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ABSTRACT

A multiparametric ultrasound (US) approach, which is defined as the use of existing and new ul-
trasonographic technologies to enhance diagnostic accuracy, can be applied in vascular imaging.
By incorporating techniques such as stiffness evaluation, elastography modalities, vector flow im-
aging, slow flow imaging, contrast-enhanced US, and three-dimensional imaging, this approach
offers deeper insights into various vascular conditions, including vascular aging. Advancements in
technology now make it possible to quickly obtain numerical values for various vessel properties
on a screen or worksheet, simplifying and streamlining the multiparametric approach. Thus, re-
cent advances in vascular US imaging technology allow for detailed investigation of many complex
physiological and pathophysiological vascular phenomena.
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ascular ultrasound (US) has evolved as a cornerstone in the diagnosis and management

of vascular diseases, offering a safe, non-invasive, and highly accessible imaging modal-

ity. It has traditionally been widely recognized as the first-line, and sometimes the only
imaging modality for the screening, diagnosis, and monitoring of vascular diseases. The role
of US is particularly important given the need for accurate and non-invasive methods for the
early detection of vascular degenerative changes, which is crucial as cardiovascular disease
remains the leading cause of mortality worldwide."? Doppler US, including color Doppler,
spectral Doppler, and power Doppler modes, has been an essential component of vascular
imaging for over 40 years, with its advantages and limitations extensively documented in the
literature.* However, several challenges persist in the US imaging of vascular conditions. For
example, in patients with carotid artery disease, there is a need for improved methods to
characterize atheromatous plaques and enhance risk stratification, enabling more effective
treatments.

Improvements in US image quality and the development of high-frequency transduc-
ers have enhanced the spatial resolution of images, enabling detailed visualization of small
vessels and vascular pathologies, such as atherosclerotic plaques. In addition to improved
B-mode tissue characterization, advancements in US technology and image analysis now en-
able the assessment of various physiological and pathophysiological conditions in vessels.
The role of vascular US in diagnosing and managing vascular diseases has grown consider-
ably, with recent innovative advances in US techniques enhancing its diagnostic capability,
accuracy, and clinical utility.

This review covers recent and relatively new advancements in vascular US, with a focus on
quantitative arterial stiffness for assessing vascular aging, microvascular US, tissue elastogra-
phy, three-dimensional (3D) US and contrast-enhanced ultrasound (CEUS). The availability of
these technologies facilitates the adoption of multiparametric US, integrating advanced im-
aging capabilities with existing techniques to deliver more comprehensive information and
improve diagnostic accuracy in vascular imaging.
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Vascular aging and arterial stiffness

The notion that “A man is as old as his
arteries,” attributed to the English physi-
cian, Thomas Sydenham, in the 17 centu-
ry, reflects the long-standing awareness of
vascular aging. While this concept has been
recognized for centuries, research into its
underlying mechanisms has emerged only
fairly recently.® Vascular aging refers to the
cumulative structural and functional chang-
es that occur in the vasculature with normal
aging, independent of other diseases, begin-
ning as early as in utero. It is recognized as a
substantial risk factor for the development of
cardiovascular diseases.

With aging, arteries undergo notable
structural and functional alterations, includ-
ing vessel wall thickening caused by the pro-
liferation and migration of vascular smooth
muscle cells, fragmentation of elastin fibers,
and increased collagen deposition, all con-
tributing to vascular stiffness. These changes
contribute to reduced arterial compliance
and its capacity to resist stress. Endothelial
cell dysfunction, chronic low-grade inflam-
mation, oxidative stress, and traditional car-
diovascular risk factors further exacerbate
the progression. In more advanced stages-
as in atherosclerosis-plaque accumulation,
macrophage infiltration, and foam cell for-
mation are observed.*®

The hallmark of vascular aging is this in-
creased “vascular stiffness,” which broadly

* Increased arterial stiffness by itself is a
strong risk factor for a broad spectrum of
cardiovascular diseases, including hyper-
tension, heart failure, myocardial infarction,
and stroke, independent of traditional risk
factors.

* The term “vulnerable plaque” refers to ath-
erosclerotic plaques that are prone to rup-
ture, potentially leading to thrombosis and
embolism. The current challenge is to distin-
guish stable plaques from vulnerable ones,
enabling identification of high-risk patients
for acute cardiovascular and cerebrovascu-
lar events before clinical symptoms arise.

* Microvessel imaging also has potential for
evaluating intraplaque neovascularization,
a key factor in carotid plaque instability.

* Using microbubble-based contrast agents,
contrast-enhanced ultrasound has signifi-
cantly improved the ability to assess vas-
cular perfusion and microvascular flow.
This innovation has clinical implications for
detecting tumor vascularity, characterizing
plaques, and evaluating organ perfusion in
both arterial and venous systems.

refers to the reduced ability of the arteries
to expand and recoil in response to chang-
es in blood pressure with cardiac pulsations.
Increased arterial stiffness by itself is a strong
risk factor for a broad spectrum of cardiovas-
cular diseases, including hypertension, heart
failure, myocardial infarction, and stroke,
independent of traditional risk factors. Vas-
cular aging can be quantified by measuring
vascular stiffness. Classical indirect methods
for assessing arterial stiffness, such as arterial
distensibility, compliance, elastic modulus,
beta (B)-stiffness index, and pulse wave ve-
locity (PWV) rely on the evaluation of chang-
es in arterial diameter or volume during the
cardiac cycle in response to corresponding
changes in arterial pressure (Table 1). While
these parameters are interrelated, each
provides unique insights into the biome-
chanical properties of the vessel wall. These
approaches remain central to understand-
ing vascular biomechanics and age-related
vascular changes. Among these, PWV is the
most commonly used technique and is con-
sidered the gold standard for assessing arte-
rial stiffness. The PWV increases with age due
to reduced arterial elasticity, reflecting great-
er cardiovascular risk.>"

During each ventricular contraction, a
“pulse wave” is generated, causing the aorta
to expand and the pressure wave to propa-
gate along the arterial tree. The speed of this
pressure wave is proportional to the stiff-
ness of the artery. In young individuals, the
arteries are more elastic, causing the reflect-
ed wave to travel more slowly and return to
the heart during diastole. This phenomenon
enhances diastolic pressure, improving cor-
onary perfusion, and dissipates part of the
pulsatile energy in the central aorta, thereby
protecting the microcirculation from dam-
age. With vascular aging, arterial stiffness

increases, leading to a higher PWV (Figure
1). Given its strong association with vascular
damage, PWV serves as a critical biomarker
for evaluating cardiovascular risk and facil-
itates early detection of vascular dysfunc-
tion.85121> Increased arterial stiffness has
been shown to predict cardiovascular events
even in asymptomatic individuals without
overt cardiovascular disease.®

New sonographic techniques focus on
detecting wave propagation. Several manu-
facturers have provided wall motion detec-
tion capability with different techniques. The
radiofrequency data-based quantification
technique used in arterial stiffness evalua-
tion automatically identifies the intimal sur-
face of the near- and far-field vessel walls
under investigation, tracks movements over
several cardiac cycles, and measures vessel
diameter and displacement in micrometers.
Vessel distensibility, an indicator of vascular
stiffness, is calculated from the difference be-
tween systolic and diastolic measurements
and is displayed on the screen (Figure 2).
Ultrasonographic strain imaging using the
speckle tracking method is another tech-
nique for assessing carotid stiffness. Using
this technique, circumferential, longitudinal,
and radial movements of the carotid artery
can be analyzed, and displacement of the
carotid wall can be represented graphically.
Combined with diastolic and systolic blood
pressure data, this technique allows for auto-
matically calculating arterial stiffness param-
eters, such as elastic modulus, arterial dis-
tensibility, compliance, and B-stiffness index,
via a special software program. Additionally,
strain, strain rate, and peak circumferential
and radial displacements can be measured
(Figure 3). These techniques show promise as
a valuable non-invasive tool for identifying
early subclinical carotid artery disease.5'0'2'3

Table 1. Indirect methods for evaluating arterial stiffness

Parameter Definition

Formula

Arterial compliance

Arterial distensibility

Absolute change in vessel diameter
for a given change in pressure

The relative change in vessel diameter
for a given change in pressure

[diastolic diameter—systolic
diameter (AD)]/[systolic pressure—
diastolic pressure (AP)]

AD/[AP x vessel diameter in the
diastolic phase (D)] in mmHg

Pressure change required for

Elastic modulus index
arterial diameter

theoretical stretch from resting

(AP x D)/AD in mmHg

The ratio of the natural logarithm of

Beta-stiffness index
change in diameter

Pulse wave velocity
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systolic/diastolic pressure to relative

The speed with which the pulse wave
travels along the length of the artery

log (SBP/DBP)/(AD/D)

Stiffness index x diastolic blood
pressure/(2 x blood density) while
assuming the blood density to be
1.050 g/cm?
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Figure 1. In a healthy artery, compliance allows the vessel to expand as blood is pumped from the heart and
to recoil during diastole, propelling the accumulated blood forward into the peripheral tissues, providing
continuous flow to the end organs. With vascular aging and increased arterial stiffness, the arterial walls
become morerigid, reducing compliance and leading to higher pressure within the vessels, as demonstrated
in the right column. In younger vessels, propagation velocity is slower than in aged vessels in which the

walls move less.
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Figure 2. Radiofrequency data-based quantification on arterial stiffness tracks movements of vessel walls
during consecutive cardiac cycles, with automatic detection of both near-and far-field vessel walls. Vessel
distensibility is calculated from the difference between systolic and diastolic diameter measurements and
shown on the screen. The motion curve of the vessel wall is displayed under the image in real time.
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Figure 3.In the speckle tracking method, movements of the carotid artery can be analyzed and displacement

of the carotid wall can be represented graphically.
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Tissue elastography

US elastography is a method for assessing
the elasticity of tissue, based on the cellular
composition of the extracellular matrix. Sev-
eral methods are available for elasticity evalu-
ation, including real-time strain elastography
or shear wave elastography (SWE), which
have demonstrated efficacy in many clinical
applications. The velocity of the shear wave
created is directly linked to the elasticity of
the arterial wall. Multiple factors influence
arterial wall elasticity, such as personal fac-
tors (age, genetics, blood pressure, heart rate,
different diseases), lifestyle factors (exercise,
diet), and extrinsic factors (timing during car-
diac cycle, acquisition characteristics, medical
treatment). Unlike PWV, shear wave velocity
is less dependent on other parameters, such
as blood density and intra-arterial pressure.
Local elasticity of the arterial wall or plaque
can be calculated using SWE techniques.’”'®

In the evaluation of atherosclerotic
plaques, the paradigm has shifted from sole-
ly focusing on the hemodynamic effects of
luminal stenosis to a more comprehensive
assessment of plaque structure and compo-
sition. The term “vulnerable plaque” refers
to atherosclerotic plaques that are prone to
rupture, potentially leading to thrombosis
and embolism. The current challenge is to
distinguish stable plaques from vulnerable
ones, enabling identification of high-risk
patients for acute cardiovascular and cere-
brovascular events before clinical symptoms
arise. Distinct morphological features of vul-
nerable plaques, including intraplaque hem-
orrhage, lipid-rich necrotic cores, thin fibrous
caps, plaque ulceration, inflammation, and
neovascularization, allow for their identifica-
tion and characterization through a range of
invasive and non-invasive imaging tools (Fig-
ure 4)." The plaque elasticity quantification
obtained via SWE is an indirect reflection of
the major component of plaques, including
dense fibrous tissue, calcifications, and lip-
id-rich necrotic core. Softer tissues such as
lipid or hemorrhage, typically associated with
vulnerable plaque, deform more easily and
produce higher strains, whereas stiffer tis-
sues such as those containing fibrous tissue
deform less and result in lower strains (Figure
5). Preliminary investigations suggested that
US elastography may be a clinically useful
tool assessing plaque vulnerability. In some
studies, it has been stated that SWE can
identify statistically significant differences in
elasticity and effectively distinguish different
plaque types with good reproducibility in as-
sessing rupture risk. Based on these results,
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tissue elastography appears to be a promis-
ing method for risk stratification of carotid
plaques. However, vascular elastography is
challenging because of the relatively small
heterogeneous tissue size, the dynamic envi-
ronment resulting from pulsatile blood flow,
thin vessel walls, anisotropy, and non-linear
tissue elasticity. Therefore, in the Europe-
an Federation of Societies for Ultrasound in
Medicine and Biology guidelines and recom-
mendations for the clinical practice of elas-
tography, vascular US elastography has been
considered as an area of active research, al-
though it is currently not recommended for
routine clinical decision-making.?>2* While
US elastography shows promise in vascular
applications, especially for the assessment
of carotid plaque, larger, multicenter studies
are needed to validate findings, define cut-
off values, and optimize techniques.

Vector flow imaging

Doppler techniques are angle dependent,
providing correct information only when the
US beam is aligned parallel to the flow direc-
tion. A major limitation of this approach is
that tortuous vessels or unusual anatomy can
produce complex flow patterns, leading to
a mixed or unclear color display. Vector flow

imaging (VFI) is an angle-independent tech-
nique that enables real-time visualization of
complex blood flow patterns with extreme-
ly high frame rates. In conventional spectral
Doppler imaging, the angle cursor must be
manually aligned by the operator to estimate
blood velocity based on the Doppler frequen-
cy, and only the velocity component along
the direction of the beam is measured. In real-
ity, a velocity vector representing blood flow
consists of three components along the x, y,
and z axes. The multibeam approach used in
VFl enables the measurement of two or more
velocity components. Using this technique,
blood flow characteristics can be evaluated
visually to assess the flow pattern. Each vec-
tor representing flow is displayed as a small
color-coded arrow indicating the magnitude
and the direction of a true velocity in real
time at every point of the vessel (Figure 6).2%

Wall shear stress (WSS) measurement is
another capability of VFI. There are two ma-
jor types of hemodynamic forces that act
on blood vessels: tensile pressure (p), the
outward force that acts perpendicular to the
arterial wall, which is greater in systole; and
shear stress (1), the tangential frictional force
per unit area of the vessel wall that is exerted
in the direction of blood flow (Figure 7). As
a local mechanical force, WSS heavily affects

Macrophage
infiltration

Lipid core

Neovasculature
from vaso vasorum

Plaque ulceration

Neovasculature
from epithelium

Inraplaque
hemorrhage

Vaso vasorum

the biofunction of vascular endothelial and
smooth muscle cells with diverse mecha-
nisms.??® The VFI technique enables auto-
mated WSS measurements by aligning the
reference line to coincide with the vascular
wall (Figure 8).

Endothelial cells have the ability to sense
and transduce the shear stress from blood
flow into biochemical signals that cause ini-
tiation and progression of the atherosclerot-
ic process depending on the type and the
magnitude of shear stresses through specific
mechanisms. In straight regions of arteries,
flow has a normal laminar pattern and is al-
ways in the same direction. Endothelial cells
in these areas exposed to sustained laminar
flow and high WSS have an anti-inflammato-
ry phenotype characterized by alignment in
the direction of flow, downregulation of ath-
erogenic genes, low levels of oxidative stress,
cell turnover, and permeability, which help
protect against atherosclerosis. However, in
regions where arteries divide or curve sharp-
ly, such as carotid bifurcation, disturbed or
“atherogenic” flow patterns are observed,
including flow separation, gradients, flow
reversal, and turbulence. Endothelial cells in
regions of disturbed flow or low shear have
an activated, pro-inflammatory phenotype
characterized by poor alignment, oxidative
stress, expression of inflammatory genes,
and high turnover, which is associated with
high susceptibility to atherosclerosis.

Briefly, disturbed and laminar flow pat-
terns may induce different molecular re-
sponses in endothelial cells, leading to the
preferential development of atherosclerotic
lesions at arterial branches and curvatures
while sparing the straight sections of the ar-
terial tree. The VFI technique may be useful
for evaluating turbulent or disturbed blood
flow, such as in stenotic arteries or aneurys-
mal regions, while simultaneously enabling
measurements of WSS (Figure 9).

Figure 5. Shear wave elastography (SWE) imaging of plaques with different elastic properties: (a) SWE image displays a blue color at a hypoechoic plague suggesting
a soft texture; (b) B-mode image shows a mixed echogenicity of the plaque with hyperechoic areas suggesting calcifications. The SWE image shows a mixture of
blue, red, and yellow colors, suggesting that the plaque contains stiff areas.
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Figure 6. Vector flow imaging displays all velocity vectors in a selected region of interest. Each vector
representing flow is shown as a small color-coded arrow indicating the magnitude and the direction of a
true velocity in real time. The length and color of the arrows indicate the flow speed.

Longitudinal Stress
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Figure 7. Schematic presentation of major hemodynamic forces that act on blood vessels. The tensile
pressure (p) is the outward force acting perpendicular to the arterial wall, which is greater in systole. Shear
stress (1) is the tangential frictional force per unit area of the vessel wall, exerted in the direction of blood

flow.
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Figure 8. Wall shear stress measurements at a straight segment of a carotid artery by aligning the reference

line to coincide with the vascular wall.

Non-physiological WSS also promotes
plaque progression and the transformation
of stable plaques into an unstable or vulner-
able state.?”2%3 Obtaining the WSS value may
be valuable in stratifying patients at risk and
for further clinical decision-making in carotid
stenosis.

The reference values for WSS have been
established in previous studies, with the nor-
mal maximum WSS in arteries considered to
range between 1 and 7 Pa. Itis suggested that
a local mean WSS below 0.4 Pa could change
vessel wall morphology and contribute to the
development of arteriosclerosis. Moreover,

other studies have indicated that excessively
high WSS values in stenotic arteries may pro-
mote the rupture of high-risk plaques, with a
rupture risk threshold identified as 7 Pa. It is
suggested that high WSS values may lead to
thinning of the fibrous plaque cap, increasing
the risk of plaque rupture through elevated
mechanical stress within the wall.3'33

In brief, analyzing carotid flow patterns
and measuring WSS via VFI can offer valuable
insights into the development of atheroscle-
rosis. However, due to the relative novelty of
the technique, there remains a lack of strong
clinical evidence regarding its use. Further re-
search is required to explore the pathophysi-
ological significance of various complex flow
patterns, which may indicate plaque pro-
gression and thrombus formation.?'

Microvessel imaging

Traditionally, color and power Dopplerim-
aging have been the main tools for non-con-
trast microvascular flow visualization.>* How-
ever, conventional Doppler techniques have
limited sensitivity for the detection of slow
vascular flow. Recently, a number of tools
have been developed for assessing small-di-
ameter vessels with low-velocity flow with-
out the need for intravenous (IV) contrast
agents, collectively referred to as microvas-
cular flow imaging.

Doppler technologies employ single-di-
mensional wall filters for suppressing clutter
artifacts resulting from vessel wall motion,
which results in loss of slow flow signals
from smaller vessels. Microvascular flow
techniques, on the other hand, use multidi-
mensional adaptive wall filters to selectively
remove overlapping tissue movement arti-
facts, maintaining low flow signals otherwise
lost in conventional Doppler imaging meth-
ods. This approach preserves slow flow sig-
nals originating from microvasculature, pro-
viding more sensitive and higher resolution
blood flow evaluations with exquisite vas-
cular details (Figure 10). Additionally, micro-
flow imaging uses high-frequency sampling
techniques and a high frame rate, enabling
the display of high-resolution images. In
certain cases, it can also rapidly confirm the
presence or absence of blood flow without
the need for IV contrast administration. Mul-
tiple vendors offer microvascular techniques
on different ultrasonography devices, such
as Superb Microvascular Imaging in Canon
Medical Systems, ultra-micro angiography
in Mindray Bio-Medical, Micro-vascular Im-
aging in GE Healthcare, Micro-vascular-flow
in Samsung, Slow Flow in Siemens Health-
ineers, and MicroFlow Imaging in Philips sys-
tems. Display modes vary by manufacturer,

Recent advances in vascular ultrasound « 5 1



Figure 9. Vector flow imaging (VFI) of the carotid stenosis: (a) Grayscale image reveals calcified atherosclerotic plague with irregular surface, causing severe stenosis
of the right internal carotid artery; (b, ¢) VFI demonstrates complex flow patterns at different stages of cardiac cycle, with the vector arrows at the stenosis site
becoming longer and the red color of the arrow indicating fast flow. Vortex flow is represented with short green or yellow vectors; (d) wall shear stress measurements

at the level of stenosis.
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Figure 10. Imaging principles of microvascular ultrasound. The graph on the left shows that conventional
Doppler techniques apply a single-dimensional wall filter (yellow dotted line) to remove clutter artifacts
from wall motion, resulting in loss of signals from slow flow areas. In contrast, microvascular imaging

techniques apply a multidimensional filter to remove only the clutter, preserving the slow flow signals, as
shown on right. Exquisite detail of microvasculature can be detected via microvascular imaging.
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but generally mimic the presentation of col-
or or power Doppler modes, providing flow
information overlayed on B-mode data using
a variety of color hues.2%3%"

Existing research suggests that microflow
imaging enhances the diagnosis and moni-
toring of a range of medical conditions. Pos-
sible clinical applications include assessment
of the vascularity of breast masses and thy-
roid nodules, characterization of focal and
diffuse liver lesions, detection of increased
vascularity in tendons, joint capsules, and
peripheral nerves in musculoskeletal US,
depiction of mass lesions, and pre- and
post-transplant kidney evaluations. It has
also potential neurosonological applications,
including in the eye.3>3%4

Microvessel imaging also has potential
for evaluating intraplague neovasculariza-
tion, a key factor in carotid plaque instability,
as illustrated schematically in Figure 4. The
presence or progression of this neovascu-
larization significantly affects the outcomes
of vulnerable plaques, making its detection
clinically important (Figure 11). The results of
previous studies showed that blood flow de-
tected by microvascular imaging frequently
correlated with plague enhancement signals

Ozhan Oktar et al.



Figure 11. Microvascular ultrasound (US) imaging findings in complex plaques in the carotid bulb and proximal internal carotid artery causing high-grade carotid
stenosis. Microvessel US imaging with different hues in longitudinal (a, b) and axial views (c, d) reveal tiny vessels at the anteriorly located plaque, representing

neoangiogenesis.

observed in CEUS, demonstrating reliable
consistency in assessing neovascularization
in carotid plaques. The correlation between
microvessel imaging and histology in detect-
ing the neovascularization in atherosclerotic
plague has also been verified in correspond-
ing studies.***¢ While microvessel imaging
techniques are not as accurate as CEUS or
computed tomography (CT) in detecting
endoleaks following endovascular aneurysm
repair (EVAR), they offer a valuable improve-
ment over standard color Doppler imaging
and can serve as a useful alternative in the
follow-up period, especially for patients who
are unsuitable for contrast-enhanced imag-
ing modalities.*’

The development of increasingly sensitive
microvascular flow imaging US techniques
enhances the capability of non-contrast US
to accurately diagnose or exclude patholo-
gies, and may obviate the need for further
contrast imaging methods, such as CEUS, CT,
or magnetic resonance imaging, in selected
cases. However, non-contrast US flow-detec-
tion methods have not achieved the same
level of sensitivity as CEUS for detecting slow
flow and perfusion. Additionally, they are
unable to evaluate dynamic contrast kinet-
ics. Moreover, microvascular US imaging has
limited ability for deeper organs, making it

clinically challenging to decide whether the
absence of flow detection is due to depth
limitations or reduced perfusion. This tech-
nique is also susceptible to motion artifacts,
especially those caused by breathing and
cardiac pulsations.

Three-dimensional ultrasound

3D US imaging is gaining popularity be-
cause of its superiority over conventional
two-dimensional (2D) US by providing more
accurate and reproducible assessment for
anatomical structures and disease entities.
This technique combines a series of 2D US
cross-sectional slices, collected in a computer
and reconstructed into a 3D volume. 3D US
imaging provides volumetric reconstructions
and dynamic imaging of vessel anatomy and
blood flow. One of the most widely accepted
advantages of 3D US is the reduction of oper-
ator dependency compared with 2D US im-
aging. Moreover, its potential for shortening
the examination time makes it cost effective,
and it is safe for serial testing. Further advan-
tages of 3D US over 2D versions include its
higher accuracy in evaluating the relation-
ship between anatomical structures, evaluat-
ing treatment effects, estimating quantitative
volume, and providing access to an unlimited
number of imaging planes.*®4°

The use of 3D US in obstetric imaging of-
fers a new viewpoint on fetal anatomy, facil-
itates the identification of abnormalities, im-
proves maternal-fetal bonding, and provides
abetter understanding of fetal abnormalities.
In angiographic applications, viewing several
3D power Doppler US pictures in a fast cine
loop has proven beneficial. Moreover, 3D US
can help distinguish benign masses from
malignant ones in breast imaging by exhibit-
ing lesion borders and topography.>%>2

There are three different methods for ac-
quiring 3D US imaging. Mechanical 3D US
consists of a motorized linear array trans-
ducer that moves within a housing to cap-
ture 2D image frames to be reconstructed
into a 3D volume. Matrix 3D US has a larger
imaging volume and acquires images more
quickly compared with mechanical 3D US.
However, the resolution of images decreases
slightly. Lastly, in the freehand 3D US meth-
od, an external tracking system accompa-
nies the transducer, and the operator can
perform several maneuvers to avoid gas or
artifacts.*>3

These 3D US techniques are increasingly
utilized in clinical practice. Atherosclerotic
plague burden may be helpful in predicting
individual risk for cardiovascular diseases,
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and 3D US can allow for more accurate es-
timation of plaque burden.>* Furthermore,
carotid artery plaque assessment can be per-
formed reliably and effectively using 3D US.
According to a study conducted by Landry et
al>>, the inter- and intra-observer reliability
was 93.2% and 94%, respectively. This study
also reported that the higher the amount of
plaque volume is, the lower the variability
of measurements. However, a recent study
revealed that with the advancements in 3D
US technology, a new commercially available
3D transducer may provide more accurate
plaque volume measurements in carotid
and femoral arteries independent of plaque
size.* In addition, 3D US may be feasible for
the assessment of the effects of statin treat-
ment on carotid artery plaques.”’

The technique is also useful for preoper-
ative planning and monitoring post-surgical
outcomes, such as bypass grafts or endovas-
cular repairs. Post-EVAR volume estimation
of the aortic sac using 3D US can be both
feasible and accurate. In a study conducted
by Bredahl et al.’®, volume estimation in 93
consecutive patients undergoing EVAR was
evaluated using 3D US, with CT angiography
used as the reference standard. The authors
reported that the mean difference between
3D US and CT angiography was 1 mm, and
the limits of agreement ranged from -11%
to 12%. Another study, which included 182
abdominal aortic aneurysms (AAAs) of pa-
tients under EVAR surveillance, reported no
significant differences between 3D US and
CT angiography in measuring the anteropos-
terior diameter of the residual sac, and un-
derscored the potential benefit of 3D US in
reducing the need for nephrotoxic contrast
agents.”!

Although 3D US has a promising role in
clinical applications, a limited number of rel-
evant studies are available. Therefore, future
studies are required to better understand its
clinical value.

Contrast-enhanced ultrasound

Using microbubble-based contrast agents,
CEUS has notably improved the ability to assess
vascular perfusion and microvascular flow. This
innovation has clinical implications for detect-
ing tumor vascularity, characterizing plaques,
and evaluating organ perfusion in both arte-
rial and venous systems. The method aims to
address some of the drawbacks of traditional
ultrasonography, such as the inability to clearly
visualize slow flow, particularly in small vessels
or in cases of substantial stenosis. US enables
shell-encapsulated gas microbubbles, which

have sizes <10 um, to expand and contract, res-
onating at common medical US frequencies.*®
The energy of the transmitted pulse is scattered
at harmonic and subharmonic frequencies as
a result of this interaction. While the covering
shell is metabolized, primarily in the liver, the
patient’s lungs exhale the interior gas. The
contrast agent SonoVue (Bracco, Milan, ltaly),
which is made up of sulfur hexafluoride bub-
bles enclosed in a phospholipid membrane
shell, is widely used in Europe and the United
States under the brand name LumaSon®. CEUS
enables continuous real-time scanning and can
detect microvasculature in vessels as small as
40 um with extremely low velocities, a capabil-
ity that is frequently lacking in color and power
Doppler US, which can image vessels as small
as 100 pm, #9460

The CEUS method is used in the evalu-
ation of extracranial carotid occlusive dis-
eases. Regardless of the extent of stenosis,
CEUS imaging can help determine whether
a patient requires carotid endarterectomy
by evaluating the shape and fragility of the
plaque. The technique has a strong correla-
tion with both conventional and magnetic
resonance angiography, and it enables more
precise evaluation of stenosis.’ Additional-
ly, when compared with color Doppler US
imaging, CEUS improves measurements of
the length of stenosis by reducing the vis-
ibility of intrastenotic flow aberrations.®
Furthermore, abnormalities such as ulcers,
hypoechoic plaques, and dissections that
were previously missed by traditional US
can be seen using CEUS imaging.®® This im-
aging technique is a promising method for
the diagnosis and treatment of pre-ruptured
AAAs, ruptured AAAs, and endoleaks follow-
ing EVAR, as well as the diagnosis of aortic
dissections and peripheral arterial disease.®
In summary, CEUS imaging is an important
vascular imaging technology used to deter-
mine luminal perfusion, detect vascular ir-
regularities, measure plaque vulnerability in
various vascular pathologies, and measure
neovascularization as a quantitative indica-
tor of final muscle perfusion.
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