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Preface

Gender influences are an individual’s way of living, becoming unwell, and seeking and re-
ceiving care. The failure to take gender into account in evaluating the pathway of health and
disease, as well as in developing health policies and programmes, contributes to one of the
many sources of health inequities.

There are many data reporting the different structures and compliances in vascular vessels
and, in particular, regarding the carotid artery. Given the role of arterial wall elasticity in the
development of cardiovascular diseases, carotid artery variations, compliance and its disten-
sibility have been used as predictors of cardiovascular risk, although gender differences are
a good point of scientific debate. Sex hormones play an important role in vasomotion and
vascular remodelling, as well as vascular functions, and have been shown to change
throughout the menstrual cycle. Estradiol has been shown to promote nitric oxide-mediated
vasodilatation, reduce oxidative stress and retard atherosclerosis.

This book highlights the biological differences among women and men focusing on the up-
dates of gender influence in carotid artery compliance in health and pathological states.

Prof. Rita Rezzani and Prof. Luigi Fabrizio Rodella
Anatomy and Physiopathology Division
University of Brescia, Italy






Chapter 1

Anatomical Anomalies of Carotid-Vertebral Arteries in
Patients with Dizziness and Impaired Hearing

Jurek Olszewski and Piotr Niewiadomski

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.78621

Abstract

Currently, Doppler ultrasound examinations are of particular importance, including con-
tinuous wave Doppler and color-coded pulsed wave Doppler. Excellent images are
obtained using contrast computed tomography angiography (CTA) and magnetic reso-
nance angiography (MRA), which give greater understanding of blood flow in the cranial
and intracranial vessels under normal conditions and in pathological situations caused by
both anatomical anomalies and acquired abnormalities. Our previous studies, concerning
the analysis of the frequency and types of anatomical anomalies of the cranial arteries, i.e.
vertebral and carotid arteries, in patients with dizziness and impaired hearing, demon-
strated that hypoplasia of the right vertebral artery was the most common anatomical
anomaly occurring in 58.7% of cases, of which 51.7% were women and 6.9% men; hypo-
plasia of the left vertebral artery, occurring in 24.7% of the study group, of which 13.8%
were women and 10.3% men; hypoplasia of the right internal carotid artery found in 3.4%
of women and of the left internal carotid artery in 6.8% of cases, 3.4% in women and 3.4%
in men; and hypoplasia of the right common carotid artery was reported in 3.4% of men,
whereas critical stenosis of the left subclavian artery with subclavian steal syndrome was
observed in 3.4% of women. Although tinnitus was the most frequent symptom occurring
in those patients, in this study dizziness was most common in patients admitted to the
Department for the diagnosis, possibly because they found it more disturbing.

Keywords: anomaly, carotid, vertebral arteries, dizziness, impaired hearing

1. Introduction

The complex anatomy of cranial and intracranial arteries and the formation of collateral
circulation have been studied for many years. Currently, Doppler ultrasound examinations
are of particular importance, including continuous wave Doppler and color-coded pulsed

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIN
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wave Doppler. Excellent images are obtained using contrast computed tomography angiogra-
phy (CTA) and magnetic resonance angiography (MRA) [1-3], which give greater understand-
ing of blood flow in the cranial and intracranial vessels under normal conditions and in
pathological situations caused by both anatomical anomalies and acquired abnormalities [4-8].

Anomalies of the vertebral arteries include: underdevelopment of one vertebral artery, co-
existing with compensatory dilatation of the contralateral artery, total absence of one of the
vertebral arteries, variations in vertebral artery origin from the aorta or from the common
carotid artery, double origin of one vertebral artery forming a common vascular trunk, and
duplication of the vertebral artery on one side [9].

The reduction of blood flow caused by a hemodynamically significant factor triggers numer-
ous compensatory mechanisms. These include local regulation of the cerebral circulation,
increase in systemic blood pressure and, in the case of permanent reduction of blood supply,
the formation of collateral circulation [1].

Anatomical anomalies do not produce specific symptoms that could suggest early diagnostic
tests aiming at their identification, and they often coexist with other disorders that can cause
similar symptoms in the ENT organs (post-traumatic or degenerative changes in the cervical
spine, hypertension, hormonal or metabolic disorders). Therefore, many authors are inclined
to the view that in adults, anatomical anomalies are diagnosed only when other factors that
impair the vascularization of the central nervous system are present in these patients. A
possible example of this involves reports that indicate that hypoplasia of the vertebral artery
is more common in menopausal women, who often suffer from symptoms of vertebrobasilar
insufficiency [5, 6].

1.1. Anatomical anomalies of the intracranial vessels

The sense of balance and spatial orientation is conditioned by efficient functioning of individ-
ual elements of the system of balance and proper communication between them. Proper blood
supply to each of its elements is one of the basic and necessary conditions of efficient function-
ing of this system [10-12].

It originates from intracranial vessels that, among other things, include vertebral arteries,
merging and creating the vertebrobasilar system that supplies blood to a part of the brain, the
inner ear, pons, cerebellum, and spinal cord. For proper functioning of the peripheral organ of
balance, the most important is the labyrinthine artery that, in accordance with the declining
frequency of anatomical variations, branches off from the anterior inferior cerebellar artery,
basilar artery or vertebral artery and then, usually already in the inner auditory canal, divides
into three branches: the vestibular artery, the vestibular-cochlear artery and the cochlear artery.
Regardless of the anatomical variation, blood supply to the inner ear directly or indirectly
arises from the vertebral artery identical on each side of the body.

The vertebral artery branches off from the ipsilateral subclavian artery with four possible
anatomical varieties, with a prevalence of 0.1-90%, and for the branch-off from the vessel in
relation to the thyroid-cervical trunk [13]. Its further course is divided into four segments:
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® V1 - arises from the subclavian artery and enters the transverse foramen of C6,

* V2 - asegment of the vessel running from the transverse foramen of C6 to the transverse
foramen of C2,

* V3 -asuboccipital segment, emerges from the transverse process of C2 to pierce the dura
at the height of the foramen magnum,

® V4 - an intracranial segment, from the foramen magnum joins its contralateral counterpart
at the lower border of the pons to form the basilar artery of the brain.

Some authors also distinguish the VO segment, which is the site of branching off the vessel [16].
After branching off from the subclavian artery, the vertebral artery is directed upwards and
enters the canal formed by the transverse processes of the cervical vertebrae, in 90% of cases at
the C6 level, although possible are also entry variants at the level of the C5 (in 5%), C4 (2%), C7
(2%), C3 (1%). In the case of entry other than the C6 level, the vessel runs ventrally in relation to
the transverse processes of the vertebrae located below, between the pre-vertebral muscles and
the bone forming the spinal process. Next, it runs upwards vertically, surrounded by the spinal
venous plexus and closed in the periosteal envelope derived from the periosteum of the trans-
verse processes of the vertebrae, which forms two fibrous rings: proximal, in the place of entry to
the channel, and distal, at the site where the vessel penetrate the dura mater. The fibrous rings
are the only sites to integrate the vessel with the surroundings. The vertical course of the vessel
changes above the height of the C3. This is due to the different construction of the spinal process
of the C2 which, in contrast to the others, is set diagonally down in relation to the vertebral body,
and, in addition, it is longer than the others. This makes the vertebral artery take the lateral and
almost horizontal directions to reach the C2 transverse hole. Then it returns to its vertical course
in a short section, from the C2 to the C1, to take its near-horizontal direction again, running in the
sulcus of the C1 rear arch, and then it heads obliquely, vertically and medially, pierces the dura
mater to continue in the intracranial segment. On the surface of the occipital bone, both vertebral
arteries merge to form the basilar artery. The entire length of the artery is accompanied by the
spinal nerve from the stellate ganglion which, together with the branches of the middle and
upper cervical ganglia and branches of the cervical spinal nerves, forms the spinal plexus.

The spinal arteries in their course give off:
¢  muscular branches,

*  spinal branches,

* meningeal branch,

* anterior spinal artery,

®  posterior spinal artery,

®  posterior inferior cerebellar artery.

Muscular branches seem to be particularly noteworthy. In addition to supplying the structures
corresponding to the name of the branch with blood, like other branches of the vertebral
arteries, muscular branches have connections with the relevant branches of the ascending
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muscular carotid artery, deep carotid artery and external carotid artery. Due to these connec-
tions, a vascular network is formed, that in the event of the closure of the proximal segment of
the vertebral artery could allow it to refill with blood above the site of closure or narrowing
and thus ensuring the proper functioning of the vertebrobasilar system. The vascular networks
mentioned above do not need to be visible in the standard angiographic studies, which does
not preclude their existence. Visualization of these anastomoses may require the use of special
imaging techniques.

Basing on the data obtained at the Department of Otolaryngology, Laryngological Oncology,
Audiology and Phoniatrics at the Medical University of Lodz, Poland, collected in the years
2007-2012 and comprising 2167 patients diagnosed as having dizziness and hearing disorders,
anomalies of intracranial vessels were confirmed in 29 patients (1.3%) [9]. It could be expected
that the incidence of such anomalies is greater than that shown above, as indicated by other
authors who estimated the incidence of anomalies of the vertebral arteries in the population at
a level of 31% in the case of isolated changes and 15% of the population in the case of two-
sided changes, or a few changes within one vessel in its different segments [14]. The anomalies
more frequently concern the left vertebral artery and can be isolated and coexist with other
vascular anomalies related to the aortic arch or subclavian artery [4, 15]. Figure 1 shows an
example of complex anomalies.

The overview of the anomalies should start from the most prevalent ones, and such is the degree
of asymmetry of their diameter, though it is generally considered an anatomical variant.

Differences in the diameter of these vessels range from small, virtually imperceptible in imaging
studies, to substantial hypoplasia of one of the arteries with proper or increased width of the
artery on the opposite side (Figure 2). Depending on the source, it is said that vertebral arteries
vary in diameter in 40-75% of the population [6, 10, 11]. The study results unanimously indicate
a higher incidence of domination in terms of the width of the left vertebral artery (50-65%),
whereas the right spinal artery is wider only in 10-25% of the study population [11, 12]. The limit
value of the diameter of the vertebral artery above which it is no longer asymmetry but hypo-
plasia is not explicitly specified. As a criterion for hypoplasia the diameter of the vessel amounts
to <2 mm along its entire length [13], though some authors give a limit value of <3 mm, possibly
extending the criteria for diagnosis of, disclosed in the ultrasound with Doppler, high resistance
and reduced blood flow [14]. Other criteria are also used for eligibility of the vertebral arteries as
hypoplastic, these are the degree of asymmetry between the vessels that, depending on the
author, fluctuates between 1:1.7 [15] and 1:2, and a functional criterion defined as the proportion
of narrower arteries at <10% of the total volume of the vertebral flow. Speaking of the vertebral
artery hypoplasia, it should be remembered that we refer to it only if it meets the above-
mentioned criteria while maintaining the condition that it eventually connects to the spinal
artery of the opposite side by forming the basilar artery. Otherwise, when, for example, one of
the arteries, inclusive of an artery that initially has its normal course, leaves the canal of the
transverse processes at the site different from the typical one and, finishing its course, connects
to a vessel other than the contralateral vertebral artery, this is considered an aplastic artery
(Figure 3). Most often, such a connection occurs with the posterior inferior cerebellar artery of
the cerebellum, yet a merger of the occipital artery or spinal arteries is also possible.
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Figure 1. Angio-CT of the vertebrobasilar system vascular anomaly in the female patient. Branch-off of the right common
carotid artery directly from the aortic arch with the concomitant hypoplastic right vertebral artery.

Figure 2. Angio-CT of the vertebrobasilar system vascular anomaly in the male patient. Asymmetry of the diameter of the
vertebral arteries with the dominant left spinal artery.
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Figure 3. Angio-CT of the vertebrobasilar system vascular anomaly in the female patient. Developmental anomaly in the
form of: the basilar artery that is an extension of the right vertebral artery. The left vertebral artery continues into the
posterior inferior cerebellar artery.

Abnormal site of the vertebral artery branch-off is found among the typical anatomical anom-
alies. It can be the aortic arch—it mostly concerns the left vertebral artery (2.4-5.8% of the
population), very rarely the right vertebral artery, while the simultaneous branch-off of both
vertebral arteries from the aortic arch has been described in the world literature less than 10
times. Less commonly, the spinal arteries take their origin from the external or internal carotid
artery whereas the left vertebral artery isolated branch-off from the common left carotid artery
has been described in the literature only twice. Other anomalies of the vertebral arteries
include the total lack of one of them or the double branch-off of the vertebral artery, two
independent trunks of which, each originating from different vessel, then meeting in one
common trunk and penetrating into the holes of the transverse processes, to complete their
course in a typical manner—this type of anomaly can occur on one or both sides [16, 17].

Improper course of vertebral arteries is their another anomaly. It can be curved along the entire
length of the vessel as well as in its short segment, both within the canal of the transverse
processes of the cervical vertebrae and before and after leaving the canal. A staple duplication
of a blood vessel can also be met which, after branching off properly splits into two trunks that
run separately to merge again and complete the course by connecting to the spinal artery on
the opposite side [18, 19]. Anomalies can also affect other intracranial vessels, among them the
hypoplasia of the right internal carotid artery, hypoplasia of the left internal carotid artery,
hypoplasia of the right common carotid artery, hypoplasia of the left subclavian artery and
aplasia of the left common carotid artery. We can also meet with adult-preserved vessels of
angiogenesis of the embryonic period. An analysis of the literature reveals that the above is
observed especially in cases when there is abnormal flow in the vertebral, intracranial or
cervical arteries due to their innate or acquired obstruction. This takes place probably because
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these persistent vessels constitute a connection between the system of the carotid arteries and
the system of the vertebrobasilar arteries. Thus, according to their decreasing occurrence, the
persistent tricuspid artery, sublingual artery, auricular artery and peri-levatorial artery can be
distinguished, all taking their names from the cranial nerves along which they run [20].

The symptomatology of the presence of anomalies in intracranial vessels is very diverse and it
seems to be associated with the type of existing anomalousness. The anomalies may be
clinically silent and detected accidentally when performing imaging tests involving the vascu-
lar system; it may cause isolated symptoms or complex assemblies of subjective complaints in
the affected person. The nature of reported complaints depends on, as mentioned above, the
type of anomaly where the point is whether the given anomaly affects the capacity of the vessel
in fulfilling its basic function, what the provision is of appropriate structures with blood, or it
causes changes in anatomic relations resulting from the improper course or construction of the
vessel which may cause adverse effects in the neighboring structures, in normal conditions not
contacting with the vessel affected by the anomaly. Since the vast majority of information
about the anomalies of the intracranial vessels comes from descriptions of individual cases,
the search for symptoms, the occurrence of which could indicate, with a high degree of
sensitivity and specificity, the existence of such a condition, is limited. Among the ailments
most commonly reported in the medical literature, the paroxysmal dizziness of systemic and
non-systemic nature is in the foreground. Other complaints, which may coexist or occur as
isolated ailments or in groups include gait instability, nausea, double vision, presyncope/
syncope, bilateral tinnitus, hearing loss, cervical radiculopathy and headaches [18, 21, 22].
Vanrietvelde et al. also described the case of a patient complaining of chronic neck pain
radiating to both upper limbs for 2 months, in whom vertebral artery loop formation was
revealed at the level of C4, coexisting with degenerative changes of the neighboring cervical
vertebrae without imaging evidence of the spinal nerve root compression. The second case,
described by the same authors, concerns the same anomaly with accompanying widening of
the intervertebral foramen at the level of C4-C5, and severe torticollis with loss of sensation on
the right side of the face and impaired consciousness [23].

A large and heterogeneous range of symptoms induced by the presence of the anomalies of the
intracranial vessels and their not always well explained pathogenesis along with coexisting
systemic diseases that may be the cause of the reported ailments, make the diagnosis of these
lesions a big challenge. Therefore, it seems justified to look for more and more efficient
algorithms of management, allowing at least to select a group of patients in whom diagnostic
procedures will be properly targeted and more complex which finally will be the most accu-
rate way to achieve the proper diagnosis.

1.2. Doppler ultrasound of the system of the vertebrobasilar arteries

The Doppler ultrasound is a non-invasive research modality that allows to assess the speed of
blood flow in the blood vessels, which was first described by Satomura in 1959. However, the
basis for its creation, that is, the discovery and definition of the Doppler phenomenon, is the
merit of two physicists who had worked independently over a century before Satomura: Ch.
Doppler, who in 1842 observed the effect of changing the color of light under the effect of
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motion in the double star system and A. Fizeau, who in 1848 described a similar phenomenon
related to electromagnetic waves.

The study of Miyzaki and Kato on the measurement of the blood flow velocity in the arteries
supplying the brain and in extracranial arteries was published for the first time in 1965. In 1982
Aaslid was the author of the first report about assessing the test speed of blood flow in the
cerebral and intracranial vessels as well as the constructor the first measuring device. This
method uses ultrasound, that is acoustic waves of frequencies exceeding the hearing range of
the human ear (over 20 kHz), generated by a piezoelectric transducer. Piezoelectrics are
crystals which generate an electric charge in response to applied mechanical stress and electri-
cal fields can deform piezoelectric materials (“inverse piezoelectric effect”). The second com-
ponent used in the study is the Doppler effect consisting in the change of the frequency of the
wave reflected from the moving object in relation to the frequency of the wave being transmit-
ted. Frequencies of 1-10 MHz are most commonly used for diagnostic purposes [24-26].

In the Doppler ultrasound of the blood vessels, the sound waves sent by the camera head
bounce off from the blood cells flowing in the vessels, changing their frequency which is read
by the ultrasound device. The change in the frequency is called the Doppler frequency and it is
proportional to the speed of blood flow. In the Doppler apparatus this frequency is processed
for the acoustic signal which allows to distinguish the nature and position of the vessel.
Introduction of colored Doppler ultrasound has improved the identification of blood vessels
and determination of the direction of blood flow. In this modality, different colors are assigned
to different frequencies, depending on the direction of the moving blood cells and their speed.
Red and blue colors are usually used to determine the direction of blood flow whereas shades
of these colors serve to demonstrate different flow velocities. Power Doppler introduced in
1993 is an improved color Doppler ultrasonography. The difference lies in imaging of the flow
by analyzing the total energy of the Doppler signal and not, as in the case of the color Doppler,
the mean Doppler shift. The most important advantage of this diagnostic modality is its ability
to evaluate blood vessels of smaller caliber and with low blood flow and longer segments and
greater number. When evaluating the vertebral arteries, this method more precisely assesses
the vessel lumen and possible atherosclerotic plaques found there.

Availability, relatively low cost, non-invasiveness and, in some cases, the possibility to supple-
ment the information obtained from more advanced vascular imaging techniques are the
advantages of Doppler ultrasonography in the diagnostics of vascular diseases. No specific
preparations are needed for its implementation and the procedure itself is performed in supine
position with the head slightly tilted backward and rotated in the opposite direction to the
tested vessel or the head in straight position. In special cases, for example, in strong dizziness,
the test may be carried out in a sitting position with the same head positioning. However, this
modification should be reserved for the evaluation of the carotid but not the vertebral arteries.

In studies of the extracranial segments of the carotid and vertebral arteries vascular probes are
used designed for this purpose of the footprint length not exceeding 45 mm. Their frequency
should range from 5-7 to 8-12 MHz. An exception to the rule may be the use of a convex-type
probe with a lower frequency of 3-5 MHz in cases of the soft tissue thickness above the
average and in difficult test conditions. However, it should be remembered that, due to its
lower frequency, there is no possibility of a detailed assessment of atherosclerotic lesions.
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Nevertheless, when using color presentation, it is possible to evaluate the vessel course, its
diameter and blood flow velocity.

According to the standards of the Polish Ultrasound Society, the examination starts with an
overall assessment of the topography of blood vessels, imaging in the transverse plane, from
the top of the supraclavicular area to the angles of the mandible. The main part of the
procedure is carried out in long-axis view relative to the course the vessel. The following are
assessed: the intima-media complex, possible atherosclerotic plaques and stenoses, both mor-
phologically and hemodynamically. Another important part of the test is the measurement of
the blood flow velocity performed in the blood stream axis inside the vessels in pre-defined
locations. For the common carotid artery, it is its middle section at least 2 cm from the carotid
sinus. The assessment of the internal carotid artery is carried about 1 cm above the bulb and in
the external carotid artery about 1 cm above its branch-off. Measurements of the blood flow
velocity in the vertebral arteries are performed in the V1 and/or V2 sections. Normal values of
the blood flow velocity in individual vessels are shown in Table 1. When interpreting the
study results the physiological decrease of the speed of the blood flow in the intracranial
vessels which appears with age should be considered. These changes affect at most the
common carotid arteries and subclavian arteries and, to a lesser extent, the vertebral arteries.

The cerebral arteries are examined using a 2-MHz frequency ultrasound probe applied to the
so-called “acoustic windows”. The acoustic windows are natural holes or thinner regions of
the skull, in general there are four acoustic windows described: the transtemporal window,
the transorbital window, submandibular window and suboccipital window. The basilar and
the vertebral arteries in the intracranial section are assessed through the suboccipital win-
dow. The identification is made on the basis of the depth of the vessel position and the
direction of the blood flow in its lumen. The basilar artery is evaluated at the depth of 80—
120 mm and the direction of the blood flow is opposite to the position of the probe and the
mean peak flow is 0.39 m/s. The intracranial segments of the vertebral arteries (VA) are
assessed at a depth of 60-70 mm, and the mean peak flow is 0.36 m/s [26].

Numerous studies justify the use of the transcranial and classic Doppler in the assessment of
the vertebrobasilar function [27-29]. In cases of a high degree of carotid stenosis (> 90%), the
Power Doppler modality is a good supplementation of magnetic resonance imaging with
contrast, which may in these cases yield false positive results [30]. AbuRahma et al. report the
superiority of the Duplex Doppler over arteriography in the evaluation of heterogeneous
atherosclerotic plaque with the average degree of carotid artery stenosis. It is also an effective
tool in the diagnostics and monitoring of the treatment efficacy of the vertebral artery dissec-
tion. The Doppler ultrasound supplemented by angio-MR and angio-CT examinations is a

Vessel tested Peak systolic velocity (m/s) End-diastolic velocity (m/s)
Common carotid artery 0.8-1.2 0.1-0.3

Internal carotid artery 0.8-1.2 <03

External carotid artery 0.8-1.2 <0.25

Vertebral artery <0.6 0.05-0.2

Table 1. The normal range of the blood flow velocity in the intracranial vessels in Doppler ultrasonography (m/s).
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reliable tool in detecting flow disturbances in the middle cerebral artery and the vertebral
arteries, which cause tinnitus [31]. It is also used in traumatology and is comparable with
arteriography in detecting traumatic changes in cervical vessels.

The more and more perfect ultrasound technique allows to limit the number of invasive tests
required for performing vascular examinations, thus reducing the patient’s exposure to com-
plications associated with them.

2. Overview

Our previous studies [9] concerning the analysis of the frequency and types of anatomical
anomalies of the cranial arteries, i.e. vertebral and carotid arteries, in patients with dizziness
and impaired hearing, demonstrated that the most common anatomical anomaly of cranial
arteries was hypoplasia of the right vertebral artery, occurring in 58.7% of cases, of which 51.7%
were women and 6.9% men; hypoplasia of the left vertebral artery, occurring in 24.7% of the
study group, of which 13.8% were women and 10.3% men; hypoplasia of the right internal
carotid artery found in 3.4% of women, and of the left internal carotid artery in 6.8% of cases,
3.4% in women and 3.4% in men; and hypoplasia of the right common carotid artery was
reported in 3.4% of men, while critical stenosis of the left subclavian artery with subclavian steal
syndrome was observed in 3.4% of women. Although the most common symptom occurring in
these patients was tinnitus, the most frequent cause found in patients admitted to the Depart-
ment for diagnosis was dizziness, possibly because the patients found it more disturbing.

In the case of anatomical anomalies it is difficult to make any suggestions as to the nature of
abnormalities without carrying out imaging tests.

The diagnostic procedure to detect anatomical abnormalities in the cranial arteries generally
starts with vascular ultrasound. Blood flow disorders observed on the ultrasound should be
further verified by contrast CTA or MRA to evaluate the morphology of the artery [2].

However, the diagnostics of vertigo does not always involve contrast CT angiography of the
cranial arteries. In our study, the ultrasound of the vertebrobasilar system showed no abnor-
malities in the blood flow velocity, a vascular anomaly being only suggested by pathological
blood flow velocity on ultrasound after applying the neck torsion test.

Normally, the unpaired basilar artery is formed by both vertebral arteries merging on the
clivus of the occipital bone. In turn, the labyrinthine artery is a paired thin vessel originating
from the middle section of the basilar artery or from the anterior inferior cerebellar artery
which runs laterally along with the atrio-cochlear nerve and enters the internal auditory canal
to vascularize the inner ear structures. The anterior inferior cerebellar artery is a paired vessel
originating from the lower part of the basilar artery, finally merging with the posterior inferior
cerebellar artery.

In the presented case, the basilar artery was an extension of the right vertebral artery, and the
left atrophic vertebral artery extended into the posterior inferior cerebellar artery whereas the
labyrinthine artery originated bilaterally from the basilar artery.
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The described vascular anomaly, osteochondrosis of the C4/C5 and hyperlipidemia present in
the patient resulted in mixed-type vertigo with decreased excitability of the labyrinth on the
affected side (anomaly) due to insufficient blood supply to the inner ear and the lack of
vascular compensation of the vertebral artery on the other side.

The treatment of diagnosed anatomical anomalies in adults is usually conservative and
depends on coexisting disorders. Surgical treatment in the case of disorders of blood supply
to the central nervous system caused by anomalous cranial vessels includes implantation of
stents, arterial anastomosis and vascular bypass.

Conservative treatment and implementation of motor rehabilitation resulted in a very good
therapeutic effect in the patient.
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Abstract

Certain subgroups of patients are at higher risk for CAS. The identification of those
patients could improve the decision-making and hence the outcome. This chapter cov-
ers factors that are associated with poor outcome during CAS based on the previously
reported literature: (1) CAS in female patients, (2) CAS in octogenarians, (3) CAS in
patients with difficult aortic arch configuration (type II, III, and bovine arch), (4) CAS
in patients who have tortuous common carotid artery (CCA), angulated internal carotid
artery (ICA) origin, and/or angulated distal ICA, (5) CAS in high-grade carotid stenosis,
(6) CAS for long lesions (>15 mm), (7) CAS for ostial-centered lesions, (8) CAS in the
presence of calcified aortic arch and/or heavily calcified lesions, (9) CAS in the presence
of contralateral carotid occlusion, (10) CAS in the presence of vertebral artery occlusion
and/or stenosis, and (11) CAS in chronic kidney disease patients.

Keywords: carotid artery stenting, high-risk patients, female gender, octogenarian,
difficult arch, tortuous common carotid, tortuous internal carotid, high-grade stenosis,
long lesion, ostial stenosis, contralateral occlusion, vertebral artery occlusion, vertebral
artery stenosis, chronic kidney

1. Introduction

The term “high-risk patients” was used extensively in the literature when talking about carotid
intervention, unfortunately, with inconsistent meaning. Here, this term refers to patients at
higher risk during carotid artery stenting (CAS).

The term high-risk carotid artery stenting raises an important question: is there any population at
higher risk during carotid artery stenting? The identification of population at higher risk during

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIEN



16  Carotid Artery - Gender and Health

CAS could improve the decision-making, regarding patient selection and the used technique.
Periprocedural risk of CAS is influenced by patient, device, technique, and operator-related fac-
tors. The outcome of CAS in those patients should be defined with respect to standard carotid
endarterectomy (CEA), particularly in low-surgical risk patients and high-CAS risk patients.

2. CAS in subgroups at higher risk

2.1. CAS in female patients

The prevalence of carotid artery stenosis (>50%) in elderly females was 6% (8% for males),
based on the data that were derived from the American Vascular Association screening pro-
gram in 2002-2003 [1]. Many gender differences were reported in literature regarding the
anatomy, physiology, and atherosclerotic pathology of carotid arteries. The carotid arteries in
females have higher velocities in comparison to males [2], with higher outflow/inflow ratio.
The atherosclerotic disease in females tends to affect the common carotid artery rather than
the proximal internal carotid artery [3]. Meanwhile, the carotid atherosclerotic plaque in
females carries more stable characteristics [4].

CEA is a valid option in preventing complications of carotid stenosis. However, the value of
CEA in women with asymptomatic disease is questionable. CAS has emerged as an alterna-
tive to CEA in selected patients. Several trials [5-7] have compared CEA and CAS; unfortu-
nately, they were not designed for subgroup analysis as regards gender effect on the outcome,
especially in asymptomatic patients.

The large trials (the VA cooperative trial, the asymptomatic carotid atherosclerosis study
(ACAS), and the asymptomatic carotid surgery trial (ACST)) approving CEA in asymptom-
atic patients either did not perform subgroup analysis for female patients or did not find
significant effect in women. The VA cooperative trial studied males only.

The ACAS showed a 66% [95% confidence interval (CI), 36-82%] 5 years relative stroke risk
reduction for males, on the other hand, statistically insignificant risk reduction for females
17% (95% CI, =96 to 65%) [8]. This difference was explained with higher perioperative rates
of death or stroke seen in females than males (3.6 vs. 1.7%; P = 0.12), while the ACST showed
4.1% long-term nonperioperative risk reduction of stroke for females. The benefit was mar-
ginal when compared with perioperative risk of stroke or death (3.8%) [9].

The carotid revascularization endarterectomy versus stent trial (CREST) did not show sex
difference as regards treatment effect [10, 11]. However, women had showed significantly
higher perioperative stroke rate with CAS than CEA (5.5 vs. 1.7%; P = 0.01). The rates of
myocardial infarction (MI) for women were equivalent for both CAS and CEA (1.5 vs. 1.7%,
respectively; P = 0.81).

The availability of comprehensive medical treatment and CAS as alternative options to CEA
added to the complexity of the decision-making in asymptomatic females. Further research
is needed in this area.
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2.2. CAS in octogenarians

The studies, which have validated CEA for stroke prevention in symptomatic and asymp-
tomatic carotid stenosis patients, have excluded high-risk patients for surgery (including
octogenarians) [8, 12, 13]. On the other hand, other smaller studies have shown safety of CEA
in octogenarians [14-19].

The CREST trial reported 12% 30-day rate of stroke and death among octogenarians [20].
Kastrup et al. reported 10% rate of stroke and death among symptomatic patients and 13%
among asymptomatic patients >75 years [21]. Stanziale and his colleagues reported 8% 30-day
stroke among octogenarians [22].

In a meta-analysis for three randomized controlled trials, the treatment effect was modified
by age in the CAS group (12 vs. 5.8% in patients <70 years) [23].

The high rate of stroke in octogenarians is partially assumed to unfavorable anatomy which
precludes safe navigation; this was reported in several studies [24-27]. This includes aortic arch
elongation, aortic calcification, ostial stenosis, and vessel tortuosity. Lam and his colleagues [26]
assessed 133 CAS patients for the anatomic characteristics that affect the feasibility of CAS. They
found increased incidence of unfavorable anatomical characteristics among octogenarians in
comparison with younger patients; arch elongation (82 vs. 56%, P = 0.008), arch calcification
(59 vs. 30%, P = 0.003), common carotid artery origin stenosis (47 vs. 22%, P = 0.006), common
carotid artery tortuosity (70 vs. 38%, P = 0.0009), and internal carotid artery tortuosity (74 vs.
50%, P = 0.019). It has been suggested that with correcting for complex anatomy, old age was
no longer a predictor for poor outcome [26, 28-30]. Unfortunately, other age-related factors
may increase the risk in such age group. Specific comorbidities such as congestive heart fail-
ure, aortic stenosis, and contralateral carotid stenosis are more common among octogenarians
[20, 22, 27, 31, 32]. On the other hand, different mechanisms such as emboli, hypoperfusion, and
neuronal susceptibility in elderly contribute to increased risk for CAS [33].

Werner and his colleagues reported a 10-fold increase in death among octogenarians compared
to younger patients [27]; they attribute their finding to high incidence of symptomatic aortic
stenosis among octogenarians. Three of 12 patients with this problem died before discharge;
death occurred only in preoperatively decompensated patients. The safety of CAS in severe
aortic stenosis patients was assessed in small cohort (52 patient); the 30-day death rate was
6%. Noteworthy, all patients in that cohort were hemodynamically stable prior to CAS [34].

Despite the higher CAS periprocedural risk, surprisingly, octogenarians have fewer comor-
bidities [35]. We think that good selection of octogenarian CAS candidates can minimize the
perioperative risk. A more comprehensive preoperative assessment is needed in such group
of patients.

2.3. CAS in patients with difficult aortic arch configuration (type II, III, and
bovine arch)

Aortic arch type is a key in CAS success. Difficult aortic arch is associated with repeated
aggressive manipulation, which may generate emboli. Nevertheless, unfavorable aortic arch
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configuration may impede guiding catheter or long sheath insertion. Faggioli and his col-
leagues reported that the proximal tortuosity (difficult aortic arch due to arterial elongation)
was associated with technical failure [36]. Type of arch was found to contribute to higher
stroke rates in six of the seven studies. [21, 25, 27, 37-39]. Wimmer and his colleagues [37]
reported that type II and III arches were predictors of stroke following carotid stenting,
whereas Werner et al. [27] found the same with bovine arches. Dumont et al. [39] demon-
strated that unfavorable arch anatomy, namely a target vessel taking an acute angle off the
arch, was a predictor of perioperative stroke risk. In fact, in certain studies, type Il aortic arch
was contraindicated for CAS [40].

The carotid revascularization endarterectomy versus stenting trial 2 (CREST-2) study will
compare outcomes in asymptomatic carotid stenosis patients randomized to best medical
treatment (BMT) versus CEA plus BMT versus CAS plus BMT, and patients will be excluded
from undergoing CAS if they have a type III arch, severely angled or tortuous innominate
artery or CCA, or a severely calcified aortic arch [41].

Radial, brachial, or direct carotid access may be used as alternative for femoral in this sub-
group of patients. Alternative access may increase the technical success rate and decrease the
perioperative risk of complication.

2.4. CAS in patients who have tortuous common carotid artery (CCA), angulated
internal carotid artery (ICA) origin, and/or angulated distal ICA

Tortuous carotid is found on ~16% of cerebral angiograms [42]. Carotid tortuosity represents
a challenge in patients undergoing CAS. Wimmer et al. [37], Faggioli et al. [36], and Fanous
et al. [43] found that tortuosity of the CCA and proximal ICA were correlated with both
technical failure and increased risk of complications. The periprocedural risk significantly
increased in a study of 262 patients with symptomatic carotid artery stenosis when the
angulation between the ICA and the CCA exceeded 60° [44]. Similarly, the stroke risk was
correlated with severe tortuosity of the CCA and significant angulation of the ICA origin in
an unselected population of 751 patients who underwent 833 CAS procedures [27]. In fact,
several authors were forced to abort CAS procedures secondary to severe ICA tortuosity
[26, 45, 46]. Myouchin reported that among 31 symptomatic and asymptomatic carotid
artery stenosis patients, successful stenting was not possible in two (6.5%) patients because
of severe carotid tortuosity (angles of 60° and 73°) [47].

An anatomically difficult distal landing zone not only makes deployment of protection devices
more difficult but also makes the retrieval of these devices more challenging [43, 48, 49].
Reimers et al. [50] reported that the distal EPD could not be advanced beyond the lesion in
10 patients owing to high degree of distal ICA tortuosity and lesion severity in a series of 753
patients who underwent 808 CAS procedures. Fanous et al. [43] reported that despite the suc-
cessful deployment and retrieval of distal EPD in all cases, the presence of hostile anatomy for
the deployment of distal EPD was correlated with increased periprocedural risk among 221
symptomatic patients who underwent CAS.
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2.5. CAS in high-grade carotid stenosis

Critical stenosis (>85%) was previously considered by some authors as a contraindication
for CAS [40, 42]. Earlier, critical stenosis was technically challenging, as it impeded the safe
advancement of distal EPD [43, 44]. With improvement of the available endovascular devices,
stenting of such lesion is no more challenging except for subtotal occlusion (99% stenosis).
Subtotal occlusion was associated with increased perioperative risk [43, 52].

2.6. CAS for long lesions (>15 mm)

The American Heart Association/American College of Cardiology defines lesion length as the
distance from the definite proximal to distal shoulder of the lesion in the projection of the best
elongation of the stenosis. Only the portion of stenosis that was >50% was quantified [42].

Long lesions (>15 mm) carry higher risk of poor outcome, even in the presence of cerebral
protection [37]. The periprocedural stroke rate in those patients group was 17 versus 2.1% in
other patients. Also, they were more prone to 30-day adverse events (19.1 vs. 3.4% in other
patients) [25].

It seems that proximal protection devices may be more suitable in those patients with
long lesions. Saini and his colleagues reported that patients with carotid lesions >10 mm
length who underwent CAS with proximal protection devices showed a trend of bet-
ter safety outcomes including perioperative stroke than patients with distal protection
devices [53].

2.7. CAS for ostial-centered lesions

The definition of ostial lesions should be limited to those lesions with maximum stenosis at
the ostium of the ICA.

Difficult wire engagement and hemodynamic instability are more common to occur with
ostial lesions [43]. They are associated with higher rate of stroke and cardiac complications
[44-46].

Sayeed and his colleagues reported that patients with ostial lesions have higher incidence
of periprocedural stroke (7.1 vs. 1.8% in patients without ostial lesions). The rates of 30-day
adverse events were also higher in those patients (9.1 vs. 2.9%) [25].

2.8. CAS in the presence of calcified aortic arch and/or heavily calcified lesions

Extensive calcification either concentric carotid calcification or aortic arch calcification was
associated with increased perioperative risk [47-49]. They were considered a contraindication
for CAS in certain studies [50, 51].

On the other hand, Tsutsumi and his colleagues reported the feasibility of CAS in near-total
circumferential calcified lesions, with no reported morbidity or mortality [54].
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Bazan and his colleagues studied 94 patients. They found that the patient >75-years old have
significantly more aortic arch calcification than younger patients. They advised for preproce-
dural assessment of arch calcification as method for CAS risk stratification [28].

Kastrup and his colleagues studied 62 symptomatic patients (49 aged <80 years; 13 aged
>80 years) who underwent CAS. They found that octogenarians had a significantly higher
incidence of severe aortic arch calcification (54 vs. 14%, P < 0.01). A severe aortic arch calcifica-
tion was found to be a predictor for new DWI lesions inside and outside the treated territory
(OR, 1.8;95% CI, 0.99-3335; P = 0.05) [55].

2.9. CAS in the presence of contralateral carotid occlusion

Patients with CCO have bilateral carotid disease and therefore may have increased cardiovas-
cular risk. The impaired collateral system and the perioperative hemodynamic changes may
contribute in increased risk during carotid intervention in those patients.

The range of incidence of contralateral carotid occlusion (CCO) among CEA patients was
6-10% [56].

The North American symptomatic carotid endarterectomy trial (NASCET) [57, 58] and two
meta-analysis [59, 60] showed that the contralateral carotid occlusion was a predictor of poor
outcome after ipsilateral CEA. The presence of contralateral carotid artery occlusion was
considered as high-risk criteria for CEA in many trials [5, 37]. On the other hand, Rockman
and his colleagues reviewed previous studies and concluded that the presence of CCO does
not increase the CEA perioperative risk [61]. Kretz and his colleagues identified one study in
their meta-analysis that reported different outcome for patients with and without CCO after
CEA [62]. Many large center trials have reported excellent outcome after CEA in patients
with CCO [63-66]. A retrospective analysis of CEA operative data in patients with CCO
and/or vertebral artery occlusion (VAO) revealed that the presence of CCO increases the
need for carotid shunt during CEA but did not increase the perioperative risk. [67] Worth to
know, among CEA patients who had CCQO, the procedural outcome was not affected using
shunts [56].

Halm and his colleagues reported that contralateral carotid stenosis >50% was independent
predictor for stroke after CEA [68].

Yang and his colleagues retrospectively analyzed the data of 698 CEA patients and 455 CAS
patients. They reported that the CCO was associated with higher rate of early symptomatic
neurological complication (ESNC) but not stroke alone in CEA patients only. Vertebral artery
occlusion either unilateral or bilateral was not associated with increased risk of ESNC or
stroke in CEA or CAS patients [69].

The posterior part of circle of Willis provides collateral supply to contralateral hemi-
sphere during carotid clamping in patients with CCO. The CCO patients with incomplete
posterior part of circle of Willis are at higher risk of cerebral ischemia during carotid
clamping [70].
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Elective CAS in patients with contralateral high-grade carotid stenosis or occlusion was not
associated with poor neurological outcome [71-73]. On the other side, based on the carotid
artery revascularization and endarterectomy (CARE) registry, Mercado and his colleagues
reported increased risk of early post CAS stroke, myocardial infarction, or death in CCO
patients [74].

Ricotta and his colleagues evaluated 1128 CAS and 666 CEA patients with CCO. They con-
cluded that the benefit of lower periprocedural risk CEA is lost in patients with CCO because
of increased stroke rates in those patients. CAS periprocedural risk was not affected by the
presence of CCO regardless of the symptomatic state [56].

In patients with CCO, CAS has theoretical advantages over CEA, of short carotid occlusion
duration and the lack of general anesthesia. It is important to know that CCO is one of the
factors that identify patients at high risk for CEA and qualify them for reimbursement of
CAS according to the Centers for Medicare & Medicaid Services (CMS). We think that in
the presence of CCO or contralateral high-grade carotid stenosis, CAS should be encour-
aged over CEA.

2.10. CAS in the presence of vertebral artery occlusion or stenosis

In patients with unilateral carotid occlusion, Nicolau and his colleagues observed increase in
the peak systolic velocity and blood volume in vertebral artery [75].

Severe vertebral artery stenosis (>80%) was associated with increased 30 days risk of stroke or
death in CEA patients [76]. On the other hand, Yang and his colleagues found that unilateral
or bilateral vertebral artery occlusion (VAO) was not a risk factor for early symptomatic neu-
rological complication or postoperative stroke in CEA or CAS patients [69].

Currently, no special recommendation regarding cases with vertebra-basilar occlusive dis-
ease, yet in some cases, the author may prefer CAS to avoid the effect of general anesthesia
and temporal carotid clamping, which may be dangerous.

2.11. CAS in chronic kidney disease patients

Patient is defined to have chronic kidney disease (CKD) once the estimated glomerular fil-
tration rate (eGFR) is less than 60 mL/min/1.73 m? Once the patient has renal failure that
necessitates dialysis, he is considered to have end-stage renal disease (ESRD). CKD patients
are at higher risk for ischemic stroke than general population [77]. Extracranial carotid artery
disease is a common comorbidity in CKD patients [78].

The available data on the outcome of CEA or CAS in those patients are scarce. All CKD
patients are at high surgical risk [79]. AbuRahma and his colleagues studied the effect
of CKD of CEA outcome and concluded that the patients with moderate to severe CKD
(GFR <60) had increased risk of stroke or death and, that CEA should not be used as alter-
native for CAS in CKD patients [80]. Tarakji and his colleagues retrospectively reviewed
the outcomes of CEA in CKD patients including hemodialysis patients. They classified
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CKD patients into three groups according to serum creatinine level into: normal renal
function, 121 patients with mild renal impairment (serum creatinine 1.6-2.9 mg/dL),
and 23 patients with severe renal impairment (serum creatinine >2.9 mg/dL or requiring
hemodialysis). In patients with mild renal impairment, the incidence of stroke, MI, and
death were 2.4, 9.0, and 4.9%, respectively. The figures were higher in patient with severe
renal impairment; incidence of stroke, MI, and death was 9.5, 4.7, and 9.5%, respectively
[81]. Rigdon and his colleagues assessed the outcome of CEA in CKD patients (21 patient
with mild renal impairment and 7 patients with severe renal impairment). Patients with
mild renal impairment had the same perioperative outcome of patients with normal kid-
ney function. Patients with severe renal impairment had higher rate of stroke and death
(43%) [82].

Donahue and his colleagues studied 126 CKD patients who underwent CAS for the risk of
acute kidney injury (AKI) and 30 days major adverse events. AKI occurred in 26 patients
(21%) and mostly caused by hemodynamic depression (mainly hypotension). AKI was associ-
ated with a higher rate of 30 days major adverse events [83].

Chronic kidney disease (CKD) was an independent predictor of CAS periprocedural com-
plications and long-term disability [35, 37, 84]. On the other hand, a care registry analysis
showed that CKD was not an independent predictor for early outcome [85].

Saw et al. studied the outcome of CAS in CKD patients. They reported that the presence of
CKD was associated with higher combined endpoints of MI, stroke, and mortality at 7 days
(4.1%) and 6 months (8.8%) [84].

Adil and his colleagues retrospectively reviewed the United States nationwide inpatient
sample data files from 2005 to 2011 for the outcome of end-stage renal disease (ESRD)
and CKD patients who underwent CAS or CEA. They reported that 43,875 CEA were
performed in CKD patients, 3888 (8.8%) of them were ESRD patients. ESRD patients
were associated with higher rates of in-hospital mortality (odds ratio (OR) 4.3, 95% con-
fidence interval (CI) 2.1-9.0; P < 0.0001) and moderate to severe disability (OR 1.4, 95%
CI 1.1-1.8; P = 0.009). On the other side, 8148 CKD patients underwent CAS, 693 (8.5%)
of them were ESRD patients. ESRD patients were associated with higher rates of in-
hospital mortality (OR 3.7, 95% CI 1.0-13.9; P = 0.04) and moderate to severe disability
(OR 1.7, 95% CI 1.0-3.3; P = 0.05). No significant difference was found between both the
procedures in ESRD patients [86].

Unfortunately, the result of these studies cannot be generalized due to lack of power, patient
selection bias, and retrospective nature of these studies. CKD patients are high-risk surgical
candidates, and CAS may be advised in the author opinion.
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Abstract

In the study of carotid arteries, the different imaging techniques allow to analyze various
diseases like stenoses, aneurysms, thromboses, dissections, diseases caused by athero-
sclerotic plaques or congenital abnormalities. The diagnostic modalities that are used
to image the carotid artery diseases are digital subtraction angiography (DSA), duplex
ultrasound (DUS), computed tomography angiography (CTA), and magnetic resonance
angiography (MRA). The goal of the diagnostic imaging is to provide screening and to
detect diseases at its earliest and most treatable stage. As initial screening study, the radi-
ologists recommend DUS. It is a safe and painless way to produce pictures of the inside
of the body using sound waves. It assesses blood flow in the carotid arteries, measures
the speed of the blood flow, and estimates the diameter of a blood vessel and degree
of obstruction. Digital subtraction angiography (DSA) has assumed a major role in the
evaluation of occlusive cerebrovascular disease. While digital subtraction angiography
(DSA) is still considered the gold standard, it has increasingly been replaced by computed
tomography angiography (CTA) or magnetic resonance angiography (MRA) during the
last years. Modern imaging studies like CTA and MRI allow to obtain three-dimensional
reconstruction of anatomic structures and pathological abnormalities. Computed tomog-
raphy angiography (CTA) of carotid arteries is a standardized procedure with excellent
image quality but related with high radiation exposure. The rapid technical evolution in
hardware and software allows even smaller imaging centers to perform high-quality ves-
sel imaging. During the last decade, CTA came up with substantial progress in terms of
accuracy in stenosis and aneurysm detection. Magnetic resonance angiography (MRA) is
increasingly used as a noninvasive method to assess carotid arteries. Diseases like carotid
artery dissections could be detected by using MRA or CTA.

Keywords: carotid artery, Doppler ultrasound, digital subtraction angiography,
computed tomography angiography, magnetic resonance angiography
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1. Introduction

In general, diagnostic imaging studies of the carotid artery diseases are divided into two large
groups: noninvasive in which there is no contact with the patient’s bloodstream and invasive
in which such a contact exists.

2. Noninvasive methods

2.1. Doppler ultrasound (DUS)

Doppler ultrasound is a nontraumatic method that allows getting information about the lin-
ear and volumetric blood flow velocity in the carotid, vertebral, and other arteries; it is used
to determine the degree of vessel stenosis and obturations and to outline the pathways of
collateral circulation. The capabilities of Doppler ultrasound to determine the condition of
carotid and vertebral arteries are verified by brain angiography, the coincidences reaching
a high percentage. Doppler ultrasound is based on the Doppler effect, which refers to the
change of sound, ultrasound, and light wave frequencies when they are reflected by a moving
object. This phenomenon is used in the Doppler ultrasound exam, where erythrocytes and
other forms of blood elements in the blood vessels are the moving objects.

2.2. Ultrasound methods for cerebral artery examination
2.2.1. Ultrasound scan

Ultrasound scanning (echography, B-mode) is a two-dimensional imaging in one plane,
based on the reflection and diffusion of ultrasound rays from different density tissues. The
ultrasound amplitude of the reflected signal is displayed on the screen as a point of varying
grayscale intensity —white and black. Scanning is performed by a great number of parallel
ultrasound rays, which pass through the scanned object with a frequency of 10-60 pulsations
per second. Different frequency instant images of the scanned object appear during these
ultrasound pulsations of reflected rays. Thus, vessels can be seen in motion. This real-time
pulse scanning method is used in modern equipment. In that way, anatomical structures can
be displayed on a two-dimensional plane in ultrasound scanning [1-7].

2.2.2. Continuous-wave Doppler ultrasound

Continuous-wave Doppler ultrasound is the most common modern ultrasound method for
examining extracranial cerebral arteries, peripheral arteries, and veins. The diagnostic fre-
quency of the ultrasound emission is from 2 to 20 MHz. Deeper vessels are examined with
transducers for a lower frequency of the ultrasound emission [8, 9].

2.2.3. Spectral analysis of the Doppler signal

The objectivization of Doppler ultrasound is performed through spectral quantitative analy-
sis of its frequency and amplitude characteristics. Frequency or velocity analysis of Doppler
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ultrasound, which is an expression of the blood flow velocity, is most widely used in all
Doppler ultrasound exams. The Doppler velocity curve gives an approximate idea about the
average velocity of the blood flow, passing through the artery cross section. In case of acceler-
ated or turbulent blood flow due to artery stenosis, the velocity of a part of the erythrocytes
changes dramatically and some of them receive a retrograde flow due to vortex formation.
These changes may not significantly affect blood flow average velocity and velocity curve, but
they change the Doppler frequency spectrum significantly [10].

The amplitude or power spectrum shows the quantitative distribution of the power
of movement of all blood components over a certain short interval of time in the car-
diac cycle. In stenosis, the frequency or velocity increases, but the power of blood flow
decreases due to turbulence, and therefore, the increase and especially the drop in ampli-
tude is slow and the amplitude peak is low and shifted to low frequencies. Spectral width
is an important indicator of amplitude analysis as it reflects the frequency, respectively
the velocity, corresponding to 70% of the maximum blood flow power. This indicator
makes it possible to assess the degree of damage to laminar blood flow in the presence
of turbulence.

2.2.4. Transcranial Doppler ultrasound (TCD)

This method makes it possible to simultaneously visualize the intensity and direction of
the blood flow at different depths in the intracranial space. It provides information on the
condition of the arteries emerging from the Circle of Willis. With this methodology, it is
possible to select the most optimal Doppler signal from one or more different depths. This
is convenient for monitoring the path of microembolic signals that are presented as high-
amplitude signals through arterial blood flow. Transcranial Doppler sonography allows the
monitoring of microemboli that emerge from the middle cerebral artery (MCA), proximal
to stenosis, and chronic stenosis of the said artery. Fifty-eight patients with chronic steno-
sis of the MCA were examined. Twenty-three of them (29.5%) have low-grade stenosis, 18
(23%) had moderate-grade stenosis, while 37 (47.5%) were diagnosed with severe stenoses.
Thirty-seven of the stenoses were symptomatic, and 41 were with asymptomatic carotid
stenosis (ACS). Two ischemic strokes and seven transient ischemic attacks (TIAs) were
observed during the follow-up. Twenty-four patients were treated with anticoagulants and
28 received aspirin. Microembolic signals were found in symptomatic and asymptomatic
stenoses regardless of the medication received. These results indicate that chronic middle
artery stenoses do not represent a significant source of emboli [11]. Transcranial Doppler
sonography also allows for the monitoring of intracranial blood vessels in patients who
had undergone thrombolysis [12] and also for the emergency diagnosis of ischemic stroke
following head trauma [13].

2.2.5. Extracranial Doppler ultrasound imaging

The method makes it possible to visualize extracranial brain vessels using the Doppler effect.
Doppler sonography shows Doppler spectral analysis, which includes all velocities of the
examined blood flow segment and an analog Doppler curve representing the mean velocity
of the examined bloodstream segment.
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2.2.6. Color-coded duplex Doppler ultrasound imaging

This method makes it possible to simultaneously analyze the blood flow of the studied artery
in several separate blood volumes. A two-dimensional image of the velocity of all blood vol-
umes and blood flow direction is obtained in a plane, the images being encoded in different
colors. The resulting images are in real time [14, 15].

2.2.7. Duplex scanning

It is a combination of echography, a real-time B-scanner, and a single-channel pulsed Doppler
ultrasound system. In this way, the blood flow in the studied artery can be determined, as
well as its speed and direction. The ultrasound determines the diameter of the vessel and
the angle at which the ultrasound pulsating waves enter the longitudinal axis of the artery
under study. Thus, these methods combine and complement each other. The method is used
to examine the extracranial parts of the carotid arteries, the initial parts of the vertebral and
subclavian arteries [16].

2.2.8. Spectral analysis of the Doppler signal in cerebral artery stenosis

An increase in the blood flow velocity is observed with acceleration of the systolic and dia-
stolic part of the spectral form and the Doppler curve in the area above the stenosis. The
laminar nature of the bloodstream is distorted, it becomes deformed and turbulent. After the
stenosis, there is a slowing of blood flow and a turbulence increase [17].

2.2.9. Ultrasound diagnosis of atheromatous plaques

The method is important for clinical diagnosis because atherosclerotic plaques narrow the
lumen of the blood vessel on the one hand and, on the other hand, are a source of emboli to
the cerebral vessels.

The most informative method for the detection of atherosclerotic plaques, originating from
the vascular wall and various calcifications, is echography (B-mode). These plaques are often
found in the arterial bifurcations and the end portions of the internal carotid artery [17].

3. Angiographic methods

3.1. Digital subtraction angiography

In the angiographic method, the vascular system of the brain is examined following the intro-
duction of a contrast agent into the arteries. According to the type of arteries examined, we
distinguish between carotid and vertebral angiography.

Diagnostic possibilities of digital subtraction angiography (DSA) were investigated in the
diagnosis of cerebrovascular disease. A retrospective analysis was performed in 65 patients
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with various forms of cerebrovascular disease, taking into account the clinical characteristics
and the risks accompanying them. In 75.4% of the patients, DSA found changes, with 85.5%
having ischemic disorders of the cerebral circulation. The main diseases that led to the devel-
opment of cerebrovascular disease were cerebral artery stenosis or atherosclerotic occlusions
mainly in the extracranial vessels. Intraventricular hemorrhage was detected in four patients,
and five patients had subarachnoid hemorrhage. Still DSA continues to be a gold standard in
the diagnostics of the cerebrovascular disease.

3.2. Computed tomography angiography

Computed tomography angiography is an accurate means of determining intracranial occlu-
sion in patients within the first 6 h of the onset of the cerebrovascular accident.

Computed tomography 3D-CT angiography of cerebral vessels is a technique that is particu-
larly useful in the diagnosis of brain lesions and cerebrovascular disease. However, it does not
provide information on the dynamics of blood flow changes. Therefore, a new technique has
been developed —dynamic (D3D-CTA) angiography, which gives a 3D image of the vessels and
allows assessment of hemodynamics and cerebral perfusion. Twelve patients were examined
with CTA D3D (seven with brain tumors, four with arteriovenous malformations, and one
with occlusion of the inner carotid artery). For all patients, information on changes in vascular
structures, hemodynamics, and cerebral perfusion status was provided. Despite the relatively
high risks, related to exposure to radiation, and limited scanning range, this technique is useful
in the diagnosis of patients with cerebrovascular disease and brain tumors [18-21].

3.3. 3D-CT arteriography and 3D-CT venography

Although 3D-CT angiography provides valuable anatomical information regarding the lesion
and the adjacent vascular and bone structures, it cannot show lesions of the arteries and veins
individually. 3D-CT venography allows for a more detailed study of vascular anatomy and
allows improvement of the diagnosis and potentially safe surgical approach [20].

3.4. Magnetic resonance angiography (MRA)

It is a method of obtaining blood vessel images by using magnetic resonance. This method
allows the assessment of the anatomical and functional characteristics of the bloodstream.
Under the influence of a strong magnetic field, rotation of the hydrogen nuclei protons occurs
and they change their location, positioning themselves along the magnetic field axis. The
effects of the magnetic field and the radiofrequency emission of the protons are not constant
and have no certain force, frequency, and time; after the radio frequency influence, the pro-
tons again return to the starting position, i.e.,, T1 and T2. The effects of the magnetic field
and the radio frequency impulse of the hydrogen nuclei protons force them to rotate in rela-
tively new axes over a very short period of time, which is accompanied by the emission and
absorption of energy and the formation of their own magnetic field. The registration of these
energy changes is the basis of the MRI image. The magnetic resonance angiography method
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allows obtaining images of the vessels without the use of any contrasting agents, but, in order
to achieve a clearer picture, various contrast agents based on gadolinium can be used. The
method finds less application for evaluation of carotid stenoses [22, 23].

IEENS set up a working group with the aim of developing basic guidelines for the treatment
and prevention of stroke patients in line with local and national requirements of neurologists
from Europe. Due to increased population aging across Europe and socioeconomic and health
issues, the opinion that the incidence and severity of ischemic strokes will increase in many
countries over the next decades was formed. In addition, acute stroke mortality rate varies
considerably across European countries, being the highest in many East European countries
and considerably lower in West European countries. It was emphasized that the viability of
ischemic brain tissue can be extended to 18 or even 24 h, experimental studies showing that
the earlier intervention leads to a more favorable outcome. Thrombolysis is recommended
to be used within a therapeutic window of up to 3 h after stroke, and it is currently being
investigated whether it will be effective until the sixth hour. Neuroprotective agents are rec-
ommended up to 12 h from the vascular accident. The factors, delaying the onset of treatment
due to later referral to a hospital, can be overcome if neurologists participate in special educa-
tional programs to improve initial diagnosis and manage emergency situations.

There is an urgent need for a variety of diagnostic methods: computed tomography, Doppler
sonography, electrocardiography, echocardiography, and laboratory tests, including coagu-
lation status testing. Cardiac monitoring, blood pressure, blood gases, and body temperature
monitoring are essential. If necessary, angiography, NMR, and EEG monitoring should be
performed. After alleviation of the acute stroke, it is advisable to refer the patient to a reha-
bilitation unit.

A European guideline for the diagnosis of acute strokes was established. It emphasizes the
need for neuroimaging techniques in the assessment of acute stroke, one of the leading causes
of death and lasting neurological disabilities in developed countries. A comprehensive review
of the literature, published in English for the period 1965-2005, was conducted and a set of
methods for diagnosing stroke was created. Native CT of the brain is the first method of
choice in diagnosis. Magnetic resonance tomography is a more sensitive computed tomog-
raphy method and is particularly useful in the assessment of ischemic areas as well as in
the diagnosis of acute and chronic intracerebral hemorrhages. Perfusion computed tomog-
raphy and magnetic resonance angiography (MRA) are also very useful. MRT and MRA are
the recommended techniques for the screening of brain aneurysms and for the diagnosis of
cerebral venous thrombosis and arterial dissection. For noninvasive extra- and intracranial
vessels study, extracranial and transcranial Doppler sonography are very useful. The tran-
scranial Doppler sonography examination is very useful for monitoring arterial reperfusion
after thrombolysis, for diagnosing intracranial stenosis and the presence of shunts, and for
monitoring vasospasm after subarachnoid hemorrhage. Currently, single-photon emission
computed tomography (SPECT) and positron emission tomography (PET) have a more lim-
ited role in acute cerebral strokes assessment [24].

A number of other scientific publications emphasize the role of neuroimaging techniques in
brain stroke patients [24-27].
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4. Combination of diagnostic imaging studies for carotid artery
diseases

4.1. Transcranial Doppler sonography, CT angiography, digital subtraction
angiography, and MR angiography

In modern emergency stroke therapy, many patients may temporarily improve, especially
after thrombolysis, and worsen again to the original neurological deficit. Although mecha-
nisms of such deterioration (DFI) may include development of brain edema, reperfusion
hemorrhage, or other secondary factors such as cardiopulmonary decompensation, most
DFlIs are due to indefinite processes. Urgent sonographic assessment of patients with acute
neurological deficits and DFI is not well characterized. The aim of the study was to evaluate
the incidence and characteristics of vascular lesions in determining the acute spontaneous
development of deficits and their potential links with subsequent DFI. Patients with focal
neurologic deficit associated with cerebral ischemia, which was evaluated with a total NIH
stroke score < 4 within 6 h of onset of symptoms, were prospectively studied.

Transcranial Doppler sonography (TCD) was routinely used and, when necessary, subse-
quent digital subtraction angiography (DSA), CT angiography (CTA), or MR angiography
(MRA) was used. Vascular images were interpreted by a neurologist and a neuroradiologist
for the presence of occlusions of large arterial vessels, stenoses, etc. Occlusions of large ves-
sels were evaluated as atherosclerotic, in which Doppler sonography or angiography showed
narrowing or occlusion of extra- and intracranial arteries greater than 50%. Stroke cases in
which the potential source of emboli had been found were classified as embolic. In other
cases, arterial dissection or coagulopathy was accepted as the cause of the stroke, and in
some cases, the mechanism remained undetermined. Fifty patients with an average age of
61 + 14 years were studied, the women being 50%. The patients’ symptoms had occurred
after 165 + 96 min. Transcranial Doppler sonography was performed in all patients, and sub-
sequent angiographic studies (DSA 10%, CTA 4%, MRA 44%) were performed in 68%. In
general, large artery occlusions during TCD exam were found in 16% of patients, stenosis
was found in 18%, 54% had normal studies, and the study could not be performed in 10%.
DFI was observed in 16% of patients, TCD and angiography showed occlusion data in 62%,
22% had stenosis, and 4% of the vascular exams had normal results. DFI occurred in 31% of
patients with atherosclerosis in a large arterial vessel, 23% had cardiac embolism, and 9% had
small vessels damaged. In conclusion, it is emphasized that DFIs are strongly associated with
the presence of occlusion or narrowing of a large arterial vessel of atherosclerotic or embolic
origin. The reliability of emergency TCD or angiography in the early diagnosis of vascular
lesions is very high. This makes it possible to assess the condition of the patients and to deter-
mine the therapeutic strategy [4, 28, 29].

A 3D visualization method was established for the entire vascular system, which includes
carotid and vertebral arteries. Spiral CT angiography (SCTA) was used, providing a precise,
qualitative, and quantitative assessment of anatomical abnormalities, including the detec-
tion of additional lesions and an assessment of the degree of stenosis. Fifteen patients with
pathological abnormalities of the arterial vascular system, detected by color-coded duplex
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ultrasound, were examined using digital subtraction angiography (IA-DSA) and SCTA. The
results obtained from 3D SCTA showed a high correlation with those of IA-DSA and SCTA [30].

Severe intracranial artery stenosis is the main cause of acute ischemic stroke. Although the
warning symptoms for such stenosis are rarely found, cerebral transient ischemic attacks and
ischemic stroke require active and effective diagnosis and treatment. The study described the
main diagnostic methods for the diagnosis of arterial stenosis. Digital subtraction angiogra-
phy makes it possible to trace the entire vascular system by conducting dynamic observations
through the introduction of contrast agent. Magnetic resonance angiography also provides
information but cannot properly show changes in small blood vessels. Transcranial Doppler
sonography makes it possible for the changes in large intracranial vessels, the blood flow
velocity, etc., to be detected by noninvasive technique. In computed tomography angiogra-
phy, performed with intravenous contrasting of iodine contrast media, the vessels of Circle of
Willis can be examined.

Medical professionals should use different imaging techniques to evaluate patients with
stroke. The main diagnostic methods are used in these cases. Computer tomography allows
a series of brain slices to be made, excluding hemorrhage or brain tumor. Abnormal findings
can usually be observed during a computed tomography scan from 6 to 8 h after the onset of
stroke. Another diagnostic method is magnetic resonance tomography. Its advantage is that
it can show brain edema a few hours after the stroke and is better than computed tomogra-
phy in detecting small cerebral infarctions. Doppler sonography is a noninvasive method for
investigating extra- and intracranial vessels. Other methods, used in acute stroke diagnosis,
are magnetic resonance and conventional angiography, which is performed under stricter
indications [11].

The diagnostic merits of Doppler imaging, CT angiography, and digital subtraction angi-
ography (DSA) for diagnosing carotid stenosis have been compared. DSA is considered a
“gold standard” for confirming severe stenoses (70-99%) of internal carotid arteries; yet it
is associated with a risk of complications. The aim of the study was to evaluate the accuracy
of Doppler sonography, computed tomographic angiography, and their combined use for
the detection and quantification of severe carotid stenosis as compared to DSA. 29 patients
were included in the study and their results were compared. The results showed that DUS in
combination with STA can be used for relatively reliable diagnosis of severe stenoses of the
internal carotid artery. Thus, invasive digital subtraction angiography can be avoided in a
significant number of patients [31].

Computed tomography angiography (CTA) is a relatively new and minimally invasive
method of visualizing the intracranial and extracranial blood vessels. The diagnostic capabili-
ties of the CTA and the gold standard of arterial imaging (DSA) were compared. A total of 40
patients (80 carotid arteries), examined with STA, DUS, and DSA, were prospectively studied.
Patients, selected for inclusion, had symptoms of cerebral transient ischemic attacks or stroke.
The degree of stenosis and atheromatous changes were studied by the three methods. The
results showed that STA had significant correlations with DSA, while the correlation with
DUS was less obvious. STA showed good possibilities for detecting light carotid stenoses
(0-29%) and arterial occlusions. Stenosis detection of more than 50% was achieved with DSA,
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while CTA showed a sensitivity of about 50%. In addition, CTA showed quite good correla-
tions with DSA in detecting lesion atheromatous plaques in carotid stenosis. In conclusion,
CTA shows very good capabilities for detection of carotid artery occlusions or stenosis up to
50% but is not able to reliably distinguish the differences between moderate (50-69%) and
severe (70-99%) stenoses, which is important in determining the methods for the treatment
of carotid stenosis [18].

Invasive diagnosing imaging of cervical and intracranial vessels, done with CTA, MRA, and
DUS, has been studied in other clinical trials as well [32].

4.2. Transcranial Doppler ultrasound, MR angiography, and digital subtraction
angiography

Single-slice CT angiography (CTA) is an established method for imaging the vascular sys-
tem of the brain (CVS), but it suffers from technical limitations for the visualization of long
vascular segments such as intra- and extracranial vessels. The comparatively recently cre-
ated multislice (MS) technology allows high-quality angiographic images due to increased
scanning speeds and improved spatial resolution. The study was aimed at assessing the
suitability of multislice CTA (MS-CTA) when examining the vascular system of patients with
acute symptoms of arterial and venous occlusion. In 41 patients with a clinical suspicion of
acute cerebral ischemia (29 in the hemisphere and 12 in the vertebrobasilar system), as well
as in 4 patients with suspicion of cerebral venous thrombosis, MS-CTA was administered.
Additionally, Doppler sonography was performed in 34 patients, magnetic resonance angi-
ography in 5 patients, and digital subtraction angiography in 6 patients. All findings for
extra- and intracranial blood vessel stenoses were correlated with clinical outcomes. The
study showed that MS-CTA is a promising diagnostic tool for rapid and overall assess-
ment of arterial and venous vessels in patients with clinical signs of acute cerebrovascular
disease [33, 34].

Transcranial Doppler sonography (TCD) may localize arterial occlusion in patients with
stroke. About 190 patients with, or without, proximal extra- and intracranial occlusions
were examined by TCD. The obtained data were compared with those from DSA and
MRA. Angiographic examination showed occlusion in 48 patients. The TCD showed Doppler
signals unusual for the middle cerebral artery in 66.7%; reverse blood flow through the oph-
thalmic arteries in 70.6%; and blood flow through the anterior communicating artery in 78.6%
and through the posterior communicating artery in 71.4%. The study showed that transcranial
Doppler sonography data for large artery occlusions can be used to extend complex diagnosis
and improve prognostic value for noninvasive screening in stroke patients [35].

For a very long time, medical professionals believed that arteriography is a mandatory
method for diagnosing the dissection of the internal carotid artery. With the introduction
of transcranial Doppler sonography and magnetic resonance angiography, it is no longer
the case. Thirteen patients with dissection of the internal carotid artery were diagnosed by
extra- and transcranial Doppler sonography, computed tomography, and magnetic resonance
tomography. Digital subtraction angiography, as a “gold standard,” confirmed the diagnosis
in all cases. Thus, noninvasive techniques can be sufficiently informative in such patients [36].
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The diagnostic capabilities of digital intra-arterial angiography and transcranial Doppler
sonography were compared in 48 patients with acute cerebral ischemia in the carotid artery
basin on the fourth hour after onset of symptoms. Data from the TCD exam showed correla-
tion with angiographic examination.

The clinical manifestations of vascular hypoplasia were studied in 205 children aged 3-14 years.
About 21% of them had transient ischemic attacks (TTAs), and 17% had cerebral infarction;
focal or generalized epileptic seizures were found in 56.1%, while 4.9% had migraine head-
ache. Cerebral arterial hypoplasia was diagnosed with angiography, MR angiography, and
transcranial Doppler sonography [37].

Acute occlusion of the basilar artery is a common condition, but differential diagnosis is not
always easy for patients with acute onset, change in consciousness, and progressive dys-
function of the brainstem. Intra-arterial thrombolytic therapy is a potential life-saving pro-
cedure in certain cases of acute occlusion of the basilar artery. Therefore, it is necessary to
have reliable and widely available methods for assessing the patency of the basilar artery.
Traditionally, digital subtraction angiography has been used for diagnosis in suspected cases
of acute occlusion of the basilar artery. However, DSA is a laborious, costly, and invasive
method that requires patient cooperation or general anesthesia. Extra- and intracranial
Doppler sonography was used to diagnose clinical suspicion of acute occlusion of the basilar
artery. Unfortunately, due to DUS technical limitations, especially for the study of distal por-
tions of the vertebral artery, ultrasound diagnosis may be inadequate.

Magnetic resonance angiography has not been used so far in large groups of patients for the
examination of the basilar artery occlusion. Difficulties can be explained with the specific
patients’ condition —disturbed consciousness and intubation in patients with acute cerebral
ischemia.

Spiral CT angiography (CTA) is a relatively new instrumental method for noninvasive vas-
cular diagnosis in cases of acute cerebral ischemia. A prospective study was conducted with
19 patients of an average age of 58 + 11 years with clinical suspicion of acute vertebral artery
occlusion. Criteria for inclusion of the patients were the clinical manifestations of sudden
worsening of consciousness, dizziness, diplopia, dysarthria, oculomotor nerve lesions, and
lesions of other cranial nerves or bilateral symptoms. Three patients were in coma. The
diagnostic capabilities of CTA, DUS, and DSA, used for these patients, were compared. CTA
revealed a complete occlusion of the basilar artery in nine patients and an incomplete occlu-
sion in two of them. Due to severe vertebral artery calcification, one patient could not be
examined. Doppler sonography was performed in 7 of 19 patients, with clear evidence of
vertebral artery occlusion in 3 of them. In the remaining patients, the data were uncertain
and two were false-negative, which was proved by CTA and DSA exams. In addition, CTA
provided information on the exact place of basilar artery occlusion. These data allowed for
intra-arterial thrombolysis to be used in five patients. In conclusion, CTA was more informa-
tive than DUS in assessing the patency of the basilar artery in patients with acute ischemia,
especially in the distal artery occlusion. The study emphasizes the advantages of the combina-
tion of methods, used for the diagnosis of basilar artery occlusion [38].
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The role of CTA, MR angiography, DUS, and DSA for the quantification of atherosclerotic
stenosis of the carotid artery was studied in 25 patients. The degree of stenosis was mea-
sured according to North American Symptomatic Carotid Endarterectomy Criteria: complete
occlusion (100%), severe (70-99%), moderate (30-69%), and mild (0—29%). Degree of stenosis,
measured by CTA, MRA, and DUS (Doppler ultrasound), was compared to the DSA results,
used as the “gold standard.” Ninety-seven percent of the results obtained from MRA were
equivalent to DSA and 3% did not match; 96% of CTA data were DSA equivalents, with 4%
not matched; 77% of the results of Doppler sonography were equivalent to DSA, and 23% had
a mismatch. In conclusion, it is emphasized that CTA and MRA are equally accurate methods
for quantification of the degree of stenosis in carotid bifurcation [39].

In 178 patients with cerebrovascular disease, studies were conducted to compare whether
invasive CT angiography was an alternative to digital subtraction angiography and nonin-
vasive Doppler sonography. CTA reported nine cases of significant stenosis, which were not
thoroughly assessed by the DSA, and in two cases, it did not show any results. In addition,
vascular wall calcifications were more easily evaluated by CTA [40].

4.3. Transcranial Doppler ultrasound and CT angiography

Atherosclerotic diseases of the middle cerebral artery (MCA) are often met with Asian popula-
tion. This abnormality can be diagnosed by noninvasive methods such as transcranial Doppler
ultrasound (TCD) and CT angiography (CT). The diagnostic capabilities of these two methods
were compared in 70 patients with suspicion of atherothrombotic occlusion of the middle
cerebral artery. The study excluded cases of cardiac embolism, significant carotid stenosis, or
classical lacunar syndrome. Transcranial Doppler ultrasound was performed within 2 days
of hospitalizing the patients; it was followed by STA within 7 days of stroke. CTA showed
stenoses of MSA exceeding 50% in 57 patients (81%), whereas only 29 patients (41%) had TCD
visualized abnormalities. TCD results correlate well with those of CTA in all patients with
proximal stenosis of the M1 segment. In contrast, transcranial Doppler sonography visualizes
accurately distal M1 or M2 injuries only in 24% of patients. In this population, CTA showed
better abilities than TCD in the diagnosis of thrombosis of MCA. Transcranial Doppler sonog-
raphy should not be used as a basic method for the detection of MCA stenoses [41].

A pilot study of the diagnostic capabilities of CTA and TCD in the diagnosis of intracranial
occlusion of intracerebral arteries was performed. Ten patients with acute ischemic stroke
as a result of stenosis or MCA occlusion were studied. Seven stenoses and five occlusions of
MCA were found. CTA confirmed all TCD results except for one patient with MCA occlusion,
who had multiple embolisms. The results showed that CTA is an easily performed and useful
method in the diagnosis of MCA occlusion [42]. A number of other studies have shown the
high diagnostic value of TCD and CT angiography in basilar artery stenosis and occlusions [38].

Transcranial color-coded duplex sonography (TCCD), magnetic resonance angiography
(MRA), and computed tomography angiography (CT) are relatively new noninvasive or
minimally invasive techniques to study intracranial circulation. TCCD makes it possible to
improve the accuracy and reliability of data supplied by conventional transcranial Doppler
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imaging. The main limitation of transcranial color-coded duplex sonography is related to the
ultrasound windows that make it difficult to insonate the basilar arteries, especially in their
proximal part, and has a lower resolution. MRA provides good morphological information
on the condition of the cerebral vessels. CTA is a sensitive method for detecting occlusive
changes in the large intracranial arteries. Transcranial color-coded duplex sonography and
magnetic resonance angiography, used in combination or alone, can eliminate the need for
digital subtraction angiography in most cases of occlusive cerebrovascular disease. Digital
subtraction angiography can be used in cases where noninvasive techniques do not provide
sufficient information, or for the diagnosis of brain aneurysms and arteriovenous malfor-
mations. The role of CTA for the detection of aneurysms by contrast agent injection is well
established, whereas in cases of other lesions, the method does not always produce clear
results [10].

Patients with acute ischemic stroke, having occurred with intracranial arterial obstructions,
are with poor prognosis and a high probability of death up to 24 h. The diagnostic accu-
racy of Doppler ultrasound (PMD-TCD) and CT angiography is assessed as a standard in
the diagnosis of intracranial artery occlusion in patients with ischemic stroke within 24 h. A
total of 100 patients were studied. PMD-TCD showed intracranial occlusion in 34 patients,
while the STA showed the same result in 33 patients. Six false-positive and four false-negative
diagnoses were found by PMD-TCD. This methodology showed a high coincidence with CT
angiography in the diagnosis of occlusion of arterial vessels in patients with acute ischemic
stroke, especially in the middle cerebral artery basin [43].

4.4. CT angiography and digital subtraction angiography

A study was conducted to determine whether spiral CT angiography allows accurate quanti-
tative assessment of anatomical abnormalities, including the detection of additional lesions,
determining plaque morphology, and assessment of carotid artery stenosis. The diagnostic
capabilities of spiral CT angiography and digital subtraction angiography were compared
in 92 cases of carotid artery stenosis. The degree of stenosis was determined according to the
North American Symptomatic Carotid Endarterectomy Trial (NASCET). All stenoses were
diagnosed using CT angiography. It showed coincidence with digital subtraction angiog-
raphy in 59% of the cases with mild stenosis, in 82% of the cases with moderate stenosis,
and in 90% of those with severe stenosis. Calcified plaques were easily detected by spiral CT
angiography, but discovery of lesion plaques was difficult. The study showed that spiral CT
angiography gives enough information for carotid stenoses greater than 30% and for calcified
plaque detection but is not sufficiently informative for detecting lesions [44].

Carotid artery examination is important for the evaluation of patients with ischemic stroke
and cerebral transient ischemic accidents. CT angiography (CTA) of the head and neck is an
easily accessible method that can be part of the routine imaging diagnosis in patients with
stroke. In a large academic center, for the period 2000-2002, CTA and DSA examinations of
the cervical part of the carotid artery were performed in 81 patients according to the NASCET
criteria. For stenoses over 70%, the coincidence of both methods was 96%. The study showed
that CTA is an excellent screening test for stenosis of the internal carotid artery [45].
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Intravenous recombinant tissue plasminogen activator (TPA) has been shown to be effective
in the treatment of acute ischemic stroke within the first 3 h of onset, but unfortunately the
occlusion of the vessel may not always be well documented in due time. Digital subtraction
angiography, performed within several hours, is a method of quickly and reliably validating
the intracranial occlusion of the vessel. CT angiography is also potentially useful for this pur-
pose, as it shows significant coincidence with DSA. About 54 patients with acute stroke were
examined using the two methodologies. CTA has shown coincidence with DSA regarding
occlusions in 86% of the cases [7].

The possibilities of multidetector CTA as compared to DSA were studied in 35 patients (70
carotid arteries). The degree of stenosis was calculated according to NASCET. CTA was some-
what inaccurate for measuring the absolute minimum diameter in high-grade stenoses, while
in stenoses exceeding 50% and above, the coincidence of both methods was 95%. The method
confirms the suitability of CTA as a screening method for patients with carotid stenosis. In
hemodynamically significant stenoses detected by STA screening, it appears that conven-
tional angiography still needs to be applied [46].

The diagnostic value of CTA in a study of the Circle of Willis in patients with acute stroke was
compared to MR angiography and DSA in 145 patients. CT angiograms were estimated as good
or excellent in 89% of cases, and MR angiograms were estimated as such in 92% of cases. Arterial
stenoses or occlusions were found in 43% of CT angiograms; they were found in 48% of MR
angiograms and in 21% of DSA angiograms. The study showed that CTA is an accurate and safe
method for assessing arterial stenosis and occlusion of the blood vessels in the Circle of Willis [47].

The diagnostic capabilities of CTA and MRA as noninvasive techniques were compared
with DSA in 146 stroke patients. In comparison with DSA, STA and MRA showed inaccurate
results in lower-grade stenosis. DSA methodology remains the gold standard in the diagnosis
of patients with cerebrovascular injuries [48-50].

The role of cerebral angiography in the diagnosis of cerebrovascular diseases is sometimes
questioned by the increasing importance of MR angiography. Studies in patients with ath-
erosclerotic cerebrovascular disease have shown that MRA can almost completely displace
brain angiography as a screening method for carotid bifurcation. However, the discovery of
“pseudo-occlusion” still requires the use of digital subtraction angiography for accurate diag-
nosis. DSA is more indicative in detecting distal artery occlusions. Subarachnoid hemorrhage,
detected by computed tomography, must necessarily be examined by cerebral angiography,
although magnetic resonance angiography may be used as a screening test for aneurysms
larger than 3 mm. The cerebral angiography is still indispensable in confirming the diagnosis
of cerebrovascular malformations, arterial dissection, and fibromuscular dysplasia [51, 52].

A significant number of patients with cerebral transient ischemic accidents develop ischemic
stroke in the first few months and years. A multicenter clinical trial was conducted among
3886 patients who had had transient ischemic accidents with the aim of assessing the risk of
developing an early stroke. Risk factors for cerebrovascular disease (high blood pressure, age,
diabetes mellitus, carotid stenoses, etc.) were studied. Instrumental methods such as mag-
netic resonance tomography and Doppler ultrasound were used. The results were assessed by
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a point system. The authors recommend new studies to be conducted, aiming at verification
of the use of the methods applied [53].

Outpatient diagnosis is an important initial step in emergency treatment of stroke. A number
of screening tests have been developed to identify patients at high risk of stroke. Early trans-
portation of the patient to the hospital allows thrombolysis to be administered and improves
prognosis for the final outcome of the disease [54].

Symptoms, related to the damage to the internal and external carotid arteries, were inves-
tigated, and a clinical analysis of the progressive cerebral infarction was performed in 248
patients (142 men and 106 women, average age 67.2 years). Two groups of 60 patients with
progressive and 188 patients with nonprogressive cerebral infarction, respectively, were
formed, the infarctions having occurred as a result of mild, moderate, and severe carotid
stenoses. All patients were examined with Doppler sonography, computed or magnetic reso-
nance tomography. Some risk factors for cerebrovascular disease (hypertonic disease, smok-
ing, alcohol abuse, hyperlipidemia, etc.) were studied.

Since carotid arteries are the major source of blood for the brain, intima-media increased
thickness is a sign of early atherosclerosis, which gradually progresses. Thrombotic and
embolic processes, as well as cerebral transient ischemic accidents, are often developed with a
subsequent cerebral infarction. Studies have shown that the amount of atheromatous plaques
in the carotid arteries is essential for the development of severe stenoses and hemodynamic
disorders in the brain. At this stage, the treatment of progressive cerebral infarction is con-
ducted with antiaggregants, fibrinolytic agents, etc., and in some cases, endarterectomy is
administered, especially in severe stenoses of the carotid arteries. Doppler ultrasound exam
of extra- and intracranial vessels should be conducted within the first 24 h of the onset of the
vascular accident, followed by subsequent dynamic observation.

Ischemic stroke and cerebral transient ischemic accidents are clinical diagnoses for the con-
firmation of which, as well as for the exclusion of cerebral hemorrhage, computed tomog-
raphy and magnetic resonance tomography of the brain are performed. MRT is a more
sensitive method but is often not available especially in smaller hospitals. In a clinical study
in Australia, it was shown that the mean time (IQR) from hospital arrival to brain scanning
should be 1.8 h (0.9-3.6 h); in this case, only 51% of the patients had their brain examined
within 4.5 h of stroke. In addition, these patients should also be tested with Doppler ultra-
sound and electrocardiography.

Emergency diagnostics is also needed for the timely inclusion of thrombolytic therapy with
RT-PA [24, 55].

5. Differences in the incidence of carotid stenoses by gender

Gender plays an important role in cardiovascular disease. Epidemiologic studies have dem-
onstrated that men have a higher incidence and prevalence rate of stroke than women. The
strokes that do occur in women tend to be more severe, however. In terms of revascularization,
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the available literature suggests that women have higher risk of perioperative adverse events.
This thus puts into question how much women actually benefit from carotid revasculariza-
tion compared with men.

The available literature suggests that women have a higher risk of perioperative adverse
events during carotid revascularization. In the Asymptomatic Carotid Atherosclerosis Study
(ACAS), women had a higher rate of perioperative events (3.6 vs. 1.7% for men) during
CEA. Combining that with a lower rate of events for women (8.7 vs. 12.1% for men) treated
with best medical therapy, this led to a much lower 5-year risk reduction for women (17%)
compared with men (66%). Among patients with moderate stenosis in the North American
Symptomatic Carotid Endarterectomy Trial (NASCET), the number needed to treat with
CEA to prevent one ipsilateral stroke was 12 and the number needed to treat to prevent one
disabling stroke was 16 for men. The corresponding numbers for women were 67 and 125,
respectively, potentially suggesting a lower long-term benefit of surgery for women. The
Asymptomatic Carotid Surgery Trial (ACST) produced similar findings, with men deriving a
higher 5-year absolute risk reduction (8.21 vs. 4.08%) than women.

The data are somewhat unclear in the recent trials evaluating CAS and CEA. Women in the
International Carotid Stenting Study (ICSS) had a higher 120-day event rate for CEA (7.6
vs. 42%) but a lower rate for CAS (8.0 vs. 8.7%). The opposite was found in the Carotid
Revascularization Endarterectomy vs. Stenting Trial (CREST), with a lower periprocedural
event rate for women undergoing CEA (3.8%) than men (4.9%) but higher in CAS (6.8 vs.
4.3%). With potentially higher perioperative event rates, these data raise the question of how
much women actually benefit from intervention [50].

A database of 938 carotid arteriogram entries was established prospectively, with accompa-
nying measurements of peak systolic velocity (PSV) and end-diastolic velocity (EDV). The
percent of internal carotid artery stenosis seen on arteriograms was calculated according to
criteria from the North American Symptomatic Carotid Endarterectomy Trial. Analyses were
made in 536 carotid arteries in men and 402 carotid arteries in women. In addition, the single
most diseased artery per patient was analyzed by gender. PSV and EDV were averaged for
data subsets according to 10% intervals of internal carotid artery stenoses. Velocity for each
interval was compared between men and women with the Student ¢ test. Receiver operator
characteristic curves were developed to define optimal duplex criteria for 60 and 70% stenosis.

For all intervals, PSV and EDV averaged 9 and 6% higher, respectively, in women than in
men. Significant gender differences existed between PSV and EDV for 60 and 70% stenosis.
When a single vessel per patient was analyzed, these observations persisted, but lost sig-
nificance for PSV at 60% stenosis. Receiver operator characteristic curves at 90% sensitivity
demonstrated that optimal PSV for 60% stenosis was 160 and 180 cm/s, and for 70% stenosis
was 185 and 202 cm/s, in male and female patients, respectively.

Women have higher carotid blood flow velocity than men do. Gender differences exist and
are notably different at clinically relevant thresholds for intervention. These data indicate that
different criteria should be used for interpreting carotid velocity profiles in women than in
men and have potentially important implications for patient care [5].
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We examined 974 subjects aged 25-88 years (478 men and 496 women) in whom we con-
sidered heart rate, smoking status, and the presence of hypertension, diabetes, hypercholes-
terolemia, and hypertriglyceridemia. Ultrasound examination of the neck vessels included
measurement of intimal medial thickness (IMT), vessel diameter, and outflow area/inflow
area ratio. We established plaque location, echogenicity and echostructure, and the percent-
age of stenosis owing to plaque and measured systolic velocity, flow direction, and the depth
of detection of these parameters. We used the apnea and hyperpnea test to assess cerebrovas-
cular reactivity. Hypertension and hypercholesterolemia were the most frequent risk factors.
Women had a higher heart rate, whereas men had significantly greater IMT. The presence of
atheromatous plaque was significantly correlated with age in both sexes, with men having a
higher prevalence of carotid plaques. The sexes differed significantly with regard to plaque
location, echogenicity, echostructure, and intracranial circulation. Women had a slightly
higher blood flow velocity in the intracranial arteries. Risk factors affected plaque formation
and extent more in men than in women. These findings suggest that carotid stenosis is a
gender-related trait [47].

High-resolution Doppler ultrasonography of 500 carotid bifurcations was performed in 192
women and 308 men before surgical treatment. Carotid stenoses averaged 70 + 11% (30-95%)
in women and 72 + 12% (40-98%) in men. The prevalence of 90-99% stenosis was greater
in men, 14.3 vs. 7.8%. Carotid plaques were longer in men, 2.3 + 0.8 vs. 1.9 + 0.6 cm. Mean
diameters of the distal internal carotid artery, 4.9 + 0.9 vs. 4.6 + 0.8 mm, and of the common
carotid artery, 7.6 + 1.3 vs. 7.1 + 1.4 mm, were greater in men. The distance from the ear lobe
to the bifurcation was also greater in men, 5.9 + 1.1 vs. 5.3 + 0.9 cm. Doppler ultrasonography
preoperative mapping demonstrated that the parameters measured were greater in men than
in women. Detailed planning of carotid plaque treatment must take into consideration indi-
vidual differences such as those associated with the patient’s gender [36].

6. Conclusion

The large number of diagnostic methods and combinations of these allow early and accurate
diagnosis of carotid diseases. However, it is not possible in the day-to-day practice to apply
several of them at the same time. The combination of noncontrast computed tomography of
the brain with Doppler ultrasound exam of the neck and head vessels in most cases provides
sufficient data both for morphological changes in brain tissue and for various carotid steno-
ses, which are one of the well-documented risk factors for cerebrovascular disease.
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Abstract

A significant blood flow disruption as seen in cardiovascular diseases and disorders is
related to hemodynamic dysfunction. Gender influences the arterial hemodynamic func-
tions. Understanding of gender-related differences in blood flow and pressure is crucial
in the prevalence and burden of cardiovascular disease. This chapter presents about char-
acteristic profile of carotid flow velocities to extend the fundamental understanding of
arterial hemodynamic functions in gender differences. Comparison of both synchronized
carotid blood flow velocity and blood pressures at normodynamics state are introduced
to contribute to targeted therapeutic goal based on gender. Gender-related differences
in body size has influenced on arterial hemodynamics in carotid artery. Body height has
influenced on systolic blood pressure, pulse pressure, wave reflection, pulse wave veloc-
ity in carotid artery. Carotid blood flow velocities are largely accounted for not only body
height but also body weight. The predictors for modulating blood flow velocities were
not only limited to age, but also influenced by several body compositions that largely
accounted for the gender-related differences including visceral fat, muscle mass and total
body fat. These data may useful to effective prevention and management of cardiovascu-
lar disease by considering the gender-difference.

Keywords: flow velocity, common carotid artery, health, gender, body composition

1. Introduction

Hemodynamic is dealing with blood flow and forces concerned therein to circulate blood
through the cardiovascular system. A significant blood flow disruption as seen in cardio-
vascular diseases and disorders is related to hemodynamic dysfunction. Doppler ultrasound
has potential to serve as a non-invasive method for detecting and quantifying blood flow
functions in cardiovascular diseases. However, the use of blood flow in clinical application is
limited and development of blood flow is prevailing rather than blood flow [1].
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Gender influences the arterial hemodynamic functions. Cardiovascular disease is a leading
cause of death for both women and men, but there are crucial gender-related differences
in the prevalence and burden of cardiovascular disease. An approach to understand this
disparity is to evaluate the underlying changes in hemodynamic functions and discover the
relationship between the gender differences and cardiovascular disease risk. Gender-related
differences in systolic blood pressure (SBP) are reported in previous studies [2, 3]. It is widely
reported that gender differences in blood pressures (i.e. SBP and pulse pressure) and arterial
wave reflections are associated to smaller body height of women [4-6].

Azhim et al. have developed a Doppler measurement system to evaluate flow velocity func-
tions in common carotid artery with synchronized monitoring of blood pressure (BP) and
electrocardiogram (ECG) [6, 7]. Firstly, this chapter presents about characteristic profile of
carotid flow velocities in an attempt to extend the fundamental understanding of arterial
hemodynamic functions in gender differences. Secondly, comparison of carotid flow velocity
and other parameters at resting posture in gender are introduced. The extent to which body
size including body height and weight have influenced on blood velocities in carotid artery
is described in Section 3. Furthermore, the blood flow velocity also useful for comparing the
effect of fat compositions in gender differences as presented in Section 4.

2. Normohemodynamics in gender

In hemodynamics studies, abnormality of blood flow can be detected from Doppler wave-
forms, vascular structure and function may be identified through various quantitative mea-
surements made [1, 8]. This section does not focus on hemodynamic disorders, aging, and
response to exercise or during exercise. But, the findings do fill important literature gap in
correlation between gender-related differences with hemodynamic variables. The normo-
hemodynamics of carotid artery and other parameters are determined in healthy sedentary
subjects to rule out the effects that exercise may have on the dependent variables. From a total
of 85 sedentary subjects, 49 of them are men.

The Doppler frequency shift represents temporal changes in peak velocities of blood cells
movement during particular cardiac cycle. Several analytic techniques have been proposed
for analyzing the velocity waveform. Most of these techniques involve analysis of maximum
velocity at particular points on Doppler waveforms described as peak velocity envelope. By
using the developed measurement system by Azhim et al., carotid blood flow velocity was
measured simultaneously with commercialized ECG by three-leads and brachial BP [6, 7].
Measurements of ECG and BP were used as reference data. To extract peak velocity values
from its velocity spectra, a threshold method and computation using ensemble averaging
technique was implemented in this study. As shown in Figure 1, 30 consecutive cardiac cycles
were selected from 2 minutes spectral to characterize the feature points of peak velocity enve-
lope and calculate its indices. In this study, flow velocities in carotid artery were characterized
into five feature points [9, 10]. The first peak systolic velocity wave was peak velocity S1. It
represents the maximum velocity during systole. Consequently it is usually used as an ejec-
tion parameter in cardiac systole [11]. An augmented velocity in late systole wave was the



Flow Velocity in Common Carotid Artery 53
http://dx.doi.org/10.5772/intechopen.80712

100 g1
i Rl ={S51-d¥S1 (Pourcelot. 1976)

= w0 E VEL=(52-51 V5] {Azhum er al., 2007)
= VEL = (D-1y/D ( Azhum er af., 2007)
5 0f i
E 40 - 5

20 4 a :

0 i
|

e

M

E _
: t{s)

0 0.5

svstole diastole

Figure 1. Doppler indices derived from peak systolic velocity (S1), second systolic (S2), insicura between systole and
diastole (I), peak diastolic (D) and end-diastolic (d) velocities.

second systolic velocity S2. Augmentation of S2 was related to both reflection of pulse wave
velocity at branching site and reflection of pressure wave [1, 9]. The peak diastolic velocity,
D velocity was the maximum velocity which rises due vascular elastic recoil during cardiac
diastole, insicura between systole and diastole (I) [9] and the end-diastolic velocity, d repre-
sents the minimum velocity during diastole [9, 11].

Usually blood velocity indices or ratios were derived from various combinations of the peak
systolic velocity, end-diastolic velocity, and temporal mean values of the maximum Doppler
frequency shift envelope [11, 12]. Of various indices, resistance index (RI) has been used
extensively to measure the pulsatility that reflects the resistance to blood flow [12]. RI has
defined range limit which is between value of 0-1.0. It was suggested to be used for analyzing
waveforms with continuous forward flow throughout the diastole such as in carotid artery
[8]. Unlike S1/d ratio as developed by Stuart and Drumm [13], RI shows Gaussian distribu-
tion and therefore can be analyzed through parametric statistical analyses. The RI data also
reported to have better discriminatory performance compared to pulsatility index (PI) data
[11]. Velocity reflection index (VRI) and velocity elastic index (VEI) were first proposed by [9]
to evaluate aging and exercise effects. The VRI was a relation with 51 and S2 which calculated
from (S2 — S1)/S1. The validation of VRI was analyzed using linear regression analysis. It
increased with pressure reflection wave of augmentation index (1> = 0.836). The latter index
was calculated from (D — I)/D. It corresponds to vascular elasticity properties during cardiac
diastole [9] as shown in Figure 1. Because of the velocity features are obtained from same
cardiac cycle, the indices are independent of insonation angle [11].

Rough reference of gender-related differences in hemodynamic characteristics is summarized
in Table 1. As previously we have reported that carotid flow velocities have influenced by
multiple effects including regular exercise, aging and visceral fat accumulation [7, 14-16], the
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Variable Women (n = 36) Men (n =49) p-value
Age (years) 352+19 38.4+22 NS
Height (cm) 157.9+0.9 168.8+0.9 <0.01

Blood pressure data

SBP (mmHg) 1185+2.4 129.2+2.1 <0.01
DBP (mmHg) 73.7+1.8 80.5+1.8 <0.05
MBP (mmHg) 89.0+2.0 96.7+1.9 <0.01
HR (bpm) 73.8+2.1 73.6+1.6 NS

Flow velocity data

d (cm/s) 23.7+0.8 18.9+0.7 <0.01
S1 (cm/s) 96.9 +£3.2 91.2+3.1 NS

S2 (cm/s) 64.3+2.0 50.0+1.8 <0.01
I (cm/s) 35.6+1.3 275+09 <0.01
D (cm/s) 45.6+1.2 39.1+1.0 <0.01
RI 0.750 + 0.010 0.785 + 0.009 <0.05
VRI —0.318 £ 0.026 —0.423 £ 0.028 <0.05
VEI 0.223 +£0.016 0.298 +0.017 <0.01

Data are presented as mean + standard error of mean. The p-value indicates significance difference versus women.
NS indicates not significant. d: end-diastolic velocity; S1: peak systolic velocity; S2: second systolic velocity; I: insicura
between systole and diastole; D: peak diastolic velocity; RI: resistive index; VRI: velocity reflection index; VEI: vascular
elasticity index.

Table 1. Differences in hemodynamic characteristics in women and men.

presented data of hemodynamics differences in gender are also considering the influenced
effects of that. The age differences is taken into account by matching the age variable with
keeping not significant mean and low standard error. The range subjects’ age for men and
women are 20-58 years (38.4 + 2.2) and 20-64 years (35.2 + 1.9) respectively. Generally men
are taller than women.

Study of blood pressure to explain gender-related differences in arterial hemodynamic func-
tions is prevailing than blood flow velocity. It has been reported that hemodynamic dysfunc-
tion increases with SBP [17]. Women have a lower SBP when measured in both brachial and
ankle-arm and pressure index than age-matched men [2]. Gender-related differences in body
height has influenced to arterial hemodynamics such as SBP, pulse pressure, wave reflec-
tion and pulse wave velocity in carotid artery [4, 5]. We found that the gender differences in
arterial hemodynamics in carotid flow velocities are largely accounted for body height and
weight [6, 7].

With increases of blood pressure in men, all velocity waveforms were homeostatically lower.
Men and women have different envelope velocity waveforms in carotid artery shown in
Figure 2. In this study, we found that women have a lower brachial SBP than men, but higher
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Figure 2. Comparison of typical envelope velocity waveforms in carotid artery for age-matched man (dashed line) and
woman (solid line). d: end-diastolic velocity; S1: peak systolic velocity; S2: second systolic velocity; I: insicura between
systole and diastole; D: peak diastolic velocity. Adapted from Azhim et al. [7].

d, S2, I and D velocities. Therefore, women have lower RI and VEI, and had higher VRI than
men. Consistent with previous studies, pressure wave reflection and propagation are known
to be correlated with body height [2, 3, 18], Azhim et al. also suggests that the reflected wave
in flow components was higher in women and is significantly correlated with body height [7].
Men have been reported to have more elastic arterial trees than women [2, 7].

3. Arterial hemodynamic changes: role of body size

Effective regulation of blood flow and blood pressure in order to maintain homeostasis is a
primary aspect of cardiovascular health. In general young women have lower resting blood
pressure [19-21] and in response to physiological changing [22]. The systolic and diastolic
BP increased in response to the graded, incremental tilt and the difference observed between
men and women is reflective of differences in body size (i.e. in particular height) as shown in
Figure 3 [22]. Epidemiological studies based on brachial artery pressure indicate that blood
pressures were lower in young women than in age-matched men [2, 6]. Generally, SBP and
pulse pressure increased as a pulse travels from aorta towards the peripheral, the increase
being all the more pronounced as the distance of pulse propagation [2].

Changes in velocity envelope waveforms at peak systolic velocity, augmented velocity in late
systole wave (i.e. 52) and end-diastolic velocity are focused on their relationship with aging
and carotid diseases [23]. Addition to S1, d velocities and its index (i.e., RI) decreasing with
age, S2, D velocities and its indices (i.e., VRI and VEI) decrease continuously with age that may
increase the complication in cardiovascular disease risk [7]. Only few studies have considered
the latter velocities and indices in association with gender or disease [22, 24]. To the best of
our knowledge, no other studies have characterized the correlations of these velocities with
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Figure 3. Blood pressure variability in response to graded, incremental tilt in healthy young men (n = 13) and women
(n=10). (A) Systolic blood pressure and (B) diastolic blood pressure. Tilt angle is indicated in the bar above each panel
(i.e., 0° (resting posture), 20°, 40°, 60°, and back to 40°). Adapted from Sarafian and Miles-Chan [22].

gender, age, visceral fat accumulation and exercise [7, 16]. In this study, we found significant
differences in the carotid velocity waveforms of age-matched men and women to contribute
to clinical evaluations and healthcare monitoring [6].

Women had larger reflected waves than men, in part due to shorter body height and closer
physical proximity between heart and reflecting sites. However, body height was not suf-
ficient to fully explain higher reflected wave flow and pressure in women. In the study we
indicated that the reflected wave had higher in women and was significantly correlated to
body height and weight as described in Figures 4 and 5 [6]. In addition to knowledge that
pressure wave reflection and propagation are known to correlate with body height [2, 3], we
also found that increased reflected flow wave was partially influenced by decreased body
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Figure 4. The velocity indices correlated with height. (A) RI: resistive index (1 — d/S1); (B) VRI: velocity reflection index
(52/S1 - 1); (C) VELI: vascular elasticity index (1 — I/D). Men (n = 30) are represented by open circles and women (n = 20)
represented by closed circles. Adapted from Azhim et al. [6].
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Figure 5. The velocity indices correlated with weight. (A) RI: resistive index (1 — d/S1); (B) VRI: velocity reflection index
(S2/S1 — 1); (C) VEI: vascular elasticity index (1 — I/D). Men (n = 30) are represented by open circles and women (n = 20)
represented by closed circles. Adapted from Azhim et al. [6].

weight and increased heart rate level [6]. It had been reported that women had lower carotid
artery distensibility compared with men [25]. From the proposed velocity indices (i.e. VEI),
we agreed that women had lower arterial elasticity [6, 7]. The difference in the velocities and
its indices were related to smaller body size in women that largely accounted for the gender
differences. The difference in velocity indices may also contributed by concentrations of estro-
gen in women hormone status of women [26].

4. Arterial hemodynamic changes: role of body compositions

Although the risk for cardiovascular disease increases with age, occurrence and burden of
cardiovascular disease may possibly higher in men as described by differences in blood flow
velocities and blood pressures [2, 7]. Furthermore body fat composition in the specific body
region could explain underlying relationship between the gender-related differences and car-
diovascular disease risk such as hypertension [15, 27]. Men tend to accumulate upper body
fat which mainly around the abdominal area in the form visceral fat (VF), whereas women
tend to have fat deposited in the gluteofemoral region [28, 29]. In the Framingham Heart
Study indicated that small differences in VF among three different body mass index classifica-
tions; normal-weight, overweight or obese groups can significantly change health risk profile
including hypertension [30]. It also widely known that VF increase with aging and associ-
ated with clinical features of metabolic variables including elevated triglyceride, glucose and
reduced high density lipoprotein [31, 32]. The presented data in Table 2 is to demonstrate
a rough reference of gender-related differences in body compositions in sedentary healthy
subjects. Men showed a greater body mass index, weight and muscle mass. An alternative to
general indication of abdominal VF is waist circumference measurement. The prevalence of
having higher VF and waist circumference in men was dominant. But, women showed higher
total body fat.
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Variable Women (n = 36) Men (n =49) p-Value
VF (level) 31+03 8.0+0.7 <0.01
Weight (kg) 520+1.1 65.2+1.5 <0.01
BMI (kg/m?) 20.8+0.4 22.8+3.2 <0.01
WC (cm) 725+12 81.0+1.3 <0.01
Total body fat (kg) 28.2+0.7 19.2+0.8 <0.01
Muscle mass (kg) 340+1.1 49.7+0.8 <0.01
TCho (mmol/L) 1914+6.8 1943 £5.6 NS
LDL (mmol/L) 97.2+7.6 109.8 £5.3 <0.01

Data are presented as mean + standard error of mean. The p-value indicates significance difference versus women. NS
indicates not significant. VF: visceral fat; BMI: body mass index; WC: waist circumference; TCho: total cholesterol; LDL:
low-density lipoprotein cholesterol.

Table 2. Differences in body compositions in women and men.

Extensive research in obesity when elucidating hypertension showed that site-specific fat accu-
mulation is more important rather than total body fat [27]. Chandra et al. demonstrated that
hypertension is mainly influenced by VF accumulation compared to lower body fat and subcu-
taneous fat [27]. The VF is also associated to coronary heart disease and systemic arteriosclero-
sis [33, 34]. Consequently, VF accumulation contributed to greater aortic stiffness in older adult
as measured by pulse wave velocity [35]. Comparison data of gender difference is essential to
provide rough indication risk of developing health problems related to fat composition.

It is widely known from literature that rising blood pressure is associated with increased car-
diovascular disease risk. Women has lower blood pressures, homeostatically higher velocity
waveforms with the heart rate did not comparable different than men. The VF and age were
two important determinants for increase in blood pressures in our study as shown in Table 3.

Variable Predictor B p r
SBP (mmHg) Constant 107.35 <0.001 0.304
VF (level) 1.30 0.002
Age (years) 0.26 0.045
DBP (mmHg) Constant 60.64 <0.001 0.354
Age (years) 0.34 0.002
VF (level) 0.78 0.017
MBP (mmHg) Constant 76.21 <0.001 0.359
Age (years) 0.31 0.005
VF (level) 0.95 0.005

Beta (B) value indicates regression coefficient. The p-value less than 0.05 indicates predictor variable has significant
association with hemodynamic variable. SBP: systolic blood pressure; DBP: diastolic blood pressure; MBP: mean blood
pressure.

Table 3. Stepwise linear regression analysis of blood pressure measurements.
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Similar to this study, association between VF and blood pressures is found consistently in
some studies [16, 27]. Using multiple regression analysis, VF becomes superior predictor to
hypertension compared to lower body fat and subcutaneous fat in other study [27]. Aging
is associated with a significant increase in the prevalence of hypertension and especially of
systolic hypertension in elderly [36]. Elevation of blood pressure with aging is mostly associ-
ated with structural and functional changes in the arteries like large artery stiffness [9, 37].
However, the predictors for modulating blood flow velocities were not only limited on age,
but also influenced by several body compositions that largely accounted for the gender differ-
ences as presented in Table 4.

To evaluate the predisposing factors for flow velocity in common carotid artery, stepwise
regression analysis was performed with the following parameters: age, muscle mass, VF and

Variable Predictor ] p 12

d (cm/s) Constant 30.45 <0.001 0.168
Muscle mass (kg) -0.22 <0.001

S1 (cm/s) Constant 125.93 <0.001 0.355
Age (years) -0.87 <0.001

S2 (cm/s) Constant 95.36 <0.001 0.308
Muscle mass (kg) -0.79 <0.001

I (cm/s) Constant 46.55 <0.001 0.193
Muscle mass (kg) —-0.36 <0.001

D (cm/s) Constant 46.98 <0.001 0.251
VF (level) —-0.86 <0.001

RI Constant 0.76 <0.001 0.341
Age (years) —-0.002 <0.001
Muscle mass (kg) 0.002 <0.001

VRI Constant -0.58 <0.001 0.667
Age (years) 0.01 <0.001
Muscle mass (kg) -0.01 <0.001
Total body fat (kg) 0.004 0.045

VEI Constant 0.24 <0.001 0.344
Age (years) —-0.004 <0.001
Muscle mass (kg) 0.004 <0.001

Beta () value indicates regression coefficient. The p-value less than 0.05 indicates predictor variable has significant
association with hemodynamic variable. d: end-diastolic velocity; S1: peak systolic velocity; S2: second systolic velocity;
I: insicura between systole and diastole; D: peak diastolic velocity; RI: resistive index; VRI: velocity reflection index; VEI:
vascular elasticity index.

Table 4. Stepwise linear regression analysis of blood flow velocity measurements.
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total body fat. This study found that VF is an important predictor that inversely related to
carotid peak diastolic velocity waveform. Using the proposed index by Azhim et al.,, peak
diastolic velocity, D is an important feature waveform to determine arterial elasticity [7].
Consequently poor arterial elasticity is attributed by accumulation of VF [16, 32] and lower
arterial elasticity through its index, VEI is observed in women compared to men. Vaidya et al.
also reported the same results where postmenopausal women had lower carotid elasticity com-
pared to matched-age men based on its carotid distensibility [38]. This study can only speculate
that the difference in this index could also be influenced by the sex hormone stimulation [38].

Women had greater vascular reflection wave using the proposed index (i.e. VRI) and second
systolic velocity compared with men (see Table 1). The augmentation of second systolic flow
velocity in carotid artery was related to wave reflection arriving from the lower body or tho-
racic aorta [39]. The wave reflection in women was related to shorter body height that reflects
shorter distance to reflecting site [2, 3]. However, body height was not fully explaining the
higher VRI. Significant correlations were observed between body composition variables and
VRI, with age, muscle mass and total body fat also contributing to stepwise model for VRI.

Muscle mass found to be correlated with all blood flow velocities and blood pressures, but not
with S1 velocity, likely due to a greater range of muscle mass among men. Interestingly, mus-
cle mass was a stronger predictor for the most correlated blood flow velocities and indices,
except for D velocity and all blood pressures. In agreement with the findings, study of healthy
adults was shown an inversely correlation between thigh muscle mass and aortic pressure
from wave reflections when characterized by augmentation pressure and its index [40]. By
physiology and anatomy studies, left ventricular hypertrophy was observed in women via
ventricular remodeling [41, 42] and had higher systolic left ventricular chamber function
compared to men [43]. These factors might contribute consistent increase in the first velocity
wave during systole in women. Furthermore RI was significantly lower due to increase of S1
velocity in women (RI =1 — d/S1).

5. Conclusion

In conclusion, monitoring of blood flow velocity and blood pressure synchronized measure-
ments may be potential to support the assessment of some main hemodynamic functions
in gender difference. A fundamental understanding of gender-related differences in arterial
hemodynamics is required for effective prevention and detection of cardiovascular disease
at the early stage. Women have lower brachial blood pressure components than men, but
higher d, S2, I and D velocities. Therefore, women have lower resistive and vascular elastic
indices and had higher velocity reflection than men. Gender difference in arterial hemody-
namics in carotid velocity waveforms is largely accounted for body size in particular height
and weight. Furthermore unlike blood pressures, the predictors for modulating blood flow
velocity not limited on age and VF factors, but also influenced by muscle mass and total body
fat. Improvable screening of health problem can be achieved by monitoring the blood flow
velocity together with blood pressure measurements and considering its gender-difference to
fully assessing hemodynamics function in circulatory system.
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Abstract

Carotid artery stenosis is thought to cause up to 10% of ischemic strokes. Till now, the
optimal treatment between carotid endarterectomy (CEA) and carotid artery stenting
(CAS) remains debated, in particular for specific subgroups of patients. Available data
suggest that female have higher risk of perioperative adverse events, but conflicting results
comparing CEA and CAS regarding the benefit for male or female are present in the
literature. A systematic review of recent publications on gender-related differences in oper-
ative risks is reported. Moreover, a consecutive cohort of 912 symptomatic and asymptom-
atic patients undergoing CEA (407, 44.6%) or CAS (505, 55.4%) in a single institution has
been evaluated to determine the influence of gender (59.7% male vs. 40.3% female) on the
outcomes after both revascularization procedures at 30 days and during 3 years of follow-
up. Our experience seems to confirm literature data as regarding female higher risk of
restenosis. Female patients had higher periprocedural (2.7% female vs. 0.9% male; p < 0.05)
and long-term (11.4% female vs. 4.6% male; p < 0.05) restenosis rate. In conclusion, female
anatomic and pathologic parameters should be taken into account for an accurate diagnosis
of carotid stenosis and guidelines should be adjusted consequently.

Keywords: carotid endarterectomy, complications, gender, mortality, restenosis, stenting

1. Introduction

Carotid artery stenting (CAS) might be a potentially safe and effective therapeutic alterna-
tive to carotid endarterectomy (CEA) for carotid artery disease, especially in high-risk
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patients, because CAS may avoid anesthetic and surgical risk. In this regard, the merit of
using CAS has been questioned in specific subgroups of patients [1, 2]. The role of gender in
the selection of the most effective carotid intervention remains a matter of debate. Histori-
cally, large randomized controlled studies looking at CEA had indicated an increased
perioperative risk for women when gender subgroup analysis was performed. Addition-
ally, all of the large CEA trials showed decreased or no benefit in women when compared to
men mostly because these trials were underpowered to show any utility in the relatively
small female population studied and, secondly, because the long-term benefit was
undermined by the high perioperative morbidity seen in women [3, 4]. The SAPPHIRE trial
was the first stenting trial to show noninferiority of CAS to CEA in high-risk patients, but
the study did not compare outcomes for gender subgroups and women were underrepre-
sented within the recruited population [5]. More recent trials reported conflicting results
regarding risk of peri- and postprocedural adverse events for women and men [1, 6]. Then,
reports comparing CEA and CAS failed either to analyze the influence of gender or to show
a clear benefit for men or women [7].

Thus, to further inform the debate, we sought to conduct a systematic review of recent publica-
tions to assess epidemiologic and diagnostic hypotheses, which could underpin gender-related
differences. Moreover, we report a retrospective observational study to determine the impact of
gender on the outcomes of both carotid interventions in our institution.

2. Gender: stroke epidemiology and carotid disease

2.1. Gender differences in stroke epidemiology

An extensive review on gender differences in stroke epidemiology has shown that stroke is
more common in men than in women and male patients are on average younger than female
when they are affected by their first stroke [8]. Western European studies demonstrated that
stroke incidence was about 30% higher in men than in women, but the strokes that did occur in
women tended to be more severe [9]. During the last decade, an extensive number of papers
have been published on epidemiological differences between genders.

A systematic review around gender differences in stroke epidemiology, presented by Appelros
et al., including 59 incidence studies from 19 countries and 5 continents, showed that the mean
age at first-ever stroke was 68.6 years among men and 72.9 years among women [10]. Stroke
incidence and prevalence rates were 33 and 41% higher in male than in female, respectively,
with large variations between age bands and between populations. The incidence rates of
brain infarction and intracerebral hemorrhage were higher among men, whereas the rate of
subarachnoid hemorrhage was higher among women, although this difference was not statis-
tically significant. Stroke tended to be more severe in women with a 1-month case fatality of
24.7% compared with 19.7% for men.

The lower stroke incidence in women has been analyzed in systematic reviews in the last
decades. A plausible reason might be the protective role of ovarian estrogen on the cerebral
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circulation [11-13], even if randomized trials currently recommend that postmenopausal hor-
mone therapy should not be used in the primary prevention of stroke [14].

Other possible factors might be genetic factors, but no evidence for this expectation was found
in the literature. Conversely, a recent systematic review showed that women with stroke have
a higher familiarity of stroke than men [15].

Numerous studies have shown that blood pressure value was higher in men than women of
same age [16, 17]. Moreover, peripheral artery disease [18, 19], ischemic heart disease [18,
20-22], and cigarette consumption [18-20, 23, 24] are more frequent among male stroke
patients. Women have been shown to be at higher risk than men for atrial fibrillation-related
cardioembolic stroke [22, 25-28]. The Swedish Stroke Register has shown that women with
atrial fibrillation receive oral anticoagulant therapy less often than men [24]. The higher
prevalence of embolic strokes among women could justify their higher stroke severity.

2.2. Diagnostic criteria for carotid stenosis by gender

The North American Symptomatic Carotid Endarterectomy Trial (NASCET) investigators
standardized the method of quantifying the degree of carotid stenosis, and they considered
arteriography the most predictable method for evaluating carotid stenosis [29].

Carotid duplex ultrasound scan (DUS) compares favorably with arteriography, and many phy-
sicians are using carotid DUS as the definitive diagnostic procedure before CEA even if it is
mandatory to submit the patient to computer tomography angiography (CTA) or magnetic
resonance angiography (MRA) for CAS to explore arch anatomy [30, 31]. Diagnostic criteria for
carotid DUS have been accepted as predictable from laboratories accredited by the Intersocietal
Commission for the Accreditation of Vascular Laboratories with ongoing quality programs.

Nevertheless, carotid DUS frequently resulted in overestimation of disease severity in women.
This underlined the issue that women may have higher velocities in their carotid arteries than
men for similar carotid stenosis. The question is: Are we overdiagnosing disease in women
according to gender differences in carotid stenosis? The purpose of Comerota’s study was to
examine whether there were velocity differences based on gender in patients with carotid
artery disease and whether different velocity criteria should be used in women, especially at
clinically relevant thresholds of disease [32].

Patients who underwent carotid arteriography and carotid DUS were the basis for this study.
Data from 1019 carotid bifurcations were available. Comparison was performed on the basis of
938 carotid arteries. Analyses were made in 536 male and 402 female carotid arteries. Arteriogra-
phy was performed on average 23 days after the ultrasound examination, with 74% of arterio-
graphic examinations performed within 30 days and 95% performed within 82 days of carotid
DUS. Additionally, the single most diseased artery per patient was analyzed by gender. Peak
systolic velocity (PSV) and end-diastolic velocity (EDV) were averaged for data subsets according
to 10% intervals of internal carotid artery (ICA) stenoses. For all intervals, PSV and EDV averaged
9 and 6% higher in women than in men. Significant gender differences existed between PSV and
EDV for 60 and 70% stenoses. For 70% stenosis, PSV averaged 285 + 16 cm/s in women and
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236 & 11 cm/s in men (p =0.01) and EDV averaged 79 + 7 cm/s in women and 77 & 6 cm/s in men
(p = 0.03). For 60% stenosis, PSV averaged 228 + 14 cm/s in women and 189 + 11 cm/s in men
(p=0.03) and EDV averaged 68 + 6 cm/s in women and 51 £ 4 cm/s in men (p = 0.01).

Williams et al. demonstrated that the diameter of the common carotid arteries (CCA), ICA, and
external carotid arteries (ECA) were considerably smaller in women compared to those in men
[33]. Schultz et al. showed a remarkable gender-specific difference in the distribution of ath-
erosclerotic plaque. They reviewed 5395 arteriograms from the European Carotid Surgery Trial
and compared diameter ratios of the ICA, CCA, and ECA with minimal disease to obtain a real
relationship between vessels [34]. Among the 2930 arteriograms available for review, the mean
ICA/CCA, ICA/ECA, and outflow/inflow area ratios were larger in women than in men
(p <0.0001). In addition, there were differences in the distribution of carotid plaque, with men
more likely to have maximal stenosis in the ICA and women having a greater degree of plaque
within the carotid bulb. Moreover, women appeared to have more severe disease in the ECA,
which would also bias the distribution of existing flow velocity through the patent ICA.

Hansen et al. showed changes in arterial wall compliance in women who display higher age-
related stiffness of their arteries and develop a higher degree of pulsatility with a higher
velocity for any given blood pressure [35, 36].

Moreover, the natural history of carotid atherosclerosis emerges to be divergent in women
compared with men. Independently from age, the risk for stroke is higher in men than in
women [37]. The risk for stroke is greater in men with similar degrees of carotid stenosis [4, 29,
38] due to the fact that men have greater prevalence of high-risk carotid plaques. Joakimsen
et al. showed that atherosclerotic lesions in men were more instable and ultrasound character-
istics showed soft and lipid-rich plaques, with more common intraplaque hemorrhage. These
characteristics are associated with an increased risk for ischemic events, including myocardial
infarction (MI) and stroke [39—41].

According to those anatomic and pathologic gender-related differences, the higher velocity
profiles observed in women compared with men could be explained. It needs to be adjusted in
guidelines for an accurate and proper diagnosis in carotid stenosis in the near future.

2.2.1. Women gender-specific parameters

¢ Considerably smaller carotid diameter.
*  Higher arterial velocity in carotid artery: PSV and EDV.

¢ Different distribution of atherosclerotic plaque with greater degree of plaque within the
carotid bulb and more severe disease in the ECA.

¢ Different arterial wall compliance with higher age-related stiffness and higher degree of
pulsatility.

*  Presence of artifacts increasing arterial velocity (anemia).
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3. Carotid revascularization: gender differences

3.1. Carotid revascularization outcomes in women compared with men

The literature shows that women have a higher risk of perioperative adverse events during
carotid revascularization. In the Asymptomatic Carotid Atherosclerosis Study (ACAS),
women had a higher rate of perioperative events (3.6% female [F] vs. 1.7% male [M]) during
CEA [42] with a lower rate of events for female (8.7% F vs. 12.1% M) treated with best
medical therapy. This result shows a lower 5-year risk reduction for female (17%) compared
with male (66%).

The Asymptomatic Carotid Surgery Trial (ACST) suggested a lower long-term benefit of
surgery for female, with male collecting a higher 5-year risk reduction than female (8.21% M
vs. 4.08% F) [43]. In the International Carotid Stenting Study (ICSS), female had a higher 120-
day event rate for CEA (7.6% F vs. 4.2% M) but a lower rate for CAS (8.0% F vs. 8.7% M) [44].
Reverse results was found in the Carotid Revascularization Endarterectomy vs. Stenting Trial
(CREST) [6]. In this study, 2502 patients were randomly assigned to CEA (n = 1240) or CAS
(n=1262), 872 (34.9%) of whom were female. Rates of the primary endpoint for CAS compared
with CEA were 6.2% vs. 6.8% in male (hazard ratio [HR] 0.99, 95% confidence interval [CI]
0.66-1.46) and 8.9% vs. 6.7% in female (HR 1.35, 95% CI 0.82-2.23). There was no significant
interaction in the primary endpoint between genders (interaction p = 0.34). Periprocedural
events occurred in 35 (4.3%) of 807 males assigned to CAS compared with 40 (4.9%) of 823
assigned to CEA (HR 0.90, 95% CI 0.57-1.41) and 31 (6.8%) of 455 females assigned to CAS
compared with 16 (3.8%) of 417 assigned to CEA (HR 1.84, 95% CI 1.01-3.37; interaction
p =0.064).

In 2014, Jim et al. presented data from the Society for Vascular Surgery Vascular Registry to
determine the effect of gender on outcomes after carotid revascularization [45]. There were
9865 patients (40.6% female) who underwent CEA (n = 6492) and CAS (n = 3373). The
primary end point was a composite of death, stroke, and MI at 30 days. There were no
differences in age and ethnicity between genders, but males were more likely to be symp-
tomatic (41.6% M vs. 38.6% F; p < 0.003). There was a higher prevalence of hypertension and
chronic obstructive pulmonary disease in female, whereas male had a higher prevalence of
coronary artery disease, history of MI, and smoking history. For disease etiology in CAS,
restenosis was more common in female (28.7% F vs. 19.7% M; p < 0.0001) and radiation was
higher in male (6.2% M vs. 2.6% F; p < 0.0001). Comparing by gender, there were no
statistically significant differences in the primary endpoint for CEA (4.07% F vs. 4.06% M)
or CAS (6.69% F vs. 6.80% M). There were no differences after stratification by symptom-
atology and multivariate risk adjustment. These divergent results seem to be associated with
different factors. In the last decades, best medical therapy improved significantly with a
wide disposability of statins and antiplatelets with beneficial results on patient outcomes
[46]. Another factor seems the fact that females were underrepresented in carotid random-
ized controlled trials [6].
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4. Do women have a higher risk of adverse events after carotid
revascularization in our experience?

4.1. Study design

A database of 912 consecutive patients with symptomatic or asymptomatic carotid artery
stenosis undergoing CEA or CAS for carotid revascularization in the Department of Surgery
of a single Institution from 2010 to 2017 was analyzed. Carotid stenosis was >80% for asymp-
tomatic or 250% for symptomatic patients, as detected by DUS and confirmed by CTA or MRA
using NASCET criteria [29].

The choice of revascularization technique (CAS/CEA) was based on general guideline recom-
mendations, for example, European Society for Vascular Surgery (ESVS), American College of
Cardiology and American Heart Association (ACC/AHA), and the team center experience
according to morphologic and clinical data indicating best suitability with the aim of
performing CAS and CEA with low procedural risks. Usually, patients with unfavorable aortic
arch anatomy, severe peripheral vascular disease precluding femoral access, or extremely
tortuous carotid anatomy were excluded from CAS. Similarly, unstable plaque, known aller-
gies to aspirin, clopidogrel, or contrast media, and renal insufficiency (creatinine >1.5 mg/dL)
were considered exclusion criteria for CAS.

4.2. CAS and CEA protocols

For CAS, the patient was given dual antiplatelet therapy beginning 1 day before the procedure.
All patients received a 300 mg loading dose of clopidogrel 1 hour before the procedure.

Clinical investigation included a baseline assessment of a physical examination, carotid DUS of
the supra-aortic vessels, procedural angiography, and neurological assessment measured
using the National Institutes of Health Stroke Scale (NIHSS) [47]. All aortic arch types were
included.

All procedures were performed following a standardized protocol in the operating room,
equipped with a portable imaging fluoroscopic C-arm (OEC 9900 elite; GE Medical Siemens,
Waukesha, WI, USA), by a single vascular team. Two skilled operators with high volume
experience (>50 CEA/CAS procedures per year as first operator) performed all procedures [48-
50]. Iodinated or gadolinium contrast was used in patients with normal creatinine level or
creatinine >1.5 mg/dL (132 mmol/L), respectively. All patients received an intravenous heparin
bolus (100 units/kg heparin) to achieve intraoperative anticoagulation (activated clotting time
(ACT) > 250 s throughout the procedure). In our center, with increasing experience, the number
of CAS increased over time allowing CEA to be used for fewer and more complex cases in
recent years. All procedures were carried out via femoral access. The introducer sheath (8 Fr)
and guiding catheters (Zuma, Medtronic, MN, USA; Flexor, Cook Medical, IN, USA; Mach 1,
Boston Scientific Corporation, MA, USA) ranged from 6 to 8 Fr, using inner catheters (coaxial
method) with different shapes according to the anatomy of the arch (Imager II, Boston Scientific
Corporation). Variable models of carotid stents (open-cell, closed-cell, hybrid, and micromesh
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stents) were employed, as a function of lesion characteristics and vessel anatomy. Temporary
distal (Emboshield NAV6, Abbott Vascular, Santa Clara, CA, USA) or proximal (Mo.Ma,
Medtronic, Minneapolis, MI, USA) cerebral protection devices were used as per internal proto-
col. Predilation was performed at the operator’s discretion, with 2.0-4.0 mm TREK coronary
balloons (Abbott Vascular). Postdilation was performed with a 4.5- or 5.5-mm diameter Rx
Viatrac 14 Plus balloons (Abbott Vascular). CAS postoperative medical therapy included
clopidogrel (75 mg once daily) for 1 month and aspirin (100 mg once daily) for a lifelong period.

For CEA, patients were usually maintained on aspirin therapy. CEA was performed under
local anesthesia under electroencephalography (EEG) monitoring or transcutaneous oxygen
saturation monitoring. Dacron or bovine pericardium graft angioplasty, or eversion endarter-
ectomy were performed.

4.3. Procedural follow-up

Postprocedural patient evaluation was performed at the periprocedural (30 days) and at the
postprocedural periods, at 3 months, 6 months, and yearly thereafter within 3 years, by a
neurologist and a vascular surgeon.

Patient data were captured using a paper case report form. Symptoms status and exact
information about clinical adverse events were obtained. Carotid DUS of the supra-aortic
vessels was obtained to determine the degree of carotid stenosis.

4.4. Endpoints, definitions, and statistical analysis

Primary endpoints were rates of death; stroke; MI; a composite of the incidence of any stroke,
ML, or death; and restenosis within 30 days. Secondary endpoints were rates of death; stroke;
MI; a composite of the incidence of any stroke, MI, or death; and restenosis, during the follow-
up period, within 36 months after the procedure.

For the composite of any stroke, MI, or death, patients might have had more than one event. For
example, fatal stroke events are included in both death and stroke outcomes, and subjects might
have had both an ipsilateral and a subsequent contralateral stroke. The diagnosis and quantifica-
tion of restenosis was performed using carotid DUS. Carotid restenosis was set at >40% [51, 52].

Categorical variables were reported as number and percentages. For numeric variables, mini-
mum, maximum, mean, and standard deviation were calculated. Continuous data are
presented as percentages or mean =+ standard deviation (SD). Rates for comorbidities, compli-
cations, and 30-day outcomes were compared between male and female patients and between
those undergoing CAS and CEA by x2 test. Survival, stroke, MI, and restenosis rates were
calculated using Kaplan-Meier analysis to compensate for patient dropouts and were reported
using current Society for Vascular Surgery (SVS) criteria [53]. Standard errors (SE) are reported
in Kaplan-Meier analyses. The log-rank test was used to determine differences among patients
submitted to CEA and CAS.

A value of p < 0.05 was considered statistically significant for all measurements. All analyses
were performed using STATA™ (STATA Corp., version 14.0, College Station, TX, USA).
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The study was approved by the local Ethic Committee of Istituto Auxologico Italiano (state-
ment CE 30.05.2006). Written consent was obtained from all patients before both CAS and CEA
revascularization.

4.5. Results

From 2010 to 2017, a total of 912 patients underwent interventions for carotid stenosis. There
were 544 (59.7%) males and 368 (40.3%) females. Mean age was 71.1 & 8.6 and 69.4 & 9.0 for
male and female patients, respectively. About 193 (35.4%) male and 128 (34.7%) female
patients were symptomatic. Of the 912 carotid revascularizations, 407 (44.6%) were by CEA
and 505 (55.4%) were by CAS. Demographic and baseline characteristics of study participants
after separation by gender and procedure are presented in Table 1. Female patients were older
(72.1 £ 9.0F vs. 68.4 £ 8.6 M, p <0.05) and more likely to have a history of hypertension (79.7%
F vs. 72.5% M, p <0.05) and hyperlipidemia (74.4% F vs. 69.2% M, p < 0.05) with respect to male
patients. Male patients were more likely to be smokers (35.0% M vs. 33.3% F, p < 0.05) and to
have history of MI (19.7% M vs. 17.5% E, p < 0.05), chronic renal insufficiency (20.5% M vs.
11.9% F, p < 0.05), and CAD (28.0% M vs. 26.1% F, p < 0.05). The distribution of comorbidities
within the two procedural groups was similar. For CAS patients, men were more likely to have
diabetes (37.9% M vs. 33.5% F, p < 0.05) and chronic renal insufficiency (18.0% M vs. 13.8% F,
p <0.05) and women had a higher prevalence of hypertension (89.5% F vs. 71.5% M, p < 0.05)
and hyperlipidemia (82.9% F vs. 72.0% M, p < 0.05). For CEA patients, men tended to have a
higher prevalence of history of MI (20.3% M vs. 16.0% F, p < 0.05) and chronic renal

M@n=544) F(n=368) CEA (n=407) CAS (n =505)

M@®m=326) F(n=2000 M(n=241) F(n=145)

Age, mean + SD 684486 721490 689+£85 715493 680487 728486
Symptomatic, n (%) 193 (354%) 128 (34.7%) 108 (33.1%) 70(34.9%)  85(35.0%) 58 (40.1%)
Smokers, n (%) 191 (35.0%) 123 (333%) 109 (334%) 77(38.8%) 82 (33.8%) 45 (31.3%)
Hypertension, n (%) 395 (72.5%) 293 (79.7%) 222 (68.0%) 164 (82.0%) 173 (71.5%) 129 (89.5%)
Diabetes, n (%) 172 31.7%) 127 (345%) 81 (24.8%) 78(39.3%) 91 (37.9%) 48 (33.5%)
Hyperlipidemia, n (%) 376 (69.2%) 274 (T4A4%) 202 (62.0%) 154 (77.1%) 174 (72.0%) 120 (82.9%)
CAD, n (%) 152 (28.0%) 26.1%) 86 (26.4%) 27.5%) 66 (27.3%) 41 (28.5%
History of stroke, n (%) 133 (24.5%) 21.3%) 71 (21.9%) 21.8%)  62(25.6%) 35 (24.0%
History of MI, n (%) 107 (19.7%) 17.5%) 66 (20.3%) 16.0%) 41 (17.0%) 32 (22.4%
) 68(20.9%)

CHEF, n (%) 54 (9.8%) 11.5%) 29 (8.8%)
COPD, n (%) 105 (19.4%) 14.6%) 61 (18.6%)

9.5%) 25 (10.3% 23 (16.1%

96 (

78 (

64 (
Chronic renal insufficiency, n (%) 112 (20.5%) 44 (11.9%

42 (

54 ( 15.1%) 45 (18.5% 24 (16.5%

72 (

55 ) )
44 ( ) )
32¢( ) )
24 (120%) 43 (18.0%) 20 (13.8%)
19¢( ) )
30( ) )
37( ) )

Cancer history, n (%) 101 (18.6%) 19.5%) 53 (16.3%) 185%) 48 (19.7%)  35(24.1%

M: male; F: female; CEA: carotid endarterectomy; CAS: carotid artery stenting; SD: standard deviation; CAD: coronary
artery disease; MI: myocardial infarction; CHF: congestive heart failure; and COPD: chronic obstructive pulmonary
disease.

Table 1. Baseline characteristics of study participants (n = 912).
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insufficiency (20.9% M vs. 12.0% F, p < 0.05), whereas women had a higher prevalence of
hypertension (82.0% F vs. 68.0% M, p < 0.05), diabetes (39.3% F vs. 24.8% M, p < 0.05), and
hyperlipidemia (77.1% F vs. 62.0% M, p < 0.05).

Patients were required to undergo DUS and neurological examination at 1 month and subse-
quently at 3, 6, 12, 24, and 36 months after the procedure.

Periprocedural outcome measures in male patients compared with female patients are
reported in Table 2. The death rate in the overall population was 0.3% (3/912), with no
significant differences in rates between the two groups (0.4% M vs. 0.3% F) and between the
two procedures (0.5% CEA vs. 0.2% CAS). Periprocedural outcomes were similar for male and
female patients for 30-day death, stroke, MI, and a composite of any stroke, MI, or death rates.
Female patients had higher periprocedural restenosis rate (2.7% F vs. 0.9% M; p < 0.05).
Periprocedural outcomes were similar for CEA and CAS for 30-day death, stroke, and MI
rates. Female patients undergoing CEA had a higher 30-day rate of any stroke, MI, or death
(5.5% F vs. 3.1% M, p < 0.05). Female patients undergoing CAS had a higher 30-day rate of any
stroke, MI, or death (7.6% F vs. 5.4% M, p < 0.05) and restenosis (4.8% F vs. 1.2% M, p < 0.05).

For long-term follow-up, 95, 91, 78, 75, and 62% of patients attended their 3-, 6-, 12-, 24-, and 36-
month follow-up appointments, respectively. Patients were not able to attend follow-up mainly
because they moved to remote locations or because they declined further visits for personal
reasons. Most recent patients could not attend their 24- and 36-month appointments yet.

Long-term outcomes were similar for male and female patients for 36-month death and stroke.
Male patients experienced a slightly higher rate of MI. Female patients had higher long-term
restenosis rate (11.4% F vs. 4.6% M; p < 0.05). Female patients undergoing CEA had a higher
36-month rate of stroke (14.0% F vs. 6.7% M; p < 0.05) and restenosis (11.5% F vs. 2.5% M,

M (n =544) F (n=368) CEA (n =407) CAS (n =505)

M (n = 326) F (n=200) M (n =241) F (n=145)

Short-term (<30 days) outcomes, n (%)

Death 2 (0.4%) 1(0.3%) 1(0.3%) 1(0.5%) 1(0.4%) 0 (0.0%)
Stroke 7 (1.3%) 5 (1.4%) 2 (0.6%) 3 (1.5%) 5 (2.1%) 2 (1.4%)
MI 13 (2.4%) 10 (2.7%) 6 (1.8%) 5 (2.5%) 7 (2.9%) 5 (3.5%)
Stroke, MI, or death 9 (1.7%) 6 (1.6%) 10 (3.1%) 11 (5.5%) 13 (5.4%) 11 (7.6%)
Restenosis 5 (0.9%) 10 (2.7%) 2 (0.6%) 3 (1.5%) 3 (1.2%) 7 (4.8%)

Long-term (>30 days) outcomes, n (%)

Death 37 (6.8%) 35 (9.5%) 17 (5.2%) 12 (6.0%) 20 (8.3%) 23 (15.9%)
Stroke 52 (9.6%) 59 (16.0%) 22 (6.7%) 28 (14.0%) 30 (12.4%) 31 (21.4%)
MI 38 (7.0%) 22 (6.0%) 20 (5.1%) 11 (4.1%) 18 (6.4%) 11 (5.2%)
Stroke, MI, or death 101 (18.6%) 87 (23.7%) 45 (13.8%) 46 (23.1%) 56 (23.2%) 41 (28.4%)
Restenosis 25 (4.6%) 42 (11.4%) 8 (2.5%) 23 (11.5%) 17 (7.0%) 19 (13.1%)

M: male; F: female; CEA: carotid endarterectomy; CAS: carotid angioplasty and stenting; and MI: myocardial infarction.

Table 2. Periprocedural (30 days) outcomes after carotid revascularization in male and female patients receiving CEA or CAS.
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p < 0.05). No significant differences in long-term outcomes were observed between male and
female patients undergoing CAS (Table 2).

The 36-month risk of any cause mortality was 5.6 (1.6)% (mean (SD)) for male patients and 15.2
(3.3)% for female patients, with a significant difference in Kaplan-Meier estimates at 36 months
between the two groups according to log-rank test. Female patients undergoing CAS experi-
ence lower 3-year freedom from death rate, with no significance difference with respect to the
other groups (82.5% vs. 94.5, 94.2, and 86.4% for F-CAS, M-CAS, M-CEA, and F-CEA patients,
respectively, p > 0.05; Figure 1).

The risk of stroke at 36 months was 10.8 (2.2)% for male and 21.4 (3.7)% for female (p < 0.05).
Male patients undergoing CEA had a higher 36-month freedom from stroke rate as compared
to the other groups (91.6% vs. 85.8, 82.2, and 73.7% for M-CEA, M-CAS, F-CEA, and F-CAS
patients, respectively, p < 0.05) with a significant difference in the comparison between M-CEA
and F-CAS (Figure 2).

Male patients had a greater risk of MI than female patients. The 12-, 24-, and 36-month
estimates of MI rates were 4.9 (1.4)%, 6.0 (1.6)%, and 7.6 (1.8)% for male and a constant rate
equal to 5.8 (2.0)% for female (p > 0.05). There were no differences in the risk of experiencing a
MI during follow-up among male and female patients undergoing CEA or CAS (Figure 3).

The overall risk of any stroke, MI, or death was equal to 20.4 (2.8)% for male patients and 30.9
(4.2)% for female patients (p < 0.05). The 3-year freedom from any stroke, MI, or death was
84.4,72.6,72.2, and 64.9% for M-CEA, M-CAS, F-CEA, and F-CAS patients, respectively, with
significant differences in the comparison between M-CEA and F-CAS (Figure 4).
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Figure 1. Mortality. Male and female patients submitted to CEA or CAS who survived during follow-up. Error bars are
omitted for clarity. Standard errors did not exceed 10% at all-time intervals that were analyzed. The number of patients at
risk at each time interval is shown below the figure.
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Figure 2. Stroke. Male and female patients submitted to CEA or CAS who experienced a stroke during follow-up. Error
bars are omitted for clarity. Standard errors did not exceed 10% at all-time intervals that were analyzed. The number of

patients at risk at each time interval is shown below the figure.
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Figure 3. Myocardial infarction (MI). Male and female patients submitted to CEA or CAS who experienced a MI during
follow-up. Error bars are omitted for clarity. Standard errors did not exceed 10% at all-time intervals that were analyzed.

The number of patients at risk at each time interval is shown below the figure.
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Figure 4. Stroke, MI, or death. Male and female patients submitted to CEA or CAS who experienced any stroke, MI, or
death during follow-up. Error bars are omitted for clarity. Standard errors did not exceed 10% at all-time intervals that
were analyzed. The number of patients at risk at each time interval is shown below the figure.
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Figure 5. Restenosis. Male and female patients submitted to CEA or CAS who experienced a restenosis during follow-up.
Error bars are omitted for clarity. Standard errors did not exceed 10% at all-time intervals that were analyzed. The number
of patients at risk at each time interval is shown below the figure.
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During follow-up, female patients exhibited higher restenosis risk with respect to male [2.5
(1.0)%, 3.0 (1.1)%, and 3.6 (1.3)% vs. 8.2 (2.3)%, 10.8 (2.7)%, and 13.5 (3.0)% for 12-, 24-, and 36-
month rates, for male and female patients, respectively (p < 0.05)]. Male patients undergoing
CEA experienced higher freedom from restenosis rates at 3 years (98.5% vs. 93.5%, 86.8%, and
86.2%, for M-CEA, M-CAS, F-CEA, and F-CAS patients, respectively) with significant differences
in the comparisons between M-CEA and F-CAS and between M-CEA and F-CEA (Figure 5).

5. Conclusion

Stroke has been shown to be more common in male than in female. Male patients are affected
by first stroke on average in younger age with respect to female [8]. Stroke incidence was
demonstrated to be about 30% higher in men than in women in Western European studies, but
strokes in women tend to be more severe [9].

During the last decade, an extensive number of papers have been published on epidemiolog-
ical differences between gender. The lower stroke incidence in female has been analyzed in
systematic reviews in the last decades. Plausible reasons might be the protective role of ovarian
estrogen on the cerebral circulation [11-13], genetic factors [15], sensitivity for antiplatelet
therapy [54], lower blood pressure values [16, 17], lower frequency of peripheral artery dis-
eases [18, 19], ischemic heart diseases [20-22], and cigarettes consumption [23, 24] in female
patients with respect to male patients.

Carotid revascularization outcomes in female compared with male showed that the former
have a higher risk of perioperative adverse events [55]. The ACAS reported a higher rate of
perioperative events for female with respect to male (3.6% F vs. 1.7% M) during CEA [42] with
a lower rate of events for female (8.7% F vs. 12.1% M) treated with best medical therapy.
Moreover, this study showed a lower 5-year risk reduction for female (17% F vs. 66% M). In
more recent trials, carotid revascularization outcomes were similar between genders, but
restenosis was more common in female [6, 45].

In the study presented herein, 912 consecutive patients with symptomatic and asymptomatic
carotid artery stenosis underwent CEA (44.6%) or CAS (55.4%) in a single institution. The
death rate in the overall population was 0.3% (3/912), with no significant differences in rates
between male and female patients (0.4% M vs. 0.3% F) and between the two procedures (0.5%
CEA vs. 0.2% CAS).

Periprocedural outcomes were similar for male and female patients for 30-day death, stroke,
MI, and a composite of any stroke, ML, or death rates. Female patients had higher
periprocedural restenosis rate (2.7% F vs. 0.9% M; p < 0.05). Periprocedural outcomes were
similar for CEA and CAS for 30-day death, stroke, and MI rates.

Female patients undergoing CEA had a higher 30-day rate of any stroke, MI, or death (5.5% F
vs. 3.1% M, p < 0.05). Female patients undergoing CAS had also a higher 30-day risk of
restenosis (4.8% F vs. 1.2% M, p < 0.05).

Long-term outcomes were similar for male and female patients for 36-month death and stroke.
Female patients had higher long-term restenosis rate (11.4% F vs. 4.6% M; p < 0.05). Female
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patients undergoing CEA had a higher 36-month rate of stroke (14.0% F vs. 6.7% M; p < 0.05)
and restenosis (11.5% F vs. 2.5% M, p < 0.05). No significant differences in long-term outcomes
were observed between male and female patients undergoing CAS. Our monocentric experi-
ence seems to confirm literature data as regarding female higher risk of restenosis during CEA.
These gender-associated differences should be taken into account for the treatment of carotid
artery disease.

In light of this, in the near future, female anatomic and pathologic parameters should be used,
such as carotid diameter which is considerably smaller in female than in male, thus determin-
ing higher arterial velocity in carotid artery. The greater degree of atherosclerotic plaque
within the carotid bulb, the higher age-related arterial wall stiffness and degree of pulsatility,
and the presence of artifacts increasing arterial velocity should be taken into account for an
accurate diagnosis of carotid stenosis and guidelines should be adjusted consequently.

Gender subgroup analyses from large randomized trials, such as ACST-2, an international
randomized trial comparing CEA with CAS for long-term stroke prevention, which planned
the recruitment of 3600 patients by the end of 2019 [56-58], may report interesting and
important results on the impact of gender on the peri- and postprocedural outcomes after
carotid revascularization procedures.
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Abstract

Metabolic syndrome (MetS) is a cluster of risk factors for atherosclerosis, including
abdominal obesity, hypertension, insulin resistance, dyslipidemia with high triglyc-
erides, and low high-density lipoprotein cholesterol. Affected patients have a sig-
nificantly increased risk of developing cardiovascular disorders (CVD), that are the
leading cause of death in the Western countries. Several epidemiological studies have
investigated the evolution of CVD hypothesizing the presence of a gender difference in
the pathogenetic and progression determinants detectable in men and women. In this
chapter, we will examine new gender-associated bioindicators of possible diagnostic
or prognostic value in the MetS. Moreover, we will provide an overview on current
knowledge on sex-associated cardiovascular determinants with the aim to improve
CVD diagnostic and prognostic clinical courses and to develop new and gender-biased
prevention strategies.

Keywords: metabolic syndrome, biomarkers, gender differences

1. Introduction

This chapter is aimed to detect gender-associated biomarkers in metabolic syndrome (MS),
a clustering of several risk factors associated with significant cardiovascular morbidity and
mortality. Cardiovascular diseases (CVD) are the first cause of death in the world according
to the World Health Organization. Over 17 million people died from CVD in 2015 and the
economic burden of CVD each year is estimated at 396 billion dollars in the US, with similar
perspective in Europe, and is expected to rise above 1 trillion dollars in 2030 [5]. Several epi-
demiological studies, the Framingham in particular, have investigated into the evolution of
CVD hypothesizing the presence of a gender difference in the pathogenetic and progression
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determinants detectable in men and women [36]. Metabolic syndrome contributes consider-
ably to cardiovascular mortality, particularly among women [33].

Here, we will examine new gender-associated bioindicators of possible diagnostic or prog-
nostic value in the MS. Moreover, we will provide an overview on current knowledge on
sex-associated cardiovascular determinants with the aim to improve CVD diagnostic and
prognostic clinical courses and to develop new and gender-biased prevention strategies.

2. Metabolic syndrome

In 1977, Haller used the term “metabolic syndrome” (MS) to describe the association between
hypertension, dyslipidemia, obesity, and disturbed glucose metabolism [29]. In particular, he
demonstrated how the presence of multiple of these factors increased the risk of developing
cardiovascular disease [29]. Some years later, Phillips suggested that the combination of risk
factors not only predisposed to heart disease, but was also related with an increased risk for
obesity. This cluster of risk factors included glucose intolerance, hyperinsulinemia, and a high
level of triglycerides, glucose, cholesterol, and insulin [73]. MS is due to the increase in body
mass index (BMI) as result of an increase in caloric intake, increase in obesity percentage,
and increased sedentary life habits [96]. As said before, this clinical entity has a cluster of risk
factors such as hypertension, central obesity, increased triglycerides, decreased high-density
lipoprotein cholesterol (HDL-C), increased blood glucose, and insulin resistance [11, 44]. The
prevalence of the MS worldwide is estimated to be between 10 and 84%, highlighting a certain
correlation with developed countries, but it also depends on various factors such as socioeco-
nomic status, lifestyle, BMI, and region studied [38, 96]. Moreover, a higher rate was found in
urban compared with rural populations [76, 114].

A study by Khosravi-Boroujeni and coworker showed that the prevalence of MS has changed
from 2001 to 2013 [41]. They also mentioned that incidence of diabetes has also been increas-
ing over the years. Data from the International Diabetes Federation (IDF) suggested that 25%
of worldwide adult population suffer from the syndrome with 5% in those exhibiting normal
weight, 22% being overweight, and 60% being obese [52, 114]. This has been attributed to
aging, life style changes, population growth, obesity, and decline in physical activity. Central
obesity was labeled as a critical component of the MS. The prevalence of the hypertriglyceri-
demia also declined, due to use of the statins, healthy eating with cutting back on fat [41].

3. Biomarker

3.1. Definition and characteristics

To predict cardiovascular risk, numerous biomarkers have been developed. Some of them are
used in medicine to facilitate diagnosis, assess risk, direct therapy, and determine efficacy of
treatment. The FDA-NIH Biomarker Working Group in the Biomarkers, Endpoints, and other
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Tools (BEST) Resource (https://www.ncbinlm.nih.gov/books/NBK326791/) define a biomarker
as “a defined characteristic that is measured as an indicator of normal biological processes,
pathogenic processes, or responses to an exposure or intervention.” A clinically useful biomarker
must be able to meet one of the following criteria: (i) show specificity and sensitivity for a certain
disease (diagnostic); (ii) have prognostic value; and (iii) correlate with disease activity. Some of
them are simple traditional biomarkers based on lipid profile and risk factors [74, 81, 93].

In the INTERHEART study, 9 major risk factors could explain 90% of the population-
attributable risk in men and 94% in women of 52 countries. These factors are abdominal
obesity, elevated lipids, hypertension, diabetes, smoking, psychosocial factors, consumption
of fruits/vegetables, consumption of alcohol, and regular physical activity [110]. However,
the importance of these factors varies significantly from one country to another and some
of these factors act as predisposing and not causal factors, like obesity and diet [111]. The
prevalence of risk factors can change in different directions around the world, often because
of socioeconomic and political cues.

Hypertension, central obesity, increased triglycerides, decreased high-density lipoprotein
cholesterol (HDL-C), increased blood glucose and insulin resistance are collectively defined as
risk factors for cardiovascular disease triggered by metabolic syndrome [11, 44, 62] (Table 1).
In the last few years, in addition to the clinical factors, new factors in the pathogenesis of MS
have also been taken into consideration. These factors can be classified on the basis of their
function (e.g., marker of exposition, markers of effects, etc.) or in their biochemical or biologic
properties (e.g., proteins metabolites, hormones, cytokines, etc.) [92].

Ample evidence favors a key role for mitochondrial injury, oxidative stress, and apoptosis in
MS [7]. Moreover, recent findings depicted an essential role for autophagy, a cellular process
of degrading long-lived, injured proteins and organelles, in the pathogenesis of MS [65, 108,
114]. Indeed, dysregulated autophagy is present in multiple metabolic anomalies including
obesity, insulin resistance, diabetes mellitus, and dyslipidemia [42, 47, 61, 112, 113].

Recent studies implicated that inflammation, especially chronic low-grade inflammation,
might play an even greater role in the development of MS [56]. One possible mechanism
is that the growth of adipose tissue and infiltration of immune cells lead to the increase of

Components International Diabetes Federation
Obesity-waist circumference (cm) >35 c¢m for women or > 40 cm for men
Hypertension-blood pressure (mmHg) 130/85 mm Hg

Dyslipidemia-reduced HDL (mg/dL) <40 mg/dL in men or <50 mg/dL in women
Dyslipidemia-elevated triglycerides (mg/dL) >150 mg/dL

Glucose-fasting blood glucose (mg/dL) >100 mg/dL

HDL: high-density lipoprotein.

Table 1. Current criteria for the diagnosis of the metabolic syndrome.
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proinflammatory adipokines such as tumor necrosis factor alpha (TNF-a), C-reactive protein
(CRP), and interleukin-6 (IL-6) [37, 59, 104, 105], which cause increased insulin resistance
from insulin-sensitive tissues by decreasing insulin signaling [34].

We will present the current state of knowledge for modifiable biomarkers that can be used to
predict MS events in the general population.

3.2. Elevated systolic blood pressure

Elevated systolic blood pressure (SBP) is one of the leading risk factors for global mortality
and for CVDs. In 2015, the prevalence of raised blood pressure was around 20% in females
aged 18 and over 24% in males [100]. Studies have reported conflicting results on the associa-
tion between increments in SBP and CVDs with differences between sexes [2]. An analysis
carried out in 2013 found that every 10 mm Hg increment in SBP was associated with a 15%
increased risk of coronary heart disease and a 25% increased risk of stroke in both men and
women, indicating a similar impact of hypertension on cardiovascular outcomes in both sexes
[71]. In contrast, a recent study on US population indicates that women experienced a 10%
greater risk in CVDs per 10 mm Hg increment in SBP than men [103].

3.3. Dyslipidemia

Higher total cholesterol (TC) is estimated to account for over 2.6 million deaths (4.5% of total)
worldwide every year [100]. The prevalence of elevated TC is similar in men and women
[100] and studies addressing the possible sex-/gender-specific effects of TC on CVD risk have
reported inconsistent results [72]. The cholesterol associated with high-density lipoproteins
(HDL-C) has long been considered a useful biomarker of CVD and MS risk. In population
studies, HDL-C is inversely related to the risk of myocardial infarction and death [57]. Low
HDL was initially suggested to be more predictive of coronary risk in women compared to
men [82]; however, analyses indicated that the association between HDL cholesterol levels
and fatal coronary heart disease did not vary significantly by sex [22]. The first systematic
meta-analysis evaluating the impact of TC on CVD risk in women compared with men [72]
found that for every 1-mmol/L increment in TC, the risk of coronary heart diseases increased
by 20% in women and by 24% in men, indicating essentially a similar TC-related risk of coro-
nary heart diseases in both sexes.

3.4. Triglycerides

Plasma triglycerides (TG) are product in the intestine and in the liver. As elevated TG are
often associated with reduced levels of the negative cardiovascular risk biomarker HDL-C, the
causal role of elevated plasma TG in CVD has been debated over the last 50 years. Fortunately,
different types of genetic and epidemiological evidence have recently strengthened the cau-
sality relationship between TG and CVD and promoted TG lowering as a fundamental factor
for CVD prevention. The question is important considering the high prevalence of TG levels:
47% of the US population at over 1.7 mmol/L based on the 2011 NHANES survey [10].
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Initially, it was thought that TG level was a stronger risk biomarker in women than in men.
Some years later, in a meta-analysis of 29 Western prospective studies with 262,525 subjects, a
significant association of TG with cardiovascular events was found, which was attenuated by
adjusting for HDL-C but remained significant [81, 88].

3.5. Body fat, excess body weight, and obesity

Excess body weight is another major risk factor for CVDs and MS; moreover, excess body
weight is currently one of the greatest public health issues worldwide [99]. According to the
WHO, over 650 million adults were estimated to be obese worldwide in 2016 and prevalence
has almost tripled since 1975 confirming that excess body weight has reached epidemic pro-
portions globally. The association between BMI and coronary heart diseases has been shown
to be the same between men and women in several studies [23, 66, 78]. The increased BMI has
the same deleterious effects on the risk of MS onset in women and men [11, 62]. However,
there are numerous differences between men and women regarding body fat, excess body
weight, and obesity that could be due to either direct activation by sex steroids or by sex
steroid-independent mechanisms.

3.6. Dysglycemia

Dysglycemia is a global term referring to either impaired fasting glucose or impaired glu-
cose tolerance. However, the two conditions are physiologically distinct. Impaired fasting
glucose results from inadequate basal insulin secretion or sensitivity in the liver, whereas
impaired glucose tolerance is a consequence of insufficient insulin response or sensitivity to
a carbohydrate load in not only the liver but also skeletal muscle. Impaired glucose tolerance
is more common in women than in men (except at older ages), whereas impaired fasting
glucose is more often seen in men than in women. The reasons for this pattern are unknown,
but sex differences in muscle mass, visceral adiposity, altered susceptibility to free fatty
acid-induced peripheral insulin resistance, and other factors may play a role [77]. Because
impaired glucose tolerance is not included in most current MS definitions, it is possible that,
compared with their men counterparts, dysglycemic women are underdiagnosed with the
syndrome [77].

3.7. High-sensitivity C-reactive protein

High-sensitivity C-reactive protein (hs-CRP) is a sensitive marker of inflammation. Some find-
ings have indicated that there is an association between CRP, development of atherosclerotic
disease [83, 84], and components of the metabolic syndrome [25, 49]. Indeed, many studies
have shown a direct association between high concentrations of CRP and insulin resistance or
components of MS [17, 27, 39, 53, 87].

While elevated TGs do not exert an inflammatory stimulus per se, endothelial damage may
occur, also because of the occurrence of intravascular TGs hydrolysis via the activity of lipo-
protein lipase either at the endothelial surface or within the arterial intima. This process leads
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to a release of free fatty acids and monoacylglycerols which generate local inflammation and
high levels of CRP [69, 86].

3.8. Mitochondria functions and its role in MS

Mitochondrial dysfunction is an early pathophysiological event in the development of insulin
resistance and obesity [15]. The origin of mitochondrial dysfunction may relate to a variety
of processes ranging from inflammation to epigenetic inheritance [48, 94]. Mitochondria are
crucial, multifunctional organelles, which actively regulate cellular homeostasis. The main
function of mitochondria is the energy production as adenosine triphosphate (ATP) via citric
cycle (tricarboxylic acid cycle and Krebs cycle). Other cell functions include ionic homeo-
stasis, production and regulation of reactive oxygen species (ROS), lipid and carbohydrate
utilization, pH regulation, steroid hormone synthesis, calcium homeostasis, thermogenesis,
and cell death [70, 85, 98]. An intricate homeostatic system regulates and maintains optimal
mitochondrial function in healthy cells, the failure of which is seen in obesity, asthma, and
metabolic syndrome [6].

Mitochondria are known to adapt physically to nutrient availability [26, 79]. The study’s
Durigon and coworker demonstrates that changes in nutrient availability and utilization
remodel the nucleoprotein complexes in mitochondria and thereby indicates how nutrients
can modulate gene expression and energy production in the organelle. It is clear that genetic
defects in metabolic factors linked to mitochondrial nucleoprotein complexes, or their regu-
lators, can produce a pseudostarvation state, owing to an inability to utilize an available
nutrient [21].

Several cardiovascular risk factors such as type 2 diabetes mellitus, hypertension, atrial fibril-
lation, peripheral artery disease, obesity, MS, dyslipidemia, habit of smoking, and pollution
are associated with an increased production of ROS [75].

The most common cause of obesity, caloric excess, and high fat consumption, leads to nutri-
tional overload, excess electron flux, increased oxidative stress, accumulation of partially
oxidized substrates, and, eventually, damage [45, 102]. As mentioned above, mitochondria
are the primary intracellular site of oxygen consumption and the major source of reactive oxy-
gen species (ROS), most of them originating from the mitochondrial respiratory chain. These
highly reactive molecules, radicals, and nonradicals have the ability to capture electrons from
molecules they come in contact with, including proteins and nucleic acids, leading in conse-
quence to cell damage. A fine equilibrium between ROS production and ROS removal deter-
mines the physiological versus pathological function of ROS. In fact, an excessive amount of
ROS induces oxidative stress and promotes cell death under hypoxic conditions. Conversely,
at physiological levels, ROS function as “redox messengers” in intracellular signaling [18, 98].
ROS can be removed by antioxidant enzymes such as superoxide dismutase, catalase, and glu-
tathione peroxidase [18]. An efficient antioxidant system is also necessary to cope with reactive
nitric species (RNS) generated by the reaction between O, and nitric oxide (NO) [4]. Similar to
ROS, excessive accumulation of RNS leads to irreversible damage to biomolecules [1].
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The mitochondrial dysfunction leads to activation of stress pathways that reduce cellular sen-
sitivity to insulin, limiting nutrient influx, and preventing further damage. Chronically, this
manifests as reduced mitochondrial metabolism, insulin resistance in organs, such as liver
and skeletal muscle, with consequent hyperinsulinemia and diversion of nutrients to stor-
age as adipose tissue [63]. In addition, mitochondrial dysfunction, with rising intracellular
oxygen and oxidative stress, interferes with NO synthesis and leads to oxonitrative stress
in epithelial and vascular endothelial cells. This pattern underlies the metabolic syndrome
with obesity, diabetes, dyslipidemia, and hypertension as the phenotypic components. MS
is thought to be related to inflammatory processes and oxidative stress that are linked to
underlying adipocyte cellular dysfunction [3, 20].

3.9. Autophagy in MS

Autophagy (or self-eating) is a conserved process aimed at maintaining of cellular and tis-
sue homeostasis under normal as well as stress conditions, including nutrient starvation,
changes in metabolism, energy and oxygen status. Autophagy is a degradation mechanism
for nonessential or damaged cytoplasmic components, including damaged organelles, toxic
protein aggregates, and intracellular pathogens [64]. It is an evolutionarily conserved process,
in which cells engulf a portion of the cytoplasm and damaged organelles (such as mitochon-
dria, peroxisomes, and endoplasmic reticulum) into double-membraned vesicles which later
fuse with lysosomes for the degradation of enclosed materials [14, 32, 50]. Degradation by-
products, such as amino acids, can then be re-used for the building of new macromolecules or
for meeting metabolic demands [43, 109]. Autophagy serves as an indispensable process for
cellular homeostasis involved in immunity, inflammation, and metabolism [16]. Either exces-
sive or defective autophagy may be associated with human metabolic diseases [91], indicating
the unique role of autophagy in the regulation of metabolic homeostasis [114]. Besides the
main function of energy production, mitochondria are also able to turn on and tune autoph-
agy by ROS production and oxidation of mitochondrial lipids. Excessive accumulation of ROS
leads to impairment of mitochondria structure and function, which in turn triggers a selective
process of mitochondria self-removal called mitophagy. As already mentioned, mitophagy
is an autophagic response that allows elimination of defective mitochondria and accelerates
the mitochondrial turnover, thus preserving the pool of healthy organelles [80]. It has been
proposed that upon nutrient deprivation, mitochondria protect themselves from degrada-
tion by promoting fusion and inhibiting fission events. It is only after long-term starvation
that mitochondria undergo fragmentation and are eventually removed by mitophagy [79]. A
reciprocal regulatory mechanism exists between autophagy and key metabolic elements such
as glucose and lipids [54, 55, 80]. For example, lipotoxicity in metabolic anomalies impairs
lysosomal function and autophagy, further exacerbating lipid accumulation and ultimately
cell injury [95]. Autophagy plays a pivotal role in the maintenance of the body’s metabolism.
Clinical and experimental evidences have depicted a link between autophagy and metabolic
risk factors such as obesity, dyslipidemia, alcoholism, insulin resistance, hypertension, diabe-
tes mellitus, sepsis, and inflammation [16, 51, 58, 90, 101, 114]. The bioengineered autophagy
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models also show a key role of autophagy in systemic metabolic regulation. Specifically,
they highlight how not only changes in autophagy affect metabolic homeostasis but also the
metabolic stress affects the state of autophagy. Indeed, autophagy is suppressed in genetic or
diet-induced models of obesity in various tissues, including liver, skeletal muscle, and cardiac
muscle [12, 13, 31, 35, 54, 55, 106, 107]. Recent data show that elevated circulating insulin, an
autophagy-inhibitory hormone, is believed to be responsible for changes in autophagy genes
[89]. A more in-depth understanding of the role of autophagy in metabolic diseases should
yield potential therapeutic strategies for better management of metabolic syndrome.

4. Metabolic syndrome and gender differences

Individuals with MS are four to five times more likely to develop diabetes and about twice as
likely to develop CVDs than those without the syndrome [60, 77]. Recently, a meta-analysis
of data from five cohorts with a total of 18,353 participants suggested that MS is associated
with similar elevations in CVD risk in women and men [77]. It is unclear whether MS confers
additional risk beyond its individual components. Comparative data from two U.S. National
Health and Nutrition Surveys (NHANES III (1988-1994) and NHANES (1999-2006)) show
a striking rise in prevalence of MS, with the relative increase larger in women (22.8%) than
in men (11.2%) [68]. In NHANES III, the prevalence of specific risk factor clusters respon-
sible for the MS diagnosis differed between the sexes, at least in the cluster under age 65
[46]. Abdominal obesity was a dominant feature in females with MS, whereas risk factor
combinations were more heterogenous in their male counterparts. Sex affects not only the
clinical expression but also the pathophysiology of MS. A recent review [77] demonstrates
that sex differences in dysglycemia, body fat, adipocyte biology, and the hormonal control
of body weight may have a role in cardiometabolic aftermath of women and men with the
MS. Moreover, the estrogen decline, that occurs postmenopausally, may have also implica-
tions for cardiometabolic sequela in MS women [77].

The sex difference in the distribution of body fat is well known. Specifically, there is an adi-
pose tissue accrual in the upper body (trunk and abdomen) and lower body (hips and thighs)
more prominent in men and women, respectively. Visceral adipose tissue in the abdomen is
a stronger correlate than subcutaneous adipose tissue of metabolic disturbances and cardio-
vascular risk. The amount of visceral adipose tissue, as well as the ratio of visceral adipose
tissue to total body fat, is lower in premenopausal women than in men. These findings imply
that BMI and waist circumference, commonly used in epidemiologic settings, are less accurate
indicators of visceral obesity in women and may thus underestimate the impact of visceral
adipose tissue on cardiometabolic risk in this group [60].

Sex influences adipocyte size in certain anatomic locations. For example, in men, omental
adipocytes (a type of intraperitoneal visceral adipose tissue) and abdominal subcutaneous
adipocytes are approximately equal in diameter, and show only minimal size increases
with increasing BMI. In contrast, in women, omental adipocytes are 20-30% smaller than
abdominal subcutaneous adipocytes, and show larger size increases as BMI increases. Thus,
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sex differences in adipocyte size may affect the cardiometabolic risk associated with MS in
women and men [60].

Sex differences in hormonal control of body weight may also contribute to the clinical expres-
sion and sequelae of MS. The hormones insulin, leptin, and estrogen may interact to play a
role in weight control via “adiposity signals” to the brain. In particular, insulin is secreted
from pancreatic beta cells in response to rising glucose levels. Leptin, which has the effect
of inhibiting food intake, suppressing insulin secretion, and increasing lipolysis, is released
from adipose tissue in direct proportion to fat mass [19, 30]. Leptin expression is greater in
subcutaneous than in visceral adipocytes, whereas insulin is a better marker of visceral than
subcutaneous fat [19]. Given the aforementioned sex differences in visceral vs. subcutaneous
fat, it seems likely that hormonal control of body weight varies in women and men. Sex differ-
ences in adipose tissue are not limited to white adipose depots, as females have more brown
adipose tissue and an enhanced capacity to beige their adipose tissue [24].

The mass changes that occur in adipose tissue gene expression in response to diet-induced
obesity are different between males and females, demonstrating significant differences in
how obesity affects adipose tissue [28].

The estrogen family and its two respective receptors, ERa and ER, have been widely sug-
gested to be protective against obesity, type 2 diabetes, and cardiovascular disease [67].
Accumulating data also suggest that estrogen affects adipocyte biology, as well as glucose
and lipid metabolism. Estrogens have significant effects on insulin and leptin sensitivity and
on the body’s response to changes in glucose levels [19, 67]. At menopause, a time of fluctuat-
ing and ultimately falling estrogen levels, an increase in visceral adiposity occurs, along with
atherogenic lipid changes characteristic of MS [60].

Estrogens can exert significant effects on one important cellular component as mitochon-
dria. Differences in mitochondrial number and function have been suggested to underlie the
differences in life span between the sexes [97] and may also be responsible for some of the
differences in response to the early life nutritional environment. Females have increased mito-
chondrial number in skeletal muscle, adipose tissue, and heart [8, 9, 40].

5. Conclusions

Progressive obesity, insulin resistance, abnormal cholesterol, or triglyceride levels that lead to
metabolic syndrome are emerging problems. Many strategies have been recently proposed to
minimize health-related consequences of metabolic syndrome. Sex seems to be the one element
that plays a key role not only in the clinical expression but also in the pathophysiology of MS. The
endogenous causes of the sex differences observed in many diseases are largely unknown, and
the situation in CVD research is not much different. Much remains to be learned about mecha-
nisms for these sex differences. Gaining this knowledge would allow us to therapeutically target
the relevant protective pathways. Sex differences in the clinical expression and physiology of
metabolic syndrome may be important in refining predictions of cardiovascular risk.
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Abstract

Cerebral aneurysms (CA) are acquired lesions, affecting 5-10% of the population, being about
three times more common in women than in men. The absolute majority of CA is asymptom-
atic. However, in symptomatic cases, cerebral aneurysms present without about 80% of cases
with severe intracranial hemorrhage, with mortality up to 50% and severe morbidity of up to
80%. At this point, the carotid siphon is particularly important because it is the blood gateway
to the anterior cerebral circulation, being the most sinuous portion of the internal carotid
artery, and because it houses about 30% of the intracranial aneurysm. The constant interac-
tions of blood flow with carotid siphon curvatures are apparently intrinsically related to the
epidemiology of these lesions in the various locations of the intracranial circulation and their
presentation form. It is well established that a greater anterior knee angle has a significant
independent relation with intracranial aneurysms located after carotid siphon, larger aneu-
rysms, and greater risk of rupture. These findings may be associated with the hemodynamic
interactions of blood flow and the curvature of carotid siphon. Little is known about the
anatomical changes in carotid siphon and, consequently, the repercussions of the hemody-
namic changes that the neurosurgical interventions mechanisms could entail. Devices such
as intracranial stents, detachable coils, and even clips of aneurysms can modify the morphol-
ogy of carotid siphon, and the knowledge of these consequences could be used to obtain
better therapeutic results. In the last 10 years, a new device for the treatment of intracranial
aneurysms has been presenting promising results, flow diverters stents (FDS), and its use to
treat aneurysms in carotid siphon appears to cause morphological changes characterized by
increased anterior and posterior angles. Specifically, the anterior angle increase was associ-
ated with better angiographic results. Aneurysms of the extracranial carotid artery (ECAA)
are rare and little is known about its natural history. The etiology is diverse and most ECAA
are asymptomatic, but they may progress to a pulsatile mass, cranial nerve compression, or
cause a stroke. ECAA treatment is still controversial and a better insight into natural history
and risk of complications of the different treatments is needed in order to get the consensus.

Keywords: carotid intern aneurysms, carotid siphon, flow redirecting stents
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1. Introduction

1.1. Epidemiological aspects

Cerebral aneurysms (CA) are acquired lesions, characterized as saccular or diffuse dilation of
the intracranial arteries walls. It affects 5-10% of the population, being about three times more
often in women than in men [1]. About 70-75% of the patients present single lesions and the
remains show multiple lesions, which can affect both hemispheres in both the carotid as well
as the vertebro-basilar circulation [2].

The absolute majority of CA is asymptomatic. Among the symptomatic patients, about 80%
present as hemorrhagic stroke and are characterized by spontaneous subarachnoid hemor-
rhages. The remaining 20% may present symptoms such as mass effect, thromboembolic
events, or nonspecific headaches [3].

Spontaneous subarachnoid hemorrhage (SAH) secondary to CA rupture is commonly
described as a devastating disease, accounting for about 5% of all strokes, with an incidence
of 10 cases per 100,000 individuals. Vlak et al. showed that the prevalence of unruptured
intracranial aneurysms was significantly higher in patients aged 30 years or older com-
pared with those who were younger than 30 years [47]. Autopsy reports have demonstrated
that the incidence of SAH or unruptured intracranial aneurysms was 3-4 times higher in
patients older than 70 years and that the prevalence of aneurysms increases with aging, as
well as prolonged exposure to hypertension, smoking, and atherosclerotic vessel degenera-
tion [48]. The incidence peak is between 50 and 60 years (only 20% of cases occur before
45 years) and there is considerable predominance for females: 1.6 females for 1 male. This
female predominance is probably due to hormonal changes, particularly estrogen consider-
ing primiparous views or patients with later menarche that present a risk reduction [4, 5].
Epidemiological studies show that the female preponderance of intracranial aneurysms
becomes significant only after the fourth or fifth decade, during the perimenopausal and
postmenopausal periods. Moreover, estrogen has a protective effect against vascular injury
[46] and hormone-replacement therapy has been shown to be a protective factor for sub-
arachnoid hemorrhage [47].

1.2. Risk factors

The exact etiology of CA formation remains unclear. However, there is no doubt that CA are
acquired lesions, initiated from a lesion with genetic, atherosclerotic, traumatic, or inflam-
matory origin in the vascular endothelium and developed by hemodynamic stress in this
region [6]. Factors such as blood hypertension, use of oral contraceptives, drugs (cigarette,
cocaine, and alcohol), pregnancy, and neurosurgical diagnostic procedures (lumbar punc-
ture and cerebral angiography) are classically associated with the development of lesions or
aneurysmal rupture [6-8]. In addition, environmental and geographic factors, such as season
and colder territories, increase the incidence of rupture [6-8]. Some genetic syndromes are
associated with a higher incidence, such as autosomal dominant polycystic kidney disease
type I and II, Marfan syndrome, neurofibromatosis type I, and Ehlers-Danlos syndrome type
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IT and IV [8]. Patients who have already been treated for a ruptured aneurysm also have an
increased risk of developing another lesion, around 2% per year, against 1% of the general
population [6-9]. Genetic inheritance related to aneurysmal development has been complex
and multigenic; genes such as 1p34.4-36.13, 7q11, 19q13.3, Xp22, endothelial nitric oxide syn-
thase gene, among others, have been frequently found in familial cases of CA [9].

It is believed that these factors converge to modify the intimal layer and increase the hemody-
namic stress of the arterial wall. Hemodynamic stress is basically executed by the elements of
blood flow and water hammer pulse, which explains the preferential location of the saccular
aneurysms in bifurcations and convexities of vascular curvatures, facing the direction that
the flow would be if there were no curves [10]. Thus, we can systematize the hemodynamic
interaction as the flow inertial force, perpendicular to the arterial wall, and the parallel shear
force caused by the viscosity and friction of the blood elements with the arterial wall [10]. The
way these forces interact in the formation, development, and rupture of aneurysmal lesions is
still a matter of debate, but apparently the shear stress would be more important at the initial
moments of aneurysmal formation; whereas, the flow inertial force would be more important
for late development and rupture of the lesions [11].

Considering these factors, the carotid siphon deserves special importance, since it is the blood
flow gateway to the anterior cerebral circulation, being characteristically the most sinuous

portion of the internal carotid artery and with the anterior communicating complex, com-
pound 80% of the CA [4, 10].

1.3. The carotid siphon

The carotid siphon corresponds to the portion of the internal carotid artery that begins at the
end of its petrous (horizontal) segment (or lacerum segment) and ends at the supraclinoid
internal carotid bifurcation. The first portion, the end of the petrous segment, is characterized
by the path of the carotid when exiting its exclusively intraosseous path and traversing the
crease of dura mater around the foramen lacerum. This portion may have branches not easily
visible angiographically, among which it can be highlighted the coraco-tympanic branch and
the artery of the pterygoid canal (vidian artery) [12].

The carotid artery enters the cavernous sinus after crossing the petrolingual ligament, where
it presents initially a vertical ascending segment and then we observe the first important cur-
vature, the posterior angle, of about 90° in anterior direction. It is followed by a horizontal
intra-cavernous portion, which ends at a second curvature, the anterior angle, with about 160°
in upward and posterior direction. In its intracavernosal path, usually arises the meningohy-
pophyseal trunk, close to its first curvature, and then the inferolateral trunk in the extension
of its horizontal segment [13].

After the second curvature, the internal carotid crosses two dural rings and emerges to a new
horizontal segment, but now supraclinoid and intradural, where it launches its main branches
(ophthalmic artery, posterior communicating artery, and anterior choroidal artery), ending
with its bifurcation. This bifurcation gives rise to the middle cerebral artery and the anterior
cerebral artery, which also marks the end of the carotid siphon [14] (Figure 1).
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Figure 1. Carotid siphon: digital angiography with subtraction in profile incidence evidencing the segments of the
carotid siphon (personal file).

Although this pattern is relativity monotonous among individuals, important anterior and
posterior angles variations were identified. These variations were initially systematized by
Krayenbuehl and Yasargil, who classified the carotid siphons from the purely morphological
point of view into seven subtypes [15] (Figure 2):

¢ Type U, representing 40.1% in the population up to 20 years, 35% between 21 and 50
years, and 15.2% between 51 and 74 years;

* TypeV, representing 14.6% in the population up to 20 years, 24.5% between 21 and 50 years,
and 22.3% between 51 and 74 years;

¢ Type C, representing 45.2% in the population up to 20 years, 14.6% between 21 and 50 years,
and 5.2% between 51 and 74 years;

* Type Omega, absent up to 20 years, representing 23.7% in the population between 21 and
50 years, and 50.7% between 51 and 74 years;

* Type Double Siphon, absent up to 20 years, representing 1.4% in the population between
21 and 50 years, and 4.1% between 51 and 74 years;

* Type Megasiphon, absent up to 20 years, representing 0.2% in the population between 21
and 50 years, and 2.3% between 51 and 74 years; and

* Type Dolicosiphon, absent up to 20 years, representing 0.4% in the population between 21
and 50 years, and 1.5% between 51 and 74 years.
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Subsequently, this classification was reviewed by Zhong, simplifying and systematizing the
classification in only four anatomical subtypes of the carotid siphon [16] (Figure 3):

* Type U (about 55% of cases): rectified supraclinoid portion with posterior angle greater
than 0° and presenting a wide anterior angle of positive values;

* Type V (about 27% of cases): rectified supraclinoid portion with posterior angle greater
than 0° and presenting a sharp anterior angle of positive values;

* Type C (about 16% of cases): curved supraclinoid portion, with posterior angle around 0°
and presenting a wide anterior angle of negative values; and

* Type S (about 2% of cases): supraclinoid portion rectified with very acute or negative
posterior angle, anterior angles of negative values and presenting a wide anterior angle.

The first attempt at geometric and mathematical systematization of the carotid siphon was
performed by Lang and Reiter [17], who classified the carotid siphons into three subtypes,
exclusively due to the posterior angle. Thus, the most frequent type, 49.3% of the cases, had
the posterior angle around 90°. The second subtype, 36.0% of the cases, presented the inferior
angle to 90° and the third subtype, 14.7%, with an angle greater than 90°.

This morphology of the siphon is not static and progressively varies with aging, development,
and degenerative processes, especially by the influence from atherosclerotic and hypertensive
disease [18].

It is believed that the main physiological function of these successive curvatures would be
the attenuation of the vectorial force of the blood flow, with consequent reduction of hemo-
dynamic stress to the distal cerebral circulation [18-20]. Thus, there is a constant interaction
between the carotid siphon vascular walls with the shear force of the blood elements and the
water hammer pulse of the arterial flow [19, 20].

1.4. Wall stressing stress

The consequences that the curvatures of the cerebral circulation generate in the hemodynam-
ics of the carotid siphon, as well as the relation between the incidence of aneurysms and steno-
ses close to the regions of pronounced curvatures, have been studied in recent years [19, 20].

It is admitted that the loss of the kinetic energy of linear blood flow, when colliding with the
endothelial wall of the curvatures, forcing the change of direction of blood flow and trans-
forming the normally linear flow into turbulent flow, is related to the endothelial transforma-
tion [18, 21-23]. This phenomenon generates deceleration of the blood flow, reducing the
interactions of tangential forces with the vessel wall, called wall shear stress [22].

Recent studies have evidenced the direct relation of the incidence of intracranial stenoses
in follow-up with low or oscillatory wall shear stress [23-25]. The characterization of which
curvatures and anatomies are more prone to the pathological scenarios has motivated several
studies that seek to define the geometric risk factors [24-26]. Piccinelli et al., for example,
have shown that curvatures with small radius and low angulation tend to be related to the
presence of ruptured aneurysms [27]. Kim and Kang, on the other hand, have demonstrated
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Figure 2. Types of carotid siphon described by Krayenbuehl and Yasargil. (1) Type U, (2) Type V, (3) Type C, (4) Type
Omega, (5) Type Double Siphon, (6) Type Megasiphon, and (7) Type Dolicosiphon.
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Figure 3. Types of siphons described by Zhong. (A) Type U, (B) Type V, (C) Type C, and (D) Type S [16].
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that a short supraclinoid segment of the internal carotid artery is directly associated with an
increased incidence of aneurysm of the posterior communicating segment [28]. Zhang et al.
have showed that siphons that present more acute curvatures lead to a significant decrease
and oscillation of wall shear stress right after curvatures, which are the most favorable sites
for the development of stenoses [29]. Silva Neto et al., on the other hand, evidenced that more
acute anterior angles are statistically related to a higher incidence of aneurysms in the poste-
rior communicating segment [30]. Sangalli described the association between aneurysms in
the most distal portions of the carotid siphon and the less acute curvatures [31]. We recently
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published our study, where we saw a significant independent direct relation of greater ante-
rior knee angle with intracranial aneurysms located after the carotid siphon, larger aneu-
rysms, and greater risk of rupture. These findings may be associated with the hemodynamic
interactions of blood flow and the curvature of the carotid siphon [49].

Anterior angles above the median of our sample (15.40°) are directly related independently
to a 36% higher incidence of rupture (p = 0.0055, PR = 1.36, 95% CI: 1.09 to the location of
cerebral aneurysms 48% more frequently after the carotid siphon (p = 0.0336, RC = 1.48, 95%
CIL: 1.03-2.13), and to larger lesions. For each increase of 1° in the anterior angle, there is
an increase in aneurysm size of 1001 mm (p = 0.015). These findings may mean that carotid
siphons with more intense curvatures would lead to greater changes in the shear force of
the wall and greater damping of the vector force in a hammer water pulse. These changes in
blood flow would lead to increased hemodynamic stress in the carotid siphon, with a conse-
quent higher frequency of aneurysm in this topography and the formation of smaller lesions
and with a lower risk of rupture, due to the decrease in the vector force in a hammer water
pulse toward the aneurysmal domus [49].

Then, the change of direction of blood flow at the points of curvature of the carotid siphon
occur in detriment of the deceleration of the linear velocity of blood flow and the loss of the
linear vector force of the water hammer pulse. This deceleration would occur with a change
from laminar to turbulent flow in the proximity of the curvatures, with lower intensity and
greater oscillations of the shear stress of the wall. On the other hand, decreasing the force of
the linear vector toward the aneurysmal sac would reduce the size of the aneurysms and the
risk of rupture. Still a greater swirling flow would lead to greater initial endothelial lesion
for the aneurysmal formations. Thus, more obtuse anterior angles, with less laminar flow
deceleration and less generation of turbulent flow in the vicinity of the carotid siphon, were
statistically associated with larger aneurysms, greater risk of rupture and a higher incidence
of aneurysm after the carotid siphon; whereas, more acute anterior angles, with greater decel-
eration of the laminar flow and greater generation of swirling flow in the siphon, were shown
to be associated to smaller aneurysms, lower risk of rupture, and a higher incidence of aneu-
rysm in the carotid siphon [49].

High-velocity laminar flow due to a nontortuous carotid siphon would lead to hemodynamic
consequences for the other curvatures and bifurcations of the cranial circulation after the
carotid siphon, explaining the higher incidence of postsiphon aneurysms and a higher risk
of rupture at these sites in patients with higher angles. Stratified analysis of the subgroups
by location revealed that aneurysms located in the anterior communicating artery in patients
with anterior angle greater than 15.40° presented an 84% greater chance of rupture (p = 0.049),
suggesting that the hemodynamic effects resulting from the anatomy of the siphon can persist
anatomically after the siphon [49].

These studies have contributed to a better understanding of the geometric risk factors, but
little is known about the anatomical changes in the carotid siphon and, consequently, the
repercussions of the hemodynamic changes that the mechanisms of neurosurgical interven-
tions could entail. Devices, such as intracranial stents and detachable coils, and even clips
of aneurysms can modify the morphology of the carotid siphon and the knowledge of these
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consequences could be used to obtain better therapeutic results. This becomes even more
important considering that one-third of intracranial aneurysms are located in the carotid
siphon [4, 32].

1.5. Flow diverter stents

The microsurgical access of carotid siphon aneurysms can often be considered of high techni-
cal complexity. In this way, endovascular treatment has become popular as a safe and effec-
tive alternative [32-34].

In the last 10 years, a new device for the treatment of intracranial aneurysms has been pre-
senting promising results, the intracranial flow diverter stents (FDS). They are cylinders with
walls formed by braided metallic wires configuring extremely diminutive fenestrations.
When implanted in the wall of the parental artery, the small fenestrations allow the passage of
blood to the penetrating branches, avoiding neurological deficits, but blocking the blood flow
into the aneurysmal sac, and leading to thrombosis and subsequent progressive reduction of
its volume [32, 33, 41, 43].

It is nowadays believed that such stents, by virtue of their structural conformation of braided
wires, would perfectly fit the anatomy of the vessel in which it was implanted [32].

The rupture of intracranial aneurysms continues to be one of the neurosurgical diseases with
the highest morbidity and mortality. Despite advances in the knowledge of the causes and
evolution of these lesions, the understanding of all etiological mechanisms remains a chal-
lenge for modern neurosurgery.

Recently, hemodynamic studies of the interaction between blood flow and the endothelial
wall have received increased attention as an important element in the genesis, development,
and rupture of cerebral aneurysms [19, 20, 39]. In this context, studies of carotid siphon inter-
actions are especially important because of the anatomical peculiarities of this region and
considering that about one-third of all intracranial aneurysms are located there [1, 18, 21].

Studies such as those by Lin et al., Bogunovi¢ et al., and Takeuchi et al. showed that vessels
with more intense curvatures are related to greater oscillation and decrease of wall shear force
[21-23]. The change in direction of blood flow caused by the carotid siphon curvatures would
be related to the transformation of the originally linear flow into turbulent flow. This transfor-
mation of the flow pattern would decrease and oscillate wall shear stress, which would pre-
cipitate the first endothelial changes in the genesis of aneurysm formation or stenoses [24, 25].
Jou et al., using 3D reconstructions of 25 patients with paraclinoid aneurysms, identified that
the mean wall shear stress is inversely dependent on the size of the aneurysmal sac and that
ruptured aneurysms present a lower mean wall shear stress near the aneurysmal cervix [39].
Zhang et al., also using 3D reconstructions, hemodynamic studies, and the anatomical clas-
sification of Zhang, showed that stenotic lesions tend to appear soon after intense carotid
siphon curvatures, also evidencing that siphons that present more pronounced curvatures,
such as type C, have statistically more stenoses than siphons with softer curvatures [29].
Piccinelli et al. analyzed individually the aneurysm curves of the carotid siphon and showed
that ruptured aneurysms are statistically more present in carotid siphon curves of smaller
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diameter and shorter length, being preferentially located in the external wall of the curvature
[27]. Recently, Lauric et al. compared demographic data with 3D angiogram and showed that
women have carotid siphons with curvatures greater than men and patients with aneurysms
on siphon also present larger curvatures [40]. Lauric et al. evidenced that men generally have
carotid siphons with less prominent curvatures than women [40].

In one of the first studies to evaluate geometric and anatomical changes in the carotid siphons
after FDS release in the treatment of the aneurysm in this region and its repercussions Waihrich
et al. observed that FDS release led to a morphological change in the carotid siphon, charac-
terized by a progressive and statistically significant increase (p < 0.001) in the anterior and
posterior angles independently of the angiographic result in the O’Kelly-Marotta scale [35,
50]. In addition, the multivariate analysis showed that there is an increase in the frequency of
D results progressively in the quartiles of the anterior angle increase, inferring that there is a
greater possibility of radiological cure (result D) in larger increases of anterior angle. Despite
the progressive increase of the posterior angle after the FDS release, the statistical relation
between this increase and the D result by the multivariate analysis was not observed. Probably,
this result was due to the smaller magnitude of the posterior angle increase, both after stent
implantation (from 3.97° + 25.06° to 22.05° + 25.18° vs. 71.98° + 31.27° to 79, 43° + 31.80°), and
in relation to the result D with non-D (from 8.34° + 22.21° to 26.78° + 24.40° vs. 74.67° + 25.35°
to 81.08° + 33.58°) [36-38, 50].

The FDS technology is based on increasing blood flow resistance in the aneurysm neck, reduc-
ing the inflow and outflow of blood into and out of the aneurysmal sac, and stagnating and
thrombosing the blood into the aneurysm. However, changes in carotid siphon geometry
may be related to a higher probability of cure. It is possible that the increase of the angle and
the reduction of the anterior angle curvature lead to a reduction of the hemodynamic stress
in the region, that is, the morphological changes would increase the intensity and reduce the
oscillation of the wall shear force, contributing to better final results.

The age, in patients under 60 years, also proved to be an independent variable for a greater
chance of cure. Lin et al. evidenced in their study that carotid siphons with greater tortuos-
ity present greater technical difficulty for the release of FDS [21]. In fact, patients older than
60 years presented a higher statistical proportion of the more tortuous types of siphons (types
S and C, with p <0.001) and statistically lower values of both the anterior angle (6.06° + 28.49°
vs. 18.07° + 20.26°, p < 0.001), and posterior (71.00° + 37.68° vs. 80.80° + 27.14°, p = 0.025),
evidencing the presence of more tortuous siphons in this population [50]. Another important
point is that large and giant aneurysms present greater technical difficulty in their treatment
and, in addition, often require more time to thrombose completely [6, 42].

2. Cervical internal carotid artery aneurysm

Aneurysms of the extracranial carotid artery (ECAA) are rare, and little is known about its
natural history, the etiology is diverse, and most ECAA are asymptomatic and do not grow
over time but may progress into a pulsatile mass, cranial nerve compression, or cause a stroke.
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Patients with an asymptomatic ECAA have a rate of ischemic stroke in the aneurysm territory
of 1.1 per 100 patient years. For patients with an increasing ECAA diameter, intervention may
be considered, while in patients with small non-growing asymptomatic ECAA, a conservative
approach seems justified [45].

The main cause of the ECAA is atherosclerotic disease, followed by trauma and most aneu-
rysms in 608 on a total of 1239 patients were located in the internal carotid artery, i.e,, its
cervical extracranial portion in a study by Welleweerd et al. invasive treatment for extracra-
nial carotid artery aneurysms pertains to only 0.6-3.8% of all extracranial carotid interven-
tions. The best medical treatment comprises antithrombotic treatment and regular follow-up.
Traditional surgical treatment has been associated with the risk of stroke and cranial nerve
damage; whereas, endovascular ECAA repair has only been described in small case series.
However, early mortality and number of strokes is low in surgical and endovascular treat-
ment even in the long-term follow-up, supporting the assumption that invasive treatment
could prevent stroke [44].

3. Conclusion

The morphological analysis of the anatomy of the carotid siphon revealed a directly propor-
tional relation between the anterior carotid siphon angle and larger aneurysms, a higher risk
of rupture, and the location of the aneurysms distal to the carotid siphon.

The use of flow redirecting stents to treat aneurysms in the carotid siphon caused morphologi-
cal changes characterized by increased anterior and posterior angles. Specifically, the anterior
angle increase was associated with better angiographic results, i.e., aneurysmal occlusion at
6 months.

About ECAA treatment, a better knowledge about the natural history and risk of complica-
tions of the different treatments is needed in order to get a consensus, the early and long-
term outcome of invasive treatment are favorable, despite some cranial nerve damage be
possible after surgery.
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