure: Intima-Media
Thickness, Plaque Morphology, Diameter

Intima-Media Thickness
Vascular Characteristic
Intima-media thickness (IMT) corresponds to the
thickness of the two innermost layers of the artery
wall.19,44 The adventitia is not included because of diffi-
culties to delineate it precisely. IMT is typically quanti-
fied on the far wall of the common carotid artery
(CCA), where it is considered more reliable,45 but can
be measured in the internal carotid, femoral, radial, pop-
liteal, brachial arteries, or infrarenal abdominal aorta
too.46,47

Technological Approach—IMT can be assessed based
on standard B-mode, UHF B-mode, and RF data.
IMT is usually obtained on longitudinal scans with a
linear US probe. Originally derived manually, by
using the machine calipers on ECG-gated images, the
introduction of more recent computerized methods
(Figure 7) improved the assessment of IMT thanks
to the use of segmentation approaches and can be
derived by the spatial average within a ROI and tem-
poral average on several frames.22 Carotid IMT was
first described as a characteristic B mode image com-
posed of two parallel echogenic lines separated by a
hypoechoic space by Pignoli et al.48 The distance
between the leading edges of the two parallel lines,
corresponding to the two anatomical boundaries, the
lumen-intima, and media-adventitia interfaces, corre-
sponds well with IMT measured in histological
specimens.44

Future Development and Emerging Approaches—UHF
US has a higher axial resolution for assessing IMT
compared with conventional US. Hence, it can be
used in the more superficial arteries such as the radial,
tibial, dorsal pedal, or temporal artery, and common
carotid arteries, especially in children.49 When muscu-
lar arteries such as the radial or temporal artery are
insonated by UHF US, additional echogenic lines can
be usually seen, with possible promising applications
for the measurement of different wall layers.50,51

Recently, Sundholm et al52 proposed a standardized
method of measuring arterial wall layers in adult tem-
poral arteries, based on the identification of a four-
line pattern, showing correlation with histology and

Box 2. Summary statement—Reliability and validity of
US vascular characteristics
Resolution poses a lower limit to discriminate objects by
imaging. Other key measures to consider are technical
accuracy and precision. The gold standard approach varies
depending on the measured parameter and true value is
not easy to be determined. Measurement variability may
be determined by various sources and can be lowered
using robust (semi-)automatic algorithms. Automatic
detection approaches show a lower variability and operator
independence than human tracings and thus are prefera-
ble. Raw RF data are historically considered as reference
for borders and diameter analysis since they are not
influenced by further post-processing that is implemented
in commercial US equipment.

Bianchini et al—The Ultrasound Window Into Vascular Ageing
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low intra- and interobserver variability.52 Efforts in
standardizing image acquisition and data analysis are
currently ongoing. Emerging approaches to study
IMT include the analysis of IMT irregularity. This is
based on the general principle that atherosclerosis is
an inflammation process causing roughness of the
intima-media (IM) layer of the arteries and leads to
plaque formation.53 Carotid intima-media roughness
(IMR) is calculated as the arithmetic mean of the
IMT profile deviation areas from the IMT regression
line. Carotid IMR is increased in old compared with
young individuals and may correspond to pre-plaque
atherosclerotic changes of the arterial wall.54,55

Accuracy. Works describing the technical accu-
racy of IMT are mainly performed in the carotid
artery. Many semiautomatic B-mode-based systems
assessed technical accuracy by agreement (ie,
Bland–Altman plots) with semiautomatic RF-based
systems or with manual analysis (calipers) by a
skilled operator (single or average of several manual
measurements)36,56–60). It is worth noting that AI-
based approaches are generally validated against
manual measurement. The reported standard devia-
tion of the differences are tens of μm (in regard to
0.5–1 mm wall thickness), when comparing two
separate acquisitions by two different systems and

Figure 7. Example of a contour tracking algorithm applied on B-mode carotid image sequences (top); obtained phasic IMT and diameter
waveform measurements [mm] (bottom). The artery was scanned with a 10 MHz linear probe. Image resolution is 15.9 pixel/mm.
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slightly lower when analysing the same data. UHF
radial and anterior tibial arterial thickness has been
tested on silicon phantoms, resulting in a few μm
error.61

Precision. Most papers reported coefficients of vari-
ation (CVs) or intra-class correlation, and comparable
data are available for RF-and B-mode-based
approaches. Some work has evaluated the repeatability
of the measurement on the same ultrasound acquisi-
tion, whereas others estimate repeatability in a session
by removing and repositioning the probe (same opera-
tor or two operators) or in different sessions, obtaining
a maximum CV of 8% for semi-automatic approaches
in the common carotid IMT.34,36,46,62–64 Femoral, pop-
liteal, and abdominal aorta show slightly higher vari-
ability.46 Dorsal pedal and radial artery thickness
precision in UHF US images has been analyzed, and
reported to be comparable to conventional B-
mode.51,65 Finally, a recent study compared the head-
to-head variability among several manual and
algorithm-based systems on the same set of images.20

Lower CV was reported when considering only the
algorithm-based methods (21% vs. 17%).

Clinical impact. Common carotid IMT is known
to linearly increase with age in both sexes,
corresponding to the development of either athero-
sclerosis at the intimal level or medial hypertrophy.7

Elevated IMT is considered as an early marker of ath-
erosclerosis. Reference values for common carotid
IMT are available and were determined in 24.871
individuals (53% men; age range 15–101 years) using
both RF and B-mode based processing techniques.7

Increased IMT is associated with cardiovascular
events,66 but has no added value for risk stratification
on top of classical risk factors.67,68 However, monitor-
ing IMT changes can be useful as a surrogate end-
point in cardiovascular drug trials.66

Strengths and Weaknesses—The approach is consoli-
dated since 1) semi-automatic systems are available
on the market; 2) literature data about the reliability
of the measurement in terms of accuracy and preci-
sion are widely available; 3) reference values have
been provided by the scientific community. The
added value of this parameter in patient’s manage-
ment is still controversial.

Atherosclerotic Plaque
Vascular Characteristic—Atherosclerotic plaque
(AP) is the main feature of the atherosclerotic pro-
cess and consists in a focal thickening of the intimal
layer of the arterial wall (>50% of the surrounding
wall thickness) due to accumulation of lipids, inflam-
matory and muscular cells, fibrous tissue, and
calcium.

Technological Approach—In clinics, the plaque is usu-
ally evaluated in terms of percentage of stenosis69 and
a detailed analysis is out of the scope of this work.
From a tissular perspective, AP can be characterized
by a whole image approach and by methods that ana-
lyze individual pixels. AP presence and geometry, usu-
ally at the carotid and femoral sites, can be assessed
with 2D and more recently also with 3D imaging
(volume).70,71 In particular, burden (eg, AP number,
involved territories), geometry (size expressed, eg, as
area, width, height, see Figure 8) and surface charac-
teristics can be derived. 3D ultrasound has shown

Figure 8. Example of plaque morphology measurements. The
artery was scanned with a 10 MHz linear probe.
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higher plaque burden with increasing age, in
midlife.72

In addition, echogenicity (pixel intensity) of the
tissue refers to the ability to reflect or transmit US
waves in the context of surrounding tissues and can
be altered in diseased states. Therefore, gray scale
median (GSM) analysis has been used to quantify
information about tissue composition in the arterial
plaque region, with lower GSM value reflecting hypo-
echoic lesions.73 More complex methods, based on
texture analysis, have been also used to quantify the
spatial distribution of gray levels in the imaged tis-
sue.74 This type of approach could be used as a deter-
minant of plaque vulnerability (virtual histology)75:
indeed, the analysis quantifies the spatial distribution
of gray levels in the imaged tissue, which, theoreti-
cally, might correspond to the relative distribution of
echogenic and echolucent materials. Beyond conven-
tional methods for echogenicity and texture estima-
tion, which are applied on the original images, the
application of a multiscale (wavelet) transform before
image analysis, that can reveal information about dis-
continuities around single points or curves, has been
shown to improve AP classification.76,77

A limitation related to plaque analysis is that
scoring approaches (ie, based on counting number of
plaques) may be ambiguous, due to contiguous
lesions. Finally, 2D imaging measurements are
affected by the imaging plane and can introduce vari-
ability into plaque size assessment.

Future Development and Emerging Approaches—
Emerging approaches include 3D-imaging that is a
promising tool for plaque burden assessment,78 but
currently protocols are not standardized and require
skilled operators. Contrast enhanced US (CEUS) can
be used to investigate vulnerability (ie, rupture) of
carotid atherosclerotic plaque by analyzing features
such as surface, ulceration and intraplaque vasculariza-
tion.16 In particular, histopathological work has shown
that the presence of microvessels within an atheroscle-
rotic plaque is an indication of plaque instability.79

Quantification of intraplaque neovascularization can
be obtained by80: 1) visual scoring systems often
reported on a 3-point scale from not visible to exten-
sive appearance of microbubbles within the plaque; 2)
quantitative assessment of intraplaque microvessels
based on the time-intensity curve during microbubble

administration; 3) methods based on maximum or dif-
ferential intensity projection; and 4) quantitative inno-
vative software based on algorithms able to provide,
for example, microvessel tree reconstruction or
motion compensation. CEUS technique limitations
include injection of a contrast agent, plaque size, chal-
lenging selection of the ROI (including only the ath-
erosclerotic plaque and excluding the lumen and
surroundings of the vessel) when using quantification
software; moreover, that visual scoring is still often
adopted.81 found that CEUS has a high sensitivity for
identifying histologic plaque rupture, while the mea-
surement of concavity may enable the accurate detec-
tion of fibrous cap disruption. Moreover, according to
Ref. [82] CEUS had superior sensitivity and diagnos-
tic accuracy for the assessment of carotid plaque ulcer-
ation compared with Color Doppler US and
improved the intrareader and inter-reader variability.

Finally, an emerging technique that is worth
mentioning is photoacoustic. According to Ref. [83],
Photoacoustic imaging (PAI) uses laser generated US
waves to produce 3D images of soft tissues. PAI com-
bines optical contrast with ultrasonic resolution and
visualizes oxygenated and deoxygenated hemoglobin
and a large range of optical agents. In US, contrast
depends on the mechanical and elastic properties of
the tissue but in PAI, contrast depends on the optical
properties of the tissue, such as optical absorption.
PAI provides an integrated platform for structural
imaging including microvasculature, functional infor-
mation such as blood oxygenation, blood flow, and
temperature. This technique can be applied non-
invasively in superficial arteries combining high ultra-
sound resolution and high optical tissue contrast for
plaque analysis.83

Accuracy. Accuracy studies regarding plaque mor-
phology analysis, mostly at the carotid level, use his-
tology or MRI as a gold standard. US is well
correlated with histopathological markers of plaque
vulnerability.84 Moreover, MRI has been shown to
recognize hemorrhage better than US in particular
compared with recognizing LRNC85 and has been
used as a gold standard in US-based studies of plaque
morphology.

Precision. A recent study reported a Cohens
kappa value equal to 0.70 (P < .001) 95% CI (0.60–
0.80) for inter-sonographer reproducibility of carotid
plaque detection.86 Mean interframe CVs for area,
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GSM, un-normalized GSM and coarseness were 6.6,
11.8, 5.6, and 11.6%,87 respectively. In general, perfor-
mances in small plaques are significantly lower com-
pared with larger ones, due to greater sensitivity of
small plaques to manual delineation and out-of-plane
motion.87

Carotid intra-plaque neovascularization parame-
ters were tested. For quantitative parameters, ICC
ranges were 0.84–0.98 and 0.68–0.96 for intra-
observer and inter-observer variability, respectively.88

Clinical impact. APs appear with ageing and car-
diovascular risk factors: whereas their prevalence in
the general population is around 20%, 69.1% men
and 54.2% women >75 years old showed carotid
AP.89 The detection of a carotid plaque of 50% or
greater, or as a focal region with an IMT measure-
ment ≥1.5 mm improves risk prediction5 and its use
is recommended in current ESC prevention guide-
lines to identify individuals at very high risk.90

Strengths and Weaknesses—Different US-based
approaches are available, ranging from the simple
plaque detection to more complex and sophisticated
plaque description. For the latter, reference values
based on large datasets are lacking as well as large
studies regarding precision. The role that US
processing can play in vulnerability assessment is still
not fully demonstrated. Plaque detection is widely
used in clinical practice for risk reclassification.

Diameter
Vascular Characteristic—Arterial diameter can be
defined both as lumen-intima interfaces distance
(internal diameter) or media-adventitia interfaces dis-
tance (external diameter).

Technological Approach—Diameter can be measured,
similarly to IMT, on longitudinal scans with a linear
US probe derived by standard B-mode, UHF B-mode,
and RF data at different arterial sites (eg, carotid,
radial, aorta, femoral arteries). With the introduction
of automatic and semi-automatic methods, diameter
assessment has become more reliable and instanta-
neous values, useful for distension assessment, can be
obtained (Figure 7). For example, algorithms for con-
tour tracking have been developed and a mean final
result can take into account both different spatial and
temporal contributions. Also for diameter estimation,

adoption of robust algorithms for processing B-mode
US image sequences has shown a good agreement
and comparable reproducibility with RF-based
measurement.36 Computerized systems assessing
instantaneous diameter, especially real-time systems,
are the basis for flow mediated dilation (FMD) and
distension evaluations (see below). To obtain the
final results, these evaluations require further compu-
tational steps besides the identification of the vessel
border. Different segmentation methods are available
for border localization related to IMT and diameter,
as reported by Molinari et al22 (eg, edge detection
and gradient-based, dynamic programming, active
contours (snakes)-based, Nakagami modeling, Hough
transform), and can be adopted within contour track-
ing algorithms that follow the analyzed interfaces
over time.

Future Development and Emerging Approaches—
Emerging approaches include 3D-imaging that is a
promising tool for diameter assessment.

Accuracy. Similar to IMT, accuracy of semiauto-
matic B-mode-based carotid diameter measurements
has been tested for example taking an RF based sys-
tem as a reference, reporting standard deviation of
the difference of 0.110 mm.36

Precision. Repeatability data for carotid diameter
are available for both RF and B-mode-based
approaches. Diameter repeatability measures are also
available for the abdominal aorta, femoral, popliteal,
and radial arteries. Repeated measurements per-
formed by removing and repositioning the US probe
using a recent semiautomatic system yielded a CV of
around 2% in CCA and a maximum CV of 4% in
other sites.46 Intersession variability was slightly
higher for CCA (3%).62

Clinical impact. Large artery dilatation is known
as part of the vascular ageing process, as a conse-
quence of elastin fiber rupture and arterial remo-
deling. The process has been well described in the
common carotid artery, where a quadratic relation
with age has been shown in both sexes,35 and this has
also been observed in the aortic root.91 Increased
carotid diameter is associated with increased risk for
CV events, but likely with marginal reclassification
power on top of classical CV risk assessment.92 Aortic
root diameter measured by US predicts CV events in
a general population sample.93 Arterial diameter
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assessment is currently used in clinical practice for
aneurysm detection by manual measurement using
calipers.

Strengths and Weaknesses—Carotid diameter can be
reliably assessed by semi-automatic systems on the
market. Reference values35 have been provided by the
scientific community at different sites, but their prog-
nostic value for CV events is marginal. IMT and
diameter can be assessed simultaneously on the same
ultrasound data (Box 3).

Dynamic Elastic Properties: Wall Elasticity, Plaque
Elasticity
Local Elasticity
Vascular Characteristic—US imaging enables direct,
quantitative (ie, without need of a circulatory model)
assessment of arterial dynamic elastic properties.6,36

The distension, or stroke change in diameter, of, for
example, common carotid and common femoral
arteries, as induced by the pulsatile changes in tran-
smural pressure due to the pumping heart, is about
3–15% of vessel diameter in diastole.

Technological Approach—Thanks to the good tempo-
ral resolution of US equipment (typically above
25 frames/s), outputs can be evaluated by US data
processing based on contour tracking techniques
(Figure 7). Assuming a cylindrical geometry and a cir-
cular luminal cross-sectional section of the vessel, the
cross-sectional distensibility coefficient (DC) and the
cross-sectional compliance coefficient (CC) are
defined respectively as relative and absolute change in
lumen area (ΔA) induced by pulse pressure (ΔP)
during systole. These indices can be calculated, from

diameter measurements, as DC = (ΔA/(A * ΔP))
and CC = (ΔA/ΔP), where A is the diastolic cross-
sectional area.94 Typically ΔP should be the local
pulse pressure, as estimated for example from arterial
tonometry or by integration of the distension wave-
form, calibrated to mean and diastolic pressure.95 As
an index of arterial stiffness, the opposite of elasticity,
Young’s elastic modulus is defined as (1/(DC * h))
taking into account the thickness of the arterial wall
(h). This estimation can be derived by US based tech-
niques, able to perform simultaneously local in vivo
measurement of IMT, used as an estimate for h, the
arterial wall thickness.94

Future Development and Emerging Approaches—Other
emerging approaches for direct local elasticity assess-
ment include speckle-tracking/wall strain analysis.96–98

Vascular deformation patterns can be analyzed in lon-
gitudinal, radial, and circumferential directions, the last
being the one typically performed. Two-dimensional
speckle-tracking strain (2D strain) imaging quantifies
the magnitude and rate of circumferential deformation
(strain) of the arterial wall across the cardiac cycle,
which provides a sensitive index of whole-artery wall
stress .99 Speckle-tracking software quantifies the
motion of the arterial wall by identifying specific acous-
tic markers, speckles, in the gray-scale (or RF-mode)
of a short-axis ultrasound image, which are tracked
frame by frame throughout the cardiac cycle to gener-
ate strain and strain-rate curves. Peak circumferential
strain (magnitude of deformation), systolic and dia-
stolic strain rates (deformation velocity) are then cal-
culated to provide a sensitive characterization of the
dynamic elastic properties of the arterial wall.100,101

Although several studies have applied this technique to
examine deformation at varying regions of the aorta,98

the majority focus on circumferential 2D-strain of the
CCA (figure 9 from Ref. [100]), which has been
reported to be more sensitive at detecting age-related
increases in CCA stiffness and more reliable than mea-
sures obtained by M-mode based approach
(Figure 9).99,100,102

Other methods, based on indirect estimation of
local elasticity, are available. If adequate temporal reso-
lution is guaranteed,103 US-derived local pulse wave
velocity (PWV) estimation can provide information
on the stiffness of the artery without the need to
locally measure the pulse pressure with a further

Box 3. Summary statement—Vessel wall structure
Intima-media thickness and diameter can be derived by
RF and B-mode ultrasound data processing. A large num-
ber of studies reporting comparable repeatability for semi-
automatic systems are available at different arterial sites.
Simple plaque analysis with a conventional approach is
limited to the presence and number of plaques. Further
approaches, such as texture-based techniques or CEUS
and new promising tools, such as 3D-imaging, are mainly
applied at the carotid artery and needs further protocol
standardization.
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instrument. In Ref. [104], the authors, with a frame
rate of 786 Hz, reported the application of linear
regression to a characteristic time-point in distension
waveforms in a phantom scaled according to realistic
in vivo conditions to improve data precision. They
described two approaches, threshold of 20% or the
tangent method, to identify the foot of the wave to
measure local PWV.104 In vivo, a hemodynamic deter-
minant of measurement reliability seems to be wave
reflections that interfere with the distension waveform
morphology.105 In addition to this physiological inter-
ference with the PWV estimate, the frame-rate of
about 500 Hz (ie, a 2 ms sampling interval) in vivo
placed this particular approach at the observation
limit, with expected cross-transducer (�20 mm) tran-
sit times 2–4 ms (corresponding to 5–10 m/s).104

Less strict limitations of sampling rate are related to
regional estimates of PWV106–108; as an example for
regional assessment considering a distance between
two sites of 0.5 m and a case of PWV around 15 m/s,
the detection of a pulse transit time around 33 ms is
required, so a frame rate higher than 30 fps is needed.
However, these approaches remain to some degree
subject to wave interference effects.

In response to temporal sampling limitations,
pulse wave imaging (PWI) was introduced, using a
dedicated 10-MHz linear-array transducer at an
increased frame rate (1127 Hz) to estimate the veloc-
ity of the arterial wall using a 1D cross-correlation-
based speckle-tracking method. The sequence of wall
velocity images at different times depicts the propaga-
tion of the pulse wave in the carotid artery from the

proximal to distal sides. PWV was estimated from the
spatiotemporal variation of the axial wall velocities
and agreement was investigated with mechanical test-
ing on phantoms.109

The advances in ultrafast imaging110 have
increased the perspectives for local estimation of
PWV at accessible sites. PWV typically lies between
5 and 15 m/s and hence an adequate frame rate is
required to measure pulse transit time .111 The local
estimation can be derived by: 1) shear wave analysis
obtained by a radiation force induced in tissues by
focused ultrasonic beams and a very high frame rate
US imaging sequence able to capture the propagation
of resulting shear waves in real time. The shear wave
speed is related to tissue stiffness; 2) local PWV esti-
mation obtained by a high frame rate imaging, gener-
ally lower than the previous one to have a better
contrast that allows the use of semi-automatic track-
ing algorithms on longitudinal section. Under-
sampling of data can be applied for a trade-off
between accuracy of wall localization and computing
time, and a space–time representation of the arterial
wall velocity is derived. Details about accuracy and
reproducibility are reported in the online supplemen-
tal Data S1. In Ref. [28], comparison between shear
wave speed by elastography and local pulse wave
velocity with the reference techniques carotid-femoral
pulse wave velocity (via arterial tonometry) and
carotid stiffness determined via echotracking was
made. Based on the comparison, shear wave speed in
the carotid anterior appeared to be the best candidate
to evaluate arterial stiffness from ultrafast imaging.

Figure 9. Example of cross-sectional acquisition of the common carotid artery and extracted global circumferential strain (%) curve
obtained by two-dimensional strain imaging. The artery was scanned with a 12 MHz linear probe. Adapted from “Carotid artery wall mechan-
ics in young males with high cardiorespiratory fitness” by Pugh et al, Exp Physiol 2018;103:1277–1286, Copyright © Wiley.100
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Reference values for clinical practice are not available
yet, and a first study evaluating technical performance
of ufPWV at the beginning and end of systole at
carotid site of 201 healthy volunteers showed a sub-
optimal agreement with local carotid stiffness .112

Possible clinical applications of this technique are
related to cardiovascular risk prediction. Compared
with local carotid stiffness, it offers the advantage of
being BP-independent; however, currently it requires
heavy post-processing and further technological
development is needed.

Finally, loop based methods113 can be found in
the literature. This kind of methods is based on the
diameter-velocity loop and can be implemented
through diameter and flow velocity measurements by
B-mode and PW-Doppler analysis, respectively,
avoiding the need for pressure measurement. The
approach can be employed also to assess wave inten-
sity analysis (WIA).114

Accuracy. As for IMT and mean diameter, RF-
based echo-tracking devices have been historically
adopted for measuring arterial distension.15,16 Real-
time computerized systems for B-mode US image
sequences processing have been developed and, when
using robust algorithms, they have shown a good
agreement and comparable reproducibility with RF-
based devices with intra-observer coefficient of varia-
tion as shown in the online supplemental Data S1.22,23

The reported standard deviation of the differences are
tens of μm, when comparing two separate acquisitions
(semi-automatic RF and B-mode) by two different
systems.

Some data are available also for indirect
approaches. US-based carotid and aortic PWV is vali-
dated by the correlation coefficient with mechanical
testing on aortic phantoms, invasive estimation, or
tonometry.106,109 Similarly, studies regarding carotid
shear speed and loop based analysis report correlation
with reference methods.28,113,115

Precision. Analysis by removing and repositioning
the probe leads to CVs equal or lower than 11% for
distension36,116 whereas DC variability is higher
(around 13%), due to the further variability of local
pressure measurement. Indeed, the reproducibility of
ΔP is about 6–10 mmHg for >3 readings in a lab set-
ting117 and with CVs ranging within 5.1–7.9%.64

Interestingly, in a study62 assessing IMT, diameter,
distension, CC and DC, in 10 healthy volunteers

inter- and intraobserver intra-session variabilities were
comparable for all the measurements, whereas intra-
observer inter-session variability resulted larger only
for DC and CC. This was confirmed also in a bigger
intersession variability study performed in 165 individ-
uals showing lowest CV in diameter (CV = 1.6–
1.7%), followed by CIMT (CV = 3.7–4.6%) and
greater measurement variability for the functional
indices (CV = DC 12.14% and CC 12.11%) where
most of the variance (>80%) is explained by the sub-
ject due to variation of blood pressure.64 Similarly,
CVs equal or lower than 10% were obtained for cir-
cumferential strain parameters.99,100,118,119

Clinical impact. Local elasticity is usually mea-
sured in a plaque-free arterial segment (typically
CCA). Non-linear negative relationships between age
and carotid and femoral DC in both men and women
were shown and age- and sex-specific reference values
are available; these data were obtained from 22.708
individuals (age range 15–99 years, 54% men) for the
carotid and from 5069 individuals (49.5% men, age
range: 15–87 years) for the femoral artery, with both
RF and B-mode based semi-automatic systems.8,35

Carotid stiffness predicts CV events on top of classi-
cal CV risk factors.120 Its changes over time have
been used in clinical trials on cardiovascular drugs to
monitor their effects.121

Strengths and Weaknesses—Different approaches for
local assessment elasticity by ultrasound can be
implemented. Direct analysis based on contour track-
ing techniques applied to longitudinal scans is consol-
idated thanks to the availability of literature about the
reliability of the measurement. Generally, systems
implementing this kind of measurements can simulta-
neously provide a structural assessment (ie, IMT and
diameter) also. However, besides the assessment of
the arterial instantaneous diameter, this approach
requires a pulse pressure estimation. Reference values
for local elasticity have been provided by the scientific
community for carotid and femoral arteries and this
technique can be used for improving CV risk estima-
tion and monitor changes during treatment.

Plaque Elasticity and Kinematics
Vascular Characteristic—US data can be used for
plaque elasticity assessment that might be adopted for
clinical identification of rupture-risks, based on the

Bianchini et al—The Ultrasound Window Into Vascular Ageing
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hypothesis that compressible plaque is more vulnera-
ble and prone to rupture.

Technological Approach—The approach was initially
developed using intravascular probes in the coronary
arteries, but more recently non-invasive methods
were introduced. Studies based on strain or shear
wave imaging have been obtained mainly from ath-
erosclerotic plaques in the carotid, but also the femo-
ral and/or popliteal arteries have been investigated.122

Elastography implies the use of external sources
of stress, typically the US transducer itself, which
manually compresses the tissues, operates in “thump-
ing” mode or generates shear waves. Nevertheless, an
internal source of deformation (the so-called endoge-
nous motion) in the tissue induced by heartbeat and
vascular activity could be used in elasticity measure-
ment.123,124 Two main US elastography approaches
can be adopted123:

1. Strain elastography (and elastography in conjunc-
tion with echogenicity estimation): The tissue
strain is measured relative to the surrounding tis-
sue and generally shown by a color-coded map.
Examples of the parameters are axial strain, shear
strain, and translation motion.125

2. Shear wave elastography126: this approach is based
on the estimation of shear waves’ propagation
resulting from an applied force (an US push
pulse). An example of this approach is supersonic
shear imaging that can be used to quantify Young’s
modulus.

For both approaches acoustic radiation force
impulse (ARFI) can be used127 providing both the
tissue response within the radiation force region of
excitation and the speed of the shear wave propaga-
tion away from this region. Plaque characterization
may be derived since higher shear wave speeds and
smaller displacements may be associated with stiffer
tissues, and lower shear wave speeds and larger dis-
placements may occur with more compliant tissues.
Limitations of this approach must be mentioned.
Strain imaging provides only a relative estimation,
and no clear consensus exists on what output strain
parameters should be used. Shear wave imaging
allows quantification, but optimal imaging settings
should be ensured, and appropriate wave speed met-
rics should be chosen when attempting to

differentiate different plaque types, since the artery
site can be challenging due to its size and geometry.
Methods that do not require compression of the
transducer and are expected to be less operator
dependent are preferred in terms of accuracy/
precision but might require dedicated equipment. For
this reason, in addition to elastography, plaque kine-
matics, that is, plaque motion during the cardiac
cycle, has also been investigated using ultrasound
imaging (128). In particular, for carotid plaque, kine-
matic indices, including amplitude of tissue displace-
ments, as well as intra-plaque movement, have been
shown to be different in symptomatic and asymptom-
atic cases.129,130

Accuracy. Elastography has been compared with
histology,122 in differentiating between different com-
ponents for plaque characterization and more specifi-
cally plaques with fibrous tissue, lipid core, intra-
plaque hemorrhage and foam cells, or with other
imaging modalities considered as reference tech-
niques (MRI and CTA).131–133

Precision. Elastography parameters inter-frame
repeatability is reported by CV (lower or equal to
16%134) or intraclass correlation coefficient between
two operators (0.66–0.84).135,136

Clinical impact. Data about the clinical impact of
this technique, which is oriented toward plaque insta-
bility detection for stroke prevention, are scarce.

Strengths and Weaknesses—There is still a lack of con-
sensus and standardizations both in terms of settings
and final optimal parameters, and further evidence

Box 4. Summary statement—Dynamic elastic
properties
Direct local elasticity estimation can be derived by RF and
B-mode ultrasound data processing. Studies reporting sim-
ilar repeatability for semi-automatic systems are available
at the carotid site; final result derives also from pressure
systematic errors and variability. Indirect analysis can also
be implemented and needs further investigation. Strain
imaging can provide a relative estimation of plaque elastic-
ity whereas quantification by shear wave imaging needs
optimal imaging settings. Methods that do not require
compression of the transducer and are expected to be less
operator dependent are preferred in terms of accuracy/
precision but might require dedicated equipment.

Bianchini et al—The Ultrasound Window Into Vascular Ageing
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about data reliability, as well as clinical impact, are
needed (Box 4).

Reactive Vessel Properties: Flow-Mediated Dilation,
Carotid Artery Reactivity, Doppler-Derived Indexes
Flow-Mediated Dilation
Vascular Characteristic—Flow-mediated dilation
(FMD) is a non-invasive measure which represents
an endothelium-dependent nitric (NO) mediated
dilation of peripheral arteries in response to an
increased blood flow and subsequent shear stress.137

FMD was originally introduced in 1992138 and proce-
dures for its US-based assessment have been well
established.139 The measurement of FMD is based on
the assessment of arterial diameter and is typically
performed in the brachial artery, but it can also be
done in the radial, superficial femoral, or popliteal
arteries.137 This endothelium-dependent dilation can
be altered, by cardiovascular risk factors, relates to
coronary artery endothelial function, and indepen-
dently predicts cardiovascular disease outcome.137

Technological Approach—FMD can be assessed by
processing B-mode, UHF B-mode, and RF data. The
brachial artery is imaged with a linear probe
(>7.5 MHz) above the antecubital fossa in the longi-
tudinal plane with a recommended US beam angle of
60�–70�.137 Baseline diameter of the examined artery
is measured from 30 seconds to 1 minute. Then a
sphygmomanometric cuff, placed distal to the imaged
artery, is inflated for 5 minutes with pressure exceed-
ing systolic value >50 mmHg, to occlude the arterial
flow. After cuff deflation the brachial artery is imaged
for at least 3 minutes: a reactive hyperemia occurs
causing an increase in shear stress stimulus that
induces the endothelium to release NO, a vasodilator.
During the examination the position of the probe
should be maintained.137

FMD is expressed as the maximum relative %
change in diameter from the baseline measure after
cuff deflation. Where possible, the shear stimulus is
quantified during FMD responses using duplex US
for simultaneous acquisition of B-mode diameter and
pulsed Doppler velocity signals140 (Figure 10).

Recent expert-consensus guidelines have been
published with detailed insight into factors influenc-
ing the FMD measurements, related to subject-,
technology-, and procedure-related factors.137,140 The

importance of adhering to these guidelines has been
established,10 with stronger adherence to these guide-
lines being related to less variability of the FMD
measurement.

Future Development and Emerging Approaches—
Assessment of high-flow mediated constriction (H-
FMC) and low flow-mediated constriction (L-FMC)
responses has recently been proposed as a comple-
ment to FMD to better discriminate endothelial acti-
vation at baseline from true endothelial dysfunction
with the combined assessment of vasodilator and
vasoconstrictor capacity and their composite end-
point, the vasoactive range (VAR).141–143 H-FMC
response has been referred to as the slight reduction
in diameter seen immediately after the release of
occlusion in some subjects; for the calculation of total
brachial artery reactivity, it has been suggested to use

Figure 10. Example of a contour tracking algorithm applied to B-
mode brachial image sequences and Doppler flow velocity (top)
during an FMD examination; obtained final mean diameter
(mm) and shear (rate) stimulus graphs for the whole examination
[sec�1] (bottom). The artery was scanned with a 10 MHz linear
probe.

Bianchini et al—The Ultrasound Window Into Vascular Ageing
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the minimum diameter after the release of occlusion
as the alternative “baseline” diameter and this param-
eter has shown an association with cardiovascular dis-
eases.144 In L-FMC, the constriction response is
calculated as the change from the baseline diameter
of the lowest diameter during occlusion (usually
monitored in around 1 minute time interval before
the release of occlusion).

Regarding the probe holder, recently, a technique
with automatic correction of the probe position has
been developed and has shown similar results in a
Japanese and a white European population.145

Accuracy. Accuracy of semiautomatic systems has
been tested on synthetic images as percentage change
of diameter146 >(error = �0.013 + �0.069%) or by
comparison with already available systems147,148 (neg-
ligible bias and standard deviation of the differences:
�0.27 � 0.59%). Agreement with invasive coronary
endothelial function has been obtained also.149

Precision. Manual evaluation of FMD is limited
due to poor reproducibility, and should be avoided at
all times.147 In addition, the time of maximum vasodi-
lation is not exactly known a priori, so that a reliable
assessment of the peak response can be obtained only
by continuously monitoring the artery diameter after
cuff deflation. Hence, automated and semi-automated
approaches have been developed. These systems can
be based on wall tracking algorithms applied on RF
backscattering,137 or to B-mode images.146

FMD reproducibility is increased when subject-
related factors (including recent physical activity,
mental stress, dietary intake, smoking, alcohol, and
caffeine ingestion or medication use), or air pollu-
tion150 are controlled; sonographer’s experience is
also a key factor.10,137

Reproducibility has been estimated in three mul-
ticenter studies,33,151 adopting different systems,
reporting FMD intra-session coefficients of variation
around 10% and slightly higher short-term (less or
equal to a month) inter-session variability (CVs
between 13 and 15.6%). CVs were higher for longer
period between sessions and in patients rather than in
controls.

Clinical impact. Endothelial dysfunction is consid-
ered the first step of atherosclerosis, and it is known
to exacerbate with age in both sexes; age- and sex-
specific reference values have been recently publi-
shed.145,152 Several observational longitudinal studies

demonstrated that a reduced FMD is associated with
an increased risk of future cardiovascular events, both
in high-risk and low-risk populations. However, its
prognostic value on top of classical CV risk factors is
minimal, though those conclusions are driven based
on studies in which FMD reproducibility was ques-
tionable.153 FMD can be modified by pharmacologi-
cal and non-pharmacological treatments and may
thus constitute a surrogate endpoint in cardiovascular
drug trials.154

Strengths and Weaknesses—Guidelines for FMD
assessment are available, as well as data regarding reli-
ability of the measurement. Despite the development
of semi-automatic and automatic solutions, this tech-
nique is still complex and time demanding, but may
be useful in specific settings.

Carotid Artery Reactivity
Vascular Characteristic—Carotid artery reactivity
(CAR) presents a non-invasive measure of artery
function providing the percentage of carotid diameter
dilation (%CAR) and blood flow velocity in response
to sympathetic stimulation155,156 induced by a cold-
pressor test. Similar to coronary arteries,137,138 sympa-
thetic stimulation induces carotid artery dilation in
healthy participants, whereas high-risk participants are
more likely to demonstrate a vasoconstrictive
response.

Technological Approach—Following 10-minutes of
supine rest, carotid artery diameter and blood flow
velocity are recorded using US sonography, with the
probe placed 2 cm proximal to the bulb during a
1-minute baseline period. The participants then
immerse their left hand (up to the wrist) in ice slush
(≤4�C) for 3 minutes, during which the US probe
position should be maintained.137,156 The test is
considered safe, but can be experienced as uncom-
fortable. Moreover, a cold-pressor test can cause
hyperventilation and given end-tidal carbon dioxide
is a key regulator of cerebrovascular function,157 this
should be controlled for by monitoring gaseous
exchange when feasible. Given the risk of generalized
vasospasm, patients with recent myocardial infarc-
tion are excluded. Blood pressure changes during a
cold pressor test (CPT) can also confuse the
interpretation.158

Bianchini et al—The Ultrasound Window Into Vascular Ageing
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Accuracy. Accuracy has been reported as correla-
tion with changes in left anterior descending artery
velocity time integral during cold pressor test.156

Precision. Repeatability has been addressed for
diameter, with comparable results with the above-
reported literature, and for % variation, showing CVs
<3% for both within and between day sessions.156

Clinical impact. In healthy individuals, CAR is
lower with older age and in the presence of cardiovas-
cular risk factors.156 It has been demonstrated to pre-
dict risk of CV events in patients with peripheral
artery disease in a single study.159 The clinical impact
of this technique still needs to be established.

Strengths and Weaknesses—This reactivity test is com-
plex, it may be informative in specific settings; its clin-
ical usefulness is yet to be established.

Doppler-Derived Pulsatility and Resistance Index
Vascular Characteristic—Hemodynamic factors such
as blood flow velocity can be measured with the
Doppler US technique. Moreover, two indices
derived from blood flow velocity in vessels during the
cardiac cycle can be obtained: resistive index
(RI) introduced by Pourcelot160 and pulsatility index
(PI) proposed by Gosling et al161 to detect peripheral
vascular diseases.162

Technological Approach—RI and PI can be obtained
in several arterial segments (the most commonly used
are the carotid and renal arteries), and they are calcu-
lated as:

RI¼ PSV�EDVð Þ
PSV

PI¼ PSV�EDVð Þ
MV

where PSV and EDV are peak systolic and end dia-
stolic velocities, respectively, and MV is the averaged
mean of flow velocities over a complete cardiac
cycle.163,164 To measure PI a velocity curve of the
entire cardiac cycle is needed, whereas RI only needs
the systolic maximum and the diastolic minimum
within a cardiac cycle.162 Kublickas et al165 demon-
strated that the variability in the RI and PI for the cal-
culation of renal flow can be reduced if 5–6
consecutive cardiac cycles are recorded.

RI and PI are commonly used for characterizing
the blood flow velocity waveform recorded by Dopp-
ler ultrasonography and increase as the difference
between systolic and diastolic flow velocity increases.
This effect mainly depends on increased downstream
flow resistance and the stiffness of the arterial
wall.166,167

To calculate RI and PI in the common carotid
artery (CCA) peak systolic velocity (PSV) and end
diastolic velocity (EDV) are measured with the
Doppler US technique usually 1–2 cm below the
bifurcation with 1 mm sample in the center of
carotid.164

Accuracy. At the renal level, RI and PI have been
compared with renal histology and are associated with
arteriosclerosis.168,169

Precision. Data about renal repeatability has been
reported in terms of CVs or ICC, and resulted in
CVs lower that 7% (including inter-sessions).170

Clinical impact. PI has been reported to be linked
to downstream vascular impedance to flow171,172 and
RI has been found to increase in the renal artery with
age and with vascular disease and risk factors.173 In
contrast to PI, RI has not been found reliable as an
indicator of renal artery stenosis.174 RI has been
reported to correlate with kidney function, evaluated
by serum creatinine (Kim et al 2017). In hypertensive
subjects, both carotid RI and PI have been reported
to correlate inversely with mean wall shear stress
(WSS), a mechanical factor modulating endothelial
function and vascular structure implicated in vascular
remodeling and atherogenesis.164,175 Renal resistive
index might be useful for the early detection of renal
microvascular damage and prediction of renal

Box 5. Summary statement—Reactive vessel properties
These approaches might provide added information with
respect to baseline conditions. CAR% and FMD% since
derived by direct diameter measurements can be consid-
ered similarly when adopting robust semi-automatic sys-
tems. However, complexity of the protocol and
maintenance of the probe position are further crucial
points to be managed with respect to rest analysis.
Doppler-derived indexes can be assessed at carotid and
renal arteries. Further studies regarding carotid Doppler
derived parameters performance might be useful.

Bianchini et al—The Ultrasound Window Into Vascular Ageing
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function decline176 rather than for vascular ageing
assessment.

Strengths and Weaknesses—Though these measure-
ments are easy and already used in clinical practice,
standardization is lacking and their value as vascular
ageing biomarkers needs to be clarified (Box 5).

Discussion and Considerations for Future
Developments

We conducted an extensive review of the main vascu-
lar ageing characteristics that can be derived non-
invasively by US. US is a versatile and safe imaging
technique that can be adopted for obtaining informa-
tion related to the function, structure, and reactivity
of superficial arteries. Some methodological consider-
ations regarding resolution, accuracy, and precision
evaluation of vascular characteristics obtained via US,
need to be undertaken. First, resolution poses a lower
limit to discriminate objects by imaging. Second, vari-
ation between repeated measurements, in general,
should be lower than the smaller clinically relevant
difference that has to be measured177: this is the
requirement for transferring a reliable measure into
clinical practice. Clinically relevant difference is
established based on large longitudinal cohort studies,
that is, demonstrating the cardiovascular predictive
value of a biomarker. Unfortunately, those studies are
not available for the vast majority of the ultrasound
vascular ageing parameters. It follows that how tech-
nical performance is evaluated in the validation pro-
cess is crucial. One of the aims of this article is to
draw attention to the basis of measurements. The
devil is in the details and knowledge of the basic prin-
ciples of measurements and critical use of black box
approaches are key for scientifically and ethically
sound research. Since this literature review particu-
larly focused on technical performance a limitation is
that some papers showing the predictive value of an
ultrasound parameter of vascular aging, might have
not be included.

The usefulness of standardization in the valida-
tion process and performance metric adoption
emerges in our analysis. In fact, we encountered for
example a high heterogeneity in the methodology of
accuracy assessment in the studies included in this

literature review. A variety of methods, with different
levels of validity (correlation studies, Bland–Altman
plots, comparison in terms of discrimination capabil-
ities, measurement errors) were identified, rending it
difficult to synthesize the information. Moreover,
results are often given in the sub-micron range and
the expected resolution of the US system used as
well as the adopted post-processing approach should
consistently be reported. In our opinion, for US
methods, the evaluation of agreement with a refer-
ence measurement or error estimation with phan-
toms (eg, silicon layer, synthetic image sequences)
can be considered theoretically the most appropriate
for the quantification approaches and has been
widely performed for IMT, diameter and their varia-
tions. However, beyond the approach used, the real
issue is the definition of the (technical) reference
method, the so-called gold-standard. A general point
of concern is how to validate new and better tech-
niques. Indeed, comparison with gold standards,
themselves sometimes outdated, is problematic
because the new method can be much more precise
but will appear discrepant from the reference.
Another problem is that better resolution can intro-
duce sources of variability when details not seen
before are now visible. As reported in Ref. [178], the
true quantity is rarely known in medicine and a new
method is often compared with an established refer-
ence approach rather than with the real value. We
can only suggest hints as to solutions to circumvent
those two issues. First, putting in evidence on the
closer association with hard endpoints, or known
cofactors (such as age, blood pressure), provides a
first argument toward better quality. Second, identi-
fying the source of new features on images (as done,
e.g., for the multiple layer signals on IMT), shows
that new techniques can go beyond older ones. In
this context, for example future use and develop-
ments for UHF and ultrafast US might allow an even
more in-depth investigation of the blood vessel
walls.

Another crucial point to be considered is the
between ultrasound devices difference. Studies com-
paring two different versions of the same equipment
are available.34,179 Biases originated by model differ-
ences can be detected for example in terms of diame-
ter and wall thickness measurements. This aspect
must be taken into consideration, in particular for

Bianchini et al—The Ultrasound Window Into Vascular Ageing
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longitudinal trials in which change of scanners is a
natural evolution, and its impact should be tested in
order to guarantee reliable output of the study.

It is worth noting that the repeatability of the ref-
erence measurement is an essential aspect in measure-
ment quality,178 especially for interventional studies.
Data precision is even more important in terms of the
statistical approach because it conditions the sample
size calculation. Many articles reported measurements
obtained by moving and repositioning the probe, and
this repeatability assessment protocol is the most use-
ful for its translation into clinical practice. Longer
term repeatability comes into play for interventional
studies. Robust parameters such as internal diameter
of arteries are also less prone to respond to interven-
tion than FMD, so the final calculation of sample size
depends on the expected variation and its variability
results in a trade-off. Sometimes, variability results
from confounders. For instance, in Ref. [180] in ideal
conditions (healthy controls, controlled diet, double-
blind), the variability of FMD was very high within
and between visits. It was shown150 that 50% of the
visit-to-visit variance was related to changes in air pol-
lution, which was not anticipated. Therefore, investi-
gating the sources of variability will always lead to
improvement in measurement procedures, and to
important pathophysiological findings.

One important concern relates to calculated
parameters, and propagation of error in formulas,
especially if powers, multiplications, and logs are pre-
sent.181 Calculated parameters are relevant to ensure
proper physical interpretation of the measurement;
yet calculation will introduce additional noise in the
estimates and may include bias and confounding.
This is one of the reasons why direct measurements
are preferred where possible. CCA IMT, diameter
and elasticity parameters are widely published and a
large body of consistent data, especially for precision
analysis is available. Larger technical validation studies
might provide further evidence by testing differences
in measurements obtained by different methods and
equipment. The adoption of semi-automatic algo-
rithms for image processing based on a mathematical
operator are particularly robust with respect to
speckle noise, providing a spatial and temporal aver-
age, and working in real-time, had a key role in
improving the reliability of the obtained data. The
added value of the introduction of a computerized

approach has been shown in terms of improved abil-
ity to correlate with a disease, for example, coronary
alterations,149,182 whereas the improved ability to pre-
dict cardiovascular events with respect to manual trac-
ings, to the best of our knowledge, has not been
demonstrated yet. It is worth noting that the adop-
tion of complex mathematical applications can also
add further types of vascular analysis and advance
multi-parameter approaches: this is the case, for
example, of emerging methods aiming to improve
quantification of complex arterial hemodynamic pat-
terns, such as ultrasound vector flow imaging
(VFI)183 that can provide new insights into the inter-
action of blood flow and vessel properties.

As derived by the above mentioned direct mea-
surements also CAR% and FMD% data can be con-
sidered similarly, even if standardization of the
protocol and maintenance of the probe position are
further crucial points to be managed with respect to
rest/baseline analysis; finally, for distensibility values,
we have to take into account that the final result
derives also from pressure systematic errors and vari-
ability.181 For some of the other emerging techniques
the picture is less clear, with room for further and
more robust studies about accuracy or precision.

Automatic AI-based algorithms are applied to ultra-
sound data for automatic structure detection and most

Figure 11. Example of computer-based (right) and manual (left)
detection of common carotid artery echo-interfaces. Adapted from
“An Automated, Interactive Analysis System for Ultrasound
Sequences of the Common Carotid Artery” by Teynor et al. Ultra-
sound Med Biol 2012;38:1440–1450, Copyright © Elsevier.60
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of the available studies compare their performance
against a manual ground truth. As all human operators
bring an unknown or variable bias, computer-based
techniques should be preferred over manual measure-
ments, if the algorithms and learning procedures are
transparent and well described, and the performance
indeed leads to more consistent results (an example in
Figure 11 from Teynor et al60). Some caution is
warranted with AI approaches, since they are not
immune to “prejudice” and bias, or may not apply to
specific populations184,185; training populations for AI
algorithms should be sufficiently diverse, in terms of
sex and ethnicity, but also different diseases. Automatic
approaches might be also used for Radiomics features
extraction43 revealing additive vascular information.
This field is still in its infancy and might provide oppor-
tunities for the role of specific estimation in clinical
practice, especially when high-quality large data sets are
available for testing and training of the developed
method. Usability of the measurement can be improved
by automatic systems that could allow a wider diffusion
of non-invasive vascular ageing assessment. However,
issues regarding both initial validation and performance
control during the maintenance process of dynamic
and ever-evolving systems are open. Standardization of
acquisition and measurement procedures should be
developed for clinical use of established approaches to
enable both harmonized scientific basis as well as socie-
tal impact of US-supported vascular health manage-
ment. Crucial points to take into consideration are bias
due to the adoption of different scanners or software,
whose agreement should be tested and documented,

especially in follow-up studies. Similarly, machine set-
tings should be always reported and replicated. More-
over, identification of minimal clinical important
difference, is a crucial point for drawing conclusions
regarding robustness of the techniques and for the
translation into practice of any biomarker: in fact, it
represents the maximum allowed difference between
two measurements and it is a technical requirement
that the adopted techniques have to guarantee. Minimal
clinical important differences must be identified by the
scientific community to reach consensus about consid-
ering or not an approach suitable to detect the clinical
variation that has to be monitored. Moreover, a clear
identification of requirements allows implementation of
validation protocols based on well-defined sample size
calculation and acceptability criteria.

With the present review, the VascAgeNet
authors’ group seeks to initiate more multi-
disciplinary discussions with other relevant stake-
holders in the vascular ageing field, toward
consensus, validation guidelines, and implementa-
tion of assessment of parameters obtained via
US. Besides the technological aspects described
within this work, usability, compliance with regula-
tions, and cost-effectiveness are also relevant fea-
tures for sustainability and need to be taken into
consideration for advancing vascular health man-
agement into practice (Box 6).
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Box 6. Summary statement—Final remarks
Ultrasound is a versatile, non-invasive, and safe imaging
technique that can be adopted for obtaining information
about structure, elasticity, and reactivity in superficial arter-
ies. The usefulness of standardization in the validation pro-
cess and performance metric adoption emerges in our
review. Computer based techniques should always be pre-
ferred to manual measures, as long as the algorithms and
learning procedures are transparent and well described,
and the performance leads to better results. Identification
of minimal clinical important difference is a crucial point
for drawing conclusions regarding robustness of the tech-
niques and for the translation into practice of any
biomarker.
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