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 INSTRUCTIONS FOR AUTHORS 

1. AIMS AND SCOPE
The International Journal of Clinical Neurosciences and 
Mental Health is an open-access peer-reviewed journal 
published trimonthly by ARC Publishing. Our goal is to 
provide high-quality publications in the areas of Psy-
chiatry and Mental Health, Neurology, Neurosurgery and 
Medical Psychology. Expert leaders in these medical areas 
constitute the international editorial board. The journal 
publishes original research articles, review articles, drug 
reviews, case reports, case snippets, viewpoints, letters 
to the editor, editorials and guest editorials. The Interna-
tional Journal of Clinical Neurosciences and Mental Health 
follows the highest scientific standards, such as the CON-
SORT / STROBE guidelines and the Uniform Requirements 
for Manuscripts Submitted to Biomedical Journals (ICJME). 
The journal offers: • Trusted peer review process • Fast 
submission-to-publication time • Open-access publica-
tion without author fees • Multidisciplinary audience and 
global exposure

2. TYPES OF PAPERS
The International Journal of Clinical Neuroscience and 
Mental Health publishes scientific articles in the follow-
ing categories: Original research articles; Reviews; Drug 
reviews; Case reports; Case snippets; Viewpoints; Letters to 
the editor; Editorials and guest editorials.

2.1. Original research articles
The International Journal of Clinical Neurosciences and 
Mental Health welcomes original clinical research related 
with psychiatry, mental health, medical psychology, neu-
rosurgery and neurology. Reports of randomized clinical 
trials should follow the CONSORT Guidelines and reports 
of observational studies should comply with STROBE 
Guidelines. Body text of an Original Research Article 
should have no more than 4000 words (word count ex-
cludes title page, abstract, acknowledgments, references 
and tables). A maximum of 6 illustrations (figures or tables) 
are allowed. Supplementary online material may be sub-
mitted at the editor discretion.

2.2. Review articles and Drug Reviews
Review articles on CNS-related drugs, psychiatry, mental 
health, medical psychology, neurosurgery and neurology 
topics are welcome. Both invited and unsolicited submis-
sions are accepted. Manuscripts should be limited to a 
maximum of 4,500 words, excluding title page, abstract, 
acknowledgments, references and tables. 

2.3. Case reports and case snippets
Case Reports and Case Snippets should have no more than 
750 and 500 words, respectively (word count excludes ref-
erences); one figure or table can be included.  Only highly 
meaningful Case Reports are accepted, including major 
educational content or major clinical findings. Case Snip-
pets should describe a diagnosis or therapeutic challenge.

2.4. Viewpoints
Viewpoints should provide an expert opinion on impor-
tant topics for medical research or practice, with possibility 
for covering social and policy aspects. This section encour-
ages dialogue and debate on relevant issues with expert 
views based on evidence. Viewpoints are limited to 1500 
words (word count excludes references) and can include 
one figure or table.

2.5. Letters to the Editor
Letters to the Editor should share views on published arti-
cles, any findings insufficient for a research article or pre-
sent ideas of any subject in the scope of the journal.Letters 
to the Editor have a maximum of 600 words (including 
references) and can include one figure or table.

2.6. Editorials and Guest Editorials
Authors are invited by the Editor-in-Chief to comment on 
specific topics and express their opinions. Editorials and 
Guest Editorials have a maximum of 1,000 words and can 
include one figure or table.

3. MANUSCRIPT SUBMISSION
These instructions advise on how the manuscript should 
be prepared and submitted. Manuscripts that do not com-
ply with the guidelines will not be considered for review. 
All manuscripts should be prepared in A4-size or US-letter 
size, in UK or US English. Manuscripts should be submit-
ted in *.doc and *.pdf formats, in the appropriate section 
of the journal website: https://ijcnmh.manuscripts.arc-
publishing.org

3.1. Cover Letter
A cover letter should be submitted together with the 

manuscript, in *.doc or *.pdf format, addressed to the Edi-
tor-in-Chief. A template for the cover letter is available for 
download in the journal website. The cover letter should 
contain statements about originality of your publication, 
Ethics Committee approval and informed consent (if ap-
plicable), conflicts of interest and why in your opinion your 
manuscript should be published.

3.2. Manuscript Preparation
The manuscript must be divided in 2 files: the Title page 
(submitted in *.doc format and *.pdf formats) and the 
Manuscript body (submitted in *.doc and *.pdf formats). 

TITLE PAGE > This should be submitted as a separate file 
from your manuscript (to assure anonymity in the peer 
review process) and should include: Article title; Authors’ 
names, titles (e.g. MD, PhD, MSc, etc.) and institutional af-
filiations; Corresponding author: name, mailing address, 
telephone and fax numbers; Keywords (maximum of 10); 
A running head (up to 50 characters); Abstract word count 
(up to 250 words); Body text word count; The number of 
figures and tables.

MANUSCRIPT BODY > The Manuscript body must be 
anonymous, not containing the names or affiliations of 
the authors. Manuscript body must be structured in the 
following order: title, abstract, body text, acknowledge-
ments, references, tables, and figures captions/legends.
The text must be formatted as follow: • Arial fonts, size: 11 
points • Single line spacing (see paragraph menu) • Aligned 
to the left (not justified) • Showing continuous line num-
bers on the left border of the page (For MS Word you can 
add line numbers by going to: Page Layout -> Line Numbers 
-> select “Continuous”; for OpenOffice:  Tools -> Line Number-
ing -> tick “Show numbering”)
Title: A descriptive and scientifically accurate article title 
should be provided.
Abstract (250 words maximum): An abstract should be 
prepared for Original Research Articles, Review Articles 
and Drug Reviews. Should be structured and include: 
background/objective, material and methods, results, and 
conclusions. These sections should be separated by the 
respective headings. If the publication is associated with a 
registered clinical trial, the trial registration number should 
be referred at the end of the abstract.
Body text: Original research articles: Original research arti-
cles should be structured as follows: Introduction: Should 
present the background for the investigation and justify 
its relevancy. Claims should be supported by appropriate 
references. Introduction should end by stating the objec-
tives of the study. Methods: Should allow the reproduction 
of results and therefore must provide enough detail. Ap-
propriate subheadings can be included, if needed. Results: 
Should include detailed descriptions of generated data. 
This section can be separated into subsections with con-
cise self-explanatory subheadings. Discussion and Conclu-
sions: Should be brief but comprehensive and well argued, 
summarise and discuss the main findings, their clinical rel-
evance, the strengths and limitations of the study, future 
perspectives with suggestion of experiments to be ad-
dressed in the future. Review articles and Drug Reviews: 
These types of articles should be organized in sections and 
subsections.
Acknowledgements: This section should name everyone 
who has contributed to the work but does not qualify 
as an author. People mentioned in this section must be 
informed and only upon consent should their names be 
included along with their contributions. Financial sup-
port (with grant number, if applicable) should also be 
stated here. Any conflict of interests should be declared. 
If authors have no declaration it should be written: “The 
authors declare no conflict of interests”.
References: References citation in the text should be num-
bered sequentially along the text, within brackets. 
The use of a reference management tool (such as End-
note or Reference Manager) is recommended. References 
must be formatted in Vancouver style. Only published or 
accepted for publication material can be referenced. Per-
sonal communications can be included in the text but not 
in the references list. 
Tables: Tables should be smaller than a page, without pic-
ture elements or text boxes. Tables should have a concise 
but descriptive title and should be numbered in Arabic nu-
merals. Table footnotes should explain any abbreviations 
or symbols that should be indicated by superscript lower-
case letters on the body table.
Figures: Figures should have a concise but descriptive title 
and should be numbered in Arabic numerals. If the article 
is accepted for publication, the authors may be asked to 
submit higher resolution figures. Copyright pictures shall 
not be published unless you submit a written consent 

from the copyright holder to allow publishing. Each fig-
ure file shall not be larger than 30MB. Figures should be 
tested and printed on a personal printer prior submission. 
The printed image, resized to the intended dimensions, is 
almost a replication of how the picture will look online. It 
shall be clearly perceived, non-pixelated nor grainy. Only 
flattened versions of layered images are allowed. Each 
figure can only have a 2-point white space border, thus 
cropping is strongly advised. For text within figures, Arial 
fonts between 8 to 11 points should be used and must be 
readable. When symbols are used, the font information 
should be embedded. Photographs should be submitted 
as *.tif or *.eps at high-resolution (300 dpi or more). Graph-
ics should be submitted in *.eps format. MS Office graphics 
are also acceptable. All figures, tables and graphics should 
have white background and not transparent. Lines, rules 
and strokes should be between 0.5-1.5 points for repro-
ducibility purposes.

3.3. Supporting Information
Code of Experimental Practice and Ethics: The minimal 
ethics requirements are those recommended by the Code 
of Ethics of the World Medical Association (Declaration of 
Helsinki). Authors should provide information regarding 
ethics on research participants, patient informed consent, 
data privacy as well as competing interests. If the authors 
have submitted a related manuscript elsewhere should 
disclose this information prior submission. 
Nomenclature: All units should be in International System 
(SI). Drugs should be designated by their International 
Non-Proprietary Name (INN).

3.4. Submission Checklist
Please ensure you have addressed the following issues pri-
or submission: Details for competing interests; Details for 
financial disclosure; Details for authors contribution; Par-
ticipants informed consent statement; Contributor copy-
right authorization of figures included in the manuscript, 
not produced by the authors and subjected to copyright; 
Authorship, affiliations and email addresses are correct; 
Cover letter addressed to the Editor-in-Chief; Identification 
of potential reviewers and their email addresses (to be in-
troduced at the online submission platform); Manuscript, 
figure and tables comply with the author guidelines, in-
cluding the correct format, SI units and standard nomen-
clature; Separated files for Title page (*.doc and *.pdf) and 
Manuscript body (*.doc and *.pdf) – 4 in total; Manuscript 
body does not contain the names or affiliations of the au-
thors. If you have any questions, please contact ijcnmh@
arc-publishing.org

4. OVERVIEW OF THE EDITORIAL PROCESS
The International Journal of Clinical Neurosciences and 
Mental Health aims to provide an efficient and construc-
tive view of the manuscripts submitted to achieve a high 
quality level of publications. The editorial board is consti-
tuted by expert leaders in several areas of medicine par-
ticularly in Clinical Neuroscience and Mental Health.  Once 
submitted, the manuscript is assigned to an editor which 
evaluates and decides whether the manuscript is accepted 
for peer-review. At this initial phase, the editor evaluates 
if the manuscript fulfils the scope of the journal accord-
ing to the content and minimum quality standards.  For 
peer-review, one or two additional expert field editors will 
comment on the manuscript and decide on whether it is 
accepted for publishing with minor corrections or not ac-
cepted for publishing. The editor may ask authors to resub-
mit after major revision. Decision is based on technical and 
scientific merits of the work. Reviewers can be asked to be 
disclosed or stay anonymous. Authors can exclude specific 
editors or reviewers from the process, upon submission, a 
rational should be provided. Upon evaluation, an email is 
sent to the corresponding author with the decision. If ac-
cepted, the manuscript enters the production process. It 
takes approximately 6-7 weeks for the manuscript to be 
published.

4.1. Appeal Process
The editors will respond to appeals from authors which 
manuscripts were rejected. Their interests should be sent 
to the Editor. Two directions can be followed: If the Editor 
does not accept the appeal, further right to appeal is de-
nied; If the Editor accepts the appeal, a further review will 
be asked. After the new review, the editor can reject or 
accept the appeal. If rejected, nothing else can be done, 
if accepted the author is able to resubmit the manuscript.
The reasons for not accepting a manuscript for considera-
tion can be: The manuscript does not follow the scope of 
the journal; The manuscript has potential interest but 
there are methodological concerns after peer-review or 
editorial examination.
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Carving the foremost developments in 
neurosonology and cerebral hemodynamics from 
an inspiring meeting

GUEST EDITORIAL

Elsa Azevedo
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of Porto, Porto, Portugal
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INTERNATIONAL JOURNAL OF
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CLINICAL NEUROSCIENCES
MENTAL HEALTH

President of the Portuguese Society of Neurosonology

Chair of the 18th Meeting of ESNCH and 3rd Meeting of CARNet

In May 2013 the international experts on neurosonolo-
gy and cerebral hemodynamics pooled their knowledge 
and expertise to produce an historical and fertile scientific 
meeting. It took the form of a joint meeting between the 
European Society of Neurosonology and Cerebral Hemo-
dynamics (ESNCH) and the Cerebral Autoregulation Net-
work (CARNet).

The meeting hosted over 400 participants from 47 
countries of the five continents in over 30 hours of active 
discussion and major updates in these fields.

Following on the success of the reunion, the organizing 
and scientific committees felt compelled to assemble the 
major breakthroughs of the event in a publication meant to 
carve these developments for future reference.

The present issue of the International Journal of Clin-

ical Neurosciences and Mental Health began to take shape 
compiling the various lectures presented throughout the 
meeting and tutorials, articles with original contributions 
of innovative findings and exciting case reports.

Authors of selected abstracts of the meeting were in-
vited to participate in this issue, presenting their work as 
articles. All submissions were reviewed by two members 
of the scientific committee until final version approval to 
ensure maintenance of the high methodological standards 
present all over the conference.

We believe that this issue translates the foremost de-
velopments in neurosonology, cerebral hemodynamics 
and autoregulation during the recent years into a rigorous, 
comprehensive and extensive publication designed to en-
grave the memory of a stimulating meeting.

Special Issue on Neurosonology and Cerebral Hemodynamics





State-of-the-art and new perspectives in 
Neurosonology

GUEST EDITORIAL

László Csiba

Correspondence: László Csiba

Department of Neurology, Debrecen University

4032 Debrecen, Móricz krt.22, Hungary 

Email: csiba@med.unideb.hu 

Citation: Csiba, L. State-of-the-art and new perspectives in Neurosonology. 
IJCNMH 2014; 1(Suppl. 1):S02

© 2014 Csiba. This is an open access article distributed under the Creative Commons Attribution 
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the 
original work is properly cited.

Open Access Publication    Available at http://ijcnmh.arc-publishing.org

INTERNATIONAL JOURNAL OF

AND

CLINICAL NEUROSCIENCES
MENTAL HEALTH

Past-President of ESNCH

The neurosonological techniques play an important role 
in the vascular and non-vascular (degenerative, peripheral 
nervous system diseases) neurological diseases. 

The neurosonological methods proved their strength, 
not only in the prevention and diagnosis of vascular dis-
eases, but also at intensive care unit monitoring and in 
therapeutic intervention (e.g. sonothrombolysis and gene 
therapy) in central nervous system diseases. 

The neurosonological methods detect and follow the 
early impairment of endothelium function and changes 
of cerebral hemodynamics before and after pharmacolog-
ical interventions.

This edition summarizes the recent advances of neu-
rosonology, based on the most outstanding presentations 
of the European Society of Neurosonology and Cerebral 
Hemodynamics conference organised in Porto, 2013. 

Updated results of arterial wall imaging, endothelial 
dysfunction testing, cerebral blood flow measurement, ul-
trasound in thrombolysis and new trends will be presented 
with detailed illustrations.  

This book gives an overview about diagnostic and 
therapeutic advances of extra- and transcranial ultrasound, 
possible clinical and research applications and, besides “the 
state of art”, the future perspectives will be also presented.

The growing utilization and fast improvement of ul-
trasonic methods in the diagnosis and therapy of vascu-
lar and other diseases justifies an update survey on major 
breakthroughs.

I hope that this special edition will be useful in the daily 
work and stimulate the sonologists to use more intensively 
the neurosonological methods for the benefit of our pa-
tients and for clinical research.   

Special Issue on Neurosonology and Cerebral Hemodynamics
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Physics of ultrasounds

REVIEW

Victor Oliveira1 

1Department of Neurology, Hospital Santa Maria, Lisboa, Portugal

Correspondence: Victor Oliveira

Department of Neurology, Hospital Santa Maria

Avenida Professor Egas Moniz, 1649-035 Lisboa, Portugal

Email adress: voliveira98@hotmail.com

Abstract

Neurosonology relies on the use of ultrasounds adapted to the characteristics of the human body, mainly the density of 
biological structures in order to obtain imaging of vessels, brain parenchyma and muscles as well as the Doppler Effect 
to study velocities of the blood flow.

Aside from the expertise to perform examinations, a sonographer must be aware of the physics behind the machine in 
order to better understand the capabilities and limitations of these exams.

We summarize the most important principles used in neurosonology.

Keywords: Transcranial Doppler, Doppler effect, Blood flow velocity, Fast fourier transform, Pulse repetition frequency.
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Ultrasound (US) imaging and Doppler Effect (Figure 1) 
are major achievements in physics and their application to 
medicine has provided a number of advantages in the in-
vestigation the vascular system. 

One should remember Christian Andreas Doppler 
(1803–1853), an Austrian mathematician from Salzburg con-
cerned with color variation of the stars who stated that the 
color changes in time were due to the relationship between 
the speed of light and the speed of the moving stars [1].

Medical applications in vascular medicine had another 
milestone in the 1950’s when the Japanese scientists Shigeo 
Satomura and Ziro Kaneko produced the first ultrasound 
device able to register Doppler shift in blood vessels; the so 
called “Doppler Rheograph” [2, 3].

 Since then, fast developments in technology have al-
lowed a wide diffusion of a number of reliable devices join-
ing the capability to depict vascular structures and at the 
same time, measuring blood flow velocities.

In 1982, another milestone happened when Rune Aaslid 
introduced a device able to register Doppler signals through 
the intact skull [4].

The use of ultrasounds in vascular medicine and in ce-
rebral circulation in particular seems to have an endless 
way to pursue.

Continuous Doppler, pulsatile Doppler, transcranial 
color coded Doppler (TCCD) and Doppler monitoring for 
diagnosis as well as to assist thrombolysis [5] are some of the 
various modalities instigate for cerebrovascular medicine.

Knowledge of the physics of ultrasound is fundamen-
tal for the sonographer to understand the technologies that 
one is using.

To produce ultrasounds applied to vascular medicine 
it is necessary to use a device where the main component 
are crystals or ceramic which when stimulated by an elec-
tric current, vibrate at high frequency (piezoelectric effect), 
producing ultrasonic waves. The frequency of these ultra-
sonic waves depends on the composition of the piezoelec-

tric component and on the electric current that activates it. 
These piezoelectric elements in the probe have also 

the capability to act reversibly, that is: to receive back the 
pressure of ultrasonic energy and transform it into elec-
trical energy.

That energy is processed by the equipment to allow de-
piction imaging and also to display measurements.

For medical diagnosis the frequency ranges from 7.5–10 
MHz for vascular and other superficial structures to 2–5 
MHz for deeper structures like abdominal organs. Higher 
frequencies give a better resolution but are weaker in pene-
tration than lower frequencies [6].

Different densities absorb different amounts of US en-
ergy (acoustic impedance). High density structures, like the 
bones, capture the large majority of ultrasound of energy so 
there is no refection. This is why there is major limitation 
for imaging bones by ultrasounds.

While crossing different structures with different den-
sities, ultrasounds are subject to several phenomena that 
weakens their energy (attenuation): A part of it is retained 
within the structures and is turned into heat (absorption). 
Some amount diverges erroneously when hitting irregular 
surfaces (scattering). Others diverge when crossing interfac-
es and will not be re-captured by the probe (divergence) [7].

Attenuation, coefficient of body structures, is lower for 
water, blood and fat but is higher for bones [8]. 

The heart of the US equipment is the probe allowing, 
emitting and receiving US signals. 

Piezoelectric elements can be arranged in the probe in 
different ways.

Types of probes

Linear array - elements are placed one after another emit-
ting parallel beams. The surface of the probe is flat, pro-
ducing square images. It is used for superficial vascular 
imaging.

(a) (b)

Figure 1. The Doppler Effect: Wavelength: spatial period of a wave (λ): (a) Two stationary sources of acoustic waves: sound pitch 
(frequency) perceived equal both on the left and on the right sides (λ1 = λ2): no Doppler effect; (b) A source of acustic waves moving 
from the left (λ2) to the right (λ1): Sound pitch (frequency) perceived higher on the right than on the left sides  (λ1 > λ2).
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Sector array - elements are placed concentrically emit-
ting a divergent beam depicting a sector image. The surface 
of the probe is convex. It is used for deep structures such as 
abdominal viscera, echocardiography and also for TCCD.

Phased array - is an electronic sector scanner formed by 
a group of elements that fires sequentially with a defined 
time delay from the previous one. The total ultrasound in-
formation received may scan tissues at a pre-defined angle. 
A major advantage is to use merely a small coupling area. 
This is particularly useful in echocardiography and tran-
scranial Doppler.

Main physical principles of ultrasound

US are emitted intermittently, pulsing with a determined 
frequency this is an important characteristic called pulse 
repetition frequency (PRF).

PRF can be defined as the number of pulses emitted by 
unit of time. It must be issued in a way allowing US pulse to 
make its way to the target and return back to the probe.  For 
medical purposes PRF ranges from 1 to 10 KHz [9].

PRF must be at least twice the Doppler shift in order 
to be registered. This is defined by the Nyquist sample the-
orem that states that image must be sampled at twice the 
higher frequency of signal [10].

Waveforms are depicted according to the Fourier 
Transform calculation in the common version of Fast Fou-
rier Transform (FFT) converts time into frequency and 
vice versa. In short this allows extracting amplitude and fre-
quency from the Doppler signal depicting the distribution 
of flow velocities/speeds.

When the values are lower than this, an artifact occurs 
(aliasing). This a common experience when, as in motion 

pictures, the spokes of the wheels of a car or the fans an 
airplane seem to run in the opposite direction to reality.

In US imaging, the waveform is depicted with the upper 
part of the wave in the bottom of the image.

Doppler effect

This is a major application of US in medicine, mainly for 
the study of blood flow velocities.

 Doppler Effect consists in the emission of an US beam 
that hits a moving object, in our case, elements of blood. 

The velocity of the reflected beam is modified according 
to the direction and velocity of the moving blood elements, 
the piezoelectric element that switches US into electric en-
ergy. This allows quantification of the velocities and the 
identification of the direction in relation to the probe: to-
ward or away to the blood flow direction.

Ultrasound beams are emitted intermittently in a pulsa-
tile manner with a predefined frequency per second (pulse 
repetition frequency—PRF) in order to reach the target and 
be backscattered in a defined period of time. 

The PRF must be set, in order to allow the transducer 
to receive the signal back before a new one can be emitted. 
For diagnostic purposes the US signal is formed by a range 
of frequencies (frequency spectra).

The most accurate measurements are obtained when 
the ultrasound beam and blood flow are in the same direc-
tion forming an angle of 0º. This corresponds to a value of 
cos θ = 1. The value of θ varies between 0 and 1. Since this 
is rarely the case in circulation, it is necessary to consider 
the angle formed by the incidence of the US beam with 
the blood flow in order to obtain the real velocity. At the 
limit, an angle of incidence of 90º (cos θ = 0) of the detect-

Figure 2. Transcranial Doppler: Insonation of Middle Cerebral Artery. The probe is in same direction of the blood flow, (Angle 0°).
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able Doppler shift occurs and so, no measurement will be 
possible (Figure 2).

Color codification of the Doppler Effect allows easy iden-
tification of blood flow in small and deep structures. Since a 
moving flow will be depicted in color and so easily identified.

 Color coded imaging is also useful to identify flow di-
rection (to or away from the probe). Stenotic and irregular 
beds of vessels will cause acceleration or turbulent flows 
which will be depicted in color with characteristic patterns.

Blood flow velocities evaluated by means of Doppler Ef-
fect together with the B-Mode depiction of the vessel walls 
provide an important tool in vascular medicine since it al-
lows us to measure flow velocities in a defined point of a 
vessel by placing a cursor in a specific point of the B-Mode 
image of the vessel (Figure 3).

To enhance color Doppler imaging it may be useful to 
use Doppler Power. This has the capability to depict in one 
single color the Doppler Effect. The advantage is enhanced 
since all the Doppler Effect is depicted in one single color. 
The major drawbacks are absence of information in direc-
tion and changes in velocity of flow (Figure 4). Transcrani-
al Doppler sonography uses pulsed wave Doppler at mainly 
4 MHz which can cross the skull into some regions of the 
lower density bone windows (Figure 5). This is remarkable 
because ultrasound waves must cross the bone window 
twice, once each way. Despite a large amount of lost energy, 
the remainder is still enough to be interpreted.

Since the B-Mode only scarcely crosses the bone, limit-
ed information can be obtained by this method, blood flow 
velocities being the most important tool.

Transcranial Color Code Doppler (TCCD) is obtained 
by current Duplex Doppler machines with specific software 
and using 4MHz probes.

Again, B-Mode imaging is very limited but depiction of 
the Doppler Effect of moving blood in vessels, allows for an 
indirect representation of the vessels.

Conclusions

In spite of their limitations US gained a definitive role in 
the investigation of all vascular patients.

Digital subtraction angiography and more recent mo-
dalities with computerized tomography (Angio-CT) and 
magnetic resonance (Angio-MR) have their role but also 
their limitations, but measurements of blood flow velocities 
are generally more accurate and easily obtained with Dop-
pler technology.

For current investigations such as screening, diagnos-
tics, monitoring purposes or even to decide upon a surgical 
option such as endarterectomy [11], vascular ultrasonogra-
phy is an important tool.

Some of the main advantages include; non-invasive-
ness, no discomfort for the patient, no preparation needed, 

Figure 3. Color Duplex Scan: Internal carotid plaque causing 
high grade stenosis. Calcified plaque produces ultrasonic shadow. Mixed 
colors, meaning a turbulent flow. Blood flow velocities are depicted in waveforms.

Figure 5. Trans-illuminated skull: The temporal bone windows. 

Figure 4. Transcranial color coded Doppler (TCCD): Circle of Wil-
lis. Color coded blood flow velocities in “Power Doppler” mode indirectly depicts 
the vessels.
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easily available, relatively non-expensive, repeatable with-
out limitations and interpreted in real time.

Recent technologies produce small and portable equip-
ments allowing bed-side examinations on wards in hospi-
tals, emergency departments and even operating rooms, but 
on the other hand, one must be aware that this method is 
“operator dependent” meaning that expertise and anatom-
ical, as well as clinical knowledge, is necessary to correctly 
perform and interpret these examinations.
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Abstract

The classification of internal carotid artery stenosis is of great impact. The degree of stenosis is the main criterion for the 
decision between an invasive or non-invasive treatment of extracranial internal carotid artery (ICA) stenoses. By now 
the North American Symptomatic Carotid Endarterectomy Trial (NASCET) criteria have been internationally approved 
for radiological grading. According to NASCET the stenosed lumen is compared with the lumen of the distal internal 
carotid artery. All ultrasound criteria do have limitations and can therefore cause pitfalls in determining the degree 
of stenosis using one criterion exclusively. Therefore a multi-parametric grading of stenoses should be favored. The 
multi-parametric “DEGUM” ultrasound criteria have been revised and a novel differentiation between main (primary) 
and additional (secondary) criteria has been proposed. Recently a similar consensus was reached by the Neurosonology 
Research Group (NSRG) of the World Federation of Neurology (WFN). Main criteria include the following: imaging of 
the stenosis in B-mode sonography; visualization of the stenosis by color-coded imaging of flow; measurement of the 
maximum systolic flow velocity in the area of greatest narrowing of the lumen; systolic flow velocity measurement in 
the poststenotic segment; assessment of the collateral supply. Additional criteria include the following: indirect findings 
of an internal carotid artery stenosis in the common carotid artery; evidence of flow disturbances; end-diastolic flow ve-
locity in the area of greatest narrowing of the lumen; the so-called confetti-sign; the carotid ratio. The main advantage 
of a multi-parametric grading of ICA stenoses is the synergetic effect of the different single criterion. Combining these 
ultrasound criteria, neurosonography allows reliable grading of carotid stenoses as a basis for decision making.
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Introduction

Ultrasonography of the carotid arteries is the modality of 
choice for triage, diagnosis, therapy and monitoring of pa-
tients suffering from atherosclerotic disease. The degree of 
stenosis is the main criterion for the decision between an 
invasive (thromboendarterectomy (TEA) or dilatation and 
stent) or non-invasive treatment of extracranial ICA ste-
noses. In asymptomatic stenosis the rapid increase in the 
degree of stenosis is the most important indicator of an 
increased risk of stroke [1]. 

NASCET versus ECST
In Germany, as in other European countries, the local 
diameter narrowing (European Carotid Surgery Tri-
al (ECST) method) was popular [2, 3] whereas in North 
America the distal diameter of the ICA was taken as de-
nominator (distal diameter narrowing, North American 
Symptomatic Carotid Endarterectomy Trial (NASCET) 
method) [4]. According to NASCET the stenosed lumen is 
compared with the lumen of the distal ICA (Figure 1). By 
now the NASCET criteria have been internationally ap-
proved for radiological grading.

In Table 1 degrees of stenoses measured by NASCET 
method are compared to the ones of the same stenoses 
measured by ECST method. The ECST method results in 
higher degrees of stenosis especially in the range of up to 
70% stenosis. That is why the same stenosis can be classi-
fied as 50% (NASCET) by a radiologist and 70% (ECST) by 
an ultrasound investigator.

This is why measuring following the ECST method 
and recommending carotid surgery following the NA-
SCET criterion of 70% can be a possibility of a malpractice.

Therefore it is essential that the different methods used 
for the classification (either NASCET or ECST) are men-
tioned in the findings.

Conversion from ECST to NASCET and vice versa
It is possible to perform a conversion [5] from ECST to 
NASCET using this formula:

NASCET% = (ECST – 40)% / 0.6

A conversion from NASCET to ECST is possible by using 
this formula:

ECST% = 40 + 0.6 × NASCET%

Peak systolic velocity as exclusive hemodynamic 
parameter for the classification of stenosis

Between Europe and North America there was another 
basic different methodological approach in classification of 
ICA stenosis. North America classifies stenoses using only 
one hemodynamic parameter as the primary and only cri-
terion defined in a consensus of the Radiological Society of 
North America (RSNA)[6].

This only hemodynamic parameter represents the low-
er limit value of peak systolic velocity (PSV) (Figure 2), 
which includes any possible findings of stenoses ≥70%. 
The intention of this methodological approach of the 
RSNA was not to quantify stenoses in steps of 10% but to 
dichotomize them in ≥70% or <70%, to dichotomize in in-
vasive such as TEA or non-invasive, conservative therapy. 
Here the RSNA demands a threshold-PSV that includes all 
stenoses that are classified ≥70%. For this threshold-PSV 
different values are published in literature. Moneta et al. 
analyzed this at a bigger sample [7]. If for stenoses clas-
sified 60-99% (NASCET) a threshold-PSV of 200 cm/s 
was assumed, then the sensitivity was high (93%) and the 
specificity low (76%) with an accuracy of 84% at which the 
accuracy was defined as the maximum sum of sensitivity 
and specificity. If for stenoses 60-99% (NASCET) a thresh-
old-PSV of 300 cm/s was assumed, then the sensitivity was 
as well high (95%) and the specificity low (78%) with an 
accuracy of 87%. Assuming a threshold-PSV of 260 cm/s 
for stenoses of 60-99 % (NASCET) the accuracy of 88% has 
been the highest; meanwhile the sensitivity was 86% and 
the specificity 91%.

Figure 1. Different methods for grading carotid stenosis. 
Differentiation between the European Carotid Surgery 
Trial (ECST) and the North American Symptomatic Carotid 
Endarterectomy Trial (NASCET).
ECST: Percentage of local diameter reduction: the degree of stenosis (A) is 
determined in relation to the original lumen (C) of the ICA (A vs. C).

NASCET: Percentage of distal diameter reduction: the degree of stenosis (A) is 
determined in relation to the distal lumen (B) of the ICA (A vs. B).

Table 1. Classification of the same stenosis measured by 
NASCET and by ECST. 

Degree of stenosis

NASCET method ECST method

30% 50-60%
50% 70%
60% 75%
70% 80%

80% 90%
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Does the approach of peak systolic velocity alone 
provide a sufficient reliable and reproducible 
grading of carotid stenoses and valid results?

 
A consensus for threshold values based on a meta-analysis 
was published [6]. There are also several publications of 
correlations between PSV and the degree of stenosis mea-
sured by X-ray angiography which have shown substantial 
scattering of results in all published studies [7-12]. That 
was the reason for the NASCET group [13] and recently 
the American Heart Association to not recommend carotid 
surgery in symptomatic patients if diagnosed only on du-
plex sonography [14]. A stenosis can be graded following 
its morphologic effects using the more morphologically 
orientated angiography or by its hemodynamic effects us-
ing the more hemodynamically orientated ultrasonogra-
phy. Both techniques do have their limitations. This is the 
reason why there is no perfect correlation between these 
different approaches. The PSV—for many reasons and no 
matter what threshold-PSV chosen—is only of limited val-
ue if taken alone as well as this criterion is very often in 
disagreement with the angiographic result.

It is well-known that there are many factors that might 
influence the PSV, which are briefly described here. 

Technical parameters
Technical parameters that can affect the accuracy of carot-
id ultrasonography results include the Doppler angle, sam-
ple volume box, color Doppler sampling window, color 
velocity scale, and color gain [15].

Doppler angle
At the one hand the angle of insonation can influence the 
PSV to a critical point (Figure 3), on the other hand er-

rors and different conventions especially occur while posi-
tioning the Doppler angle. The measuring of the angle of 
insonation is needed for converting recorded Doppler fre-
quencies into velocities [16]. The recordings of the high-
est frequencies in systole reveal from the streamlines with 
the highest velocities and with the smallest Doppler angle 
(Figure 3). Due to the cosine function (Doppler equation) 
the possible error converting Doppler shift to velocity in-
creases with increasing Doppler angle. This is the reason 
why the variability of velocity estimation is higher if com-
pared to the recorded frequency. In disturbed flow condi-
tions with stream lines that differ from the vessel course it 
is more difficult to estimate the Doppler angle. This can be 
done at least fairly well in laminar conditions.

Spectrum analysis
The technical problems of spectrum analysis can also sig-
nificantly affect the PSV. Due to vortices and flow sepa-
ration there are low-frequency components as well as 
high-frequency (velocity) components representing the jet 
within the typical Doppler spectrum generated by a short 
stenosis. Underestimation of the PSV can happen due to 
the too low relative weight of the high-frequency compo-
nents. Without special filtering this effect would have an 
even stronger impact [17].

Morphology of the stenosis
An important component of carotid ultrasonography is to 
adequately document the location, internal characteristics, 
and surface detail of plaque. Plaque can be simply charac-
terized as homogeneous or heterogeneous. The pathoge-
netic substrate is a plaque that causes hemodynamic effects 
due to an area reduction and surface eventually creating 
emboli or an occlusion. The anatomic correlate for the 

Figure 2. Box plot chart of peak systolic velocity (PSV; cm/s) vs 
NASCET degree of stenosis (%) for 977 stenoses from 5 studies 
[7-11]. The plot shows median PSV, 25% to 75% (boxes), and 0% to 100% inter-

quartile range (T-bars), except outliers (circles) and extreme values (stars) [12].

Figure 3. Effect of the Doppler angle to the Doppler signal. A 
higher-frequency Doppler signal (A) is obtained if the beam is aligned more to 
the direction of flow. In the recordings, beam A is more aligned than beam B and 
therefore produces higher-frequency Doppler signals. The beam/flow angle at C is 
almost 90° and there is a very poor Doppler signal. The flow at D is away from the 
beam and there is a negative signal.
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hemodynamic effect and the measured flow velocities is 
area reduction by a stenosis not diameter reduction. The 
type of stenosis—whether it is a concentric or eccentric—is 
essential for the relationship between area and diameter 
reduction [18].

Collaterals
The influence of collateral flow to the PSV is of funda-
mental importance. 

The collateral flow toward the territory supplied by 
the stenozed artery determines the velocities in a steno-
sis. The higher the capacity of this collateral network, the 
less the poststenotic pressure decrease and, consequently, 
the intrastenotic PSV [19]. Next to the area restriction 
the resulting pressure drop indicates the PSV. In case of 
good collateral supply to the irrigated territory this pres-
sure drop is smaller. The result is a reduced flow volume 
and flow velocity in the severely stenosed artery. In con-
trast, when there is no collateral supply available very 
high velocities can be recorded from the same degree of 
stenosis [19, 20].

Velocity in a nearly occluded artery
There is the possibility of the same PSV in a moderate ste-
nosis and a nearly occluded artery [18, 21]. The PSV in 
a stenosis increases with increasing degree of stenosis but 
decreases in vessels with near occlusion. In 80%-90% ste-
noses the highest PSV will be seen. The PSV is lower and 
variable in cases of stenoses near occlusion [19, 22-24]. 
That is why this criterion of the intrastenotic PSV alone is 
no good indicator for the differentiation between a moder-
ately stenosed and a nearly occluded artery.

Looking at all these influencing factors it seems obvi-
ous that the approach of PSV in terms of being used as 
a single simplified diagnostic parameter is not reliable. 
PSV measurements in a stenosis alone are not sufficient 
to differentiate a moderate from a severe (≥70% NASCET) 
stenosis with sufficient clinical reliability. The possibility 
to combine PSV with further criteria makes it possible to 
decide whether the measured PSV is the result of a less or 
more severe stenosis within the scatter range. The advan-
tage of a multiparametric approach is that the diagnostic 
ultrasound offers the possibility of using both morpholog-
ical and hemodynamic criteria.

Consequently the NASCET method as the morpho-
logic correlate and the colour coded imaging of flow for 
the detection of low degree diseases and occlusion have 
been included into the new intersociety guidelines that 
were published in Germany [22, 25]. Therefore, these 
multi-parametric “DEGUM” ultrasound criteria have been 
revised and a novel differentiation between main (prima-
ry) and additional (secondary) criteria has been proposed. 
The “Neurosonology Research Group (NSRG) of the 
WFN” has reached a similar consensus recently [12]. Both 
guidelines point out the importance of a multiparametric 

approach with main and additional criteria. The differenti-
ation between main and additional criteria is caused by the 
different reliability of the single criterion.

This multiparametric approach allows a grading of se-
vere stenosis in steps of 10%, so it is possible to differen-
tiate between a stenosis of 70%, 80%, 90% or an occlusion.

The multiparametric approach - Main (primary) 
criteria 

Criterion 1 - B-Mode
Non-stenosing plaques (up to 10% according to NASCET)

Imaging of the plaques is the domain of B-mode sonogra-
phy in non-stenosing plaques (Figure 4).

B-mode sonography provides important information 
regarding the presence of plaques and their size, morphol-
ogy, and classification (Figure 5). In order to determine 
their size and location it is helpful to scan several longi-
tudinal and transverse planes. In addition to the size and 
location of a plaque its surface, structure and echogenicity 
have to be assessed. For follow-ups a documentation of 
the maximum thickness and length of a plaque should be 
made. A percentage grading according to NASCET does 
not make sense.

Criterion 2 - Color coded imaging of flow
Moderate stenoses (20–40% according to NASCET)

This remains the specific field of B-mode imaging in the 
longitudinal and cross-sectional planes. The reduction of 
diameter, the thickness and length of the plaque as well as 
the residual lumen should be measured. In this case color 
coded imaging of flow is essential to identify the area of 
greatest narrowing of the ICA lumen.

The color velocity scale is the most important param-
eter of the carotid ultrasonography color Doppler setup. 
The color velocity scale is an operator-defined range of ve-
locities that requires adjustment, analogous to the window 
width and level of a gray-scale image. It is not synonymous 
with the pulse repetition frequency (PRF), but the PRF is 
related to the velocity scale setting, so that increasing the 
velocity scale increases the PRF and vice versa [26-29]. The 
image frame rate may appear slow if a very low color ve-
locity scale is applied, since the PRF decreases and the time 
between transmit pulses in a pulse packet increases [26]. 

If the velocity of blood flow exceeds ½ the PRF (Ny-
quist limit), then the direction and velocity are inaccurately 
displayed and flow appears to change direction (aliasing). 

Aliasing
The maximum clearly measurable Doppler frequency shift 
(Fmax) referred to as the Nyquist frequency corresponds 
to half the PRF:

Fmax = PRF/2  PRF = 2 x Fmax
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Figure 4. Wall thickening over an extended vessel 
segment. Additionally circumscribed plaques with echogenic spots 
and distinct acoustic shadowing.

Figure 5. Isolated, long hypoechoic plaque.

Figure 6. Color coding with the aliasing effect.

Aliasing can be advantageously used to identify the area of 
greatest narrowing of the ICA lumen
The local flow velocity acceleration is visible by the local 
aliasing occurring in the area of greatest narrowing of the 
lumen (at appropriate device setting). Aliasing can be ad-
vantageously used to demonstrate high or low flow and 
turbulence. If the color velocity scale is set below the mean 
velocity of blood flow, aliasing throughout the entire ves-
sel lumen makes it impossible to identify the high-velocity 
turbulent color jet associated with a right stenosis. Con-
versely, if the color velocity scale is set significantly higher 
than the mean velocity of blood flow, aliasing may disap-
pear, resulting in a missed stenosis (Figure 9).

 Therefore the adjustment of the appropriate color 
scale in a carotid artery stenosis is very important. Color 
Doppler image obtained with the color scale set too low 
(e.g. 4 cm/s) shows aliasing in the entire segment of the 
ICA. On the other hand, a color Doppler image obtained 
with the color scale set too high (e.g. 115 cm/s) shows no 

If the Doppler frequency is greater than half the PRF, it 
can not be precisely identified. 

Consequently the peaks of the spectral curves are cut 
off and displayed again below the zero line with apparently 
reversed flow direction (Figure 6). This "incorrect" regis-
tration, the so-called aliasing phenomenon is also familiar 
from the cinema: the spoke of a wheel of an accelerating 
carriage initially turn in the direction of movement, then 
appear to stop moving (Nyquist limit), then to turn in the 
opposite direction, and finally with increased accelera-
tion they again turn in the direction of movement. These 
changes depend on whether the number of revolutions of 
the wheel is greater or less the frame rate (which in this 
case represents the Nyquist limit). 

In color-coded duplex sonography the frequencies 
which exceed the aliasing threshold are color coded with 
the colors of the opposing half of the color scale (Figure 7 
and Figure 8). The aliasing phenomenon can be avoided, 
up to a certain limit, by raising PRF.
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aliasing. Therefore—at a too low color scale—we gradu-
ally increase the aliasing threshold (PRF) to a remaining 
aliasing phenomenon only at a circumscribed segment. 
Using this procedure we can identify the area of the 
greatest narrowing of the ICA lumen. Color Doppler im-
age obtained with the optimal color scale setting shows 
the region of highest velocity, which corresponds to the 
narrowest segment of the ICA. Velocity sampling should 
be performed at this region.

Criterion 2 - Color coded imaging of flow
Moderate stenoses (50–60% according to NASCET)

In these stenoses a combination of B-mode imaging, color 
flow, local velocity increase should be performed for grad-
ing. In general, threshold-PSV is below 230 cm/s. In mod-
erate stenoses collateral flow cannot be found.

Grading of carotid stenosis by diagnostic ultrasound 
should be primarily based on morphological information 

Figure 7. Color coding with the aliasing effect. The aliasing effect 
(shown here in the case of a high-grade stenosis) is characterized by a transition of 
the orange and yellow shades at one end of the color scale to light blue and green 
shades at the other end of the scale (b) [30].

Figure 8. Color coding in the case of a true change in flow 
direction and comparison of true change in flow direction versus 
aliasing. Folding over or wrapping around of the color as a result of a change in 
flow direction (distal to a medium-sized plaque). The transition of red to dark blue 
(a) proceeds through a black line which represents a velocity of 0 cm/s [30]. 

Figure 9. Visualization of the stenosis by color 
coded imaging of flow. At a too low PRF (e.g. PRF 18), we 
see a long segment of aliasing in the entire vessel. We gradually 
increase the aliasing threshold (PRF) to a remaining aliasing only 
at a circumscribed segment. Thus, we can identify the area of the 
greatest narrowing of the ICA lumen (e.g. PRF 23 to PRF 34). At 
a too high PRF (e.g. PRF 43), local flow acceleration may be no 
longer visible.
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(B-mode, color coded imaging of flow) in low to moder-
ate degrees of stenosis. In addition the degree of narrow-
ing, plaque thickness, plaque length, and residual lumen 
should be reported.

Criterion 2 - Color coded imaging of flow
High grade, hemodynamically relevant stenosis (>70% 
according to NASCET)

In high grade stenoses, the combined hemodynamic crite-
ria, such as increased PSV, end-diastolic velocity and the 
“carotid ratio” (ratio of internal to common carotid artery 
PSV) are typically the method of choice (Figure 10).

Criterion 2 - Color coded imaging of flow
Occlusion of ICA

Color coded imaging of flow is important as a guide for 
velocity measurement and is essential for differentiating 
occlusion from stenosis (Figure 11).

Criterion 3 - Stenotic PSV

The PSV should be measured in the area of greatest nar-
rowing. This area of greatest narrowing should be deter-
mined using color coded imaging of flow with adjustment 
of the PRF (aliasing).The insonation angle should be be-
low 60° (Figure 3). 

The angle correction has to be set to the direction of 
jet flow. If the stenosis can not be shown directly due to an 
acoustic shadow, the Doppler recording occurs in the jet 
flow immediately poststenotic (Figure 12).

In a degree of stenosis below 40% according to NASCET 
the intrastenotic average-PSV is ≤ 160 cm/s, in case of clas-
sification of 50% (NASCET) the average-PSV is 210 cm/s. 
In case of 60% (NASCET) the average-PSV is 240 cm/s, in 
case of a stenosis of 70% (NASCET) the threshold-PSV is 
230 cm/s and the average-PSV 330 cm/s. In a stenosis of 
80% (NASCET) the average-PSV is 370 cm/s. In 80-90% 
stenoses the highest intrastenotic PSV will be seen. In near 
occlusion PSV is lower and variable [19, 22-24, 31].

Criterion 4 - Poststenotic PSV

A further main criterion represents the poststenotic PSV 
in the vessel section distal to the disturbed flow field. It is 
recommended that the poststenotic flow velocity distal to 
the flow disturbances is examined, in which a reduction 
of velocities (comparison with the unaffected contralat-
eral side) allows additional grading within the category of 
severe stenosis. Irrespective of the intrastenotic PSV we 
can assume that in a considerable reduction of poststenotic 
velocity (e.g. poststenotic PSV <30 cm/s) and signal pulsa-
tility the reduction of ICA diameter is about 90% and the 
residual lumen is less than 1mm. The extent of the reduc-
tion of poststenotic PSV correlates with the reduction of 
flow volume. The differentiation between 70% and 80% to 
90% stenosis (NASCET) is supported by the degree of re-
duction of poststenotic PSV. Using PSV values alone, this 
differentiation is not possible.

In a degree of stenosis up to 70% (NASCET) the maxi-
mum poststenotic velocity is more than 50 cm/s. 

In a degree of stenosis at 80% (NASCET) the maximum 
poststenotic velocity is below 50 cm/s. 

Figure 10. High grade stenosis. Prestenotic in the CCA (a): reduced systolic and end-diastolic flow velocity; increased pulsatility 
(reduced end-diastolic flow velocity due to the increase of the flow resistance). In the stenosed region (b) significantly increased PSV (alias-
ing). Distal to the stenosis (c) considerable amount of inverse frequency components. With color coding red and blue shades (separated by 
a black line, indicate disturbed flow). In the poststenotic region (d) reduced flow velocity.
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In a degree of stenosis at 90% (NASCET) the maximum 
poststenotic velocity is below 30 cm/s.

Criterion 5 - Collaterals

In order to maintain blood circulation in the brain in cases 
of high-grade stenoses or occlusions of cerebral arteries, 
numerous collateral connections between the arteries are 
available. These are supported by a compensatory hyper-
perfusion in their feeding arteries.

Typical collateral systems are: 
• Collaterals of ophthalmic artery.
• Collaterals of the anterior communicating artery.
• Collaterals of the posterior communicating artery.
• Collaterals of the cerebral convexity (leptomenin-

geal anastomoses).
The most important collateral artery between the ex-

ternal and internal carotid arteries is the ophthalmic artery. 
In this system, collateral circulations are formed between 
the terminal branches of the external carotid artery and the 
fronto-orbital terminal branches of the ophthalmic artery 
(supratrochlear artery). Furthermore, in cases of high-
grade stenoses or occlusions, it is particularly important to 

(a) (b) (c)

Figure 11. Occlusion of ICA. (a) In the case of an old occlusion, the occluded lumen can be well visualized in B-mode on account of the increased echogenicity. 
(b) In the case of a recently formed occlusion, the nonperfused lumen appears as a hypoechoic region in B-mode. The occlusion can only be detected by flow reversal us-
ing the color coding mode (arrow).  (c) A biphasic Doppler signal can be recorded usually in the region of the reversed flow, just before the occluded segment (arrow).

Figure 12. Left: Plaque with a high-grade lumen narrowing. Right: By color coding it is easy to differentiate between the jet flow in the 
stenosis (aliasing, 1) and the reversed flow in the poststenotic region (deep blue, 2). The jugular vein is coded light blue (3) [30].

investigate the flow direction and velocity in the precom-
municating segment of the anterior cerebral artery (A1 seg-
ment), proving cross flow, and the flow velocities in the P1 
segment of the posterior cerebral artery, indicating collat-
eral flow through the posterior communicating artery. 

The assessment of the collateral systems requires tran-
scranial Doppler (TCD). The inclusion of the collaterals 
in the classification of stenosis has the advantage of a clear 
identification of hemodynamically relevant and thus high-
grade stenoses (≥70% NASCET). Established collateral 
flow is the most powerful criterion, excluding a less than 
severe stenosis irrespective of the intrastenotic PSV. There 
is a clear sonographic evidence of collaterals in severe ste-
nosis or occlusion [29].

The multiparametric approach – Additional 
(secondary) criteria 

Criterion 6 - Prestenotic diastolic flow deceleration of 
the CCA

Typically in severe ICA stenoses (≥70% NASCET) there 
is a distinct prestenotic diastolic flow deceleration of the 
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Figure 13. Bilateral comparative recordings of the CCA, ICA and supratrochlear artery in a patient with an 
occlusion of the right ICA. No flow signal in the right ICA, high-grade reduced end-diastolic flow velocity in the right CCA (arrow). 
The reduction in diastolic flow velocity between the right and left CCA is the result of the increased flow resistance that involves an 
increase in the pulsatility. Systolic flow velocity remains nearly comparable between right and left CCA.

common carotid artery (CCA) due to the increased flow 
resistance (Figure 13). This increased flow resistance is the 
consequence of the following distinct obstructive vessel 
disease in the ICA.

Criterion 7 - Poststenotic flow disturbances

Typically in severe stenoses (≥70% NASCET) there are 
pronounced poststenotic separation effects due to transi-
tion from laminar to turbulent flow (“steps in the gravel").

If measurement of PSV is not possible in the area of great-
est narrowing of the lumen, thus, criterion 7 is important. 

Evidence of a severe stenosis: behind the extended 
acoustic shadow (Figure 14) aliasing and flow disturbances 
are visible in color coded imaging. For a high reliability 
aliasing and flow disturbances prove a high grade stenosis 
in the vessel segment not visible due to the extent acoustic 
shadow.

Criterion 8 - End-diastolic flow velocity in the area of 
greatest narrowing of the lumen

In severe stenosis (≥70% NASCET) end-diastolic flow ve-
locities more than 100 cm/s are to be expected. Criterion 
8 is important if intrastenotic PSV can not be measured 
sufficiently. 

Criterion 9 - Confetti sign

The so-called confetti sign is the consequence of perivas-
cular tissue vibrations. The confetti sign is generated by 
vibration of perivascular soft tissue due to an impingement 
of a highly accelerated jet flow. 

The finding is distal to severe stenoses (≥70% NASCET) 
with a typical delta-shaped configuration (Figure 15).

Criterion 10 - Index of stenosis / carotid velocity ratio 
ICA/CCA – “carotid ratio” (ratio of PSV of the ICA and CCA)

The carotid ratio is important for example for the iden-
tification of a tandem stenosis or an ICA hyperperfusion.

Table 2 provides a summary of all main/primary criteria 
and additional/secondary criteria for stenoses graded 10% 
to occlusion according to NACEST.
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trochlear 

artery

retrograde 
flow 

velocity
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trochlear 
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flow 

velocity

ICA

CCA

R L



24   •   IJCNMH 2014; 1(Suppl. 1):S04 | ARC Publishing

Conclusion

Combining these ultrasound criteria, neurosonology is an 
excellent method for reliable and reproducible grading of 
carotid stenoses.

Valid results are to be expected through a qualified use 
of neurosonology by a well-trained and experienced ultra-
sound investigator.

Figure 14. Measurement of PSV is not possible in the area of 
greatest narrowing due to an extended acoustic shadow (upper 
part). Behind this extent acoustic shadow aliasing and flow dis-
turbances are visible in color coded imaging (lower part).

Figure 15. Confetti sign distal to a severe ICA stenosis with the 
typical delta-shaped configuration [32].

Table 2. Summary of all main/primary (Crit. No. 1-5) and additional/secondary (Crit. No. 6-10) criteria for stenoses graded 10% to oc-
clusion according to NACEST. Grading of the stenoses occur in steps of 10%. The PSV values of criterion 3 are taken from Figure 2.

Criteria
Grading of ICA stenosis

10-40% 50% 60% 70% 80% 90% Occlusion

1 B-mode: 
verification of stenosis +++ + + + + + +++

2
Color coded imaging of 
flow: local flow acceleration 
(aliasing)

+ + + ++ +++ +++ no flow

3 Stenotic PSV (cm/s):
PSV average (cm/s) ≤160 210 240 330 370

variable negativePSV lower limit /
treshold-PSV (cm/s) 100 125 150 230 280

4 Poststenotic PSV (cm/s) >50
normal

>50 
normal

>50 
normal

≥50 
normal

<50
reduced

<30 strongly 
reduced negative

5 Collaterals negative negative negative (+) ++ +++ +++

6 Prestenotic CCA flow 
velocity deceleration negative negative negative + ++     +++ +++

                  Increased pulsatility

7 Poststenotic flow 
disturbances negative + + ++ +++ variable negative

8 Stenotic end-diastolic   flow 
velocity (EDV) (cm/s) <100 <100 <100 >100 >100 variable negative

9 Confetti sign negative negative (+) ++ ++ variable negative

10 Index/carotid ratio ICA/CCA <2 ≥2 ≥2 >4 >4 variable negative

(+) can exist  + exist  ++ regulary present  +++ very pronounced present
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Diagnostic ultrasound has the potential to classify and 
grade carotid disease with high reliability, taking into ac-
count morphological and complex hemodynamic param-
eters.
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Abstract

The Intima-Media Thickness (IMT) as measured by ultrasonography of carotid arteries is an acknowledged non-invasive 
method for assessing the impact of vascular risk factors and the progression of cardiovascular disease. The average of 
the far wall IMT of the common carotid artery (CIMT) from right and left sides is most frequently used. It correlates well 
with histology and it is a precursor phenotype of early atherosclerosis. 

Its increase is associated with vascular risk factors. Systematic reviews have quantified this risk, showing that an increase 
of 0.1 mm in the CIMT is associated with an increased relative risk of 8% of myocardial infarction and 12% of stroke.

The evaluation of this parameter is simple, fast, and inexpensive, when integrated into a routine cervical artery ultra-
sound examination. However, CIMT also has applications in clinical research as an important study outcome, and then a 
standard measurement protocol should be applied to avoid information and measurement biases. The main consensus 
statements, both from Europe and North America, outline the technical conditions for IMT assessment and favor the 
use of automated edge detection software.

The relation between CIMT and vascular risk factors or vascular events has been extensively reported. Nevertheless, the 
implications of CIMT change observed in repeated measurements are not so thoroughly established in the available 
follow-up studies.

The CIMT is an attractive method of measuring target organ damage. However, it will remain a structural evaluation 
only, a static photograph that does not capture the complex interplay between vessel inflammation and thrombogenic 
processes.
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Introduction

Atherosclerosis associated diseases are one of the most 
important contributors for the global burden of disease 
worldwide. Atherosclerotic vessel changes start very ear-
ly in life, but its progression rate varies between subjects, 
according to intrinsic non-modifiable and modifiable or 
environmental factors [1, 2]. Risk scores, combining risk 
factors present at the individual level, can predict the prob-
ability of cardiovascular events, but methods that are able 
to directly measure the impact of atherosclerotic processes 
on vessels are interesting alternatives. Several methods ac-
cess subclinical atherosclerosis, and carotid Intima-Media 
Thickness (IMT) measurement is one of the most attrac-
tive methods, allowing direct visualization of the vessel 
wall [2]. Although the IMT can be easily measured in other 
vessels like the femoral or radial arteries, most literature 
supports carotid artery IMT as the most reliable and better 
correlated with vascular risk factors.

Carotid Intima-Media Thickness measurement 

After the seminal work by Pignolli et al. [3] that showed 
the good correlation between ultrasound image and histol-
ogy of the common carotid artery wall, sonographic image 
of the vessel wall became increasingly popular. The IMT 
is a double layer structure defined by the distance between 
the interface of the anechoic lumen and echogenic intima, 
and another interface between the hypoechoic media and 
echogenic adventitia [4]. As this structure is typically thin-
ner than 1.0 millimeters in the common carotid artery of 
normal subjects, strict protocols and standards of measure-
ment apply when evaluating this complex.

European and North-American consensus on Intima-
Media Thickness measurement
Pursuing comparable and consistent methodology on IMT 
measurement, expert consensus were produced in Europe 
and North America [4, 5]. These consensus define precise 
parameters concerning recommended equipment and im-
aging protocol (Table 1).

The European Consensus also establishes clear defi-
nitions for both carotid IMT and atherosclerotic plaques 
[4]. IMT is defined as a double-line pattern visualized by 
ultrasound on both walls of the common carotid artery in 
a longitudinal image of the vessel. Two parallel lines form 
it: the lumen-intima interface, and the media-adventitia 
interface. Plaque is a focal structure encroaching into the 
arterial lumen, at least 0.5 mm or 50% thicker than  the 
surrounding IMT value, or which thickness is exceeding 
1.5 mm, measured from the intima-lumen interface to the 
media-adventitia interface.

Which Carotid Intima-Media Thickness to use? 
Several studies showed that far wall IMT measurement 
is more reliable, contrasting with near wall IMT which is 

more dependent on technical issues [4]. Common carotid 
artery IMT (CIMT) is easier to access and more influenced 
by vascular risk factors than bulb or internal carotid IMT. 
The later are more difficult to display, depending on tech-
nical issues and operator experience. Twenty seven per-
cent of the IMT variability at the common carotid level is 
explained by classical vascular risk factors, whereas bulb 
and internal carotid IMT variability is less influenced by 
those factors (11% and 8%, respectively) [6]. When consid-
ering just CIMT, the maximal point value reflects more ad-
vanced stages of atherosclerosis. Mean IMT is less suscep-
tible to outlier measurements and therefore more reliable. 
One sided values can be used to report the highest mean 
IMT found or one can choose to display values separately 
for the left and right side, but it is correct to calculate an 
average mean IMT from both sides to produce only one 
IMT for each individual [4].

Manual versus semi-automated edge detection 
measurement
Information available from several follow-up and popu-
lation-based studies used manual IMT measurement, but 
semi-automated software is becoming more popular as 
some ultrasound equipments already have built-in software 
solutions.  Manual measurement implies that the operator 
draws the limits of the IMT based on his visual assessment 
of the interface lumen-intima and media-adventicia, possi-
bly aided by enhancing the quality or increasing the size of 
the image. In semi-automated measurement the software 
defines the limits of the IMT on a pre-specified segment 
chosen by the operator. In this method further adjustments 
can be made by the operator [7].

Manual IMT has the advantage of being universally 
available and is inexpensive, but requires rigorous quality 
control and can be time consuming. Semi-automated edge 
detection software has the great advantage of providing in 
a quick single assessment the mean and maximal value of 
more than a hundred point evaluations. Nevertheless, the 
quality of the data depends on the accuracy of the built-in 
or offline software used, and if the operator has to over-
ride the software frequently, it can also be time consuming 
and unreliable. The financial cost of the software can also 
limit the availability of this method, but newer ultrasound 
equipments should already have the necessary software 
packages by default [4, 7].

Reference values for Carotid Intima-Media Thickness
There is no consensual established cut-off to define in-
creased carotid IMT, so two approaches can be used. A 
conservative approach is to considerer all CIMT above 0.9 
mm as an indicator of increased future cardiovascular risk, 
which is not consensual among all follow-up studies[8]. 
Other approach is to produce age- and gender-specific ref-
erence values like those established for the French popu-
lation [9] and make use of the 75th percentile as a cut-off 
value [5]. The first approach, being immediately available, 
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is the most attractive, but as reference values differ among 
countries and ethnic groups [10], a fixed predetermined 
cut-off is probably inadequate for several populations.

Relation between increased Carotid Intima-Media 
Thickness and established risk factors and vascular 
disease

It is clearly demonstrated in single- and multi-country 
studies that when any number of traditional cardiovascular 
risk factors increase, so does the CIMT [9, 10]. 

CIMT has been extensively correlated with traditional 
cardiovascular risk factors, like aging, male gender, hyper-
tension, body mass index (BMI), LDL and HDL cholester-
ol, diabetes, smoking, and also with emerging risk factors 
like inflammation and atherosclerotic changes in other 
organs: brain, heart, kidneys, lower limb arteries, and bra-
chial artery [11].

Clinical significance of Carotid Intima-Media 
Thickness

CIMT can be used in several clinical settings: as a popula-
tion cardiovascular risk marker, as a surrogate endpoint in 
clinical trials, and as a clinical decision and risk stratifica-
tion tool for individual patients.

Regarding the use as a population risk marker, a first 
meta-analysis combining cross-sectional data from studies 
available until 2006 showed that for each 0.1 mm increase 
in IMT, the risk of stroke rises 15% (Hazard Ratio - HR 
1.15; 95% CI 1.12-1.17) and the risk of myocardial infarc-
tion increases 18% (HR 1.18; 95% CI 1.16-1.21) [12]. In 

2012 the same authors revised these numbers using addi-
tional studies, decreasing the risk estimate of stroke for each 
0.1 mm to 12% (HR 1.12; 95% CI 1.10-1.15) and for myo-
cardial infarction to 8% (HR 1.08; 95% CI 1.05-1.10) [13]. 
Moreover, it is stated in the same publication that when 
using the Framingham Risk Score with the CIMT more 
than 90% of the subjects, with or without previous vascular 
events, did not change Framingham Risk Score classifica-
tion. For those classified as being at an intermediate risk 
score, the added information of the CIMT measurements 
presented a slightly higher score value, reclassifying more 
than 20% of the subjects in the higher risk category, while 
4.6% lowered risk category [13]. Meanwhile, CIMT pro-
gression in repeated measurements from follow-up studies 
available so far did not predict future cardiovascular events 
in the general population [14]. As a population risk mark-
er, the evidence is that CIMT measurement in the general 
population does not significantly modify the risk profile, 
so it should not be done routinely [13]. Still, this CIMT in-
crease over time is documented in several subpopulations, 
like tobacco users, hypertensive, diabetic, hiperlipidemic, 
obese, and metabolic syndrome populations [15], subjects 
with rheumatic disease [16], HIV-infected patients [17], 
or people with periodontal disease [18]. Other areas like 
inflammatory bowel disease [19] or assessment of the Ideal 
Cardiovascular Health (American Heart Association) in ad-
olescents [20] are promising but require further research.

As a surrogate endpoint in clinical trials, the interven-
tions were evaluated for its ability to modify CIMT rate 
progression and the agreement between this modification 
and the mortality and morbidity trials. Several statins (sim-
vastatin, atorvastatin, fluvastatin, lovastatin, rosuvasta-

Instrumentation and display Imaging of the vessel wall

State-of-the-art ultrasound system
Digital image acquisition and storage, preferably DICOM
Phantom scans every 6 months and after any system changes
Semiannual routine preventive maintenance

Longitudinal view with parallel vessel walls, with good 
visualization of both walls

Optimal diameter should be obtained during diastole

IMT measured in the far wall, in a 10 mm segment at least 5 mm 
from bifurcation

Plaques should not be included in the IMT segment

Lateral probe position

Acquisition in the center of the screen

Automated edge detection methods are preferable, as are less 
operator dependent

Transducer
Linear array
Minimal compression (<10:1)
Fundamental frequency ≥7 MHz
Footprint ≥3 cm

Display
Depth 4 cm
Single focal zone
Frame rate ≥25 Hz
High dynamic range
Clear 3-lead electrocardiographic signal
Annotate images to describe segments, angles, and other findings

Carefully adhere to predefined scanning protocol

IMT= Intima-Media Thickness

Table 1. Standard equipment and imaging parameters.
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tin), using high dosages for periods ranging from 12 to 48 
months, proved to modify CIMT rate progression, which 
was also in agreement with mortality and morbidity trials 
[21, 22]. Non-statin lipid lowering drugs (torcetrapib, eze-
timibe, niacin, fibrates, and acyl–coenzyme A: cholesterol 
acyltransferase inhibitors) failed to produce results both in 
CIMT progression and mortality and morbidity trials [22]. 
In respect to antihypertensive therapy, numerous drugs 
(verapamil, amlodipine, nifedipine, lacidipine, doxazosine, 
metoprolol, enalapril, lisinopril, fosinopril, quinapril, 
ramipril, trandolapril, losartan, telmisartan, candesar-
tan, irbesartan) were able to achieve convincing effects 
on CIMT progression and mortality and morbidity trials 
in primary prevention of cardiovascular effects [22, 23], 
while ramipril versus placebo and losartan versus atenolol 
did not shown agreement between ultrasound results and 
mortality and morbidity trials [22]. In diabetic patients, 
quite a few drugs, like glucose-lowering drugs, antiplate-
let drugs (aspirin, ticlopidine, cilostazol), completed trials 
showing change on CIMT progression rate [24-26]. 

Regarding the use of CIMT in clinical decision and risk 
stratification at the individual level, in 2006 the Screening 
for Heart Attack Prevention and Education (SHAPE) al-
gorithm included IMT measurement above the 50th per-
centile or the presence of carotid plaques as an useful test 
for atherosclerosis in apparently healthy individuals (men 
above 45 years-old or women above 55 years-old) to set 
lower LDL targets for intervention [2]. Some years later 
the Society of Atherosclerosis Imaging and Prevention did 
an expert panel evaluation of 33 scenarios where CIMT 
could be used,  and found a single measurement to be ap-
propriate to determine coronary heart disease (CHD) risk 
in the following settings: intermediate risk subjects, met-
abolic syndrome patients, diabetics without known CHD, 
people with a family history of premature CHD with calcu-
lated intermediate risk, and those with a known coronary 
artery calcium score of zero and calculated risk between 11 
and 20% [27]. Serial IMT imaging was not considered ap-
propriate, with the so far available studies, for monitoring 
of CHD risk status, due to lack of evidence on technical 
success of serial IMT in clinical settings and insufficient 
reliable data on anticipated progression rates.

Conclusion

IMT of the common carotid artery is widely used, even 
if the strict technical requirements for its measurement 
are not always met. A few recent reviews on the subject 
cast some shadows on CIMT usefulness, especially in 
the setting of repeated assessment in follow-up studies, 
which was not yet soundly associated with cardiovascular 
disease risk progression. Regardless, the papers published 
on CIMT measurement in Pubmed on various clinical 
settings are now over 2,400, and increasing, with 80% 
having been issued on the last 10 years, as this review is 
being written.  

Leaving the discussion of risk prediction aside, CIMT 
is a proven method to evaluate subclinical atherosclerosis. 
However, it is only the reflection of a moment in time, a 
static image that cannot tell the interplay of present struc-
tural wall changes and complex dynamic processes like 
vessel inflammation or thrombosis, which in the end will 
determine the occurrence of cardiovascular events.
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BMI: Body mass index; CHD: Coronary heart disease; CIMT: Common 
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Abstract

Ischemic heart disease and stroke are the leading causes of death in the world. Myocardial infarction or even death 
might be the initial presentation of ischemic heart disease.  Myocardial infarction is the leading cause of long-term 
mortality in stroke surviving patients. 

The aim of this paper is to present the possibilities of predicting coronary artery disease in stroke patients. Evaluating 
carotid arteries intima-media thickness (IMT), plaque morphology, and degree of stenosis can give us valuable addition-
al information for predicting cardiovascular risk and silent coronary artery disease in otherwise asymptomatic patients. 
Measuring IMT and assessing carotid atherosclerotic plaque is justified in subjects with high vascular risk profile.
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Introduction

Approximately 13 million deaths per year are caused by 
vascular diseases, ischemic heart disease and stroke ac-
count for 22.3% of the total yearly deaths in the world, of 
which 12.2% and 9.7% are due to ischemic heart disease 
and  stroke, respectively [1]. Myocardial infarction is the 
leading cause of long-term mortality in stroke surviving 
patients [2], although stroke is the leading cause of disabil-
ity in the world [3]. Atherosclerotic carotid artery disease 
is the cause of ischemic stroke in about 20% of cases [4].
The aim of this paper is to present the possibilities of pre-
dicting coronary artery disease in stroke patients. 

The diagnosis of coronary artery disease (CAD) is of-
ten too late, because myocardial infarction or even death 
might be the first sign of CAD [5]. In contrary to carotid 
artery disease where severity of the stenosis is the main 
player, rupture-prone plaques in coronary artery disease 
cause acute myocardial infarctions and sudden cardiac 
deaths [6, 7]. About 68% of patients with acute myocardi-
al infarction have a mild degree (<50%) of coronary artery 
stenosis [6]. Approximately 76% of sudden cardiac deaths 
are caused by the rupture-prone plaque and only 24% by 
severe stenosis [7]. 

Asymptomatic carotid bruit increases the risk of myo-
cardial infarction and cerebrovascular death [8]. The non-
invasive and reliable diagnostic tool for evaluating carotid 
artery atherosclerosis plaque or stenosis (CAS) is an ultra-
sound including measurement of intima-media thickness 
(IMT), which represents mainly medial layer hypertrophy 
[9-12]. IMT is usually measured in the common carotid 
artery and the internal carotid artery [13, 14]. In recent 
years, automated and semi-automated measurements of 
IMT were developed [15]. According to Mannheim con-
sensus conference, measurement of IMT should be done 
on the far wall of the common carotid artery, with quality 
index greater than 0.5 [13, 14]. IMT, plaque, and stenosis 
should be regarded as distinct phenotypes, with distinct bi-
ological aspects and determinants [16].

Intima-media thickness and carotid plaque for 
predicting cardiovascular risk

Relationship between IMT and cerebral or cardiac vas-
cular risk has been shown in several studies. The Carotid 
Atherosclerosis Progression Study (CAPS) included 5056 
people with mean follow–up of 4.2 years [17]. The base-
line measurements of IMT were taken at three sites and 
cerebrovascular risk factor and clinical events were moni-
tored. The primary endpoints were myocardial infarction, 
stroke, and combined myocardial infarction, stroke, or 
death. The study showed that the incidence of myocardial 
infarction was 1.07% per year and the incidence of stroke 
0.5% per year. Common carotid artery IMT (CCA-IMT) 
and bifurcation IMT were associated with risk of myocar-
dial infarction and the combined endpoints, hazard rate 

ratio (HRR) per 1 SD CCA-IMT increase were 1.43 (95% 
CI, 1.35 to 1.51) for myocardial infarction, 1.47 (95% CI, 
1.35 to 1.60) for stroke, and 1.45 (1.38 to 1.52) for myo-
cardial infarction, stroke or death; all p<0.0001. This study 
showed that carotid IMT can independently predict future 
vascular events. 

The Atherosclerosis Risk in Communities study (ARIC) 
has shown that the risk of CAD gradually increases with 
higher values of IMT [18]. Each increase of carotid IMT by 
0.19mm raises the risk of CAD by 92% (95% CI, 50-90%) 
for women and 32% (95% CI, 23-51%) for men. The Rot-
terdam study  included 7893 patients with mean follow-up 
2.7 years [19]. The measurement of IMT was done bilater-
ally on near and far walls of the common carotid arteries. 
The odds ratio (OR) for stroke per SD increase (0.163mm) 
was 1.41 (95% CI, 1.25-1.82). After the adjustment of risk 
factors the OR was 1.34 (95% CI, 1.08-1.67) for stroke and 
1.2 (95% CI, 0.98-1.58) for myocardial infarction. 

French epidemiological Paroi Artérielle et Risque 
Cardiovasculaire (PARC)  study evaluated the correla-
tion between CCA-IMT and absolute cardiovascular risk 
measured by Framingham and PROCAM scores in 6416 
patients [20]. This study has shown that The Framingham 
score and CCA-IMT values were significantly but non-lin-
early correlated [20]. In further sub-analysis of 5400 pa-
tients of the PARC study it was shown that subjects without 
risk factors had mean CCA-IMT 0.712 ± 0.122 mm in men 
and 0.682 ± 0.105 mm in women (p<0.0001) [21]. Each 
10-year increment in age was associated with a sex-adjust-
ed increase in mean CCA-IMT of 0.049 mm. In subjects 
with one risk factor, mean CCA-IMT was 0.765 ± 0.121 
vs. subjects without risk factors (p<0.0001). Mean CCA-
IMT increased continuously with increasing number of 
risk factors, irrespective of age groups. In multivariable 
analysis age, sex, and number of cardiovascular risk factors 
appeared independently associated with mean CCA-IMT 
[21]. These results suggest that CCA-IMT may help to 
identify the population with an intermediate cardiovascu-
lar risk [21] .

A recent analysis of the ARIC study showed that cor-
onary heart disease (CHD) risk prediction could be im-
proved by adding all carotid artery segments IMT (A-C 
IMT) or common carotid artery IMT (CCA-IMT) with 
plaque information to traditional risk factors.  The evalu-
ation of carotid artery for plaque presence and CCA-IMT 
measurement provides a good alternative to measuring 
A-C IMT for CHD risk prediction [22].  Also, increased 
CCA-IMT is associated with brain infarction, and this 
may help in selecting patients with a high risk for brain 
infarction [23].

In spite of the above mentioned studies, several studies 
have shown that the carotid plaque is more closely relat-
ed to CAD than measuring of the IMT [24-28]. Recent-
ly published meta-analysis of 11 population-based stud-
ies has shown that the ultrasound assessment of carotid 
plaque has a significantly higher accuracy for predicting 
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future myocardial infarction or CAD events compared 
with carotid IMT assessment [28]. The analysis of 27 di-
agnostic cohort studies in detecting CAD has shown that 
the ultrasound assessment of carotid plaque has a higher 
accuracy for predicting CAD, but the results weren’t sta-
tistically significant. This meta-analysis is also important 
because it pointed out two types of IMT, with and with-
out plaque thickness [28]. IMT without plaque is not ath-
erosclerotic and  it might have a different phenotype, rep-
resenting mainly hypertensive medial hypertrophy [11]. 
The authors suggest that IMT with plaque can be called 
plaque thickness [11].

Although, the plaque measurement might be superi-
or to IMT in predicting risk for CAD, it can be used for 
treatment evaluation [29]. The plaque measurement is 
more sensitive to the effects of therapy [29]. 

Stroke and coronary artery disease

Autopsy study on 341 patients with fatal stroke has shown 
that coronary plaques, coronary stenosis, and myocardial 
infarction were present in 72.4%, 37.5%, and 40.8% respec-
tively, which was statistically significant compared to au-
topsies of 462 patients with other neurological diseases [2]. 
Two-thirds of myocardial infarction cases were clinically 
silent and found only on autopsy. The prevalence of coro-
nary plaques, coronary stenosis, and myocardial infarction 
was 79.0%, 42.9%, and 46%, respectively, when plaque was 
present in any segment of the extracranial or intracranial 
brain arteries, which was significantly more prevalent  in 
comparison with patients without extracranial or intracra-
nial plaques. The frequency of coronary atherosclerosis and 
myocardial infarction was similar between stroke subtypes 
and the presence of carotid plaque was as closely associated 
to coronary atherosclerosis or myocardial infarction as the 
presence of carotid stenosis or occlusion. It is to note that 
stroke patients even without atherosclerotic plaque in any 
segment of the cerebral arteries had a high prevalence of 
coronary plaques and stenosis, 51% and 18% respectively. 

The Asymptomatic Myocardial Ischemia in Stroke 
and Atherosclerotic Disease (AMISTAD) study [30] that 
analyzed 315 acute ischemic stroke without known CAD 
who underwent coronary angiography has shown that 
coronary plaques were present in 61.9% and the coronary 
stenosis (>50%) was present in 25.4% of patients. The 
presence of plaques in carotid or femoral arteries was as-
sociated with higher prevalence of CAD. Marked increase 
in the prevalence of coronary plaque, especially in those 
with arterial lumen reduction of 50%, was associated with 
the increasing severity of carotid atherosclerosis. Silent 
coronary stenosis (>50%) was more frequent in patients 
with carotid occlusion or high degree of carotid artery 
stenosis.  

The Tel Aviv Prospective Angio Survey (TAPAS) 
study [31] that evaluated 1405 consecutive patients who 
were undergoing coronary angiography for the presence 

of asymptomatic carotid artery CAS has shown that the 
degree of internal carotid artery (ICA) stenosis was relat-
ed to the extent of CAD. Independent predictors of severe 
CAS defined by Peak Systolic Velocity (PSV) on Doppler 
were the presence of left-main or three-vessel CAD, older 
age, a history of stroke, smoking status, and diabetes mel-
litus. The prevalence of significant ICA stenosis is lower 
in specific CAD subsets than previously reported, most 
probably because different methods for classification of 
carotid stenosis were used, and because recently there is 
better adherence to optimal medical treatment and statins 
use in contrast to the studies of 1999 and 2005 [32, 33].

Conclusion
 

Atherosclerosis is the common pathophysiological cause 
for development of coronary and carotid artery disease.  
The degree of carotid stenosis plays a more important role 
in pathophysiology of embolic stroke. Evaluating carotid 
arteries for IMT, plaque morphology, and degree of ste-
nosis can give us valuable additional information for pre-
dicting cardiovascular risk and silent CAD in otherwise 
asymptomatic patients. Therefore measuring IMT and as-
sessing carotid atherosclerotic plaque is justified in subjects 
with high vascular risk profile.
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Abstract

Aging is associated with a number of degenerative changes in the structure and function of blood vessels. Recent 
studies have examined the impact of age on cerebral hemodynamics and brain structure and function. These studies 
have shown age related changes in resting cerebral blood flow, cerebral vasoreactivity, cerebral autoregulation, and 
neurovascular coupling. Studies have also shown that aging is associated with cortical atrophy and cerebral white 
matter injury. More recent studies have also examined the relationship between age related cerebral hemodynamics 
and brain structure and function. Cross-sectional studies have shown that both cerebral vasoreactivity and pulsatility 
index are associated with cerebral white matter injury. Similarly, cerebral vasoreactivity has also been associated with 
impaired mobility which is known to be a clinical consequence of cerebral white matter injury in the elderly people. 
Neurovascular coupling has also been associated with slow gait and impaired executive function. 

Despite the advances in this field, our understanding of the relationship between cerebral hemodynamics and structur-
al changes in the aging brain is limited.  We also know very little about the relationship between cerebral hemodynam-
ics and clinical outcomes of structural brain disease. A better understanding of these relationships is an essential step 
towards identifying therapeutic targets and preventive strategies for age related cerebrovascular disease. This review 
summarizes the available data from recent studies examining cerebral hemodynamics and the aging brain. 
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Introduction

Aging is a leading risk factor for vascular disease. Even in 
the absence of traditional vascular risk factors such as hy-
pertension, diabetes, or hyperlipidemia, vascular dysfunc-
tion is a nearly universal complement to advancing age [1]. 
Age related alterations in cellular homeostasis contribute 
to vascular remodeling, oxidative stress, and pro-athero-
genic changes in the blood vessels. 

Cerebrovascular aging is particularly relevant to func-
tional disability in old age. Aging is associated with chang-
es in regulation of cerebral blood flow (CBF), which may 
threaten cerebral perfusion and ultimately affect activities 
of daily living as a result of ischemia, syncope, falls, and 
cognitive impairments. The cerebrovascular system un-
dergoes multiple changes throughout the human lifespan, 
probably beginning as early as the fourth decade in life [2]. 

This review summarizes the overall systemic structural 
and physiological changes related to vascular aging, with a 
special emphasis on the cerebrovascular system and ensu-
ing age related declines in motor and cognitive function.

Structural changes associated with systemic 
vascular aging 

Aging is associated with several structural changes in the 
vascular tree; the large conduit arteries become elongated 
and tortuous, the arterial lumen size increases and the ar-
terial walls thicken. In addition, there is increased calcium 
deposition and collagen content in the intimal and medi-
al layers with increased elastin fragmentation and thin-
ning [3]. Accumulation of advanced glycation end (AGE) 
products from nonenzymation reaction of glucose with 
proteins, lipids, and nucleic acids leads to loss of vascular 
elasticity. Accumulation of the stiffer AGE-linked dysfunc-
tional collagen results in increased collagen to elastin ratio 
and the mechanical stress on the vessel wall is borne by 
the collagen instead of the elastin. The age-related upreg-
ulation of tissue renin-angiotensin system is also linked to 
increased migration capacity of vascular smooth muscle 
cells and thickening of the vascular wall [4]. Overall, these 
age-related changes lead to stiffening of the arterial tree.

Aging is also associated with microvascular damage 
and rarefaction. Reduced vascular response to ischemic in-
sults results in increased apoptotic endothelial cell death 
and impaired angiogenesis. Failure of normal activation of 
hypoxia-inducible factor-1α (HIF-1α) with aging leads to 
reduced trafficking of endothelial progenitor cells (EPC) to 
sites of ischemia as well as reduced expression of vascular 
endothelial growth factor (VEGF) and insulin like growth 
factor (IGF-1). Attenuation of IGF-1 further diminishes 
EPC survival and cell growth. 

Irreversible changes at cellular level also play a role in 
vascular aging. Gradual age-related telomere attrition  is 
associated with arrested cell proliferation [5]. Age related 
decline in stem cell number and function is also thought 

to lead to impaired vascular homeostasis and loss of repair 
capacity of the vascular system culminating in age-relat-
ed atherosclerosis and progression of vascular disease [5]. 
Another factor known to decline with age is Sirtuin-1 
(SIRT-1), which regulates the anti-aging signaling net-
work. SIRT-1 exerts beneficial effects on the vasculature 
by promoting endothelium-dependent vascular relaxation, 
endothelial proliferation, and neovascularization. These 
age related process synergize, overlap, interact, and accu-
mulate to alter the structure and function of the vascular 
system [5].

Physiological changes associated with systemic 
vascular aging

Aging is associated with endothelial dysfunction as a result 
of increased oxidative stress and reduced bioavailability of 
nitric oxide (NO) [6]. Therefore, blood flow in response to 
increased metabolic demand of the tissue is compromised. 
Flow-mediated vasodilatation (FMD) of the brachial artery 
following vascular occlusion is indicative of endothelium 
dependent vasodilatation. A reduction in FMD accompa-
nied by elevated oxidative stress was observed in elderly 
individuals [7]. Oxidative stress is also implicated in cellu-
lar signaling pathways causing platelet aggregation, cell ad-
hesion and inflammation in the vasculature. Normal aging 
is also associated with upregulation of pro-inflammatory 
vascular gene expression profile and increased plasma con-
centrations of inflammatory markers, which contribute to 
vascular dysfunction, endothelial apoptosis, and  develop-
ment of atherosclerosis [8].

Stiffening of the conduit arteries with age increases 
the aortic pulse wave velocity (PWV). As a result, systolic 
blood pressure is augmented and diastolic pressure is de-
creased, which leads to a widened pulse pressure. Augmen-
tation of PWV and increases in pulse pressure is linked 
to increased collagen deposition, fibrosis, and intimal and 
medial thickening. These vascular changes result in ven-
tricular hypertrophy due to increased workload of the 
heart and transmit higher pressure and higher flow pulsa-
tility to the end organs, eventually causing adverse cardio- 
and cerebrovascular events [3].

Structural changes in the cerebral vessels 

Several alterations across the entire cerebrovascular tree 
occur with age. Arterioles in the deep white matter regions 
become tortuous and with increasing vascular tortuosity, 
CBF becomes perfusion-dependent, leaving these deep 
white matter regions vulnerable to chronic hypoperfusion 
[9]. Periventricular venous collagenosis is also evident 
with aging. These changes result in narrowing or even 
occlusion of the lumen resulting in chronic ischemia and/
or edema in the deep brain white matter regions. Similar 
to the systemic vessels, reduced activation of HIF-1α and 
VEGF expression also result in age related decline in ce-
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rebral angiogenesis and hypoxic-ischemic response. Capil-
laries also undergo degeneration, loss of endothelium and 
thickening of the basement membrane with age. Animal 
studies have reported decreases in capillary number and 
density and increased inter-capillary distance with age [9]. 
The pericytes in the capillaries also undergo degeneration 
which mediates ischemic damage to the brain vessels by 
reducing CBF response during brain activation. Accumu-
lations of neurotoxins occur following breakdown of the 
blood brain barrier [10]. Vessels in the cerebral gray mat-
ter also undergo similar structural changes with substantial 
rarefaction of the cerebral arterioles, decline in capillary 
density, thickening and fibrosis in and around the base-
ment membrane of these vessels.

Physiological changes in the cerebral vessels 

Cerebral blood flow
Advancing age is associated with a decline in resting CBF. 
Several studies utilizing transcranial Doppler (TCD) ultra-
sonography and functional imaging techniques have con-
sistently reported a decrease in blood flow velocity through 
major cerebral arteries and a decline in regional cerebral 
perfusion with aging [2, 11]. CBF in the cerebral cortex 
and the basal forebrain has been found to be consistently 
lower with age. However, the underlying mechanism for 
this decrease is unknown. Age related atrophy in cerebral 
volume and microvascular rarefaction may contribute to 
the decline in CBF. Alternatively, the decrease in CBF in 
the aged brain could be a secondary effect of attenuation in 
neural activation and a shift towards lower cerebral meta-
bolic activity rather than a primary factor contributing  to 
the decline in neural activation [12].

Cerebral vasoreactivity
Cerebral vasoreactivity (VR) to various stimuli such as 
changes in end-tidal carbon dioxide (CO2) or drugs is used 
to assess cerebral perfusion reserve. Cerebral VR, which is 
a NO-dependent process, is also considered a measure of 
endothelial function in the cerebral arteries [13-15].  The 
impact of age on cerebral VR is controversial. Some stud-
ies have reported a decline in VR with age [11]. In the Rot-
terdam study, VR declined at a rate of 0.6%/kPa per year 
with increasing age up to 90 years, though data was scarce 
for the advanced age population. Sex-related differences in 
VR have also been reported with aging. Age related reduc-
tion in VR was  seen in postmenopausal women, but not 
in men, suggesting possible hormonal influences affecting 
VR [16]. Age related differences in regional cerebral vas-
cular response to changes in end-tidal CO2 have also been 
reported using positron emission tomography [14]. Vaso-
dilatation in the cerebellum and insular cortex during hy-
percapnia and vasoconstriction in the frontal cortex during 
hypocapnia was greater in the younger subjects compared 
to the older subjects, suggesting less effective vascular re-
sponse in cerebral perforating arteries, possibly as a result 

of arteriosclerosis with normal aging. Utilizing blood oxy-
genation level-dependent (BOLD) functional MRI during 
a dual task of global hypercapnic breath-holding and finger 
tapping task in young and old subjects, mean BOLD signal 
amplitudes were significantly smaller in the older subjects, 
again suggesting age related decline in VR to vasodilatory 
stimulus despite similar neuronal activation [17].

Dynamic cerebral autoregulation
Dynamic cerebral autoregulation (dCA) is the intrinsic 
property of the cerebral vessels to maintain flow despite 
rapid changes in systemic pressure. Many studies have 
been conducted to assess dCA in normal aging [18]. While 
different measurement conditions, protocols, and assess-
ment techniques were used, the conclusions were similar. 
In one study dCA assessed with frequency domain transfer 
function analysis during steady state sitting and standing 
was shown to be preserved in the elderly subjects [19]. 
Another study, utilizing the time domain correlation in-
dex between spontaneous changes in blood pressure and 
CBF velocity, also reported no differences in dCA between 
young and old subjects [20]. Carey et al. estimated auto-
regulatory index from dynamic pressure stimulus using 
lower body negative pressure and Valsalva maneuver and 
depressor stimulus using bilateral thigh cuff inflation and 
also showed that dCA was unaffected by aging [21]. While 
all these studies conclude that aging is not associated with 
a decline in dCA, it is important to note that the age range 
of the subjects in these studies varied between 50-75 years. 
Therefore, the impact of advanced age (>75 years) on dCA 
is unknown.

Pulsatility index
Pulsatility index (PI), which measures cerebrovascular 
compliance, is calculated from the CBF velocity as the dif-
ference between systolic and diastolic flow velocities divid-
ed by the mean flow velocity [18]. Higher PI is reflective 
of lower cerebrovascular compliance. The percent change 
in PI measured during a dynamic exercise study was sim-
ilar between the young and older subjects with a delay in 
response to PI in the older group suggesting less influence 
of exercise-induced sympathetic activity in cerebral vascu-
lature of the older subjects [22]. Another study measuring 
PI during lower body negative pressure induced ortho-
stasis in physically unfit and fit young and old subjects re-
ported that PI was not influenced by either age or fitness 
level [23]. However, in both these studies blood pressure 
was monitored once every minute which might have con-
founded the results. 

Neurovascular coupling
Neurovascular coupling (NVC) or functional hyperemia 
is measure of close spatial and functional relationship be-
tween neural activation and CBF. NVC ensures that blood 
flow is increased to meet the increased metabolic demands 
of the activated neurons [15]. A mismatch between the de-
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mand and supply would result in relative hypoperfusion 
and brain dysfunction. A study using functional TCD mea-
surements during a visual stimulation in subjects ranging 
from 10–60 years did not find any age-related difference in 
visual activation-induced CBF velocity changes, suggesting 
that NVC is unaffected by aging [24]. In another study in-
volving young and old subjects, functional TCD was used 
to assess NVC in the anterior and posterior cerebral arter-
ies during visual and executive function tasks to activate 
the occipital and frontal lobes, respectively [25]. While 
the younger group showed task specific flow activation in 
either territory, the older group showed a generalized in-
crease in blood flow in both the territories in response to 
both tasks, suggesting generalization of cerebral activity to 
compensate for age-related loss of region specific function. 
Similar generalization of cerebral activity was also report-
ed with functional MRI during cognitive tasks in elderly 
people [26]. Overall NVC seems to be altered with aging.

Clinical manifestations of hemodynamic changes 
with aging

Cerebral small vessel disease, manifested by white matter 
hyperintensities (WMH) on brain magnetic resonance im-
aging (MRI), is a common finding in elderly individuals.  
These MRI findings, which consist of areas of increased 
brightness and appear as punctate or confluent patches 
in deep subcortical white matter tracts, particularly those 
close to the ventricles, have been associated with impair-
ments in cognition and physical function in the elderly 
people [15]. With normal aging, WMH progress by about 
44% in the deep and 30% in the periventricular white mat-
ter over a 3 year period with greatest progression seen in 
the frontal region [27]. The suggested mechanisms un-
derlying WMH include chronic ischemia, hypoperfusion 
due to endothelial dysfunction and impaired cerebral au-
toregulation, increased pulsatility of the cerebral vessels as 
a result of arterial stiffening, blood brain barrier leakage, 
edema, inflammation, and degeneration [15, 28]. Histo-
pathological correlates of WMH include cortical atrophy, 
loss of myelinated fibers and axonal disruption. WMH typ-
ically accumulate in regions supplied by direct penetrating 
branches of the cerebral circulation which are susceptible 
to increased flow pulsatility and increased pressure due to 
wave reflection. In support of the hypoxic-ischemic mech-
anism, increased levels of protein markers of hypoxia have 
also been  associated with the prevalence of WMH in a 
cohort of elderly people [15].   

The link between WMH and clinical outcomes such as 
physical function and cognition has been demonstrated in 
a number of studies. In a multi-center LADIS study, WMH 
was shown to be an independent determinant of transition 
to disability in subjects between 65–84 years [29]. Decline 
in gait, walking speed and balance performances were di-
rectly correlated with the severity of WMH. Similar find-
ings were also reported by investigators examining gait 

variables using a composite score [30]. In this study, sub-
jects with poor gait scores and higher occurrences of falls 
were shown to have greater volumes of WMH. Another 
group observed that WMH, predominantly in the cen-
trum semiovale and periventricular frontal regions, were 
associated with lower gait speed, shorter stride length, 
and broader stride width [31].  They also utilized diffu-
sion tensor imaging to examine the microstructural integ-
rity of normal-appearing white matter and demonstrated 
that in elderly subjects with WMH, there was widespread 
disruption in white matter microstructural integrity as in-
dicated by a lower fractional anisotropy and higher mean 
diffusivity. Disrupted normal white matter microstructur-
al integrity was associated with impaired gait measures. 
Similar relationships between brain structure and cogni-
tion have also been observed with aging. Individuals with 
better cognition as demonstrated by better performance 
on executive tasks also had lower volume of WMH in the 
frontal brain regions [32]. Increased WMH burden pre-
dicted poor performance on cognitive task involving exec-
utive function and processing speed. Among healthy older 
adults, individuals with poor cognition especially in the ex-
ecutive domain have also been shown to be more prone to 
falls [33]. Although the etiology of age related WMH is yet 
to be established, several studies have highlighted the re-
lationship between the hemodynamic changes and clinical 
manifestations of WMH on the aging brain. These studies 
are summarized below.

Cerebral blood flow
Gradual decline in CBF over time is linked to increased 
risk of developing WMH. In a population based study us-
ing TCD and MRI in 628 elderly individuals WMH was 
strongly associated with low CBF velocity [34]. This study 
reported a fourfold increase in the risk of severe WMH in 
subjects with low CBF velocity in the middle cerebral ar-
tery compared to subjects with high CBF velocity. Decline 
in CBF velocity emerged to be a stronger risk factor for the 
presence of WMH than age and high blood pressure in this 
population. Another study utilizing arterial spin labeling 
to measure regional CBF reported that CBF was lower in 
areas of WMH relative to normal appearing white matter 
in healthy older individuals [35].

Pulse wave velocity and pulsatility index
In a community based cohort of elderly people ranging be-
tween 69–93 years, increased carotid PI and carotid-femo-
ral PWV were both related to increased risk of subcortical 
infarcts with a hazard ratio of 1.62 and 1.71 per standard 
deviation, respectively [36]. Carotid femoral PWV was 
also associated with higher WMH volume and carotid PI 
was associated with lower whole brain grey and white mat-
ter volumes. Both these hemodynamic indices were also as-
sociated with lower scores in multiple cognitive domains. 
Similar relationships between middle cerebral artery PI 
and severity of WMH volumes have also been reported in 
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Neurovascular coupling
NVC has also been linked to WMH and clinical outcomes 
in the elderly people. Data from the MOBILIZE Boston 
study, show that changes in CBF velocity responses to an 
N-Back task (referred to as NVC) was  significantly asso-
ciated with gait speed and that subjects with higher NVC 
were able to suppress the negative relationship between 
WMH and gait speed [44]. In other words, individuals 
with faster gait speed despite increased WMH burden also 
exhibited higher NVC. In another study involving older 
individuals, impaired NVC was associated with poor ex-
ecutive function as measured by the Trails making test B 
[45]. Moreover, higher NVC coupling was associated with 
greater white matter microstructural integrity as measured 
by diffusion tensor imaging.

Summary

Age related changes in the structure and function of the sys-
tem and cerebral vascular tree have been demonstrated in 
many studies. A number of age related structural changes in 
the brain, which clinically manifest with cognitive and mo-
bility impairment, have also been linked to vascular mech-
anisms. Figure 1 provides an overview of the relationship 
between cerebrovascular aging and clinical outcomes.

Future longitudinal studies linking specific age related 
vascular changes to brain structural changes and age re-
lated mobility and cognitive impairment will help identi-
fy therapeutic targets for the prevention and treatment of 
vascular causes of these disorders.
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a community dwelling group of elderly subjects [37]. It has 
been hypothesized that aortic stiffness exposes the cerebral 
microcirculation to abnormal physical forces marked with 
increased PWV and increased transmission of flow pulsa-
tility to the brain causing microvascular remodeling and 
ischemic damage to the brain and leading to clinical mani-
festations of cognitive impairment [38].

Dynamic cerebral autoregulation
Animal models provide evidence that cerebrovascular 
dysfunction and vascular changes are key contributors to 
hypoperfusion and eventually result in white matter dam-
age. In animal models of small vessel diseases, impaired ce-
rebral autoregulation is apparent months before the first 
evidence of white matter damage [39]. In a cross-sectional 
study of elderly individuals with vascular risk factors, we 
found that higher WMH volumes and lower microstruc-
tural integrity (lower fractional anisotropy and higher 
mean diffusivity) of the white matter was associated with 
less effective dCA [40].

Cerebral vasoreactivity and flow mediated dilatation
WMH are associated with decline in systemic and cere-
brovascular endothelial function. In older adults with 
cardiovascular risk factors, FMD measured in the bra-
chial artery was inversely associated with WMH volume 
[41]. In elderly subjects from the population-based Rot-
terdam study, cerebral VR to changes in end-tidal CO2 
was found to be inversely associated with deep subcor-
tical and total periventricular WMH [42]. The most ro-
bust relationship was between impaired cerebral VR and 
periventricular WMH which is a watershed territory in 
the brain, suggesting that hypoperfusion and subsequent 
ischemia in these regions may be the causal mechanism 
leading to WMH. Cerebral VR on the other hand has 
also been associated with impaired mobility in the elder-
ly people. In 419 community dwelling individuals from 
the MOBILIZE Boston Study, Cerebral VR was linked to 
gait speed. Subjects in the lowest quintile of VR had low-
er gait speeds compared to those in the highest quintile. 
Also, subjects in the highest quintile of VR had signifi-
cantly lower fall rates [43].
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Figure 1. Relationship between cerebrovascular aging and clinical outcomes.
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Abstract

The management of severe acute neurological patients is a constant medical challenge due to its complexity and 
dynamic evolution. Multimodal brain monitoring is an important tool for clinical decision at bedside. The datasets 
collected by the several brain monitors help to understand the physiological events of acute lesion and to define 
patient-specific therapeutic targets. We changed from pure neurological clinical evaluation to an era of structure and 
image definition associated with instrumental monitoring of pressure, flow, oxygenation, and metabolism. At each time, 
we want to assure perfect coupling between energy deliver and consumption, in order to ensure adequate cerebral 
blood flow and metabolism, avoid secondary lesion, and preserve normal tissue. 

Continuous monitoring of intracranial pressure, cerebral perfusion pressure, and cerebrovascular reactivity with tran-
scranial Doppler, allows us to predict cerebral blood flow. However, adequate blood flow means not only quantity but 
also quality. To study and avoid tissue hypoxia we start to use methods for evaluation of oxygen extraction, such as ox-
ygen jugular saturation, cerebral transcutaneous oximetry or measurement of oxygen pressure with intraparenchymal 
probes. To better understand metabolic cascade we use cerebral microdialysis to monitor tissue metabolites such as 
glucose, lactate/pyruvate, glycerol or cytokines involved in the acute lesion. Multimodal brain monitoring in neurocriti-
cal care practice helps neurointensivists to better understand the pathophysiology of acute brain lesion and accomplish 
the challenge of healing the brain and rescue lives.
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Introduction

The main purpose of neurocritical care is to fight brain cell 
death, giving adequate flow, oxygen, and glucose in order 
to promote neuronal, endothelial, and glial cell recovery to 
ensure neuronal function. Although clinical evaluation of 
comatose patients is still one of the foundations of clinical 
neuroscience, the neurological findings of adverse events 
appear too late in time. Multimodal brain monitoring may 
give crucial, real-time information about the dynamic evo-
lution of brain lesion, allowing to avoid secondary inju-
ry, recognize adverse events, and improve individualized 
management of severe acute neurological patients admit-
ted to Neurocritical Care Units (NCCU) [1].

Basic neuromonitoring

Intracranial pressure, cerebral perfusion pressure, and 
autoregulation
Intracranial pressure (ICP) is derived from cerebral blood 
flow (CBF) and cerebrospinal fluid (CSF) circulation 
within the stiff skull [2]. The most reliable methods of 
ICP monitoring are ventricular catheters and intraparen-
chymal probes. An intraventricular drain connected to 
an external pressure transducer is still considered to be a 
‘‘golden standard’’ method of measure global ICP. Ventric-
ular catheters allow recalibration and therapeutic drain-
age of CSF but have significant complications, including 
hemorrhage, occlusion and infection. Intraparenchymal 
fiberoptic or microtransducer probes have a minimal as-
sociated risk of complications, but can be calibrated only 
before insertion although the sensitivity drift over time is 
very small. Critical values of ICP may vary between indi-
vidual patients but current consensus is to treat ICP ex-
ceeding the 20 mmHg threshold [3].

International guidelines for traumatic brain injury 
(TBI) recommend that ICP should be monitored in pa-
tients with Glasgow Coma Scale (GCS) score <8, with an 
abnormal head CT scan; or patients with GCS score <8 
with a normal head CT scan if two or more of the follow-
ing characteristics are present: age over 40 years, systolic 
blood pressure <90 mmHg or motor posturing [4, 5]. Re-
cently, Chesnut et al. [6] published the results of the first 
randomized trial of ICP monitoring in patients with severe 
TBI. Six months after injury, patient groups had similar 
scores on functional status and cumulative mortality. For 
intensivists the strongest clinical implication of this trial 
is that we need to understand that the true value of ICP is 
more than a number and should become part of a multi-
modality approach to targeted therapy [7, 8].

ICP beat-to-beat waveform consists of three compo-
nents named P1, P2, and P3 that are related to arterial pulse 
and brain compliance (Figure 1). P2 over P1 is a sensitive 
(99%) but not specific (1-17%) predictor of ICP subsequent 
increase [9]. Continuous ICP and arterial blood pressure 
monitoring allow calculation of cerebral perfusion pres-

sure (CPP=ABP-ICP). CPP is the driving force of CBF and 
the principal determinant of cerebrovascular reactivity to 
pressure, named cerebral autoregulation. The normal cere-
bral arterial bed actively reacts to small fluctuations in arte-
rial blood pressure in order to maintain constant CBF over 
a wide range of CPPs (from approximately 50–150 mmHg). 
When reactivity is normal the changes in ABP produce 
an inverse change in cerebral blood volume and hence 
ICP, but when reactivity is disturbed, changes in ABP are 
passively transmitted to ICP. Computational methods for 
continuous assessment of cerebral autoregulation were 
introduced more than a decade ago and they evaluate dy-
namic relationships between slow waves of ABP or CPP 
and ICP or flow velocity [10]. Examples of these methods 
are moving correlation coefficient, phase shift, or trans-
mission (either in time- or frequency-domain).

The pressure reactivity index (PRx) is calculated as the 
moving correlation coefficient between 30 consecutive, 10 
seconds averaged data points of ICP and ABP [11, 12]. A 
positive PRx (>0.2) signifies passive reactive vascular bed, 
while a PRx <0.2 means normal autoregulation. PRx may 
be used to continuous monitoring of autoregulation and 
define individual lower limit of autoregulation (LLA) and 
upper limit of autoregulation (ULA), helping target opti-
mal CPP [13, 14] (Figure 2). Retrospective studies show 
that favorable outcome reaches its peak when CPP is main-
tained close to optimal CPP [15].

Oxygenation and cerebral blood flow
Brain resuscitation based on basic control of ICP and CPP 
does not prevent cerebral hypoxia in some patients [16]. 
Cerebral oxygenation monitoring evaluates the balance 
between oxygen delivery and consumption [17] and oxy-
gen guided management could lead to improved neurolog-
ic outcome [18]. There are several invasive and non-inva-
sive continuous methods of monitoring regional or global 
brain oxygenation and avoid secondary lesion due to hy-
poxia (jugular venous bulb oximetry, brain tissue oxygen-
ation, and transcutaneous cerebral oximetry with near in-
frared spectroscopy).

Brain tissue oxygen pressure
Brain tissue oxygenation pressure (PbtO2) represents the 
interaction between plasma oxygen tension and CBF [19]. 
Direct measurement of local PbtO2 with an intraparenchy-
mal probe is becoming the gold standard for oxygen mon-
itoring in NCCU. PbtO2 probes are placed in the white 
matter and post-insertion head CT confirmation is needed 
to interpret readings. The normal range is 25-50 mmHg 
and PbtO2 <15 mmHg is considered the critical threshold 
for hypoxia [20, 21]. Algorithms of PbtO2-directed thera-
py should incorporate the management of the several caus-
es of tissue hypoxia (hypoxic, anemic, ischemic, cytopathic, 
and hypermetabolic) [22] (Table 1). Similarly to PRx, the 
index of tissue oxygen reactivity (ORx), calculated as the 
correlation coefficient between PbtO2 and CPP, can be 
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Figure 1. Arterial blood pressure (ABP) and Intracra-
nial Pressure (ICP) waveform. P1 (percussion wave) repre-
sents systolic arterial pulsation, P2 (tidal wave) reflects intracranial 
compliance and P3 (dicrotic wave) represents venous wave that 
result from closure of aortic valve. In normal conditions, P1 > P2 >P3, 
but when brain compliance starts to decrease, the amplitude of P2 
increases and may exceed P1.

used as an indicator of CBF autoregulation [23]. The con-
cepts of cerebrovascular pressure reactivity and oxygen re-
activity are related as high CPP should be avoided if it does 
not yield improvement in brain tissue oxygenation [24].

Transcranial Doppler and thermal diffusion flowmetry
Continuous direct monitoring of CBF would be helpful to 
manage acute neurologic patients. Transcranial Doppler 
ultrasonography (TCD) is a non-invasive method to assess 
flow velocity as a surrogate of cerebral blood flow. TCD 
is more frequently used in the diagnosis of vasospasm or 
hyperemia, but may also be used as a tool to monitor the 
regulatory reserve of cerebral vasculature to changes in 
ABP, CO2, and transient hyperemic response test [25-27].
Thermal diffusion flowmetry (TDF) is based on thermal 
conductivity and provides a quantitative measurement 
of regional CBF. Probes are inserted in the white mat-
ter, 25 mm below the dura and the normal range is 18-25 
ml/100g/min [28]. Continuous monitoring of CBF with 
TDF and CPP allows calculation of flow-related autoregu-
lation index [29].

Cerebral metabolism and electrical function
Brain metabolism can be assessed by hourly microdyali-
sis measurement of cell substrates (glucose), metabolites 
(lactate, pyruvate, glycerol), and neurotransmitters (gluta-
mate) in the extracellular fluid [30]. Normal ranges are de-
scribed in Table 2. Cerebral microdyalisis detects early hy-
poxia and ischemia and increases the therapeutic window 
to avoid secondary lesion. However, remains to be estab-
lished if treatment-related improvement in biochemistry 
translates into better outcome after acute brain injury [31].

Continuous electroencephalography (cEEG) with or 
without video surveillance is becoming more widespread 
in the NCCU [32]. Modern cEEG approaches include 
quantitative analysis of total power, relative alpha vari-
ability and asymmetry detection. The most common indi-
cations are: detection of nonconvulsive seizures or status 
epilepticus, assessment of depth of sedation, detection of 
ischemia and characterization of clinical signs such as ri-
gidity, tremors, eye deviation, agitation and otherwise un-
explained variations of ABP and heart rate [33].

Table 1. Causes of brain tissue hypoxia and management.

Etiology Pathophysiology Management of brain tissue hypoxia

Hypoxic Low PaO2
Low SaO2

Lung recruitment and FiO2 increase
Improve O2 delivery and Hb dissociation curve

Anemic Low Hb concentration Red blood cell transfusion
Ischemic Hypotension, low CPP

Hyperventilation
Vasospasm
Shunt
Low cardiac output
Dysperfusion

Increase ABP or CPP
Increase CO2
Vasodilation (systemic or local)
Treat SIRS or sepsis
Improve cardiac output
Reduce brain edema

Cytotopathic Low oxygen extraction
Hb high affinity
Mitochondrial dysfunction

Improve O2 delivery
Improve Hb dissociation curve

Hypermetabolic High metabolism Increase sedation, treat seizures, decrease temperature

ABP = Arterial blood pressure; CPP = Cerebral perfusion pressure; Hb = Hemoglobin
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Conclusion

Multimodal brain monitoring increases the therapeutic 
window and helps to target treatment avoiding excess or 
lack of interventions, decreasing cerebral secondary le-
sions, and systemic complications. Clinical information 
systems and integrated brain monitoring graphical trends 
show that pathologic readings precedes clinical deteriora-
tion and therefore are an important tool to support pro-
active medical decision in daily neurocritical care practice.

Abbreviations

ABP: Arterial blood pressure; CBF: Cerebral blood flow; cEEG: Contin-
uous electroencephalography; CSF: Cerebrospinal fluid; CPP: Cerebral 
perfusion pressure; GCS: Glasgow coma scale; ICP: Intracranial pres-
sure; LLA: Lower limit of autoregulation; NCCU: Neurocritical care 
units; ORx: Oxygen reactivity index; PbtO2: Brain tissue oxygenation 
pressure; PRx: Pressure reactivity index; TBI: Traumatic brain injury; 
TCD: Transcranial Doppler ultrasonography; TDF: Thermal diffusion 
flowmetry; ULA: Upper limit of autoregulation

Figure 2. Intracranial pressure (ICP), cerebral perfusion pressure (CPP), and pressure reactivity index (PRx). Continuous monitoring of auto-
regulation and definition of individual lower limit of autoregulation (LLA) and upper limit of autoregulation (ULA) to target optimal CPP during ICU management.

Table 2. Cerebral microdialysis normal range of biomarkers and metabolism failure interpretation.

Microdialysis concentration Normal range Monitoring interpretation

Glucose 1.5-2.0 mmol/l Hypoglycemia, cerebral hyperglycolysis
Hypoxia, ischemia, 

Lactate / Pyruvate ratio >20-25 Cellular redox state, hypoglicemia
Hypoxia, ischemia

Glycerol >100 μmol/l Cell membrane degradation
Hypoxia, ischemia

Glutamate >15-20 μmol/l Excitotoxicity
Hypoxia, ischemia
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Abstract

Vertigo is an illusion of a moving environment. Ischemic “vertigo plus” has additional focal neurological symptoms 
which are sometimes discrete. Before an initial Doppler examination it is possible to analyze voice, audition, gait, and 
wave of the hands during history taking.

A patient presenting vertigo plus has to be considered as an emergency case (Stroke Unit).

The following pathologies may present with symptoms of “vertigo plus": (1) Latero-medullar infarction: vertigo and 
a nasal voice; (2) Infarction in the posterior inferior cerebellar artery (PICA) territory—vertigo and severe ataxia and/
or clumsiness of one hand; (3) Progressive infarction of the brainstem with fluctuating symptoms as vertigo, diplopia, 
and transient hemiparesis; (4) Infarction in the distribution of the anterior inferior cerebellar artery (AICA)—vertigo with 
unilateral hearing problems in 50% of the cases. 

With condition (1) and (2) Doppler Ultrasound (DUS) is likely to find a distal obstruction of the ipsilateral vertebral artery, 
with (3) and (4) a basilar artery stenosis or occlusion can be suspected and detected by DUS.

In conclusion, DUS is useful in vertigo plus, especially when the hospital does not have immediate access to magnetic 
resonance with angio. Anyway, DUS can yield additional intracranial and cervical hemodynamic information, even after 
this technique.
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Definition of vertigo

Illusion of a moving environment (mainly rotation of the 
objects). An isolated vertigo is in 95% of patients of a pe-
ripheral vestibular origin [1].

Ischemic “vertigo plus” has focal neurological symp-
toms which can be discrete.

Diagnosis

During the first contact and history, the following func-
tions may be disturbed indicating “vertigo plus”: voice, au-
dition, gait and wave of the hands. 

Any patient presenting with a focal neurological sign 
and vertigo has to be considered as an emergency case 
(Stroke Unit).

Types of "vertigo plus"

Four types of vertebrobasilar infarctions with possible 
“vertigo plus” are described below, concerning underlying 
vascular pathology and the clinical usefulness of Doppler 
ultrasound (DUS) [2].

Lateral medullary infarction:
Lateral medullary infarction, also called Wallenberg syn-
drome: vertigo with at least a recently appearing nasal 
voice.
Pathology: Atheroma of 1 to 4 small branches coming from 
the fourth segment of the vertebral artery (V4), stenosis or 
dissection involving V3-V4 [1, 3]. DUS can be normal or 
detect a V4 stenosis, but it does not distinguish a dissection 
from a stenosis. A cervical MRI allows to assess the pres-
ence of a dissection. The main risk is a bronchopneumonia 
due to disturbed swallowing.

Posterior inferior cerebellar artery infarction:
Posterior inferior cerebellar artery (PICA) infarction: ver-
tigo (horizontal nystagmus) often associated with a severe 
ataxia and/or a clumsiness of one hand.
Pathology: Atheromatous stenosis in 50%, involving the 
PICA, the V4 segment of the vertebral artery (VA) or, 
more rarely, its origin [2, 3]. Cardioembolic causes repre-
sent half of these cases.

DUS can be normal or detect a V4 stenosis. When 
present, a proximal stenosis can be identified by extracra-
nial DUS, suggested by increased velocities or by indirect 
signs on the waveform of the distal VA, such as a systolic 
notch sign or a slow systolic ascending time.

The main risk is a progressive coma occurring in 25% 
of cases on the second or third day, needing neurosurgical 
treatment for space occupying edema.      

Progressive infarction of the brainstem:
Progressive infarction of the brainstem due to a throm-
bosis of the basilar artery, characterized by fluctuating or 
progressive symptoms.

The main symptoms and signs are intermittent vertigo 
in 75% of the cases, diplopia, and transient unilateral or 
bilateral paresis.

An early diagnosis of a basilar artery stenosis by DUS 
is needed and can reveal a segmental increase of velocities 
with transoccipital insonation. An intraarterial angiogra-
phy is useful to confirm basilar artery stenosis, offering the 
possibility of interventional treatment and thrombolysis. 
The prognosis is very poor without treatment (death in 
80% of the cases).

Infarction in the distribution of the anterior inferior 
cerebellar artery:
Vertigo with unilateral hearing loss or pulsatile tinnitus 
will occur in 50% of the cases.

It is due to an occlusion of a branch of the anterior infe-
rior cerebellar artery (AICA), a main branch of the basilar 
artery. Sometimes the cause is an atheroma of the basilar 
artery wall, rarely a significant basilar artery stenosis [3]. 

DUS is often normal. It is an exception to find a basilar 
artery stenosis.

The prognosis is in general good.

Isolated vertigo

An isolated vertigo has mainly a peripheral vestibular 
cause. An ischemic cause is exceptional, eventually being 
caused by an atheroma involving the median branch of the
PICA, a small vessel which cannot be detected by DUS. In 
this case, the clinical head trust test is normal; this negative 
result excludes a vestibular neuritis.

Conclusion

In the emergency room, DUS is very useful after a CT 
scanning, when the hospital centre does not provide access 
to immediate MRI. Otherwise an MRI with angiography 
(MRA) is the best diagnostic method for a patient with 
acute onset of “vertigo plus”. In such a setting intracranial 
DUS can add hemodynamic information, and extracranial 
DUS can be used to precisely quantify extracranial carotid 
or vertebral artery stenosis.

Abbreviations

AICA: Anterior inferior cerebellar artery; DUS: Doppler ultrasound; 
MRA: MRI with angiography; PICA: Posterior inferior cerebellar 
artery; VA: vertebral artery (VA) 
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Abstract

Background: To improve stroke prevention, the observation of patients suspected on having cerebrovascular disease 
(CVD) or stroke risk factors has been carried out in Stroke Prevention Centres (SPC) in Riga. The analysis of the incidence 
of CVD, correlations of clinical symptoms with diagnostic findings and risk factors was performed.

Methods: 1102 outpatients aged 7-89 years (65% female, 35 % male) underwent color-coded duplex sonography of pre-
cerebral and cerebral blood vessels (CCDS), had checked brachial blood pressure and blood test. Vascular pathology de-
tected by CCDS was confirmed by CT angiography. Some of patients underwent X-ray, EEG, CT scan or MRI examination.

Results: Isolated dyslipidemia was the reason for observation in 2% of cases only, although 56% of surveyed had regis-
tered high level of cholesterol at the moment of observation or in the past. Patients with arterial hypertension (14% of 
all) had atherosclerotic lesions in arteries in 42% of cases. From 22% of patients with vertiginous syndromes and tinnitus 
CVD was proved in 5% of cases. Vascular pathology in cases of headache (18% of all) was found in only 11%. Silent ath-
erosclerotic process in pre-cerebral arteries was suspected in 15% of patients but proved in 27% of all surveyed.

Conclusion: The underestimation of dyslipidemia and arterial hypertension as a stroke risk factors and the mismatch of 
diagnoses in patients with unspecified vestibular disorders and headache was found. The prevalence of detected silent 
carotid stenoses from all suspected proved the efficacy of US vascular screening in prevention, detection and follow-up 
of CVD.

Keywords: Stroke prevention, Stroke risk factors, Cerebrovascular diseases, Stenosis of precerebral and cerebral arteries, 
Vascular ultrasound screening, Vestibular disorders, Headache.
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Introduction

Diseases of the heart and circulatory system (cardiovas-
cular disease or CVD) are the main cause of death in de-
veloped countries, an important cause of disability and a 
source of large economic and social cost to the society. In 
the Central and East European (CEE) countries, coronary 
heart disease (CHD) and stroke were responsible for 49 
percent and 32 percent of all CVD deaths, respectively 
[1]. In the period from the 1980s through the 1990s, Eu-
rope experienced a large political transformation which 
worsened significantly health indicators in Western Eu-
rope as a whole and in Latvia in particular, creating a 
large life expectancy gap between the West and East of 
the continent [2]. Despite the fact that after 1998 CVD 
mortality started to decrease in Latvia, it is still one of the 
highest in European Union [3]. A recent study of neuro-
logical stroke care in Europe based on statistic data has 
provided evidence that stroke as a cause of death ranks 
second in the Baltic States. Stroke mortality rate in Latvia 
is one of the highest in EU [4].

There were no epidemiological studies of cerebrovas-
cular diseases based on standardized methods of data col-
lection in Latvia. The only source of information about 
some risk factors of CVD in Latvian population was the 
European Health For All Database [3]. Incomplete data 
about arterial hypertension, obesity and dyslipidemia in 
Latvian population from the World Health Organization 
(WHO) statistics database are limited to the year 2004. The 
only national cross-sectional survey of cardiovascular risk 
factors based on computerized random sampling from the 
registry of Latvian population was carried out in 2012 by 
Latvian Research Institute of Cardiology [5].

The levels of cardiovascular risk factors in Latvia were 
found to be relatively high. Of all the respondents, 75.2% 
had an increased total cholesterol level. Hypercholesterol-
emia was found in almost 56% of men and 41% of wom-
en in the age group of 25-34 years. Arterial hypertension 
was identified in 44.8% of the respondents. This study 
showed that control of hypertension and dyslipidemia was 
definitely below expectations, which was mainly due to a 
combined effect of poor population awareness and poor 
compliance with medication.

With such high frequency of dyslipidemia and arterial 
hypertension, high rates of arterial atherosclerotic lesions 
can be expected. There were no available data on the in-
cidence of silent atherosclerotic disease of coronary and 
brain supplying arteries in Latvian population, although 
regular ultrasound vascular examinations revealed fre-
quent occurrence of arterial atherosclerotic lesions. All 
above mentioned facts prove the insufficiency and inad-
equacy of stroke and coronary artery diseases prevention 
in Latvia.

One way to improve stroke prevention in Latvian pop-
ulation was to determine the incidence of cerebrovascular 
diseases, the correlation of clinical symptoms with arterial 

atherosclerotic lesions in brain supplying arteries and cere-
brovascular risk factors.

The first and important part of study was to discov-
er and analyze the weaknesses in recognition of stroke 
and other cerebrovascular diseases symptoms by family 
doctors, other medical specialists and among the public. 
Despite the fact that knowledge of the nature of athero-
sclerotic disease, its prevention and treatment increased in 
recent decades, the recognition of this disease still remains 
poor. For that purpose the analysis of clinical and diagnos-
tic data of patients observed and followed in Stroke Pre-
vention Centres (SPC) in Riga has been performed in the 
period of September 2012-March 2013

Methods

Four stroke prevention centres in Riga were based on 
the two biggest out-patient clinics and out-patient de-
partments in two clinical hospitals. The requirements for 
stroke prevention centres were: availability of consultant 
neurologist experienced in cerebrovascular diseases, ex-
perienced neurosonologist, up-to-date ultrasound Duplex 
scan diagnostic, easy access to X-Ray, CT scan, MRI, EEG 
diagnostic and clinical laboratory, common protocol of pa-
tients observation and program database in all centres.

Due to the mass media advertising campaign for stroke 
prevention, patients suspected of having cerebrovascular 
disorders or stroke risk factors have been sent to SPC not 
only by family doctors or other medical specialists but also 
through direct patient access.

All out-patients consulted by neurologist underwent 
US examination of precerebral and cerebral blood vessels 
by routine extra and transcranial Color Coded Duplex 
Doppler Scan program performed by using premium class 
machines (“iE-33” Philips and “Applio” Toshiba). Standard 
US examination protocol was supplemented by monitoring 
of cerebral circulation during half an hour in cases of sus-
pected microemboli and registration of arterial wall elastic 
properties by M-mode scan. Some patients with suspected 
pathology in brain or spine underwent X-ray, CT scan or 
MRI examination. Vascular pathology was confirmed by 
CT angiography in 97% of cases with significant degree of 
arterial stenosis or cerebral arteries pathology. EEG was 
performed in all cases of seizures. Almost all observed pa-
tients had checked brachial blood pressure and blood test 
for cholesterol fractions.

From 1400 observed patients 288 had been excluded 
from analysis because of incomplete data. Statistical anal-
ysis of clinical-diagnostic correlations of 1102 patients has 
been performed.

Results

The age distribution between 772 observed women and 
330 men showed a small prevalence of men in younger 
age groups (Figure 1). There was a larger number of male 
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patients aged 18-45 years referred to SPC compared to 
the group of 46-60 years.

The main complaints from younger patients (18-35 
years) were headache, vertigo and vertiginous syndromes, 
tinnitus. The incidence of cerebrovascular pathologic find-

ings in this group was low: increased intima media thickness 
(IMT) was found in 6% and premature atherosclerosis man-
ifested as insignificant atherosclerotic plaques (<30% of lu-
men) in 2% of cases (Figure 2). Interestingly, increased levels 
of cholesterol and triglycerides accompanied these findings 
in only 4% of cases. Arterial hypertension was found in 12% 
of young patients and was accompanied by changes in arte-
rial wall elastic properties in most cases (78%).

The progression of IMT and atherosclerotic plaques in 
neck arteries with age was observed in all patients except 
the eldest. The incidence of increased IMT and insignif-
icant atherosclerotic plaques in older age patients (more 
than 75 years) was slightly lower than in patients aged 61-
75 years.  Incidence of dyslipidemia was proportionally in-
creased with age, except age group 46-65 years where the 
frequency of increased cholesterol and triglycerides was 
the highest (Figure 2).

This proportional increase of plaques size with age was 
not found in cases of cerebral stenoses. The occurrence 
of cerebral stenotic lesions was the same in three first age 
groups and slightly higher in patients older than 60 years 
(Figure 2). This disproportion could be partly explained 
by technical inaccuracy of US measurement of degree of 
stenoses in cerebral arteries. 

Figure 1. Patients distribution by sex and age.
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Figure 1. Distribution of increased intima-media thickness, stenotic lesions in pre-cerebral and cerebral arteries, dyslipidemia 
between patients of different age groups (from 17 to 75+ years).
IMT î = Increased intima media thickness; sten <30% = Stenoses less than 30% of arterial lumen; sten 30-70% = Stenoses 30-70% of arterial lumen; sten >70% = 

Stenoses more than 70% of arterial lumen; LDL, TR î = Increased low-density lipoproteins and triglycerides; sten cereb. = Stenoses of cerebral arteries
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The analysis of suspected and proved cerebrovascular 
pathology showed the main mismatches (Figure 3). Dys-
lipidemia as the isolated pathology was the reason to send 
patients to observation in 2% of cases only. Meanwhile 
it was found as the only pathology in 6% of patients and 
as accompanying sign of atherosclerotic arterial lesions 
in 26% of patients. Additionally, 24% of all surveyed had 
registered high level of cholesterol and triglycerides in the 
past. Surprisingly low number of patients with primary or 

secondary hypertension was sent to SPC (in 14% of sur-
veyed), although the vascular pathology was found quite 
frequently in this group—arterial hypertension accompa-
nied atherosclerotic arterial lesions in 42% of cases. The 
silent atherosclerotic process in precerebral arteries was 
suspected in 15% of patients but proven in 27% (Figure 3).

One of the most represented group in the survey con-
sisted of patients complaining on disorders of vestibular 
function as the only symptoms (22%): vertigo and vertigi-
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Figure 3. Suspected and confirmed disease or pathologic condition.
International codes of diseases [6]: E78 - Dyslipidemia – as an only suspected and found pathological condition; G43, G44 - Migraine and other headache syn-
dromes; G45 - Vertebrobasilar artery syndrome; G45.0, M47.0 - Anterior spinal and vertebral artery compression syndromes; H81.4, H81.9, H82, R42 -Disorders 
of vestibular function, Vertiginous syndromes, Dizziness and giddiness; I10, I15 - Essential (primary) hypertension, Secondary hypertension; I65 - Occlusion and 
stenosis of precerebral arteries, not resulting in cerebral infarction; I67.2 - Cerebral atherosclerosis; I67.8 - Other specified cerebrovascular diseases; I69 - Sequelae of 
cerebrovascular disease; I70 – Atherosclerosis; Z03 - Medical observation and evaluation for suspected diseases and conditions; Other - Other.
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Figure 4. Distribution of increased IMT and vascular sclerotic lesions according to suspected disease or pathological condition.
International Diseases codes are the same as in Figure 3. Notations are the same as in Figure 2.

nous syndromes, dizziness, giddiness and tinnitus. Verte-
bro-basilar artery syndrome, transitory ischemic attacks 
and stroke in vertebrobasilar territory, as well as vertebral 
artery compression syndromes were suspected in 15% of 
cases. These suspicions were proven in a surprisingly rare 
number of patients—5% (Figure 3). Different degrees of 
significant stenotic lesions in vertebrobasilar arteries sep-
arately or combined with hypoplasy were found in 20% of 
patients with proven pathology, and insignificant arterial 
stenotic lesions in 37% of cases (Figure 4). Vertebral artery 
compression was proven just in 2 cases, subclavian steal 
syndrome in 3 cases. The rest of patients with vestibular 
disorders had a wide spectrum of variable pathological 
conditions—from iron deficit anemia to benign paroxys-
mal postural vertigo without documented abnormality in 
arterial and venous cerebral circulation.

Another widely represented group consisted of patients 
with acute or chronic headache (18% of all surveyed sub-
jects). Vascular pathology was found in 11% only (Figure 

3). There were a few quite significant findings detected like 
arteriovenous malformation in posterior artery territory, 
venous sinus thrombosis and vertebral artery dissection. 
Altered cerebral blood flow without local lesion was ob-
served in a minority of patients with headache (7%). These 
findings were accompanied by arterial hypotension or iron 
deficiency anemia or abnormality in electrical brain activ-
ity. Increased cerebral blood flow velocity remained unex-
plained in 4 cases.
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Good correlation between suspected and found stenot-
ic lesions of the precerebral and cerebral vessels was ob-
served in patients sent to SPC with suspected stenosis of 
precerebral arteries, not resulting in cerebral infarction, as 
well as cerebral atherosclerosis and sequels of cerebrovas-
cular diseases (Figure 4).

Discussion

The higher prevalence of young male patients aged 18-45 
years compared to the 46-60 years males, more suspicious 
of having CVD, could be partly explained by increased 
awareness of the disease and as a consequence, a greater 
concern for their health .The further analysis of complaints 
and findings in a group of young people aged 18-35 years 
frequent occurrence of symptoms mistakenly considered 
as signs of CVD.

Large number of surveyed subjects registered high 
level of cholesterol in the past or at the moment of ob-
servation. All together these findings (56%) were less fre-
quent than previously reported [5], which could be partly 
explained by difference in cohorts (selected patients with 
a small proportion of self-referred in this study contrary 
to population based cross sectional study). Another expla-
nation is the surprisingly small number of patients with 
dyslipidemia as an only sign (2%) sent for observation. The 
fact that from the majority of the 32% of observed patients 
with dyslipidemia had different degrees of atherosclerotic 



64   •   IJCNMH 2014; 1(Suppl. 1):S10 | ARC Publishing

lesions in arteries must prompt more awareness and sus-
picion on the role of this risk factor in silent vascular pa-
thology. Especially concerning the group aged 45-60 years, 
with the highest frequency of dyslipidemia.

Arterial hypertension was found in the youngest pa-
tients with the same frequency as arterial hypotension. In 
both conditions changes in arterial wall elastic properties 
presented as impaired dystensibility/stiffness of arterial 
wall were found in most cases, which could help as an early 
risk factor for vascular pathology. The growing frequency 
of arterial hypertension in patients aged 36-60 years, to-
gether with high level of dyslipidemia matched with grow-
ing occurrence of stenotic lesions in precerebral arteries, 
proving the important role of these pathologic conditions 
as main factors for developing vascular pathology. The 
only disagreement was found in older patients aged 61-75 
years where occurrence of arterial hypertension and hy-
percholesterolemia was less than that found in age group 
46-60 years, but the presence of high-grade atherosclerot-
ic stenotic lesions in precerebral and cerebral arteries was 
much higher. These findings have to be analyzed in com-
parison with the course of antihypertensive therapy and 
use of statins.

The main mismatch between suspected and confirmed 
vascular pathology was found in patients with unspecific 
disorders of vestibular function, vertigo and vertiginous 
syndromes sent to SPC by family doctors with suspicions 
of transient ischemic attack (TIA) in vertebrobasilar terri-
tory and vertebral artery compression due to cervical spon-
dylosis. Vestibular function disorder as well as tinnitus and 
headache were the main complaints of who patients con-
tacted SPC themselves. The low frequency of document-
ed vascular pathology in this group indicated the need of 
more educational programs for medical professionals and 
population with the description of initial symptoms and 
the course of stroke and cerebrovascular diseases. Rare se-
rious vascular pathology manifested as headache, accom-
panied by vestibular disorders which proves the benefit of 
transcranial color-coded duplex (TCCD) screening of ar-
teries in these patients.

The highest correlation between suspected and found 
arterial stenotic lesions was defined in a well represented 
group of patients with occlusion and stenosis of precere-
bral arteries without cerebral infarction, with chronic ce-
rebral ischemia and stroke or TIA. This match proves the 
role in screening and follow-up of cerebral hemodynamics 
by TCCD in cases of silent carotid stenoses, chronic cere-
bral ischemia, TIA and stroke.

Only 5% of all patients having vascular pathology and 
2% of those who underwent endovascular procedures or 
endarterectomy revisited Stroke Prevention Centres to 
control the atherosclerotic stenoses of precerebral and 
cerebral arteries and revise the treatment. Most of these 
patients had controlled arterial tension and level of cho-
lesterol and stable vascular condition with no further 
progression. The follow-up of therapy resistant growing 
atherothrombotic plaques allowed to send patients for sur-
gical treatment in time.

All our data demonstrate the need to control the dy-
namics of arterial pathology apart from the control of risk 
factors. The easily performed and non-invasive TCCD is 
quite often the only source of information on the dynamics 
of the pathological process, therapeutical effect on cerebral 
circulation and collateral compensating flow, which is ex-
tremely important for the prognosis and treatment tactic.
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Abstract

Background: The purpose of this study was to assess the relationship between carotid ultrasonography (CU) and 
transesophageal echocardiography (TEE), regarding atherosclerotic disease findings, the presence of carotid plaques 
(CP), proximal aortic plaques (AP), carotid intima-media thickness (CIM), and the aortic intima-media thickness (AIM).

Methods: Sixty one patients (57.4% men, mean age 62.7 ± 14 years) were evaluated with CU and TEE with an interval 
inferior to one month. CIM was measured at the common carotid artery (CCA); CP was defined as a localizaed protrusion 
in the arterial lumen larger than 1.5 mm, in the CCA or the internal carotid, without uniform wall involvement. AIM was 
measured at the aortic arch; AP was defined as a hyperechogenic area with >2 mm of thickness.

Results: Thirty seven patients had CP and 19 had AP. Seventeen patients had plaques in both locations (p=0.002). 
There was a difference between the medians of AIM (1.4; IQR=0.5) and CIM (1.0; IQR=0.3) (p<0.001). There was a linear 
correlation between CIM and AIM (coef =0.378, p=0.003). The presence of CP was a predictor (OR 6.28, p=0.03) of AP. 
CIM (coef=0.52, p=0.05) and gender (coef=0.22, p=0.02) were predictors of AIMs. 

Conclusion: The presence of CP was related to the presence of AP. There was a positive association between CIM and 
AIM. CU results can be used as surrogate markers of aortic atherosclerotic disease. Evaluation of thoracic aorta with TEE 
is important, since it provides additional information on the extent of atherosclerotic disease.
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Introduction

Atherosclerosis is a generalized process that may involve 
the entire vasculature. Although it mainly manifests in me-
dium-sized vessels, it is also present in the great vessels, such 
as the thoracic or abdominal aorta and the carotid artery[1].

Some authors suggest that the carotid intima-media 
thickness (CIM), assessed by high resolution carotid ultra-
sound, can be considered an indicator of generalized ath-
erosclerotic disease [2]. The presence of an atherosclerotic 
stenotic lesion in the carotid bulb or in the internal carotid 
artery (ICA) has been associated with an increased risk of 
stroke and it may account for up to 20% of all ischaemic 
strokes [3].

Atherosclerosis of the proximal aorta (ascending aor-
ta and aortic arch), as evaluated by transesophageal echo-
cardiography (TEE), also represents a potential source of 
emboli [4].  It has been established that stroke risk is as-
sociated with increasing thickness of the arch plaque, as 
well as with the extension of the atherosclerotic process to 
the brachio-cephalic arteries [5]. However, the precise re-
lationship between the extension of asymptomatic athero-
sclerotic disease in the carotid artery and ascending aorta, 
is still not completely understood [2, 5]. We used carotid 
artery ultrasonography (CU) to study the predictive val-
ue of carotid atherosclerotic plaque and CIM thickening 
to determine the presence of aortic atherosclerotic plaques 
and AIM thickening.

Methods

Between July 2011 and July 2012, 120 consecutive patients 
were referred for TEE study at the echocardiography labo-
ratory of our institution. All patients that did not meet the 
exclusion criteria were proposed to perform a CU within 
one month of the TEE. 

The exclusion criteria were: prior history or clinical 
evidence of cerebrovascular disease, previous carotid end-
arterectomy or carotid angioplasty, and history of aortic 
dissection or aortic aneurysm. Furthermore patients with 
poor ultrasonographic recording quality with no clear de-
lineation of the intima-media complex or incomplete ex-
amination of the proximal aorta were also excluded from 
the study.

A standard cardiac examination and aortic assessment 
was performed by TEE, using an ultrasonograph (Gener-
al Electrics, ViVid 7) and a multiplane 5 MHz probe. The 
proximal aorta (aortic arch and ascending aorta) was im-
aged in short and long axis and the aortic intima media 
thickness (AIM) was measured in the aortic arch, in both 
views, in telediastole; the final value was obtained by aver-
aging four measurements. Aortic plaque (AP) was defined 
as a hyperecogenic thickened area causing protrusion in the 
arterial lumen with more than 2 mm. Plaques were classi-
fied as small (<4 mm) or large (≥4mm) [6]. Recordings of 
all patients were reviewed in a work-station EchoPac 7 and 

measurements made offline by a single experienced cardi-
ologist, blinded to the carotid ultrasound results. 

Carotid atherosclerosis was assessed by ultrasound 
Doppler, using a GE Vivid 4 ultrasonograph, with a 10 
MHz Linear probe. The distal common carotid artery 
(CCA), and ICA were evaluated. CIM was measured in 
the far wall, 1 cm bellow the bifurcation of the CCA on a 
plaque free site. The final value was obtained by averag-
ing two measurements of both right and left CCA. Carot-
id plaque (CP) was defined as a localized thickening of the 
CCA or ICA, making a protrusion in the arterial lumen 
greater than 1.5 mm, without uniform wall involvement, 
which resulted or not in an increased speed, as evaluated 
by pulsed Doppler. 

The degree of stenosis at the ICA,  was determined ac-
cording to  the criteria of the  Society of Radiologists in 
Ultrasound consensus conference [7], and the patients cat-
egorized in the respective groups: no stenosis;  less than 
50% stenosis; ≥50% and  <70%;  ≥70% and less than near 
occlusion; near occlusion; and occlusion.  

All CU examinations were performed by the same 
qualified vascular technician of the neurology department 
of our institution and reviewed offline by one independent 
senior echocardiographer who was blinded to patients de-
mographics as well as to TEE data.

Regarding the vascular risk factors, hypercholester-
olemia was defined as previous blood test with plasma 
LDL cholesterol >100 mg/dL or prior prescription of 
cholesterol lowering drugs. Hypertension was defined as 
blood pressure >140 mmHg (systolic) or >90mmHg (dia-
stolic) measured twice in the hospital, or previous history 
of high blood pressure or prior prescription of pressure 
lowering drugs. Diabetes Mellitus was defined as previ-
ous history of the disease and taking glucose lowering 
drugs.

Statistical analysis
Descriptive statistics was performed and data is presented 
as mean values ± standard deviation for continuous vari-
ables with normal distribution, as median and interquar-
tile range (IQR) for continuous variables with non-normal 
distribution and as proportions for categorical variables.

Differences between groups were assessed using the 
unpaired Student t-test or two-tailed Mann-Whitney test 
as required. Chi-square test was used to compare differ-
ences between proportions. To evaluate the strength of the 
linear correlation between variables the Spearman’s coef-
ficient was used.

In a second step, to identify independent variables re-
lated to the presence of AP and to the thickness of the AIM, 
the variables with a significant association in the univari-
ate analysis were entered into a multivariate stepwise lo-
gistic or linear regression model. For all statistical analyses, 
a two-tailed p-value <0.05 was considered significant. The 
data was analyzed using IBM SPSS Statistics, version 20.
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Results

Sixty one (61) patients met the inclusion criteria. The pa-
tients mean age was 62.7 ± 14 years and 35 (57.4%) patients 
were men. The motives for referral to TEE were: exclusion 
of intracardiac thrombus in 24 (39.3%) patients, evaluation 
of valvular heart disease in 23 (37.7%) patients, evaluation 
of endocarditis in 7 (11.5%) patients, and other motives in 
7 (11.5%) patients.

The demographic and clinical characteristics, as well 
as reasons for the TEE of the entire study population, are 
presented in Table 1.  Regarding vascular risk factors, 37 
(60.7%) patients had hypertension, 21 (34.4%) dyslipidae-
mia, 10 (16.4%) diabetes mellitus, and 12 (19.7%) were cur-
rent smokers (Table 1). 

A summary of the carotid ultrasonography and trans-
esophageal echocardiography data of the study population 
is presented in Table 2.

Carotid ultrasonography data
Carotid artery atherosclerotic plaques were present in 37 
(60.7%) patients. 20 (32.8%) patients had bilateral plaques. 
In detail, 33 patients (54.1%) had plaques with stenosis 
<50%, 2 (3.3%) had plaques with stenosis ≥50% and <70%, 
1 (1.6%) had a plaque with near occlusion and 1 (1.6%) pa-
tient had an occlusion of the carotid artery. The median 
value of the CIM was 1 mm (IQR = 0.3) (Table 2).

Transesophageal echocardiography data
Proximal AP was found in 19 (31.1%) patients. 17 (89.5%) of 
those had small plaques and 2 (10.5%) had large plaques. The 
median value of AP thickness was 2.5 mm (IQR = 1.2). The 
median value of AIM thickness was 1.4 mm (IQR = 0.5).

Comparing within the same patient, the measure of 
the AIM with the CIM, a significant difference was found, 
the first being significantly thicker (p<0.001), and with 
a positive linear correlation between them (Spearman’s 
Rho = 0.378, p=0.003), as seen in Figure 1.

Table 3 shows the baseline characteristics of the study 
population according to CP presence. Compared with the 
patients without plaques, patients with carotid atheroscle-
rotic plaques were older (p = 0.001) and had a higher prev-
alence of AP (p = 0.002). Both CIM and AIM were thicker 
in patients with CP (p = 0.02).

Association between carotid and aortic atherosclerosis
Table 4 shows the variables associated with AP in the lo-
gistic univariate and multivariate analysis. Age (p = 0.01), 
male gender (p = 0.03), and CP (p = 0.006) were related 
to the presence of AP. In logistic multivariate analysis the 
presence of CP was related (OR 6.28, 95% CI [1.16 to 34.1]) 
(p = 0.03) with the presence of AP, when adjusted for age, 
male gender, and CIM, with a square R = 0.327.

To evaluate the predictors of the AIM thickness, univar-
iate and multivariate linear regression were performed; the 
results are shown in Table 5. CIM (p<0.001), age (p<0.001), 
gender (p = 0.002) and CP (p = 0.03), were univariate pre-
dictors of increasing AIM thickness. In the multivariate 
linear regression model CIM (coefficient = 0.52, 95% CI 
[0.001 to 1.03]) (p = 0.05) and gender (coefficient = 0.22, 
95% CI [0.027 to 0.4]) (p = 0.02) were found as predictors 
of AIM, when adjusted for age and hypertension, with a 
square R = 0.31.

Discussion

In the present study we evaluated the relationship of ath-
erosclerotic disease (plaque and intima-media thickness 
(IMT)) in the carotid arteries and proximal aorta, in pa-
tients without clinical evidence of atherosclerotic vascu-

Table 1. Baseline characteristics of the study population and 
transoesophageal echocardiography indications. 

Study population
(n = 61)

Baseline characteristics
Age (years) 62.7±14
Men, n (%) 35 (57.4)
Hypertension, n (%) 37 (60.7)
Diabetes, n (%) 10 (16.4)
Dyslipidemia, n (%) 21 (34.4)
Smokers, n (%) 12 (19.7)

TEE indications  
Exclusion of thrombus, n (%) 24 (39.3)
Evaluation of valve, n (%) 23 (37.7)
Evaluation of endocarditis, n (%) 7 (11.5)
Other, n (%) 7 (11.5)

TEE = Transesophageal echocardiography; n = Number of patients

Table 2. Carotid ultrasonography and transesophageal echocar-
diography data of the study population. 

Study population
(n = 61) 

Characterization of carotid plaques

Patients with plaques, n (%) 37 (60.7)
Bilateral plaques, n (%) 20 (54.0)
Plaques without hemodynamic repercussion, 
n (%) 

28 (75.7)

Plaques < 50% stenosis, n (%) 5 (13.5)
Plaques 50%-70% stenosis, n (%) 2 (5.4)
Plaques 70% stenosis to near occlusion, n (%) 0 (0)
Near occlusion, n (%) 1 (2.7)
Occlusion, n (%) 1 (2.7)

Characterization of aortic plaques

Patients with plaques, n (%) 19 (31.1)
Plaques 2-4 mm, n (%) 17 (89.5)
Plaques ≥ 4 mm, n (%) 2 (10.5)
Dimension of plaques (mm), median (IQR) 2.5 (1.2)

Intima-media thickness

CIM (mm), median (IQR) 1.0 (0.3)
AIM (mm), median (IQR)  1.4 (0.5)

n = number; mm = millimetres; IQR = Interquartile range; CIM = Carotid intima media 
thickness; AIM = Aortic intima media thickness
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lar disease, referred for evaluation by TEE. 
In our study population, we found that the presence of 

asymptomatic carotid atherosclerotic plaques could indi-
cate the presence of aortic atherosclerotic plaques, whereas 
the absence of carotid plaques may not reflect the absence 
of aortic plaques.

When comparing the group of patients with and with-
out carotid plaques, we found that the patients with carot-
id plaques had more often, plaques in the proximal aorta 
(p = 0.002), and higher values of CIM (p = 0.02) and of 

AIM (p = 0.02). The patients with plaques in the carotid 
artery were also significantly older (p < 0.001). 

In the multivariate analysis we found that the presence 
of plaques in the carotid artery, was related to the presence 
of plaques in the proximal aorta, these results are in agree-
ment with previous studies [2, 8, 9].

The awareness of the association between carotid and 
aortic atherosclerosis may have preventive, therapeutic 
and prognostic implications, because aortic arch plaques 
are a risk factor for stroke [5]. Unnoticed proximal aortic 
plaques are related to stroke in patients undergoing cardiac 
surgery or invasive procedures that involve the proximal 
segment of the aorta, like a coronary angiogram [5].

TEE is one of the exams of choice for evaluating 
the aorta and although it is not considered an invasive 
exam, it can cause anxiety and discomfort in some pa-
tients, and it is not without risk for the patients [10]. 
So it is desirable to find another way to diagnose aortic 
atherosclerotic disease, using a non-invasive and easily 
available test, like the carotid ultrasonography Doppler 
[11]. According to the results of our study there is an 
association between the presence of carotid plaques, di-
agnosed by carotid ultrasonography and the presence of 
proximal aortic plaques. Therefore, we suggest that it is 
possible to use the findings of the carotid ultrasonogra-
phy as a surrogate marker for the presence of plaques in 
the proximal aorta. 

Figure 1. Measurements of intima-media thickness. Relationship between carotid intima-media thickness and aortic 
intima-media thickness, as measured by carotid ultrasound and transesophageal echocardiography, respectively.

Table 3. Characteristics of the study population according to 
the presence of carotid plaque. 

Characteristic
No carotid  

plaque
 (n =24)

Carotid 
plaque
 (n= 37)

p

Age, (years) 54.5±2.9 68±1.8 0.001
Men, n (%) 11 (45.8) 24 (64.9) 0.18
Hypertension, n (%) 12 (50) 25 (67.6) 0.19
Diabetes, n (%) 2 (8.3) 8 (21.6) 0.29
Dyslipidaemia, n (%) 5 (20.8) 16 (43.2) 0.10
Smokers, n (%) 6 (25) 6 (16.2) 0.30
Aortic plaques, n (%) 2 (8.3) 17 (45.9) 0.002
CIM (mm), (IQR) 0.8 (0.4) 1.0 (0.2) 0.02
AIM (mm), (IQR) 1.25 (0.5) 1.5 (0.5) 0.02

n = Number; CIM = Carotid intima media thickness; AIM = Aorta intima media 
thickness; IQR = Interquartile range
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Table 4. Univariate and multivariate predictors of aortic plaque 
presence. 

Characteristic Odds ratio 95% CI p

Univariate predictors of aortic plaque presence
Age 1.06 1.01 - 1.120 0.01
Men 4.13 1.17 - 14.52 0.03
Hypertension 1.16 0.38 - 3.60 0.78
Diabetes 2.64 0.66 - 10.54 0.17
Dyslipidemia 0.58 0.17 - 1.91 0.37
Smokers 1.40 0.35 - 5.62 0.62

CIM 8.90 0.49 - 161.90 0.14

Carotid plaques 9.35 1.91 - 45.60 0.006

Multivariate predictors of aortic plaques presence

Age 1.03 0.97 - 1.10 0.25

Men 3.05 0.77 - 12.13 0.12

CIM 0.99 0.016 - 62.7 0.99
Carotid plaques (yes) 6.28 1.16 - 34.1 0.03

CIM = Carotid intima media thickness

Table 5. Univariate and multivariate analysis of predictors of 
aorta intima media thickness. 

Characteristic Coefficient 95% CI p

Univariate predictors of aortic  intima media  thickness
CIM 0.83 0.38 - 1.29 0.001
Age 0.01 0.005 - 0.018 0.001
Gender 2.99 0.11 - 0.48 0.002
Hypertension 0.18  0.15 - 0.38 0.07
Diabetes 0.07 0.19 - 0.34 0.59
Dyslipidaemia 0.01 0.19 - 0.22 0.89

Smokers - 0.03 0.17 - 0.11 0.66

Carotid plaque 0.21 0.02 - 0.41 0.03

Multivariate predictors of aortic  intima media  thickness

CIM 0.52 0.001 - 1.03 0.05

Age 0.003 0.004 - 0.011 0.39

Gender 0.22 0.027 - 0.40 0.02
Hypertension 0.12 0.06 - 0.29 0.21

CIM = Carotid intima media thickness

The IMT is a validated marker of atherosclerotic dis-
ease, as well as a known marker of coronary atherosclerot-
ic disease [12]. The most frequent location to measure the 
IMT is at the CCA, because it is more reproducible and has 
a capability to predict ischemic events comparable to the 
invasive methods [13]. The CIM value is a continuum and 
according to the Manheim consensus [14], the values con-
sidered normal for the age group in our study population 
are between 0.75 and 0.85 mm. The majority of our pa-
tients had an increased CIM (median 1.0 mm). This could 
be explained in part because we examined a population of 
patients referred for the study of cardiac disease.

In our study population we found a positive linear cor-
relation between the CIM and the AIM, measured in the 
same patient. In multivariate analysis both CIM and gen-
der were independently related to AIM.

Here, the classical vascular risk factors weren’t pre-
dictors of the presence of proximal aortic plaques or of 
increased AIM.

In view of our results, when evaluating the presence 
and/or extension of atherosclerotic disease, one should 
consider carotid ultrasonography as surrogate for prox-
imal aorta atherosclerosis. Carotid ultrasonography is a 
non-invasive, easy, and reliable method for the diagnosis 
of atherosclerotic disease, directly in the carotid artery ter-
ritory and indirectly, as a predictor, of the proximal aorta 
artery atherosclerosis.

Limitations of the study
There were several limitations to our study. First, the 
study population was small, which limited the power of 
the statistical analysis. 

The population was composed of patients referred to 
TEE to study some form of heart disease, whether it was 
detection of thrombus or valve disease, which limits the 
use of these findings in the general population. 

Data collection was only done in the proximal portion 
of the aortic artery (ascending aorta and aortic arch). The 
descending aorta was not studied, which may underesti-
mate the number of patients with atherosclerosis of the 
aorta. Moreover, in 31 patients (25.8%) no quality ul-
trasound reading was obtained from the proximal aorta, 
which further confirms the technical limitations in the 
assessment of AIM.  Also, the authors could not find stan-
dardized values for the thickness of aorta intima-media

Conclusions

In our study population, the presence of carotid artery 
plaques was related to the presence of proximal aortic 
plaques. We found a positive association between CIM 
and AIM. In view of these results, when evaluating the 
presence and/or extension of atherosclerotic disease, one 
should consider that the information of carotid ultraso-
nography Doppler can be a surrogate marker of proximal 
aorta atherosclerosis. 

Evaluation of the thoracic aorta with TEE is important 
when performing echocardiography, because it provides 
additional information of the extension of atherosclerotic 
disease.

Abbreviations

AIM: Aortic intima media; AP: Aortic plaque; CCA: Common carotid 
artery; CIM: Carotid intima-media; CP: Carotid plaque; CU: Carotid 
artery ultrasonography; ICA: Internal carotid artery; IMT: inti-
ma-media thickness; IQR: Interquartile range; TEE: Transesophageal 
echocardiography
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Abstract

Background: Large artery atherosclerosis is a major cause of ischemic stroke. Ultrasound can assess aortic, supra-aortic 
and intracranial vessels. We describe the recurrence rate in patients with cervical/intracranial disease and aortic atheroma.

Methods: We performed a retrospective review of patients’ charts admitted to a Neurology ward with ischemic stroke/
transient ischemic attack in a 5-year period. We collected clinical data, aortic, supra-aortic, and intracranial athero-
sclerotic changes whenever transesophageal echocardiogram was also available. Follow-up data was obtained from 
charts. Group comparison and recurrence risk estimates were done by Kaplan-Meier curves with Log Rank (LR) and Cox 
regression with Hazard Ratio (HR), with 95% confidence intervals (95% CI).

Results: Of 1300 patients, 337 underwent transesophageal echocardiogram (mean age 55.7 years; 62.9% male). Steno-
sis >50% or occlusion was found in 8.0% of carotid arteries, 4.2% of vertebral arteries, and 14.2% of intracranial vessels. 
Aortic complex plaques were found in 18.2%. Recurrence rate was 10.3% and lethality 1.3%, in 604.7 days of mean fol-
low-up. No difference was found between risk factors of patients with or without recurrence. After 1-year of follow-up 
more events were seen with cervical/intracranial disease (11.7% vs 2.8%, LR p=0.006). However, cervical/intracranial 
disease is not predictive of recurrent events in patients without aortic atheroma (LR p=0.607), while the association is 
strong if aortic atheroma is present (LR p=0.013; HR=4.9; 95% CI 1.2-19.5). 

Conclusion: In stroke patients investigated with transesophageal echocardiogram, cervical/intracranial disease had 
higher 1-year recurrence risk, but not in subjects without aortic atheroma. Presence of aortic atheroma slightly further 
increases recurrences.

Keywords: Ischemic stroke, Stroke recurrence, Aortic atherosclerosis, Carotid atherosclerosis, Intracranial atherosclerosis.
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Introduction

Large artery atherosclerosis has long been identified as one 
of the most frequent causes of ischemic stroke (IS). Re-
cent epidemiological studies in the European population 
have shown a prevalence of this stroke etiology ranging 
from 8.2% to 15.7% [1-3]. Palm et al. [3] identified a fur-
ther 13.4% of their patients with ‘probable atherothrom-
botic stroke’, a subgroup introduced to account for those 
patients with extracranial or intracranial atherosclerosis 
without significant stenosis in the absence of alternative 
stroke etiologies. These cases may reflect atherosclerotic 
changes at a more proximal site in the arterial tree, not 
routinely imaged.

The major sites for extracranial large vessel athero-
sclerosis are the carotid bifurcations, particularly near or 
at the origin of the internal carotid artery, and the prox-
imal segments of the vertebral arteries. The most com-
monly affected intracranial sites are: the terminal internal 
carotid bifurcation, the distal segment of the vertebral 
arteries, the basilar artery and the middle cerebral artery 
bifurcation [4]. At the aortic level atherosclerotic chang-
es are also a frequent finding. A population based study 
by Russo et al. [5] identified a high prevalence of aortic 
plaques of any size, both in the aortic arch (62.2%) and in 
the descending aorta (60.9%).

Ultrasound imaging, through cervical triplex ultra-
sound and transcranial Doppler ultrasound, can be used 
to assess the arterial patency and the presence of athero-
sclerotic lesions in the extracranial and intracranial vas-
culature, and should be available for the evaluation of 
every stroke patient [6]. Another ultrasound technique, 
the transesophageal echocardiogram (TEE), is the gold 
standard for evaluation of cardiac sources of embolism 
and also assessment of atherosclerotic disease at the level 
of the aorta [7].

The role of TEE in the evaluation of embolism sources 
has been questioned, because of its limited benefit in modi-
fying the therapeutic approach [8]. Our aim was to evaluate 
the modifying effect of the presence of aortic atheroma on 
the recurrence rate of ischemic events in ischemic stroke 
patients with cervical and intracranial steno-occlusive dis-
ease. We describe the recurrence rate of cerebrovascular 
events and identify associated risk factors.

Methods

This study was carried out at the Stroke Unit of a Portu-
guese tertiary hospital, which has a direct influence area of 
381,799 habitants and receives acute stroke patients from 
an area of almost 500,000 inhabitants.

Patients
In the present study we retrospectively screened all con-
secutive patients with a final diagnosis of acute IS or tran-
sient ischemic attack (TIA), admitted to our Neurology 

ward during a period of 5 years—from the 1st of July of 
2007 until 30th of June of 2012. Patients with cerebral ve-
nous thrombosis, subarachnoid hemorrhage, or intracere-
bral bleeding on admission were excluded. To reach a final 
diagnosis of stroke or TIA, all patients were assessed by a 
neurologist to determine the diagnosis of stroke (neuro-
logical deficit of cerebrovascular cause that persists beyond 
24 hours or is interrupted by death within 24 hours) with 
imaging evidence of ischemia or no other likely diagno-
sis, and TIA (defined as a transient episode of neurologic 
dysfunction caused by focal brain, spinal cord, or retinal 
ischemia, without acute infarction). Stroke subtype was 
categorized according to the Oxfordshire Community 
Stroke Project classification [9]. Stroke etiology was clas-
sified according to the Trial of Org 10172 in Acute Stroke 
Treatment (TOAST) criteria [10]. Patients were included 
in the study if they underwent TEE as part of the vascular 
event etiological investigation.

Cervical and transcranial color ultrasound technique
Cervical carotid and vertebral color ultrasonography ex-
aminations were performed with a GE Vivid 7 Ultrasound 
System equipped with an 8-MHz linear probe. Transcrani-
al color-coded sonography examinations were performed 
with the same equipment, fitted with a 3.5-MHz sectorial 
probe, without ultrasound contrast material. A standard-
ized evaluation protocol was employed and images from all 
vessels were obtained and stored.

Carotid stenosis was estimated using flow velocities and 
Doppler spectrum analysis, according to the criteria de-
fined by von Reutern et al. [11]. For vertebral evaluation, 
peak systolic velocities, artery morphology and symmetry 
with the contralateral vertebral artery were considered.

The peak systolic flow velocity thresholds considered 
for a ≥50% intracranial artery stenosis were 220 cm/s for 
the middle cerebral artery, 155 cm/s for the anterior ce-
rebral artery, 145 cm/s for the posterior cerebral artery, 
140 cm/s for the basilar artery and 120 cm/s for the ver-
tebral artery [12].

Transesophageal echocardiography
TEE was performed with a Hewlett-Packard multiF 
plane probe at 5 MHz, rotating the image plane by up 
to 180°. Images with the significant findings for each pa-
tient were printed.

Aortic atherosclerosis was classified as simple or com-
plex considering the size and morphology of the plaques. 
Simple aortic plaques were defined as an intimal thicken-
ing of less than 4 mm. Complex aortic plaques were de-
fined as plaques protruding more than 4 mm, with visible 
surface ulceration, or presence of mobile components re-
gardless of atheroma size [13].

Stroke risk factors
The medical records were reviewed for risk factor in-
formation. Arterial hypertension was defined as current 
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treatment with antihypertensive medication or a history, 
or present diagnosis, of hypertension according to the 
2003 World Health Organization criteria as systolic blood 
pressure ≥140 mmHg and/or diastolic blood pressure 
≥90 mmHg. Dyslipidemia was defined as on lipid-low-
ering medication or total cholesterol level ≥190 mg/dL, 
low-density lipoprotein level ≥110 mg/dL, or triglycerides 
level ≥150 mg/dL. Diabetes mellitus was defined as treat-
ed with oral anti-diabetic drugs or insulin or a history, or 
present diagnosis, according to the 1999 World Health Or-
ganization criteria as fasting plasma glucose ≥126 mg/dL. 
A patient was defined as a smoker if currently smoking, 
or past history of regular smoking of ≥1 cigarettes per day 
or daily use of tobacco (cigar or pipe). Recorded cardio-
vascular diseases included coronary heart disease, previous 
myocardial infarction, and atrial fibrillation.

All patients underwent a routine range of laboratory 
and other diagnostic testing. On admission laboratory tests 
were ordered, including serum glucose, serum creatinine, 
hematocrit, platelet count, and International Normalized 
Ratio (INR). Other baseline variables that were obtained 
for each patient included fasting serum glucose, fasting 
serum cholesterol (total, HDL, and LDL), and fasting tri-
glycerides, among other routine blood tests. Systolic and 
diastolic blood pressures were both recorded on admission 
and daily per established nursing protocol. All patients had 
brain imaging with either computed tomography (CT) 
and/or magnetic resonance imaging (MRI), and system-
ic investigation including chest X-ray, 12-lead ECG, and 
transthoracic echocardiogram.

If any new information on vascular risk factors was ob-
tained in the follow-up and if the risk factors were consid-
ered relevant in the etiology of the baseline stroke, that in-
formation was also incorporated in the baseline risk profile.

Evaluation of outcome
Patients were followed-up through the information 
available from registries of medical appointments in the 
outpatient clinic or emergency room admissions. Study 
outcomes were assessed at maximum follow-up time avail-
able. Subsequent vascular events, their type (IS, TIA), and 
time of occurrence were recorded. TIA and IS as outcome 
events were diagnoses according to the same definitions 
as the baseline TIA or stroke. If the outcome was fatal, 
both the date and cause of death were recorded. The caus-
es of death were divided into neurological (recurrence of 
stroke), and other causes. Death after stroke was defined 
as case-fatality in the following 30 days after the event. We 
defined combine vascular events as any of TIA, IS of fatal 
stroke.

Statistical analysis
The statistical analyses were performed using the software 
SPSS version 19.0 and MedCalc version 12.3. We report 
descriptive statistics with rates and 95% confidence inter-
vals (95% CI). Comparisons between groups were made 

with chi-square test, with a two-tailed level of significance 
of 0.05. We calculated recurrence risk by Kaplan-Meier 
curves with Log Rank (LR), and Cox proportional hazards 
model was used for univariate and multivariate risk fac-
tor analyses. Hazard Ratios (HR) are presented, along with 
95% CI.

Results

Study cohort
From 1300 patients screened, 337 (25.9%) had underwent 
TEE examination and were entered in the study. Clini-
cal characteristics of the study cohort are shown in Table 

1. Stroke etiologies according to the TOAST criteria are 
shown in Table 2.

Atherosclerotic disease of the carotid arteries was 
found in 170 patients (50.4%), of which 9 had ulcerated 
lesions (2.7%), 9 had hemodynamically significant steno-
sis (2.7%), and 18 patients had unilateral carotid occlusion 
(5.3%). The vertebral arteries were involved in the ath-
erosclerotic process in 14 patients (4.2%), with 7 cases of 
occlusion (2.1%). The intracranial vessels showed signifi-
cant disease in 48 patients (14.2%), with 31 cases of severe 
stenosis (9.2%), and 17 cases of occlusion (5.0%). Globally, 
69 patients (20.5%) presented with stenosis ≥50% of either 
carotid, vertebral or intracranial arteries.

Aortic atherosclerotic plaques of any size were found 
in 157 patients (46.6%). Thickness equal to or above 4 mm 
was seen in 34 subjects (10.1%) and other complex plaque 
morphology (ulcerations and/or mobile components) was 
observed in 27 subjects (8.1%). Aortic atheroma was more 
frequently seen in the aortic arch (108 patients, 32.1% of 
the total population, 68.8% of the patients with plaques), 
irrespective of other sites being affected. In 43 patients 

Table 1. Baseline characteristics of the study cohort.

Characteristic Overall Population 
(n=337)

Age, years 55.7±11.8

Men, n (%) 212 (62.9%)

Hypertension, n (%) 214 (63.5%)

Dyslipidemia, n (%) 232 (68.8%)

Diabetes, n (%) 69 (20.5%)

Smokers, n (%) 170 (50.4%)

Coronary heart disease, n (%) 33 (9.8%)

Atrial fibrillation, n (%) 33 (9.8%)

Medications

   Antiplatelet drugs, n (%) 57 (16.9%)

   Anticoagulants, n (%) 10 (3.0%)

   Antihypertensive drugs, n (%) 139 (41.2%)

   Lipid-lowering drugs, n (%) 77 (22.8%)

   Anti-diabetic drugs, n (%) 45 (13.4%)
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(12.8%) the plaques were exclusively located on the de-
scending portion of the aorta.

Combined disease of the aorta and supra-aortic vessels 
was present in 47 patients (13.9%).

Table 3 shows the cohort clinical characteristics by 
presence of atherosclerotic disease of either the supra-aor-
tic and intracranial vessels, or aortic atheroma.

Diabetes loosely associated with the presence of ce-
rebral and pre-cerebral arteries stenosis and occlusion 
(p=0.082), while other risk factors didn’t. 

Increasing plaque thickness occurred with advancing 
age and men more often had complex plaques. Patients with 
complex plaques had higher prevalence of traditional risk 
factors. On multivariate analysis, age equal or above 55 years 
(OR=7.1; 95% CI 3.2-15.6) and smoking (OR=4.7; 95% CI 
2.1-10.3) remained associated with complex atheroma, and 
age alone to simple atheroma (OR=3.5; 95% CI 2.0-6.2%).

No differences in antiplatelet treatment were observed 
between different arch plaque groups or regarding the 
presence of cervical and intracranial significant atheroscle-
rotic disease. Anticoagulant treatment was more frequent 
in subjects with cervical and intracranial stenosis or oc-
clusion (p=0.013). Antihypertensive drugs were more fre-
quently used in those with aortic atheroma and anti-dia-
betic drugs in those with complex aortic plaques compared 
to those with no or simple plaques respectively (p=0.032 
and p=0.036).

Risk of combined vascular events
Mean follow-up was 604.7 days (median 468 days, inter-
quartile range 702 days, total range 15 to 1901 days) in 310 
patients, while 27 patients were lost to follow-up. Losses 
to follow-up occurred when patients missed their sched-
uled appointments, when contacts were missing or were 
unreliable and no vital information could be retrieved 
from record linkage with other hospitals. The median sur-
vival time was not significantly different in all the present-
ed comparisons. Overall, 32 endpoints (10.3%) occurred, 
of which 3 were fatal (lethality rate of 1.3%). No difference 
was found between risk factors prevalence for patients 
with or without recurrence. Two-thirds of the recurrent 
events happened during the first year of follow-up. Re-
currences according to TOAST classification are shown in 
Table 4.

In this first year of follow-up more new events hap-
pened in the group with cervical and intracranial arteries 
stenosis or occlusion, with a recurrence rate of 11.7%, 
compared with 2.8% in the group without supra-aortic 
disease. This difference is significant, with a LR p=0.006, 

Table 2. Stroke etiologies by the TOAST classification of sub-
types of acute ischemic stroke.

Characteristic Overall Population 
(n=337)

Large-artery atherosclerosis, n (%) 79 (23.4%)

Cardioembolism, n (%) 57 (16.9%)

Small-vessel occlusion, n (%) 31 (9.2%)

Stroke of other determined etiology, n (%) 25 (7.4%)

Stroke of undetermined etiology

   Two or more causes identified, n (%) 12 (3.6%)

   Negative or incomplete evaluation, n (%) 133 (39.5%)

Table 3. Baseline characteristics of the study cohort by presence of site specific atherosclerotic disease. 

Aortic Atheroma Cervical or Intracranial                   
Stenosis/Occlusion

Characteristic
Without 
(n=181)

Simple plaques 
(n=95)

Complex 
plaques (n=61)

P value Without 
(n=268)

With 
(n=69)

P value

Age, years 50.9 ± 11.0 60.2 ± 11.1 62.8 ± 8.9 <0.001 54.3 ± 12.0 55.7 ± 11.0 0.406

Men, n (%) 105 (58.3%) 59 (62.1%) 47 (77.0%) 0.032 126 (47.0%) 39 (56.5%) 0.179

Hypertension, n (%) 97 (53.9%) 68 (71.6%) 49 (80.3%) <0.001 112 (41.8%) 48 (69.6%) 0.1

Dyslipidemia, n (%) 112 (62.2%) 71 (74.7%) 48 (78.7%) 0.019 127 (47.4%) 52 (75.4%) 0.157

Diabetes, n (%) 27 (15.0%) 20 (21.1%) 22 (36.1%) 0.002 34 (12.7%) 19 (27.5%) 0.082

Smokers, n (%) 78 (43.3%) 47 (49.5%) 44 (50.3%) 0.005 99 (36.9%) 35 (53.0%) 0.946

Coronary heart disease, n (%) 14 (7.8%) 9 (9.5%) 10 (16.4%) 0.147 16 (6.0%) 4 (5.8%) 0.497

Atrial fibrillation, n (%) 16 (8.9%) 13 (13.7%) 4 (6.6%) 0.285 15 (5.6%) 5 (7.2%) 0.879

Medications

   Antiplatelet drugs, n (%) 26 (14.4%) 22 (23.2%) 9 (14.8%) 0.273 30 (11.2%) 12 (17.4%) 0.557

   Anticoagulants, n (%) 7 (3.9%) 0 (0%) 3 (4.9%) 0.239 1 (0.4%) 4 (5.8%) 0.013

   Anti-hypertensive drugs, n (%) 62 (34.4%) 46 (48.4%) 31 (50.8%) 0.032 71 (26.5%) 30 (43.5%) 0.326

   Lipid-lowering drugs, n (%) 33 (18.3%) 28 (29.5%) 16 (26.2%) 0.150 37 (13.8%) 20 (29.0%) 0.123

   Anti-diabetic drugs, n (%) 18 (10.0%) 12 (12.6%) 15 (24.6%) 0.036 21 (7.8%) 13 (18.8%) 0.131
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Figure 1. Kaplan–Meier curves for time-to-event by presence of cervical or intracranial stenosis or occlusion (a) and aortic athero-
sclerotic disease (b).

and remains so even after adjustment for diabetes 
(HR=4.4, 95% CI 1.4-13.9).

After 1 year of follow-up, more new events were also 
seen in the aortic atheroma group (7.1% in the presence of 
complex plaques, 5.7% if simple plaques and 1.8% in the 
group without plaques, LR p=0.097). The difference be-
tween groups with and without plaques is significant at 1 
year (6.3% vs 1.8%, LR p=0.013), but fades with time until 
end of follow-up. Kaplan–Meier curves for vascular events 
are showed in the Figure 1. 

Events in patients with cervical and intracranial steno-
occlusive disease by aortic atheroma status
To address the influence of aortic atheroma in the survival 
of patients with cervical and intracranial arteries stenosis 
or occlusion, we performed a stratified analysis using aor-
tic atheroma presence to define each stratum.

Considering only the patients without aortic athero-
ma, disease at the cervical and intracranial level no longer 

predicts recurrent events (1.9% in those without disease 
compared to 3.7% with cervical/intracranial disease, LR 
p=0.607). Considering the group of patients with aortic 
atherosclerotic disease, the recurrence of events is greater 
in the presence of important stenosis or occlusion of the 
cervical and intracranial arteries (4.0% in those with only 
aortic disease paralleled to 18.2% for those with disease 
at both sites, LR p=0.013; HR=4.9; 95% CI 1.2-19.5). In 
this last group of patients women had more supra-aortic 
steno-occlusive disease (p=0.021), while other risk factors 
were balanced. Adjustment for gender did not change this 
risk estimate (HR=4.7; 95% CI 1.1-19.7). Figure 2 shows 
the Kaplan–Meier curves for vascular events.

Discussion

We report on the risk of recurrent cerebral vascular events 
in ischemic stroke and TIA patients with cervical and in-
tracranial steno-occlusive disease, analyzing the modifying 
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Table 3. Stroke Recurrences by the TOAST classification of subtypes of acute ischemic stroke. 

Characteristic Patients without recurrent 
events (n=278)

Patients with recurrent 
events (n=32)

Large-artery atherosclerosis, n (%) 60 (21.6%) 10 (31.2%)

Cardioembolism, n (%) 52 (18.7%) 3 (9.4%)

Small-vessel occlusion, n (%) 27 (9.7%) 2 (6.2%)

Stroke of other determined etiology, n (%) 21 (7.6%) 3 (9.4%)

Stroke of undetermined etiology

Two or more causes identified, n (%) 10 (3.6%) 1 (3.1%)

Negative or incomplete evaluation, n (%) 108 (38.8%) 13 (40.7%)

TOAST = Trial of Org 10172 in Acute Stroke Treatment
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effect of aortic atheroma in this outcome. We investigated 
the presence of plaques in the carotid, vertebral and in-
tracerebral arteries causing hemodynamically significant 
stenosis (≥50%) or occlusion, which have been associated 
with high early recurrence risk [14]. Likewise, we exam-
ined for the presence of aortic atheroma, another well 
known risk factor for stroke, independent from the tra-
ditional vascular risk factors, but which pathophysiology 
remains uncertain. It is hypothesized that aortic plaques 
may cause stroke via an atheroembolic mechanism, while 
other authors consider atherosclerosis at the aortic level 
as just another marker of generalized atherosclerosis [15-
16]. Controversy remains as there is continuing evidence 
for increased risk of recurrent stroke and death in patients 
with stroke and large aortic plaques, with plaques of com-
plex morphology conferring a slight additional increase in 
risk [17]. There are also population-based studies where 
the incidental detection of plaques in the aortic arch or 
proximal descending aorta was not associated with future 
vascular events [5].

In our cohort, the individual presence of either cervical 
and intracranial steno-occlusive disease or complex aortic 
atheroma was an independent predictor of subsequent vas-
cular events, including stroke, during the first year of fol-
low-up. But when combining these subgroups of patients, 
predictive value for recurrence only remains significant in 
patients with cervical and intracranial significant stenosis 
or occlusion if there is concomitant disease at the aortic 
level. This means that the presence of aortic atheroma 
slightly further increased the number of future recurrenc-
es, supporting its pathological role as a stroke mechanism, 
as opposed to a plain atherosclerotic marker.

Our study has some limitations. The main limitation is 
the relatively small sample size, which may have affected 
the statistical power to detect significant risk factors asso-

ciated with vascular events recurrence. Moreover, given 
the small number of events, we could not prove an asso-
ciation with atherosclerotic changes at any site beyond the 
first year of follow-up.

Regarding medication with antihypertensive, antidia-
betic or anticoagulant drugs, we also had important un-
balances between groups. Nevertheless, these drugs were 
more frequent in patients with vessel stenosis or occlu-
sion, or aortic atheroma and that should have decreased 
the risk of recurrence. We found the opposite results, so if 
any confounding effect of medication is to be expected; it 
would be to decrease the strength of our estimates and not 
to increase it.

Our study shows that aortic atheroma interacts with 
cervical or intracranial atherosclerotic changes, increasing 
the risk of recurrent events. However we cannot deter-
mine with this type of study if the aortic plaques are them-
selves implied causally in the etiology of recurrences or if 
they are a signal of more advanced and/or aggressive ath-
erosclerotic systemic disease. Further studies are needed to 
evaluate whether systematic screening for aortic atheroma 
or more aggressive treatment strategies in patients with 
vascular atherosclerotic disease at multiple sites diminish 
recurrences, and to establish better preventive strategies to 
limit the occurrence of repeated events
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Figure 2. Kaplan–Meier curves for time-to-event by presence of cervical or intracranial stenosis or occlusion, according to absence (a) 
or presence of aortic atherosclerotic disease (b).
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Abstract

Background: Carotid endarterectomy is effective in reducing recurrent stroke in patients with carotid stenosis. Du-
plex sonography is widely used for diagnosing internal carotid artery (ICA) stenosis. Surgeons often base manage-
ment decisions solely on this technique. Published velocimetric criteria should be validated in each laboratory. This 
study aims to validate Doppler velocimetric criteria for different grades of ICA stenosis and evaluate intracranial col-
lateralization circuits.

Methods: Duplex scans from 10,435 consecutive patients routinely referred to our Neurosonology Unit from 2003 to 
2011 were reviewed. Cases with ICA stenosis ≥50% (ultrasonographic morphologic criteria) were grouped by percent-
age of stenosis (ECST method). Mean ICA peak-systolic (PSV) and end-diastolic velocities (EDV), carotid index and pres-
ence of collateral flow were recorded. Pearson’s coefficient was used to correlate percentage of stenosis and velocity 
parameters. One-way ANOVA was performed for the presence of collateralization.

Results: Nine-hundred and sixty cases of ICA stenosis ≥50% were identified. The Pearson’s correlation values were 
R=0.802, p<0.001; R=0.724, p<0.001 and R=0.769, p<0.001 for the PSV, EDV and carotid index, respectively. The presence 
of collateral flow increased significantly for a stenosis ≥70% (p<0.001). For stenosis ≥70%, PSV >182 cm/s showed a 
sensibility of 80%, specificity of 82% and accuracy of 88%, EDV >61 cm/s showed a sensibility of 76%, specificity of 80% 
and accuracy of 86%, and carotid index >2.3 showed a sensibility of 82%, specificity of 82% and accuracy of 89%. These 
velocities were superior to the recently published consensus criteria for diagnosing stenosis ≥70%. Collateral blood flow 
increased significantly for stenosis ≥70% (p<0.001). 

Conclusion: This work defined optimal velocimetric criteria for ICA stenosis in our laboratory, enabling the correct 
diagnosis when morphological criteria are lacking. The presence of collateralization was important to identify hemodi-
namically significant stenosis.
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Introduction

The efficacy of carotid endarterectomy (CEA) in reducing 
recurrent stroke in patients with carotid stenosis has been 
well established [1-4] and this technique remains the gold 
standard for the management of carotid artery disease [5]. 
The benefits of this intervention, however, are largely de-
pendent on the degree of stenosis [2, 4, 5] and all efforts 
should be made in order to accurately identify patients 
who will benefit from this intervention.

Doppler ultrasonography (DUS) is now widely used for 
the diagnosis of internal carotid artery (ICA) stenosis. The 
diagnostic accuracy of ultrasonographic duplex imaging has 
been demonstrated for both moderate and high-grade ICA 
stenosis, using angiography as a reference [6-11].  This im-
aging method is commonly the only diagnostic technique 
performed in patients at risk for atherosclerotic carotid ar-
tery disease. DUS has widely replaced preoperative carotid 
angiography in clinical routine and surgeons often base 
management decisions solely on this technique [2-4, 8, 
10, 12-14]. Patient selection for CEA should be based on a 
combination of both ultrasound imaging (US) and velocity 
measurement of carotid stenosis [9]. Several studies have 
demonstrated the accuracy of B-mode imaging in pre-
dicting the grade of stenosis [15-20]. However, in severe 
disease, adequate B-mode images may be difficult to ob-
tain, as more complex and heavily calcified plaques create 
shadowing and other artifacts that impair correct plaque 
measurements. In fact, for severe stenosis hemodynamic 
criteria are prevailing [9]. The correlation between degree 
of stenosis and velocity is demonstrated by the “Spencer’s 
curve"[21], which has proven to be a reliable criterion for 
grading stenosis [9, 12, 22]. Nonetheless, there is consid-
erable variability in published velocimetric criteria for ste-
nosis. This variability is caused, along with other factors, 
by differences in Doppler protocol and equipment in each 
laboratory and operator differences in measurement acqui-
sition [9, 23, 24]. Therefore, internal validation of carotid 
duplex interpretation criteria is essential [10, 25, 26]. The 
preferred method for validation of Doppler velocimetric 
criteria would be comparing the grade of stenosis obtained 
by this method with measurements obtained by arteriog-
raphy [8, 10, 27-30]. However, it is not always feasible to 
obtain angiographic correlation for quality assessment of 
ultrasonography (US) studies especially in centers where 
US is the main diagnostic technique chosen. 

Although DUS is an efficient diagnostic tool to iden-
tify moderate to severe (<80% ECST – European Carot-
id Surgery Trial) stenosis [31], velocity measurements 
alone are not sufficient to differentiate moderate from se-
vere (≥80% ECST) stenosis [9]. The presence of collateral 
blood flow may increase post-stenotic blood pressure in 
the ICA, reducing blood pressure gradients over the ste-
nosis, thus leading to an underestimation of the degree of 
stenosis and, perhaps, exclusion from surgical treatment. 
Established collateral blood flow identified by transcrani-

al Doppler can help recognizing stenosis of hemodynamic 
significance, especially when blood flow velocity criteria 
combined with plaque morphology are inconclusive [32]. 
Thus, it is recommended that a search for transcranial col-
lateral flow is made [9].

The purpose of this study was to validate ultrasound 
velocimetric criteria in our Neurosonology Unit for differ-
ent grades of ICA stenosis measured by US imaging in our 
laboratory, as well as to evaluate the presence of intracra-
nial collateralization circuits as a mean of distinguishing 
moderate and high-grade stenosis.

Methods

From January 2003 through December 2011, a total of 
10,435 patients were routinely referred to our laboratory 
for clinically driven US evaluation of carotid artery disease. 
Duplex ultrasonography examinations were performed 
by two experienced neurosonology technicians using a 
Philips (Bothell, WA) HDI 5000 scanner. Each study was 
reviewed by neurosonology dedicated neurologists.

Complete examination of the common (CCA), inter-
nal (ICA) and external carotid arteries, as well as the ver-
tebral arteries, was performed. Standard techniques were 
used as part of the examination protocol: aligning the cur-
sor parallel to the vessel wall, obtaining waveforms using 
a small sample volume ideally placed in the center of the 
flow, and maintaining the Doppler beam angulated at 60º 
or less to the blood flow vector. The grade of ICA disease 
was assessed by analysis of plaque morphology and blood 
flow velocity measurements, namely peak systolic veloc-
ity (PSV) and end-diastolic velocity (EDV) at the point 
of highest stenosis, and internal carotid artery/common 
carotid artery peak systolic velocity ratio (carotid index). 
The maximal diameter reduction, measured morpholog-
ically at the most severely stenotic site of the ICA, was 
recorded by US imaging and used to calculate percentage 
diameter stenosis according to ECST method [3]. The ce-
rebral basal arterial segments were also examined, using a 
pulsed 2-4 MHz Doppler transducer: the middle, anterior 
and posterior cerebral arteries were investigated using the 
transtemporal approach, whereas the ophthalmic arteries 
(OA) were insonated through the transorbital window, 
and intracranial vertebral arteries, as well as basilar artery, 
through the suboccipital window. Blood flow velocity sig-
nals were analyzed to determine direction and velocity. 
The presence of collateral blood flow through the anterior 
communicating, posterior communicating and ophthalmic 
arteries was assessed.

Cases with ICA stenosis ≥50% graded by US imaging 
morphologic criteria in our Unit were retrospectively se-
lected for analysis. Groups were defined by percentage of 
stenosis, measured as diameter narrowing, as follows: (1) 
50-59%; (2) 60-69%; (3) 70-79%; (4) 80-89% and (5) 90-
99%. Patients with occlusion of the ICA, previous carotid 
endarterectomy or stenting, isolated parietal thrombus, 
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arterial dissection, incomplete or inadequate morphologic 
imaging were excluded from analysis. 

The Pearson's correlation coefficient (R) was used to 
correlate percentage of stenosis and velocity parameters. 
Receiver operating characteristic (ROC) curves were con-
structed to compare DUS stenosis with PSV, EDV and 
carotid index and to establish optimal criteria for each 
stenosis range. The overall accuracy of each velocity cri-
terion was expressed in terms of the area under the ROC 
curve (AUC), ranging from 0.5 (poor) to 1.0 (perfect). The 
confidence intervals (CI), sensitivity and specificity were 
calculated. One-way ANOVA followed by Bonferroni's 
post-hoc comparison tests were performed for the pres-
ence of collateralization in each stenosis range. Microsoft 
Excel (MS Office 2010) was used to collect all data and per-
form descriptive statistics. SPSS Statistics version 20 (IBM, 
Armonk, NY, USA) was used to perform the remaining 
analysis.

Results

Between January 2003 and December 2011, carotid duplex 
sonography and transcranial Doppler (TCD) were per-
formed in 10,435 consecutive patients. In 783 patients (551 
men and 232 women aged 68 ± 11 years) stenosis ≥50% was 
identified in 977 internal carotid arteries. Data concerning 
velocity measurements was available for 960 exams (960 
for PSV, 946 for EDV, and 929 for the carotid index). For 
17 cases, data concerning velocity measurements was not 
available; 187 patients had bilateral ICA stenosis ≥50%, and 
66 patients had contralateral ICA occlusion. TCD flow 
data was available in 481 arterial systems. Missing collat-
eral TCD flow data were mostly attributable to acoustic 
difficulties to insonate the temporal bone. 

The number of examined ICA in each range of stenosis, 
as measured by US imaging, is presented in Figure 1. In 32% 
(304 vessels), an ICA stenosis with diameter reductions of 
≥70% was found. As expected, exams with less severe ste-
nosis were found more often. There were only 24 ICA with 
stenosis in the 90-99% stenosis range. Since sample size for 
the 90-99% range was too small for the ROC curve analysis, 
the last two ranges (80-89% and 90-99%) were merged.

Mean velocities and carotid index for the different 
ranges of stenosis were: for 50-59%, 111/35 cm/s, carot-
id index: 1.3; for 60-69%, 161/51 cm/s, carotid index: 2.1; 
for 70-79%, 218/78 cm/s, carotid index: 2.8; for 80-89%, 
377/151 cm/s, carotid index: 5.3; for ≥90%, 409/191 cm/s, 
carotid index: 7.0. 

The Pearson’s correlation coefficient for the different 
velocimetric criteria were 0.802 for PSV, 0.724 for EDV 
and 0.769 for carotid index (p<0.001), indicating a strong 
correlation between these velocity measurements and the 
range of stenosis (Table 1). 

Scatterplots of US measured stenosis versus the 3 pa-
rameters (PSV, EDV, and carotid index ratio) were gen-
erated to demonstrate the distribution of severity of ICA 
disease (Figure 2). 

Table 1 depicts the velocimetric criteria for PSV, EDV 
and carotid index ratio in the different ranges of stenosis, as 
established by ROC curve analysis, as well as the presence 
of intracranial collateralization in those ranges. Figure 3 
portrays the ROC curves for the different ranges of ste-
nosis, with the respective sensitivities, specificities and ac-
curacies (represented by the area under the curve—AUC).

As shown in Figure 4, the presence of collateral flow 
increased significantly for stenosis ≥70% (p<0.001). For 
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Figure 1. Distribution of the exams by range of stenosis 
as measured by US imaging (ECST method).
US = Ultrasound imaging; ECST = European Carotid Surgery Trial

Table 1. Velocimetric criteria for the different ranges of stenosis. 

Range stenosis PSV EDV Carotid index Collateral flow

50-59% <152 <50 <1.9 -

60-69% 152-182 50-61 1.9-2.3 -

70-79% 182-251 61-81 2.3-3.3 +

80-99% >251 >81 >3.3 +

Pearson’s correlations 0.802* 0.724* 0.769*

*p<0.001: + present; - absent.



82   •   IJCNMH 2014; 1(Suppl. 1):S13 | ARC Publishing

stenosis 50-59%, no collateral flow was identified and for 
stenosis 60-69%, 1% of the exams presented collateral flow. 
For stenosis of 70-79%, 80-89%, and 90-99%, collateral 
flow was identified in 14%, 61%, and 92% of the exams, 
respectively. There was high specificity, positive predictive 
value (PPV), negative predictive value (NPV) and accuracy 
for predicting stenosis ≥70%, although sensitivity was low 
(Table 2). 

The specificity, sensitivity and overall accuracy using 
the consensus criteria for diagnosing stenosis ≥70% (PSV 
>125 cm/s; EDV >40 cm/s and carotid index >2) and ≥80% 
(PSV >251 cm/s; EDV >81 cm/s and carotid index >3.3) 
(ECST method)[12] are presented in Table 3.  Sensitivity, 
specificity and accuracy of our criteria are also depicted in 
Table 3. As shown in the table, for stenosis ≥70% ECST, 
sensitivity would be higher, but specificity and overall ac-
curacy would be lower using the consensus criteria. For 

stenosis ≥80% ECST, sensitivity would be higher for PSV, 
but specificity and overall accuracy would be lower using 
the consensus criteria; for EDV and carotid index, on the 
other hand, sensitivity was lower and specificity and over-
all accuracy were higher with the consensus criteria.

Considering the criteria defined for our laboratory for 
stenosis ≥70% ECST, a PSV >182 cm/s would erroneously 
define 6% of stenosis as <70%, 11.5% of which would be 
correctly diagnosed by the presence of collateral blood flow 
on TCD. Similarly, considering EDV >61 cm/s and carotid 
index >2.3, 8% and 6% would be erroneously defined as 
having stenosis <70%, 7% and 8% of which, respectively, 
would be correctly diagnosed by the presence of collateral 
blood flow on TCD.

Established collateral blood flow was not observed in 
cases with <70% ICA stenosis, except in 2 patients with 
stenosis range 60-69%. In one patient, stenosis was defined 

Figure 3. ROC curves comparing PSV, EDV and carotid index for ≥60%, ≥70% and ≥80% stenosis. 
AUC = Area under the curve; CI = Confidence interval; EDV = End-diastolic velocity; PSV = Peak systolic velocity; ROC = Receiver operating characteristic

Figure 2. Scatterplots the diameter percentage stenosis measured by B-mode and the internal carotid artery (ICA) peak-systolic 
velocity (PSV), end-diastolic velocity (EDV) and ICA/common carotid artery PSV ratio.

Ra
ng

e 
of

 s
te

no
si

s 
(%

)

Ra
ng

e 
of

 s
te

no
si

s 
(%

)

Ra
ng

e 
of

 s
te

no
si

s 
(%

)

PSV (cm/s) EDV (cm/s) Carotid index (cm/s)

Se
ns

it
iv

it
y

Specificity

Se
ns

it
iv

it
y

≥60% ROC Curve ≥70% ROC Curve ≥80% ROC Curve

Se
ns

it
iv

it
y

Specificity Specificity

PSV 
   AUC: 0.848
   CI: 0.824-0.872
   Sensitivity: 0.726
   Specificity: 0.860

EDV
   AUC: 0.806 
   CI: 0.778-0.833
   Sensitivity: 0.671
   Specificity: 0.818

ICA/CCA
   AUC: 0.858 
   CI: 0.835-0.882
   Sensitivity: 0.731
   Specificity: 0.838
    

PSV 
   AUC: 0.881
   CI: 0.855-0.906
   Sensitivity: 0.796
   Specificity: 0.822

EDV
   AUC: 0.861 
   CI: 0.834-0.888
   Sensitivity: 0.763
   Specificity: 0.801

ICA/CCA
   AUC: 0.893 
   CI: 0.869-0.917
   Sensitivity: 0.823
   Specificity: 0.823
    

PSV 
   AUC: 0.963
   CI: 0.946-0.981
   Sensitivity: 0.923
   Specificity: 0.916

EDV
   AUC: 0.941 
   CI: 0.918-0.963
   Sensitivity: 0.874
   Specificity: 0.894

ICA/CCA
   AUC: 0.964 
   CI: 0.948-0.981
    Sensitivity: 0.951
    Specificity: 0. 915
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Table 2. Presence of collateral flow for predicting 
stenosis ≥70%. 

Sensitivity 39.2%
Specificity 99.5%
PPV 97.4%
NPV 78.0%
Accuracy 80.4%

PPV = Positive predictive value; NPV = Negative predictive value

Figure 4. Percentage of cases presenting intracranial 
collateral flow on transcranial Doppler ultrasonography. 
*p<0.001; NS = Not significant (p>0.05)
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as 68% by morphological criteria, but the established ve-
locimetric criteria enabled the diagnosis of stenosis ≥70% 
(PSV/EDV: 238/102 cm/s and carotid index 2.5). Absence 
of collateral blood flow was observed in 18% cases (174 
vessels) of high-grade (≥70% stenosis) ICA stenosis.

Discussion

This work aimed to establish the optimal velocimetric cri-
teria for the diagnosis of stenosis grade in our Neurosonol-
ogy Unit. Our results showed that for diagnosing stenosis 

≥70% ECST our criteria were more accurate than the con-
sensus criteria. For stenosis ≥80% ECST, the PSV criterion 
was superior to the consensus. However, the consensus 
criteria for EDV and carotid index were superior to our 
criteria. The presence of collateral blood flow was highly 
specific for stenosis ≥70% and was helpful in the diagnosis 
of stenosis is those ranges when velocity criteria pointed to 
a lower range of stenosis.

Carotid endarterectomy (CEA) guidelines in symptom-
atic carotid artery stenosis are based on ECST and NA-
SCET (North American Symptomatic Carotid Endarterec-
tomy Trial) criteria of ≥70% carotid stenosis as estimated 
from angiography [3]. A NASCET 50% to 69% stenosis 
is equivalent to an ECST ≥70%, while a NASCET 70% 
to 99% stenosis equates to an ECST ≥80% [33]. Morpho-
logic criteria are prevailing in low-degree disease, but for 
more severe stenosis velocimetric criteria should be used 
to define stenosis degree, especially when plaque charac-
teristics impair a correct measurement [9]. These criteria 

Table 3. Specificity, sensitivity and accuracy of the consensus criteria and our Neurosonology unit criteria for diagnosing 
stenosis ≥70 and ≥80% (ECST method).

Range stenosis Criteria Duplex variable Sensitivity Specificity Accuracy

ECST ≥70% 
(NASCET ≥50%)

Consensus criteria

PSV 93.3% 43.1% 60.8%
EDV 92.3% 50.6% 65.6%
Carotid index 88.6% 70.0% 78.9%

Local PSV 79.6% 82.2% 88.1%

criteria EDV 76.3% 80.1% 86.1%

Carotid index 82.3% 82.3% 89.3%

Consensus criteria
PSV 94.5% 87.6% 88.6%

ECST ≥80% 
(NASCET ≥70%)

EDV 79.2% 94.5% 92.2%

Carotid index 92.7% 93.0% 93.0%

Local
criteria

PSV 92.4% 91.8% 91.9%

EDV 93.9% 84.6% 85.4%

Carotid index 97.6% 87.4% 88.3%

ECST = European Carotid Surgery Trial; EDV = End-diastolic velocity; PSV = Peak systolic velocity; NASCET = North American Symptomatic Carotid Endarterectomy Trial
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may, however, lead to underestimation of stenosis owing 
to reduced maximal flow velocities caused by increased re-
sistance or turbulence, serial stenosis or low flow caused 
by high distal collateral pressure [34]. Without adequate 
detection of plaque burden, patients with severe stenosis 
may be excluded from surgical treatment. Overestimation, 
on the other hand, may occur in the presence of compensa-
tory increase in volume flow owing to contralateral severe 
stenosis ⁄occlusion [35]. Also, there is considerable overlap 
in velocity measurements between moderate and high-de-
gree stenosis [9]. TCD can help determine whether steno-
sis defined to be high grade with DUS has hemodynamic 
significance more distally. Conversely, signs of established 
collateral flow indicate a hemodynamically relevant steno-
sis that can, therefore, be classified as high grade and can 
help identify patients with severe plaque burden and no 
significant increase in ICA blood flow velocities [32, 36]. 
TCD has been demonstrated to accurately detect stenosis 
≥70% [9, 32, 37] and is, hence, an invaluable tool, especially 
when plaque assessment and velocity criteria combined are 
inconclusive [32]. Nevertheless, a significant discrepancy 
between cervical ICA stenosis and signs of intracranial col-
lateral flow might be due to intracranial ICA stenosis prior 
to the emergence of the ophthalmic artery. 

Most DUS velocity thresholds were defined using an-
giography estimates of stenosis and the reliability of these 
thresholds has been questioned [3, 36]. A wide variabili-
ty among laboratories was found with regard to the rela-
tionship between carotid angiographic stenosis and Dop-
pler velocity [12, 23, 25, 29, 30, 38-43]. This variability is 
caused not only by intrinsic factors, such as plaque char-
acteristics, but also by differences in operator technique 
and experience and device related factors [23]. It has been 
demonstrated that velocimetric criteria should be validated 
separately for each piece of equipment [38]. Other groups 
have analyzed the performance of their standard criteria 
against the consensus criteria, and found theirs to be more 
accurate in defining the range of stenosis [10, 44, 45].

There is good correlation of both the NASCET and the 
ECST methods of calculating percentage stenosis with DUS 
and both have similar sensitivity and specificity [46]. The 
NASCET method was used to overcome the lack of direct 
visualization of the contour of the artery at the stenosis in 
angiographic measurements, as in the ECST this contour is 
guessed. With US, the residual lumen and the artery diame-
ter can be directly measured at the point of interest. There-
fore, the ECST method is favored in our laboratory, since it 
can better illustrate plaque burden and is less prone to un-
derestimation when severe stenosis and low post-stenotic 
flow lead to distal segment involution [9, 47].

In this work, PSV was used as the primary parameter 
in assessing the percentage of carotid stenosis. It has been 
shown to be reproducible and to have high sensitivity, 
specificity, and positive predictive value across most stud-
ies [10, 12, 45, 48, 49]. EDV and the carotid index were 
used as secondary criteria, as proposed by the consensus 

criteria [12]. These criteria have been shown to be accu-
rate in the diagnosis of ≥70% stenosis, but were less so in 
detecting 50-69% stenosis [10]. In our study, the parameter 
with the highest Pearson’s correlation was the PSV (0.802) 
in contrast to both the EDV (0.724) and the carotid index 
(0.769) (p<0.001), which is in agreement with findings 
from other series [10, 12, 44, 45, 49]. The values defined 
in our Neurosonology Unit were superior when compared 
to the consensus criteria of PSV >125 cm/s, EDV >40 cm/s 
and carotid index >2.0 for detecting ≥70% stenosis (ECST 
method), with overall accuracy of 88%, 86% and 89% ver-
sus 60%, 65%, and 79% for the consensus criteria. Although 
some sensitivity was lost, the specificity of our criteria was 
higher than the consensus criteria. For diagnosing steno-
sis ≥80% ECST, however, although our PSV criterion was 
superior to the consensus, with overall accuracy of 92% 
vs 88%, the consensus criteria for EDV and carotid index 
were superior to ours, with overall accuracy of 92% and 
93% against 85%, and 88%, respectively. In order to base 
the decision of a carotid intervention on DUS, it has been 
recommended that specificity must be high, avoiding per-
forming an invasive technique without sufficient benefit 
to the patient [50]. Additionally, TCD was invaluable in 
identifying hemodinamically significant stenosis, enabling 
the reappraisal and correct diagnosis of a significant per-
centage of patients defined as having <70% stenosis by ve-
locimetric and morphologic criteria. Established collateral 
flow to the middle cerebral artery virtually always indicat-
ed pre-cerebral vessel disease with stenosis ≥70%. 

Using diameter reduction instead of area reduction, the 
anatomic parameter for the hemodynamic effect, can be 
considered a limitation of this work. The relation between 
the two parameters is not linear, since it depends on the 
shape of the stenosis (concentric or eccentric). Our deci-
sion was based on the fact that, diameter reduction was the 
method chosen for NASCET and ECST and is widely con-
sidered to be the gold standard for decision-making [9].

Over the years, the characteristics of the atherosclerot-
ic plaques, namely the approximated stenosis degree, have 
also been validated against the plaque observed in surgery 
by the vascular surgeon of our stroke group. This fact has 
contributed to the choice of ultrasound as the main diag-
nostic method in our center. 

Another potential limitation is the fact that our criteria 
are derived from DUS only, as angiography was not avail-
able to confirm the US measurements and performing ca-
rotid angiography in all of our patients did not seem feasible 
or justified. However, there is evidence that US imaging can 
accurately measure ICA diameter reductions independent 
of velocimetric criteria [16-18, 44, 51, 52]. MacKenzie and 
co-workers have shown that US imaging correlates closely 
with angiographic measurements [16] and it has been shown 
that DUS correlates strictly with histological endarterecto-
my specimens [22, 51, 52]. Moreover, many studies indicate 
that DUS is sufficient for safely determining the need for 
surgery in patients being considered for CEA [53-56].
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To our knowledge, this is the first work establishing 
optimal Doppler velocimetric criteria based only on US 
imaging. Although this study served as an internal valida-
tion of velocimetric criteria in our Neurosonology unit, its 
results may be extrapolated to other neurovascular labora-
tories. It enabled the definition of the optimal velocimetric 
criteria for each stenosis range in our laboratory, allowing 
a better estimation of the stenosis when plaque character-
istics prevent an accurate morphological measurement. As 
only one device was used and there are only two techni-
cians and three interpreting physicians in our laboratory, 
there was minimal variability in performing the exams and 
interpreting the results. DUS is a powerful tool for diag-
nosing and grading severe stenosis, especially when there 
are established and validated criteria. Experienced techni-
cians and physicians, as well as continuous internal valida-
tion of the accuracy of DUS, are critical in any institution 
that uses DUS as the sole diagnostic method before surgical 
intervention.
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Abstract

Background: The assessment of ophthalmic artery flow direction by transcranial Doppler sonography has become 
part of the cerebrovascular routine examination in stroke patients. It provides helpful information for the investigation 
of collateral circulation and can evaluate the hemodynamic significance of high-grade internal carotid artery (ICA) ste-
nosis. Our aim was to determine the value of assessing the direction of ophthalmic artery blood flow in the setting of 
routine color flow duplex ultrasonography examination of patients with ipsilateral carotid disease.

Methods: We reviewed 967 ultrasound carotid scans performed in our Neurosonology Unit from January 2003 to De-
cember 2011 with ICA stenosis ≥50%, and assessed ophthalmic artery flow direction.

Results: Ophthalmic artery flow reversal was seen in 73 cases, 62 (85%) of which were in cases of ICA stenosis ≥80%. 
Flow reversal in ophthalmic artery had a sensitivity of 43%, specificity of 99%, negative predictive value of 91% and 
positive predictive value of 85% for ICA stenosis ≥80%. 

Conclusion: We found a significant association between reversal of ophthalmic artery flow and carotid stenosis ≥ 80% 
with an excellent specificity and negative predictive value. Assessing ophthalmic artery can be especially important in 
patients with difficult duplex scans or with stenosis in the pre-ophthalmic artery intracranial segment of internal carotid 
artery, where duplex scan may fail to detect the lesion. Evaluation of ophthalmic artery blood flow direction is therefore 
feasible and accurate with Doppler ultrasound, and it brings very useful information to better assess intracranial hemo-
dynamic status that can influence treatment decisions.
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Introduction

Doppler ultrasonography is now widely used for the di-
agnosis of internal carotid artery (ICA) stenosis. Its di-
agnostic accuracy, if performed by experienced sonog-
raphers, has shown to be >90% when compared with 
angiography [1, 2].

A significant number of previous studies have shown 
that transcranial Doppler examination can add important 
information to carotid duplex scanning [3-7]. Some have 
used a transcranial Doppler battery to assess the hemody-
namic significance of ICA stenosis and reported that re-
versed ophthalmic artery flow (ROAF) has low sensitiv-
ity but a specificity of 100% in ≥70% carotid stenosis on 
cerebral angiography or in lesions with a residual lumen 
diameter of less than 1.5 mm from “en bloc” endarterec-
tomy [3, 4]. A more recent study specifically focused on 
the ophthalmic collateral pathway in patients with internal 
carotid artery disease has also established that the frequen-
cy of ROAF increases with worsening severity of stenosis. 
Moreover, the authors found that ROAF was strictly asso-
ciated with high-grade (≥80%) ICA stenosis or occlusion, 
with excellent positive predictive value and decent nega-
tive predictive value [7].

The ROAF in the setting of significant ICA (≥70%) is 
not infrequent, with some reports estimating an incidence 
of approximately 25% [8, 9]. However, its role in cerebral 
collateralization is somewhat controversial [9-18]. The 
ophthalmic artery (OA) is traditionally regarded as an im-
portant source of cerebral blood supply in patients with 
ICA occlusion [10, 11]. Some authors have demonstrated 
that intracranial hemodynamic status is associated with 
overall collateral blood supply available to the brain not 
depending on specific patterns of collateralization, namely 
via anterior and posterior communicating arteries, or OA 
[12, 13]. Moreover, Vernieri and co-workers suggested 
that the prognosis of patients with carotid artery occlusion 
was significantly influenced by the number of collateral 
pathways and by vasomotor reactivity. Notably, in patients 
with only one or two intracranial collateral pathways, the 
functional aspect of cerebral hemodynamics appeared to 
overhang individual anatomic characteristics in influenc-
ing their outcome [13]. Conversely, other studies show 
conflicting results and are not clear about the specific role 
of OA as an important source of blood to the brain. An-
zola and colleagues suggested that this pathway, although 
important for the intraorbital structures, was probably of 
limited functional significance to the hemispheric blood 
supply [14]. Accordingly, others proposed an hierarchy in 
cerebral collateralization, relegating the OA as a collater-
al of last resort [15, 16]. Hu and co-workers reported in 
a prospective 4-year follow-up study that asymptomatic 
patients with ≥75% carotid artery stenosis or occlusion 
and ROAF had an elevated risk of occurrence of ischemic 
event, in contrast to patients with forward OA flow [17]. 
Furthermore, Reinhard and colleagues found that dynam-

ic cerebral autoregulation is substantially impaired when 
secondary collateral pathways (ophthalmic or leptomenin-
geal arteries) are activated [18]. In line with these findings, 
Tsai and co-workers observed that the presence of ROAF 
was associated with a shunt to an area of low-resistance 
intracranial circulation due to impaired intracranial hemo-
dynamic status or insufficient collateral blood flow via the 
circle of Willis. Moreover, it was demonstrated that ROAF 
was highly associated to the combination of stenosis of the 
cervical and intracranial segments and less well correlat-
ed to high-grade cervical carotid stenosis/occlusion alone. 
Additionally, similarly to the presence of intracranial ste-
nosis and previous stroke, ROAF was shown to be associ-
ated with a poorer functional outcome [9].

The objective of our study was to determine the value 
of assessing the direction of ophthalmic artery blood flow 
in the setting of color flow duplex ultrasonography exam-
ination of symptomatic or asymptomatic patients, in order 
to better characterize the hemodynamics related to ipsilat-
eral carotid stenosis.

Methods

All records from patients referred to the Neurosonology 
Unit at São João Hospital Centre between January 2003 
and December 2011 were reviewed. Duplex scanning was 
performed using Philips HDI 5000 ultrasound device, with 
a 4-7 MHz linear array transducer for cervical carotid eval-
uation and a pulsed 2-4 MHz transducer via transorbital 
approach for OA exam, with adapted power. The grade of 
ICA stenosis was assessed using the European Carotid Sur-
gery Trial (ECST) method and combined with velocimet-
ric criteria [19, 20]. We selected duplex scans with ≥50% 
ICA stenosis in which orbital color flow duplex ultraso-
nography examination was available. Cases with carotid 
occlusions, previous endarterectomy or stenting, isolated 
parietal carotid thrombus, arterial dissection or incom-
plete data were excluded. The range of carotid stenosis was 
correlated with OA flow direction using the one-way anal-
ysis of variance (ANOVA) followed by Bonferroni's post-
hoc comparisons tests. Sensitivity, specificity, positive pre-
dictive value, negative predictive value and accuracy were 
then calculated. Microsoft Excel (MS Office 2010) was 
used to collect all data and perform descriptive statistics. 
SPSS Statistics version 20 (IBM, Armonk, NY, USA) was 
used to perform the remaining analysis.

Results

We have selected duplex scans of 967 ICA stenosis: 346 
with 50-59%, 316 with 60-69%, 162 with 70-79%, 119 with 
80-89%, and 24 with 90-99% stenosis (Figure 1). Seven-
ty-three of these stenotic cases had ipsilateral ROAF. We 
did not find collateralization from this artery in any of the 
cases with 50-59% stenosis. However, with worsening se-
verity of stenosis, the frequency of ROAF increased, as can 
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Figure 1. Number of ICA stenosis measured by the ECST method. 
ICA = Internal carotid artery; ECST = European Carotid Surgery Trial

be seen in Figure 2, being 43% (62 cases) when carotid ste-
nosis was ≥80%. There was a significant increase in collat-
eralization from this artery for stenosis 80-89% comparing 
to 70-79% and in the 90-99% group comparing to 80-89%. 
Overall, when ROAF was detected, there was a sensitivity 
of 43%, a specificity of 99%, a negative predictive value of 
91%, a positive predictive value of 85%, and an accuracy of 
91% for a high-grade stenosis of ≥80% (Table 1).

Discussion

Our study has shown an increase of the frequency of ROAF 
with the worsening severity of cervical ICA stenosis. De-
tection of ROAF had a sensitivity of 43%, a specificity of 
99%, a negative predictive value of 91%, a positive predic-
tive value of 85%, and an accuracy of 91% for a high-grade 
stenosis of ≥80% (Table 1).

To our knowledge, this study is one of the largest se-
ries correlating the flow direction of the OA and ipsilateral 
ICA stenosis, and according to the data previously report-
ed by Reynolds and colleagues [7], we confirm that ROAF 
has a high specificity for severe ipsilateral ICA stenosis. 

One possible limitation of the study is the lack of com-
parison with digital angiography. Despite duplex scan 
acknowledged as having a high diagnostic accuracy, we 
accept that the presence of ROAF associated with <80% 
stenosis could be related to distal ICA stenosis/occlusions 
not detected by this technique. Another issue that should 
be referred is that in this study the presence of other intra-
cranial collateralization systems was not analyzed, which 
could interfere with the existence of ROAF in each patient. 

The present study shows that the analysis of the OA 
flow as common practice in any Neurosonology labora-
tory constitutes a powerful tool. It can be especially im-
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Figure 2. Percentage of cases presenting ROAF according to the grade of ipsilateral ICA stenosis. 
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portant in patients with difficult duplex scans that may 
limit the effectiveness of the exam, bringing advantage 
in better characterizing the hemodynamic significance of 
ipsilateral ICA stenosis. Additionally, ROAF might be the 
only ultrasound exam clue in the case of a severe steno-
sis in the pre-ophthalmic artery intracranial segment of 
internal carotid artery, where duplex scan may miss the 
lesion. More importantly, ROAF may indicate inadequate 
collaterals through the circle of Willis and poor cerebral 
hemodynamic status [9]. 

In conclusion, evaluation of ophthalmic artery blood 
flow direction is feasible and accurate with Doppler ul-
trasound, and it brings very useful information to better 
assess intracranial hemodynamic status that can influence 
treatment decisions.

Abbreviations

ANOVA: Analysis of variance; ECST: European Carotid Surgery Trial; 
ICA: Internal carotid artery; OA: Ophthalmic artery; ROAF: Reversed 
ophthalmic artery flow 

Competing interests

The authors declare no conflict of interest.

References

1. Jogestrand T, Lindqvist M, Nowak J. Diagnostic Performance of 
Duplex Ultrasonography in the Detection of High Grade Internal 
Carotid Artery Stenosis. European Journal of Vascular & Endovas-
cular Surgery 2002; (6):510–8. 

2. AbuRahma AF, Srivastava M, Stone PA, Mousa AY, Jain A, Dean LS, 
et al. Critical appraisal of the Carotid Duplex Consensus criteria in the 
diagnosis of carotid artery stenosis. J Vasc Surg. 2011; 53(1):53–60. 

3. Wilterdink JL, Feldmann E, Furie KL, Bragoni M, Benavides JG. 
Transcranial Doppler ultrasound battery reliably identifies severe 
internal carotid artery stenosis. Stroke 1997; (1):133–6. 

4. Can U, Furie KL, Suwanwela N, Southern JF, Macdonald NR, 
Ogilvy CS, et al. Transcranial Doppler Ultrasound Criteria for He-
modynamically Significant Internal Carotid Artery Stenosis Based 
on Residual Lumen Diameter Calculated From En Bloc Endarterec-
tomy Specimens. Stroke 1997; 28(10):1966–71. 

5. Nuzzaci G, Righi D, Borgioli F, Nuzzaci I, Giannico G, Pratesi C, et 
al. Duplex Scanning Exploration of the Ophthalmic Artery for the 

Detection of the Hemodynamically Significant ICA Stenosis. Stroke 
1999; 30(4):821–6. 

6. Christou I, Felberg RA, Demchuk AM, Grotta JC, Burgin WS, 
Malkoff M, et al. A broad diagnostic battery for bedside transcranial 
Doppler to detect flow changes with internal carotid artery stenosis 
or occlusion. J Neuroimaging 2001; 11(3):236–42. 

7. Reynolds PS, Greenberg JP, Lien L-M, Meads DC, Myers LG, 
Tegeler CH. Ophthalmic artery flow direction on color flow duplex 
imaging is highly specific for severe carotid stenosis. J Neuroimag-
ing 2002; 12(1):5–8. 

8. Costa VP, Kuzniec S, Molnar LJ, Cerri GG, Puech-Leão P, Carvalho 
CA. Collateral blood supply through the ophthalmic artery: a steal 
phenomenon analyzed by color Doppler imaging. Ophthalmology 
1998; 105(4):689–93. 

9. Tsai CL, Lee JT, Cheng CA, Liu MT, Chen CY, Hu HH, et al. 
Reversal of ophthalmic artery flow as a predictor of intracranial 
hemodynamic compromise: implication for prognosis of severe ca-
rotid stenosis. European Journal of Neurology 2012; 20(3):564–70. 

10. Countee RW, Vijayanathan T. External carotid artery in internal 
carotid artery occlusion. Angiographic, therapeutic, and prognostic 
considerations. Stroke 1979; 10(4):450–60. 

11. Schneider PA, Rossman ME, Bernstein EF, Ringelstein EB, Otis 
SM. Noninvasive assessment of cerebral collateral blood supply 
through the ophthalmic artery. Stroke 1991; 22(1):31–6. 

12. van Everdinge KJ, Visser GH, Klijn C, Kappelle LJ, Van der Grond 
J. Role of collateral flow on cerebral hemodynamics in patients with 
unilateral internal carotid artery occlusion. Ann Neurol. Wiley 
Online Library; 1998;44(2):167–76. 

13. Vernieri F, Pasqualetti P, Matteis M, Passarelli F, Troisi E, Rossini 
PM, et al. Effect of Collateral Blood Flow and Cerebral Vasomotor 
Reactivity on the Outcome of Carotid Artery Occlusion. Stroke 
2001; 32(7):1552–8. 

14. Anzola GP, Gasparotti R, Magoni M, Prandini F. Transcranial 
Doppler Sonography and Magnetic Resonance Angiography in the 
Assessment of Collateral Hemispheric Flow in Patients With Carot-
id Artery Disease. Stroke 1995; 26(2):214–7. 

15. Müller M, Schimrigk K. Vasomotor reactivity and pattern of col-
lateral blood flow in severe occlusive carotid artery disease. Stroke 
1996; 27(2):296–9. 

16. Ringelstein EB, Weiller C, Weckesser M, Weckesser S. Cerebral va-
somotor reactivity is significantly reduced in low-flow as compared 
to thromboembolic infarctions: the key role of the circle of Willis. J 
Neurol Sci. 1994; 121(1):103–9. 

17. Hu HH, Wang S, Chern CM, Yeh HH, Sheng WY, Lo YK. Clinical 
significance of the ophthalmic artery in carotid artery disease. Acta 
Neurol Scand 1995; 92(3):242–6. 

18. Reinhard M, Müller T, Guschlbauer B, Timmer J, Hetzel A. 
Dynamic cerebral autoregulation and collateral flow patterns in 
patients with severe carotid stenosis or occlusion. Ultrasound in 
Medicine & Biology 2003; 29(8):1105–13. 

19. Farrell B, Fraser A, Sandercock P, Slattery J, Warlow CP. Ran-
domised trial of endarterectomy for recently symptomatic carotid 
stenosis: final results of the MRC European Carotid Surgery Trial 
(ECST). Lancet 1998; 351(9113):1379–87. 

20. Grant EG, Benson CB, Moneta GL, Alexandrov AV, Baker JD, 
Bluth EI, et al. Carotid artery stenosis: gray-scale and Doppler US 
diagnosis--Society of Radiologists in Ultrasound Consensus Confer-
ence. Radiology 2003; 340–6.

Table 1. Statistical measures for the presence of ROAF. 

High-grade stenosis (≥80)

Sensitivity 43%
Specificity 99%
Negative predictive value 91%
Positive predictive value 85%
Accuracy 91%

ROAF = Reversed ophthalmic artery flow



Simulated hemodynamics in human carotid 
bifurcation based on Doppler ultrasound data

ORIGINAL RESEARCH

Luísa C. Sousa1, Catarina F. Castro1, Carlos C. António1, João M.R.S. Tavares2, André M.F. Santos2, 
Rosa M. Santos3, Pedro Castro3, and Elsa Azevedo3  

1Institute of Mechanical Engineering (IDMEC-FEUP), Faculty of Engineering, 
University of Porto, Porto, Portugal
2Institute of Mechanical Engineering and Industrial Management, Faculty of 
Engineering, University of Porto, Porto, Portugal
3Department of Neurology, Hospital São João, Faculty of Medicine, 
University of Porto, Porto, Portugal

Correspondence: Luisa Costa Sousa

Institute of Mechanical Engineering (IDMEC-FEUP), Faculty of Engineering, 
University of Porto

Rua Dr. Roberto Frias, s/n, 4200 - 465 Porto, Portugal

Email adress: lcsousa@fe.up.pt

Abstract

Background: Atherosclerotic lesions commonly develop at arterial branch sites. Non-invasive carotid artery ultrasound 
is a well-established and effective method that allows real-time imaging and measurement of flow velocities. We aimed 
to develop a methodology for patient-specific computational 3D reconstruction and blood flow simulation based on 
ultrasound image data.

Methods: Subject-specific studies based on the acquisition of a set of longitudinal and sequential cross-sectional ul-
trasound images and Doppler velocity measurements at common carotid artery (CCA) bifurcation were performed at a 
university hospital. A developed simulation code of blood flow by the finite element method (FEM) that includes an ad-
equate structured meshing of the common carotid artery bifurcation was used to investigate local flow biomechanics.

Results: Hemodynamic simulations of CCA bifurcations for six individuals were analyzed. Comparing pairs (Doppler, 
FEM) of velocity values, Lin’s concordance correlation coefficient analysis demonstrated an almost perfect strength of 
agreement (ρ

c
 = 0.9911), in patients with different degrees of internal carotid artery (ICA) stenosis. Numerical simulations 

were able to capture areas of low wall shear stress correlated with stagnation zones. 

Conclusion: Simulated hemodynamic parameters can reproduce the disturbed flow conditions at the bifurcation of 
CCA and proximal ICA, which play an important role in the development of local atherosclerotic plaques. This novel 
technology might help to understand the relationship between hemodynamic environment and carotid wall lesions, 
and have a future impact in carotid stenosis diagnosis and management.
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Introduction

It is widely accepted that, in large arteries, regions of dis-
turbed flow like arterial bifurcations or curvatures corre-
spond closely those locations where atherosclerosis devel-
ops. Atherosclerosis results from an accumulation of lipids 
and other materials in arterial walls, and can cause a focal 
luminal narrowing as well as loss of elasticity in the arter-
ies. This disease often leads to heart attack and brain stroke, 
leading causes of death in the industrial world. Although 
the precise hemodynamic determinants of atherosclerotic 
disease are not yet completely understood, different stud-
ies have shown that atherosclerotic sites correlate strongly 
with regions of disturbed flow [1-3].

Doppler ultrasound imaging has been widely used in 
clinical practice to image blood vessels and to quantify ar-
terial blood flow. B-mode ultrasound allows direct visual-
ization of both vessel wall and lumen and, subsequently, 
detection of early atherosclerosis, beginning with inti-
ma-media thickening [4-6]. Such information is a prereq-
uisite for accurate diagnosis and assessment of the severity 
of arterial disease, with all that this implies in terms of the 
treatment that individual patients receive. 

Computational fluid dynamics (CFD) models have be-
come very effective tools for predicting the flow field with-
in the carotid bifurcation, and for understanding the rela-
tionship between local hemodynamics, and the initiation 
and progression of vascular wall pathologies. CFD, applied 
to realistic, three-dimensional arterial geometries derived 
from clinical imaging, provides an accurate assessment of  
flow patterns and shear stress in complex geometries [7, 8]. 

Recent work has demonstrated differences in carotid 
artery blood flow dynamics between individuals [9, 10] 
and the use of a suitable-scaled characteristic waveform 
is reasonable when subject-specific flow conditions are 
unavailable. Although for large-scale studies of common 
carotid artery (CCA) bifurcation hemodynamics the use of 
a typical flow waveform shape is likely sufficient, for a de-
tailed patient study a subject-specific waveform collected 
in clinical practice, as in our study, yields a more accurate 
assessment of flow characteristics [9, 11, 12].

The aim of the present investigation was to study of 
the image-based CFD of stenozed carotid bifurcations. 
Selecting patient specific stenozed carotid artery as diag-
nosed by ultrasound imaging, the complexity of the hemo-
dynamic environment of five diseased CCA bifurcations is 
addressed and compared with a stenosis-free case.

Methods

Modeling a carotid bifurcation starting from medical imag-
es requires four serial steps: image acquisition, image-based 
definition of the carotid bifurcation model, computational 
simulation, and post-processing as described below.

In this study ultrasound data from six CCA bifurcations, 
referred in this study as P1 to P6, were analyzed. Patient 

ages ranged from 50 to 84 years. The present research re-
ceived favorable opinion by the institutional Ethics Com-
mittee, and all subjects gave written informed consent.

Acquisition of anatomical in vivo data
The ultrasound imaging examinations were performed by 
an experienced certified sonographer, dedicated to neu-
rovascular ultrasound at the Neurosonology Unit of the 
Department of Neurology of São João Hospital Centre, 
Oporto, Portugal. For each volunteer, a set of B-mode 
and pulsed-wave Doppler images of the CCA, its bifurca-
tion, and proximal segments of the internal carotid artery 
(ICA) and the external carotid artery (ECA) was obtained. 
High-Resolution B-Mode Ultrasound scanner (Vivid e; 
GE, Milwaukee, WI, USA) was used to examine the ex-
tracranial carotid arteries. This system, equipped with a 
linear array transducer probe (GE 8L-RS) with pulsed-
wave Doppler and spectrum analysis capabilities, provides 
high-resolution ultrasonic images with a resolution of 
614×820 pixels and 256 degrees of gray scale. Three-di-
mensional (3D) models of the lumen and wall boundar-
ies were reconstructed from B-mode longitudinal images 
completed by B-mode cross-sectional images registered at 
the end of diastolic phase to control physiologic variations 
of vessel diameter along cardiac cycle. Carotid stenosis 
was measured according to the percentage of luminal di-
ameter narrowing at the most stenotic point, according to 
ECST grading method [13]. An example of longitudinal 
and cross-sectional B-mode images for volunteer (P1) are 
presented in Figure 1.
Using pulsed wave mode, blood flow velocity spectral 
waveforms were obtained at several specific locations 
identified on B-mode imaging, from approximately 2 cm 
before CCA bifurcation, until post-bulbar ICA and ECA, 
including the bifurcation entrance (APEX). Angle correc-
tion was activated as appropriated, with angle of insona-
tion ≤60° [14]. Ultrasound images were stored to hard disc 
for later offline analysis.

Geometrical 3D surface reconstruction
We developed a semi-automatic methodology for recon-
struction and structured meshing based on the images ob-
tained with ultrasound. DICOM files were imported into a 
specific program developed in MATLAB (The Mathworks 
Inc. Natick, MA, USA). Then B-mode images were seg-
mented to produce smooth lumen and plaque contours by 
using purpose-developed software [15-17], which auto-
matically segments the lumen and bifurcation boundaries 
of the carotid artery based on the hypoechogenic char-
acteristics of the lumen. Using this software each input 
image was initially processed with the application of an 
anisotropic diffusion filter for speckle noise removal, and 
morphologic operators were employed in the detection 
of the relevant ultrasound data regarding the artery. The 
information obtained was then used to define initial con-
tours, corresponding to the lumen and to the bifurcation 
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Figure 1. Ultrasound images of the volunteer P1 common carotid artery bifurcation region: longitudinal (left) and cross-sectional 
(right) images.

boundaries, for the application of the Chan-Vese level set 
segmentation model [18, 19]. 

Geometric lumen boundaries for CCA, ICA, and ECA 
were obtained importing the segmented 2D images into 
the modeling software FEMAP (FEMAP, Siemens PLM, 
USA & Canada). Specific points of the lumen-intima and 
media-adventitia boundaries were identified in order to 
construct splines A, B, C and D for ICA, ECA and CCA 
boundary definition, as shown is Figure 2(a). 

The centerlines of CCA, ECA and ICA were defined 
by creating a curve associated to equidistant points from 
splines A to B, A to C and D to B. Segmented transverse 
contours were then positioned and oriented in 3D space; 
each contour was then realigned so that its centroid co-
incided with the defined arteries centerlines. Figure 2(b) 
and Figure 2(c) show the specific 3D surface reconstruc-
tion for patient P1 defining the reconstructed bifurcation 
shape.

Blood flow model
Subject-specific 3D hemodynamics were determined using 
an in-house CFD code, which has been extensively validat-
ed [20, 21]. Eight-node hexahedral isoparametric element 
meshes constructed with software FEMAP were employed 
to discretize each bifurcation volume. Cylindrical flow ex-
tensions were extruded from the lower boundary in CCA 
(inlet) and the upper boundary in ICA and ECA (outlet) to 
facilitate the imposition of velocity boundary conditions as 
described below. Vessel walls were assumed to be rigid and 
blood was approximated by an isotropic, incompressible, 
homogeneous and Newtonian viscous fluid with a densi-
ty of 1060 kg/m3. The rheological behavior of blood was 
simulated considering a constant dynamic viscosity val-
ue of 0.0035 kg/(m.s), a reasonable assumption for bulk 
flow metrics [22, 23]. Newtonian rheology is reasonable in 
the context of fluid precision and uncertainties related to 
boundary conditions [11, 23-25].

Figure 2. 3D model reconstruction: (a) definition of CCA, ICA and ECA lumen boundaries; (b) definition of cross-sections; 
(c) reconstructed surface of bifurcation P1.
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The volume-filling finite element meshes consisted of 
nearly 60000 quadratic hexahedral finite elements. The 
nonlinear system of equations derived from the discreti-
zation of the flow equations was solved using the upwind-
ing method. The backward Euler implicit time integration 
scheme was implemented to obtain the solution at each 
time step of the time-dependent problem. Based upon 
mesh and time-step refinement studies [21], this mesh 
density and constant time-step equal to 2.5×10-3s were 
deemed sufficient for the purposes of characterizing veloc-
ities and wall shear stress (WSS) patterns. 

For each bifurcation analysis, subject-specific velocity 
boundary conditions were prescribed at CCA inlet and 
ICA outlet using Womersley velocity profiles derived from 
pulsatile spectral waveforms obtained by pulsed Doppler 
and traction-free boundary condition was defined at ECA 
outlet [9, 26-28].  Figure 3 presents the volume hexahedral 
mesh (left) and the distal CCA velocity waveform (right) 
used for solving the hemodynamics of subject P1.

Results

Pulsatile hemodynamics were computed for six patients 
(ages 50 to 84 years; 4 males and 2 females) identified in 
Figure 4. The local degree of stenosis (ECST) was regis-
tered. For patient P3 no ICA plaque was observed and for 
the others, an ICA stenosis from 30 to 70% was registered. 
Peak systole velocities at ICA are presented in Figure 4. 
Comparing pairs (Doppler, FEM) of velocity values, Lin’s 
concordance correlation coefficient analysis demonstrated 
an almost perfect strength of agreement (ρc = 0.9911) be-
tween ultrasound data and simulated FEM values. 

Velocity field at peak systolic phase is shown in Figure 

5 for patients P1 to P6. Bifurcation P3 is the non-stenotic 
carotid of the analyzed set and P4 to P6 present a high-
er degree of stenosis. For most patients a strongly skewed 

axial velocity in the proximal internal carotid artery due 
to enlarged bulb region was observed. For all patients a 
stagnation zone was detected near the outer bulb wall (op-
posite to the divider wall), as expected. At systole, patients 
P2 to P4 exhibit higher velocities at ECA as compared to 
the other patients, which present higher velocities at ICA.

At ECA, during systolic peak, high velocity gradients 
were detected for patients P3 and P4, due to the sharp un-
evenness of the vessel wall. At ICA, the highest velocity 
gradients were detected during peak systole for patients P1 
and P4 to P6.

WSS contours near peak systole for all the volunteers 
(P1 to P6) are shown in Figure 6, exhibiting regions of low 
shear stress located on the lateral surface of proximal ICA. 
The main features expected from fluid dynamics, such as 
low WSS values in the bulb region of the ICA and high 
WSS in proximal ECA were successfully captured. Nev-
ertheless, different WSS patterns were found for each in-
dividual, mainly due to the effect of patient-specific artery 
morphology variability. For the non-stenotic bifurcation 
P3, low WSS patches in CCA were contiguous with the 
carotid bulb low WSS region. For patients P1, P2, and P3, 
maximum values of WSS, equal to 32, 35, and 22 Pa re-
spectively, were found at inner wall of ECA proximal to 
bifurcation. For the other patients presenting higher ste-
nosis degree, maximum WSS were located at ICA within 
stenosis. The maximum value of WSS was 42 Pa and it was 
observed for patient P4.

Discussion

A noninvasive approach for simultaneously quantifying 
flow and WSS fields at CCA bifurcation was presented. 
Inter-individual variation in flow dynamics was analyzed 
considering six different models based on ultrasound mor-
phologic and velocimetric acquisitions.

Figure 3. Volume discretization and distal CCA velocity waveform used for hemodynamics simulation of patient P1 bifurcation.
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Identification and Data

P1  
Age: 73
Gender: Male
Stenosis degree: 30%
ICA velocity: 

• Doppler: 103.4 cm/s
• FEM: 102.6 cm/s

P2  
Age: 50
Gender: Male 
Stenosis degree: 40%
ICA velocity: 

• Doppler: 68.2 cm/s
• FEM: 68.9 cm/s

P3
Age: 63
Gender: Male
Stenosis degree: No
ICA velocity: 

• Doppler: 33.2 cm/s
• FEM: 38.0 cm/s

P4
Age: 57
Gender: Male
Stenosis degree: 50%
ICA velocity: 

• Doppler: 103.4 cm/s
• FEM: 103.4 cm/s

P5
Age: 78
Gender: Female
Stenosis degree: 55%
ICA velocity: 

• Doppler: 104.6 cm/s
• FEM: 99.3 cm/s

P6
Age: 84
Gender: Female
Stenosis degree: 70%
ICA velocity: 

• Doppler: 160.0 cm/s
• FEM: 153.5 cm/s

Ultrasound Image

Figure 4. Longitudinal images and identification of 
patients P1 to P6.

Figure 5. Velocity field (cm/s) at systolic peak for patients 
P1 to P6.

Each patient exhibits a different velocity pattern, asso-
ciated with its morphology. When the bulb atherosclerotic 
plaques did not cause relevant stenosis, as in patients P1 
and P2, maximum velocities at ICA appeared more distally, 
similarly to the P3 non-stenotic case, while for patients P4 
to P6 maximum velocities were detected within stenosis, 
presenting high gradients.

Different WSS fields were found for the six volunteers 
as reported in Figure 6. For all patients with stenozed ICA, 
high WSS values were observed within the stenosis and 
low WSS values were detected in the non-stenotic or near 
normal ICA bulb region, and also in ICA distally to steno-
sis. For the non-stenotic bifurcation P3, low WSS patches 
in the common carotid artery (CCA) were contiguous with 
the carotid bulb low WSS region. 

Since real artery morphology and flow velocities were 
employed, an obvious question arises if variations were 
attributable to morphology or flow velocity differences 
or both [12, 29, 30]. The analyzed bifurcations indicate 
that morphology, as the curvature of the in vivo models, 
may play the key role in determining the wall shear stress 
patterns. These findings could help to explain why some 
individuals develop more pronounced ICA stenosis than 
others, although vascular risk factors may be similar.
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A full understanding of hemodynamic changes caused 
by the carotid bifurcation and stenosis is meaningful for 
clinical research. In this study we presented a noninvasive 
approach for simultaneously quantifying subject-specific 
flow patterns and wall shear stress distributions of human 
carotid bifurcation using a combination of ultrasound data 
and CFD modeling. Application of this novel approach to 
a normal volunteer and five subjects with atherosclerosis 
demonstrated a qualitative association between low WSS 
and recirculation zones at the carotid bulb where plaques 
were detected. This is consistent with many reports (e.g. 
[10, 29-31]) relating such hemodynamic factors to the lo-
calization of atherosclerosis at the carotid bifurcation. 

This study indicates that morphology plays an import-
ant role on the hemodynamic behavior of the carotid ar-
tery bifurcation. It is imperative to include subject-specific 
morphology and flow velocities in modeling in vivo flow 
patterns. This novel technology might help to understand 
the relationship between hemodynamic environment and 
carotid wall lesions, and have a future impact in carotid 
stenosis diagnosis and management.
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Abstract

Background: Transcranial color-coded sonography (TCCS) is a well established method to study intracranial parenchy-
mal and vascular structures. It is, however, limited by the need to insonate through available bone windows, resulting 
in oblique imaging planes, which can hinder easy allocation, particularly within the brain parenchyma and limit the 
opportunity for direct comparison with other imaging techniques. The objective of this study was to analyze the diag-
nostic yield of the ultrasound fusion imaging (UFI) technique using standard diagnostic approaches.

Methods: UFI is a new technique, permitting an online matching and comparison of live ultrasound images with pre-
registered CT or MRI images by means of a local electromagnetic field. The principles and setup of the technique for 
transcranial UFI is demonstrated and examples of its use in assessing established insonation planes given.

Results: UFI is suitable for transcranial insonation and allows easy combination of live ultrasound with routine diagnos-
tic CT or MRI image datasets in the classical TCCS transtemporal and transforaminal insonation planes. System setting 
and matching is fast and movement artifacts are eliminated by the use of a motion tracker correction. First application 
in patients demonstrates easy identification and comparison of structural lesions like dilated ventricles, arachnoid cyst, 
or subdural hematoma.

Conclusions: UFI offers a unique opportunity to study transcranial ultrasound and CT or MRI anatomy simultaneously. 
It seems therefore particularly promising to be further analyzed concerning its potentials in teaching and education as 
well as in any intracranial condition in which repetitive intracranial imaging is required. 
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Introduction

Transcranial color-coded sonography (TCCS) is a mod-
ern, non-invasive diagnostic method to study intracrani-
al parenchymal and vascular structures. The method has 
been well described and well established in routine clinical 
practice, particularly focusing on cerebrovascular disease 
and ischemic stroke [1, 2]. However, applied in adults, the 
technique has some limitations compared to other available 
diagnostic modalities like CT or MRI, because ultrasound 
waves are absorbed by the scull bone. Only two major 
transcranial bone windows exist that allow visualization 
of intracranial structures with ultrasound. For orientation 
within the resulting images, different imaging planes have 
been defined. For the transtemporal approach there is the 
midbrain plane, the thalamic plane, the cella media plane, 
the upper and lower pontine planes; for the transforaminal 
approach there is the lower and higher axial planes. More 
recently, coronal and oblique imaging planes have come 
into use. However, landmarks for orientation are not well 
defined and, particularly within brain parenchymal struc-
tures orientation is often difficult. Besides, a simple direct 
comparison with other imaging techniques has so far not 
been possible. 

Recently, a new technique—ultrasound fusion imag-
ing (UFI)—has been developed, which permits an online 
matching and comparison of live ultrasound images with 
preregistered CT or MRI images. While first attempts 
for clinical use have been focused on abdominal or rectal 
insonation, we describe in the following manuscript the 
principles and setup of the technique for transcranial in-
sonation of brain parenchyma and vessels and give exam-
ples for its use in physiological conditions as well as in the 
identification of intracranial pathology.

Methods

UFI combines the simultaneous online analysis of TCCS 
ultrasound images in combination with pre-registered 
CT or MRI image datasets. While performing a routine 
transcranial TCCS examination, the system provides an 
exactly matched image slice of the CT or MRI modality 
which adapts instantly and online to any movement of 
the ultrasound probe (Video 1).

The following cases have been studied with an ES-
AOTE Mylab Twice Virtual Navigator® ultrasound system 
(Genoa, Italy) using the systems Virtual Navigator® soft-
ware. Prior to UFI analysis the preregistered CT or MRI 
DICOM datasets are loaded onto the ultrasound system. 
The system then performs a recalculation of these images 
into a 3D-dataset including a 3D-surface-rendered head 
image in which external marker points (e.g. ear, nose, 
forehead) can manually be defined (Figure 1). During the 
matching process and the actual TCCS analysis, the patient 
is positioned in a standard supine position with the inves-
tigator sitting at the side of the patients head. Fixed to the 

stretcher, an antenna is continuously emitting a local elec-
tromagnetic field aimed towards the study region. Prior 
to matching, a small electromagnetic field sensor (motion 
control sensor, online correcting for any head movement) 
is fixed to the patients forehead and remains in place until 
the end of the study. A second electromagnetic field sen-
sor, attached to a registration pen, is used for the match-
ing process by touching all prior defined external marker 
points with the pen. Afterwards, the electromagnetic field 
sensor is detached from the registration pen and attached 
to the standard TCCS-ultrasound insonation probe of the 
system (Figure 1). Then the ultrasound study can be start-
ed. The whole above described positioning and matching 
process takes approximately 10 minutes of time.

On screen imaging during UFI permits simultaneous 
visualization of ultrasound and corresponding CT or MRI 
image as well as gradual overlay between both imaging 
modalities (Figure 2).

Results

Compared to CT or MRI imaging techniques, TCCS is 
limited by the need to insonate intracranial structures and 
vessels through one of the 3 main ultrasound access path-
ways, the transtemporal, the transforaminal, and the tran-
sorbital bone window. Applying this “keyhole” technique, 
the resulting images are mostly oblique slices and therefore 
variations of the classical axial or coronal imaging planes. 
Orientation subsequently requires a good 3-dimensional 
understanding of intracranial structures to compensate 
for the tilted images. In addition to the established use of 
B-mode and vessel landmarks the simultaneous projection 

Video accessible at http://ijcnmh.arc-publishing.org

Video 1. Ultrasound fusion imaging (UFI) with a T2-weighted 
MRI dataset. The video demonstrates an UFI example of color-mode ultrasound 
matched with a T2-weighted MRI dataset in a patient with no pathological find-
ings. The sequence, using the axial transtemporal approach starts with the classical 
midbrain plane moving downwards to the upper and lower pons plane. Please note 
the simultaneous movements in both imaging modalities and the excellent correla-
tion of color-mode ultrasound signal and the corresponding arterial flow-void in 
the MRI dataset.
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Figure 1. Ultrasound fusion imaging (UFI) system setup and matching: patient and investigator position for routine 
transcranial UFI. (a) 3D-surface-rendered head image: green numbered stars indicate the chosen external marker points of a T1-MRI-dataset derived 
from a conventional 1.5 Tesla MRI scanner (outer and inner eye corners, nose and forehead); (b) single MRI image of a 3D-reconstructed dataset with 
localization of external marker points;  (c) electromagnetic field emitter orientated towards the patients head; (d) motion control sensor fixed by adhe-
sive tape to the patient’s forehead; (e) registration pen with slot for temporary attachment of the second electromagnetic field sensor; (f) Conventional 
transcranial color-coded sonography (TCCS) probe with attached electromagnetic field sensor during examination .

Figure 2. Ultrasound fusion imaging (UFI) overlay function. (a) transcranial color-coded sonography (TCCS) image of the midbrain plane 
demonstrating the butterfly-shaped midbrain (MB), the hyperechogenic basal cisterns, the ipsilateral P2-PCA, and M1-MCA-segment as well as both A1-ACA 
segments; (b) corresponding T2-weighted MR image with exactly corresponding structures; (c) identical TCCS image; (d) fused overlay image showing exact 
match between both image modalities. 

(d)

(b)(a)

(c)

(a)

(c)

(f)

(b)

(e)

(d)
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Midbrain plane:
(transtemporal, axial)

M1/M2-MCA, A1/A2-ACA,
P1/P2-PCA, C1/C1-ICA, SCA, BA top
DMCV, BVR

Figure 3. Example of the midbrain plane. (a) Vessel segments which can be identified by transcranial color-coded sonography (TCCS) and 
schematic visualization of the plane direction; (b) Ultrasound fusion imaging (UFI) color-mode and Doppler spectrum of the midbrain plane matched with 
a CT-angiography (CTA) dataset of a subject without pathological findings. Note, that one out of the three presumed middle cerebral artery (MCA) branches 
seen on the CTA  is actually derived from the deep middle cerebral vein (DMCV) which is located slightly posterior to the MCA. The MCA color-mode signal 
usually overturns the weaker blue-coded signal of the DMCV. 

(b)

(a)

of a corresponding CT or MRI image simplifies the process 
of image plane recognition and might even yield addition-
al information. The most frequently used access pathway 
is the transtemporal bone window located just anterior to 
the external acoustic meatus. Using an axial imaging ap-
proach, 5 image planes can be identified: Figures 3-7.

Orientation within the transtemporal coronal imaging 
plane is more difficult as the typical B-mode guiding struc-
tures of the axial planes, like the butterfly-shaped midbrain 
or the bone structures of the base of the scull are missing. 
However, apart from the arterial vessels like the carotid-T 
in the anterior coronal plane and the basilar-T in the pos-
terior coronal plane (Figure 8), other B-mode structures 
can be identified (Figure 9).

Transforaminal insonation through the foramen mag-
num requires the patient to antevert the head. If the in-
sonation is performed in the supine body position the 
head is usually rotated by approximately 45 degrees. Until 
now, only two B-mode landmarks, the rim of the foramen 
magnum and the clivus have been recognized for this in-
sonation approach. However, using UFI these landmarks 
can be extended by a number of other structures, that can 
be identified (Figure 10). For insonation of the proximal 
part of the VA entering the foramen, the lower transfo-
raminal plane is used with the probe aimed towards the 
subject’s nasion. For insonation of the basilar artery the 
upper transforaminal plane, aimed towards the forehead is 
needed (Figure 11). 

Discussion and conclusions

Ultrasound fusion imaging is a technique that allows a di-
rect comparison of ultrasound images with preregistered 
images of other diagnostic modalities like MRI, CT, or 
PET. Its first clinical use was reported for analysis of le-
sions or tumours of the liver [3], breast [4], and prostate 
[5]. Since then an increasing number of reports have been 
published, primarily aiming to use a combined image mo-
dality approach for improvement of ultrasound-guided 
biopsies [6]. 

The application of the technique in neurosonolo-
gy has only recently emerged. Two authors particularly 
addressed the specific issue of sonographic identifica-
tion of intracranial veins [7, 8] using an unconvention-
al transcondylar ultrasound bone window. One further 
publication of the former group has since reported on 
a specific 3D-panoramic ultrasound approach in three 
healthy volunteers [9]. However an analysis of the tech-
nique and it’s potential in routine TCCS diagnostic does 
not yet exist. 

Our cases give a first impression about possible applica-
tions of UFI in neurosonology. Concerning potential dis-
advantages of the technique it is important to notice, that 
patients with a pacemaker device should not be exposed 
to the systems electromagnetic field and hence can not be 
studied. A particular advantage of the transcranial inson-
ation approach, compared to the above cited applications 
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Thalamic plane:
(transtemporal, axial)

M2/M3-MCA, P2/P3-PCA,
A2-ACA
BVR, VG

Figure 4. Example of thalamic plane. (a) Vessel segments which can be identified by transcranial color-coded sonography (TCCS) and schematic vi-
sualization of the plane direction; (b) Ultrasound fusion imaging (UFI) color-mode imaging of the thalamic plane, matched with a CT-angiography dataset of a 
subject without pathological findings. Note the double lineation of the third ventricle, both hypoechogenic thalami (Th) and hyperechogenic calcification of 
the choroid plexus, (c) hydrocephalus: UFI - B-mode imaging of the thalamic plane, matched with a CT-angiography dataset of a patient with hydrocephalus. 
Note the enlarged anterior horns of the lateral ventricles as well as the contralateral hypoechogenic posterior horn.

(b)

(a)

(c)

is that matching of image modalities is easy and simple. As 
external surface markers at the patients head can be used, 
the extra time of aproximately 10 minutes needed for the 
study preparation seems reasonable. Also, no specific MRI 
or CT sequences are required, as the system is able to cal-
culate its 3D-datasets from any routine DICOM image se-
ries and can even compensate for changing slice thickness 
within a given dataset. 

Concerning the transcranial approach a further advan-
tage is that insonation is not restricted by breathing arti-
facts and any movements of the patients head after match-
ing are automatically corrected by the motion tracker of 
the systems Virtual Navigator software®. As limited head 
movements are permitted and do not affect the quality of 
the results, transcranial UFI is similarly convenient for pa-

tient and sonographer as performing a “normal” routine 
TCCS analysis.  

Concerning the diagnostic yield—even using only the 
presented standard insonation approach—our example 
cases already demonstrate that the technique facilitates 
the three-dimensional orientation and may be of partic-
ular help to identify or match specific regions of interest. 
Furthermore, it seems to be promising in helping to avoid 
false assignments of structures and vessels as demonstrated 
in Figure 11. It seems therefore especially suitable in any 
ultrasound training constellation, e.g. in ultrasound cours-
es or a training ultrasound laboratory. 

In addition, our few cases already demonstrate that the 
technique might help to add some further structural infor-
mation, especially concerning parenchymal B-mode imag-
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ing. Very promising seems to us the use of the technique 
in conditions with a need of repetitive measurements 
over time, as for instance our patients with subdural he-
matoma, hydrocephalus or arachnoidal cyst. As lesions 
can be delineated in the CT or MRI dataset, they can be 
identically overlayed onto the real-time ultrasound im-
ages each time the patient returns for a follow-up study. 

Cella media plane:
(transtemporal, axial)

M2/M3-MCA, A3/A4-ACA
(a)

(b)

(c)

Figure 5. Example of the cella media plane. (a) Vessel segments which can be identified by transcranial color-coded sonography (TCCS) and 
schematic visualization of the plane direction; (b) Ultrasound fusion imaging (UFI) B-mode imaging of the cella media plane, matched with a T2-weighted 
MRI dataset of a patient with headaches. Note the oblique plane with ipsilateral prominent frontal horn and contralateral prominent middle part of the lateral 
ventricle. Contralateral to the probe, a large hypoechogenic arachnoid cyst (AC) can be identified. Borders of the cyst were manually delineated as a 3D-
object within MRI dataset and online projected onto the ultrasound image; (c) subdural hematoma: UFI B-mode imaging of the cella media plane, matched 
with a T1-weighted MRI dataset of a patient with a subdural hematoma. Note the hyperechogenic delineation of the hematoma close to the contralateral 
skull bone.

However, up to now no systematic analysis of such use 
has been performed and its applicability and reliability 
has yet to be studied.

In summary, UFI is a promising new tool for the use 
in neurosonology and deserves fast further exploration 
concerning its specific advantages in teaching and train-
ing as well as its use as an advanced diagnostic tool.
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Figure 6. Example of the upper pons plane. (a) Vessel segments which can be identified by transcranial color-coded sonography (TCCS) and 
schematic visualization of the plane direction; (b) Ultrasound fusion imaging (UFI) color-mode and Doppler spectrum imaging of the upper pons plane, 
matched with a CTA dataset of a patient without pathological findings. Note the OA signal that can be located slightly medial to the hyperechogenic sphe-
noid bonebone.

Figure 7. Example of the lower pons plane. (a) Vessel segments which can be identified by transcranial color-coded sonography (TCCS) and 
schematic visualization of the plane direction; (b) Ultrasound fusion imaging (UFI) color-mode imaging of the lower pons plane, matched with a T2-weighted 
MRI dataset of a patient without pathological findings. Note the petrosal part of the ICA which can easily be depicted with a flow direction away from the 
probe on the posterior border of the temporal fossa (TF).

Upper pons plane:
(transtemporal, axial)

ICA (Siphon), OA, PCoA,
M2-MCA, BA
Sphenoparietal sinus

Lower pons plane:
(transtemporal, axial)

C5/C6-ICA (petrosal part), 
BA
superior petrosal sinus

(b)

(a)

(a)

(b)
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Anterior coronal plane:
C1-C5-ICA, M1/M2-MCA, A1-ACA

Posterior coronal plane:
C5/C6-ICA (petrosal part), 
distal/mid-BA, P1/P2-PCA, SCA

Figure 8. Anterior and posterior coronal plane. (a) Schematic axial visualization of the probe positioning to identify the anterior and posterior 
coronal plane and the corresponding vessel segments which can be identified by transcranial color-coded sonography (TCCS); (b) Schematic images of the 
ultrasound field of view in the two coronal imaging planes. 

Figure 9. Example of the anterior coronal imaging plane. Ultrasound fusion imaging (UFI) color-mode imaging matched with a T2-
weighted MRI dataset of a patient without pathological findings. Note the symmetrical hyperechogenicity of the petrosal bone and the B-mode signal 
of the third ventricle. 

(b)

(a)
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Figure 11. Examples of upper and lower transforaminal planes. Ultrasound fusion image (color-mode) matched with a T2-weighted MRI 
dataset of a patient without pathological findings (a) visualization of the V3-VA and proximal V4-V-segment. Note the angle of the insonation plane aiming 
for the nasion of the subject; (b) visualization of an elongated basilar artery (BA). Note, that the two blue-coded signals distal to the BA are derived from the 
ICA and not the PCA. 

Figure 10. Transforaminal plane: B-mode. Vessel segments which can be identified by transcranial color-coded sonography (TCCS) via the trans-
foraminal approach. Example of UFI (ultrasound fusion imaging) B-mode imaging of the upper transforaminal plane, matched with a T2-weighted MRI 
dataset of a patient without pathological findings. Note the clear delineation of the medulla oblongata (MO), the partial imaging of the lower pons (P) and 
the hyperechogenic appearance of the basal cisterns, differing from the echogenicity of the bone rim of the foramen magnum. 

Transforaminal planes:
(axial, upper and lower plane)

V3/V4-VA, PICA, prox./middle BA, AICA, inferior petrosal sinus

(b)

(a)



108   •   IJCNMH 2014; 1(Suppl. 1):S16 | ARC Publishing

Abbreviations

AC: Arachnoid cyst; ACA: Anterior cerebral artery; BA: Basilar artery; 
BC: Basal cistern; BVR: Basal vein of Rosenthal; DMCV: Deep middle 
cerebral vein; ICA: Internal carotid artery; MB: Midbrain; MCA: 
Middle cerebral artery; MO: Medulla oblongata; OA: Opthalmic artery; 
P:  Pons; PCA: Posterior cerebral artery; SCA: Superior cerebellar 
artery; TF: Temporal fossa; Th: Thalamus; TL: Temporal lobe; VG: 
Vein of Galen

Competing interests

Dr. Schreiber was supported by Esaote by providing a fusion imaging 
Duplex ultrasound system used for the current study.

References

1. Valdueza JM, Schreiber S, Roehl JE, Klingebiel R.Neurosonology and 
Neuroimaging of Stroke, Thieme International. New York 2008 

2. Alexandrov AV. Cerebrovascular ultrasound in stroke prevention 
and treatment. Blackwell Publishing Ltd. Oxford 2011

3. Tatsugami F, Matsuki M, Nakai G, et al. Hepatic computed to-
mography for simultaneous depiction  of hepatocellular carci-
noma, intrahepatic portal veins, and hepatic veins in real-time 

virtual sonography: initial experience. J Ultrasound Med 2007; 
26:1065–1069

4. Nakano S, Yoshida M, Fujii K, et al. Fusion of MRI and sonography 
image for breast cancer evaluation using real-time virtual sonogra-
phy with magnetic navigation: first experience.  Jpn J Clin  Oncol 
2009; 39:552–559

5. Singh AK, Kruecker J, Xu S, et al. Initial clinical experience with 
real-time transrectal ultrasonography-magnetic resonance imaging 
fusion-guided prostate biopsy.  BJU Int 2008; 101:841–845

6. Ewertsen C, Săftoiu A, Gruionu LG et al. Real-time image fusion 
involving diagnostic ultrasound. AJR Am J Roentgenol. 2013 Mar; 
200(3):W249-55.  

7. Laganà MM, Forzoni L, Viotti S et al. Assessment of the cerebral 
venous system from the transcondylar ultrasound window using 
virtual navigator technology and MRI. Conf Proc IEEE Eng Med 
Biol Soc. 2011; 2011:579-82.

8. Zamboni P, Menegatti E, Viselner G, Morovic S, Bastianello S. Fu-
sion imaging technology of the intracranial veins. Phlebology. 2012 
Oct; 27(7):360-7.

9. Forzoni L, D'Onofrio S, Beni SD, et al. Virtual Navigator Tridimen-
sional Panoramic Imaging in Transcranial Application. Biomed 
Tech (Berl). 2012 Aug 24.



Clinical predictors of increased middle cerebral artery 
pulsatility 

ORIGINAL RESEARCH

Ana Gouveia1, João Sargento-Freitas2, João Madaleno3, Joana Penetra4, Fernando Alves-Silva2, Cristina Machado2, 
Gustavo Cordeiro2, and Luís Cunha2  

1Neurology Department, Coimbra University Hospital, Coimbra, Portugal
2Stroke Unit, Coimbra University Hospital, Coimbra, Portugal
3Internal Medicine Department, Coimbra University Hospital, Coimbra, 
Portugal
4Faculty of Medicine of the University of Coimbra, Coimbra, Portugal

Correspondence: Ana Gouveia

Neurology Department, Coimbra University Hospital

Praceta Prof. Mota Pinto, 3000-075 Coimbra, Portugal

Email adress: anargouveia86@gmail.com

Abstract

Background: Transcranial Doppler Pulsatility Index (PI) has traditionally been interpreted as a descriptor of distal cere-
brovascular resistance. Many authors have investigated its usefulness in the context of traumatic brain injury (TBI), 
subarachnoid hemorrhage (SAH) and hydrocephalus. Nonetheless, many doubts remain about its interpretation in 
cerebrovascular prevention. The aim of our study is to identify the clinical predictors of increased PI.

Methods: We conducted an analysis of a prospective database including all patients undergoing cerebrovascular ultra-
sonographic evaluation during 2011. We excluded patients with ≥70% stenosis or occlusion in any intra or extracranial 
artery, stenosis in middle cerebral artery (MCA), atrial fibrillation, patients without transtemporal sonographic window 
and all evaluations performed in context of TBI, SAH, acute ischemic stroke or intracranial hypertension. The mean PI of 
both MCA, measured in its middle third after a minimum of 10 minutes of rest in the supine position, was registered. 
Vascular risk factors and clinical conditions were analyzed.

Results: Of the 947 patients analyzed, 446 were included, of which 287 (64.3%) were male. The mean age was 62.7 years 
(SD = 14.92) and the mean PI was 0.995 (SD = 0.240). In multivariate analysis, age (regression coefficient Beta (B):0.007, 
95% CI: 0.005-0.009, p<0.001), hypertension (B:0.056, 95% CI: 0.003-0.108, p=0.037) and diabetes mellitus (B:0.064, 95% CI: 
0.006-0.121, p=0.030) were identified as predictors of increased PI.

Conclusion: These results suggest that PI is associated with vascular risk factors classically responsible for small vessel 
disease. We discuss the pathophysiology of elevation of PI and its possible usefulness in cerebrovascular prevention.

Keywords: Pulsatility Index, Transcranial Doppler, Cerebrovascular resistance, Small vessel disease, Cerebrovascular 
prevention.
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Introduction

Gosling’s Pulsatility Index (PI) and Pourcelot’s Resistance 
Index, as derived from transcranial Doppler ultrasound 
(TCD), have long been proposed to reflect the degree of 
downstream vascular resistance caused by small vessel 
ischemic disease [1, 2]. PI characterizes the shape of a TCD 
spectral waveform and is calculated as the ratio of the dif-
ference between peak systolic and end diastolic velocities 
and the mean velocity (Figure 1). The index, being a ratio 
of velocities, does not rely on the knowledge of the diam-
eter nor insonation angle of the vessel and thus can be di-
rectly compared between patients. 

Its usefulness has been investigated for the last decades 
in the noninvasive assessment of intracranial pressure and 
cerebral perfusion pressure in the context of traumatic 
brain injury (TBI) [3], hydrocephalus [3] and subarach-
noid hemorrhage (SAH) [4]. In cerebrovascular disease re-
search, PI, measured in middle cerebral artery (MCA), was 
found to be associated with the presence and the severity 
of white matter lesions in magnetic resonance imaging 
(MRI), suggesting a role as a screening tool for cerebral 
small vessel disease [5, 6]. Nonetheless, the value of PI in 
these fields remains controversial. 

The aim of our study was to identify the clinical predic-
tors of increased MCA PI.

Methods

We performed a cross-sectional study including all patients 
undergoing cerebrovascular ultrasonographic evaluation 
in our hospital’s neurosonology laboratory during 2011. 
We excluded subjects with ≥70% stenosis or occlusion in 
any intra or extracranial artery, stenosis in MCA, atrial 
fibrillation, patients without transtemporal sonographic 
window and all evaluations performed in context of TBI, 
SAH, acute ischemic stroke or intracranial hypertension.

We analyzed a prospective database including mean 
MCA PI and presence of several vascular risk factors.

PI was measured by two neurosonologists using tran-
scranial color-coded Doppler with a handheld 3-MHz 
probe (General Electrics Logiq 7®). After a minimum of 10 
minutes of rest in the supine position, both MCAs were in-
sonated through transtemporal window using color Dop-

pler technique and PI was measured in its middle third. 
Vascular risk factors and clinical conditions registered 

were age, gender, hypertension, diabetes, dyslipidemia, 
hyperuricaemia, obesity, smoking, congestive heart failure 
(CHF), and history of stroke. 

For univariate analysis of nominal variables we per-
formed independent-samples t-tests and for age Pearson’s 
correlation coefficient. Considering the high number of 
patients included and the potential for confounding re-
garding the pathological relationship between the vari-
ables analyzed we decided to perform a multivariate analy-
sis using a linear regression model that included all clinical 
factors. We present the results of the multivariate analysis 
as regression coefficient Beta (B) and 95% Confidence In-
terval (CI).Values of p<0.05 were regarded as significant.

Results

We analyzed 947 subjects. Of those, 501 were excluded 
for presenting  ≥70% stenosis or occlusion in an intra 
or extracranial artery (72), stenosis in MCA (101), atri-
al fibrillation (169), missing transtemporal sonographic 
window (155), and evaluations performed in context of 
TBI, SAH, acute ischemic stroke or intracranial hyper-
tension (43). Of the 446 patients included, 287 (64.3%) 
were male, mean age was 62.7 years (SD = 14.92) and 
mean MCA PI was 0.995 (SD = 0.240).

In univariate analysis, the clinical factors associated 
with elevated PI were male gender (0.94±0.21 vs. 1.02±0.25; 
p<0.001), hypertension (0.92±0.20 vs. 1.06±0.25; p<0.001), 
diabetes (0.98±0.24 vs. 1.07±0.22; p=0.001) and hyperuri-
caemia (0.99±0.23 vs. 1.06±0.22; p<0.031). Age (r=0.440; 
p<0.001) was correlated with elevated PI (Table 1). 

In multivariate analysis the predictors of increased PI 
were age (B:0.007, 95% CI: 0.005-0.009, p<0.001), hyper-
tension (B:0.056, 95% CI: 0.003-0.108, p=0037) and diabe-
tes (B:0.064, 95% CI: 0.006-0.121, p=0.030) (Table 2).

Discussion

In the present study, the main predictors of elevated 
PI were vascular risk factors classically responsible for 
small vessel disease: age, hypertension, and diabetes. In-
terestingly, dyslipidemia was not a clinical or analytical 

Figure 1. Hemodynamic parameters derived from Doppler spectrum analysis: (a) elevated PI; (b) normal PI. 
PSV: Peak systolic velocity; EDV: End diastolic velocity
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predictor of increased PI. In fact, dyslipidemia has shown 
a strong inverse association with white matter hyperin-
tensities, suggesting a protective role in cerebral small 
vessel disease [7].

The pathophysiology of MCA PI elevation remains 
unclear and has been an object of discussion. It appears to 
be a complex function of various hemodynamics factors, 
namely cardiac function, vessel radius, blood viscosity, and 
cerebral perfusion pressure [8]. Increased cerebrovascular 
resistance, measured by MCA PI, has been interpreted as a 
direct consequence of the narrowing of small vessels due to 
lipohialynosis and microatherosclerosis. 

Mok et al. [6] conducted a community study where PI 
was found to be independently associated with white mat-
ter lesions severity, evaluated by MRI. Moreover, the neg-
ative predictive value of PI was high, suggesting that TCD 
PI may guide the identification of subjects with subclinical 
small vessel disease. In a similar study, PI correlated well 
with a variety of MRI manifestations of small vessel disease: 
periventricular hyperintensity, deep white matter hyperin-
tensity, lacunar disease, and pontine hyperintensity [9].

Two studies [10, 11] investigated TCD findings of di-
abetes-related cerebral hemodynamic changes. PI was cor-
related with the duration of diabetes and was significantly 
increased in complicated diabetic subjects (with retinopa-
thy and lacunar infarction). 

Meanwhile, other authors hypothesized that dispropor-
tionate stiffness of proximal aorta with advancing age and 
in the presence of various vascular risk factors, as compared 
with peripheral arteries, reduces the Windkessel function 
of aorta and therefore facilitates transmission of excessive 
pulsatile energy into cerebral microcirculation. These ab-
normal physical forces would trigger microvascular damage 
and remodelling, leading to microvascular ischaemia [12]. 

Supporting this theory, several studies have proved 
that MCA PI is strongly correlated with aortic pulsatility 
and stiffness, suggesting a causative pathophysiological 
relationship [5, 13].  

There are limitations of our study that need to be 
considered. First, it has a single centered, cross-sectional 
design, and therefore it examined associations; additional 
work will be required to ascertain whether these associa-
tions represent causal relationships. Second, the time of 
evolution of each vascular risk factor was not analyzed, 
nor the possible ongoing treatments. Another natural 
limitation refers to the population analyzed, including 
only patients referred to a neurosonology laboratory, 
therefore with higher prevalence of risk factors. Nonethe-
less we feel that by selecting consecutive patients without 
stringent exclusion criteria and considering the multivar-
iate analysis performed, this factor did not influence the 
results obtained.

Table 1. Results of univariate analysis. 

N
Mean PI (SD)

r p
Risk factor Absent Present
Male gender 287 0.94 (0.21) 1.02 (0.25) – <0.001
Hypertension 234 0.92 (0.20) 1.06 (0.25) – <0.001
Diabetes 90 0.98 (0.24) 1.07 (0.22) – 0.001
Hyperuricaemia 59 0.99 (0.23) 1.06 (0.22) – 0.031
Dyslipidemia 271 0.99 (0.27) 1.00 (0.22) – 0.505
Obesity 31 0.99 (0.24) 1.00 (0.25) – 0.858
Smoking 40 1.00 (0.24) 0.98 (0.24) – 0.757
CHF 16 0.99 (0.24) 1.09 (0.22) – 0.113
Previous stroke 30 0.99 (0.24) 1.06 (0.20) – 0.098
Age – – – 0.440 <0.001

CHF = Congestive Heart Failure; PI = Pulsatility Index      

Table 2. Results of multivariate analysis. 

B
95% CI

p
Risk factor Lower Upper
Age 0.007 0.005 0.009 <0.001
Hypertension 0.056 0.003 0.108 0.037
Diabetes 0.064 0.006 0.121 0.030
Dyslipidemia -0.091 -0.112 0.008 0.089
Hyperuricaemia 0.078 -0.160 0.109 0.148
Obesity 0.021 -0.076 0.114 0.694
Smoking 0.048 -0.041 0.112 0.362
CHF 0.024 -0.103 0.164 0.654
Previous stroke -0.062 -0.147 0.380 0.244

B = Regression Coefficient Beta; CI = Confidence Interval; CHF = Congestive Heart Failure      
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The main strength of our study is its large sample, al-
lowing to observe independent associations in multivari-
ate analysis.

Conclusion

PI is directly related to higher age, hypertension, and dia-
betes mellitus. Longitudinal multicenter studies are needed 
to document its potential role in the development and se-
verity of diffuse small vessel disease and as a measure of the 
effectiveness of therapeutic interventions.
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Abstract

Background: Small cerebral vessels respond to variations of cerebral perfusion pressure (CPP) by changes of vessel di-
ameter inducing changes of blood flow resistance and keeping cerebral blood flow constant. This mechanism is called 
cerebral autoregulation (CA). An index Mx, observing correlation between cerebral blood flow velocity (CBFV) and CPP 
has been recently introduced for assessment of state of CA during spontaneous changes of CPP. In the current study, 
the relationship between lethal outcome during hospitalization and Mx index was investigated.

Methods: Thirty patients (18-77 years, mean 53±16 years) with severe cerebral diseases were studied. CBFV, arterial 
blood pressure (ABP,) and intracranial pressure (ICP) were simultaneously recorded. Assessments were repeated at days 
2, 4 and 7. Mx was calculated retrospectively, as averaged correlation between CBFV and CPP (=ABP-ICP). Positive values 
of Mx indicated impairment of CA.

Results: Six of the patients died in-hospital. In this group Mx was significantly higher than in the group of survivors 
(0.28±0.40 versus 0.03±0.21; p<0.05). Changes of Mx during days of monitoring (Mx last day - Mx first day) were not sig-
nificantly related to mortality. Nine patients showed an Mx >0.2, four of them died, whereas from the 21 patients with 
Mx <0.2 only two died . The association between increased Mx and death was significant (p<0.05, Fisher’s exact test). 
Mx correlated significantly with Glasgow Outcome Score (GOS) in the subgroup of patients with known GOS (N=21; 
R=-0.56, p<0.05). 

Conclusion: Increased Mx indicates impairment of CA and is associated with risk of death in patients with severe cere-
bral diseases.
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Introduction

The mechanism of cerebral autoregulation (CA) minimiz-
es variation of cerebral blood flow (CBF) during changes 
of cerebral perfusion pressure (CPP). Pressure excited dil-
atation or constriction of small arteries regulates cerebral 
blood flow resistance and prevents the brain from isch-
emia during decrease of CPP, as well as from hyperemia 
during increase of CPP. 

Severe cerebral diseases may affect cerebral autoregula-
tion [1, 2] and cause vulnerability of the brain. Therefore, 
the monitoring of cerebral autoregulation provides import-
ant information for patient treatment. Various CA moni-
toring methods have been introduced so far. They generally 
rely on the analysis of cerebral blood flow velocity (CBFV) 
either during controlled induction of pressure changes 
[3, 4] or during spontaneous oscillations of arterial blood 
pressure (ABP) or CPP [5-8]. In a former study with trau-
matic brain injured (TBI) patients [5] an index (so-called 
Mx index) has been introduced, which evaluated state of 
CA during spontaneous changes of CPP and corresponded 
to clinical outcome. In patients with intracranial pressure 
(ICP) monitoring, Mx was calculated from correlation be-
tween CBFV and CPP.  In patients without ICP monitor-
ing an iterative, self-adjusting method of non-invasive ICP 
assessment could be used for estimating CPP and Mx [9]. 

Several recent studies reported an association between 
unfavorable clinical outcome and increased values of Mx 
in patients with TBI  [5, 10, 11], intracerebral hemorrhage 
[12], and ischemic stroke [13]. In the current study the asso-
ciation between Mx and lethal outcome during hospitaliza-
tion in a population of diverse cerebral diseases (TBI, hem-
orrhagic and ischemic stroke, and others) was investigated.

Methods

Patient population
In a retrospective study, signal data of thirty patients with 
severe cerebral diseases (age 18–77 years, mean 53±16 
years, 20 male/10 female) were analyzed. Patients were 
treated in Chemnitz Medical Centre between 2006 and 
2008. The patients suffered from TBI (n=15), subarachnoi-
dal hemorrhage (n=9: traumatic n=5, spontaneous n=4), 
MCA infarction (n=2), intracerebral hemorrhage (n=11: 
traumatic n=3, spontaneous n=8), intracranial hematoma 
(n=9), sinus venous thrombosis, hypoxic encephalopathy, 
and encephalitis. 

At the time of data recording, all the patients were se-
dated, paralyzed, and mechanically ventilated. Their arte-
rial partial pressure of CO2 (PaCO2) ranged from 30–35 
mmHg. During signal recording, ventilator settings were 
unchanged in order to keep PaCO2 constant. 

Monitoring 
Transcranial Doppler (TCD) measurements were taken 
using 2 MHz pulsed Doppler device (Multidop-P, DWL, 

Sipplingen, Germany). The envelope curve of CBFV in the 
middle cerebral artery (MCA) was continuously recorded 
in the hemisphere ipsilateral to brain lesion in most cases. 
The ultrasound probe was fixed mechanically with a holder 
frame or elastic headband. TCD recording was performed 
during stable periods free from nursing, physiotherapy, or 
tracheal suction. The clinical objective of recording was to 
assess the state of cerebral autoregulation [5]. 

ABP was measured with a standard manometer line in-
serted into the radial artery. ICP was measured using either 
implanted intraparenchymal or intraventricular microsen-
sors (Raumedic GmbH, Helmbrechts, Germany).

Computer-assisted recording 
Personal computers equipped with data acquisition systems 
(Daq 112B, Iotech, Inc., Cleveland, OH, USA) and home 
written software [14] were used for recording and analyz-
ing  CBFV, ABP, and ICP signals. Sampling frequencies 
ranged from 25 Hz to 50 Hz. Signals were assessed during 
60 minutes. If possible, recording was repeated at days 2, 4, 
and 7. Signal data was recorded initially at day 1 from all 30 
patients (34 recordings), at day 2 from 28 patients (33 re-
cordings), at day 4 from 19 patients (21 recordings) and at 
day 7 from 7 patients (8 recordings). In total 96 recordings 
of 30 patients were acquired.

Assessment of cerebral autoregulation
Recorded signal data of CBFV, ABP, and ICP was initial-
ly filtered by a 0.15 Hertz low-pass filter in order to erase 
oscillations from breathing. Cerebral autoregulation was 
assessed in terms of Pearson’s correlation coefficients of 
60 consecutive samples (in steps of 5 seconds) of CBFV 
and CPP (=ABP-ICP) values, i.e. during 5-minute periods. 
These correlation indices were averaged, and resulted in 
the autoregulation index Mx [5]. Essentially being a cor-
relation coefficient, Mx may take on every value between 
-1.0 and 1.0. In case of active CA, small cerebral arteries 
constrict during increase of CPP and dilate during decrease 
of CPP. That way, changes of CBF resistance compensate 
or even over-compensate the CPP change, which means 
that CBFV and CPP are not correlated or are negatively 
correlated, i.e. Mx becomes zero or negative. In case of im-
paired CA, CBFV passively follows changes of CPP, i.e. Mx 
becomes positive.  

One Mx value was calculated for each signal recording. 
If related to a patient, Mx means the average Mx over all re-
cordings of this patient. For dichotomous analysis of CA and 
survival a cut-off point of Mx above or below 0.2 was used.

All signal monitoring was part of a clinical routine and 
did not require individual consents. Local ethical commit-
tee approved this study.

Results

Six of the patients died during their hospitalization. Mean 
age (± SD) in this group (Non-Survivors) was 53±12 years, 
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Figure 1. Signal recording of a 74 year-old patient with spontaneous subarachnoidal hemorrhage who died during hospitalization. 
CBFV, ABP, and ICP have been recorded for one hour, CPP has been calculated by means of ABP-ICP. CBFV (upper channel) and CPP (middle channel) 
signals have been filtered and Mx calculated (lower channel). The circles show the calculated correlation coefficients between CBFV and CPP. The 
curve is the moving average of five consecutive correlation coefficients. The Mx value related to this recording is 0.61 and was calculated as average 
over all correlation coefficients of this recording. This value corresponds to the optical impression of parallel curves of CPFV and CPP.

while mean age of the remaining 24 patients (Survivors) 
was 51±16. The difference of age in both groups was not 
significant (p=0.23). 

Mx was significantly higher (p<0.05; students t-test) 
in the Non-Survivors group than in the Survivors group 
(0.28±0.40 versus 0.03±0.21). Figures 1 and 2 present sig-
nal recordings from a patient in the non-survivors and a 
patient in the survivors group, respectively. Change of Mx 
during consecutive days of monitoring (i.e. Mx last day 
- Mx first day) was not significantly related to mortality 
(Non-Survivors: 0.14±0.35 versus Survivors: -0.17±0.38; 
p=0.17). Nine patients showed an Mx >0.2, four of them 
died, while in 21 patients Mx was <0.2, only two of them 
died (Table 1). This association between high Mx and 
mortality was significant (p<0.05; OR=7.6). In 21 patients, 
the 3-month Glasgow Outcome Score (GOS) could be as-
sessed. In this subgroup, Mx significantly correlated with 
GOS (R=-0.56, p<0.05). Figure 3 illustrates the correlation 
between Mx and GOS. In fourteen patients craniotomy 
was performed. Craniotomy was neither related to Mx 
(p=0.42) nor was it related to mortality (p=0.12).

Discussion

The results showed a moderate but significant association 
between increased Mx (indicating impairment of CA) and 

Table 1. Relationship between Mx and mortality during hospi-
talisation.

Non-Survival Survival Sum

Mx > 0.2 4 5 9
Mx < 0.2 2 19 21

Sum 6 24 30

In 9 patients Mx was on average higher than 0.2 (upper line). Four of these patients 
died. In the group of 21 patients with Mx below 0.2, only two patients died (lower 
line). Mortality was significantly higher in patients with high Mx, i.e. Mx>0.2 
(p<0.05; Odds Ratio [OR] =7.6).

mortality during hospitalization. In addition a relationship 
between increased Mx index and GOS could be found, 
i.e. a decline of CA was related to poor clinical outcome. 
Mortality was neither associated with age nor with crani-
otomy intervention. A relationship between increased Mx 
and worse clinical outcome in TBI patients was shown in 
former studies [5]. Recently an association between unfa-
vorable outcome and secondary increase of Mx in patients 
with intracerebral hemorrhage was reported [12]. In our 
study, an association between increased Mx and mortality 
could be stated in a population with diverse types of ce-
rebral diseases including TBI as well as hemorrhagic and 
ischaemic stroke. But there was no significant association 
between secondary increase of Mx and mortality in our 
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Figure 2. Signal recording of a 34-year-old patient with traumatic brain injury, part of the group of survivors, with unknown GOS. 
Signal processing was same as described under Fig. 1. CBFV (upper channel) and CPP (middle channel) signals have been filtered  and Mx calculated 
(lower channel). The Mx value is -0.20 and was calculated as average over all correlation coefficients of this recording.

a) CBFV, CPP and Mx curves over the whole 1-hour time period.
b) CBFV, CPP and Mx curves during a 400-sec time subinterval. This graph clearly shows anti-parallel oscillations of CPFV and CPP, which 
correspond to a negative correlation between both curves.     

a)

b)
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study. Especially in the Non-Survivors group Mx showed 
a high variation (SD=0.40). However, it remains unclear 
whether this can be explained by the heterogeneity of the 
population or whether high variability is an intrinsic prop-
erty of this index.

Our choice of 0.2 as a critical threshold for increased 
Mx was somewhat arbitrary. However, its interpretation as 
an indicator of reduced CA was justified by its prognostic 
potential for outcome prognosis. In a recent study (Sorren-
tino et al., 2011 [11]) an Mx value of 0.3 was proposed to 
be the critical threshold for disturbed CA in TBI patients. 

Only for 21 patients, we had access to a detailed GOS 
index. It cannot be ruled out that this might have yielded a 
bias in this sub-group. One obvious effect was the predom-
inance of fatal outcome during hospitalization, because all 
fatal cases were registered. However, this could have only 
affected the analysis of correlation between GOS and Mx.  
In all other investigations, we restricted on a dichotomic 
classification of outcome into survival and non-survival.  
This study was based on a relatively small population of 30 
patients. Especially in view of the inclusion of diverse types 
of cerebral diseases, it would be appropriate to conduct 
further studies with larger populations. Moreover, a larg-
er population would also allow the analysis of specificity 
and sensitivity of Mx by means of ROC curve evaluation, 
which appears unsuitable in this study in view of the small 
number of events (lethal outcome, n=6).

It is not clear whether Mx was an independent predic-
tor of clinical outcome. Investigation of a possible rela-
tionship between Mx and other clinical predictors was not 
subject of this study.

Conclusions

Reduced CA with Mx >0.2 is significantly related to lethal 
outcome in patients with severe cerebral diseases. Increased 
Mx also corresponds to worse 3-month clinical outcome. 

Figure 3. Mx versus Glasgow Outcome Score (GOS).
In 21 cases with known 3-month GOS, Mx correlated negatively with 
GOS (R=-0.56, p<0.05). Higher Mx corresponded to a poorer outcome.

Glasgow Outcome Scale
(1 = death, 5 = good recovery)

Mx

Former results of other centers with plain TBI popu-
lation could be confirmed in this heterogeneous disease 
group. Further studies with larger populations and com-
plete outcome information would be appropriate.   
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Abstract

Background: Cerebral autoregulation (CA) in the region of an intracranial artery involved in blood supply of arteriove-
nous malformations (AVM) is impaired. This could be due to pathologic shunting, disguising real state of CA, or brain 
lesion in perinidal area. It is quite difficult to define the influence of both factors on CA. The purpose of this study was 
to assess dynamics of CA in patients with AVM in perioperative period.

Methods: The radicality of AVM embolization (Hystoacryl or Onyx) was evaluated in 47 patients by cerebral angiogra-
phy and blood flow index in precerebral arteries with a Vivid E ultrasound scanner. We monitored blood flow velocity 
(BFV) in basal cerebral arteries with Multi Dop X and blood pressure (BP) with Finapres-2300. CA was assessed with cuff 
test (autoregulation index – ARI) and phase-shift (PS) between spontaneous oscillations of BP and BFV within the range 
of Mayer’s waves.

Results: Preoperative values of ARI and PS were 1.8±0.7 and 0.3±0.2 rad, respectively. In 15 cases with total embolization 
a significant (p<0.005) increase of rate of CA (ARI: 6.0±1.1, PS: 0.9±0.1 rad) was noted. In other two cases with total em-
bolization, CA didn’t change significantly after operation. In 14 cases with subtotal embolization postoperative ARI and 
PS were 3.6±0.5 and 0.7±0.1 rad, respectively (p<0.05), and in cases with partial elimination were 2.1±0.6 and 0.4±0.1 rad 
(p>0.05). 

Conclusion: CA assessment could be used for detection of its real impairment in perinidal zone of AVM during the 
staged endovascular treatment and for prognostication of postoperative complications.
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Introduction

Comprehension of specific hemodynamic features in ce-
rebral arteriovenous malformations (AVM) is a key to 
good treatment outcome. Cerebral autoregulation (CA) 
is an important adaptive mechanism of cerebral hemody-
namic stability [1–4]. Introduction of transcranial Doppler 
(TCD) in clinical practice improved timely diagnosis of ce-
rebral hemodynamic disorders and prognosis of outcome 
in patients on different stages of endovascular treatment 
[5–7]. Continuous multichannel monitoring of blood flow 
velocity (BFV) in intracranial arteries and systemic arterial 
blood pressure (BP) using advanced TCD technique makes 
possible noninvasive assessment of CA with cross-spectral 
analysis as well as thigh-cuff test [8–11].

AVM is a congenital deformity which is characterized 
by the absence of capillary network and high rate of arte-
riovenous shunting. The occurrence of AVM is estimated 
at 18 per 100,000 population per year. The main symp-
toms of AVM are intracranial hemorrhage and epileptic 
seizures. Superselective embolization with different kind 
of embolizing materials (Histoacryl, Onyx) is one of the 
main methods of AVM treatment aiming at exclusion of 
abnormal vessels of AVM from circulation.

Due to the absence of normal resistive component in 
the structure of AVM, the major pathogenic mechanism 
of disease progression is low vascular resistance, as well as 
absence of regulation in afferent vessels of AVM and its 
network. This causes formation of pathologic blood flow 
shunting through AVM, which is its specific hemodynam-
ic feature.

The vasomotor reactivity and rate of CA has been 
shown to decrease in cerebral arteries, predominantly in 
the arteries feeding cerebral AVM [12, 13]. Major cerebral 
arteries are more accessible for noninvasive insonation of 
BFV than arteries of second and third order. Hence all used 
methods allow detection of decreased rate of CA, mostly 
in a major cerebral artery, which feeds both the shunting 
structure (nidus) through hypertrophic afferent vessels of 
an AVM and surrounding brain (perinidal zone) perfused 
by this artery. Decrease of CA rate in a territory perfused by 
a major cerebral artery happens due to significant shunting 
and total CA impairment in AVM's vessels and possible 
decrease of CA rate in the arteries of perinidal zone. In case 
of significant shunting process, AVM may disguise true 
value of CA rate in zones of brain nearby AVM network. 
In case of less prominent shunting, the data of CA assess-
ment in the region of a major artery would reflect rather 
true functional value of resistive vessels feeding brain ad-
jacent to AVM.

Thus, investigation of CA in major arteries feeding 
AVM in staged exclusion of AVM from circulation by em-
bolization (decrease of shunting flow) will promote detec-
tion of true impairment of CA in the perinidal zone. The 
latter will make natural disease progression, surgery, and 
postoperative period more predictable.

The purpose of this study is to assess the dynamics of 
CA in patients with cerebral AVM in perioperative period.

Methods

Forty seven (47) patients (age range 22-63 years) with ce-
rebral AVM were studied. All patients were divided into 
groups according to the Spetzler-Martin classification 
[14]. In 12 patients AVM corresponded to I-II grades, in 
24 patients had grade III AVM, and 11 patients had grade 
IV AVM. AVMs were embolized either with Hystoacryl 
or Onyx through afferent vessels originated from the mid-
dle cerebral artery (MCA) and the anterior cerebral artery 
(ACA). All patients had a standard preoperative workup 
including CT angiography, cerebral MRI with MR angi-
ography, ultrasound Doppler of cerebral arteries, as well as 
additional methods of CA evaluation and extent of AVM 
embolization.

TCD with bilateral monitoring of BFV in basal ce-
rebral arteries, as well as thigh-cuff test were performed 
by MultiDop X, DWL (Germany). Monitoring of BP by 
CNAP (Austria) was performed parallel to BFV monitor-
ing. CA was assessed by thigh-cuff test (autoregulation in-
dex – ARI) and phase shift (PS) in cross-spectral analysis of 
spontaneous oscillations of BP and BFV in basal cerebral 
arteries within the range of Mayer’s waves. Data were pro-
cessed with conventional statistical programs (Statistica 7.0 
for Windows, Excel). Parametric (Student) and non-para-
metric (Kolmogorov-Smirnov) tests were used. Difference 
was considered to be statistically significant if p<0.05.

Extent of embolization was evaluated by intraopera-
tive cerebral angiography. 16 patients had color Doppler 
of both internal carotid arteries (ICA) and vertebral arter-
ies (VA) before and after surgery with evaluation of total 
flow index by ultrasound scanner Vivid E (USA). Thus, in 
patients with cerebral AVMs, flow velocity index (FVIto-

tal) was calculated. We also investigated 26 healthy volun-
teers (13 men and 13 women) with color Doppler of both 
ICA and VA to assess normal total flow index (FVInorm), 
which was 661±91 mL/min for males and 560±82 mL/min 
for females. Then shunting blood flow was calculated as 
FVIshunt = FVItotal – FVInorm. FVInorm was put in accordance 
with patients’ gender.

All patients were divided into three groups depending 
on the extent of embolization based on angiographic im-
ages. Seventeen (17) patients were included in the group 
with total AVM embolization, in whom 75–100% of AVM 
volume was excluded. Subtotal embolization (50–75%) was 
achieved in 14 patients. Partial occlusion of AVM (up to 
50%) was performed in 16 patients.

Results

Preoperative study in all patients revealed decreased CA 
in basal cerebral artery feeding AVM. ARI was 1.8±0.7, PS 
was 0.3±0.2 rad.
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Endovascular intervention and early postoperative 
period in all patients were without complications. In gen-
eral, postoperative investigation showed positive dynam-
ics of CA, the degree of which was different in groups. 
Patients with total exclusion of AVM from circulation in 
15 cases (12 patients – I, II grades, 3 patients – III grade 
by Spetzler-Martin) had significant (p<0.05) increase of 
CA (ARI after surgery was 6.0±1.1, PS was 0.9±0.1 rad). 
Other 2 patients with total AVM occlusion (grade III by 
Spetzler-Martin) did not have significant changes in CA 
after surgery. Mean values of ARI and PS in entire group 
of total embolization were 4.6±1.4 and 0.9±0.2 rad re-
spectively (p<0.05).

The dynamics of CA in patients with subtotal emboli-
zation (14 patients with AVM grade III) was also signifi-
cant (p<0.05): postoperative ARI and PS were 3.6±0.5 and 
0.7±0.1 rad, respectively.

Partial embolization was achieved in 5 patients with 
grade III AVM and in all patients with grade IV AVM 
(n=11). Changes of CA rate were insignificant (p>0.05) in 
these cases: ARI was 2.1±0.6, PS was 0.4±0.1 rad.

CA dynamics in relation with extent of AVM embo-
lization is shown on the Figure 1. In patients with total 
AVM embolization much more considerable changes in PS 
and ARI (Figure 1b) were observed.

A clear dependence was revealed in 16 patients com-
paring PS and shunting flow indexes obtained during pre-
operative investigation: in cases with a higher shunting 
flow PS in basal cerebral artery on the AVM side was less 
(Figure 2a). The same dependence during investigation of 
PS on the contralateral side was less significant (Figure 2b). 

Results of investigation of a female patient (40 years-
old) with AVM in left frontal lobe fed through perforating 
vessels of left ACA are presented on the Figure 3. Before 
surgery PS was 0.4 rad, ARI was 2, FVItotal was 947 mL/
min. Both PS and ARI increased up to normal values (1.0 
rad and 6, respectively) after total AVM embolization in 
one session of embolization by Onyx. FVI in left ICA de-
creased from 458 to 233 mL/min.

Results of investigation of a female patient (44 years 
-old) with AVM in left frontal lobe fed by left ACA are 
presented in Figure 4. Before surgery PS was 0.2 rad, ARI 
was 2, FVItotal was 733 mL/min. PS did not change (0.5 rad) 
after total AVM occlusion in one session of embolization 
by Onyx. ARI was also 2. FVItotal decreased insignificantly 
– to 618 mL/min. FVI in left ICA decreased from 316 to 
241 mL/min.

Results of investigation of a 41 year old patient with 
AVM of the right temporal lobe fed by short vessels of the 
right MCA are presented in Figure 5. Before surgery PS in 
MCA was reduced to 0.5 rad, ARI was 1. FVItotal was 1221 
mL/min. PS did not change after surgery (0.5 rad), ARI 
was 2. FVItotal decreased significantly, to 920 mL/min. FVI 
in the right ICA decreased from 493 to 395 mL/min.

Discussion 

There is no consensus in the literature concerning impair-
ment of CA and cerebral perfusion in brain adjacent and 
distant to AVM, as well as significance of this impairment 
for presenting clinical symptoms, disease progression and 
prognosis of complications in the postoperative period.

There are studies in which authors assessed cerebral 
blood flow in patients with AVM with Хе133 inhalation 
using single photon-emission tomography. Signs of hy-
poperfusion in structurally intact zones of the brain dis-
tant to AVM have been revealed. The reason for decrease 
of blood flow in the perinidal zone and the contralateral 
side was explained by decrease of BP in proximal parts of 
afferent vessels, due to the presence of significant shunt 
through AVM and consequently a decrease of pressure on 
the level of arterial cerebral circle of Willis [15–17]. The 
latter in turn causes decrease of pressure in intact perini-
dal arteries and on the contralateral side, which in case of 
impairment of CA and cerebrovascular reactivity may be 
accompanied by reduction of cerebral blood flow. Young 
W.L. et al. [18] suggested that chronic hypotension in nor-
mal vascular zones adjacent to AVM induces adaptation of 
lower limit of CA, which provides constancy of blood flow. 
There is opinion that CA in the afferent vessel’s territory 
feeding both AVM and adjacent brain initially impaired 
since own AVM vessels lack CA ability due to altered his-
tological structure of the vessel wall [19, 20].

Nowadays endovascular surgery is the preferred meth-
od of AVM treatment. Technology improvements, new 
types of embolizing materials in particular, make embo-
lization more manageable. As a result, multi-stage opera-

Figure 1. Perioperative values of phase shift (PS) (a) and auto-
regulation index (ARI) (b) in comparison with extent of arterio-
venous malformations (AVM) embolization.

(a)

(b)
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Figure 3. Carotid angiograms and results of color Doppler in the left internal carotid arteries (ICA) with calculation of flow 
index before (a) and after (b) total arteriovenous malformations (AVM) embolization by Onyx in a 40 year old patient (case 1) 
with AVM in the left frontal lobe.

Figure 2. Relations between shunting flow and phase shift (PS) (a) on the side of arteriovenous malformations (AVM ), (b) contralat-
eral side.

(a) (b)

(a) (b)
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flow in both AVMs. In case 1, FVItotal before embolization 
was increased by 2 times in comparison with normal values, 
which indicates high shunting flow through AVM nidus. 
In case 2, FVItotal before operation differed from normal 
values much less but was also higher. In case 1, AVM was 
supplied by MCA, in case 2 by  ACA. Possible difference in 
AVM structure cannot be excluded as reason of dissimi-
larity of FVItotal. The aforementioned differences may have 
various mechanisms of influence on the vascular territo-
ry where AVM and perinidal zone are located, which in 
turn could lead to difference in CA rate dynamics in these 
cases: full recovery in case 1, and no change in case 2. It is 
not clear why in latter case CA didn't improve after total 
embolization of AVM. Possibly there are other factors be-
sides shunting compromising circulation of perinidal zone 
(e.g. persistent ischemia due to inadequate collateral flow), 
which are not eliminated after total embolization of AVM 
and still may affect state of CA postoperatively.

Further investigations should be directed to patho-
logic mechanisms determining circulation both in AVM 

Figure 4. Carotid angiograms and results of color Doppler in the left internal carotid arteries (ICA) with calculation of flow 
index before (a) and after (b) total arteriovenous malformations (AVM) embolization by Onyx in a 44 year old patient (case 2) 
with AVM in the left frontal lobe.

tions are performed, which exclude compartments or the 
whole AVM depending on its size, structure, and number 
of afferent vessels. Perioperative bilateral monitoring of 
BFV in basal cerebral arteries with parallel BP monitoring, 
further cross-spectral analysis and calculation of the PS be-
tween the M-waves of BFV and BP, thigh-cuff test with 
calculation of ARI allow for assessment of CA dynamics 
after different (in terms of extent of exclusion) emboliza-
tions of AVM.

Our data show an increase of CA rate in the early post-
operative period after embolization of the pathological 
process. Changes of CA are most evident after total embo-
lization of AVM. Yet in some patients CA impairment was 
preserved even after radical exclusion of AVM from the 
circulation (case 2), which may indicate true CA impair-
ment in the perinidal zone due to shunting.

Cases 1 and 2 have much in common: around the same 
volume of AVM, carotid origin of blood-supplying, one-
stage total embolization. There were differences between 
these cases as well concerning different degree of shunting 

(a) (b)

FVI
316
mL/min

FVI
241
mL/min
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and surrounding brain. Detailed analysis of clinical symp-
toms, hemodynamics, CA dynamics in these patients in the 
perioperative period will explain causes of different treat-
ment outcomes. The obtained results may be used for de-
termination of surgical strategy, management of patients 
in the postoperative period, and prognosis of possible neu-
rologic complications.

Conclusion

Assessment of the CA in AVM major feeding arteries, 
during staged exclusion of AVM from circulation (stepwise 
decrease of shunting process), will help to reveal true im-
pairment of CA in the perinidal zone, to find the optimal 
surgical strategy, and to better predict treatment outcomes.
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Abstract

Background: Cerebral autoregulation (CA) is the physiological mechanism that keeps the cerebral blood flow velocity 
(CBFV) relatively constant despite changes in arterial blood pressure (ABP). Currently, transfer function analysis (TFA) is 
widely used to assess CA non-invasively. TFA is based on the assumption that CA is a linear process, however, in reality 
CA is a non-linear process. This study explores the usability of convergent cross mapping (CCM) as a non-linear analysis 
technique to assess CA.

Methods: CCM determines causality between variables by investigating if historical values of a time-series X(t) can 
be used to predict the states of a time-series Y(t). The Pearson correlation is determined between the measured Y(t) 
and the predicted Y(t) and increases with increasing time-series length to converge to a plateau value. When used for 
CA, normal and impaired CA should be distinguishable by a different plateau value. With  impaired CA, ABP will have 
a stronger influence on CBFV, and therefore the CBFV signal will contain more information on ABP. As a result, the cor-
relation converges to a higher plateau value compared to normal CA. The CCM method was validated by comparing 
normal CA (normocapnia: breathing 0-2% CO

2
) with a model of impaired CA (hypercapnia: breathing 6-7% CO

2
).

Results: CCM correlation was higher (p=0.01) during hypercapnia (0.65 ± 0.16) compared to normocapnia (0.51 ± 0.18). 

Conclusion: CCM is a promising technique for non-linear cerebral autoregulation estimation.
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Introduction

The high metabolic demand of the brain requires an ad-
equate cerebral blood flow (CBF). However, changes in 
arterial blood pressure (ABP) or intracranial pressure may 
influence CBF. To keep CBF relatively constant and to re-
turn CBF to baseline after a fast change in ABP, adaption 
of the cerebrovascular resistance (CVR) occurs. This pro-
cess is called  cerebral autoregulation (CA) [1]. When CA 
is disturbed, the brain may become excessively sensitive to 
fluctuations in ABP, causing hypo- and/or hyperperfusion. 
Hypo- and hyperperfusion can lead to ischemia or haem-
orrhages, respectively [2]. CA failure has been associated 
with increased morbidity and mortality [3]. Therefore, the 
ability of accurately quantifying the quality of CA may be 
of great importance in clinical practice.

CA can be determined as static CA or dynamic CA. 
With static CA, the response of the CBF to changes in ABP 
is studied in a semi-steady state, i.e. a measurement of CBF 
is obtained first at a constant baseline ABP and constant 
CBF, followed by another measurement that is taken af-
ter the autoregulatory response to a manipulation of ABP 
has been completed [4]. However, static CA represents the 
overall effect of the autoregulatory action, but does not ad-
dress the time in which this is achieved.

The use of Transcranial Doppler (TCD) ultrasound 
combined with servo-controlled finger photoplethysmog-
raphy makes it possible to measure the process of CA itself, 
the dynamic CA [2, 5]. Ideally, clinical monitoring of CA 
should be non-invasive, continuous, bedside, and precise. 
Because static CA measurement only provides steady-state 
point measurements and therefore is not a continuous 
measurement, the dynamic approach is preferable. 

Despite the importance of measuring dynamic CA, there 
is no consensus about the best way to analyze dynamic CA 
[6]. Currently, the most frequently described method in the 
literature is transfer function analysis (TFA) [6]. However, 
this method is based on the assumption that the relation be-
tween ABP and CBF is linear, while physiologically CA ex-
hibits nonlinear dynamics [7]. In our study, a new non-lin-
ear analysis method, convergent cross mapping (CCM) is 
applied to asses dynamic CA. Originally CCM was proposed 
to detect causality in complex ecosystems. According to its 
definition, CA can be quantified as the causal influence of 
ABP on CBF and this causal influence can be determined 
with CCM. Therefore the goal of this study is to explore the 
use of CCM in assessing dynamic CA.

Methods

Experimental procedure
The CCM model was validated by comparing normocap-
nic data with hypercapnic data. Hypercapnia causes vaso-
dilation of the cerebral vasculature and can therefore be 
used as a model for impaired CA [8]. This study included 
19 healthy adults, male and female, with an age of 69 ± 4 

(mean ± SD). ABP was measured non-invasively in the mid-
dle finger of the right hand using photoplethysmography 
(Finapres Medical Systems, Amsterdam, the Netherlands). 
The hand and arm were supported securely and comfort-
ably with a sling, providing a stable position of the hand 
and arm at the heart level. It has been shown that ABP mea-
sured indirectly using the Finapres is a reliable technique to 
track changes in ABP that correlate well with auscultatory 
ABP measurements in the upper arm  [9]. TCD is used to 
measure CBF velocity (CBFV) in the middle cerebral artery 
(MCA) by insonating the left and right MCA using a 2 MHz 
TCD probe (Multi-Dop, Compumedics DWI, Germany)
[10]. It is assumed that changes in CBFV represent changes 
in CBF, because the diameter of the vessel remains constant 
[8, 11]. End tidal CO2 (etCO2) was monitored with a nasal 
cannula using capnography (Biopax Systems, Goleta, Ca, 
USA). ABP, CBFV and etCO2 were recorded with a 200 Hz 
sampling frequency.

Subjects were asked to inhale a gas mixture mimick-
ing room air, containing 0% CO2, 21% O2, and 79% N2 
through a tightly fitting mouthpiece until a stable plateau 
of CBFV had been reached. Next, the percentage of CO2 
was increased every 30 seconds, until a CO2 concentration 
of 7% was obtained. The first 90 seconds with a 0-2% CO2 
concentration and the last 90 seconds with 6-7% CO2 were 
selected as normocapnia and hypercapnia, respectively. 
Beat-to-beat data of the ABP and CBFV were obtained us-
ing a low pass fourth-order Butterworth filter with a cut-
off frequency of 0.5 Hz. Thereafter, CBFV and ABP were 
downsampled to a sampling frequency of 10 Hz.

Data analysis

Mathematical background of convergent cross mapping
Sugihara et al. [12, 13] presented CCM as a new non-lin-
ear analysis method to determine causality between vari-
ables in a dynamical system. CCM is described in detail by 
Sugihara et al [12, 13]. In short, a dynamical system can be 
represented by a so called attractor manifold (M). Figure 

1A depicts as example the manifold of the Lorentz attractor 
consisting of three variables, represented by the time-series 
X(t), Y(t) and Z(t). Interestingly, the dynamics of a system 
can also be represented using only one of the time-series, 
for example Y(t). Lagged coordinates of this time-series, 
for example Y(t-τ) and Y(t-2τ) can be used to reconstruct 
a shadow manifold My. (Figure 1B). Tau (τ) is defined as a 
number of samples. My reproduces the two-lobed butter-
fly of M, i.e. My represents the dynamics of M. Similarly, 
shadow manifolds Mx and Mz can be reconstructed using 
X(t) and Z(t), respectively. CCM consists of two main steps 
that use these shadow manifolds to determine causality be-
tween variables: cross mapping and convergence.

Cross mapping
In a dynamical system,  consisting of two variables (X(t) 
and Y(t)), cross mapping investigates if it is possible to 
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Figure 1. (a) Attractor Manifold (M) of the Lorenz attractor. A point of M is defined by X(t), Y(t) and Z(t). (b) Shadow manifold My 
with E=3 dimensions and τ = 1.4 seconds. Each point on the manifold is defined by Y(t), Y(t-τ) and Y(t-2τ). The grey area in A corresponds to the grey area in B. 
E = dimensions of the shadow manifold, τ = time-lag. Adapted from Sugihara et al. [12].

predict a point on My from Mx using the nearest neighbor 
principle. 
This nearest neighbor principle is depicted in Figure 2. 
Point A is a random point on Mx and A’ is the in time cor-
responding point of A on My. The basic principle is that 
if nearest neighbors of A on Mx can accurately predict A’ 
on My, it can be stated that historical values of X(t) can 
be used to estimate states of Y(t). This is only possible if 
X(t) contains information on Y(t), in other words as Y(t) 
causally influences X(t). 
Cross mapping is applied to each point on Mx resulting in 
a prediction of Y(t): YPred(t). To estimate the accuracy of 
the YPred(t), the correlation between the YPred(t) and Y(t) 
is determined.

Convergence
Convergence is based on the fact that the longer the 
time-series length of X(t) and Y(t), the smaller the dis-
tance between the trajectories on the manifold. As a re-
sult, the estimation error decreases. Therefore, if Y(t) 
causally influences X(t), the correlation should increase to 
a plateau value with increasing time-series length, which 
is defined as convergence. The faster the convergence the 
stronger the coupling between the two variables. 
Figure 3 illustrates the convergence principle [13]. The 
cases that Y(t) does, and Y(t) does not causally influ-
ence X(t) are represented by the solid and dashed line, 
respectively.

Validation of CCM 
CCM is applied to determine CA quality during normo-
capnia (0-2% CO2) and hypercapnia (6-7% CO2). As CA 
quality can be quantified as the causative effect of ABP on 
CBFV, the shadow manifold of CBFV was used to pre-
dict ABP. Generically, the shadow manifold maps 1:1 to 
the original manifold M. If a 1:1 mapping occurs then the 

shadow manifold is defined as an embedding [14]. Optimal 
embedding parameters, embedding dimension E and lag τ, 
were determined with the method of Gautama et al. [15], 
which is based on differential entropy. The determined op-
timal embedding parameters were E is 3 dimensions and τ 
is 1 sample. In this study, the correlation corresponding to 
the plateau value was used instead of the rate of conver-
gence. A window of 890 samples was used to calculate the 
plateau value. Shifting the window of 890 samples through 
the entire dataset results in 10 correlations of which the 
mean is determined. The complete algorithm of CCM is 
described in more detail in the Supplementary materials of 
Sugihara et al. [13].

Statistical analysis
Results are presented as means ± standard deviation. Sta-
tistical significance was tested using a paired t-test. Signif-
icance was set at p < 0.05. 

Results

Figure 4 depicts the correlation results for normocapnia 
and hypercapnia. The correlation differed between normo-
capnia (0.51 ± 0.18) and hypercapnia (0.65 ± 0.16), p = 0.01.

Discussion

Our study showed that the non-linear method of CCM is 
able to distinguish normal dynamic CA from impaired dy-
namic CA. In clinical practice, the ability to measure CA 
may be of great importance, as impaired CA can result in 
hypo- or hyperperfusion of the brain. Impaired CA is also 
associated with increased morbidity and mortality [3]. 

Several methods have been developed to measure CA, 
however no gold standard exists. In literature, TFA is cur-
rently the most applied method to quantify CA. However, 

(a) (b)
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(a)

(b)

Cross mapping

Figure 2. The nearest neighbor principle. (a) Nearest neighbors (triangles) of point A (dot) on Mx are also nearest neighbors of the in time corresponding 
point A’ on My. Therefore Mx can be used to estimate the states of Y(t), i.e. Y(t) causally influences X(t). (b) Nearest neighbors (triangles) of point A (dot) on Mx are not 
nearest neighbors of point A’ on My. Therefore Mx cannot be used to estimate the states of Y(t). Mx: shadow manifold of M with time-lagged coordinates of X(t) (E=2). My: 
shadow manifold of M with time-lagged coordinates of Y(t) (E = 2). E = dimension of the shadow manifold. Adapted from Sugihara et al. [13].

Figure 3. Principle of convergence. Solid line: Y causally influences X. 
Dashed line: Y does not causally influence X. The solid line shows convergence 
with increasing time-series length while the dashed line does not. Adapted from 
Sugihara et al. [13].

Principle of convergence

this technique assumes that CA is a linear process, while 
in fact CA exhibits non-linear dynamics. Zhang et al. [16] 
pointed out that a coherence <0.5 in the low frequency 
range using TFA is an indicator of non-linear behavior of 
CA. In addition, Mitsis et al. [7] showed that with the use 
of a non-linear model (Laguerre-Voltera network) a 20% 

reduction of the normalized mean square error was seen 
compared to a linear model when predicting CBFV based 
on the input ABP. 

CCM is a non-linear analysis technique, which was 
originally proposed by Sugihara et al. [12] to detect causal-
ity in complex ecosystems. They applied CCM on a classic 
predator-prey dynamic system. In a classic predator-prey 
dynamic system, there is bidirectional causality between 
the predator and the prey, i.e. they both causally influence 
each other. The correlation converged when predicting 
the state of the prey using the predator data and also when 
predicting the state of the predator using the prey data. 
This indicates indeed that both factors causally influence 
each other. CCM was also applied on a dynamical system 
of sardines, anchovies and sea surface temperature. CCM 
showed that anchovies and sardines do not causally influ-
ence each other, but are both causally influenced by the sea 
surface temperature. 

As CCM takes non-linear dynamics into account, this 
technique might also be more accurate for the quantifica-
tion of CA. A well-functioning CA attenuates the effect of 
changes in ABP on changes in CBF, i.e. ABP has as only a 
small causal influence on CBF. During impaired CA the 
effect of changes in ABP on changes in CBF are less attenu-
ated, i.e. ABP has a larger causal influence on CBF. There-
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might therefore reduce the spread in CCM outcome. 
Third, the respiratory frequency is below 0.5 Hz and 

because the respiratory frequency is below the cut-off fre-
quency of 0.5 Hz, it is still present in the ABP and CBFV 
signal. If the respiratory frequency is very constant, pre-
diction of ABP using CBFV might be easier because the 
fluctuations caused by respiration are then very predict-
able. This might result in a high CCM outcome value. On 
the other hand, if the respiratory frequency is less constant, 
prediction of ABP using CBFV is harder, because the fluc-
tuations caused by the respiration are less predictable. This 
results in a lower CCM outcome value. Therefore, differ-
ences in variability of the respiratory frequency between 
subjects might be responsible for the large spread in CCM 
outcome. Using a low-pass filter with a cut-off frequency 
of 0.15 Hz might reduce the large spread in CCM outcome, 
because the breathing frequency is above 0.15 Hz. Because 
CA is most prominent in frequencies below 0.15 Hz, it can 
be justified to use a cut-off frequency of 0.15 Hz. 

Besides the large spread in CCM outcome values, it 
should also be noted that in this study the plateau value was 
used to quantify the causal influence of ABP on CBFV in-
stead of the rate of convergence as suggested by Sugihara et 
al. [12]. The choice for the plateau value was based on a pi-
lot study in which the validity of the model was investigated 
using the autoregulatory index of Tiecks et al. [4]. In this 
pilot study, the plateau value could discriminate the auto-
regulatory indexes. However, a situation might be possible 
in which the correlation does not converge, but remains 
horizontal (dashed line in Figure 3). In this case, using 
only the plateau value, might give inaccurate results. If this 
correlation is high, the plateau value falsely represents a 
high influence of the ABP on CBFV while actually there 
is no influence at all. Using the rate of convergence over-
comes this problem. In our study, convergence was seen 
in all subjects during normo- and hypercapnia. Therefore, 
using the plateau value was seen as a valid choice in this 
study. Furthermore, calculating the rate of convergence is 
more time-consuming than calculating the plateau value. 
This plateau value is therefore more promising for bedside 
CA monitoring. 

Furthermore it should be noted that the used embed-
ding parameters were E=3 dimensions and τ=1 sample. 
These embedding parameters were determined using the 
differential entropy technique [15]. A τ of 1 sample is a 
delay of 0.1 seconds, which is within one heartbeat. It is 
difficult to interpret this τ physiologically, because a τ of at 
least one heartbeat (± 8-10 samples) is expected.

Conclusions

The ideal clinical monitoring device of CA should be 
non-invasive, continuous, bedside and precise. CCM is in-
deed a non-invasive measurement which uses spontaneous 
fluctuations of the ABP and CBFV to assess CA. The use of 
spontaneous fluctuations has the additional advantage that 

fore the causal influence of ABP on CBF is a measure of 
impairment of CA and CCM can be applied to assess the 
functioning of CA.

In this study, the ability of CCM to quantify CA was ex-
plored using a hypercapnia model. Hypercapnia is a well-
known model to simulate impaired CA [17]. Hypercapnia 
causes vasodilation, reducing the ability of the cerebral 
vessels to respond to changes in ABP, leading to impaired 
CA. In our study a significantly higher CCM correlation 
value was found during hypercapnia which indicates a less 
efficiently functioning CA. This underlines the  potential 
of CCM to quantify CA. 

However, still a large spread is seen in the outcome of 
CCM. The standard deviation was 0.2 and 0.16 for normo- 
and hypercapnia, respectively. Therefore, optimization of 
this technique is necessary before it can be easily applied in 
clinical practice. 

There are several explanations for the large spread in 
CCM outcomes. First, the degree of impaired CA of each 
subject during hypercapnia is unknown and might differ 
between subjects. As a results, the spread in CCM outcome 
is large. However, breathing 7% CO2 is the physiological 
limit. Therefore it is likely that all subjects did reach their 
plateau of impaired CA. 

Second, besides the possible difference in effect of the 
CO2 on CA in subjects during hypercapnia, also the breath-
to-breath etCO2 fluctuations in normo- and hypercapnia 
circumstances between subjects might influence the correla-
tion. Mitsis et al. [18] showed that etCO2 fluctuations have a 
considerable effect in the lower frequencies, i.e. below 0.04 
Hz. Incorporating the breath-to-breath etCO2 fluctuations 

Effect of hypercapnia
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Figure 4. Correlation between real ABP and predicted ABP dur-
ing normocapnia and hypercapnia circumstances (n=19). Correla-
tion is significantly increased during hypercapnia (breathing 6-7% CO2) compared 

to normocapnia (breathing 0-2% CO2). 
* p<0.05. ABP = arterial blood pressure.
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no interventions have to be performed, making continu-
ously measuring CA possible. 

Furthermore, CCM can quantify CA using small data-
sets and the outcome of CCM is a single value, which is very 
important and practical for bedside monitoring. When the 
spread in CCM outcome can be reduced, perhaps with 
the aforementioned optimizations, CCM could be a very 
promising technique for future bedside monitoring of CA.
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Abstract

Background: The objective was to evaluate continuous monitoring in the vertebrobasilar arteries (VBA), utilizing the 
transducer holder Sonopod for transcranial color duplex sonography (TCDS), vertebrobasilar hemodynamics and auto-
regulation, during postural changes.

Methods: Subjects were five normal controls and seven patients: two patients with arterial hypertension, three with 
dizziness (peripheral neuropathy, hepatic cirrhosis, and unknown), one with lacunar infarction and diabetes mellitus (LI/
DM), and one with spino-cerebellar degeneration (SCD). TCDS utilizing the transducer holder Sonopod was used to con-
tinuously monitor the intracranial VA and BA. Blood pressure (BP), heart and respiration rates were also monitored. During 
two series of postural changes (supine or sitting to/from standing), a) clinical symptoms, b) BP: systolic, mean, and dia-
stolic pressures (SBP, MBP, and DBP), c) TCDS: time-averaged maximum velocity (Vmax) and pulsatility Index (PI), estimated 
cerebrovascular resistance (eCVR) = MBP/Vmax, and autoregulation index (ARI) = %ΔeCVR/%ΔMBP, were all calculated on 
the basis of maximum and minimum values during both series and of separate values from sitting to standing.

Results: a) Severe dizziness resulted in an inability to remain standing in two patients (LI/DM and SCD). b) BP: 1) ΔDBP 
>10mmHg in all cases. 2) ΔSBP>20mmHg in 2 controls and all but one patient (LI/DM). c) TCDS: 1) ΔPI and ΔeCVR tended 
to increase in the two severe dizziness patients. 2) ARI for both normal control subjects and patients fluctuated in all 
series and during individual standing. 

Conclusion: Continuous TCDS monitoring in the VBA during postural changes is capable of evaluating vertebrobasilar 
autoregulation associated with autonomic regulation.

Keywords: Transcranial color duplex sonography, Transducer holder sonopod, Vertebrobasilar artery, Autoregulation, 
Postural changes.
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Introduction

Orthostatic intolerance is associated with various symp-
toms caused by hypotension during postural changes due 
to autonomic dysregulation [1]. The hypothesis is that 
these symptoms result from cerebral dysautoregulation in 
the vertebrobasilar artery (VBA) system. Autoregulation 
(AR) in the VBA has been studied in normal subjects uti-
lizing a hand-held probe with conventional transcranial 
Doppler sonography (TCD) [2-5].

Recently, continuous suboccipital monitoring with 
a transducer fixation device has been introduced for the 
evaluation of vasoreactivity [6, 7] and detection of high 
intensity transient signals [8]. We have introduced and 
improved a transducer holder, named the Sonopod, for 
transcranial color duplex sonography (TCDS) monitoring 
via both temporal/suboccipital windows [9, 10]. However, 
no AR study has yet been carried out in the VBA utilizing 
a transducer holder for TCDS.

The objective of this study is to clarify the significance 
of continuous monitoring in the VBA, utilizing the trans-
ducer holder Sonopod for TCDS, and in this way verte-
brobasilar hemodynamics and autoregulation were evalu-
ated during postural changes.

Methods

Subjects were five normal controls and seven patients (aged 
23-75, mean 53 years); two patients had hypertension, three 
had dizziness (peripheral neuropathy, liver cirrhosis, and un-
known), one had a lacunar infarction and diabetes mellitus 
(LI/DM), and one had spino-cerebellar degeneration (SCD). 
TCDS utilizing the transducer holder Sonopod has moni-

tored continuously the intracranial vertebral artery (VA) and 
basilar artery (BA). Blood pressure (BP), heart and respira-
tion rates were also monitored. During two series of postural 
changes (supine or sitting for 3-5 minutes to/from standing 
for 3-5 minutes), it was registered a) clinical symptoms, b) 
BP: systolic, mean, and diastolic pressures (SBP, MBP, and 
DBP), c) TCDS: time-averaged maximum velocity (Vmax) 
and pulsatility index (PI), estimated cerebrovascular resis-
tance (eCVR) = MBP/Vmax. Autoregulation index (ARI) = 
%ΔeCVR/%ΔMBP were calculated on the basis of maximum 
and minimum values during both series: %ΔeCVR = (eCVR 
maximum - eCVR minimum)/eCVR minimum and %ΔBP = 
(BP maximum - BP minimum)/BP minimum.

Also individual ARIst during two series of standing (= 
%ΔeCVR/%ΔMBP) were based on separate values from sit-
ting (or supine) to standing: %ΔeCVR = (eCVR standing - 
eCVR sitting or supine)/eCVR sitting or supine and %ΔBP 
= (BP standing - BP sitting or supine)/BP sitting or supine.

Results

a) Clinical symptoms: Severe dizziness resulted in an inabil-
ity to remain standing in two patients (LI/DM and SCD). 
No symptoms during postural changes were observed in 
the remaining 5 patients or 5 normal control subjects. 

b) BP (Table 1): DBP increased at least 10mmHg in all 
cases. SBP increased at least 20 mmHg in 2 normal controls 
and in all but one patient (LI/DM). Hypotension during 
standing was remarkable only in the SCD patient.

c) TCDS (Table 1): ΔPI and ΔeCVR tended to increase 
in the two severe dizziness patients. ARIs in both normal 
control subjects and patients fluctuated in all series and 
during individual standing.

Table 1. Demographic characteristics of the study population. 

Case Age/
Sex Diagnosis Artery ΔSBP 

(mmHg)
ΔMBP 

(mmHg)
ΔDBP 

(mmHg)
ΔVmax 
(cm/s) ΔPI ΔeCVR %ΔeCVR %ΔMBP ARI ARIst1 ARIst2

DY 23M Normal BA 19 21 10 5.3 0.33 1.00 0.56 0.33 1.70 1.62 -0.05
MY 24F Normal BA 11 10 16 11.2 0.75 0.49 0.37 0.12 3.08 2.21 -9.54
RS 68M Normal LVA 11 31 13 8.2 0.61 1.55 0.66 0.39 1.69 2.18 1.94
KI 23M Normal BA 34 32 18 22.5 0.50 1.60 0.98 0.39 2.51 3.39 2.50

YN 60M Normal BA 20 23 10 16.0 0.40 0.44 0.30 0.25 1.20 -9.05 1.47

MN 65F HT BA 22 24 23 6.2 0.40 0.77 0.37 0.30 1.23 0.66 2.17

TS 60M HT RVA 25 18 17 6.1 0.26 1.03 0.31 0.20 1.55 5.46 16.20

MY 67F SCD BA 20 16 14 11.8 1.16 2.18 0.72 0.25 2.88 -12.30 -1.47
MK 75M LI/DM RVA 15 9 13 1.4 1.22 1.73 0.24 0.16 1.50 0.09 ND

KN 63M dizziness/
LC BA 40 25 13 8.0 0.39 1.15 0.73 0.32 2.28 0.24 0.63

SM 66M dizziness BA 21 14 10 5.0 0.30 0.74 0.28 0.16 1.75 2.62 0.81

HI 36M dizziness/
PN RVA 25 22 14 9.0 0.49 0.34 0.21 0.29 0.72 0.60 4.95

HT = Hypertension; SCD = Spino-cerebellar degeneration; LI = Lacunar infarction; DM = Diabetes mellitus; LC = Liver cirrhosis; PN = Peripheral neuropathy; BA = Basilar artery; L = 
Left; R = Right; VA = Vertebral artery; SBP = Systolic blood pressure; MBP = Mean blood pressure; DBP = Diastolic blood pressure; Vmax = Time-averaged maximum velocity; PI = 
Pulsatility index; eCVR = Estimated cerebrovascular resistance; Δ = Maximum-minimum; %ΔeCVR = (eCVR maximum- eCVR minimum)/eCVR minimum; %ΔMBP = (MBP maximum-
MBP minimum)/MBP minimum; ARI = Autoregulation Index (%ΔeCVR/, %ΔMBP); ARIst = ARI during standing (Vmax sitting or supine/Vmax standing-BP sitting or supine)/BP 
standing/(1- BP sitting or supine/BP standing); ND = No data
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Falling BP and Vmax and increasing PI and eCVR 
during two series of standing were distinctive in the SCD 
patient (Figure 1). Calculated ARI on the basis of maxi-
mum and minimum values was 2.88 during all series. 
However, ARIst during individual standing was -12.3 and 
-1.47, respectively.

Discussion

Continuous suboccipital monitoring and transducer 
fixation device
Evaluation of cerebral vasomotor reactivity, such as AR, in 
the BA, via the suboccipital window, has been evaluated by 
conventional TCD with a labor-intensive hand-held probe 
utilizing thigh cuffs [2], phenylephrine infusion [4], and 
change in position from supine to sitting [5]. In order to 
perform accurate and reproducible evaluation, continuous 
monitoring utilizing a transducer fixation device is need-
ed. Recently, continuous suboccipital monitoring with a 
transducer fixation device has been introduced for evalua-
tion of CO2 reactivity [6], autoregulation in migraines [7], 
and detection of high intensity transient signals [8]. 

Compared to conventional TCD, TCDS is able to 
measure much more accurately on the basis of angle-col-
lected velocities in the intracranial major vessels via both 
the temporal and suboccipital bone windows. We have 
introduced and improved a transducer holder, named 
Sonopod, for TCDS monitoring via both temporal/sub-
occipital windows [9, 10]. In this study, transducer dis-
placement was not problematic in all cases despite posi-
tion changes from supine or sitting to standing. However, 
in order to avoid transducer displacement, it is necessary 
to use a semi-lateral, lateral or sitting position instead of 
a pure supine position. Furthermore, in this study, we 
had to monitor in the VA in 4 out of 12 cases due to a 

limitation of fixation angle. Future improvement of the 
Sonopod is necessary in this matter.

Static and dynamic autoregulation 
Calculation of static ARI has been performed as changes 
of estimated cerebrovascular resistance (eCVR) in rela-
tion to the changes in BP: eCVR = BP/Vmax and ARI 
= %ΔeCVR/%ΔBP with %ΔeCVR = (eCVR2 - eCVR1)/
eCVR1 and %ΔBP = (BP2-BP1)/BP1 [11]. Alternative-
ly, static ARI can be calculated as follows: ARI = (initial 
Vmax/final Vmax - initial BP/final BP)/ (1 - initial BP/
final BP) [12]. Our calculation of ARI during two series 
of standing and sitting (or supine) was based on maxi-
mum and minimum values: %ΔeCVR = (eCVR maxi-
mum - eCVR minimum)/eCVR minimum and %ΔBP = 
(BP maximum-BP minimum)/BP minimum. Additional-
ly, individual ARIst during standing was based on values 
from standing to sitting (or supine): %ΔeCVR = (eCVR 
standing- eCVR sitting or supine)/eCVR sitting or su-
pine and %ΔBP = (BP standing-BP sitting or supine)/BP 
sitting or supine.

Normal static ARI values in children were reported as 
0.95±0.05 [3] and 0.96±0.09 [5] in the middle cerebral ar-
tery (MCA), and 0.94±0.10 [3] and 0.94±0.12 [5] in the 
BA. Static ARI in normal orthopedic adult patients during 
sevoflurane anesthesia [4] were much lower, 0.66±0.2 in 
the MCA and 0.72±0.2 in the BA, than that found in chil-
dren. It has been considered that static ARI is a dimension-
less value ranging between 0-1 [4]. Dynamic ARI is ranged 
from 0-9 and 5±1 as normal [11]. 

However, our calculated ARI were variable from 
-12.3 to 16.20 during position changes based on the 
previous two equations (Table 1 and Figure 1) [11, 12]. 
A demonstrated patient with SCD (Figure 1) showed 
that MBP decrease (68 mmHg to 64mmHg), Vmax de-
crease (22.5 cm/s to 12.3 cm/s), and calculated CVR in-
crease (MVP/Vmax) (3.02 to 5.20) resulted in -12.3 ARI 
(ΔeCVR/ΔBP) during her first standing. During her 
second standing, MBP decrease (79 mmHg to 63mmHg), 
Vmax decrease (24.1 cm/s to 14.8 cm/s), and calculated 
CVR increase (MVP/Vmax) (3.28 to 4.26) resulted in 
-1.47 ARI (ΔeCVR/ΔBP).

Our data sampling occurred every 1 minute during 
all series. The previous study utilizing change in position 
(from supine to sitting) took five minute intervals be-
tween position changes before data collection [5]. Other 
static AR studies utilizing phenylephrine infusion prob-
ably required a much longer period of data sampling, in 
the period between before and after BP increase [4, 11]. 
In contrast, dynamic AR studies utilizing the thigh cuff 
method evaluated the data every second, resulting in high-
er ARI [2, 11, 13] in comparison with static ARI (Table 

2). Dynamic AR utilizing spontaneous transient pressor 
and depressor changes [14] in normal control subjects was 
much higher, as high as 6.3±1.1 [15]. Data sampling time 
is probably affecting the ARI results.

Figure 1. Parameters demonstrated during two series of 
standing (indicated by arrows) in the MY patient with spino-
cerebellar degeneration. The patient complained of dizziness during 
standing and could not remain standing. Falling BP and Vmax and increasing PI 
and eCVR during standing were distinctive. Calculated ARIst during individual 
standing was -12.3 and -1.47, respectively. However, calculated ARI on the basis of 
maximum and minimum values during all series was 2.88.
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Our data of first and second standing were also vari-
able, there was no definite tendency between series. This 
variability should be clarified in following analysis.

Orthostatic hypotension (OH) and autoregulation in the 
VBA
Our patients of SCD and LI/DM complained of severe 
dizziness resulting in an inability to remain standing for 
three minutes. Both patients during the series showed 
DBP ≥ 10, and there was a SPB ≥ 20 in the SCD patient. 
The SCD patient showed decreased BP and Vmax during 
standing, fulfilling the criteria of OH on the basis of the 
recommendations of active standing [16]. The SCD pa-
tient showed ΔPI and ΔeCVR increases and probably dis-
turbed AR in the BA. Older subjects displayed greater vul-
nerability to reduced perfusion in the posterior cerebral 
artery (PCA) during orthostatic stress [17]. The head-up 
tilt table tests indicated that the static AR in the PCA tend-
ed to be worse than in the MCA [18]. Further studies in 
the VBA AR are recommended for those patients with au-
tonomic dysregulation.

In conclusion, continuous TCDS monitoring in the 
VBA during postural changes is capable of evaluating 
pathophysiology of vertebrobasilar hemodynamics and 
autoregulation associated with autonomic regulation.
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Abstract

Background: We developed the transcranial targeting low frequency ultrasound thrombolysis system (TCTLoFUT) 
which will be used for an acute ischemic stroke (AIS). TCT-LoFUT can emit the T beam (500 kHz continuous waveform, 
0.72 W/cm2) for thrombolysis to a target thrombus with the D beam (2 MHz pulsed waveform, 0.72 W/cm2) for diagnostic 
TC-CFI. We report the in vitro thrombolytic efficacy by TCTLoFUT and estimate the blood flow monitoring in human 
with a newly developed head-fixture for TCT-LoFUT using a same aspect of commercial probe.

Methods: A) Sonothrombolysis experiment: The 1.25 ml of blood was extracted by the healthy volunteer. The blood in 
a syringe for 40 min and created a fresh thrombus with a centrifuge (4500 rotation / 5 min). The alteplase concentration 
in a syringe solution was made to be 358 IU/ml. The intermittent T/D beams were applied under the 60 min of protocol 
which was described in our studies. The rt-PA independent group (rt-PA, n=39) and the rt-PA + TCT-LoFUT group (rt-
PA+US, n=13) were compared. The sound intensity in a syringe was 0.05 W /cm2. B) Blood-flow monitoring evaluation: 
We evaluated the blood flow monitoring by middle cerebral artery (MCA) detection in 10 healthy volunteers for 30 min. 
We used the 2.5 MHz TCCFI probe with the fixture which was developed for same aspect of the TCT-LoFUT.

Results: A) Sonothrombolysis experiment: The recanalization rate of 60 min after were 64.1% in rt-PA group and 92.3% 
in rt-PA+US group. Average recanalization time was shortened from 27.2 min in rt-PA group to 21.4 min in rt-PA+ US 
group ( p < 0.01). B) Blood-flow monitoring evaluation: The MCA could be detected using the fixture for TCT-LoFUT.

Conclusions: TCT-LoFUT has a function of the blood-flow monitoring simultaneously with a thrombolysis accelerating 
effect which will be used for AIS patients. 

Keywords: Sonothrombolysis, Low frequency, Color flow imaging, Fixation.
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Introduction

We have developed a transcranial targeting low-frequen-
cy ultrasound thrombolysis system (TCT-LoFUT) with 
recombinant tissue plasminogen activator (rt-PA) for 
use in the treatment of acute ischemic stroke (AIS) [1]. 
The TCT-LoFUT probe has a laminated ultrasound (US) 
phased array structure in a single sector scan probe that can 
emit 490-kHz continuous waveform (CW) US as a T-beam 
for mid-frequency sonothrombolysis to a target throm-
bus under navigation by 2.5-MHz pulsed waveform US as 
a D-beam for diagnostic transcranial color flow imaging 
(TC-CFI) (Figure 1). We have already confirmed the effi-
cacy of sonothrombolysis using this method in monkey and 
human clot in vitro studies with rt-PA [2, 3] and the bio-
logical safety of the approach in macaque monkey brain [4].

To achieve stable sonothrombolysis with blood flow 
monitoring, an adequate probe fixation device is indis-
pensable. Since 2000, several authors have reported various 
head frame probe holders for transcranial Doppler (TCD) 
[5, 6, 7], transcranial color duplex sonography (TCDS) [8] 
and TC-CFI [9] for stable blood flow monitoring. TC-CFI 
is more useful for intracranial vessel orientation with nav-
igation under color flow imaging, particularly in Japanese 
populations, which show a low detection rate for intracra-
nial vessels. We also developed a head frame holder for the 
TCT-LoFUT probe at first, but motion of the examinee’s 
head disturbed stable blood flow monitoring [10]. We 
manufactured and developed two types of the probe- fix-
ation device, and evaluated middle cerebral artery (MCA) 
or posterior cerebral artery (PCA) blood flow monitor-
ing with the same aspect and property with a commercial 
probe, and identified problems with clinical use.

Methods

Subjects
Basic freehand evaluation with a commercial sector 
scan probe was performed for 16 healthy volunteers 
(12 males, 4 females; mean age ± standard deviation, 
26.3±7.0 years) without hypertension, diabetes melli-
tus, and dyslipidemia, history of cerebrovascular disease 
or smoking. MCA blood flow monitoring in AIS was 
evaluated in 10 patients (9 males, 1 female; mean age, 
64.4±15.6 years) with the P-type device. Moreover, using 
the P-type device, another 7 AIS patients with suspected 
paradoxical emboli in the MCA or PCA (all male; mean 
age, 53.9±11.5 years) were examined for right-left shunt 
(RLS) using the Valsalva maneuver.

After P-type device evaluation, blood flow monitoring 
in AIS was evaluated in another 6 patients (all male; mean 
age, 57.2±14.4 years) with the developed BJ-type device. 
All examinations were performed at the Jikei University 
Hospital. This study was conducted under the consent and 
approval of the Ethics Committee of the Jikei University 
School of Medicine. All volunteers and patients provided 
informed consent prior to enrollment.

Study methodology
We evaluated the function of the probe-fixation devic-
es using the same aspect of a commercial 2.5-MHz sector 
scan probe (S50) with EUB 8500 (Hitachi Medical Corpo-
ration, Tokyo, Japan) via the temporal window (TW), as 
the TCT-LoFUT is not currently approved for clinical use.

Figure 2 compares the color flow imaging (CFI) function 
between the commercial and TCT-LoFUT probes. These 
pictures suggest that the potentiality of CFI function in the 
TCT-LoFUT probe is equivalent to a commercial probe.

Laminated array transducer

Ultrasound

Backing Material

[64 elements]

T-beam Array (490 kHz)

[16 elements]

D-beam Array (2 .5MHz)

(a)

(b)

Figure 1. Structure of the TCT-LoFUT probe, which has a laminated array structure in the same manner as a commercial probe. 
(a) Commercial probe (Hitachi S50); (b) TCT-LoFUT probe. 
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Figure 2. Comparison of color flow imaging (CFI) with 2.5 MHz pulsed waveform between the commercial and TCT-LoFUT 
probes. (a, b) Flow phantom CFI with a commercial probe (a) and TCT-LoFUT probe (b); (c, d) TC-CFI of the MCA in a 30-year-old female volunteer using a com-
mercial probe (c) and the TCT-LoFUT probe (d). 

(d)(b)

(a) (c)

All blood flow detection was performed by two expert 
examiners, a neurologist and a sonographer with certifica-
tion from the Japan Academy of Neurosonology. We first 
evaluated 16 volunteers to detect bilateral MCA blood flow 
images via the TW by free hand. Next, we evaluated the 
high-intensity transient signal (HITS)/micro-embolic sig-
nal (MES) at MCA in 9 patients with AIS for 30 min of TC-
CFI using P-type fixation via the TW. We also evaluated 
RLS in 7 patients with suspected paradoxical emboli using 
P-type device. The manufactured P-type fixation keeps the 
TCT-LoFUT probe in a holder arm and the opposite side 
arm pad attached to the head for fixation (Figure 3a). The 

A B
Figure 3. Photograph of the probe fixation devices. (a) Pillow type; (b) Ball joint type. 

(b)(a)

side of each arm is interchangeable. The evaluation points 
were fixation time, re-fixation and pain from fixation. Fi-
nally, we evaluated HITS/MES at the MCA in 6 patients 
with AIS for 30 min of TC-CFI using BJ-type fixation via 
the TW. Figure 3b shows BJ-type fixation, which was de-
veloped from a commercial surgical fixture arm (Pointset-
terTM; Mitaka-Kohki, Tokyo, Japan). This method uses 
hydraulic and pneumatics pressure in a ball joint arm that 
can tightly fix and easily release the probe attachment to the 
TW with a single-touch button. The degree of freedom is 
changed more easily than with the P-type for movement of 
the probe holder arm. The probe holder arm can extend to 
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other types of probe use. The evaluation points were TW 
permeability, fixation time, number of times for re-fixa-
tion, number of times for sample volume re-set up, pain by 
fixation and body motion.

Results

MCA detection in volunteers
MCA detection ratio on 32 sides using the free hand tech-
nique was 90.6%. Detection on both sides was impossi-
ble in a 53-year-old woman. A 29-year-old man reported 
poor health during an inspection, and only one side was 
detectable.

HITS/MES detection with the P-type fixation device
HITS/MES could be detected in only 1 of 10 cases (10.0%). 
Two patients needed over 5 min for fixation time and re-fix-
ation. No patients complained of fixation pain (Table 1).

RLS detection with the P-type fixation device
RLS was detected in 2 of 7 cases (28.6%). One patient need-
ed over 5 min for fixation time and re-fixation. No patients 
complained of fixation pain (Table 2).

HITS/MES detection with the BJ-type fixation device
No patient could be detected any HITS/MES. TW perme-
ability was slightly poor in 4 patients. Fixation time was 
within 5 min in all patients (mean, 155±121 s), faster than 
for the P-type device. No patients complained of pain, but 
4 patients could not keep quiet for 30 min and we had to fix 
the head and set the sample volume again (Table 3).

Discussion

The development of US probe fixation devices is one of 
the most important issues for accurate transcranial ultra-
sonography. In 1993, Michel et al. reported a multipurpose 
probe fixation device for newborns via the anterior fon-

tanel [11]. The following year, Woodtli et al. (1994) re-
ported a head and TCD probe-holding technique for mon-
itoring the vertebrobasilar circulation in adult [12]. Three 
years later, two authors reported probe fixation devices for 
MCA blood flow monitoring [13, 14].

Since 2000, several authors reported head frame hold-
ers for probe fixation. Alexandrov et al. (2000) in a pio-
neer sonothrombolysis clinical study with rt-PA, reported 
recanalization blood flow monitoring in MCA using the 
fixation head frame for power M-mode Doppler (PMD) 
[5]. Hong et al. (2010) followed MCA and basilar artery 
vasomotor reactivity tests using a modified head frame for 
PMD [7]. Mackinnon et al. (2003) reported a unique trial 
[6]. They developed a long-term ambulatory monitoring 
head frame with a battery-powered Doppler unit that can 
servocontrol a 2-MHz transducer probe and store Doppler 
signal on flash disc drives.

On the other hand, the proposed criteria for judging 
probe-holding systems include ease of application, stabili-
ty during patient movement, cost, comfort and durability, 
and compatibility with multiple probes [8, 14]. We have 
developed two types of fixation device aimed at recanaliza-
tion blood flow monitoring in sonothrombolysis. No fixa-
tion pain was seen with either device. We could detect RLS 
in 2 of 7 patients using a P-type device with the Valsalva 
maneuver. The BJ-type device made up for the shorter set-
up time by offering higher functionality. 

However, both devices showed some problems in 
clinical use. First, detection rates of HITS/MES were low 
with both devices. Next, Mackinnon et al. (2004) pointed 
out that the embolus detection is a very time-consuming 
factor even by experts [6]. Nevertheless, skill is required 
to understand the structure of device and to fix the head, 
particularly with the P-type device. Third, although ease 
of application and compatibility with multiple probes is 
suitable with the BJ-type device, development of a probe 
fixation device from commercial surgical arms is very ex-
pensive. Fourth, the BJ-type device must be connected to 

Table 1.  Blood flow monitoring with the P type fixation device.

Patient No. Age Sex Target Vessel HITS/MES Fixation time Re-fixation Pain

1 79 F lt MCA (-) >5 min (+) (-)

2 63 M rt MCA (-) <5 min (-) (-)

3 67 M lt MCA (-) <5 min (-) (-)

4 70 M rt MCA(M2) (-) >5 min (+) (-)

5 80 M lt MCA (-) <5 min (-) (-)

6 60 M lt MCA (-) <5 min (-) (-)

7 29 M rt MCA (-) <5 min (-) (-)

8 79 M rt MCA (-) <5 min (-) (-)

9 67 M lt MCA (-) <5 min (-) (-)

10 50 M lt MCA (+) >5 min (+) (-)
HITS = High intensity transient signal; MES = Micro embolic signal; MCA = Middle cerebral artery
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 Table 2. Blood flow monitoring in RLS suspected patient with the P type fixation device.

Patient No. Age Sex Target Vessel RLS Fixation time Re-fixation Pain

1 51 M bilateral MCA (-) <5 min (-) (-)

2 51 M rt MCA (+) <5 min (-) (-)

3 35 M lt MCA and PCA (-) >5 min (+) (-)

4 63 M rt MCA (+) <5 min (-) (-)

5 67 M bilateral MCA (-) <5 min (-) (-)

6 46 M rt MCA (-) <5 min (-) (-)

7 64 M rt MCA (-) <5 min (-) (-)
RLS = Right left shunt; MCA = Middle cerebral artery; PCA = Posterior cerebral artery

Table 3. MCA blood flow monitoring with the BJ type fixation device.

Patient 
No. Age(y) Sex HITS/MES TW 

permeability
Fixation 

Time (sec)
Re-fixation 

(time)
Re-set SV

(time)
Body 

Motion Pain

1 58 M (-) F 20 0 0 rare (-)

2 42 M (-) F 105 0 1 often (-)

3 76 M (-) SP 300 1 0 intense (-)

4 39 M (-) SP 240 0 1 often (-)

5 60 M (-) SP 240 3 5 intense (-)

6 68 M (-) SP 25 0 0 rare (-)
MCA = Middle cerebral artery; TW = Temporal window; F = fair; SP = Slightly poor; SV = Sample volume

a reservoir of compressed air, which may be unsuitable 
for urgent bedside use. Moreover, we spent a great deal 
of time and effort in the set-up process before examina-
tion, because the BJ-type fixation device was large. Fifth, 
movement of the patient’s body can easily require re-fixa-
tion of the probe fixation arm with both devices. To make 
a probe fixation arm stable, a restoration function like in a 
weighted toy tumbler is required. Motion of a probe fixa-
tion arm can be defined by five parameters: movement of 
the center of gravity in three dimensions (along x, y and 
z axes) and surrounding rotation of the center of gravity 
(latitude θ and longitude Φ). If these five parameters are 
fixed, the probe holding arm will remain still. Each of these 
five parameters will be considered stable in response to ex-
ternal force if a self return to the original position like a 
weighted toy tumbler can be achieved. However, with our 
two types of fixation device, which have no restoring force 
on the probe-holding arm, external force by patient move-
ment could easily change the values of the five parame-
ters, resulting in instability. Even if external force on the 
probe is minute, movement will be amplified by the hold-
ing arm. To create a stable probe-fixation device, a design 
must minimize change in the three-dimensional parameter 
specifying the stability of probe fixation.

Shiogai et al. (2012) recently reported brain tissue per-
fusion monitoring with TCDS via both the TW and fo-
raminal window using the Sonopod head frame holder, 

which is compatible with multiple probes [8]. They also 
pointed out shifts in the fixed probe due to patient move-
ments during monitoring, but re-adjustment of the probe 
in the Sonopod was easy. Their setup time for monitor-
ing was usually around 5-10 min. Watt et al. (2012) pub-
lished preliminary MCA blood flow monitoring data using 
a probe fixation device in 9 controls and 2 patients with 
unilateral AIS. Their device was designed to stabilize two 
2-MHz TCD probes to sample bilateral MCA blood flow, 
but the aspects and properties of their fixation device was 
not described [15]. Ohyama et al. (2013) are currently de-
veloping a fixation device to be compatible with multiple 
probes [9]. That fixation device is a helmet-type device 
that can achieve long-term blood flow monitoring with 
stable probe fixation.

To use the TCT-LoFUT at the bedside, improvements 
in probe-fixation devices must be achieved not only for 
blood flow monitoring, but also for performing effective 
thrombolysis acceleration with rt-PA by 490-kHz CW-US 
with a newly developed safe method of transcranial ultra-
sonication [16].

Conclusions

The probe-fixation device for TCT-LoFUT must be fur-
ther improved to actualize the stable ultrasound supply for 
sonothrombolysis with monitoring by TC-CFI function. 
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A probe-fixation device must be designed to minimize 
changes in the three-dimensional parameters specifying 
the stability of probe fixation.
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Abstract

Background: Transcranial ultrasound irradiation can enhance the effect of a thrombolytic-agent tissue plasminogen 
activator (tPA), depending on the intensity. Because of the ultrasound’s interference, its intensity distribution near a 
transducer is not uniform, i.e., there are low-intensity cold spots and high-intensity hot spots. Furthermore, the dis-
tribution can be more inhomogeneous when the ultrasound passes through a human skull. At the cold spots, the 
enhancement of the tPA effect is less than in other areas, whereas at the hot spots, the risk of hemorrhages is higher. 
Therefore, the reduction of the difference in the intensity between the cold and hot spots, i.e., improving the uniformity 
of the ultrasound field, is important for effective and safer ultrasound irradiation. The purpose of this study is to show 
that the uniformity of the ultrasound field can be improved by random modulation of the activating signal used for the 
ultrasound emission.

Methods: A hydrophone measurement of the distribution of ultrasound passing through a human skull fragment in 
water was performed for each of the sinusoidal activations (500 kHz) and random modulation. To quantify the degree 
of uniformity of an intensity distribution, the term uniformity index is newly defined in this paper. This index is smaller 
for more homogeneous distribution.

Results: It was shown that ultrasound radiation was more homogeneous during random modulation. The uniformity 
index was smaller for sinusoidal activation than for random modulation in the near-field region. 

Conclusion: This technique is expected to be useful for developing effective and safer therapeutic equipment.
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Introduction

It has recently been clinically demonstrated that transcrani-
al ultrasound irradiation can enhance thrombolysis with the 
aid of a tissue plasminogen activator (tPA) [1]. The feasibil-
ity of transcranial sonothrombolysis has been studied for 
decades [2-4], such as in high-intensity focused ultrasound 
(HIFU) navigated by MRI [5, 6] and in sonothrombolysis 
with a defocued ultrasound beam [7, 8]. However, the safe-
ty of transcranial ultrasound irradiation has not been defin-
itively proven. In particular, the TRUMBI trial [9] reported 
many cerebral hemorrhages despite using ultrasound at an 
intensity that seemed to be safe. One of the explanations 
for the hemorrhages is that the acoustic pressure was un-
expectedly too high because of the generation of standing 
waves [10, 11], which were caused by multi-reflection of 
the ultrasound at the inner skull surface. It has been shown 
that the standing-wave problem can be solved by modulat-
ing the activating signal to the transducer [12-14].

In this work, we investigate the other problem that 
arises in the case of sonothrombolysis with a defocused 
ultrasound beam. Because of the interference properties 
of the ultrasound, its intensity distribution is not uniform 
near the transducer; there are lower-intensity (cold) spots 
and higher-intensity (hot) spots. At the cold spots, the tPA 
enhancement is less than that expected in other areas [15], 
whereas at the hot spots, the risk of cell damage, heating, 
and hemorrhages is higher [16]. To obtain an ultrasound 
field distribution that is suitable for thrombolysis, the dis-
tribution should be free of cold or hot spots. Therefore, re-
ducing the difference in the intensity between the cold and 
hot spots or improving the uniformity of the ultrasound 
intensity distribution is important to increase the efficacy 
and safety of ultrasound irradiation.

The purpose of this study is to experimentally verify 
that random modulations of ultrasound can reduce the 
cold and hot spots or improve the uniformity of the ultra-
sound passing through a temporal bone. In our previous 
work [14], we showed that standing wave can be reduced 
by the random modulation method, which was based on 
the inversion of a sinusoidal wave phase at random time 
intervals. The method was termed random switching of 
both inverse carriers (RSBIC). In this paper, we investigat-
ed an effect of RSBIC method on ultrasound uniformity. 
Activating a transducer with a nominal peak of around 500 
kHz using the RSBIC method, we measured the acoustic 
intensity distribution on the plane perpendicular to the di-
rection of beam propagation using a hydrophone. To com-
pare the uniformity between the sinusoidal case and the 
RSBIC case in a quantitative way, we introduce the unifor-
mity index and denote it UI.

Methods

Random modulation method
We investigated a random modulation method called RS-

BIC, which was devised for reducing standing waves [14]. 
Here, we describe the method. 

The RSBIC signal S as a function of time t is described 
by the equation S(t)=A sin[2πf0t+φ(t)], where A is the 
amplitude, f0 is the carrier frequency (500 kHz in this 
study), and φ(t) is the phase angle depending on t. The 
value of φ(t) is set at either 0 or π. For the case in which 
φ=0, the signal S(t) belongs to the normal carrier; for the 
case in which φ=π, the signal belongs to the inverse car-
rier. The RSBIC signal is realized by switching between 
these two carriers at random time intervals. An example 
of the RSBIC signal waveform is shown in Figure 1. The 
random timing of switching is characteristic of the RS-
BIC. In our experiment, we constructed a special circuit 
in which the timing was electrically determined by the 
zero-cross timing of the thermal noise. The noise was 
generated by a Zener diode and was filtered by low-pass 
and high-pass filters. The lower and upper cut-off fre-
quencies of the noise are the parameters of the RSBIC 
method. We set the lower cut-off frequency at 50 kHz 
and the upper cut-off frequency at 200 kHz as represen-
tative values. (If the noise has a component much higher 
than 500 kHz, one cycle of the sinusoidal wave at 500 kHz 
will be cut many times.)

Measurement of the ultrasound field
The transducer we used has a nominal frequency of 500 
kHz and a 6-dB bandwidth from 357 kHz to 665 kHz. This 
wide bandwidth is suitable for random modulation because 
many waves of different lengths can be superimposed. The 
plane-view shape of the transducer is a disk whose diame-
ter is 24 mm. The wavelength is about 3 mm in water at a 
frequency of 500 kHz. We defined the boundary between 
the near field and the far field as the position of the far-
thest local maximal value of the ultrasound field from the 
surface of the transducer. The position is about 47 mm, 
calculated by D2/4λ-λ/4, where D is the diameter of the 
transducer and λ is the wavelength. 

Figure 2 shows a diagram of the experimental set-
up. The transducer was activated by a sinusoidal wave 
or RSBIC signal. The sinusoidal wave was generated by 
a signal generator (AFG3102; Tektronix, OR, USA) and 
increased by an amplifier (HSA4101; NF Corporation, 
Japan). In the case of RSBIC activation, an additional 
custom-made circuit was used for the conversion of the 
sinusoidal wave to a RSBIC signal. The applied signal 
was monitored with Oscilloscope1 (TDS3012; Tektro-
nix, OR, USA).

A human skull fragment was placed about 5 mm from 
the transducer surface. The fragment was cut from the 
temporal bone part of a human skull. The size was about 
3.5 cm × 8 cm. The thickness depends on the position, 
ranging from 0.6 mm to 2.3 mm. 

The measurement of the ultrasound passing through 
the bone was performed by an acoustic intensity measure-
ment system (AIMS) (Onda Corporation, CA, USA) with 
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Figure 1. (a) A waveform of a sinusoidal wave. (b) The graph in the top panel is an example of a waveform of the 
RSBIC signal. The dotted line indicates the normal carrier, and the broken line indicates the inverse carriers. The RSBIC signal is generated by 
switching between the two carriers at random time intervals. The timing of the switching is determined by the zero-cross timing of the thermal 
noise, which is depicted in the bottom panel.

a needle hydrophone having an active tip, 0.4 mm in di-
ameter (HNC-0400; Onda Corporation, CA, USA), and a 
wide bandwidth from 250 kHz to 10 MHz (-242.52±3.95 
[dBV/μPa]). The precise position of the hydrophone could 
be controlled by a PC with automated measurement of the 
intensity distribution. The received signal by the hydro-
phone was monitored with Oscilloscope2 (DSO6012A; 
Agilent Technologies, MA, USA). Data were acquired in 
the range of [-20 mm, +20 mm] × [-20 mm, +20 mm], 
where the origin corresponded to the center of the trans-
ducer. Data were taken at intervals of points 1 mm in both 

directions. Changing the distance between the transducer 
surface and the measuring plane, we measured the inten-
sity distribution.

Definition of the uniformity index
To quantify the uniformity of the ultrasound intensity dis-
tribution, we propose a mathematical definition for UI. 
Here, we discuss the two-dimensional case. The one-di-
mensional case is discussed in the Appendix.

Let f(x,y) be the acoustic intensity (or pressure ampli-
tude) of an ultrasound field on a two-dimensional (x, y) 
plane. The two-dimensional uniformity index (UI) is de-
fined by the following formula:

It has the dimension of [Length-1]. If the ultrasound in-
tensity has many peaks and troughs, the value of f(x, y) will 
vary considerably depending on the position (x, y). In that 
case, the index becomes large because the contribution of 
the derivative terms in the numerator is larger than the inte-
gral term in the denominator. Conversely, the ultrasound is 
considered to be more homogeneous if the index decreases.

Equation (1) has the following properties: (i) intensi-
ty independence and (ii) rotational invariance. Intensity 
independence means that the index is invariant under the 

Figure 2. The experimental setup for scanning the ultra-
sound intensity.

(1)
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transformation f(x, y) → α f(x, y), where α is a constant val-
ue. Hence, the index can be determined irrespective of the 
transducer’s voltage. Rotational invariance means that the 
index is unchanged under the following transformation:

where θ is an angle of rotation. Therefore, the index is in-
dependent of the direction of the x-coordinate.

Results

The two-dimensional intensity distribution of an ultra-
sound propagating freely in water is shown in Figure 3. 
The diagrams to the left, (a) – (e), are the result of sinusoi-
dal activation, and the diagrams to the right, (f) – (j), are 
from RSBIC activation. The uppermost diagrams, (a) and 
(f), show the intensity 5 mm from the transducer surface, 
while diagrams (b) and (g) show the intensity at 7 mm; (c) 
and (h) are at 20 mm; (d) and (i) are at 45 mm; and (e) and 
(j) show the intensity 80 mm from the surface. The acti-
vating voltage was 20 Vpp for each case. Because the shape 
of the transducer is disc-like, the intensity distribution has 
circular symmetry.

For the sinusoidal activation, the ring-shaped low-in-
tensity and high-intensity regions are alternately distribut-
ed near the transducer [(a) and (b)]. In diagram (c), a cold 
spot can be seen at the origin. In diagram (d), the ultra-
sound is focused at the origin. As the distance from the 
transducer increases in the far-field region, the intensity 
becomes lower and the distribution becomes broader (e).

By comparing the RSBIC cases and the sinusoidal cases 
at the same distance, we can see that the intensity distribu-
tions of RSBIC cases in the near-field region [(f), (g), and 
(h)] are more homogeneous than that of the sinusoidal cas-
es [(a), (b) and (c)]. In particular, the cold spot at the origin 
in diagram (c) disappears in diagram (h). As the distance 
increases [(d), (e), (i), and (j)], the distinctive differences 
in the distribution between the sinusoidal cases and RSBIC 
cases disappear.

The calculated UI are also shown for each diagram in 
Figure 3. When we compared the two methods at the 
same distance, the UI is smaller for the RSBIC than for the 
sinusoidal case in the near-field region, as expected, mean-
ing the UI is suitable for quantifying the uniformity and is 
useful for practical applications.

By comparing the color scale of the RSBIC cases [(f) – (j)] 
with those of sinusoidal cases [(a) – (e)], we note that the 
maximum intensities of the RSBIC signals are lower than 
those of the sinusoidal cones: for example, at 5 mm, the max-
imum intensity is 3 [mW/cm2] for the RSBIC (f), in contrast 
to 45 [mW/cm2] for the sinusoidal case (a). This difference 
arises because energy is lost due to the transducer response.

In Figure 4, the two-dimensional distribution of an 
ultrasound passing through a temporal bone fragment is 

Figure 3. Two-dimensional distribution of the ultrasound propa-
gating freely in water. The diagrams, (a)–(e), are sinusoidal activation cases, 
and the diagrams, (f) –(j), are RSBIC activation cases. Z is the distance from the 
transducer surface. The activating voltage was 20 Vpp, and the carrier frequency was 
500 kHz. Data were collected at intervals of 1 mm for both the X and Y directions. In 
the case of RSBIC activation, the intensity was averaged for 500 μs. The lower cut-off 
frequency of the noise was 50 kHz, and the upper cut-off frequency of the noise was 
200 kHz. The uniformity indices are shown for each diagram.

(2)

　

(a) sin (Z=5mm) UI=595 (f) RSBIC (Z=5mm) UI=242

(b) sin (Z=7mm) UI=398 (g) RSBIC (Z=7mm) UI=224

(c) sin (Z=20mm) UI=274 (h) RSBIC (Z=20mm) UI=212

(d) sin (Z=45mm) UI=232 (i) RSBIC (Z=45mm) UI=234

(e) sin (Z=80mm) UI=204 (j) RSBIC (Z=80mm) UI2D=203
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Figure 4. Two-dimensional distribution of the ultrasound passing 
through a temporal bone fragment. The diagrams (a)–(d) are sinusoidal 
activation cases, and the diagrams (e)–(h) are RSBIC activation cases. The activating 
voltage was 50 Vpp. The other parameters are the same as those in Figure 3.

non-uniform thickness, inhomogeneous texture, and cur-
vature of the temporal bone fragment. 

We can see that, in the case of bone transmission, the 
RSBIC method can improve the uniformity in the near-
field region [(a), (b), (e) and (f)]. Particularly, the cold spot 
around (X = -2 mm, Y = +2 mm) in the sinusoidal case (a) 
disappeared in the RSBIC case (e). 

The calculated UIs are also shown for each diagram in 
Figure 4. When we compared the two methods at the same 
distance, the UI are smaller for the RSBIC case than they 
are for the sinusoidal case. The difference is lager for the 
near-field region.

In diagram (d), the center of the ultrasound distribution 
is not at the origin, but instead is centered at (X = -5 mm, 
Y = -2 mm). This means that refraction has happened; the 
ultrasound beam direction was changed by transmission 
through the bone. This refraction also occurred for the 
RSBIC case (h).

Discussion

We investigated the uniformity of an ultrasound passing 
through a human skull fragment in water. Compared to 
the free-propagating case, ultrasound passing through a 
bone was more inhomogeneous in the near-field region. 
It was shown that the RSBIC method can reduce the cold 
and hot spots, improving the uniformity of the ultrasound 
intensity distribution in the case of bone transmission as 
well as free propagation.

We discuss herein the reason for the improvement of 
the uniformity with the RSBIC signal. In our free-prop-
agation case, every point on the surface of the transducer 
is considered to be a source. The ultrasound pressure at a 
given point is determined by the interference of pressure 
from all sources. If the signs of the pressure from the dif-
ferent sources are the same, interference is constructive 
and the pressure is enhanced. On the other hand, if the 
signs of the pressure are not the same, the interference 
is destructive. Cold spots arise from destructive interfer-
ence, whereas hot spots arise from constructive interfer-
ence. The location of the hot and cold spots changes with 
the frequency of the activating signal for the transducer 
because the interference, whether constructive or not, 
depends on the frequency of the activating signal. Be-
cause the RSBIC has a wide bandwidth (Figure 4h [14]), 
cold and hot spots corresponding to each component of 
the frequency arise at different locations; therefore, a 
cold spot of a frequency f1 can be a hot spot of a different 
frequency component f2. Hence, the cold and hot spots 
are obscured by the superposition of the waves of differ-
ent frequencies in the RSBIC case. Furthermore, a ran-
domized reversal of the phase, which is characteristic of 
the RSBIC, can change the constructive interference of 
pressure to a destructive one and vice versa. Thus, at a 
given point, whether the interference is constructive or 
deconstructive will change with time. Hence, when the 

　

(a) sin (Z=20mm) UI=474 (e) RSBIC (Z=20mm) UI=259

(b) sin (Z=25mm) UI=390 (f) RSBIC (Z=25mm) UI=265

(c) sin (Z=45mm) UI=348 (g) RSBIC (Z=45mm) UI=278

(d) sin (Z=80mm) UI=262 (h) RSBIC (Z=80mm) UI=236

shown. The diagrams to the left, (a) – (d), are sinusoidal 
cases, and the diagrams to the right, (e) – (h), are RSBIC 
cases. The uppermost diagrams, (a) and (e), show the in-
tensity 20 mm from the transducer surface, while diagrams 
(b) and (f) show the intensity at 25 mm; (c) and (g) are at 
45 mm; and (d) and (h) show the intensity 80 mm from 
the surface. The applied voltage was 50 Vpp for each case; 
hence, the ultrasound emitted by the transducer was 6.25 
times as intense as the free-propagating cases.

Compared with the free-propagating cases (Figure 3), 
the intensity distribution does not have circular symme-
try and is more inhomogeneous, most likely because of the 
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time-averaged intensity is measured, the cold and hot 
spots will be reduced.

In the case of bone transmission, the transmissivity 
differs according to the location on the bone because of 
differences in thickness and texture. Therefore, the unifor-
mity of the ultrasound passing through the bone is more 
inhomogeneous than in the free-propagation case. In this 
case, the RSBIC signal can improve the uniformity, as in 
the free-propagation case.

For the purpose of quantitative evaluation of uniformi-
ty, we gave a two-dimensional definition of the uniformity 
index using equation (1). This definition is not unique, and 
there are other possible definitions. For example, we can 
obtain a dimensionless uniformity index using the product 
of eq. (1) and a term that has a dimension of [Length]. Be-
cause eq. (1) has the dimension of [Length]-1, the product 
has no dimension. If the index is dimensionless, it has the 
property of scale invariance. In our case, a possible term of 
[Length]-1 is the square-root of the measuring area

  

(where [Xi, Xf] × [Yi, Yf] is the range of the area). Howev-
er, if we use this term, the uniformity index will depend on 
the measuring area.

The definition of uniformity index is not limited to 
two dimensions. A one-dimensional uniformity index is 
described in the Appendix. The extension to three dimen-
sions may also be possible.

It is possible that a more suitable definition can be 
found using a completely different perspective.

In this study, results for a disc-shaped transducer were 
shown. For a square-shaped transducer, we can see that 
cold and hot spots will be arranged in a matrix in a plane 
near the transducer.

The size of the transducer was 24 mm in diameter in 
this study. For a larger transducer, the near-field region 
will be broader. Thus, the random modulation method will 
be effective for a broader range. 

This experiment was performed in water, in which 
the attenuation of the ultrasound is negligible. However, 
the brain absorbs the ultrasound; the ultrasound attenu-
ates along the pass. In the absorbent medium, the inten-
sity at the far field is lower than it is in a non-absorbing 
medium. Hence, in the absorbent medium, the ratio of 
the intensity of the near field to that of the far field is 
higher than in a non-absorbent medium. Thus, the effect 
of the random modulation method will be higher for an 
absorbent medium. 

Random modulation methods were first used to reduce 
standing waves in a human skull and have been shown to 
reduce standing waves [12-14]. Because random modu-
lation methods can concurrently resolve both the stand-
ing-wave problem and the cold-hot-spots problem, they 

are attractive for the therapeutic use of ultrasound, such 
as in transcranial sonothrombolysis. We are planning to 
investigate an acceleration of thrombolysis using random-
ly modulated ultrasound. Our goal is to develop safer and 
more effective therapeutic equipment based on randomly 
modulated ultrasound emission.

Appendix One-dimensional uniformity index

We define a uniformity index in the one-dimensional case 
using the following formula:

where f(x) is the intensity (or pressure amplitude) of the 
ultrasound field on the one-dimensional spatial axis x. As 
in the case with two dimensions, the index has the dimen-
sion of [Length-1] and is invariant under the transforma-
tion f(x) → c f(x). Here, we attempt to clarify the meaning 
of the numerator. Let the starting point of the integral be α 
and the ending point be β, with f(α)=f(β)=0. We divide the 
interval [α, β] by the extremum of f(x):

where Mi (i=1,…,n) are the local maximum values of f(x), 
and mi (i=1,…,n-1) are the local minimum values of f(x). 
Because the sign of df/dx is definitive for each interval, 
we can determine whether |df/dx|=df/dx or |df/dx|=  
-df/dx for each interval. Performing the integration for 
each interval, we obtain the expression:

The first term in the parenthesis on the right side is 
the total sum of the local maximum values, and the sec-
ond is the total sum of the local minimum values. Thus, 
the numerator of the index UI1D is determined by the 
extrema of f(x).

 There is another candidate for UI1D. We can define 
UI1D by dividing equation (3) by Nα, where N is the num-
ber of extrema and α (0<α<1) is a parameter. The role of 
Nα is to suppress the uniformity index due to increments 
of the number of peaks (or hot spots) and troughs (or cold 
spots). As shown above, the numerator of the index is de-
termined by the extremum. In particular, it depends on 
only the intensity at the extremum and not the intervals of 
the extremum on the axis.) Thus, if the numerator of the 
peaks and troughs are doubled (i.e., the number of extrema 
doubles), the numerator of the uniformity index is dou-

(3)

(4)

(5)
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bled. Similarly, if the differences between the local max-
imum values and the local minimum values are doubled, 
the numerator of the uniformity index is doubled. Hence, 
doubling the number of the peaks and troughs is equiva-
lent to doubling the difference between the local maximum 
and local minimum values. This might not seem to be a 
reasonable proposition. However, if we divide equation (3) 
by Nα, we can distinguish the doubling of the difference 
between local maxima and local minima from the doubling 
of the number of extrema.

Abbreviations

AIMS: Acoustic intensity measurement system; HIFU: High-intensity 
focused ultrasound; RSBIC: Random switching of both inverse carriers; 
tPA: Tissue plasminogen activator; UI: Uniformity index    
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Abstract

Background: Invasion of the superior sagittal sinus (SSS) by parasagittal meningiomas (PSM) causes formation of collat-
eral pathways of venous outflow (including scalp veins) from the cranial cavity. However their importance, considering 
this function, is still under question. The purpose of this study was to determine the importance of scalp veins in collat-
eral cerebral venous outflow in patients with PSM. 

Methods: Eight patients with PSM (52-73 year-old) with invasion of the SSS and 4 healthy volunteers were examined, 
in supine position, with bilateral transcranial Doppler monitoring (MultiDop X, DWL) of blood flow velocity (BFV) in 
both middle cerebral arteries (MCA), and with blood pressure (BP) monitoring using photoplethysmography (Ohmeda, 
Finapres 2300). In patients circular compression of scalp veins with pneumatic cuff around glabella and inion during 3 
minutes was performed, while in volunteers a simultaneous transient complete compression of both internal jugular 
veins controlled by ultrasound in B-mode (Vivid E, GE) was performed.

Results: Significant changes of BFV, pulsatility index (PI) and BP were not detected during the whole period of com-
pression of scalp veins. These data indicate a low importance of scalp veins in collateral venous outflow from the cra-
nial cavity. Simultaneous compression of both internal jugular veins in all 4 volunteers caused BFV decrease by 9±4% 
(p<0.05) and PI increase by 18±12% (p<0.05) associated presumably with intracranial hypertension and impairment of 
venous outflow from the cranial cavity.

Conclusions: Temporary circular compression of scalp veins in patients with invasion of the SSS does not cause impair-
ment of venous outflow from the cranial cavity, which presumably indicates their low importance.

Keywords: Scalp veins, Cerebral venous outflow, Parasagittal meningiomas, Collateral venous pathways.
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Introduction

Parasagittal meningiomas (PSM) are intracranial tumors 
that arise from the superior sagittal sinus (SSS). 70% of 
PSM grow inside the lumen of the SSS. Partial and com-
plete invasion of the SSS is present in 40% and 30% of 
patients with PSM respectively [1, 2]. Gradual occlusion 
of the SSS by PSM invasion causes formation of collat-
eral pathways of venous outflow from the cranial cavity. 
Surgery is the main treatment option for PSM. However 
damage to these collateral venous pathways during surgical 
approach for PSM removal may lead to serious neurologic 
complications and even death due to cerebral edema and 
venous infarction. Their preoperative evaluation and in-
traoperative rational preservation is a standard in surgery 
of PSM. All neurosurgeons agree that scalp veins may take 
part in collateral venous outflow in patients with PSM 
[1–4]. This fact has been demonstrated angiographically 
nearly four decades ago [5]. However their importance 
considering this function is still under question. Possible 
importance of scalp veins concerning the whole cerebral 
venous system can influence surgical strategy and surgical 
outcome in patients with PSM.

The purpose of this study was to determine the impor-
tance of scalp veins in patients with PSM in collateral ve-
nous outflow from the cranial cavity.

Methods

Eight patients with PSM (age range 52-73 years, mean age 
62±8 years) with invasion of the SSS (complete invasion 
in four cases) and four healthy volunteers (30-40 years 
old) were studied by parallel bilateral transcranial Dop-
pler monitoring (MultiDop X, DWL) of blood flow ve-
locity (BFV) in both middle cerebral arteries (MCA) and 
blood pressure (BP) monitoring by photoplethysmography 
(Ohmeda Finapres 2300), in supine position. In patients 

circular compression of scalp veins with pneumatic cuff 
around glabella and inion (head-cuff) during 3 minutes 
was used. To be sure that scalp veins were actually com-
pressed we detected BFV in proximal parts of superficial 
temporal artery and vein by an 8 MHz probe (Figures 1–3).

In volunteers we used simultaneous transient (during 
30 s) complete compression of both internal jugular veins 
(with carotid arteries intact) controlled by ultrasound in 
B-mode (Vivid E, GE) in supine position (Figure 4). We 
used volunteers in order to detect hemodynamic chang-
es when venous outflow from the cranial cavity is reliably 
compromised.

Results

In our patients BFV, pulsatility index (PI) in MCA and BP 
did not change significantly (p>0.5) before and during all 
period of scalp compression. Group–averaged hemody-
namic parameters before and during compression of scalp 
veins were 45±13 and 46±10 cm/s for BFV, 0.88±0.15 and 
0.86±0.16 for PI, 101±31 and 100±25 mmHg for BP respec-
tively. These data indicate a low importance of scalp veins 
in collateral venous outflow from the cranial cavity.

An example of the head-cuff test in one of our patients 
is presented on the Figure 5.

Simultaneous compression of both internal jugular 
veins in volunteers caused statistically significant (p<0.05) 
decrease of BFV and increase of PI and BP. These changes 
reversed to initial state after compression was finished. In 
all 4 volunteers in both left and right MCA PI increased by 
7–36% (18±12%) while BFV decreased by 3–14% (9±4%). 
Group-averaged BFV, PI and BP before, during and after 
simultaneous compression of both internal jugular veins 
in our volunteers were the following: 76±18, 69±17 and 
75±17 cm/s for BFV, 0.76±0.08, 0.89±0.06 and 0.77±0.11 
for PI, 91±18, 99±20 and 90±19 mm Hg for BP respective-
ly. We associate these changes with intracranial hyperten-

Period of compression

150

100

50

0

Figure 1. Control of scalp compression. Monitoring BP (red line), BFV in superficial temporal artery (blue) and MCA (green) 
before, during and after scalp compression.
BFV = Blood flow velocity; BP = Blood Pressure; MCA = Middle cerebral artery
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Figure 2. Changes of BFV spectra in superficial temporal artery before (a), in the middle (b) and on the peak (c) of scalp compression.
BFV = Blood flow velocity

Figure 3. Simultaneous monitoring of BFV in superficial temporal artery (red line) and superficial temporal vein (blue line) before, 
during and after scalp compression. Arrows indicate start and finish of compression. Spectra of BFV in superficial temporal artery and vein before compression 
are presented on the right. BFV = Blood flow velocity

(a) (b) (c)

sion caused by impairment of venous outflow from the 
cranial cavity.

An example of a study on a volunteer is presented on 
the Figure 6.

Discussion

PSM are the most common type of intracranial meningio-
mas. Rational preservation of direct and collateral venous 
pathways is a well-known key to good outcome in surgery 
of PSM. The collateral venous pathways include cortical 
anastomotic veins, cortical veins with end-to-end anasto-
moses, anastomoses of superficial with deep cerebral veins, 
meningeal veins, inferior sagittal sinus, diploic (including 
emissary) veins and scalp veins. It has been confirmed by S. 
Waga and H. Handa in 1976 on angiographic images in pa-
tients with PSM that scalp veins may take part in collateral 
venous outflow from the cranial cavity [5]. In their study 
scalp veins were detected as collateral venous pathways in 
3 out of 13 patients with PSM with invaded SSS.

However some venous pathways, scalp veins included, 
are inevitably damaged, firstly during surgical approach to 
PSM, then during tumor removal trying to accomplish it 
more totally. Exclusion of several venous pathways during 
one-stage operation significantly increases the risk of se-
vere complications.

Therefore some neurosurgeons believe that in some 
cases it is reasonable to divide operation into 2 (or even 
more stages) with a one–two week interval to gain time 
for cerebral venous system to find other ways of venous 
outflow [3, 4].

Scalp veins should be considered important in venous 
outflow from the cranial cavity if their compromise (dissec-
tion or compression) causes cerebral hemodynamic chang-
es indicating worsening of cerebral venous outflow. In-
crease in intracranial pressure (ICP) is one example of these 
cerebral hemodynamic changes and we used it as criterion 
in our study. Transcranial Doppler monitoring is a well-
known method of noninvasive evaluation of changes in 
ICP [6]. The ICP–PI relationship is dependent upon many 
factors, mostly pCO2 and cerebral autoregulation, however 
quantitative evaluation of ICP by PI has been shown to be 
possible in some cases [7–9]. During our head-cuff test in 
patients with PSM we consider pCO2 and cerebral autoreg-
ulation constant, therefore the ICP–PI relationship is ex-
pected to be strong. There are a lot of studies showing rise 
in PI after ICP increases as well as studies showing that ICP 
increases after blood flow in both internal jugular veins is 
abruptly compromised. Since we could not find a study in 
the literature that links rise in PI with  blood flow compro-
mise in both internal jugular veins we conducted our study 
with volunteers, which significantly (p<0.05) showed this 
relationship. The main idea to use volunteers in our study 
is to show that abrupt simultaneous compromise of venous 
outflow from the cranial cavity causes abrupt and statistical-
ly significant changes in cerebral hemodynamic parameters, 
namely decrease of BFV and increase of PI and BP. These 
changes reversed after compression was finished. It should 
be mentioned that since venous outflow from the cranial 
cavity is accomplished through vertebral venous plexus as 
well, changes of cerebral hemodynamic parameters in our 
volunteers could be absent.
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Tests of the importance of invaded SSS and bridg-
ing veins are performed in surgery of PSM, in order to 
evaluate the risk of venous sacrifice, when trying a more 
total resection (usually clipping tests) [10, 11]. For ex-
ample, L. Sekhar, a prominent American neurosurgeon, 
uses as a standard a clipping test before PSM resection 
together with the fragment of the SSS (en bloc resec-

Figure 3. Dynamics of BP (red lines: upper – systolic, lower – diastolic), BFV (blue) and PI (green) in MCA during step-
wise increase of head-cuff pressure (brown) in a patient with a giant (7 cm in diameter) bilateral PSM. 
BFV = Blood flow velocity; BP = Blood pressure; MCA: Middle cerebral artery; PSM: Parasagittal meningiomas  

Be
fo

re
 c

om
pr

es
si

on

D
ur

in
g 

co
m

pr
es

si
on

A
ft

er
 c

om
pr

es
si

on

Figure 4. Ultrasound images in B-mode in axial plane before, during and after simultaneous compression of both internal jugular 
veins in a volunteer. 
IJV = Internal jugular vein; CCA – Common carotid artery.

tion) [10]. The test comprises measurement of intrasi-
nus pressure in the proximal part of the SSS before and 
after applying a clip on the invaded part of the SSS. In-
crease in intrasinus pressure after applying a clip means 
that the fragment of the SSS with partial or seemingly 
complete invasion is functionally important and should 
be preserved.
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A test for importance of scalp veins has actually been de-
veloped specifically at our Institute 20 years ago and is used 
presently. It is based on evaluation of electroencephalogram 
before and during head-cuff test with circular compression 
of scalp vessels [12]. Significant changes of bioelectrical 
activity during scalp compression indicate importance of 
scalp veins, which in turn indicates that the system of ve-
nous outflow from the cranial cavity is “saturated” or has 
low plasticity and the risk of one-stage operation is high. 
Of course, changes in bioelectrical activity are secondary to 
hemodynamic changes and reliability of using them is ques-
tionable. Actually all 8 patients in our study had positive 
result in head-cuff test using electroencephalogram.

Conclusion

Circular compression of scalp veins in patients with PSM 
with invasion inside the SSS did not cause impairment of 
venous outflow from the cranial cavity in our study. This 
fact indicates low importance of scalp veins in collateral 
venous outflow from the cranial cavity in our patients, al-
though they could act as collateral venous pathways.

However, in case of complete “saturation” of intracra-
nial pathways of venous outflow it seems possible that 
scalp veins become important. In neither of our patients 
this was the case. Hence, further research is needed.
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Abstract

Background: Arteriovenous malformation (AVM) is defined as a convolute of abnormally connected arteries and veins, 
where capillary bed is missing. The most common localization of AVM is intracranial. Brain malformations are about 20 
times more frequent than extracerebral ones. Clinical signs depend on the localization of the malformation; besides  
local pain or bleeding, steal phenomenon often can be seen.

Case report: We present a case of a 61-year-old woman, who was admitted to the hospital because of recurrent syn-
copes. During the neurosonologic examination we could see the acceleration of blood flow in the left common carotid 
artery (133 cm/s), a huge convolute of the vessels in the area of its bifurcation and accelerated, low resistant flow in the 
origin of external carotid artery with PSV 270 cm/s and low resistance index (0.3–0.4). The changes were seen also in the 
venous part, with sings of arterial flow there. Magnetic resonance angiography was performed, and confirmed a large 
malformation in the carotid artery bifurcation (about 8 cm). The patient was sent to endovascular diagnostics and treat-
ment; on digital subtraction angiography, a high-flow malformation of left lingual artery on the left half of the tongue 
was diagnosed. The selective embolization of the lingual artery by the coils was performed with very good radiologic 
and clinical outcome.

Conclusions: A thorough neurosonologic examination is important and can raise the suspicion of an arteriovenous 
malformation, as in this very unusual case. 

Keywords: Arteriovenous malformation, Carotid artery bifurcation, Neurosonology, Selective embolization.
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Introduction

Arteriovenous malformation (AVM) is defined as a con-
volute of abnormally connected arteries and veins, where 
capillary bed is missing. The most common localization 
of AVM is intracranial. Brain malformations are about 20 
times more frequent than extracerebral ones [1, 3]. 

Clinical signs depend on the localization of the malfor-
mation; besides of local pain or bleeding, steal phenome-
non can also often can seen [2, 4]. 

Case report

We present a 61-year-old woman, retired stock-clerk, 
who was in January 2011 admitted to the Department 
of Internal Medicine for recurrent syncopes. She com-
plained of dizziness and general weakness several weeks 
prior to the admission. Her medical history included 
cholecystectomy and arthroscopy of the knee joint years 
ago, hypertension for which she had been taking an ACE 
inhibitor for 7 years, hyperlipidaemia for 5 years (tak-
ing Atorvastatine 10 mg per day). Her mother died at 72 
years due to stroke. The patient had never smoked and 
drank minimal alcohol. 

On examination: height 1.66 m, weight 75 kg, blood 
pressure 160/95 mmHg, pulse 76 bpm, otherwise normal 
physical and neurological findings. Basic laboratory assess-
ment was normal, including thyroid stimulating hormone, 
full blood count, and coagulation parameters. She had 
slightly elevated level of cholesterol 5.6 mmol/l (2.9-5.0) 
and triglyceride 2.02 (0.45-1.7). Investigations performed: 
normal ECG, chest X-ray, 24-hour ECG monitoring, 
echocardiography, EEG. The patient was then presented 
to neurosonologic examination. 

When we started the examination on the left common 
carotid artery (CCA), we could see slight velocity increase 

with peak-systolic velocity (PSV) 133 cm/s, end-diastolic 
velocity (EDV) 42 cm/s, and no signs of stenosis. Similar 
velocity increase was seen also in left the internal carotid 
artery (ICA) (121/29 cm/s). At the origin of the left exter-
nal carotid artery (ECA) there was an increase of PSV 212 
cm/s and EDV 104 cm/s. About 1 cm distal to the ECA 
origin there was a huge convolute of vessels mostly with 
low-resistant flow—resistance index (RI) 0.32 and pulsa-
tility index (PI) 0.39 (Figure 1a, Video 1 and 2). Changes 
were also seen in the venous part, which had arterialized 
flow (Figure 1b). Other vessels examined were normal—
right CCA, ICA, ECA, bilateral vertebral arteries, and, 
transcranially, vessels of  the circle of Willis. 

Magnetic resonance angiography was performed, and 
showed a large arteriovenous malformation in the left 
parapharyngeal area, about 8 cm large and fed by the left 
ECA (Figure 1c and 1d). Digital subtraction angiography 
demonstrated a high-flow AVM of the left half of the 
tongue, fed by the left lingual artery, and dilatation of the 
lingual artery to 6 mm (Figure 1e). Because it was in the 
tongue, AVM could not be solved by total embolization. 
Selective partial embolization with coils was performed 
with very good radiologic outcome (Figure 1f). 

One month after (in March 2011), during neurosono-
logic examination, wwe could see on left ECA origin a cer-
tain flow velocity decrease, with PSV 193 cm/s and EDV 
97 cm/s, RI raised from 0.32 to 0.51, flow velocity decrease 
was seen in left CCA and ICA, and there was a normal, 
mildly accelerated venous flow in draining vein (50 cm/s). 

After 2 years of follow up the patient did not have any 
other problems, no syncopes, and the neurosonologic find-
ing remains the same as in March 2011. On examination,  
we can only see dilated veins in the left half of her tongue, 
which sometimes makes her swallowing difficult and pain-
ful (Figure 2).

Video 1. Convolution of vessels in the origin of left external 
carotid artery—longitudinal plane.

Videos accessible at http://ijcnmh.arc-publishing.org

Video 2. Convolution of vessels in the origin of left external 
carotid artery—cross-sectional plane.
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Figure 1. (a) Accelerated low-resistant flow distal to the origin of left external carotid artery; (b) Arterialized flow in draining vein; 
(c) magnetic resonance angiography—Large arteriovenous malformation in the left parapharyngeal area; (d) 3D magnetic reso-
nance angiography—arteriovenous malformation in the left carotid artery bifurcation; (e) Digital subtraction angiography—filling 
of the left lingual artery; (f) Digital subtraction angiography after embolization—artery nearly eliminated, filling from collaterals. 

(a) (b)

(c)

(e) (f)

(d)



164   •   IJCNMH 2014; 1(Suppl. 1):S25 | ARC Publishing

Discussion

An AVM localized at the carotid artery bifurcation is ex-
tremely rare. In this case, the clinical state of the patient is 
good after endovascular treatment. Neurosonological find-
ings improved, without any further progression in flow ve-
locities. We conclude that the huge AVM in the carotid ar-
tery bifurcation could have caused recurrent syncopes by its 
steal phenomenon, with regard to the hemodynamic chang-

es which were seen in the whole carotid area, although an-
other possible cause of the syncope could be the local pres-
sure and stimulation of the carotid sinus by the AVM [5, 6]. 
Further follow-up of the patient will be necessary.
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Abstract

Background: Bilateral steno-occlusive disease of middle cerebral artery (MCA) in young adults raises significant issues 
regarding etiology and treatment. The potential concomitance of hypoperfusion in the affected territories is of partic-
ular clinical relevance.

Case report: A 37-year-old man was admitted for a right MCA transient ischaemic attack. He was smoker, obese, dys-
lipidaemic, with previous history of heroin addiction and cured B and C hepatitis virus infections. Brain magnetic reso-
nance and cardiac evaluation were normal. Transcranial color-coded sonography (TCCS) showed >50% proximal right 
MCA stenosis and distal left MCA occlusion. Treatment with aspirin and statin was started. Three months later, TCCS 
revealed >70% right MCA stenosis and left MCA occlusion. Selective angiography confirmed the steno-occlusive dis-
ease. Cerebrospinal fluid analysis revealed increased protein levels and a normal cell count. Corticotherapy was started, 
but the patient did not complied. Bilateral occlusion of MCA was noticed on TCCS, one month later, being the patient 
asymptomatic. Pulsed arterial spin labelling (PASL) revealed a severe decrease of cerebral blood flow in the distal part 
of both MCA territories.

Conclusions: The etiology of this progressive steno-occlusive disease remains unknown. Atherosclerosis may be a 
possible mechanism, however other potential etiologies must be considered giving the rapidly progressive character 
of the disorder. As it seems to be now stabilized, we wonder if it can be due to the vascular risk factors control and 
antithrombotic treatment or to a non-identified inflammatory monophasic cause. Serial TCCS played a major role in the 
assessment of disease progression.
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Introduction

Progressive bilateral steno-occlusive arteriopathy in young 
adults is rare and raises significant issues concerning etiolo-
gy, treatment, and prognosis [1, 2]. Atherosclerotic disease 
can be a major cause, but other causes such as vasculitis or 
non-inflammatory arteriopathies are not to be dismissed.
[3, 4]. Imaging techniques are crucial for diagnosis and for 
follow-up, providing information about hemodynamic 
status and consequently about the risk of ischemia. 

Case report

A 37-year-old Caucasian man was admitted to the emer-
gency room for two transitory episodes of dysarthria and 
sensory disturbance in the left face and arm. He worked 
as a cargo driver and had 6 years of formal education. 
He was smoker, obese, binge drinker, and previously ad-
dicted to heroin until fourteen years ago. His father had 
a stroke at the age of fifty, and additional family history 
was irrelevant. Physical examination, including neuro-
logical assessment was unremarkable. Brain CT, blood 
routines, ECG and electroencephalography were nor-
mal. Since the symptoms were suggestive of transient 
ischaemic attacks (TIA) he was started on aspirin and 
was admitted to the Neurology Department for further 
investigation. 

An exhaustive analytical study was performed (Box 

1) and revealed dyslipidemia and cured hepatitis B and 
C infections. Transcranial color-coded sonography 
(TCCS) revealed a pattern of thrombolysis in brain 

ischemia (TIBI) score of 4 in proximal right middle ce-
rebral artery (MCA) and 3 in left MCA, suggesting re-
spectively >50% stenosis and occlusion patterns (Fig-

ure 1a and 1b). Trans-esophageal echocardiogram was 
normal. Brain magnetic resonance imaging (MRI) with 
diffusion-weighted imaging (DWI) did not show paren-
chymal lesions suggestive of acute or previous ischemia 
(Figure 2a). Three-dimensional time-of-flight magnetic 
resonance angiography (MRA) showed an absent flow 
signal in the left MCA and a severe stenosis in the prox-
imal right MCA (Figure 2b). The patient was discharged 
on aspirin and statin. 

Three months later, a routine TCCS revealed wors-
ening right MCA stenosis (TIBI 4 but with velocity ra-
tio to pre-stenosis >3, suggesting stenosis >70%) and 
persistence of left MCA occlusion (Figure 1c and 1d). 
At that time the patient had quited smoking and lipid 
profile was already normal. Selective digital subtrac-
tion angiography (DSA) showed a focal stenosis of 50% 
of the supraclinoid portion of the right internal carot-
id artery (ICA); irregular vessel wall of proximal right 
MCA causing a severe stenosis (65-70%) at this location; 
and left MCA occlusion with collateralization by pial 
branches of anterior cerebral artery (ACA) and external 
carotid artery (Figure 2d1 and 2d2). Cerebrospinal flu-
id (CSF) analysis revealed increased protein (1,00g/L), 
with a normal cell count (5cells/uL). Despite lack of any 
particular evidence of cerebral vasculitis, but due to its 
possibility, a pulse of methilprednisonole 1g/day IV was 
administered for 5 days. 

One month later bilateral MCA TIBI 3 occlusion 
pattern was noticed on TCCS, although the patient re-
mained asymptomatic (Figure 1e and 1f). Cerebral vas-
oreactivity was tested with apnea test in the visible seg-
ment of what could be M1 segment of MCA, or a local 
collateral vessel, showing lack of reactivity (Figure 3). 
Oral prednisolone 60mg was started, but the patient did 
not comply for more than one week due to fear of po-
tential side effects. The pattern of brain perfusion was 
evaluated with pulsed arterial spin labeling (PASL) MRI, 
which confirmed a severe decrease of cerebral blood flow 
in the distal part of both MCA territories (Figure 2c). 

One year after the presenting symptoms, cerebral 
DSA confirmed persistence of bilateral proximal MCA 
occlusions, with extensive collateralization from pial 
vessels from ipsilateral ACA, and mild right supracli-
noid ICA stenosis (Figure 2d3 and 2d4). Other cerebral 
and supra-aortic branches were unremarkable. Abdom-
inal DSA showed no vessel abnormalities in other arte-
rial territories. 

The patient remains asymptomatic, without focal 
neurological deficits, although a more comprehensive 
neuropsychological assessment suggested a cognitive im-
pairment (The Montreal Cognitive Assessment - MoCA 
22/30) with memory dysfunction.

Box 1. Analytical study performed in the Neurology Department 
(only the abnormal results are discriminated).

Complete blood count

Biochemical
Glycaemia, protein, albumin
Serum electrolytes,
Inflammatory markers (C-Reactive protein, Sedimentation 
rate)
Thyroid, liver, renal function, ADA, ECA 
Lipid profile (Total cholesterol 246mg/dl, LDL 169mg/dl, HDL 
38mg/dl and triglycerides 193mg/dl)

Viral Serology
Serum titers for syphilis and HIV negative; previous hepatitis 
B and C virus infections (AcHBc positive, AgHBs negative; 
AcHCV positive, RNA HCV negative)

Immunology
ANA, anti-dsDNA, anti-ENAs, complement, ANCA, lupus 
anticoagulant, anticardiolipin, anti-B2 glycoprotein 
antibodies

Coagulation / Prothrombotic study
aPTT, PT, AT III, Protein C and S, MTHFR, Factor V Leiden, 
prothrombin G20210A mutation, homocystein (homozygous 
C677T MTHFR mutation)
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Figure 1. Transcranial color-coded sonography (TCCS) images. Admission: >50% proximal middle cerebral artery (MCA) stenosis (a) and MCA occlusion 
pattern (b); 3 months later: 70% right MCA stenosis with a prestenotic index=4 (c) and left MCA occlusion pattern (d); 1 month later: right (e) and left (f) MCA occlusion 
pattern. 

(d)

(b)(a)

(c)

(e) (f)

Discussion

We report a case of bilateral progressive steno-occlusive 
disease of MCA in a 37-year-old man with multiple vas-
cular risk factors, past history of illicit drugs consumption 
and markers of cured hepatitis B and C infections. The eti-
ology remains unknown. Atherosclerosis may be a possible 
pathological mechanism in this case [3]. In fact, atheroscle-
rotic stenosis of the major intracranial arteries may be the 
most common cause of stroke worldwide, although not in 

Caucasians. Patients with symptomatic severe intracranial 
stenosis (>70%) have a risk of recurrent stroke as high as 
23% in 1 year [4-6]. In this particular case, the rapidly pro-
gressive character of the disease imposes the exclusion of 
other potential etiologies.

The prothrombotic study, performed as a routine in 
young adults, revealed normal homocystein level and 
homozygous C677T MTHFR mutation. The association 
between this genotype and cerebrovascular disease is still 
controversial although it has been previously reported as 
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Figure 2. (a) Brain MRI with fluid attenuated inversion recovery (FLAIR) sequence: no parenchymal lesions; (b) Three-dimensional time-of-flight magnetic resonance 
angiography (MRA): absent flow signal in the left MCA and a severe stenosis in the proximal right MCA; (c) Pulsed arterial spin labeling (PASL): hypoperfusion in the distal 
part of both MCA territories; (d) Cerebral digital subtraction angiography (DSA): July 2012 – focal stenosis of 50% of the supraclinoid portion of the right ICA and irregular 
vessel wall with severe stenosis (65-70%) of proximal right MCA (d1), left MCA occlusion with collateralization due to pial branches of anterior cerebral artery (ACA) and 
external carotid artery branches (d2); One year later – proximal right (d3) and left MCA occlusions and left internal carotid artery (ICA) stenosis in the supraclinoid portion 
(d4) with exuberant collateralization. 

(a)

(d1) (d2) (d3) (d4)

(b) (c)

our workup, the non-specific CSF findings, the normality 
of brain parenchymal MRI and the absence of irregularities 
such as beading or focal narrowing of brain vessels on DSA 
do not favor this diagnosis [10-13]. Even though, treat-
ment with corticotherapy was tried, its effectiveness could 
not be evaluated because of patient’s non-compliance. The 
angiographic collateralization pattern has some similar-
ities with moyamoya vessels, which typically develop in 
cases of progressive stenosis of the terminal portion of the 
ICA and its main branches (ACA and MCA) [13-15]. Al-
though the patient might have a moyamoya syndrome, the 
Moyamoya disease, which occurs typically in Asian people, 
is not a likely diagnosis [16, 17].

In what concerns heroin consumption, most strokes 
attributed to this drug occur acutely after its administra-
tion, mainly due to global brain hypoperfusion or cardio-

a risk factor, specially for multiple-small artery disease, in 
cases of concomitant hyperhomocysteinemia, which is not 
the present case [7, 8].

Vasculitis of the central nervous system (CNS), prima-
ry or systemic, and connective tissue disorders, must be 
considered in young patients [9]. Even considering pre-
vious asymptomatic hepatitis C infection, it was sponta-
neously cured when the patient presented with neurologic 
symptoms. Systemic lupus erythematosus, antiphospho-
lipid syndrome and Takayasu’s disease are among the most 
common inflammatory disorders in which stroke can be a 
feature, but there is no clinical nor laboratory evidence of 
such disorders in this particular case [1]. Primary angiitis of 
the CNS is very rare and can manifest as a focal neurologi-
cal deficit, stroke or cognitive impairment, especially when 
medium-sized vessels are involved [10-12]. Concerning 
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embolism, because of infective endocarditis. A few reports 
also suggest an underlying vasculitic process but this is not 
widely accepted once there is no pathological proof [18, 19]. 
There is no evidence of recent consumptions in this patient. 

We emphasize the usefulness of serial TCCS in the di-
agnosis and follow-up of intracranial stenosis. Being the 
patient asymptomatic and having a brain MRI without 
abnormalities, the routine evaluations with this non-inva-
sive technique were crucial to assess disease progression 
[20-22]. Brain perfusion pattern was also evaluated using 
a non-invasive MRI method—PASL, that uses magneti-
cally labeled water protons as an endogenous tracer [23-
26], which revealed bilateral cerebral hypoperfusion. This 
was discrepant with the absence of focal signs, although it 
might explain the cognitive disturbance.

Apart from the rapid progression of the intracranial 
stenosis at first, the process seems to be now stabilized, 
as the patient remains asymptomatic and no other vessels 
abnormalities were detected. We wonder if this stability 
can be assigned to the vascular risk factors control and an-
tithrombotic treatment effect or if there was a non-iden-
tified inflammatory monophasic cause. As mentioned, es-
tablishing an etiology remains a challenge.
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ACA: Anterior cerebral artery; CSF: Cerebrospinal fluid; DSA: Digital 
subtraction angiography; DWI: Diffusion-weighted imaging; ICA: 
Internal carotid artery ; MCA: Middle cerebral artery; MRA: Magnetic 
resonance angiography; MRI: Magnetic resonance imaging; PASL: 
Pulsed arterial spin labeling; TCCS: Transcranial color-coded sonogra-
phy; TIA: Transient ischaemic attacks

Figure 3. Apnea test: Cerebral blood flow velocity (cm/s) at middle cerebral artery (MCA) level was monitored with 
transcranial Doppler bilaterally (right, blue; left, red). Apnea was performed for 22 seconds (grey box). Note that cerebral 
blood flow waveforms remained unchanged during hypercapnia. Low Breath hold indexes (right -0.22; left 0.46) were calculated, confirming low 
cerebrovascular reactivity (normal values: 1.2 ± 0.6) [27].
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