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Abstract Functional and structural changes in the common
carotid artery are biomarkers for cardiovascular risk. Current
methods for measuring functional changes include pulse wave
velocity, compliance, distensibility, strain, stress, stiffness, and
elasticity derived from arterial waveforms. The review is fo-
cused on the ultrasound-based carotid artery elasticity and stiff-
ness measurements covering the physics of elasticity and
linking it to biological evolution of arterial stiffness. The paper
also presents evolution of plaquewith a focus on the pathophys-
iologic cascade leading to arterial hardening. Using the concept
of strain, and image-based elasticity, the paper then reviews the
lumen diameter and carotid intima-media thickness measure-
ments in combined temporal and spatial domains. Finally, the
review presents the factors which influence the understanding
of atherosclerotic disease formation and cardiovascular risk in-
cluding arterial stiffness, tissue morphological characteristics,
and image-based elasticity measurement.
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Introduction

Cardiovascular diseases (CVDs) are the main cause of
worldwide mortality and morbidity [1]. Around 30% of
the deaths in western countries are due to CVD [2]. Early
diagnosis of CVD is necessary to avoid the risk of mor-
tality [3]. One of the leading causes of the development of
CVD and stroke is atherosclerotic disease [4]. Simply put,
this is a buildup of fatty material known as plaque in
arterial walls, leading to the narrowing of the arteries.
To improve our ability to diagnose, monitor, and treat
atherosclerosis, it is necessary to understand the biology
of the endothelial layer and its implications on the forma-
tion of plaque. For example, as the permeability of the
endothelium increases, more molecules are able to pene-
trate which eventually leads to the biochemical cascade
resulting in plaque formation. Thus, the first section of
the paper lays the groundwork for the rest of the paper
for better understanding of the basic biology of athero-
sclerosis prior to discussing imaging strategies to detect
the disease and to monitor its evolution.
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Arterial stiffness was found to be associated with athero-
sclerosis [5•]. In order to predict the risk of CVD, stiffness is
one of the primary factors useful to consider [6]. Because
arterial stiffness has been shown to be a useful biomarker for
CVD [7] and due to technical challenges involved in nonin-
vasively assessing arterial stiffness, this paper analyzes the
biology and causes of stiffness. Several studies have been
performed to predict CVD risk based on arterial stiffness [8,
9]. Our review aims to link different concepts central to ath-
erosclerosis including the evolution of arterial stiffness and
grayscale imaging of carotid arteries in an attempt to lead to
an improved understanding of imaging-based elasticity mea-
surements to aid in stroke/CVD risk stratification.

An additional method for risk stratification of CVDs is
through the evaluation of image-based arterial parameters,
such as the link between carotid intima-media thickness
(cIMT) and arterial stiffness which has been shown to be
powerful in diseased versus control groups [7]. The arterial
stiffness increases with the increase in IMT [10]. The current
method of elasticity computation relies on the arterial param-
eter of PWV [11, 12]. However, PWV is based on waveforms
which are not accurate due to stiffness variations in the artery
throughout the length it is measured [13]. Therefore, this pa-
per talk about the Young’s modulus of elasticity (YEM) in
terms of IMT and lumen diameter (LD) [14], the two arterial
parameters using the basic concepts of ratio of stress to strain.

The layout of this paper is as follows: the biology of the
atherosclerosis disease is presented in BBiology of
Atherosclerosis Disease and Evolution of Arterial Stiffness^
section, demonstrating the stages of plaque formation along
with the concept of arterial stiffness and its evolution. The
assumptions for risk stratification for CVD and the arterial
parameters are discussed in BHypothesis: A Link between
Plaque Morphology, Elasticity and Measurements^ section.
The physics of elasticity and its measurements is discussed
in BPhysics of Elasticity and its Measurements^ section, while
the overview of imaging-based solutions is presented in
BOverview of IMT/LD Delineation Methods^ section. The
detailed discussions are presented in BDiscussions^ section,
and the paper concludes in BConclusions^ section.

Biology of Atherosclerosis Disease and Evolution
of Arterial Stiffness

Atherosclerosis and Its Causes The fundamental cause of
stroke or cardiac arrest is due to a disease called atheroscle-
rosis [4]. In atherosclerosis, plaque develops and hardens
over time inside the walls of the arteries. Atherosclerosis
may be caused by a number of factors such as: (1) an ath-
erogenic diet, having cholesterol and structural fat in ex-
cess; (2) leukocyte accumulation; healthy endothelium do
not have an adhesive nature with leukocytes, but after the

initiation of hypercholesterolemia, the endothelium be-
comes adhesive [15]; (3) damaging of the endothelium in
arterial walls [16]. These causes of atherosclerosis start
changing the parameter of the artery such as IMT and LD.

Types of Leukocyte Penetrating Intima Layer The pres-
ence of some specific types of leukocyte adhesion molecules
on the endothelium cell attracts monocytes and T-cells to-
wards the endothelium. The monocytes deposited at endothe-
lium penetrate the intima layer and can consume lipid and
become foam cells or lipid laden macrophages. Some cells
however, which are classical surface receptors for low density
lipoproteins (LDL), do not become foam cells. Complex
plaques are formed when these monocytes move towards the
intima layer while smooth muscle cells (SMCs) move towards
the endothelial layer.

EndotheliumLayerOne of the fundamental causes of plaque
formation is damage to the endothelium. This happens due to
extreme interactions between two types of white blood cells
(or leukocytes): monocytes and T-lymphocytes. Monocytes
and T-lymphocytes interact with the endothelium in order to
enter into the artery wall [17]. The permeability of the endo-
thelium is the first to change during the process of plaque
buildup (Fig. 1b). Because of this, increased amounts of lipo-
protein are transported by the endothelium and placed in the
sub-endothelial space of the intima layer. The composition of
the extra cellular matrix below the endothelium attracts and
promotes the coagulation of cholesterol containing LDL par-
ticles in arterial walls [18]. These LDL particles promote the
process of atherosclerotic plaque building and are analogous to
plasminogens that make the extracellular matrix prothombotic
in nature [19].

Plaque and Fibrous Cap Formation Plaque development
also involves the engagement and movement of SMCs from
the media layer to the intima layer (Fig. 1c) [20••]. SMCs,
which are present in media layer (Fig. 1a), migrate into the
intima layer and form a bulk of the auxiliary cellular matrix.
This is known as the process of plaque development [21]. The
SMCs moved from the media layer are also able to reach the
surface and create a layer called the fibrous cap [17]. The
fibrous cap has an elastic property, which keeps it safe from
rupturing. However, as it stiffens the possibilities of rupture
increases. SMCs that move from the media to intima layer are
broken by inflammatory cells. Thus, the cap is strengthened
and becomes more stable. The stiffness index of the cap can
determine the possibility of the rupture of the plaque. So, it
is important to find the stiffness for the risk assessment of
the stroke.

Effect of Plaque Formation on Blood Vessels Blood pres-
sure creates a stress on the artery that decreases the force-
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bearing capacity of the fibrous cap over time, leading to a
great risk of rupturing (Fig. 1d) [22]. The material properties
of the media, fibrous cap, lipid, and intra-plaque hemorrhage/
thrombus from human carotid atherosclerosis plaque exhibit a
non-linear behavior, with an increased stiffness while
stretched [23]. The risk can be stratified with the help of the
analysis of stiffness and elasticity of the artery discussed in
BOverview of IMT/LD Delineation Methods^ section.

Arterial Stiffness The accumulation of lipid in the vessel
artery over time leads to the calcification and formation of
plaque. Rupture of this plaque then leads to the formation of
clots and acute morbid events [24]. Initially, plaque develop-
ment starts with the deposition of small lipid and fatty mate-
rials in the intima, which may develop into complex plaque
structures over the time. Advanced plaque has a heteroge-
neous composition that includes a lipid core, calcification
and fibrous connective tissue deposits. The increased stiffness
of the large arteries due to atherosclerotic disease is a useful
biomarker for CVD.

Cause of Arterial Stiffness Cellular fibrosis is the topmost
layer of atherosclerotic plaque that contains the SMCs. The
elastic property of SMCs determines the amount of force the
arterial wall can withstand [25]. The major contribution in
vascular stiffness is from SMCs which line the interior of
vascular walls [26]. Elimination of the SMCs present in an
artery, during the replication process, prevents the formation
of atherosclerotic plaque. The small number of SMCs that are
present in an advanced atheroma breaks into deoxyribonucleic
acid (DNA), that leads to programmed cell death, or apoptosis

[26, 27]. As the atheroma evolves inside the artery, the inflam-
matory cytokines causes apoptosis, which also support the
death of SMCs [28]. The accumulation of SMCs is probably
the result of cell death and replication, which leads to the
stiffness of the artery. Arterial stiffness also increases with
the age. Another study was given that shows other causes
of the increase of stiffness, i.e., change in the ratio of col-
lagen and elastin present in the extracellularmatrix of the
arterial media [29].

Hypothesis: a Link between Plaque Morphology,
Elasticity, and Measurements

The risk of CVD can be analyzed by using plaque compo-
nents or arterial parameters. The parameters that can pre-
dict the risk factors of CVDs include arterial elasticity,
stiffness, LD, and IMT. We are presenting the link between
(a) these plaque components leading to the arterial stiff-
ness and (b) relationship of IMT to arterial stiffness in the
forthcoming subsections.

Link between Plaque Components and Carotid Stiffness

The biological evolution of stiffness section strongly supports
that the plaque components are responsible for arterial stiffness
which leads to the risk of CVD. Several authors showed the
application of stiffness in stratification of patients into diseased
and control groups [30–32]. These authors showed that the
arterial stiffness in (i) type-2 diabetes [9], (ii) Kawasaki [30]
and (iii) beta thalassaemia major [31] patients was higher

Fig. 1 Stages for development of
atherosclerotic plaque lesions
(courtesy of AtheroPoint,
Roseville, CA, USA)
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compared to the control group. These evidences showed that
the stiffness of plaque can be used for risk stratification of
patients into the high risk category. Thus, it leads us in the
direction for better understanding, that the changes in the plaque
components have a direct link to stiffness.

Link between cIMTand Carotid Stiffness

Carotid IMTand Stiffness The change in arterial stiffness is
due to the change in structural and functional components of
artery [8]. These changes in structure and functional properties
of vessel wall also cause the cIMT to change which is one of
the key biomarkers for CVD [8, 33••]. The potential cause of
the change in cIMT starts from the fracture of elastin, hike in
collagen and deposition of calcium inside the artery [34]. On
the basis of the literature discussed so far, we can classify the
methods into two sets of studies: (a) studies where changes in
IMT are used for stratification into normal and abnormal
groups and (b) studies where IMT and stiffness are jointly
used for stratification [10]. In class (a), several authors showed
that there was an increase in the IMT of the diseased group
compared to the control group [8, 33••]. In class (b), several
authors have contributed demonstrating the changes in both
the IMTand stiffness of the artery [30–32, 35] and it was seen
higher in the diseased group (beta thalassaemia major disease,
Kawasaki disease, type-2 diabetes disease and cerebral small
vessel disease) compared to the controlled group. This clearly
shows that the diseased group and control group can be strat-
ified on the basis of changes in both IMTand arterial stiffness.
We conclude from the above discussions that IMT and carotid
stiffness both undergo changes and can be used to discrimi-
nate between diseased and control groups.

Physics of Elasticity and Its Measurements

The most common methodology to represent the arterial elas-
ticity is in terms of waves. The wave is represented by the
blood movement which travels from one region of the body
to another region, and the velocity of the wave is called Pulse
Wave Velocity (PWV) [11, 12, 36]. YEM is shown to have
relationship with PWV. The second method of elasticity eval-
uation takes into account the imaging-based characteristics of
the arterial physical structures in spatial and temporal domains
[37, 38].

Young’s Modulus of Elasticity in Terms of Pulse Wave
Velocity

If the time instance at which the pressure wave arrives at
carotid and femoral arteries are represented by t1 and t2, re-
spectively andΔt is the difference between the time instances:
Δt= t2– t1, then the PWV is mathematically given as Eq. 1 of

the Appendix A. Arterial elasticity can be computed using
PWV which is measured by a reference wave in the electro-
cardiogram [36]. This PWV parameter has shown to have an
association with CVD [11, 12, 36, 39]. PWV is commonly
expressed using YEM, the density of fluid within the lumen,
and lumen radius [40] and is given as Eq. 2 of the
Appendix A. Thus, Young’s elastic modulus Ym is expressed
as Eq. 3 of Appendix A. The estimated young’s modulus of
the elasticity in terms of PWV talks about the elasticity of
the artery in a defined length. Note that Ym is not uniform
throughout the length [13].

Young’s Modulus of Elasticity in Terms of Arterial
Diameter and Intima-Media Thickness

YEM is defined as a mechanical property of linear elastic
material. This can be expressed as the ratio of stress to strain.
The objective of this section is to derive YEM in terms of LD
and IMT. Let PP be the pulse pressure, i.e., the difference
between systolic blood pressure (Ps) and the diastolic blood
pressure (Pd), given as: PP = (Ps –Pd). Correspondingly, let
DD be the strain and is mathematically given in Eq. 4 of the
Appendix A. The Peterson’s elastic modulus (Ep) can be
mathematically given as the ratio of PP to DD in Eq. 5 of
the Appendix A. Arterial distensibility (DIS) is a reciprocal
of Ep and is mathematically given as: 1

Ep
:

Circumferential stress of the artery in terms of PP, mini-
mum arterial diameter and IMT during minimum arterial di-
ameter was recently shown by Soleimani et al. (2015) [38] and
is given as in Eq. 6. Young’s elastic modulus (Ym) is defined as
the ratio of stress to strain and can also be derived in terms of
PP, DD, Dmin and IMTDmin , by substituting σcs in the Eq. 3 of
the Appendix A, we get Ym as in Eq. 7 of the Appendix A. Ym
can also be expressed in terms of Peterson’s elastic modulus
(Ep) as given in Eq. 8 of the Appendix A.

Compliance and Distensibility

Radial Compliance Compliance and distensibility are two
measurements used to predict the risk of CVD based on pulse
pressure and maximum and minimum arterial diameter [33••].
Arterial compliance is defined as the change in volume of the
blood in artery with the change in pressure. Radial compliance
coefficient (CCr), is the ratio of, difference of square of max-
imum and minimum diameter of artery, and PP and given as
in Eq. 9 of the Appendix A.

Arterial Distensibility It is the ratio of DDsr to PP, where
DDsr is defined as the ratio of the difference of the square of
maximum diameter and minimum diameter of artery to square
of minimum diameter. It is mathematically stated as in Eq. 10
of the Appendix A. Using above approach elasticity is
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calculated and data were compared for two consecutive cardi-
ac cycles and they have almost a linear relation.

Volumetric Compliance It was hypothesized that radial stress
and radial strain were due to changes in blood pressure [33••].
The radial compliance did not consider the longitudinal stress
and longitudinal strain [41]. Recently, it was shown that lon-
gitudinal movement in the artery during the cardiac cycle can
be used as a biomarker of CVD [42]. The concept of combin-
ing the radial and longitudinal stress/strain will lead to the
evolution of volumetric compliance unlike considering only
radial component alone.

Volumetric compliance coefficient (CCv) can bemathemat-
ically defined in terms of arterial diameters, length of artery
considered for volume measurement and pulse pressure. The
estimation of diastolic length (Ld) and systolic length (Ls) is a
challenging task in order to calculate volumetric compliance
coefficient. The mathematical expression of CCv is given in
Eq. 11 of the Appendix A. These diameters used in Eq. 11 can
be computed either using Doppler shift method by utilizing
the mass of conservation principle [43, 44] or imaging-based
method presented in BOverview of IMT/LD Delineation
Methods^ section.

Overview of IMT/LD Delineation Methods

The delineation of (i) lumen-intima (LI) and media-adventitia
(MA) interfaces and (ii) near and far intima walls is one of the
primary requisites for elasticity computation in an image-
based paradigm. This delineation can be thought of as a seg-
mentation process using image analysis and such a paradigm
can be divided into four different segmentation categories (i)
region-based, (ii) edge-based, (iii) fusion-based, and (iv)
tracking and registration-based. An overview of these
methods is provided in this section.

Region-Based Approaches

Fundamental concept in a region-based method is to extract
the boundaries between the regions based on the discontinu-
ities and statistical properties of the regions. These regions in
an image are the set of connected pixels with homogenous
properties such that each pixel in the image belongs to a def-
inite region. There are three basic approaches adapted for
region-based segmentation: (i) region growing, (ii) region
splitting, (iii) combined region-splitting and merging [45].

The region of the arterial wall can also be segmented based
on statistical models using certain assumptions. Destrempes
et al. (2009) proposed a segmentation algorithm based on
Nakagami distribution and stochastic optimization for motion
image frames [46]. Under special constraints, Nakagami can
be used for deriving the Rayleigh distribution, which can be

then adapted to model the segmentation process [47]. This
algorithm used a Bayesian classification model for segmenta-
tion followed by delineation of LI/MA interfaces and eventu-
ally IMT measurement [48]. Several other authors have delin-
eated the LI/MA far wall borders in temporal frames [49–52].
The scope of this study is limited, and readers are recommend-
ed to explore all engineering-based methods in the above
mentioned citations.

Edge-Based Approaches

In the edge-based segmentation, it is defined using disconti-
nuities in the homogeneity and the segmentation is modeled
with intensity profiles. Edges can be classified into step, line,
ramp or a roof on the basis of the type of intensity transition.
Typically, the edge-based segmentation has three basic steps
as (i) noise reduction by smoothing, (ii) initial edge point
detection (using processing operator [53]), and(iii) fine tuning
the initial edge points to optimized edge positions. The edge-
based methods can be categorized into several types: deform-
able model, direction-based, dynamic programming, and
edge-linking. Deformable models were attempted by several
authors for LI/MA delineation [54–56]. This model is based
on the energy minimization approach and has shown to have
good performance on noisy image. Directional-edge based
method is advantageous when we are segmenting a pattern
of intensities of the plaque. Molinari et al. (2011) used it for
wall segmentation while moving from MA to LI [57]. Hough
transform is typically adapted for line and circle detection and
was used for common carotid artery (CCA) segmentation
[58]. Dynamic programming was used by Liang et al.
(2000) for connecting the broken edges [59]. Edge-linking is
typically adapted when the noise levels are high and when the
initial borders are disconnected [60]. Gradient-based ap-
proaches have also been adopted for segmentation of CCA
in a static frame [60]. Static edge-based methods for LI/MA
detection and IMT/LD measurement can be extended to ca-
rotid cine-loops [61–64]. All the above methods have two
steps in common: (a) carotid recognition phase followed by
(b) LI/MA detection in the recognized phase [65]. For further
details, see the reviews by Suri’s team [66•].

Fusion-Based Approaches

Fusion-based methods are the one which combines pixel-
classification strategies with edge-based methods. Suri’s team
has used several such methods where the guidance zone is
estimated using classifiers in the ROI and then used edge-
based models like FOAM for LI/MA interface extraction
[67]. Thus, the two-stage process of pixel-classification and
edge extraction can be considered as a fusion of two different
techniques. Such models are more accurate, but can be time-
consuming due to heavy number crunches and an iterative
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paradigm [68, 69]. Another approach in fusion method is
combining different boundary-based methods such as greedy
techniques for fusion of two techniques to obtain results closer
to the goal state [70]. Hassan et al. (2014) had proposed fuzzy
c-mean-based carotid wall segmentation and measured IMT
value [71]. Static image segmentation using random sample
consensus was proposed that uses cubic splines [72]. These
static methods can be extended to the motion image frames.

Tracking and Registration Approaches

Tracking is the process of extracting corresponding features in
successive frames of a video sequence. The tracking of LI/MA
interfaces was adapted by considering radial movement [33••,
38]. Echo-tracking method has been shown for tracking the
LI/MA edges during the longitudinal and radial motion of the
carotid artery [73]. Image registration was also used to track
the LI/MA edges [74]. This technique maps the high intensity
LI/MA edge information of one image frame to edge informa-
tion in the neighboring frames. IMT and LD were estimated
followed by calculation of arterial stiffness using echo-
tracking methodology [9, 75]. This method was used for esti-
mation of subtle movement in the artery. Apostolakis et al.
(2012) has proposed the tracking algorithm for motion data
in a cardiac cycle [76].

A Note on Distance Metrics IMT measurement or LD mea-
surement requires a stable metric or a ruler for measurement.
The measurement of the distance between two tracked edges
(LI/MA or LI near/LI far) has number of approaches [77].
Some of the approaches are as follows: polyline distance mea-
surement [78], Housdrorff distance measurement [79], center-
line distance measurement [77], Euclidean distance measure-
ment, and morphological distance measurement. These
methods provide the potential for accurate measurement of
IMT and LD.

Discussions

Biology, Arterial Stiffness, Internal and External Factors
Arterial stiffness is the consequence of the biological changes
in artery (Section 2), which in turn leads to the change in the
wall structure. These walls further undergomechanical chang-
es due to blood pressure. There are two kinds of forces present
in the arterial wall: (a) one responsible for transverse strain,
derived by intra-luminal pressure; (b) shear stress, due to the
movement of the blood. These cause the changes in arterial
stiffness [80]. Due to changes in arterial stiffness, there are
changes in arterial parameters like compliance, augmentation
index [81]. Arterial stiffness is affected by both internal and
external factors (Fig. 2). We briefly discuss them here.

Internal Biological FactorsA biochemical change causes the
changes in arterial stiffness. The internal biological factors
which make an artery stiffen are: Cap formation [23, 82], lipid
formation [23, 25, 83], cellular growth of the atherosclerotic
disease [24], LDL [18, 19], calcification [84], hemorrhage
[23], and SMC formation [20••, 25–27, 85].

External Influencing Factors There are many influencing
factors such as age, diabetes, blood pressure (hypertension),
pre-eclampsia, genetics, and smoking that affect the arterial
stiffness over time (Fig. 2). Arterial stiffness is shown to have
a positive correlation with age [22, 34, 86]. Arterial stiffness is
also associated with blood pressure and increases in patients
with hypertension without changing the structure of artery
[27, 87]. Patients with diseases such as type-2 diabetes and
pre-eclampsia have shown an increase in stiffness over time
[8, 9, 15, 88]. Several authors have shown the effect of genetic
factors on arterial stiffness [89•]. Smoking has also shown to
have a relationship with stiffness and this stiffness remains
after cessation of smoking [90].

Engineering Parameters, Methods, and Its ValidationDue
to the risk prediction ability of IMTand LD during the cardiac
cycle, these parameters are of prime importance [91]. Wall
(LI/MA) delineation in frozen frames has been extensively
studied by Suri’s team [49]. Motion data provides the tempo-
ral information [92] and Table 1 shows the benchmarking
table listing the authors who have contributed in the image
analysis area that finds the IMT/LD in cardiac cycle. There
are two important axioms on edge-tracking methodology that
must be satisfied for evaluating the arterial parameter [73]: (i)
the artery can be considered in motion if one of the walls (near
or far) is in motion during the cardiac cycle; (ii) there is a
movement of the interface (say LI) if the surrounding walls
undergoes changes (say in lumen and media wall). Currently,
no cross validation of elasticity measurement of arterial wall
has been done [33••, 38, 93, 94].

ANote onRiskAssessmentRisk assessment is the process of
characterizing possible future risk of disease. IMT is a possi-
ble measure of subclinical atherosclerosis at its earliest form
[95]. Arterial stiffness is directly associated with risk of CVD

Fig. 2 External and internal factors affecting the arterial stiffness
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[96] and increase in stiffness may increase the risk of CVD.
With the above discussion, the assessment of stiffness is di-
rectly associated with the assessment of the risk of CVD. IMT
and LDmay indirectly provide insight into stiffness, and these
parameters are themselves able to predict the risk of CVD.

Limitations of Surrogate Makers and Steps Towards
Improving the Clinical Outcomes

Limitations Elasticity of the arterial wall is an independent
predictor of CVD, but the evaluation of an accurate value of
elasticity is a challenging task. Surrogate markers like IMT,
arterial lumen diameter for static and motion data during the
cardiovascular cycle has a great relevance for early disease mon-
itoring [97]. The accuracy of the stiffness value may be im-
proved by using dynamic data collected during the heart cycle
or by using other imaging modalities. These surrogate markers
have some limitations such as they lack the characterization to
evaluate the atherosclerotic disease. Further, these markers need
to be tracked accurately over time which is currently not avail-
able conventionally. Lastly, these surrogate markers need to be
computed automatically, reliably, and in a telemedicine-based
paradigm [98] thereby improving the healthcare costs and infra-
structure. Multimodality imaging can be adapted to improve the
validation of the surrogate markers. Machine learning ap-
proaches can be adapted for disease characterization thereby
utilizing these surrogate markers.

Steps for Improving the Clinical Outcomes Application of
these surrogate markers can be converted to clinical outcomes
by undergoing mini clinical trials with varying degree of input
ultrasound acquisition digital imaging parameters such as fre-
quency, image resolutions, parameters like compound and har-
monic imaging, dynamic range and gain control. These param-
eters can be collected over large number of OEM ultrasound
machines and scanning performed over large populations with
varying degree of atherosclerotic disease severity. Such data-
bases can be built and algorithms of surrogate markers can be
further validated clinically and even histologically. These com-
bined efforts can be developed for better clinical outcomes.

Conclusions

This paper presented a comprehensive review for under-
standing ultrasound-based elasticity for cardiovascular risk
stratification by analyzing 98 citations selected based on
quality and relevance. The paper first presented the biolog-
ical evolution of atherosclerosis for better understanding of
arterial stiffness.

The carotid plaque components and their role for
imaging-based elasticity were used as a link in our novel

review. The review presented the physics of arterial elas-
ticity followed by imaging-based lumen diameter and ca-
rotid intima-media thickness measurement, given the car-
diac cycle’s spatial and temporal frames of the B-mode
carotid ultrasound. Different image-based techniques for
diameter, wall thickness, covering its basic concepts,
pros-and-cons were discussed and analyzed. Further work
is needed to link such methods to a multi- modality
framework for elasticity validation.
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Appendix A

PWV ¼ d
t2−t1

¼ d
Δt

; ð1Þ

where d is the distance measured between carotid to femoral
arterial sites.

PWV ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
IMT � Ym

2 � ρ � r

s
: ð2Þ

83 Page 8 of 12 Curr Atheroscler Rep (2016) 18: 83



Thus, Young’s elastic modulus Ym is expressed as:

Ym ¼ 2 � ρ � r � PWV2
� �

IMT
ð3Þ

where IMT Ym, ρ and r are intima-media thickness, YEM,
density of fluid within the lumen and lumen radius, respec-
tively.

DD ¼ Dmax – Dmin

Dmin

� �
; ð4Þ

where Dmax is the maximum artery diameter and Dmin is the
minimum artery diameter.

Peterson’s Elastic Module (Ep) can be expressed as:

Ep ¼ PP
DD

; ð5Þ

where PP is the pulse pressure and DD is the as in Eq. (4).

σcs ¼ PP � Dmin

2� IMTDmin

; ð6Þ

where σcs is the circumferential stress, IMTDmin is the IMT
measured at the instance when arterial diameter was minimum
in the far wall.

Ym ¼ Stress

Strain
¼ σcs

DD
¼

PP � Dmin
2� IMTDmin

� �

DD

¼ PP
DD

� �
� Dmin

2� IMTDmin

� �
ð7Þ

If Ep ¼ PP
DD (Peterson’s elastic modulus), then Ym can be

expressed in terms of Peterson’s elastic modulus (Ep) as:

Ym ¼ Ep � Dmin

2 � IMTDmin

: ð8Þ

CCr ¼
D2

max − D2
min

� �
PP

: ð9Þ

Distensibility DIS can be represented as:

DIS ¼ DDsr

PP
¼ CCr

D2
min

; ð10Þ

whereDDsr =
D2

max − D2
minð Þ

D2
min

� �
, PP is the pulse pressure;Dmax is

the maximum diameter of artery and Dmin is the minimum
diameter of artery.

CCv ¼ π
4PP

� Ld � D2
s−D

2
d

� �þ π
4PP

� Ld � D2
s

� ΔL
Ld

: ð11Þ

where, ΔL
Ld

is expressed in terms of IMT, LD and arterial

compressibility. It is mathematically represented as in Eq. 12:

ΔL
Ld

¼ 1−δð Þ � IMTd � Dd þ IMTdð Þ
IMTs � Ds þ IMTsð Þ

� �
−1 ð12Þ

and Ld, Ds, Dd, PP, δ, IMTd, and IMTs are diastolic length
of cylindrical artery, systolic diameter, diastolic diameter,
pulse pressure, compressibility factor, diastolic IMT and sys-
tolic IMT, respectively. δ can be expressed as:

δ ¼ 1−
Vs

Vd
; ð13Þ

where Vd and Vs is volume of vessel wall in diastole, systole,
respectively. Vs and Vd can be computed using Eq. 14 as:

Vs ¼ π� Ls � IMTs � Ds þ IMTs½ �
Vd ¼ π � Ld � IMTd � Dd þ IMTd½ �

	
ð14Þ

where Ls is the systolic length of cylindrical artery, Ds and Dd

are the diastolic and systolic diameter, respectively.
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