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Summary

Introduction

Early detection of asymptomatic carotid stenosis is crucial for treatment plan-
ning in the prevention of ischemic stroke. Auscultation, the current �rst-line
screeningmethodology, comes with severe limitations that urge for novel and
robust techniques. Laser Doppler vibrometry (LDV) is a promising method
for inferring carotid stenosis by measuring stenosis-induced vibrations.

Within the context of an H2020 funded Early stage CARdio Vascular
Disease Detection with Integrated Silicon Photonics (CARDIS) project, we
have developed a compact multi-beam array prototype LDV system based
on an optical chip and suitable for use in a clinical setting for, among other
things, measurement of arterial sti�ness.

�e goal of the current thesis was to evaluate the feasibility of LDV for
carotid stenosis detection.�e intended use for such device would be �rst-
line cardiovascular screening, identifying individuals at risk so that they can
be referred to specialized centers for further follow-up using dedicated and
established diagnostic techniques such as ultrasound, magnetic resonance
imaging or computed tomography angiography.

Speci�cally, we focused on the development and validation of a compu-
tational methodology to gain a deeper understanding the intensity of �ow
instabilities as a predictor for carotid stenosis, and assessing the ability of
LDV to measure �ow instabilities at skin level on the neck.

�is dissertation is composed of three main parts. Part I provides a gen-
eral introduction on carotid stenosis and explains the principles behind the
physical phenomena under investigation.�is part also provides an overview
of the combined experimental and computational work�ow for investigating
complex �uid dynamical problems. Part II presents the developments ob-
tained throughout the PhD as a result of the collaboration between the Ghent
University, Simula Research Laboratory and the Queen Mary University of
London. �e last part o�ers an overview of the main results, with special
attention to the applicability of the results to the clinical practice. Below, a
summary of each part and chapter is provided.

xxiii



Summary

Part I - Background

Clinical rationale
�is chapter provides the basis of the anatomy and physiology of the human
arterial tree, which is necessary to understand and follow the work described
in this dissertation. It continues by explaining the pathologic condition of the
carotid artery stenosis, and its devastating consequences if not promptly de-
tected and treated. An overview of the possible current diagnostic procedures
shows the necessity for novel methodologies.

Fluid dynamics in the cardiovascular system
�e understanding of the �uid dynamics phenomena related to carotid sten-
osis is the primary focus of this chapter. �e carotid arteries are prone to
the onset of disturbed �ow regimes as a result of geometrical factors, des-
pite facing a relatively low Reynolds number. As a result, aneurysms and
stenoses develop in the carotid arteries, further disturbing the blood �ow.
�e Navier-Stokes equations describe the �uid dynamical phenomena.�e
applicability of the analytical Navier-Stokes equations is limited to simple
viscous/laminar problems, whilst instability and turbulence are relatively
complex ones.�erefore, turbulencemodels, such as the one of Kolomogorov,
have been developed to describe how the kinetic energy behaves at the several
scales of a turbulent �ow.

Rationale for a combined experimental and numerical approach
As a result of the complexity of the post-stenotic �ow, it is not possible to
obtain a simpli�ed analytical solution of the Navier-Stokes equations. How-
ever, experimental and numerical approaches can be used to study such
phenomena. �e numerical methodology allows for a three-dimensional
analysis of the �uid phenomena in time.�e work�ow of a typical computa-
tional simulation is described in this chapter, with a focus on the need of an
experimental counterpart as ground-truth to prove the ability of the solver
to reliably replicate the physics of the phenomenon. However, experiments
are laborious, expensive and o�en not replicable. On the contrary, numer-
ical methodologies are relatively cheaper and self-repeatable.�erefore, in
this chapter we report the strategy used in the current work to combine the
experimental and computational methodologies and perform a parametric
study to allow an estimate of the ability of LDV to detect carotid stenosis.

Part II - Flow instabilities: predictors of carotid stenosis

High-frequency instabilities: a pragmatical in-silico study
�is chapter is concerned with the development of the numerical methodo-
logy to obtain the �ow �eld in a patient-speci�c carotid bifurcation with a 76
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% stenosis in the internal carotid artery.�e trade-o� between accuracy and
computational cost at constant and pulsatile �ow rates is discussed by com-
paring the reference Direct Numerical Simulation (DNS) with several Large
Eddy Simulations (LES), implemented with various sub-grid scale models. In
this regard, the turbulent kinetic energy and the numerically-added viscosity
are compared.

Laser Doppler vibrometry: a feasibility in-vitro study
�e experimental methodology presented in this chapter aims to prove the
ability of LDV to measure intra-arterial �ow features and, consequently,
the stenosis-induced �ow instabilities. Speci�cally, it focuses on assessing
the frequency-based sensitivity of the device to changes in physiologically
varying �ow rates.

Flow instabilities for stenosis detection: a combined approach
�is chapter provides the evaluation of the possibility of using �ow instabilit-
ies as marker for the presence of carotid stenosis. Firstly, we focused on the
validation of the computational methodology, by comparing the intensity
of �ow instabilities recorded throughout the experimental study and the
ones computed using the computational methodology on the same patient-
speci�c geometry. As the two datasets were found to be in good agreement,
we used the validated computational model to evaluate the impact of �ow
rate, �ow split and stenosis severity on the intensity of downstream stenosis
�ow instabilities. Finally, we evaluated sensitivity, speci�city, and accuracy of
using the intensity of �ow instabilities as a marker for stenosis detection.

Conclusions

�e �nal chapter summarizes and discusses the main achievements of this
PhD research. We have provided a proof of principle concerning the abil-
ity of a Laser Doppler Vibrometer device to infer the presence of carotid
stenosis.�e chapter concludes with suggestions for further investigation to
overcome some limitations of this research as well as to the applicability of
the dissertation topics to the clinical context.
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Samenvatting

Inleiding

De vroegtijdige opsporing van vernauwing van de halsslagader (carotissten-
ose) bij patiënten zonder symptomen is cruciaal voor het plannen van een
behandeling ter preventie van beroerte, waarbij de hersenen zuurstofschade
kunnen oplopen. Auscultatie is de huidige methodologie die wordt gebruikt
in de eerstelijnszorg bij screening voor carotisstenose, maar deze methode
is onnauwkeurig en kent veel beperkingen. Er is dan ook nood aan nieuwe
en meer robuuste technieken die inzetbaar zijn in een eerstelijnszorg. Wij
geloven dat een techniek gebaseerd op Laser Doppler-vibrometrie (LDV)
potentieel bruikbaar is waarbij LDV de trillingen die ontstaan als gevolg van
de stroming van bloed door een vernauwde slagader, zou kunnen detecteren
op het huidoppervlak in de nek.

Een internationaal onderzoeksteam hee�, in het kader van een door
H2020 ge�nancierd project (Early stage CARdio Vascular Disease Detection
with Integrated Silicon Photonics (CARDIS)) een prototype ontwikkeld van
een compact multi-beam array LDV-systeem. Aan de basis van de ontwikkel-
ing ligt een binnen IMEC ontworpen optische chip, waardoor de apparatuur
kan worden geminiaturiseerd en goedkoper kan worden gebouwd dan hui-
dige industriële systemen. Het doel van CARDIS is om het toestel bruikbaar
te maken voor de klinische praktijk, met o.a. mogelijkheden tot uitvoeren
van diagnostische/prognostische tests voor cardiovasculaire ziekte zoals het
meten van arteriële stijfheid. Het doel van dit proefschri� betre� een uit-
breiding van de toepassingen van het LDV systeem, waarbij we de haalbaar-
heid van LDV voor de detectie van carotisstenose wensen te evalueren. Het
beoogde gebruik van een dergelijk apparaat is eerstelijns cardiovasculaire
screening, waarbij personen met een verhoogd risico worden geïdenti�ceerd,
zodat ze kunnen worden doorverwezen naar gespecialiseerde centra voor
verdere opvolging met behulp van speci�eke en gevestigde diagnostische
technieken zoals echogra�e of MRI. De te detecteren trillingen op de huid
ontstaan als gevolg van instabiliteiten in de stroming van het bloed doorheen
de vernauwde halsslagader. We hebben ons in dit proefschri� dan ook spe-
ci�ek gericht op (i) de ontwikkeling en validatie van een computationele
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methodologie om een beter begrip te krijgen van de intensiteit van strom-
ingsinstabiliteiten als maat voor de voorspelling van de aanwezigheid van
carotisstenose, en (ii) het inschatten van het potentieel om LDV te gebruiken
voor de detectie van stromingsinstabiliteiten door meten van trillingen op
huidniveau in de nek.

Dit proefschri� is opgebouwd uit drie grote onderdelen. Deel I biedt
een algemene inleiding over carotisstenose en legt de principes uit achter
de fysische verschijnselen die worden onderzocht. Dit deel gee� ook een
overzicht van de gecombineerde experimentele en computationele aanpak
in het onderzoek van complexe vloeistofdynamische problemen. Deel II
omvat origineel onderzoek en beschrij� uitgebreid de realisaties van het
doctoraatsonderzoek dat werd uitgevoerd in een samenwerking tussen de
Universiteit Gent, Simula Research Laboratory en de Queen Mary University
of London. Het laatste deel, tot slot, biedt nog een kort overzicht van de
belangrijkste resultaten, met speciale aandacht voor de toepasbaarheid van de
resultaten in de klinische praktijk. Hieronder vindt u een korte samenvatting
van elk deel en hoofdstuk.

Deel I - Achtergrond

Klinische basisgedachte
Dit hoofdstuk behandelt de basis van de anatomie en fysiologie van
de menselijke arteriële boom, weliswaar beperkt tot de informatie die
noodzakelijk wordt geacht om het werk beschreven in dit proefschri� te
kunnen begrijpen en volgen. Vervolgens behandelen we de pathologie van
de halsslagader - in het bijzonder carotisstenose – en schetsen we de mogelijk
verwoestende gevolgen ervan als deze niet onmiddellijk wordt gedetecteerd
en behandeld. Een overzicht van de mogelijke huidige diagnostische
procedures voor de detectie van carotisstenose toont de behoe�e aan nieuwe
methodologieën.

Vloeistofdynamica in het cardiovasculaire systeem
De primaire focus van dit hoofdstuk is het toelichten van vloeistofdynamis-
che verschijnselen die verband houden met carotisstenose. Geometrische
factoren maken dat de halsslagadervertakking zeer vatbaar is voor de initiatie
van verstoorde stromingsregimes, en dit ondanks het relatief laag Reyn-
oldsgetal dat de stroming karakteriseert. Verstoorde stroming wordt gere-
lateerd aan het ontstaan van aneurysmata en vernauwing, die vervolgens
op hun beurt de bloedstroom verder verstoren. Vloeistofdynamische ver-
schijnselen kunnen mathematisch worden beschreven door de Navier-Stokes
vergelijkingen. Deze vergelijkingen zijn complex, en analytische oplossingen
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zijn beperkt tot eenvoudige viskeuze laminaire problemen. Het stroming-
sprobleem dat wij dienen op te lossen is echter relatief complex, met het
optreden van instabiliteit en turbulentie. Turbulentietheorieën, zoals die van
Kolmogorov, hebben tot doel te beschrijven hoe de kinetische energie zich
gedraagt op de verschillende schalen in een turbulente stroming.

Rationale voor een gecombineerde experimentele en numerieke
benadering
Numerieke simulaties zijn uitermate geschikt voor een gedetailleerde driedi-
mensionale analyse van de vloeistofverschijnselen in de tijd. De work�ow
van typische computersimulaties wordt in dit hoofdstuk beschreven. Numer-
ieke simulaties leveren echter een benaderde oplossing op, en voor complexe
problemen blij� er behoe�e aan fysische experimenten om de accuraatheid
van de oplossing en de numerieke code te aan te tonen, en te bewijzen dat
de fysica van het bestudeerde fenomeen betrouwbaar kan worden gerep-
liceerd. Daarom wordt in dit hoofdstuk ook de strategie beschreven die in
het huidige werk wordt gebruikt om de experimentele en computationele
methodologieën te combineren, waarbij we een numerieke parametrische
studie uitvoeren om een inschatting te kunnen maken van het potentieel van
LDV om carotisstenose te detecteren.

Deel II - Stromingsinstabiliteit: voorspeller van
halsslagaderstenose

Spectraalanalyse van stromingsinstabiliteiten: een pragmatische
in-silico-studie
In dit hoofdstuk wordt de numeriekemethodologie ontwikkeld om het strom-
ingsveld te berekenen in een patiëntspeci�ek model van de halsslagader met
een 76 % stenose in de interne halsslagader. Het betre� een simulatie van
transiënte/turbulente stroming onder constante en pulsatiele instroom, waar-
bij de afweging wordt gemaakt tussen nauwkeurigheid en rekenkost. De
referentieberekening, Direct Numerical Simulation (DNS), wordt vergeleken
met verschillende Large Eddy Simulations (LES), geïmplementeerd met ver-
schillende sub-grid schaalmodellen. De turbulente kinetische energie en de
numeriek toegevoegde viscositeit worden vergeleken.

Laser Doppler-vibrometrie: in-vitro haalbaarheidsonderzoek
Het doel van deze experimentele hydraulische studie, uitgevoerd in een
fysisch model van de eerder vermelde patiëntspeci�eke geometrie, is om
praktisch aan te tonen dat LDV e�ectief in staat is om intra-arteriële stroming-
skenmerken te meten. LDV metingen worden uitgevoerd met het CARDIS
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prototype, simultaan met drukmetingen binnenin de halsslagader. Experi-
menten tonen aan dat stromingsinstabiliteiten aanleiding geven tot externe
trillingen die met LDV kunnen worden gedetecteerd. Spectraalanalyse toont
aan dat de intensiteit van gedetecteerde trillingen varieert met de aangelegde
stroomsnelheden.

Stromingsinstabiliteiten voor stenosedetectie: een gecombineerde
computationeel-experimentele aanpak
In dit hoofdstuk evalueren we, met gebruik van experimenten en het numer-
ieke model, het gebruik van spectraalanalyse van stromingsinstabiliteiten
als potentiële marker voor de aanwezigheid van carotisstenose. Een eerste
stap was de validatie van de computationele methodologie, door de intensi-
teit van stroominstabiliteiten die tijdens het experimentele onderzoek zijn
geregistreerd (met LDV) te vergelijken met waarden die zijn berekend met
behulp van de computationele methodologie (druk- en snelheidsinform-
atie) op dezelfde patiëntspeci�eke geometrie. Na veri�catie dat beide datasets
dezelfde spectrale informatie bevatten, hebben we het gevalideerde computer-
model vervolgens gebruikt voor een ruimere parameterstudie om de impact
van (i) stroomsnelheid; (ii) de verdeling van het debiet over de interne en
externe halsslagader; en (iii) de ernst van stenose op de intensiteit van strom-
ingsinstabiliteiten afwaarts van de stenose te evalueren. Ten slotte hebben
we de gevoeligheid, speci�citeit en nauwkeurigheid van het gebruik van
de intensiteit van stroominstabiliteiten als een marker voor stenosedetectie
geëvalueerd.

Conclusies

In dit laatste hoofdstukworden de belangrijkste resultaten van dit promotieon-
derzoek kort samengevat en besproken in een wat ruimere context. We be-
sluiten dat het werk proof-of-principle aanlevert voor het gebruik van Laser
Doppler Vibrometrie voor de detectie van halsslagaderstenose. De weg naar
klinische toepassingen is echter nog lang en het hoofdstuk sluit dan ook af
met suggesties voor verder onderzoek, strategieën om enkele beperkingen
van het voorliggende onderzoek te overwinnen, en beschouwingen omtrent
de toepasbaarheid van de methode in de klinische context.
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Introduction

Context of the work

�e World Health Organization estimated that 17.9 million people worldwide
die each year due to cardiovascular diseases, ranking as the �rst cause of death
globally. Among these, the majority (85 %) are due to myocardial infarction
and stroke [1]. A stenosis in the internal carotid artery, resulting from the
growth of an atherosclerotic plaque, is the most prominent cause of stroke
[2], implying that a prompt detection of its onset could potentially prevent
the occurrence of a stroke. However, asymptomatic carotid stenosis a�ects 7
% of women and over 12 % of men over 70 years of age [3], thus prompting
the need for a speci�c detection pathway.

However, asymptomatic stenoses are not commonly diagnosed unless
associated with other cardiovascular diseases (CVD) [4] such as coronary
stenosis and hypertension, or risk factors such as diabetes [5], [6].�us, the
possibility of assessing and stratifying the risk of a future stroke in asymp-
tomatic patients with carotid stenosis is limited [3]. Furthermore, carotid
ultrasound, which is routinely used for stenosis diagnosis in hospitals, is
o�en too expensive and complex for use in �rst-line screening.

Auscultation is the current �rst-line screening methodology to detect
asymptomatic carotid stenosis [7]–[9]. It is based on the audible bruit in-
duced by the �ow instabilities distal to the stenosis, whose presence is well
established and proven by several studies [10]–[12]. However, carotid aus-
cultation is well known to have limited value for the diagnosis of carotid
artery stenosis, as its speci�city is approximately 80 %, but the sensitivity is
operator-dependent, varying from 50 % to 70 % [7], [13], [14]. Furthermore,
auscultation was found to miss out on severe stenoses (> 75 %) [15]. Hence
the urge for novel diagnostic methodologies.

The CARDIS project and LDV for stenosis detection

LaserDoppler Vibrometry (LDV) has been shown over the years to be particu-
larly suitable for detecting physiological signals from skin level displacement,
for measurement of pulse wave velocity [16], breathing [17], or heart rate [18].
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�is PhD thesis was realized within the H2020 funded Early stage CAR-
dio Vascular Disease Detection with Integrated Silicon Photonics (CARDIS)
project.�e aim of the CARDIS project was to develop a compactmulti-beam
array prototype LDV system [19] based on silicon photonics integrated LDV
[20] with high spatio-temporal resolution (10 nm, 10 µs) [21], and suitable
for use in a clinical setting.

Speci�cally, the CARDIS consortium aimed to investigate, demonstrate
and validate the concept for the screening of arterial sti�ness - by measuring
pulse wave velocity [22], detection of stenosis and heart failure [23].

Hypothesizing that post stenotic �ow instabilities impart energy to the
arterial wall, giving rise to mechanical waves which propagate through the
so� tissues up to the skin, there is a potential use of LDV for the detection of
stenosis in super�cial arteries, as a result of its high spatio-temporal resolution
[21]. �e intended use for such device would be �rst-line cardiovascular
screening, identifying individuals at risk so that they can be referred to
specialized centers for further follow-up using dedicated and established
diagnostic techniques such as ultrasound.

Research Goals

�e purpose of the current dissertation was to provide a proof-of-concept on
the use of LDV for carotid stenosis detection. In this respect, �ve main goals
were de�ned:
Goal 1 - Implementation of an e�cient numerical model able to reliably replic-
ate the �ow �eld in a stenosed carotid artery
Goal 2 - Development of an experimental stenosed carotid artery model to
obtain LDV traces
Goal 3 - Validation of the numerical model against the collected experimental
measurements
Goal 4 - Conduction of a parametric study on the intensity of downstream-
stenosis �ow instabilities
Goal 5 - Obtaining a quantitative prediction of the feasibility of stenosis detec-
tion using LDV
We achieved our goals as a result of the strong collaboration between the bio-
MMeda laboratory at Ghent University and the Simula Research Laboratory.
Additionally, within the CARDIS project members, a special mention de-
serves the Blizard Institute - Barts and�e London of Queen Mary University
of London, for the impact of their collaboration.
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Dissertation Structure Overview

�is dissertation is divided in three major parts. Part I provides a background
of the anatomy and physiology of the carotid arteries in chapter 1, an overview
on physics of �uid dynamics in chapter 2, and an insight on the rationale
for a combined experimental and computational approach for the current
dissertation in chapter 3, respectively. In part II, the research goals achieved
throughout the course of the PhD are reported. Speci�cally, chapter 4 is
concerned with the best computational approach able to reliably replicate
the downstream-stenosis turbulent-like �ow, with a particular attention to
the trade-o� between accuracy and computational cost. Chapter 5 provides
insights on the ability of the LDV to measure the �ow instabilities. �e
experimental measurements are used for validation of the computational
methodology, as reported in the �rst section of chapter 6, which later focuses
on evaluating the best predictor for the presence of �ow instabilities, and
hence provides an estimate of the ability of an LDV device to detect early-
stage carotid stenosis. Finally, the conclusions on the applicability of these
research topics to the clinical practice are drawn in chapter 6.6.
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Clinical rationale

�is chapter provides an overview on the clinical rationale leading to the
research topic of this dissertation.�e �rst section provides a general intro-
duction on the anatomy and physiology of our cardiovascular system, with a
focus on the carotid arteries in the second section.�e third section is con-
cerned with carotid stenosis, and related current treatments and diagnostic
procedures. An overview on a novel diagnostic procedure is provided in the
�nal section.

1.1 Cardiovascular system

�e cardiovascular system (CVS) consists of the heart and of the blood vessels
through which the blood circulates.�e blood is a particulated �uid, as it is
composed of a suspension of particles (erythrocytes, leukocytes and throm-
bocytes - 45 %) in a liquid part (plasma, 55 %). It accounts for approximately
8 % of body weight, with an average volume of 4-6 liters [24]. One of the
functions of blood and the CVS is to distribute vital substances to the tissues.
�e heart is a muscular organ in the chest cavity, and can be functionally
divided in a right and a le� side, as they pump the blood into the pulmonary
and the systemic circulations, respectively. Each side is anatomically divided
in an atrium and a ventricle.
�e pulmonary circulation oxygenates the blood returning from the systemic
circulation. It starts in the right ventricle, which pumps the de-oxygenated
blood towards the lungs via the pulmonary arteries, and ends in the le�
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atrium, which collects the oxygenated blood via pulmonary veins.�e sys-
temic circulation allows the blood rich of oxygen and nutrients to reach
each cell while carrying away metabolic wastes such as carbon dioxide. A
schematic representation of the systemic circulation is provided in Figure
1.1.�e systemic circulation is driven by the contraction of the le� ventricle,
which pumps the oxygenated blood in the aorta. Each segment of the aorta
branches into smaller arteries until reaching the capillary beds, where the
exchange of oxygen and nutrients with metabolic wastes occurs.�e venous
blood is then collected by gradually larger veins and returns to the right
atrium via the inferior and superior vena cava [25].

Arteries and veins share the function of carrying blood between the heart
and the cells. Blood �ows in the lumen of the vessels, whose wall is usually
constituted by three layers [26]:

• tunica intima is the innermost layer. It is constituted largely of en-
dothelial cells and a variable amount of subendothelial connective
tissue, better known as lamina propria, depending on the vessel size
and function.�e endothelial cells are arranged closely together, hence
preventing the discontinuity in the vessel’s lumen and minimizing
blood’s friction. �eir thickness varies from 0.2 to 3 µm, and they
are generally elongated in the direction of the blood �ow.�e tunica
intima regulates transmural transport and converts blood �ow wall
shear stress to biomechanical signals.

• tunica media is the intermediate layer. It is composed mainly of con-
centric layers of circumferentially or helically arranged smoothmuscles
controlled by sympathetic nerves, and therefore regulates vasoconstric-
tion (decrease of lumen diameter) and vasodilation (increase of lumen
diameter). Collagen and elastin �bers are also present.

• tunica externa is the outermost layer. It is composed mainly of col-
lagen and elastin �bers, as it integrates the vessel to its surrounding
structures. �is layer provides the vessels of elastic and compliant
properties.

�e three layers are separated from each other by elastic lamellae (internal
between tunica intima and tunica media, and external between tunica media
and tunica externa).
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1.1. Cardiovascular system

Figure 1.1: Schematic representation of the systemic circulation. �e pulmonary
circulation is shown in gray for comparison. Adapted from [24].
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1. Clinical rationale

Overall, veins are typically thinner than arteries.�e usual diameter and
thickness of larger arteries is 1 cm and 1 mm, respectively, while it is 0.5 cm
and 0.5 mm for larger veins [24]. As shown in Figure 1.2, the wall structure of
arteries and veins is di�erent [27] as a result of the di�erent pressure regimes
that occur in the two types of vessel: elastic arteries experience a pressure
from 80 to 120 mmHg because the blood is being pumped directly in the
arteries by the heart towards the rest of the body; veins, on the other hand,
experience a lower pressure (1 to 15 mmHg), as a result of the �ow resistance
of the microvasculature [28].�e tunica media is therefore typically thicker
in arteries than in veins [29]. Furthermore, systemic veins and venules carry
a large portion of the blood volume (60 %) and are therefore referred to as
capacitance vessels.�e tunica externa in veins is typically thicker than the
one in arteries [29].

Figure 1.2:�e histology of internal thoracic artery (A, C) and saphenous vein (B,D)
allow to notice their structural di�erences. Arrows: 1—endothelium, 2—internal
elastic lamina, 3—tunica intima, 4—tunica media, and 5—tunica externa. Adapted
from [27] .
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1.1. Cardiovascular system

�e di�erent structure of an elastic and a muscular artery is noticeable in
Figure 1.3. Vessels’ size and composition depend on their location in the CVS.
�e large central arteries have more elastin and less smooth muscle cells than
the more peripheral arteries [30].�erefore, the central arteries are called
elastic, while the more peripheral ones are calledmuscular. For instance, the
aorta, the major artery of our body, is also the most elastic one, as it contains
more elastin than any other vessel.�erefore, its tunica media is relatively
larger than other arteries, resulting in a diameter between 1 and 2.5 cm.

Figure 1.3: Histological images of (A) a large elastic artery and (B) a muscular artery.
�e media of the elastic artery consists of concentrically organized musculo-elastic
complexes, while the medial organization of the muscular artery in musculo-elastic
complexes has entirely disappeared. Adapted from [30].
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1. Clinical rationale

1.2 Carotid arteries

At rest, approximately 13 % of the blood is normally carried to the brain
in adults [24].�e carotid arteries are the main vessels supplying blood to
the brain. �e le� common carotid artery (CCA) branches directly from
the aortic arch, while both the right CCA and the right vertebral artery
branch o� from the right subclavian artery, as shown in Figure 1.4.�e CCA
branches into the external (ECA) and internal (ICA) carotid arteries.�e
ECA supplies most of face muscles and the tongue. �e ICA, throughout
its branches, supplies the orbits and more than 80 % of the cerebral blood.
�e remaining volume is carried mainly by the vertebral arteries, which,
furthermore, are connected to the ICAs via the Circle of Willis, providing
redundancy in the supply of cerebral blood [31].

Figure 1.4: Representation of the right view of neck’s arteries. �e vertebral and
carotid arteries are shown in green and blue, respectively. Adapted from [32].
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1.2. Carotid arteries

Typical �ow waveforms of the blood �owing through CCAs, ICAs and
ECAs of older adults (60-76 years old, N=94) [33] are reported in Figure 1.5,
where it is possible to notice that the pulsatility of the CCA is higher than
the pulsatility of ICA.�e damping is a consequence of a combination of
increased destinsibility and increased resistance of the bifurcated arteries
relatively to the upstream one.

Figure 1.5: Representation of the volumetric �ow rate of CCA, ICA and ECA aver-
aged over 94 older adults.�e time is relative to the trigger of the electrocardiogram.
Adapted from [33].

As the percentage increase in area at a given pressure is lower in a larger
artery, the CCA have less distensibility CD than the ICA, but its compliance
C will be greater because of the larger absolute volume increase [34], [35]
(see equations 1.1 and 1.2).

CD = ∆V V0
∆P

(1.1)

C = ∆V
∆P

(1.2)

�e vascular resistance R, based on Poiseuille’s law (more thoroughly
described in section 2.18), is de�ned in equation 1.3. It shows that the diameter
D and the length of the vessel L, together with the dynamic viscosity of the
blood µ and the �ow rate Q at which it �ows in the vessel lumen, have an
impact on the vessel resistance. According to Blum [36], due to the decrease in
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1. Clinical rationale

diameter with each split, the vessel resistance at the n-th generation increases
exponentially, as de�ned in equation 1.4.�e total resistance of an arterial
tract can be de�ned as the sum of the resistance of each arterial segment, see
equation 1.5. Please note that Blum’s theory of the build-up resistance does
not take into account the impact of the presence of bifurcations and other
�uid mechanical factors on the vascular resistance.

R = 128µL
πD4

(1.3)

Rgen−n =
2.52n

2n−1
⋅ Rparent (1.4)

Rtract = Rgen−1 + Rgen−2 + ... + Rgen−n (1.5)

Additionally, the ICA is of greater relevance for the presence of the ca-
rotid sinus, which is one of the sites in the CVS hosting baroceptors. �e
baroceptors are essential for homeostasis regulation, i.e. the maintenance
of arterial blood pressure BP in the normal range: if the BP rises above the
normal range (i.e. system imbalance) [37], the baroceptors are stimulated
and hence send impulses to the cerebral centers controlling the vasomotor
activities, inducing a decrease in the rate of vasomotor impulses.�ese stim-
uli result in vasodilatation (increase of the lumen diameter D), which leads
to a decrease in vascular resistance R and, therefore, lowers BP to the normal
range, based on the equation 1.6. Equation 1.6 is better known as Poiseuille’s
law [38], and it is more thoroughly described in section 2.1 (speci�cally, in
equation 2.18).�e same pathway applies in the case of lower BP, by enfor-
cing vasoconstriction.�erefore, the presence of unstable or �uctuating �uid
dynamics in ICA impact baroceptors and hence the entire CVS.

BP = R ⋅ Q (1.6)

1.3 Stenosis

�e abnormal constriction of the vessel lumen due to the growth of an ather-
osclerotic plaque is better known as stenosis, and it can occur at a variety of
locations in the CVS such as systemic, pulmonary, and cerebral arteries [39].
As more thoroughly justi�ed in section 2.3, among the arteries, the carotid
arteries are particularly prone to the development of a stenosis.

As represented in Figure 1.6, a stenosis can be found in several morpho-
logies in the human body, as found by [40] by performing angiography on
110 patients, depending on the extension of the atherosclerotic plaque.�e
composition of the plaque can also largely vary, as represented in Figure 1.7.
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1.3. Stenosis

Figure 1.6: Diagram of stenotic artery angiographic patterns. Adapted from [41].

Figure 1.7: Intracoronary near-infrared spectroscopy histology sections of a lipid
core (A) and a �brotic-cal�cic core (B) atherosclerotic plaques obstructing an artery,
leading to stenosis. Adapted from [42].
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1. Clinical rationale

�e severity of a stenosis, i.e. the percentage of obstruction (see equa-
tion 1.7 for the North American Symptomatic Carotid Endarterectomy Trial
method, where A = πD2

4 is the cross-sectional area), can vary from moderate
to extremely severe, as depicted in Figure 1.8. Furthermore, the plaque can
extend over a large portion of the artery [41], as reported in Figure 1.9.

severity = Adownstream − Astenosis
Adownstream

⋅ 100 (1.7)

Figure 1.8: Four grades of luminal cross-sectional area reduction, L = lumen. Sec-
tions of epicardial coronary arteries adapted from [43].
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1.3. Stenosis

Figure 1.9: Composite of 5 mm coronary artery cross sections from ostium (1) to
distal-most portion (14), withmarked variation in luminal (L) shape, size, and course.
Adapted from [41].
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1. Clinical rationale

1.4 Carotid stenosis and stroke: current treatments and
diagnostic procedures

�e presence of a carotid stenosis could lead to a signi�cant reduction or
blockage of the blood �ow towards the brain, causing ischemic stroke [2].
Stroke represents the third cause of death worldwide, as it accounted for
more than three million deaths in 2017 alone [44]. If not fatal, stroke is a
debilitating disease, as it can lead to hemiparesis (one-side facial paralysis)
or hemiplegia (one-side body paralysis): the economical burden and social
implications of stroke are dramatic. Moreover, recurrent stroke is frequent,
as about 25 % of people who recover from their �rst stroke will have another
stroke within 5 years [45]. Carotid artery stenosis alone is responsible for 6
out of 10 large-vessel atherothrombotic strokes [46].

As a result of several randomized control trials [7], the Society for Vas-
cular Surgery has long considered carotid endarterectomy the best surgical
treatment for carotid stenoses [47]. It consists inmaking an incision along the
front of the neck, opening the carotid artery and removing the plaques that
are clogging the artery, as depicted in Figure 1.10a. Carotid angioplasty and
stenting surgery has emerged in the last decade as a less invasive alternative
to carotid endarterectomy. As shown in Figure 1.10b, it consists in inserting
a catheter in the stenosed artery and forcing the compression of the plaque
towards the arterial wall using a balloon or a permanent stent.�e advantage
of carotid angioplasty and stenting surgery is due to fewer cardiovascular
complications, milder sedation and absence of neck incisions. Medical ther-
apy, such as combined antiplatelets drug therapy, the use of statin medication
and anti-hypertensive agents as an aggressive correction of risk factors [7], is
also a possible alternative or cooperator.
�e elective therapy depends on the di�erentiation between symptomatic
and asymptomatic patients, on the stenosis severity, and on other factors (i.e.
age and sex) [47]. Speci�cally, carotid endarterectomy is recommended for
symptomatic patients with > 60 % stenosis [48], but it has no bene�ts for
patients with lower degree of stenosis if 30-60 % and it even increases the
risk of stroke, both operative and ischemic, for patients with less than 30 %
stenosis [49]. Carotid endarterectomy was found to provide fewer bene�ts on
high-grade asymptomatic patients (for whom the risk of cardiac ischemia and
vascular death is as high as 9.9 % annually [50]), with only a marginal bene�t
from revascularization [7] and a 1 % risk reduction of stroke per annum in
two years [51]. However, there is disagreement concerning the underlying
randomized control trials on carotid angioplasty and stenting surgery for
asymptomatic patients, which has limited its use.�e decision on whether to
implement invasive treatment in patients with asymptomatic carotid artery
stenosis is a di�cult one [7].
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1.4. Carotid stenosis and stroke: current treatments and diagnostic
procedures

Figure 1.10: Endarterectomy (a) and stenting (b) are the current procedures for
carotid stenosis. Adapted from [52].

�e yield of prophylactic invasive treatments, on the other hand, would
improve with the identi�cation of asymptomatic patients at high risk of
stroke, e.g. with a high-grade or a progressive stenosis [7]. Furthermore,
early detection could decrease mortality [53]. �e two main current dia-
gnostic procedures for carotid stenosis are carotid auscultation and ultra-
sound. Auscultation is based on the presence of the carotid bruit, and relies
on the experience of the practitioner to discern it.�is technique therefore
su�ers from a lack of speci�city and sensitivity, but it is still currently used
by general practitioners because of its non-invasivity and inexpensiveness
[54]. Ultrasound, which is routinely used for stenosis diagnosis in hospitals,
is complex for use in �rst-line screening [55].
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2
Fluid dynamics in the

cardiovascular system

�e study of �uid dynamics is concerned on how �uids behave when in
motion.�e primary focus of this chapter is to provide an overview of the
�uid dynamics phenomena related to carotid stenosis. �e relevant �uid
dynamical equations are reported and then applied to the speci�c research
topic of this dissertation in the �rst section 2.1. An overview of �uid dynamics
and the �ow regimes is provided in the second section 2.2, followed by their
application to the cardiovascular system in the third section 2.3 and, speci�c-
ally, to the carotid arteries in the fourth section 2.4. Finally, the existence and
smoothness problem of the Navier-Stokes equations for turbulent �uids and
the Kolmogorov theory of turbulence are reported in the sections 2.5 and 2.6,
respectively.

2.1 Navier-Stokes equations

To better understand the changes that a �ow undergoes when entering and
exiting a stenosis, it is worth introducing the incompressible Navier-Stokes
equations.�ey consist of a system of two equations expressing the conserva-
tion of mass, i.e. the continuity equation (2.1), and the momentum equations
(2.2), respectively. Both equations are partial di�erential equations (PDEs), as
they involves partial derivatives of multiple unknown independent variables.
D is the material derivative, ρ is the �uid density,Ð→v is the velocity vector, p is
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2. Fluid dynamics in the cardiovascular system

the pressure,Ð→τ is the viscous stress tensor andÐ→g is the gravity acceleration
[56].

∇ ⋅Ð→v = 0 (2.1)

ρ
DÐ→v
Dt

= −∇p +∇ ⋅Ð→τ + ρÐ→g (2.2)

Due to the complexity of the cardiovascular system, the arteries are o�en
modeled as pipes in order to gain a �rst order insight on the �uid dynamics
of the CVS by taking advantage of the thorough studies that have been made
on pipes. Considering that we are interested in the motion of �uid in a
simil-cylindrical pipe, both equations are going to be written in cylindrical
coordinates where r, θ and z are the radial, angular and axial coordinates,
respectively.�erefore, vr , vθ and vz are the radial, angular and axial velocity
components. Please refer to Figure 2.1 for a schematic representation of
the problem and its coordinate system. �e equations, which apply for a
Newtonian �uid, are expressed by using the Eulerian formulation, i.e. the
�uid motion is observed from an external view point and, therefore, the
quantities are examined in function of time and position in a �xed reference
frame.

Figure 2.1: Schematic representation of a pipe with diameter D and length L, in
which a �uid with kinematic viscosity ν is entering at velocity v. U: upstream, D:
downstream. Coordinate system on the le� side.

2.1.1 Continuity equation
�e continuity equation for an incompressible �uid refers to the law that the
mass of the �uid does not change. It is de�ned as in equation 2.3.

1
r
∂(r vr)
∂r

+ 1
r
∂vθ

∂θ
+ ∂vz
∂z

= 0 (2.3)
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2.1. Navier-Stokes equations

2.1.2 Momentum equation
�e momentum equation describes the momentum of a viscous �uid, which
is a three-dimensional problem and, therefore, results in one equation for
each velocity component. In cylindrical coordinates, they can be written as
in 2.4, 2.5 and 2.6, where ρ and µ are the �uid properties, p is the pressure
(scalar) andÐ→g = (gr , gθ , gz) is the gravitational acceleration.

r ∶ ρ[∂vr
∂t

+ vr
∂vr
∂r

+ vθ

r
∂vr
∂θ

−
v2θ
r
+ vz

∂vr
∂z

] = −∂p
∂r

+ ρgr+

+µ[ 1
r
∂
∂r

(r ∂vr
∂r

) − vr
r2
+ 1
r2
∂2vr
∂θ2

+ ∂2vr
∂z2

− 2
r2
∂vθ

∂θ
]

(2.4)

θ ∶ ρ[∂vθ

∂t
+ vr

∂vθ

∂r
+ vθ

r
∂vθ

∂θ
+ vz

∂vθ

∂z
+ vrvθ

r
] = − 1

r
∂p
∂θ

+ ρgθ+

+µ[ 1
r
∂
∂r

(r ∂vθ

∂r
) − vθ

r2
+ 1
r2
∂2vθ

∂θ2
+ 2
r2
∂vr
∂θ

+ ∂2vθ

∂z2
]

(2.5)

z ∶ ρ[∂vz
∂t

+ vr
∂vz
∂r

+ vθ

r
∂vz
∂θ

+ vz
∂vz
∂z

] = −∂p
∂z

+ ρgz+

+µ[ 1
r
∂
∂r

(r ⋅ ∂vz
∂r

) + 1
r2
∂2vz
∂θ2

+ ∂2vz
∂z2

]
(2.6)

�e terms on the le� hand side, divided by ρ, refer to the accelerations
of the �uid, speci�cally the local acceleration (time variant term) and the
convective acceleration.�e terms on the right hand side refer, in order of
appearance, to the pressure gradient term, to the body force term, and to the
viscous terms (identi�ed by the dynamic viscosity µ).

2.1.3 Simpli�cations leading to Poiseulle’s law
To solve the Navier-Stokes equations is extremely challenging. By reasoning
on the physics of the problem of interest, it is possible to apply several assump-
tions to simplify the equations. Speci�cally in the context of a cylindrical pipe
�ow, both the continuity and the momentum equations of a laminar �ow
can be simpli�ed when taking into account the following physically reliable
assumptions:

• steady �ow: the velocity of the �uid in any point does not change over
time, hence all time derivatives are null⇒ ∂

∂t = 0;
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2. Fluid dynamics in the cardiovascular system

• horizontal pipe: gravity does not play a role, hence all gravity terms
are null⇒Ð→g = 0;

• only longitudinal forces act on the �uid, i.e.:

– no radial forces act on the �uid, hence all radial velocity terms
and its derivatives are null⇒ vr = 0

– no rotational forces act on the �uid, hence all rotational velocity
terms and its derivatives are null⇒ vθ = 0

• the cylindrical geometry is symmetric with respect to θ, hence vz does
not depend on θ ⇒ ∂vz

∂θ = 0

By applying these assumptions to the previous equations, we obtain the
following:

2.3⇒ ∂vz
∂z

= 0 (2.7)

2.4⇒ 0 = −∂p
∂r

(2.8)

2.5⇒ 0 = −∂p
∂θ

(2.9)

2.6 & 2.7⇒ 0 = −∂p
∂z

+ µ 1
r
∂
∂r

(r ⋅ ∂vz
∂r

) (2.10)

Equation 2.10 is the simpli�ed form of the longitudinal component of
the momentum equation. In order to solve it, it can be multiplied by rµ and
integrated by ∂r, obtaining equation 2.11, which can, in turn, be multiplied
by 1r and integrated once more by ∂r, obtaining 2.12 and two integration
constants, C1 and C2.

r2

2µ
∂p
∂z

+ C1 = r ⋅
∂vz
∂r

(2.11)

r2

4µ
∂p
∂z

+ C1 ⋅ ln(r) + C2 = vz (2.12)

In order to obtain the value of the integration constants of equation 2.12,
we need to introduce the two following boundary conditions:

• the �uid velocity is �nite at the centerline (r = 0)⇒ C1 = 0
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2.1. Navier-Stokes equations

• no slip condition: the �uid velocity is null at the pipe walls (r = D/2)
⇒ C2 = − D

2

16µ
∂p
∂z

Furthermore, the pressure term refers to the pressure gradient along the
cylindrical pipe. If we assume the pipe in Figure 2.1 to have arbitrary length L
between pointU for upstream and point D for downstream, then the pressure
at the entrance of the pipe (z = U) is pU and the pressure at the end (z = D)
is pD.�erefore, the pressure term can be written as in equation 2.13, where
pU>pD.

∂p
∂z

= pU − pD−L = −∆p
L

(2.13)

By replacing the integration constants and the pressure term in equation
2.12, it is possible to obtain equation 2.14. It represents the physics of the �uid
dynamical problem: it shows that the velocity of a �uid in a pipe depends on
the pressure gradient along it, as the �uid �ows le� to right with an intensity
proportional to pU−pD . Furthermore, it describes the parabolic pro�le of the
longitudinal velocity through a pipe, which is null at the wall (see equation
2.15) and reaches its maximum at the center (see equation 2.16).

vz =
4r2 − D2
16µ

∆p
L

(2.14)

r = D
2
∶ vz = 0 (2.15)

r = 0 ∶ vz =
D2

16µ
∆p
L

(2.16)

It is worth noticing that it is possible to rewrite equation 2.16 as function
of volumetric �ow rate Q (see equation 2.17), hence obtaining Poiseulle’s law.
It was previously presented in equation 1.6, and it is here re-presented as in
equation 2.18 to highlight the relationship between the pressure drop and the
fourth power of the diameter.

Q = v ⋅ A (2.17)

∆p = 128µL
πD4

Q (2.18)
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2. Fluid dynamics in the cardiovascular system

2.2 Flow regimes

A �uid in a pipe is commonly classi�ed in three main regimes:

• Laminar �ow: the �uid �ows in in�nitesimal parallel layers with no
disruption between them;

• Unstable or transitional �ow: the �ow is not fully laminar nor fully
turbulent;

• Turbulent �ow: a turbulent �ow can be de�ned by its properties [57]:

– Di�usive - rapid mixing and spread of velocity �uctuations
through the surrounding �uid;

– Rotational and three-dimensional - high levels of �uctuating
vorticity;

– Irregular - chaotic changes, streamlines crossing
– Dissipative - the turbulent kinetic energy decays rapidly into
internal energy of the �uid as a result of the viscous forces.

2.2.1 Pipe �ow
Historically, the existence of two distinct types of �ows in a pipe was �rst
observed in 1839 by Hagen [58]. However, the distinction between turbulent
and laminar regimes was studied in 1883 by Osborne Reynolds [59], who also
identi�ed a dimensionless number able to discriminate between �ow regimes,
the Reynolds number (Re), de�ned as in equation 2.19. It represents the ratio
between inertial and viscous forces, and it implies that the �ow regime of a
�uid depends on the combination of material properties of the �uid itself
(kinematic viscosity ν, de�ned as the ratio between dynamic viscosity µ and
density ρ), on its velocity v, and on the diameter of the pipe D. For instance,
the �ow of �uid with kinematic viscosity ν in a pipe of diameter D1 can
transition from laminar to transitional and eventually to turbulent by an
increase of velocity v2 > v1 such that the Reynolds number varies across the
thresholds reported in Table 2.1.

Re = v ⋅ D
ν

(2.19)

�is is exempli�ed by panels a and b of Figure 2.2. An increase in cross-
sectional area (hence D2 > D1, as depicted in Figure 2.2c) can lead to unstable
�ow despite the velocity v1 is the same as in a pipe without restrictions (panel
a).�e combination of increased velocity and increased pipe diameter as in

22



2.2. Flow regimes

Laminar Regime Transitional Regime Turbulent Regime
Re < 2300 2300 < Re < 4000 Re > 4000

Table 2.1: Commonly accepted thresholds for relationship between Reynolds num-
ber Re and �ow regimes.

Figure 2.2d would lead to a further increase of Reynolds number and hence,
possibly, to turbulence. Please note that the velocity pro�le for laminar �ow
(Figure 2.2a) is parabolic as previously reported in equation 2.14. It is implied
that the �ow at zU in Figure 2.2 has already overcome the hydrodynamic
entrance length and is therefore fully developed.

Figure 2.2: Schematic representation of the �uid traces for laminar, unstable and
turbulent �ow in a pipe.�e velocity v2 is higher than v1.�e diameter D2 is larger
than the diameter D1. U:upstream, D:downstream
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2. Fluid dynamics in the cardiovascular system

2.2.2 Sudden contraction and sudden expansion
�e diameter is not the only geometrical feature with an impact on the �ow
�eld. For instance, �ow in converging and diverging tubes are well known
to have an impact, as depicted in Figure 2.3. Beside the previously reported
relationship between pressure drop and volumetric �ow in a pipe found by
Poiseuille (equation 2.18), Young and Tsai [60], [61] reported that the pressure
drop across a contraction or an expansion of a pipe ∆pe−c depends on the
squared volumetric �ow rate and on a coe�cient Kt , as reported in equation
2.20.�e coe�cient Kt is a shape coe�cient as its value depends on the shape
(i.e. the converging or diverging angle) of the geometrical change.

∆pC−E =
ρKt
2

( 1
A2C−E

− 1
A2P

)Q2 (2.20)

Figure 2.3: 2D schematic representation of the �uid traces for �ow in a pipe with a
sudden constriction (a) and sudden expansion (b). Adapted from [62].

2.2.3 Curvature
Furthermore, the curvature of the pipe has as well an impact on the �ow
�eld [63], [64]. As the �ow enters the curvature site, the curved pipe walls
impose curved streamlines and thus centrifugal forces.�is will result in a
radial pressure gradient that develops between the outer and the inner wall
of the curved pipe, resulting in a skewed axial velocity pro�le.�e secondary
motion of the �ow gives rise to two counter-rotating vortices in the normal
plane, better known as Dean vortices [65].�e Dean number is de�ned as
in equation 2.21, where δ is the ratio between the pipe diameter and 2 times
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2.3. Blood �ow in the cardiovascular system

the curvature radius. It represents the ratio between inertial and centripetal
forces on viscous forces.

Dn = δ0.5Re (2.21)

2.2.4 Pulsatility
Besides geometrical factors, the pulsatility of the �ow can also have an impact
on the �ow regime.�e Womersley number α [66] is de�ned in equation
2.22, where ω is the pulsation frequency, L is the pipe length and ν is the
kinematic viscosity.�e Womersley number α represents the ratio between
transient inertial forces and viscous forces.�e Womersley number has been
claimed to bemonotonically linked to the transition to turbulence in pulsatile
�ows [67]. On the other hand, a reduction of α was found to substantially
delay the transition to turbulence to higher Re values [68].

α2 = L2ω
ν

(2.22)

2.3 Blood flow in the cardiovascular system

�e typical Reynolds number in the CVS varies from 1 in small arterioles to
approximately 4000 in the aorta and heart valves [69]. However, complex
geometries are quite common in the cardiovascular tree.�e biomechanical
community is well aware of the so-called geometrical risk factors [70], such
as sharply angulated branches of the bifurcation, asymmetric branching
angles, and curvatures as the ones reported in Figure 2.4 and in Figure 2.5,
where the velocity pro�les in the carotid arteries rarely resemble the ones of
a fully developed �ow.�ese geometrical factors can lead to an altered wall
shear stress (WSS), altered oscillatory shear index (OSI), and �ow separation
[70].�e geometry related �ow disturbed phenomena are known to impair
mechanotransduction mechanisms, which leads to pathological conditions
[71].

�e carotid bifurcation is considered one of the most critical tracts of the
arterial tree for atherosclerosis, since it is predisposed to several geometrical
risk factors [70], [72]. A representation of the complexity of the carotid
arteries �ow is reported in Figure 2.6. Focusing on the carotid arteries, the
main pathological conditions that are caused by �ow disturbed phenomena
are aneurysms and atherosclerosis-induced stenosis, as previously introduced
in section 1.3.
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2. Fluid dynamics in the cardiovascular system

Figure 2.4: Drawings of the several geometrical risk factors that can be found in the
carotid arteries. Adapted from [70].

Figure 2.5: Non parabolic velocity pro�les in the carotid arteries. Adapted from
[69].
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2.3. Blood �ow in the cardiovascular system

Figure 2.6:�e �ow separation region at the posterior wall of the internal carotid
sinus is also the site of reverse velocities and secondary vortex patterns. Hydrogen
bubble visualization of a carotid arteries model, adapted from [69].
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2. Fluid dynamics in the cardiovascular system

2.3.1 Carotid aneurysms
Locally elevated WSS and OSI are highly correlated with the formation of an-
eurysms [73]. Furthermore, Valen-Sendstad et al [74] found high-frequency
velocity �uctuations at the location at which aneurysms would have de-
veloped, as shown in Figure 2.7. �e high-frequency �uctuations could
be of relevance for understanding aneurysm initiation as it was found by
Davies et al [75] that even low turbulent intensity caused the absence of cell
alignment, indicative of impaired mechanotransduction.

Figure 2.7: High-frequency velocity instabilities are thought to have a role in the
initiation of ICA aneurysms. Adapted from [74]. Top: CFD models show extent of
geometry, the (removed) aneurysm, and locations of the velocity probes. Bottom:
corresponding velocity vs. time traces, normalized by their respective cycle averages,
highlight varying degrees of �ow instabilities.

2.3.2 Atherosclerosis and carotid stenosis
Low WSS and high OSI are known to be linked to the thickening of the
arterial tunica intima, leading to atherosclerosis [9], [76]. Atherosclerosis is a
chronic in�ammation linked to the deposition of lipidmaterial (better known
as atheroma), in the sub-intimal layer of arterial walls [77], which protrude
in the lumen of the artery.�e occurrence of atherosclerosis is increased in
the presence of risk factors such as, e.g., smoking, hypercholesterolemia, and
diabetes [78].
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2.4. Fluid dynamics of stenotic carotid arteries

�e Reynolds number in a healthy carotid artery is approximately 300,
based on the �ow rate and diameters of Hoi et al [33] and Stergiopulos [79],
for typical blood viscosity values.�e Reynolds number in stenosed carotid
arteries largely varies from 50 to 1200 with the stenosis severity [80], [81].

2.4 Fluid dynamics of stenotic carotid arteries

It is in our interest to study the �uid dynamics in an idealized stenosed
artery of diameter D, with only one entrance and only one exit, and with
an inlet �ow rate Q, constant throughout the pipe.�e assumptions used
to obtain equation 2.14 from the Navier-Stokes equations are valid in the
current problem as well.

In Figure 2.8a, a �uid with kinematic viscosity ν is depicted �owing in a
pipe of diameter D with velocity v. On the same conditions, the �ow in an
artery with a stenosis undergoes two changes, the �rst one by entering the
stenosis, and the second one at its end. As shown in Figure 2.8b, the locations
upstream, downstream and at the throat of the stenosis are referred to as U ,
D and S, respectively.

Figure 2.8: Schematic representation of the �uid traces for laminar �ow in a pipe
with diameter D (a) and unstable �ow in a stenosed pipe with stenotic diameter DS
< D (b).�e inlet velocity v and the �uid properties ν are the same. U: upstream of
stenosis, S: stenosis throat, D: downstream stenosis.

By applying the previous equations to our problem, it is possible to un-
derstand that, with a constant �ow rate (QU = QS = QD), the reduction
of cross-sectional area A at the stenosis throat (AU = AD > AS) induces a
change in the resistance and hence in pressure and, in turn, in �uid velocity.
Speci�cally, by entering the stenosis, the �ow undergoes an acceleration,
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2. Fluid dynamics in the cardiovascular system

whilst the �ow exiting the stenosis faces a deceleration: vS > vU = vD.�e
change in downstream velocity is likely to induce �ow instabilities and eventu-
ally turbulence, revealing a stenosis as an extremely risky geometrical factor.
Flow instability or turbulence are three-dimensional time dependent pro-
cesses which are characterized by a non-parabolic velocity pro�le, implying
that the assumptions reported so far for the Navier-Stokes equations are not
applicable. �erefore, it is not possible to obtain a simpli�ed form of the
Navier-Stokes equations for turbulent �ows.

2.5 Existence and smoothness problem of the Navier-Stokes
equations

To this day, a solution of the Navier-Stokes equations has not been found yet,
as a result of the mathematical di�culty of combining quadratic derivatives
of several variables and time. �e explicit solution has been found for a
very limited number of cases, e.g. for the �ow of a viscous �uid between
two rotating cylinders (better known as Taylor–Couette �ow), which are
not applicable to most physiological and daily life situations.�erefore, the
so-called existence and smoothness problem of the Navier-Stokes equations is
aMillenium Prize problem, as the interest on turbulence is extremely high for
its impact on several engineering applications, i.e. aeronautics, combustion
and weather. Whilst the analytical problem remains unsolved, investigation
on the physics of turbulence has been relentless, resulting in theories as the
one reported in the following section.

2.6 Kolmogorov’s theory on turbulent energy cascade

In 1941, Kolmogorov introduced the concept of "cascade" to describe how
energy is transferred from the larger to smaller scales into successively smaller
eddies (i.e. �uid swirls), and howmuch energy is contained and/or dissipated
by eddies of each size.

Consider a turbulent �ow. At the large-scale, the turbulent �ow has
characteristic velocity v0, length scale l0 and time scale t0 = v0/l0. �e
initial inertial energy is transferred at a transfer rate ϕ from the large-scale
phenomena to subsequently smaller eddies by a degradation process (i.e.
inertial range, at lϕ < l < le), until the smallest eddies are dissipated by the
viscosity forces at rate e (i.e. dissipation range, at l < le).

Furthermore, Kolmogorov hypothesized that the statistical properties of
smaller scales are independent from the larger scales, as small-scale turbulent
motions are statistically isotropic regardless of the eventual anisotropy of
large-scales turbulent motions.�is hypothesis implied that the �ow proper-
ties at the small-scales depend only on the kinematic viscosity of the �uid
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2.6. Kolmogorov’s theory on turbulent energy cascade

ν, and on ϕ, which is reasonably equal to the rate at which the eddies are
dissipated (e), providing equilibrium to the system. �erefore, the length,
velocity and time scales at l < le can be de�ned based on ν and e, resulting in
equations 2.23, 2.24 and 2.25, respectively.

η = ν
3
4

e
1
4
[m] (2.23)

vη = e
1
4 ν

1
4 [m
s
] (2.24)

tη =
ν
1
2

e
1
2
[s] (2.25)

Furthermore, the energy transfer rate ϕ is proportional to v
3
0
l0 , implying

that the dissipation rate e is aswell proportional to the larger scale phenomena,
and can therefore be directly estimated.�erefore, by dimensionless analysis,
it is possible to obtain the ratio between the small and large-scale results in
equation 2.26, providing a relationship between small and large scales.

η
l0
= Re

−3
4 ,
vη

v0
= Re

−1
4 ,
tη
t0

= Re
−1
2 (2.26)

As demonstrated by Pope [82], the distribution of turbulent kinetic energy
(tke) and of dissipation rate e in the di�erent scales depends on the energy
spectrum (E′) in terms of wave number (κ, which is inversely proportional to
the length scales: κ = 2πl ), as reported in equations 2.27 and 2.28, respectively.

tke = ∫
∞

0
E′(κ)dκ (2.27)

e = ∫
∞

0
2νκ2E′(κ)dκ (2.28)

As shown in equation 2.29, by applying Kolmogorov hypothesis, it is
possible to obtain the expression of E′(κ) in the inertial subrange (at lϕ < l <
le).�e form of the energy spectrum provides a representation of how the
turbulent kinetic energy distributes throughout the various wave numbers.
�e concepts of energy cascade are summarized in Figure 2.9.

E′(κ) = ce
2
3 κ
−5
3 (2.29)
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2. Fluid dynamics in the cardiovascular system

Figure 2.9:�e energy of turbulent �ows distributes di�erently in the production,
inertial and dissipation ranges, as it depends on the length scale κ.

32



C
h
a
p
t
e
r

3
Rationale for a combined

experimental and numerical
approach

�e study of �uid dynamics is based on a threefold approach: analytical,
experimental and numerical.�is chapter reports an overview on each meth-
odology in sections 3.1, 3.2 and 3.3, respectively.�e rationale for performing
a combined experimental and numerical analysis in the context of the current
dissertation is reported in the �nal section 3.4.

3.1 Analytical approach

As reported in the previous chapter (section 2.5), due to the severe limitations,
the analytical solutions of the fundamental �uid dynamical equations have a
very limited applicability, especially for unstable and turbulent �ow, which is
likely to be found downstream of a stenosis (section 2.4).

3.2 Experimental approach

�e empiric approach has always been helpful for improving the understand-
ing of physical phenomena. For the relevance in the subject of study, it is
worth mentioning the work that Giddens and Ahmed carried out: in 1983
they conducted experiments using Laser Doppler Anenometry on a rigid pipe
with a 76 % symmetric restriction by imposing several Reynolds numbers (of
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3. Rationale for a numerical approach

500, 1000 and 2000) with constant �ow [8]. In the same year, they performed
similar tests on a 25 % and a 50 % constriction [11] with several Reynolds
numbers. Finally, they imposed a pulsatile �ow rate on the rigid pipes with
25 %, 50 % and 75 % stenoses for a �xed Reynolds number of 600 [83].�e
results of their analysis were extremely relevant for the understanding of
the physics of the unstable �ow downstream of a stenosis, as they observed
several �ow phenomena linked with the transition to di�erent �ow regimes,
as depicted in Figure 3.1.

Figure 3.1:�e experiments, carried out with constant �ow at a Reynolds number of
2000 on three degrees of stenosis, detected a substantial di�erence of axial velocity
at several centerline locations downstream the stenosis [11], adapted from same.

However, their investigation did not include models with more severe
stenosis degrees, despite the atherosclerosis plaques are likely to grow enough
to cause even more severe obstructions than a 75 %. Furthermore, over two
years of investigation, they tested mainly constant �ow or pulsatile �ow
with a �xed Reynolds number, whilst physiological pulsatile �ow conditions
are a�ected by intense variability, especially for a compromised CVS [84].
�e material of the model was rigid, despite the compliant nature of arter-
ies. Moreover, the experimental approach prevented the measurement of
the relevant quantities at further locations. Point measures are intrinsically
subjected to uncertainties and measurement errors. Furthermore, the time
demand to obtain a su�ciently accurate and insightful experimental meth-
odology is extremely time demanding.�ese limitations are typical of any
experimental, or in-vitro, approach and, therefore, severely impact the pos-
sibility to perform complete parametric investigations of a �uid dynamical
phenomenon.

3.3 Numerical approach

In order to overcome the limitations of the in-vitro and analytical approaches
experienced by the entire �uid dynamical community, over the past century,
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scientists have developed a Computational Fluid Dynamics (CFD) approach.
It consists in simulating the motion of a �uid, hence approximating the
solution of the Navier-Stokes equations [85]. It allows to obtain a complete
description of the �ow variables (e.g. pressure and velocity) as function of
space and time in the entire �uid domain [86]. If performed by using robust
numerical strategy, CFD is able to produce reliable quantitative predictions
and/or analyses of �uid �ow phenomena.

In order to provide an overview of the approach, the process is presented
in layman’s terms in the current section.�e CFD process can generally be
divided in the steps shown in Figure 3.2.

Figure 3.2: Strategic �owchart for a CFD simulation. Veri�cation and validation
result in a robust numerical solution.

• Geometry &Mesh - the geometry is the �uid domain, the mesh is the
grid into which the geometry is subdivided (or discretized) [87]. For
biomedical applications, the geometry is usually obtained (or segmen-
ted) from anatomical patient-speci�c images [88].�e grid cells can
have di�erent size, which de�nes the density of the mesh, and shape:
for three-dimensional geometries, it is possible to create several types
of cells, e.g. hexahedral or tetrahedral.

• Speci�cations - refer to the ensemble of boundary and other condi-
tions applied to the speci�c numerical problem. �e e�ort is to set
speci�cations as similar as possible to the physical (see section 2.1) and
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3. Rationale for a numerical approach

physiological (Reynolds number, pulsatility, time dependency) reality
[89]. For instance, the no-slip condition is usually applied to the walls.
A physiological waveform as the one of Hoi et al [33] (see section 1.2)
is typically used at the inlet of carotid arteries models (i.e. the CCA). A
pressure or a �ow condition is applied to the outlet of the model. In the
presence of a bifurcated geometry, o�en a �ow split condition (based
on �xed values or on a Womersley model [90]) is set at the outlets.

• Numerical method - consists in the discretization and linearization
of the variables of the integral form of the PDEs on each grid cell.�e
most common methods by which the equations are discretized are:

– Finite Volume Method: the mesh is considered as a set of �nite
control volumes as in Figure 3.3a.�e values of each variable ϕ
(including pressures and velocities) are de�ned on a staggered
grid.�e discretized equations are obtained by integrating locally
the governing equations over each control volume.

Figure 3.3: a) �nite volume method or b) �nite element method for numerical
discretization of 2D domain. Adapted form [91].

– Finite Element Method: it is based on the Galerkin method,
which converts the continuous operator (i.e. the Navier-Stokes
PDE) to a discrete formulation. �e space is characterized by
polynomial basis functions Pj, onto which the variables ϕ within
each element are interpolated in terms of the values ϕ j at a set
of the nodal points j = 1 ∶ n (where n = 4 in the example of
see Figure 3.3b), thus guaranteeing the continuity of the solution
across the domain [91], as in equation 3.1.

ϕ = ∫
n

j=1
Pjϕ j (3.1)
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Please note that the precise and comprehensive comparison of the
two methods is out of the scope of this dissertation. Please refer
to [91] for a more insightful description of the similarities and
di�erences between �nite element and �nite volume methods.
Among �nite element methods, the spectral element method
deserves particular attention because of its use of high-degree
piecewise polynomials as basis functions.�is is of primary im-
portance to capture the dissipation of the turbulent kinetic energy,
thus resulting in being particularly suitable for the analysis of
unstable and turbulent �ows [12], [92], typically at the cost of
simpler geometries [93].

Furthermore, implementation methodologies [94] also impact the
accuracy of the solution. For instance, the numerical schemes are typ-
ically iterative, as they aim to re-iterate the calculation until reaching
the required threshold for accuracy.
�ere are several excellent commercial so�wares (e.g. Fluent Ansys),
which are applicable to any �uid dynamical problem. However the
black box interface and the di�culty of tuning default settings into
suitable settings (i.e. not too dissipative) may result in a lower suitabil-
ity for transitional �ows. On the other hand, open-source so�wares
are o�en developed with algorithms predisposed to e�ciently solve
speci�c �uid dynamical problems. For instance, the methodology
applied in the current work was performed by means of Oasis, a high-
performance Navier-Stokes equation solver, developed within Simula
Research Laboratory, especially thought for solving unstable and turbu-
lent �ows. It is based on a �nite elementmethod fractional stepmethod
[95] and its code was veri�ed whereby veri�cation is the process of
determining the mathematical correctness in the implemented numer-
ical algorithms that could impact the accuracy of the computational
results [96], [97].
In the context of unstable and turbulent �ows, it is worth mentioning
the di�erence between Direct Numerical Simulation (DNS) and Large
Eddy Simulation (LES). In the DNS approach, the entire range of
turbulent scales is resolved. A functional LES, on the other hand,
resolves the larger scales and models the smaller ones (for κ < κLES =
2π
lLES
as in Figure 3.4) by using sub-grid scale (SGS) models [98]. SGS

models are based on adding arti�cial viscosity νSGS to dissipate kinetic
energy of the sub-grid scales.�e resulting �ow �eld depends on how
the model is implemented (e.g. constant or dynamically calculated
νSGS) [99], [100]. By modeling the smaller scales instead of resolving
them, the LES approach is typically less expensive but less accurate
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than a DNS simulation [86]. Please refer to chapter 4, wherein the
comparison between DNS and LES approaches for the study of �uid
dynamics downstream of a stenosed carotid artery is discussed [101].

Figure 3.4: A Direct Numerical Simulation resolves all turbulent scales, whereas a
Large Eddy Simulations models the smaller ones using a SGS model.

• Results analysis - consists in the investigation of the physical sense of
the numerical solution.�e assessment of the accuracy of computa-
tional methodology is performed by comparing the numerical solution
against experimental measurements.�is process is better known as
validation, and its purpose is to identify and quantify the error and
uncertainty in the numerical models against the real world [97].�e
�uid solver Oasis used in the current work was validated against in
vitro experimental measurements of jet breakdown location from the
FDA nozzle benchmark [102] in 2018.

3.4 A CFD parametric study of an experimental technology: a
combined effort

With the purpose of providing a proof-of-concept on the feasibility of carotid
stenosis detection by using Laser Doppler Vibrometry, we performed several
experimental measurements on both compliant and rigid replicas of the
Computed Tomography Angiography images of an a�ected patient (please
refer to chapter 5, [103]). It is important to state that similar di�culties of Gid-
dens and Ahmed [8], [11], [83] (please refer to section 3.2) were encountered
in our study as well. Despite our best e�ort to overcome the limitations of
the experimental methodology (by performing tests on tubes with several
materials, at several �ow conditions and rates, and at several locations both
upstream and downstream the stenosis), we were simply not able to perform
measurements with several degrees of stenosis. Pleaser refer to chapter 5 for
the complete methodology [103].
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3.4. A CFD parametric study of an experimental technology: a combined
e�ort

�e intrinsic limitations of the experimental methodology prevented a
parametric study, which lead to the use of CFD.�e trade-o� between ac-
curacy and computational cost of DNS and LES approaches, for our context,
was explored as reported in chapter 4, [101].�e validation of the computa-
tional methodology was hence performed as in chapter 6, [104], wherein the
parametric study was subsequently conducted in order to assess the impact
of degree of stenosis, �ow rates, �ow split, velocity and Reynolds number on
the intensity of post-stenotic �ow instabilities.
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4
High-frequency instabilities:

a strategy in-silico study

�is chapter introduces a Computational Fluid Dynamics methodology fo-
cused on turbulence modeling, speci�cally on the several approaches that
could potentially allow to obtain an accurate estimate of the turbulent kinetic
energy at the scales of interest. �e chapter is based on the paper "High-
Frequency Fluctuations in Post-stenotic Patient Speci�c Carotid Stenosis
Fluid Dynamics: A Computational Fluid Dynamics Strategy Study", Car-
diovascular Engineering and Technology, vol. 10, no. 2, pp. 277-298, 2019
[101].

4.1 Introduction

Carotid stenosis is a progressive and local buildup of plaque in the carotid
bifurcation, leading to a local narrowing of the lumen.�emajor risk consists
of plaque rupture with subsequent debris and thrombi being transported
downstream where they can cause a blockage leading to a stroke and con-
sequent neurologic de�cits [105]. Asymptomatic carotid artery stenoses,
which a�ects 1.6 % of the population [106], are rarely detected unless dia-
gnosed with another associated cardiovascular disease [4].
A characteristic feature of stenoses is that the downstream �ow is turbulent-
like, with high-frequent pressure �uctuations [10]. �ese �uctuations can
traverse the so� neck tissue as mechanical waves, and present as a bruit or
skin vibration.�e stenosis-induced turbulent-like �ow is therefore a strong
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4. High-frequency instabilities: a strategy in-silico study

marker for inferring the presence of a stenosis.
�e current clinical practice for asymptomatic stenoses screening is ausculta-
tion of the carotid bruit [3]. Auscultation is only applied if the physician
suspects presence of a stenosis, i.e. if correlated risk factors are present [4],
and is operator-dependent, with low sensitivity [107] due to the presence
of background noise [108]. Carotid auscultation is hence not su�cient to
infer the presence of a stenosis, whose diagnosis hence requires con�rmation
by techniques which are usually not available to a general practitioner, i.e.
ultrasound or tonometry.
To overcome the abovementioned challenges, the CARDIS project proposes
to instead infer the presence of stenosis by measuring skin vibrations using
a newly developed multi-beam laser Doppler vibrometry device [20], with
increased temporal resolution, with 10 µs at a sample rate of 100 kHz, and
reduced noise level [21].�e device has already proven suitable for measur-
ing physiological signals from skin movements, such as pulse wave velocity
and heart rate [16], [17]. �e new device could allow rapid and consistent
non-contact screening for asymptomatic carotid stenosis, and thus detection
prior to a traumatic event. As part of this project, we combine in-vitro exper-
iments and computational �uid dynamics (CFD) �ow simulations to show a
‘theoretical’ proof of concept of the device before clinical testing. However,
the e�cacy of CFD relies on the robustness of the numerical methods and
their ability to reproduce experimental results, and has proven challenging,
especially for transitional �ows [102]. In particular, the use of numerical
schemes, such as �rst order UPWIND schemes, well-known to be dissipative
[109], is common in the biomedical literature [110].�e choice of the correct
numerical methodology is hence crucial for reliable simulations.
We have previously used an under-resolved Direct Numerical Simulation
(DNS) approach with rigid walls for two biomedical benchmarks [102], [111]
and biomedical applications such as aneurysms [74], [112], [113] and vascular
junctions [114]. �e �rst aim of this study was to �nd an adequate under-
resolved DNS solution from a spatial and temporal re�nement study with
respect to the smallest scales, and from a pragmatic biomedical engineering
point of view balancing the computational cost with accuracy.
Directly calculating the smallest scales of the turbulent-like �ow requires
large computational resources, and is therefore not routinely performed in
the biomedical literature. However, we also know that the smallest scales
have little energy, and only contribute to dissipation. We can therefore model
these scales, for instance by means of large eddy simulations (LES). Applying
LES can allow for the use of a coarser grid, since we can model the scales
we do not capture, referred to as the sub-grid scales (SGS). LES simulations
depend on the properties of the SGS model, for instance its ability to mimic
the near-wall behavior. �e second aim of this study was therefore to as-
sess whether three commonly used SGS models (Smagorinsky, Sigma and
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Dynamic Smagorinsky) are able to replicate our reference solution for both
constant – at peak systole – and pulsatile �ow rates on a coarser mesh, and
thus reducing computational cost without signi�cant loss of resolution of
the high-frequent �ow features.�e study was performed in an anatomically
correct model geometry, retrieved from a patient with signi�cant carotid
stenosis, subjected to physiologically relevant boundary conditions.

4.2 Methods

Computed tomography angiography images of a common carotid bifurcation
with severe stenosis (76 % narrowing computed by means of the North
American Symptomatic Carotid Endarterectomy Trialmethod [105]) in the
internal carotid artery (ICA) were obtained from a 75 years old male patient,
who gave informed consent for the use and further processing of the images.

�e medical images were segmented using 3D Slicer [115] to obtain
an anatomically plausible model of the vasculature, and the inlets – the
common carotid artery (CCA) - and outlets – the ICA and the external
carotid artery (ECA) - were extruded using PyFormex [116] to ensure that the
�ow was fully developed. Depicted in Figure 4.1 are the full computational
domain (a), and the region of interest (b).�e relevant �elds were evaluated
in point P, on four slices (A, B, C and D), two orthogonal lines per slice
(Figure 4.1c), and points along the centerline. Point P was located 8 mm, 1
CCA diameter (d), downstream of the stenosis, and the slices A, B, C, and D
were located -0.75d, 0.0d, 0.6d, and 1.2d, relative to the center of the stenosis,
respectively.

We used the Vascular Modelling Toolkit [117] to create �ve meshes
with a local re�nement in the stenosed and downstream region, with the
same size ratio between the coarse and �ne region for all meshes. �e
resulting meshes had 200 thousand (K), 2 million (M), 6 M, 22 M, and 50
M tetrahedral elements, now referred to as the 200K, 2M, 6M, 22M and
50M meshes, respectively. Mesh details are listed in Table 4.1. An additional
mesh with 11 million elements (11M) was created similarly in order to allow
a preliminary common simulation, as better explained in the next paragraphs.

�e �uid properties were set to mimic water, a Newtonian �uid with
kinematic viscosity of ν = 1 ⋅ 10−6 m2/s to ease future comparison to in-vitro
experiments. We applied two types of inlet conditions; a parabolic pro�le
with constant �ow rate of 520 ml/min leading to a Reynolds number (Re) of
1380, and a pulsatile Womersley �ow (averaged �ow rate of 370 ml/min)
with period of 1 second and an averaged Re = 980 [11], see Figure 4.2.�e
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Figure 4.1: Patient-speci�c geometry with �ow extensions, where ‘d’ indicates the
diameters of CCA, ECA, and ICA. (b)�e point P, the slices A, B, C, and D and two
perpendicular lines on each slice, with a detail of each slide in (c), indicate where
the velocity and pressure were sampled.

Mesh name Number of
elements (ap-
proximation)

(-)

Average cell
length ∆x (m)

Number of
boundary layers

(-)

200K 2 ⋅ 105 9.13 ⋅ 10−4 1
2M 2 ⋅ 106 4.63 ⋅ 10−4 4
6M 6 ⋅ 106 3.04 ⋅ 10−4 4
22M 22 ⋅ 106 1.92 ⋅ 10−4 4
50M 50 ⋅ 106 1.44 ⋅ 10−4 4

Table 4.1:Mesh characteristics
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former is to enable rigorous worst-case assessment of the smallest temporal
and spatial scales in the �ow, although at the cost of losing the pulsatility in a
physiological �ow condition.
We assumed rigid walls, prescribed a no-slip boundary condition along the
vessel walls, and enforced a �ow split of 43.8% in the ICA/CCA, based on the
model presented in Groen et al [118] by prescribing a Womersley pro�le on
the ECA outlet and zero pressure at the ICA outlet.

Figure 4.2: A typical carotid artery waveform (average 368 mL/min, peak 521
mL/min) was used in this study. Constant �ow rate equivalent with peak systolic
�ow was set as inlet �ow for the re�nement study in order to allow a more rigorous
assessment of grids resolution.

To cheaply washout initial transients associated with the arti�cial initial
conditions we computed the �ow at the 11M mesh for 2 physical seconds,
equivalent of one and a half �ow-throughs with model length of 0.2 m and
peak inlet velocity of 0.15 m/s. We projected the last time step of the solution
onto each mesh as an initial condition.
Simulations were performed using the open-source veri�ed [95] and valid-
ated [102] �nite element CFD solver Oasis [95], where special care was taken
to ensure a kinetic energy-preserving and minimally-dissipative numerical
solution of the Navier-Stokes equations. We used linear Lagrange elements
P1 − P1 for both velocity and pressure.
�e spatial re�nement study was simulated with ∆t = 5 ⋅ 10−5s, while the
temporal re�nement study was performed on the least computationally ex-
pensive mesh which gave adequate results with varying time step: ∆t =
1 ⋅ 10−4, 5 ⋅ 10−5, 1 ⋅ 10−5 and 5 ⋅ 10−6 seconds. �e pair of ∆t and mesh size
that provided the best tradeo� between computational cost, and accuracy of
resolving high-frequent �ow features was used as the reference solution for
comparison with the LES simulations.

47



4. High-frequency instabilities: a strategy in-silico study

A generic form of functional SGS models can be described as in equation 4.1,
whereas the SGS viscosity (νSGS) is de�ned in equation 4.2.

τSGSi j − 1
3

τSGSkk ⋅ δi j = 2ρνSGS(Si j −
1
3
Skk ⋅ δi j) (4.1)

νSGS = (Cm ⋅ ∆)2 ⋅ Dm(u) (4.2)

�e SGS tensor τSGS depends on the �uid density ρ, the strain tensor of
the resolved scaled S, on the Dirac delta function δ and on the subgrid-scale
viscosity νSGS , which is a function of the cut-o� length scale ∆ and of two
model-speci�c parameters Dm and Cm. Dm is the model speci�c di�erential
operator related to the resolved velocity �eld u and it sets the properties of
the model, for instance, the near wall behavior. Cm is the model constant
and it sets the amount of energy drained from the resolved scales.
We applied three di�erent SGS models: the static Smagorinsky model [100]
with Cm = 0.168, the Sigma model [119] with Cm = 1.5, and the dynamic
Smagorinsky model, for which the model-speci�c parameters were updated
every time step following Meneveau et al. (1996) [99].�e LES simulations
were performed on the mesh with one spatial re�nement level lower, i.e.,
on a coarser mesh, relative to the reference solution, but with the same ∆t
to ensure a fair comparison. �e number of cores, reported in Table 4.2,
was kept constant for each mesh, regardless of time step or SGS model.�e
workload of each simulation was obtained as number of cells divided by
number of cores. All simulations were stopped a�er 5 physical seconds and
�ow statistics were based on the last four seconds, as one physical second
was quantitatively found to be su�cient for washing out the artifacts from
the initial condition. A list of all simulations can be found in Table 4.3.

For visual inspection of the coherent vortical structures in the turbulent-
like post-stenotic �ow we computed the Q-criterion as in equation 4.3, which

Mesh
name Number of

cells
Number of

cores
Workload Workload /

6M
workload

200K 174.37 ⋅ 103 16 1.09 ⋅ 104 0.06
2M 1.84 ⋅ 106 16 1.15 ⋅ 105 0.62
6M 5.97 ⋅ 106 32 1.87 ⋅ 105 1.00
22M 22.43 ⋅ 106 96 2.34 ⋅ 105 1.25
50M 51.14 ⋅ 106 128 4.00 ⋅ 105 2.14

Table 4.2: Number of cores and workload per core for each simulation.�e number
of nodes was kept constant for each mesh.�ere were 16 cores in each node.
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Study Mesh size ∆t (s) Inlet type SGS model
Spatial

Re�nement 200K 5 ⋅ 10−5 Constant None
2M 5 ⋅ 10−5 Constant None
6M 5 ⋅ 10−5 Constant None
22M 5 ⋅ 10−5 Constant None
50M 5 ⋅ 10−5 Constant None

Temporal
Re�nement 22M 1 ⋅ 10−4 Constant None

22M 5 ⋅ 10−5 Constant None
22M 1 ⋅ 10−5 Constant None
22M 1 ⋅ 10−6 Constant None

Large Eddy
Simulation 6M 5 ⋅ 10−5 Constant Smag.

6M 5 ⋅ 10−5 Constant DynSmag.
6M 5 ⋅ 10−5 Constant Sigma
6M 5 ⋅ 10−5 Pulsatile Smag.
6M 5 ⋅ 10−5 Pulsatile DynSmag.
6M 5 ⋅ 10−5 Pulsatile Sigma

Reference
solution 6M 5 ⋅ 10−5 Pulsatile None

22M 5 ⋅ 10−5 Pulsatile None

Table 4.3: List of the simulations performed for the three studies reported in this
paper, with details on the mesh size, time step size, inlet type, end time and SGS
model.�e text in bold highlights the parameters changed in each category.

is a spatial region where the Euclidean norm of the vorticity tensor
Ð→
Ω dom-

inates the strain rate tensor
Ð→
S [120].

Q − criterion = 1
2
[|Ð→Ω |2 − |Ð→S |2] > 0 (4.3)

Reynolds decomposition was used for all constant �ow rate simulations
to separate the instantaneous velocity, u(x, t), from the time averaged, u(x),
and �uctuating, u′(x, t), components, i.e., u = u + u′. Taking the �uctuating
velocity magnitude signal, |u′|, as input we computed the power spectral
density (PSD) using Welch’s method [121] with 16 segments and a Hanning
windowing function with 50 % overlap.�e turbulent kinetic energy tke was
calculated as in equation 4.4.

tke = 1
2

3
∑
i=1

u′(xi, t)2 (4.4)
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where u′(xi=1∶3, t) are the components of the �uctuating velocity.
For pulsatile simulations, however, the Reynolds decomposition was no
longer directly applicable as it was not possible to obtain a mean �ow without
simulating tens of cardiac cycles to obtain a phase averaged mean. We there-
fore applied a high pass �lter, like suggested by Khan et al [122], to the original
pulsatile velocity u(x , t) to obtain a good approximation for |u′|. We created
a fast Fourier decomposition with 1000 components of the velocity signal,
and we set the �rst 16 modes, representing the low frequencies, to 0, see
Figure 4.3 for a visual example.

Figure 4.3:�e original velocity signal was decomposed in 1000 harmonics and its
low-frequency components were separated from the high-frequency components
by means of a 16th mode threshold.

4.3 Results

4.3.1 General Flow Features
We �rst focused on the instantaneous �ow features at t = 2.0 s obtained
on the 22M-element mesh with ∆t = 5 ⋅ 10−5 seconds and a constant �ow
rate (Figure 4.4). �e top of Figure 4.4 shows that the �ow in the CCA
was stable until the carotid bifurcation, while vortical structures formed at
the bifurcation. Moreover, because of the non-parabolic �ow entering the
ICA and pronounced curvature, the �ow became unstable already upstream
of the stenosis, as observed in the le� most section of the zoomed in box,
see Figure 4.4 – bottom panel. �e �ow accelerated through the stenosis
before the jet broke down into an unstable �ow downstream of the stenosis.
�e �ow instabilities quickly dissipated further downstream, and the �ow
relaminarized.
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Figure 4.4: Top panel: volumetric rendering of the instantaneous velocitymagnitude
in the common and internal carotid arteries. Bottom panel: enlargement of the box
in the top panel, focusing on the stenosis and downstream region.�e �ow became
perturbed already before reaching the stenosis. �e �ow then accelerates in the
stenosis and decelerates once out, causing the jet to break down into turbulent-like
structures.

4.3.2 Sensitivity Analysis
4.3.2.1 Spatial Re�nement Study

We �rst performed a qualitative assessment of the spatial re�nement study
based on the Q-criterion of instantaneous velocity �elds in the ICA at
identical time points (t = 2.0 s). In Figure 4.5, from le� to right with
increasing mesh resolution, one can observe a consistent increase in the
number of vortices. In the 2M and 6M meshes, it is possible to observe
some larger coherent vortical structures, while in the 200K mesh these were
almost entirely absent. However, the 22M and 50M element simulations
showed smaller and more complex structures and were hence phenotypically
di�erent from the 2M and 6M.�e vortices of the downstream region were
visually easier to see in the 50M than in the 22M, however one can observe
the same type and distribution of vortices, showing similarities between the
22M and 50M meshes.
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Figure 4.5: Q-criterion representation for the 5 meshes: the vortical structures in
the ICA for the 200K mesh are almost entirely missing, the 2M and 6M meshes
already show some turbulent-like �ow features, but it is only on the 22M and 50M
that these vortical structures are clearly distinct.
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To further assess the results of the spatial re�nement study, we
considered the time-averaged tke obtained by Reynolds decomposition of
the velocity across two perpendicular lines on each of the four slices A – D,
previously shown in 4.1c.�e le� panel of Figure 4.6 depicts the tke values
along the vertical (top to bottom) and horizontal (le� to right) lines for
each slice. In all lines, both upstream and downstream of the stenosis, we
observed that while the 200K-element simulation was not alike any other
simulation, the 2M and 6M ones were similar, but relatively di�erent from
the 22M and 50M simulations. Of note is also that even though the spatial
resolution of 200k element simulation was too coarse to capture any vortex
structures in Figure 4.5, the �ow is still turbulent-like with high-frequent
�uctuations, as evident in 4.6a.

Figure 4.6: Time-averaged tke over vertical and horizontal lines on slices A to D
for the �ve meshes in a) and for the four time steps in b).
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We also investigated the power spectral density (PSD) of the magnitude
of the �uctuating velocity (|u’(x,t)|) at point P. In Figure 4.7a, it is possible to
observe again that the 200K, 2M, and 6M simulations di�ered from the two
�nest simulations, which for all practical purposes were indistinguishable.
To further support these results, we also show the tke for all available meshes
in slices A – D (Figure 4.12) in Appendix 4.6 and the PSD of the �uctuating
velocity, u’(x,t), in �ve additional points along the ICA. Based on these
observations, the 22M simulation was considered to be the best tradeo�
between computational cost and accuracy.�e temporal re�nement study
was hence performed on the 22M mesh.

Figure 4.7: Power Spectral Density of the several meshes (a) and time steps (b)
evaluated at point P.

4.3.2.2 Temporal Re�nement Study

�e temporal re�nement simulations were evaluated similarly to the spatial
re�nement study. In all lines, the tke with ∆t equal to 5 ⋅ 10−5, 1 ⋅ 10−5 and
5 ⋅ 10−6 seconds (Figure 4.6b) were close to indistinguishable. In contrast, the
1 ⋅ 10−4 seconds simulation di�ered slightly in the lines on slices A, B, and C.
�e contours for the available time steps are shown as well in the Appendix
4.6, with consistent results. Furthermore, the PSD of the �uctuating velocity
component shown in Figure 4.7b con�rms that the impact of temporal re-
�nement is small, however the plots in Figures 4.19, 4.20, 4.21, 4.22, 4.23 of
the Appendix 4.7 show a slight di�erence between ∆t = 1 ⋅ 10−4 seconds and
the rest.
Based on the results from the spatial and temporal re�nement study the 22M
mesh (∆x = 1.92 ⋅ 10−4 m) and time step of ∆t = 5 ⋅ 10−5 seconds o�ered the
best tradeo� between computational cost and accuracy, and is now referred
to as the reference solution.

4.3.3 Large Eddy Simulations
4.3.3.1 Constant Flow Simulations

For the constant �ow rate LES simulations we �rst focused on the added
viscosity from the SGS models (νSGS), and tke in slice C, as shown in Figure
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4.8. Although the order of magnitude of νSGS is the same for all models,
the tke of the Smagorinsky model was phenotypically di�erent showing an
improper near-wall behavior. Due to the shortcomings of the Smagorinsky
SGS model, it was not included in the pulsatile �ow simulation discussed
further below.�e added viscosity of the Dynamic Smagorinsky model was
overall lower compared to the Sigma model, but leading to a comparable
tke. Both models show a similar swirly pattern, and �ow instabilities are
clearly recognizable. However, the peak values in the bottom-center area
of the slices highlighted that the location of the highest tke intensities are
shi�ed compared to the tke of the reference simulation, showing that the
LES �ow simulations did not perfectly recreate the reference solution. For
completeness, the νSGS and tke in slices A – D are shown in Appendix 4.6,
Figure 4.14a and 4.15a, respectively.

Figure 4.8: Time-averaged SGS viscosity νSGS (upper panel) and resulting turbulent
kinetic energy (bottom panel) for the tested SGS models and compared with the
reference solution at slice C.�e Smagorinsky model is phenotypically di�erent,
both in tke pattern and magnitude. Although more similar, the Sigma and Dynamic
Smagorinsky did not produce the same tke patterns.

For a further comparison of the SGS models with the reference solution,
the tke values along the horizontal and vertical lines on the A – D slices
were reported in Figure 4.9. �e Smagorinsky model did not produce a
comparable tke on any line. �e Sigma and Dynamic Smagorinsky were
able to replicate the reference solution on plane A and D but not on B and C,
which are the ones more a�ected by the presence of a stenosis and hence the
most relevant for the study of high-frequency �ow instabilities. In the near-
wall region of plane B, particularly, it is possible to appreciate the di�erent
properties of the SGS models. �e tke obtained with both Smagorinsky
models is importantly a�ected by the νSGS .�e Sigma model is, on the other
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hand, far more dissipative, since the Dm of the model proposed by Nicoud et
al. (2011) [119] would vanish in case of two-dimensional or two-components
�ow, and in case of pure rotation or pure shear, and would behave cubicly in
the near-wall region.

Figure 4.9: Time-averaged tke over vertical and horizontal lines on slices A to D
for the reference solution and the three SGS models (Smagorinsky, Sigma, Dynamic
Smagorinsky).

A visual inspection of the Q criterion (Figure 4.10) con�rmed that the
post-stenotic jet did not break down as rapidly as the reference solution for
any of the tested SGS models.

We also compared the computational cost (CPUhours) of the SGSmodels,
the reference solution, and the 6M simulationwithout SGSmodels (Table 4.4).
�e reference solution (22M − None) was 4.60 times more computationally
expensive compared to the 6M mesh simulation without any SGS model
(6M − None), while the Dynamic Smagorinsky and the Sigma models were
more expensive than the 6M − None. �e comparison in computational
cost between the Dynamic Smagorinsky and Sigma model is consistent with
previous studies [117], [123].
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Figure 4.10: Vortexes in the ICA region were identi�ed by means of the Q-criterion.
�e breakdown location of the jet and the intensity of �ow instabilities of all LES
simulations di�ered from the reference solution.

Mesh name SGS model CPU
h/6M − None

CPU h

s/timestep

22M None 4.60 2.43
6M None 1.00 1.58
6M Sigma 1.77 2.80
6M Dynamic

Smagorinsky
2.66 4.20

Table 4.4: CPU hours of the reference solution (22M − None) and of the most
relevant SGS models compared to the 6M − None for constant �ow rate.�ere is
a marked di�erence between the 22M and the SGS models. �e amount of time
required to perform each time step ∆t highlights remarkable di�erences between
Dynamic Smagorinsky SGS model and 6M − None.

4.3.3.2 Pulsatile Flow Simulations

�e evaluation of the SGSmodels applied to a pulsatile in�ow was performed
with Sigma and Dynamic Smagorinsky models. �e time-averaged SGS
viscosity νSGS (Figure 4.11 – upper row) was globally higher for the Sigma
compared to the Dynamic Smagorinsky model, consistent with the constant
peak systolic �ow rate simulations.

In the middle row of Figure 4.11 we show tke of the pulsatile simulations,
where u’(x,t) was computed with a constant u, in slice C for the reference
solution, the 6M with Sigma model, and 6M with Dynamic Smagorinsky
model, le� to right respectively. Visually, there was a large similarity between
the tke �elds.
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Figure 4.11: Time-averaged added SGS viscosity νSGS (upper panel), resulting time-
averaged tke (middle panel) and its high frequency counterpart tke′ (bottom panel)
for the tested SGSmodels and compared with the pulsatile reference solution on slice
C. Both tke and tke′ are alike for the LES simulations and the reference solution.

�e bottom row of Figure 4.11 shows that the tke computed by using high-
pass �ltered �uctuating velocity components, u’(x,t), now referred to as tke′,
is highly comparable. It is hence clear that the LES simulations harbor the
same turbulent kinetic energy as the reference solution.�e power spectral
densities in Appendix 4.7 Figures 4.19, 4.20, 4.21, 4.22 and 4.23, showing
no di�erence in between the LES models and the reference solution, also
backed up these results. Of note are also the large di�erences between the
two measures of tke in the pulsatile simulation.�e bottom row represents
the regions with turbulent kinetic energy with a higher frequency �uctuation
than those introduced from the �ow waveform at the inlet. In the context
of this study, we emphasize these more as the high frequency content of the
simulated �ow is our quantity of interest. For completeness, the νSGS , the
tke and the tke′ in slices A – D are shown in 4.6, Figure 4.14b, 4.15b and 4.16,
respectively.
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Table 4.5 shows CPU hours computed for the two SGS models, the refer-
ence solution, and the 6Mmeshwithout any SGSmodel applied (6M−None)
for pulsatile �ow simulations. Similar to the constant �ow rate simulations,
the reference solution (22M − None) was more computationally expensive
than any other 6M simulation, and the LES simulation run with the Dy-
namic Smagorinsky model was again more expensive than the 6M − None
and 6M − Sigma simulations. Since the computational results of the two
SGS models were comparable to the reference solution, the reduction in
computational cost favored the Sigma model.

4.4 Discussion

�e aim of this study on post-stenotic �ow instabilities in a patient-speci�c
model of a stenosed carotid artery, was two-fold: 1) �nd an adequate under-
resolved DNS solution from a spatial and temporal re�nement study with
respect to the turbulent scales, and from a pragmatic biomedical engineering
point of view, and 2) assess whether three commonly used SGS models are
able to replicate the results from our reference solution for both constant and
pulsatile �ow rates on a coarser mesh.
Focusing �rstly on the spatial and temporal re�nement studies, we found a
grid spacing of ∆x = 1.92 ⋅ 10−4 m and time step size of ∆t = 5 ⋅ 10−5 s to be
the best tradeo� between computational cost and accuracy from a pragmatic
biomedical engineering point of view.
Relative to others, Lancellotti et al. (2017) [124] reported using ∆t = 6.25 ⋅10−4
s and an “e�ective” mesh size of ∆x = 6.5 ⋅ 10−5 s as a reference solution, i.e.,
a time step one order of magnitude larger, and a cell size almost three times
smaller. Even, with a di�erent working �uid, their Reynolds number was
only 25 % smaller at the stenosis. Lee et al (2008), which was the �rst to
perform true DNS in a patient-speci�c geometry, is not directly comparable
with respect to mesh size since they used spectral �nite elements, but they

Mesh SGS model CPU
h/6M − None

CPU h

s/timestep

22M None 4.18 3.65
6M None 1.00 2.62
6M Sigma 1.49 3.90
6M Dynamic

Smagorinsky
2.53 6.64

Table 4.5: CPU hours of the reference solution (22M − None) and of the most
relevant SGS models compared to the 6M-None for pulsatile �ow rate.
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reported a time step of∆t = 1⋅10−5 seconds, although argued fromanumerical
stability point of view [9].

Furthermore, we found that simulations on a coarser mesh with SGS
models were not able to capture the high-frequency �ow features for a con-
stant �ow rate equivalent to the peak systolic �ow rate (Re = 1380). If pulsatile
�ow was applied (Reaverage = 980, Remax = 1380) the SGS models were able
to replicate the �ow features of the reference solution.�e SGS models are
thus applicable for investigating the turbulent-like �ow in multiple patients
or con�gurations, and ultimately, with �uid structure interaction (FSI), how
the �ow �uctuations can present as skin vibrations on the neck of a�ected
patients.�e discrepancies between constant and pulsatile �ow simulations
can be attributed to the di�erences in �ow rate, which for the constant �ow
rate simulation, was higher than the average �ow rate for the pulsatile �ow
rate simulations, although with the same peak �ow.

�e SGS viscosity of the Sigma model was overall higher than the one
resulting from the application of the Dynamic Smagorinsky model, which
is the opposite of what Baya Toda et al. (2014) [125] found in their study
of an internal combustion engine. In their IC chamber, the viscosity of the
Dynamic Smagorinsky model increased when the �ow jet impinged a wall, as
a consequence of the increase of the strain-rate tensor. On the contrary, the
Sigma model did not produce an increased SGS viscosity in that region, as its
Dm is not a�ected by the magnitude of the strain-rate tensor.�e di�erent
dissipation provided by the two models was, therefore, a direct consequence
of the physics of an impinging jet, which are not comparable to the physics
of a free jet such as the one considered in this manuscript. We therefore
recommend a careful evaluation of the choice of SGS model with respect to
the physical problem, keeping in mind that there is a sensitivity which can
a�ect the results.

In our temporal re�nement study themost accurate simulation had a time
step size one order of magnitude smaller than our reference solution, and we
can therefore, with great con�dence, say that it was temporally well resolved.
However, for the spatial re�nement the averaged cell lengths in the �nestmesh
was only 33 % smaller compared to our reference solution, see 4.1. To further
investigate whether the �nest mesh could be considered a valid point of
reference for the spatial sensitivity study, we used Richardson’s extrapolation
method [126] de�ned as in equation 4.5, where f∆x j is the quantity of interest,
here a temporal and spatial average of u(x,t), ∆x j is a measure of grid spacing,
c is a constant value obtained from the evaluation of equation 4.5 f∆x j at the
two �nest meshes (22M and 50M), p is the measured order of convergence
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for f∆x j , and subscript j is mesh number in the re�nement.

fextrapol . = f∆x j + c ⋅ ∆x
p
j (4.5)

In order to nullify the impact of di�erence in inlet size, we normalized u
by the inlet cross sectional area A j of each mesh (which is di�erent due to
di�erent accuracy with which the boundary of the inlet can be replicated).
�e results of the Richardson’s extrapolation are summarized in Table 4.6.
�e solution was monotonically converging across the three �nest grids with
an obtained order of convergence p = 1.34. Furthermore, the uncertainties
on the �nest grid and on the second �nest grid were not greater than 10 %
even with a security factor of 1.5 [127], and could therefore be considered
converged with respect to the mean �ow features.

Number of
Elements u(m/s) A(m2) f (m3/3) % Error
6M 2.2265 ⋅ 10−1 1.8289 ⋅ 10−4 4.1426 ⋅ 10−4 8.19
22M 2.3295 ⋅ 10−1 1.7165 ⋅ 10−4 3.9989 ⋅ 10−4 4.44
50M 2.3636 ⋅ 10−1 1.6691 ⋅ 10−4 3.9453 ⋅ 10−4 3.04
Richardson
extrpolation - - 3.8290 ⋅ 10−4 0.00

Table 4.6: Space and cycle-averaged velocity compared and extrapolated with
Richardson’s extrapolation method for di�erent grid sizes.
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Although the mean �ow was converged, the question remains if the
�ow was well resolved at the smallest scales. We previously discussed this
in Mancini et al. (2017) [128], where we computed the Kolmogorov length
scale (µ) [129]. We computed the ratio of the local cell length, ∆x, and the
Kolmogorov length scale, (µ), in each cell, and reported the temporal and
spatial global maximum.�e ratio on the two �nest meshes were below 10,
typically su�cient to capture > 95 % of the dissipation [82]. However, consid-
ering the temporal averaged ratio in the post-stenotic region, we obtained
a mean/max of 0.347/1.11, and 0.463/1.755 for the 22M and 50M simulation,
respectively, showing that the �ow is well-resolved. We also obtained equal
results from computing l+, a surrogate measure for the Kolmogorov length
scale compared to the local cell length [130], with l+max = 6.2 located along
the wall in the stenosis. Performing a true DNS simulation would require
building a mesh with cell lengths of roughly seven times smaller than the
�nest mesh, yielding mesh consisting of roughly 21 billion cells and thus
requiring an enormous amount of computational resources while, from a
pragmatic biomedical engineering point of view, having no added value.
�at being said, using an adaptive mesh strategy would yield a DNS simula-
tion with a smaller mesh, however our local re�nement approach is simple
to adapt, and the local re�nement is consistent between spatial re�nement
levels. It is also noteworthy that the homogeneous isotropic assumption of
the Kolmogorov hypothesis was not met in our simulations.�e Kolmogorov
hypothesis therefore underestimates the smallest scales, and the simulation
might therefore be evenmore well resolved than the Kolmogorov length scale
indicates. Please refer to Figure 4.17 in Appendix 4.6 for a visual comparison
of the l+ for the 2M, 6M, 22M, 6M Sigma and 6M Dynamic Smagorinsky
simulations.
Based on our numerical investigations, we have a high level of con�dence in
our numerical results, but how do the results compare to �ow in-vivo?

Firstly, we assumed a Newtonian �uid with properties mimicking water.
With realistic �ow rates, the Reynolds number was hence 3.3 times larger
compared to in-vivo blood �ow, since blood has a higher kinematic viscosity
compared to water. As a result, the intensity of the post-stenotic turbulent-
like �ow is higher in our numerical experiments than what can be expected
in-vivo. �e spatial and temporal resolutions of this study still hold for
physiological realistic situations, in terms of being well-resolved. On the
other hand, the use of water also allows for valuable comparison with in-vitro
experiments, in which water is o�en used instead of glycerin-based blood-
mimicking �uids. Moreover, the relative e�ect of assuming a non-Newtonian
�uid has shown to be small in the carotid bifurcation since, due to the high
shear rates in the carotid bifurcation, the non-Newtonian models work in
a regime where the viscosity is close to a constant value [131]. Furthermore,
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compared to other uncertainties like modeling choices and segmentation,
the assumption of a Newtonian �uid is marginal. Moreover, from a physical
point of view, blood is more complex than just being a non-Newtonian �uid,
it is also multiphase �ow. �e presence of small particles, to mimic red
blood cells, has been found to dampen �ow instabilities [132], but should not
phenotypically change the �ow.

Secondly, we modeled the walls as rigid, but they are naturally compliant.
Modeling the stenosis with compliant models might dampen some of the
unstable �ow features. However, determining the material properties of the
stenosed region are therefore challenging, since it consists of both plaque
and lipid pools. �e former is sti�er than a healthy vessel wall, while the
latter is more compliant.�erefore, anticipating how this might a�ect the
results is challenging. Moreover, the so� tissue embedding the carotid arteries
would further dampen the instabilities that would present on the skin surface,
generally with a lower amplitude relative to the �uctuations induced by the
turbulent-like post-stenotic �ow [133].

In total, the simulation results cannot directly be translated into an in-vivo
situation, but is an important �rst step towards a trustworthy patient-speci�c
�ow simulation for investigating the high-frequency �ow �uctuations. Future
e�orts will be directed towards validating the �ow with in-vitro experiments,
and using an FSI approach, i.e., incorporating the e�ect of compliant walls,
which is well-known to better mimic physiological conditions [134].
To ease comparison with other solvers, increase reproducibility, and promote
openness in science, we also provide an additional repository [135] with our
problem �le for the Oasis solver, the used meshes, and averaged results from
the reference solution with constant �ow rate. �e results from this study
can therefore easily be compared to other solvers, and potentially ease the
amount of work needed to show that a given solution strategy is adequate for
investigating turbulent-like �ow features for a post-stenotic �ow.

In our line of research we are interested in the high-frequency �ow fea-
tures, however a plurality of studies using CFD to investigate �ow in the
carotid bifurcation are interested in (time-averaged) wall share stress (WSS),
or other WSS-derived quantities [102], [109], [110]. We have not investigated
whether a coarser mesh would be su�cient for investigating WSS, and fur-
thermore, how LES models would a�ect the results. For comparison, Valen-
Sendstad et al. (2014) found that time-averaged wall shear stress (WSS) was
relatively insensitive to the applied computational solution strategy, whereas
the OSI, more sensitive to �ow �uctuations, changed signi�cantly [110]. We
therefore caution readers about extrapolating our results to studies investig-
ating WSS-derived quantities.
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Lancellotti et al. (2017) [124] investigated the applicability of LES models
in pulsatile simulations of a stenosed patient-speci�c carotid bifurcation.
�ey, like us, found a static Sigma model to perform best. Although we
agree with most of their conclusions, there are some caveats of the study, i.e.,
they used a streamline upwind/Petrov-Galerkin pressure stabilized Petrov-
Galerkin formulation for the reference solution, known to add numerical
di�usion [136], which would not be equal between the two meshes. Fur-
thermore, their high Reynolds number at the stenosis is Restenosis = 6687
(computed from values reported in the paper), which is signi�cantly much
higher than the Restenosis = 2528 in this study, and might not be relevant
in a clinical setting. Despite these limitations, we can conclude that both
Lancellotti et al. (2017) [124] and the current study could be used as points
of reference for LES modeling and spatial and temporal re�nement when
investigating �ow in the carotid bifurcation: in particular, Lancellotti et al
(2017) [124] forWSS and the current study for the high frequent �ow features.

We can thus state that future studies investigating the high-frequency
features of post-stenotic �ow can use an equivalent spatial and temporal
resolution reported here, with a Sigma SGS model. Of note is that if a higher
Reynolds number is applied, like in the constant �ow rate simulations presen-
ted here, the turbulence models were not applicable at reported spatial resol-
ution. More speci�cally, we will use these results to investigate the possibility
to diagnose carotid stenosis based on the amplitude of the unstable �ow’s
frequency content by measuring the neck skin vibrations.

4.5 Conclusions

�e numerical methodology applied in this study allowed us to properly
resolve the �ow �eld of a stenosed patient-speci�c carotid bifurcation and
hence detect instabilities induced by the stenosis. When compared to the ref-
erence solution, only Sigma and Dynamic Smagorinsky were able to replicate
the averaged mean �ow features from the constant �ow rate simulation, and
the turbulent �ow features in the pulsatile �ow rate simulations.�e compu-
tational cost was lower for the Sigma model, and therefore the best choice
balancing accuracy with computational cost for studying high frequency �ow
instabilities. However, for higher Reynolds numbers, similar to the constant
�ow rate simulation, the LES models were not su�cient. Future e�orts on
this subject should be conducted with the abovementioned SGSmodel, while
taking advantage of a robust high-order numerical solver such as the one
used in this study.
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4.6 Appendix A

In this section, the time-average of themost relevant parameters, i.e. turbulent
kinetic energy (tke), subgrid-scale viscosity (νSGS) and high-pass �ltered
tke (tke′) if applicable, are depicted for each simulation on the slices of
interest (A to D). Speci�cally, tke is reported for the mesh and temporal
sensitivity analysis in Figure 4.12 and 4.13, respectively, while νSGS , tke and
tke′ are shown in Figures 4.14, 4.15 and 4.16 for the LES simulations. �e
dimensionless l+ is reported in Figure 4.17.

4.6.1 Mesh sensitivity analysis
Time-averaged turbulent kinetic energy (tke) contours for the available
meshes (see Figure 4.12). �e contours were not produced for the �nest
mesh because the expected redundancy did not justify the extremely high
investment in computational resources.�ese simulations were run with a
time step of ∆t = 5 ⋅ 10−5s, without any SGS model.

4.6.2 Time step sensitivity analysis
Time-averaged tke contours for simulated time steps on the 22M mesh (see
Figure 4.13). �e contours for the �nest time step (∆t = 5 ⋅ 10−6 s) were
not produced because the expected redundancy did not compensate the
investment of the several CPU hours required.

4.6.3 Sub grid scale models
Time-averaged sub grid scale viscosity (νSGS) for the three tested SGSmodels
with constant and pulsatile �ow (see Figure 4.14).�ese simulations were run
on the 6M mesh and ∆t = 5 ⋅ 10−5 seconds.�e resulting time-averaged tke
�elds for constant, pulsatile �ow rates and pulsatile �ow rates are reported
in Figure 4.15.�e resulting time-averaged turbulent kinetic energy �elds
for constant, pulsatile �ow rates and pulsatile �ow rates with high pass �lter
applied tke′ are reported in Figure 4.16.
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Figure 4.12: Comparison of several mesh densities, based on qualitative analysis of
the time-averaged turbulent kinetic energy distribution over several slices (A, B, C,
D) along the ICA.
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Figure 4.13: Comparison of the time-averaged turbulent kinetic energy �eld on the
depicted slices for several temporal resolutions used in this study.
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Figure 4.14: Comparison of sub-grid scale viscosity for the LES simulations used in
this study on the 6M mesh with ∆t = 5 ⋅ 10−5 seconds, with constant �ow rate (Re =
1380) on the le� hand side (a) and pulsatile �ow rate (Reaverage = 980, Remax = 1380)
on the right hand side (b).
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Figure 4.15: Comparison of the time-averaged turbulent kinetic energy �eld resulted
from applying the sub-grid scale models in the LES simulations, for constant (a)
and pulsatile (b) �ow rate.
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Figure 4.16: Comparison of the time-averaged high-pass �ltered turbulent kinetic
energy �eld for pulsatile simulations.�e tke′ for the reference solution simulation
(22MNone) is reported on the le� hand side, while the tke′ for the most relevant
LES simulations (Sigma model and Dynamic Smagorinsky model) are depicted in
the right hand side.
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Figure 4.17: Comparison of several mesh densities and SGS models, based on
qualitative analysis of the dimensioneless cell size l+ over several slices (A, B, C, D)
along the ICA for constant �ow rate simulations.
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4.7 Appendix B

In this section, the power spectral densities (PSD) at several centerline points
in our model (see Figure 4.18) are depicted in Figures 4.19, 4.20, 4.21, 4.22 and
4.23 for spatial (a) and temporal re�nement studies (b), for LES simulations
with constant (c) and pulsatile (d) �ow rate.

Figure 4.18: Centerline locations where the PSD of the velocity traces was computed
and whose plots are reported in the following paragraphs of this Appendix.

Figure 4.19: PSD of the velocity obtained by probing on a point located 3.6 diameters
upstream of the stenosis on the centerline of the model, showing that the �ow is
laminar before the carotid bifurcation.
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Figure 4.20: PSD of the velocity obtained by probing on a point located 1.4 diameters
upstream of the stenosis on the centerline of the model, a�er the carotid bifurcation,
but before the stenosis, showing that for the constant �ow rate simulations the �ow
instabilities have grown.

Figure 4.21: PSD of the velocity obtained by probing on a point located 0.6 diameters
downstream of the stenosis on the centerline of the model, showing that the �ow is
highly unstable and that the jet has already broken down.
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Figure 4.22: PSD of the velocity obtained by probing on a point located 2.6 diameters
downstream of the stenosis on the centerline of the model, showing that the energy
has decreased in the high-frequency region of the �ow, and that the �ow is starting
to relaminarize.

Figure 4.23: PSD of the velocity obtained by probing on a point located 4.6 diameters
downstream of the stenosis on the centerline of the model.
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5
LaserDoppler vibrometry:
a feasibility in-vitro study

�is chapter introduces an experimental methodology concerned with prov-
ing the ability of laser Doppler vibrometry to measure intra-arterial �ow
features and, by extent, the stenosis-induced �ow instabilities. Speci�cally,
this chapter focuses on assessing the frequency-based sensitivity of the device
to changes in physiologically varying �ow rates. It is based on the paper
"Detecting Carotid Stenosis from Skin Vibrations using Laser Doppler Vi-
brometry – an in-vitro proof-of-concept.", PLoS ONE, vol. 14, no. 6, pp. 1-17,
2019 [103].

5.1 Introduction

Stroke, a cardiovascular disease (CVD), is the second most common single
cause of death in Europe [137].�ere are many underlying causes of stroke,
but one of the most prominent is carotid stenosis [2], as the atherosclerotic
plaque causing the narrowing might rupture and the thrombi would obstruct
the blood �ow in downstream vessels. Unfortunately, few patients with
carotid stenosis present symptoms in the early stages of the disease. Moderate
and severe asymptomatic stenosis a�ect 12.5 % and 3.1 % of the over 70
population, respectively [106], [138]. However, asymptomatic stenosis is
not commonly diagnosed unless associated with other CVDs [4] such as
coronary stenosis and hypertension, or risk factors such as diabetes [5], [6].
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�us, the possibility of assessing and stratifying the risk of future stroke in
asymptomatic patients with carotid stenosis is limited [3].

�e presence of turbulence in stenosed carotid arteries has been estab-
lished in numerous studies, see for example the results reported by Beach
et al. [10] using ultrasonic duplex Doppler velocimetry in-vivo, by Giddens
et al. [11] in-vitro, and by Lee et al. [9] and by Varghese et al. [12] by means
of a computational �uid dynamics (CFD) approach. �is turbulence may
produce audible bruits induced by �ow instabilities distal to the stenosis and
carotid auscultation is currently used in clinical practice to detect carotid
bruits. Although this is usually considered as an adequate screening test [3],
it has a low-sensitivity [7], it is operator-dependent, and it is a subjective
measurement that may be confounded by background noise [108]. Further-
more, carotid ultrasound, which is routinely used for stenosis diagnosis in
hospitals, is too expensive and complex for use in �rst line screening.

Laser Doppler Vibrometry (LDV) has been shown to be particularly
suitable for detecting physiological signals from skin level movements, for
measurement of pulse wave velocity [16], breathing [17], or heart rate [18].
Within the context of anH2020 funded project (CARDIS), we have developed
a compact multi-beam array prototype LDV system [19] based on optical
chip technology [20] and suitable for use in a clinical setting for, among other
things, measurement of arterial sti�ness. Hypothesizing that post stenotic
�ow instabilities impart energy to the arterial wall, giving rise to mechanical
waves which propagate through the so� tissues up to the skin, there is a
potential use of LDV for the detection of stenosis in super�cial arteries.�e
intended use for such device would be �rst line cardiovascular screening,
identifying individuals at risk so that they can be referred to specialized
centers for further follow-up using dedicated and established diagnostic
techniques such as ultrasound or Magnetic Resonance Imaging.

�e objective of the current work was therefore to provide a proof of
principle concerning the ability of LDV to infer the presence of carotid
stenosis. Speci�cally, we aimed to determine whether the presence of a
stenosis leads to high frequency �uctuations in the recorded LDV signals
and, if so, to assess the frequency range where such �uctuations would have
to be sought. To do this, we performed hydraulic bench tests on a model of a
patient-speci�c carotid bifurcation manufactured in two materials having
di�erent sti�ness (referred to as compliant and sti�).�e main purpose of
the compliantmodel was to provide a physiologically plausible hemodynamic
environment, allowing us to make a meaningful comparison between our
�ndings and in-vivo data.�e compliant and sti� models were subjected to
pulsatile �ow over a wide range of velocities. A catheter-tipped manometer
was used as a reference for the LDV recordings. A frequency domain analysis
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of the signals was then performed to assess the impact of material sti�ness
and measurement location on the distribution of the energy content in the
useful frequency range and multivariate linear regression analysis was used
to determine the relative contribution of these factors to the relationship
between volume �ow rate and signal strength.

5.2 Materials and methods

5.2.1 Model reconstruction
Images of the common carotid bifurcation with severe internal carotid artery
(ICA) stenosis of a 75 year old man were obtained by computed tomographic
angiography, the patient having provided informed consent for the processing
and further use of the data. �e images were segmented by means of 3D
Slicer [115], to obtain an accurate model of the vasculature (Figure 5.1A).
�e degree of stenosis of the carotid model was 76 % as calculated by the
North American Symptomatic Carotid Endarterectomy Trial method [139],
where Astenosis = 5.57mm2 and the ICA area downstream of the stenosis was
Adownstream = 23.14mm2.
A compliant model of the carotid bifurcation was created in silicone rubber,
as follows. A brittle inner mold of the bifurcation was 3D printed in VisiJet-
pXL and sprayed with a �nishing ColorBond (3D System, SUA) bonding layer
(TRIAXIS, Belgium) in order to smooth the inner surface of themodel. In our
laboratory, liquid silicone (Xiameter rtv-481, De Gouden Pluim, Belgium)
was poured around themold and allowed to dry for 24 hours.�e pouringwas
repeated until the model was thick enough to be handled; three layers being
found su�cient.�e inner mold was crushed and the bonding layer allowed
an easier extraction of the crumbled pieces. Tensile tests were performed on
samples the thickness of which was comparable with that of the carotidmodel
(1.5 mm), and they revealed a Young modulus (E) of 300±2kPa.�e silicone
model was then mounted in an open-topped Perspex box and surrounded by
an aqueous hydrogel (Aquasonic 100, Parker Labs, USA) to mimic the neck’s
so� tissues (see 5.1B). A skin-like layer (polyurethane foil, Platilon, Epurex
Films, Germany) was then applied over the gel surface. To ensure adequate
re�ection of the laser light [20], small patches of retro-re�ective tape (3M
Scotchlite High Gain Re�ective Sheeting 7610, USA) were attached to the
skin layer.
A second model with the same arterial lumen geometry was then 3D printed
in a sti� transparent and water-resistant material (TuskXC2700T, Materialise,
Belgium; E = 2700MPa (manufacturer data)), Figure 5.1C.�e sti�model was
used to provide data for a computational �uid dynamical model, described in
[101], in which the presence of the gel was not taken into account.�e small
patches of retro-re�ective tape were attached directly to the outer surface,
omitting the use of the gel.
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Figure 5.1: (A) Computed Tomography Angiography images of the carotid bifurca-
tion from a 75 year old male were processed by Iannaccone et al. [115] in order to
obtain a patient-speci�c model of the plaque-free stenosed vessel.�e compliant
(B) and sti� (C) models used for the hydraulic tests replicate the geometry of the
patient-speci�c common carotid artery (CCA), external carotid artery (ECA), and
internal carotid artery (ICA) where the 76 % area stenosis (circled) is located.

5.2.2 Experimental set-up
A prototype multi-beam LDV [21] was used for all recordings.�e device
was designed with two parallel beam rows spaced 2.5, 3.5 or 5 cm, con�gur-
able during assembly. Each row consisted of six beam points, spaced 5 mm
from each other.�e laser wavelength was measured to be 1550 ± 2 nm.�e
temporal resolution was 10 µs at a sample rate of 100 kHz.�e maximum
measurable velocity was higher than 50 m/s and the displacement resolution
was less than 10 nm. A calibration measurement between DC and 1 kHz
showed that the frequency response of the LDV was �at in this frequency
range. In the recordings described here, only two beams were used. �e
LDV was mounted on a tripod and the models were mounted on a stabilized
optical table and connected to a perfusion loop as shown in Figure 5.2A.
A schematic representation of the hydraulic setup is shown in Figure 5.2B.
�e loop was composed of a continuous �ow pump (P1) and a pulsatile coun-
terpart (P2), a Windkessel chamber (W), and two reservoirs (R1, R2). P1, a
rotary pump (Gear PumpHead V108.05R Ryton Gears, Verder NV, Belgium),
provided continuous �ow, whose magnitude was controlled by varying the
supply voltage, while P2, a custom-built programmable piston pump (HT
Denyer, Consulting Engineer, UK), provided pulsatile �ow.�e speed and

78



5.2. Materials and methods

stroke of the piston and the opening and closing time of “mitral” and “aortic”
valves were set by means of in-house so�ware (HPUMP Controller v0.4b).
�e pumps could be controlled independently and could therefore run sim-
ultaneously or individually. Both pumps supplied �ow to the Windkessel
chamber which, in the case of pulsatile �ow, would then deliver a dampened
�ow waveform to the common carotid artery (CCA) of the mounted model.
A cannulating ultrasonic �ow probe (ME 5PXN, Transonic Systems Inc.,
USA) was installed between W and the model. A catheter tip manometer
(D.CTC/6F-1, Gaeltec Devices Ltd, UK) was passed into the CCA with the
tip located 6.5 cm upstream of the center of the stenosis. A second, smaller,
manometer (12-CTC/4F-1, Gaeltec Devices Ltd, UK) was passed into the ICA
and positioned at one of four locations downstream from the center of the
stenosis.�e �rst location was one CCA diameter (0.8 cm) downstream and
each of the following locations was an additional CCA diameter downstream
of its predecessor. �e four locations are, from here on, referred to as 1D,
2D, 3D and 4D.�e downstream beam of the LDV was moved horizontally
together with the small manometer to record, respectively, skin displacement
and intra-arterial pressure at the same horizontal location. �e upstream
LDV beam recorded vibrations 3.5cm upstream of the small pressure probe.
�e �ow rate through the ICA and external carotid artery (ECA) branches
was controlled by increasing or decreasing the resistances in the lines con-
necting each of the branches to the downstream reservoir R1, the purpose
of which was to provide a constant back-pressure to the model. A second
ultrasound-based �ow probe (ME 4PXN , Transonic Systems Inc., USA) was
installed downstream of the model, in the line connecting the ECA to R1.�e
water was then collected in the further downstream reservoir R2, which then
supplied �uid for both pumps P1 and P2.�e pipes connecting the elements
of the loop were of compliant material (silicone rubber SL601).

5.2.3 Flow conditions
P1 and P2 could be combined and their output adjusted to match physiolo-
gical conditions [140], [141]. We aimed for a physiological mean �ow rate of
337 ml/min and four other �ow rates corresponding to the mean value plus
and minus one and two standard deviations (SD), as derived from the data
in [140], giving values of 433, 241 (± 1 SD) and 529 and 145 (± 2 SD) ml/min.
�e �ow split was set to mimic physiological conditions as well [118], where
we aimed for default values of 55 % to the ECA and 45 % to the ICA. We then
varied the ICA �ow split within the range 0.45 ± 0.13.�e �ow split values
were set when QCCA = 337 ml/min, but they did not change greatly when
the QCCA changed.�is standard setting resulted in a pulse pressure (PP) of
about 19 mmHg for a heart rate of 60 beats/minute. Additional experiments
were then performed to enforce a PPCCA of 40 mmHg, which could only be
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Figure 5.2: (A)�e model was secured to an optical table in order to minimize
the in�uence of external movements. (B) In this layout of the test rig, the �ow is
depicted as a blue line where the arrow represents the direction of the �ow. �e
thinner red, orange and green lines represent the signal acquisition wires of the LDV,
pressure probes and �ow probes, respectively. �is set-up was used for both the
compliant and sti� models.

achieved with supra-physiological �ow levels (around 650 ml/min). As the
sti�model was able to sustain higher pressures, we tested �ow rates up to 1465
ml/min for that model. In all, the test conditions span a wide range of �ow
levels, encompassing the physiological range, both below and above levels
expected to trigger �ow instabilities. Additionally, the pressure catheters
were, from time to time, removed from the main loop in order to test the
impact of their presence on the �ow.
�e signals, recorded by the six probes (two LDV beams, two pressure probes
and two �ow probes), were acquired by means of Powerlab-16/35 (AD Instru-
ments, Oxford, UK) at a sampling frequency of 20 kHz. Once the system
provided stable �uid dynamic conditions, data were recorded for at least 10
seconds and saved via dedicated so�ware (LabChart Pro-v8). Some repres-
entative signals are shown in Figure 5.3.�e le� panel of Figure 5.3 depicts
the waveforms of QCCA, pressure at the ICA (PICA) and LDV at the same
horizontal location as the tip of the manometer (LDVICA) for physiological
mean �ow rate and �ow split settings, (i.e. QICA/QCCA = 45 %), for both
the compliant (upper le�) and sti� (lower le�) models. While the shape of
the �ow waveforms di�ers only in the presence or absence of the dicrotic
notch, the shapes of the pressure and LDV signals in the two models di�er
drastically. Note the small amplitude of the LDV signal when compared
to that measured in the compliant model.�e same considerations can be
applied to the waveforms obtained by setting QCCA > 700 ml/min, as shown
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in the upper right and bottom right panel of Figure 5.3 for the compliant
and sti� models, respectively. When increasing the �ow rate, however, the
waveform shapes di�er as well. Moreover, the high-frequency content of the
pressure signal PICA is more evident.

Figure 5.3: Recorded time traces for the compliant (upper panels) and sti� (bottom
panels) models obtained at 1D with low (le� panels) and high (right panels) QCCA.
�e horizontal dashed line shows the mean QCCA.

5.2.4 Signal Processing
5.2.4.1 Power Spectral Density

Frequency spectra of the recorded data, obtained by the fast Fourier transform
(FFT), were computed using LabChart Pro-v8. 8K points were used for the
FFT with 50 % overlap and Hann windowing [142].�e spectrograms were
calculated by means of the same so�ware with 1K points, Hann windowing
with 93%overlap.�e Power SpectralDensity (PSD) represents the amount of
energy present in the analyzed signals at each point in the frequency domain
[121]. We calculated the PSDs with reference to an attenuation value of 0.001
units for all measurements, and it is hence expressed in decibels (dB).�e
spectra were then imported to Excel (Microso�, 2016) for further processing.
Figure 5.4 shows the processing steps for the PICA signal shown in the upper
le� corner of Figure 5.3 (meanQICA = 154 ml/min).�e spectrum of the PICA
(Figure 5.4A, upper panel) is shown against that of the no-�ow condition in
the available frequency range (hence 10 kHz, based on a sampling frequency of
20 kHz).�e intense 3500Hz and 7500Hz peaks were present in the spectra
of both the no-�ow and the QICA = 154 ml/min signals. �e subtraction
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of no-�ow spectra made it possible to reduce the noise component of the
QICA = 154 ml/min pressure spectrum, as shown in the bottom of panel
A.�e absolute value of the normalized QICA = 154 ml/min spectra was
shi�ed by the value of the no-�ow one, from an average of -30 dB to 0
dB. All the signals were processed with this method, hence the shi�ing was
applied to all the spectra. To quantify the energy within de�ned frequency
bands, we calculated the integral of the normalized spectra in the 0-500 Hz
range by means of the trapezoidal method.�e In integrals were grouped in
∆ f = 50Hz swide frequency intervals and their sum was calculated as in 5.1.

Sn∶n+∆ f = Σn+∆ ff=n I f (5.1)

�e integral calculation of the normalizedQICA = 154ml/min andQICA =
394 ml/min (matching with signal PICA of Figure 5.3 upper right) spectra
is shown in Figure 5.4B.�e same work�ow was applied to all available
recordings, for both pressure and LDV in the ICA.

5.2.5 Statistical analysis
To assess the ability of LDV to recognize di�erent �ow levels with di�erent
materials, pump settings and probe locations, and hence to assess the fre-
quency band where the spectra are most sensitive to the change in �ow rate,
further statistical analysis was necessary. We therefore constructed a univari-
ate linear model in IBM SPSS Statistics 25, with the integrals of the 50Hz wide
normalized spectra intervals, with downstream PICA and LDVICA signals, as
dependent variables. QICA was used as a covariate and the frequency range as
a �xed factor (0 = 0-50 Hz, 1 = 50-100 Hz, ..., 9 = 450-500 Hz). Additionally,
location (1D = 1, 2D = 2, 3D = 3 or 4D = 4), material (compliant = 1 or sti� = 0)
and the impact of the presence of the intra-arterial pressure probe on the �ow
�eld (present = 1, not present = 0) were used as �xed factors. As we wished
to study the extent to which an increase in �ow increases the power within
a certain frequency band, we also added the interaction term, Freq ⋅ QICA,
to the model.�e resulting univariate model to evaluate the area under the
curve (AUC) is expressed in equation 5.2.

AUC = constant + A ⋅ Freq + B ⋅ Location + C ⋅Material+
+D ⋅ Probes + E ⋅ QICA + F ⋅ Freq ⋅ QICA

(5.2)

�e estimated F coe�cient was used as measure of sensitivity, since it
re�ects the slope of the regression equation for predicting the dependent
variable from the independent one. P-values p < 0.01 were considered
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Figure 5.4: (A)�e spectrum of the no-�ow pressure signals was subtracted from
the spectrum of each �ow recording to obtain the normalized spectrum, (B) its
integral was obtained applying the trapezoidal method at 50 Hz-wide frequency
ranges.�e same post processing was applied to all available recordings.

signi�cant.
Additionally, the Estimated Marginal Means (EMMs) were computed for
both PICA and LDVICA in the 0-500 Hz range.�e EMMs are the variable’s
means adjusted for the other variables of the group, they hence take into
account statistically, the in�uence of the other variables on the calculation
of the adjusted mean.�e Bonferroni adjustment, used here [143], is one of
several methods used to counteract the problem of multiple comparisons.

5.3 Results

In total, 564 data sets were recorded, with about 50 % of the experiments
performed under physiological �ow conditions. An overview of how many
experiments have been conducted under which condition is provided in
Table 5.1. We provide the raw data in a public repository [135].�e resulting
Reynolds number (Re) of the ICA, based on the �ow through it (QICA), its
cross sectional area AICA = 8.74mm2 at the bifurcation and on the kinematic
viscosity of water of ν = 1 ⋅ 10−6 m2/s, ranged from 198 to 5774.
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Model N PPCCA
(mmHg)

QICA
ml/min

Compliant 55 16.07 ± 6.62 149.74 ±
77.97

Physiol.
Q Sti� 197 20.02 ± 8.07 121.88 ±

84.61
Compliant 40 39.92 ± 3.35 348.3 ± 59.91

Physiol.
PP Sti� 146 42.78 ± 4.23 302.41 ±

69.19
Extreme Sti� 125 98.39 ± 25.43 585.81 ±

138.17

Table 5.1: Overview of test conditions with the number of recordings (N), mean
CCA pulse pressure (PPCCA) and �ow rate (QICA) in the internal carotid artery.

5.3.1 Spectrograms
�e spectrograms of the PICA and LDVICA signals previously shown in Figure
5.3, are presented in Figure 5.5 in the 0-500 Hz range.�e cardiac pulsation
is evident in both the pressure and LDV signals. In the le� panels (low �ow
rate), the highest intensity is around 50 Hz extending up to approximately
250 Hz (more prominent in the pressure signal) when the pressure and LDV
reached their peak in the time domain and during the following decelera-
tion phase. For the higher �ow rates (right panels) the high-intensity and
medium-intensity regions (red and yellow shading) move towards higher
frequency values. However, little energy content was present above 500 Hz.
�e maximum intensity of the LDV signal spectra are, as expected, lower for
the sti� model than for its more compliant counterpart (bottom panels).

5.3.2 Normalized Spectra
�e normalized spectra of downstream pressure and downstream LDV sig-
nals, at location 1D for the compliant model, are depicted in Figure 5.6 in the
le� and right panels, respectively.
�e spectra of the pressure signal showed a marked tendency to increasing
energy content when moving towards higher �ows. One aberrant �nding is
the drop-out near 50Hz of the pressure signal.�is may be explained by the
presence of appreciable electrical noise in the pressure recordings, especially
under no-�ow conditions, thus reducing the amplitude when normalizing
the pressure spectra by subtracting the zero �ow spectrum.
�e spectra of the LDV signal showed, as well, a marked tendency to increas-
ing energy content while moving towards higher �ows. A notable �nding
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Figure 5.5: Spectrograms of the pressure and LDV at the ICA for the compliant
(upper panels) and sti� (bottom panels) models obtained at 1D with low (le� panels)
and high (right panels) QCCA.

was that the LDV was not a�ected by the 50 Hz electrical noise.�e spectra
followed a similar trend for all �ows, except for a 78 Hz peak which was
present for QICA < 250 ml/min while it broadened in the 100 - 150 Hz range
for higher �ow levels. �e amplitude of the LDV spectra dropped for all
�ows around 150 Hz, and no meaningful signals could be detected above this
frequency.�e LDV signals showed the same pattern of increasing energy
with increasing QICA as those of the intra-arterial pressure.

5.3.3 Sensitivity Analysis
�e statistical analysis performed for downstream pressure (PICA) and down-
stream LDV (LDVICA) signals yielded the F coe�cient of the Freq ⋅ QICA
term, which revealed a similar trend for both signals with a peak in the 50 -
150 Hz range (Figure 5.7), where the sensitivity of the LDV was higher than
that of the pressure catheter.
To compare LDV and pressure measurements, the EMMs (as a measure of
the e�ect of the other variables on the calculation of the adjusted means)
were evaluated when the pressure probe was inserted in the model, meaning
evaluating equation 5.2 for condition probes = 1.

5.3.3.1 Compliant vs. Sti� models

�e EMMs were evaluated regardless of the location in order to assess the im-
pact of the model’s material.�e total number of samples for each frequency
range was N = 357 and N = 49, for the sti� and compliant model, respectively.
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Figure 5.6: Normalized spectra of pressure (le� panel) and LDV (right panel) signals,
for multiple QICA in the 0 - 500 Hz range.

Figure 5.7:�e F coe�cient of Freq ⋅QICA, resulting from the regression analysis of
all available signals, showed that the sensitivity of LDV and pressure have a similar
trend and that their sensitivity is the highest in the 50 - 150 Hz range.
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�eQICAwas 288.31 ± 201.35ml/min.�emodel material had an e�ect on the
overall dependency of the relation between PSD and frequency and the �ow
level, but this e�ect was similar for the pressure and the LDV measurements
(p < 1.0E-06, p < 1.0E-06), as shown in Figure 5.8, le� and right upper panels,
respectively. �e EMMs of the sti� model were higher than those of the
compliant model for both signals, and the di�erence between them was more
marked in the LDV.

5.3.3.2 Measurement location

To evaluate the impact of the measurement location on the LDV and pressure
signals, we conducted an analysis for the compliant model only because of
its greater clinical relevance.�e resulting QICA was 230.34 ± 119.89 ml/min,
with N = 14, 13, 10 and 12 for each 50 Hz-wide frequency band, for meas-
urement locations 1D, 2D, 3D and 4D, respectively.�e EMMs of pressure
decreased as the distance from the center of the stenosis increased (p < 1.0E-
06 ), for all frequency bands (Figure 5.8 – le� bottom).�e strongest signal
was found at 1D downstream from the stenosis.�e gap between the 0 - 50
Hz range and the higher frequency bands is noteworthy.�e maximum was
in the 0 - 50 Hz range for the LDV as well (Figure 5.8, right bottom). For
the LDV, however, the EMM value at 4D was found to be higher than at 1D.
�erefore, for the LDV data, measurement location was not signi�cant (p >
0.01).
However, it is relevant to note that, despite their small size (6F and 4F), the
presence of pressure probes in the models was found to be a statistically
signi�cant factor (p < 0.01).�e impact of the measurement location in the
compliant model for the LDV was found to be signi�cant (p < 0.01) but only
when the manometers were not present, i.e. probes = 0.

5.4 Discussion

In this hydraulic bench model study of a carotid artery, we have shown that
post-stenotic �ow instabilities induce vibrations that can be detected from
surface measurements by means of laser Doppler vibrometry. Frequency do-
main analysis revealed that the relevant frequency band is 0 - 200 Hz, as little
useful information was found at frequencies above 200 Hz.�e sensitivity of
the LDV measurement to changes in trans-stenotic �ow level was found to
be comparable to what can be achieved using an intra-arterial manometer.
We consider the results of our study a proof-of-concept of the technique for
carotid stenosis diagnosis by detecting neck skin vibrations.
�e main purpose of these tests was to establish whether the LDV was able
to distinguish di�erent trans-stenotic �ow regimes (and presumed di�erent
levels of �ow instabilities) and to determine the relevant frequency range to
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Figure 5.8: (A)�e sti� model lead to higher EMMs for both the integrals of nor-
malized spectra of pressure and LDV in the ICA (PICA and LDVICA, respectively).
(B)�e EMMs decreased while moving further downstream from the stenosis for
the pressure, and this trend was not as marked for the LDV where the 4D signal was
above the 1D level.
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investigate. To quantitatively address these questions, a statistical analysis of
the energy content of the LDV and reference pressure signals was conducted
by applying a univariate linear model to the PSD integrals.
�e statistical analysis showed that the LDV was able to distinguish di�erent
�ow levels in the envisioned range, as could the pressure probe, with a com-
parable sensitivity (Figure 5.7). We found that there seems to be very little
energy in the signals beyond 200 Hz, as displayed in Figure 5.8, where the
EMMs rapidly decline in magnitude with increasing frequency.
Furthermore, our data suggest that the 0 - 200 Hz range covers the frequency
band within which to seek the footprint of the stenosis. As the instabilities are
generated in the diverging region distal to the stenosis, one might expect that
the highest sensitivity of the technique would be distal to the stenosis. Table
5.2 shows that this is con�rmed by the statistical analysis. While the e�ect of
increasing �ow on the area under the PSD curve is signi�cant for frequencies
up to 200 Hz for PICA and up to 150 Hz for LDVICA, the di�erence between
zero �ow and �ow in PCCA was no longer signi�cant at 100 Hz and for the
LDV with a beam directed at the skin over the bifurcation, was signi�cant
only up to 50 Hz.�erefore, a 100 Hz threshold seems to make it possible
to discern unstable post-stenotic �ow from the more laminar �ow of the
CCA.�is encouraging �nding suggests that a frequency analysis of the LDV
signals would allow us to discriminate between patients and healthy subjects,
as a healthy carotid bifurcation is not subjected to stenosis-induced �ow
instabilities. Furthermore, based on our data, a 2 ms temporal resolution
would su�ce to infer the presence of stenosis-induced �ow instabilities.�e
currently used LDV default resolution (10 µs) would hence not be necessary
for this application.�ese �ndings would reduce drastically the amount of
data storage required for in-vivo measurements, making the recordings faster
to analyze hence allowing real-time processing in daily clinical practice.

Measurement location, evaluated at several sites distal to the stenosis,
came out as a signi�cant factor in the statistical model, as re�ected in the
EMM values shown in Figure 5.8B. For PICA, there is a clear decrease in the
magnitude of the EMM as one moves further downstream from the stenosis,
and thus away from the zone where �ow disturbances are generated. �e
e�ect of measuring location on the PSD of the LDV was largely similar,
except for one location (4D). We speculate that this is due to the complex
wave propagation mechanics through the arterial walls and the gel. Location
4D was also closer to the distal wall of the Perspex box so probably more
a�ected by re�ections due to its sti� walls. Another e�ect that may also
have played a role is the presence of the catheters, which was found to be
signi�cant. We speculate that the presence of the catheters, despite their
modest dimensions, promoted the induction of �ow instabilities through
their obstructive e�ect (the downstream catheter had a nominal diameter of
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Freq. Range PICA LDVICA PCCA LDVbi f .
0-50 Hz 2.79E-10 1.59E-08 1.59E-17 1.65E-05
50-100 Hz 3.07E-09 2.56E-07 6.55E-03 2.26E-01
100-150 Hz 2.80E-07 2.12E-03 2.20E-01 5.82E-01
150-200 Hz 1.26E-03 5.84E-01 1.75E-01 3.68E-01
200-250 Hz 1.84E-01 9.90E-01 4.58E-04 2.94E-01
250-300 Hz 4.42E-01 9.52E-01 1.85E-02 3.60E-01
300-350 Hz 3.80E-01 9.89E-01 9.76E-01 2.71E-01
350-400 Hz 2.41E-01 9.26E-01 2.82E-03 6.64E-01
400-450 Hz 6.89E-01 9.73E-01 1.34E-01 9.63E-01

Table 5.2: Statistical signi�cance (bold text, p < 0.01), the interaction term in eq.
5.2, con�rms a dependence of the area under the PSD curve within the speci�ed
frequency range on the level of �ow.�is indicates the frequency bands containing
relevant information for stenosis detection. Data are given for pressure measure-
ments up- (CCA) and downstream (ICA) of the stenosis, and for LDVmeasurements
up- (bifurcation) and downstream (ICA). Data shown are for the compliant model;
all measurements with pressure catheter present.

1.5 mm and the cross-sectional area ratio hence ranged from 7.6 % (based on
Adownstream) to 31.7 % (based on Astenosis). Furthermore, the motion of the
catheters, further amplifying the vibrations, might have played a role as well.
As it was the purpose of this study to assess the congruence between LDV
and pressure signals, considered as the gold-standard, there was no other
option but to insert pressure catheters in the arterial lumen.�e impact of
the location on the displacement signals when the �ow was not disturbed by
the presence of the intra-arterial pressure probes (probes = 0) was found to
be signi�cant.

We performed experiments in both a compliant and a sti� model,
with the sti� model measurements mainly performed as a basis for
comparison with an ongoing CFD study that is beyond the scope of this
experimental report. As is clear from Figure 5.3, signals were very di�erent
in both model settings, which translates into signi�cantly di�erent EMMs
for the sti� and the compliant model. In particular, the sti� model was much
more susceptible to wave re�ections, visible in much stronger oscillations in
pressure and LDV data that particularly increased the energy content of
the signals in the 0-50 Hz band. As expected, the amplitude of measured
displacements was much lower in the sti� model than in the compliant
model.�e direct relevance of the sti� model experiments may be limited
within the speci�c context of the assessment of LDV as a tool to screen
for vibrations on the skin surface. Nevertheless, measurements do show a
similar dependency of the PSD integral on the imposed �ow level to that of
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the measurements in the compliant model, and were therefore included in
the analysis. Including all available data led to an imbalance in the amount
of data obtained from the compliant and sti� models in the statistical
analysis. We veri�ed, however, that all conclusions and relations between the
two models are maintained when only considering data generated under
physiological �ow conditions and excluding all other data (Table 5.1, top 2
rows).

�e values of Reynolds number used in this study spanned a wide
range, with extreme values clearly beyond the physiological range in the
carotid arteries [140]. �is was done intentionally, as it was our speci�c
aim to provoke �ow instabilities and to run the model over a wide range
of Reynolds numbers, encompassing laminar and highly turbulent �ow
conditions. �e resulting average Reynolds number of all recordings was
found to be Re = 1848. Using laser Doppler anemometry to investigate a 75 %
axisymmetric stenosis, it has been previously shown that, for a similar value
of Re, turbulent �ow was detected [144]. Note also that �ow instabilities in
the normal carotid arteries have been shown to arise at Reynolds number
well below 1500, the lower limit of the commonly assumed threshold
for transitional �ows [74]. Secondly, water was used as test �uid for the
experiments.�is suited the purpose of the proof-of-concept study and is
not expected to have an impact on the threshold value of Reynolds number
for the onset of �ow instabilities in the experimental setting. However, �ow
instabilities will only occur for in-vivo trans-stenotic �ow levels that are 3
to 4 times higher than in this study. �e impact of �uid viscosity on the
intensity of �ow instabilities and their onset is currently being investigated
by means of a computational analysis, which will be reported in due course.

In this well controlled hydraulic bench study, the luxury of having
a no-�ow reference allowed us to improve the signal to noise ratio of the data
and normalize PSD spectra to the no-�ow condition. Measuring no-�ow
conditions was considered important as the recordings were not performed
in an isolated noise-free laboratory, therefore the �ow related features could
have been missed among the background noise. Furthermore, showing the
normalized PSD spectra of both LDV and pressure signals gave us to the
chance to visually compare them with respect to their frequency-based
behavior only.�e comparison between the normalized and un-normalized
data (namely the raw FFT data), however, showed no major di�erences in
the predicted EMM trends for both PICA and LDVICA. Besides the absolute
value, the outcome of the statistical analysis for the un-normalized data, for
the various locations examined on the compliant model with manometers
present, does not di�er substantially from the one of the normalized data.
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�e lack of a no-�ow reference would hence not be likely to have a major
impact on the outcome of the analysis in-vivo.

An important limitation of this study is the fact that only one sten-
osed carotid geometry was tested (albeit extensively, covering a wide range
of �ow conditions and in a compliant and sti� material). While testing
additional models with other degrees of stenosis (as well as those with no
stenosis) and using di�erent tissue-mimicking materials is certainly valuable,
experimental testing using a variety of patient-speci�c carotid models, with
di�erent degrees of stenosis, di�ering geometries and di�erent �ow regimes,
is time consuming and cumbersome to perform. For this reason we are
presently carrying out a detailed high resolution computational analysis of
the problem which can simulate a wide variety of patient-speci�c stenoses
and with which it will be possible to estimate the sensitivity and speci�city
of this approach to the detection of occlusive carotid artery disease. �e
results of this study will be reported in due course. For now, we speculate
that the critical parameters will be the degree of stenosis and its 3D geometry
[145], [146], combined with the level of trans-stenotic �ow [11].

Overall, we conclude from this proof-of-concept study that the
LDV is, in principal, able to recognize the presence of a stenosis – given that
it produces �ow instabilities. Note, however, that this study does not allow us
to draw any conclusion regarding the critical level of stenosis that would be
detectable with the methodology. Besides additional computational analysis,
in-vivo measurements are currently in progress to assess the sensitivity and
speci�city of the envisioned technique.
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6
Flow Instabilities:

A Biomarker For Stenosis
Detection?

�is chapter concerns the evaluation of the possibility of using �ow instabilit-
ies as marker for the presence of carotid stenosis.�is study was conducted
by steps. Firstly, we focused on the validation of the computational method-
ology, by comparing the intensity of �ow instabilities recorded throughout
the experimental study and the ones computed using the in-silicomethodo-
logy on the same patient-speci�c geometry.�e two data sets were found in
good agreement, allowing us to claim that the computational model provides
plausible results and could, therefore, be used to investigate a larger set of
parameters. Secondly, we used the validated in-silicomodel to evaluate the
impact of �ow rate, �ow split and stenosis severity on the intensity of post-
stenotic �ow instabilities. Finally, we evaluated sensitivity, speci�city, and
accuracy of using the intensity of �ow instabilities as a marker for stenoses
detection.

�e chapter is based on the paper Computed Post-Stenotic Flow Instabil-
ities Correlate Phenotypically with VibrationsMeasured Using Laser Doppler
Vibrometry: Perspectives for a Promising In-Vivo Device for Early Detection
ofModerate ad Severe Carotid Stenosis., Journal of Biomechanical Engineering,
vol. 142, no. 9, pp. 091007 1-13, 2020 [104].
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6. Flow instabilities for stenosis detection: a combined approach

6.1 Introduction

More than three million people died worldwide due to an ischemic stroke
in 2017 [147], where the underlying disease was carotid stenosis in one of
ten stroke patients [2]. Early detection could decrease mortality [53] and
impact elective therapy [47]. However, the majority of carotid stenoses are
asymptomatic and rarely detected. �e most common clinical screening
method for asymptomatic carotid stenosis is auscultation of the post-stenotic
turbulence-induced carotid bruit [7]–[9]. Carotid auscultation’s speci�city is
approximately 80 %, but sensitivity is operator-dependent and varies from
50 % to 70 % [13], [14].

Post-stenotic pressure �uctuations induce vibrations in the arterial wall,
which propagate as mechanical waves to the skin, and manifest as vibrations
or sound waves [148]. Extensive studies have been performed on the analysis
of the downstream-stenosis turbulence [149], [150]. Furthermore, the post-
stenotic �ow instabilities are well known to be a�ected by stenosis degree,
the volumetric �ow rate in the common carotid artery and the �ow split
between the internal carotid artery and external carotid artery [76], [83].
However, to the best of our knowledge, no study systematically analyzed a
complete combination of these factors potentially a�ecting the intensity of
�ow instabilities, varying over the pathophysiological range, or addressed
the correlation between (the intensity of) stenosis-induced �ow instabilities
and skin vibrations.

Laser Doppler Vibrometer (LDV) is a promising method for inferring
carotid stenoses as a result of its high spatiotemporal resolution (10 nm, 10
µs) [21]. We recently performed an in-vitro experiment [103] using a novel
multi-beam LDV [21] to measure the displacement of the surface of the gel
embedding a compliant replicate of a patient-speci�c carotid bifurcation
stenotic model. We found a signi�cant correlation between �ow rate and
the wall displacement in the 0-200 Hz range.�e experiment, intended as
a proof-of-concept for showing that the LDV could be used for inferring
presence of asymptomatic carotid stenosis, was limited to only one degree
of stenosis. Computational �uid dynamics (CFD), on the other hand, has
established itself as a key methodology to cheaply assess relevant �uid dynam-
ical quantities [151], allowing for parametric studies that, in contrast, would
be experimentally labor-intensive. Furthermore, we recently conducted a
study to identify the su�ciently accurate numerical methodology to simulate
downstream-stenosis �ow instabilities [101].

�e aim of this study was threefold:

1. to assess the validity of using CFD to mimic the physics of the phe-
nomenon whereby �ow instabilities induce high-frequency pressure
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oscillations that propagate to skin level;

2. to analyze the parameter space of pathological and healthy models, in
order to provide a correlation between �ow rate, �ow split and stenosis
severity and the intensity of post-stenotic instabilities;

3. to investigate the receiver operating characteristics (ROC) derived
sensitivity, speci�city and accuracy of using LDV to infer the presence
of a stenosis, by populating the correlation previously found in (ii)
with a resolution and variability re�ective of a population, therefore
obtaining a �ctitious clinical study.

As such, the presented study does not aim to provide a comprehensive
understanding of the post-stenotic �ow �eld, but rather a proof-of-concept
of the ability of the LDV to detect stenosis with physiologically plausible �ow
conditions in this speci�c carotid bifurcation geometry.

6.2 Materials andMethods

6.2.1 Computational Fluid Dynamical Model
We took advantage of the patient-speci�c geometry presented in Iannaccone
et al. [115], which was a segmentation of a carotid bifurcation of a 75 y/o man
with a 76 % stenosis in the internal carotid artery (ICA). With a focus on
assessing the impact of stenosis severity, we used the plausible pre-lesion lu-
men, segmented by Iannaccone et al. [115], as a healthy control. Furthermore,
we obtained four additional degrees of stenosis, varying from moderate to
extremely severe (56 %, 66 %, 86 %, 96 %), by adapting the open-source tool
morphMan [152] on the segmented 76 % stenotic geometry (see Figure 6.1A).
Speci�cally, the cross-sectional area of the original model within the region
of interest (6.1B) was multiplied by a factor (6.1C). Finally, the centerlines and
the Voronoi diagram of the surfaces were used to obtain the four geometries.
Please refer to Kjeldsberg et al. [152] for a more thorough description of the
methodology.

�e healthy and the �ve additional models, each with a di�erent degree
of stenosis, were meshed using VMTK [132] with four boundary layers and
a local re�nement in the stenosis area or, for the healthy geometry, where
the stenosis developed. �e spatial resolution, measured as averaged cell
length (∆xmean), was set to ∆xmean = 1.92 ⋅ 10−4m (error < 5 % with respect to
Richardson extrapolated solution [126] ) accordingly to the spatial re�nement
study that was recently performed with a focus on the turbulent-like �ow
features on the same model [101], resulting in 32 tetrahedral cells across the
stenosis area in the original 76 % geometry. Furthermore, we varied the
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Figure 6.1: A)�e healthy and 76 % stenosis were obtained from Computer Tomo-
graphy Angiography images [115]. �e remaining four degrees of stenosis were
obtained by multiplying the cross-sectional area of the original stenotic geometry
[152] within the region marked by the dashed lines reported in B) with the factor
reported in C). Furthermore, in B) the details of the stenosed geometries are shown
as overlapped, and the centerline of the models is reported as a dotted-dashed line.
�e pressure �eld was probed at point P located 1D downstream of the stenosis on
the centerline of the ICA.

volumetric �ow rate (Q) imposed at the common carotid artery (CCA) and
the �ow split between ICA and external carotid artery based on the in-vivo
variability reported in three clinical studies [33], [118], [140]. A combination
of all possible permutations between stenosis degree, QCCA and QICA/QCCA
leads to 150 simulations, as a result of setting the mean ± one and two stand-
ard deviations (SDs) for QCCA and QICA/QCCA for each of the six degrees of
stenosis. Only a subgroup of the possible scenarios was run, in order to e�-
ciently cover a wide range of physiological conditions.�e simulations were
organized into �ve categories.�e �rst category consists of six simulations
carried out on several degrees of stenosis with boundary conditions matching
mean physiological values reported on a population level [118], [140]. In the
second and third category, we used the 76 % stenosis model and changed the
CCA �ow rate and the ICA �ow split, separately with ± one and two SDs.
�e �ow split of the healthy model was changed as minus one and two SDs in
the fourth category. In the ��h category, we simultaneously varied a combin-
ation of multiple parameters, in order to populate the parameter space with
permutations matching a Reynolds number between 300 and 380, in which
we observed a phenotypical change in the �ow �eld of intermediate results,
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resulting in �ve simulations. In total, encompassing all categories, we ran
21 simulations with QCCA varying from 145 to 529 ml/min and QICA/QCCA
from 11.9 to 70.8 % (see Table 6.1), re�ecting the physiological range [153]. To
contain the in�uence of the numerical setting on the solution, the �ow split
was imposed by setting its complementary value at the outlet of the external
carotid artery, while a zero pressure boundary condition was set at the ICA
outlet.
�e walls of the model were assumed as rigid, as commonly used for the bio-
mechanical analysis of healthy and stenotic carotid arteries [154]. Blood was
modeled as a Newtonian �uid [111], [155] with kinematic viscosity ν = 3.3⋅10−6
m2/s, and we simulated three cardiac cycles using the 2nd order �nite-element
Navier-Stokes solver Oasis [95].�e waveform was taken from Hoi et al. [33],
but scaled to match the average inlet �ow rate, and set as Womersley �ow
with 20 modes.�e time step was set to ∆t = 5 ⋅ 10−5 seconds, i.e. �ve times
smaller than the time step size at which we noticed e�ects of time resolution
on the �ow �eld, based on a spatio-temporal re�nement study focused on
turbulent-like �ow [101].�e chosen time step size matched the sampling
frequency of the LDV in the experimental studies (20 kHz) [103].

6.2.2 Post Processing of Computational Data
�e post-processing work�ow is depicted in Figure 6.2 and can be described
by the following steps:

1. We extracted the pressure during the two last cardiac cycles at a point
P, located on the centerline of the ICA, 8 mm downstream of the
stenosis (see Figure 6.1), as it was �nd to be themost relevantmeasuring
location among the ones tested in-vitro;

2. �e power of the pressure trace (P) was then computed in LabChart
Pro v8.�e fast Fourier transform was calculated from 1000 points
with Hann windowing with 50 % overlap;

3. �e integral of P was computed in Excel (Microso�, 2016) using the
trapezoidal rule within the frequency range of interest [ fmin, fmax].
Unless otherwise reported in the contextual section, the default fmin
value was set to 20 Hz to exclude the pulsatility of the inlet waveform
only, and fmax was set to 10 kHz to encompass the entire available
frequency range;

4. Finally, we computed the logarithm of the integral, equivalent to a
metric of the intensity of �ow instabilities (IFI[ fmin , fmax]), that can be
mathematically expressed as in equation 6.1.

97



6. Flow instabilities for stenosis detection: a combined approach

Stenosis Degree (%) QCCA
(ml/min)

QICA/QCCA
(-)

Category (-)

None 389 65.5
56 337 58.8 degree of
66 337 57.8 stenosis
76 337 45.0
86 337 28.0
96 152 11.9
76 145 45.0
76 241 45.0 �ow
76 433 45.0 rate
76 529 45.0
76 337 18.0
76 337 32.0 �ow
76 337 58.0 split
76 337 72.0
None 315 54.5 healthy
None 315 65.5 �ow split
56 241 70.80
66 337 44.4
76 279 45.0 combination
86 337 28.8
86 433 28.0

Table 6.1: List of in�ow and �ow split set for each CFD simulation with several
degrees of stenosis. Note that the average �ow rate and �ow split changes with
degree of stenosis, and is therefore not constant in the “degree of stenosis” category.

Stenosis Degree
AUC based

on IFI[0Hz,40Hz]
AUC based

on IFI[80Hz,200Hz]
Moderate (56%,66%,76%) 0.559 0.843
Severe (86%,96%) 0.972 0.162
All (56% – 96%) 0.726 0.569

Table 6.2: �e accuracy of the intensity of �ow instabilities IFI in the 0 - 40 Hz
range shows that it is a good predictor for severe stenoses, while it is poorly accurate
for moderate stenoses detection. In the 80 - 200 Hz range, on the other hand, the
IFI can infer the presence of moderate stenoses and, with lower accuracy, of the
severe stenoses too.
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IFI[ fmin , fmax] = log10 [∫
fmax

fmin
P] (6.1)

Figure 6.2: Post-processing work�ow applied to both computational and experi-
mental data.

Furthermore, for visualization purposes only, we performed a high-pass
�lter on the pressure trace with cut-o� frequency at 20Hz, in order to provide
a qualitative representation of the pressure �uctuations. �e method was
previously explained in [101] and based on the study reported by [122].
For volumetric visualization, we also computed the Q-criterion, which iden-
ti�es spatial regions in the velocity �eld where the Euclidean norm of the
vorticity tensor (

Ð→
Ω ) dominates the strain rate tensor (

Ð→
S ) [120], as de�ned in

equation 6.2.

Q − criterion = 1
2
(|Ð→Ω |2 − |Ð→S |2) > 0 (6.2)

6.2.3 Validation against Computational Data
Abrief overview of the experimentalmethodology is reported to allow a better
understanding of the validation strategy; details are found in Mancini et al.
[103].�e in-vitro set-up consisted of a compliant replica of a 76 % stenosed
patient-speci�c carotid bifurcation, the same geometry used in this study,
embedded in a so�-tissue mimicking gel and a skin-mimicking polyurethane
foil on top of it. LDV measurements were acquired at several locations
upstream and downstream of the stenosis.�e displacement recorded using
LDV in the in-vitro experiments is, from now on, referred to as EXP.�e LDV
was found to bemost sensitive to �ow rate changes at a location corresponding
to point P, which was therefore deemed the most relevant. For comparison
with the CFD data, we chose a sub-set of the in-vitro experiments where the
CCA �ow rate was within mean ± 2 SD of clinically observed �ow rates [140]
and mean ICA �ow split [118] (see Table 6.3) in order to compare them with
the simulations in the “�ow rate” category. Note that the CCA �ow rate of
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the two datasets is in the same range, but not exactly matching because of
the di�culty of controlling the �ow rates during the in-vitro experiments.
It is worth noticing that the two datasets are not directly comparable, as the
experimental displacement was measured at the surface of a deformable and
gel-surrounded model, whilst the intra-arterial pressure traces are obtained
in a rigid model by a CFD solver. �erefore, a measure of the power of
the two signals, i.e. IFI [20Hz-10kHz], was computed for the experimental
data as well, with the same post-processing process applied to the CFD data
(summarized in equation 1). We assessed the similarity of the skin-mimicking
foil displacement and intra-arterial computational pressure by computing the
correlation of IFI [20Hz-10kHz] at point P in the two datasets and, therefore,
obtaining a concordance correlation coe�cient.

6.2.4 Metrics Correlating with Flow Instabilities
To assess which metric best correlates with the level of �ow instabilities,
we performed six linear regression analyses between IFI[20Hz,10kHz] of the
stenosed geometries (IFIstenotic20Hz−10kHz) and a total of six parameters, speci�cally
the three imposed parameters (QCCA, QICA/QCCA and Areastenosis , the area
of the stenosis) and three derived quantities, i.e. QICA, the velocity and
Reynolds number at the throat of the stenosis (Velocitystenosis and Restenosis ,
respectively).�e derived quantities were chosen based on their relevance in
a �uid dynamical context.�e quantity that was found to best correlate with
the presence of �ow instabilities is now referred to as metric.�e regression
analysis between the six quantities and IFIheal thy20Hz−10kHz was also computed for
the healthy geometry, allowing us to identify the key indicators to distinguish
a normal carotid from a stenotic.

Stenosis Degree (%) QCCA
(ml/min)

QICA/QCCA
(-)

Category (-)

76 107 36.4
76 225 44.8
76 334 47.1 EXP
76 448 48.1
76 601 48.7

Table 6.3: List of in�ow and �ow split set during the in-vitro experiments to allow
validation of the CFD approach by comparing the simulations in the “�ow rate” and
the “degree of stenosis” categories, for the 76 % stenosis only. In the experiments, the
ICA �ow split was kept as close as possible to the mean physiological value, while
the CCA �ow rate was varied as within the physiological range by setting it at mean,
± 1 SD and ± 2 SD ml/min
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6.2.5 Proof-of-concept for Sensitivity, Speci�city and Accuracy of an
LDV Device for Stenosis Detection

Sensitivity, speci�city and accuracy are commonly used to assess the predict-
ive performance of a device or a method based on data of patients enrolled
in a clinical trial. Clinical measurements, however, are subject to many dis-
turbing co-founders, which is something that simulated data is immune to.
�erefore, we took advantage of the computational data to provide a proof-of-
concept on the feasibility of LDV to di�erentiate a stenosis from the normal
setting in the tested geometry using power spectral features. Speci�cally, we
used the IFI metrics within the frequency range identi�ed by the in-vitro
experiments (0-200 Hz). Preliminary analysis of CFD results demonstrated
that the IFI of a stenosis was low (absence of �ow instabilities) either because
of the geometry that was insu�ciently stenosed, or because of how limiting
severe stenosis act on the �ow rate. We, therefore, choose to investigate two
sets of frequency ranges, speci�cally the 0 - 40 Hz and the 80 - 200 Hz ranges,
where the former would allow us to assess the �ow rate level, and the latter the
intensity of �ow instabilities.�e choice of the frequency ranges is properly
addressed in the Results section under “Frequency-based stenosis indicators”.
Furthermore, to enable a sensitivity and speci�city analysis, additional data
is required beyond the data obtained from the 21 CFD simulations.�ere-
fore, we used the data from the 21 simulations to create a regression model
that allowed us to create a �ctitious population of 50,000 subjects, varying
the parameters (CCA �ow rate and ICA �ow split) with �ve equally large
subgroups for each degree of stenosis, and an additional 10,000 �ctitious
subjects without any ICA stenosis. For each �ctitious subject, we drew a
random point with coordinates (x,y) from a multivariate distribution, with
covariate matrix equal to identity matrix and null mean, and assigned a CCA
�ow rate and an ICA �ow split as QCCA = QCCA − mean + x ⋅ QCCA − SD
and QICA/QCCA = QICA/QCCA −mean + y⋅(QICA/QCCA)−SD, respectively.
�e distribution coordinates x and y vary between -2 and +2 units in order
to represent a population varying between ±2 SD.�e mean and standard
deviation values are dependent on the degree of stenosis, following [33], [118],
[140], and reported in Table 6.1 – category “degree of stenosis”. Physiologic-
ally non-plausible conditions (i.e. QCCA<0 and QICA/QCCA<0) were omitted,
giving a �nal �ctitious population of 45756 patients and 9116 controls with
QCCA = 298 ± 107 ml/min and QICA/QCCA = 0.40 ± 0.21 across all degrees of
stenosis, and QCCA=388 ± 65 ml/min and QICA/QCCA = 0.655 ± 0.1 for the
healthy model.
Based on the geometrical and �ow rate information of each �ctitious subject,
we could compute all the potential metrics for the entire �ctitious population.
We then correlated the metric with IFI[ fmin , fmax] to obtain the regression
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coe�cients for each frequency range, and therefore computed an approx-
imation of IFI[ fmin , fmax] (IFI

′
[ fmin , fmax]) for each �ctitious subject without

running a full CFD simulation. Of note is that the regression coe�cients
were computed separately for the 18 stenotic models and for the three healthy
ones, for each relevant frequency range.
Finally, we performed a receiver operator characteristic (ROC) analysis [156]
to evaluate the ability of IFI′[ fmin , fmax], evaluated at both frequency ranges, to
infer the presence of a carotid artery stenosis. We varied the cut-o� value
frommin tomax of each IFI′[ fmin , fmax] and computed the rate of true positives
(TPrate , and the rate of false positives (FPrate), equivalent to sensitivity (Sn)
and 1 – speci�city (Sp), respectively.�e accuracy of the test was calculated as
the area under the curve (AUC) of the ROC curve bymeans of the trapezoidal
rule. We chose the optimal cut-o� value based on the Youden Index [157],
de�ned as J = maxc(Sn(c)+ Sp(c)-1).

6.3 Results

6.3.1 Computational Findings
An overview of the velocity �eld of the “�ow rate” category is shown in
Figure 6.3 to allow for a qualitative analysis of the well-resolved physics of
our computational methodology.
�e velocity traces in point P (Figure 6.3a) and the volumetric rendering
of the instantaneous velocity magnitude �eld at t = T/4 (Figure 6.3b) are
reported for increasing QCCA (Figure 6.3c). �e pressure �uctuations in
the ICA increase proportionally to the CCA �ow rate, as highlighted by the
high velocity jet emerging from the throat of the stenosis. �e increased
velocity leads to the formation of �ow instabilities in the more distal ICA.�e
combined e�ect of increased velocity magnitude and its subsequent e�ect on
the intensity of �ow instabilities are clearly noticeable in the velocity traces
of Figure 6.3a.

6.3.2 Validation against in-vitro Experiments
�e traces of normalized computational pressure data and normalized experi-
mental displacement obtained using LDV recordings are compared in Figure
6.4a where we can observe an increase in pressure drop and displacement
magnitude with increasing �ow rates. As expected, the raw data of the two
datasets are not directly comparable one to the other.
�e instabilities in the LDV signal are masked by its high amplitude. We,
therefore, report the high-pass �ltered signals in Figure 6.4b for a visual
proof of the presence of �ow instabilities. From the high-pass �ltered pres-
sure signals, we observe that for the two lowest �ow rates there are little to
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Figure 6.3: An increase in QCCA (a) leads to noticeable increase of velocity mag-
nitude (b) and of �ow instabilities (c) for the 76 % stenosis. �e velocity traces
in (c) were sampled in point P (yellow square), and the volumetric velocity mag-
nitude in (b) was sampled at one fourth of the cardiac cycle (red dot). Higher QCCA
implies higher velocity values at the stenosis throat, which trigger vortexes in the
downstream region.

no high-frequency instabilities. In contrast, the high-pass �ltered displace-
ment traces for the three higher �ow rates contain an increasing level of
�uctuations. However, for both datasets, the �uctuations are present and
increase with the �ow rate, and the same applies to their power, shown in
Figure 6.4c. Furthermore, the logarithm of their integral in the 20 Hz-10 kHz
range, shown in Figure 4d, displays a similar linear trend, increasing with
QICA, suggesting that the intensity of the pressure �uctuations, as obtained
from the CFD simulations, can be used as a proxy for the intensity of wall
vibrations as measured with LDV. It is worth noticing that the data points
in Figure 6.4d are plotted on separate y-axes, since we are comparing two
di�erent physical quantities. �e two datasets were found to be in good
agreement, with a concordance correlation coe�cient of 0.9819. We can,
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therefore, conclude that our computational methodology provides plausible
results for the patient-speci�c 76 % stenotic model. We could hence use CFD
simulations to investigate a larger set of parameters.

Figure 6.4: (a)�e pressure obtained from the computational simulations is com-
pared to the LDV displacement obtained from experimental tests at increasing QICA
(whose values are reported in the legends of panel c).�e displacement increased in
amplitude as the �ow rate in the stenosed vessel increased, which lead as well to an
increase of instabilities in the pressure �eld.�e increase of instabilities with ICA
�ow rate is highlighted by the high-pass �ltered time traces (b) and their power (c) of
both the CFD and EXP data. Similarly, the scatter plot (d) shows that IFI[20Hz ,10kHz]
from both CFD and EXP data tend to increase together with QICA.�e grey box in
(c) highlights the frequency range (20 Hz to 10 kHz) in which the IFI shown in (d)
is calculated.

6.3.3 Metrics Correlating with Flow Instabilities in Stenosed and
Healthy Models

In this section, we report the results of the correlation between the
IFI[20Hz,10kHz] and six parameters describing the �ow and stenosis geometry.
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Speci�cally, Figure 6.5a to 6.5c shows the correlation of the three imposed
parameters (QCCA, QICA/QCCA and Areastenosis) with IFI[20Hz,10kHz].
Figure 6.5d to 6.5f shows the correlation of IFI[20Hz,10kHz] with the three
obtained parameters (QICA, Velocitystenosis and Restenosis).

�e stenotic and the healthy models are analyzed separately to ease com-
parison between them. An increase in any of these parameters generally
leads to an increase of the intensity of �ow instabilities. Focusing �rst on the
stenotic models, the stenosis area was the only factor where the slope of the
regression line was not signi�cantly di�erent from zero with p-value > 0.05,
and was a poor metric for IFI, accounting for only 15 % of the variation in the
data.�e correlation improved for QCCA, Velocitystenosis and QICA/QCCA,
with R2 = 0.39, 0.56 and 0.54, respectively; but only QICA and Restenosis have
an R2 value of 0.90 (p-value < 0.05). For the sake of conciseness, we here
report the results of the following analysis performed only for QICA as metric,
as QICA is more relatable to measurements in existing literature and clinical
practice.�eQICA was also found to be the best metric for the increase of IFI
for the healthy models as well, comparable to Velocitystenosis and Restenosis .
It is worth noticing that the linear correlation betweenmost of the considered
�ow metrics and the IFI, computed as the logarithm of the energy integ-
ral, suggests that the parameters actually correlate exponentially with the
intensity of �ow instabilities.

A qualitative evaluation of the intensity of �ow instabilities is provided
using the high-pass �ltered pressure signals, shown with the corresponding
QICA value in Figure 6.6.�e simulations are depicted for increasing QICA
values. Of note is that the 96 % stenosis does not harbor �ow instabilities,
because of our physiology-based boundary conditions. �e 86 % stenosis
harbors weak instabilities only if the �ow rate is above average, while the
�uctuations harbored with average QCCA are negligible.�e 76 % stenosis
simulations exhibit a phenotypically di�erent behavior depending on the �ow
split and inlet �ow rate. More speci�cally, a high �ow split or inlet �ow rate
(average + 2SDs) produced the most unstable �ows, while the simulations
with a reduction below the average of these parameters did not harbor high-
frequency pressure �uctuations. �e 66 % and 56 % are slightly unstable
through the entire range of physiological CCA �ow rate or �ow split used
in this study. �e high-pass �ltered pressure traces of the healthy model
simulations are highlighted with a grey box. �e healthy model does not
show any �ow instabilities, even though the QICA would have been high
enough to trigger �ow instabilities in any of the stenotic models (QICA = 257
ml/min).

Similar considerations can be drawn when evaluating the high-pass
�ltered pressure traces (a) and the Q-criterion (b) in the healthy model
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Figure 6.5:�e impact of the physiologically relevant factors (QCCA, QICA/QCCA,
Areastenosi s , QICA, Velocitystenosi s and Restenosi s) on the intensity of �ow instabil-
ities is depicted in separated plots. �e regression analysis was performed for
the stenotic and the healthy models separately. All factors are positively related
with IFI[20Hz ,10kHz] but their correlation varies between a minimum of 0.15 for
Areastenosi s and a maximum of 0.90 for QICA and Restenosi s .
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Figure 6.6: �e incremental plot of QICA highlights the positive relationship
between the QICA and the high-pass �ltered pressure signals which, on the other
hand, are largely insensitive to other expectedly relevant parameters such as sten-
osis severity, inlet �ow rate and �ow split.�e IFI[20Hz ,10kHz] is reported to show
the di�erence between stenotic and healthy models’ values.�e high-pass �ltered
pressure signals obtained using the healthy model are highlighted with a gray box,
showing that no �ow instabilities arise even if their QICA is in the range in which
the stenotic models harbor intense instabilities.

simulation, together with QICA (c) for each stenosis degree in Figure 6.7.
Shi�ing our attention to the 56 % to 76 % stenosis models, it is possible to see
�ow vortexes both upstream, at, and downstream of the stenosis throat.�e
di�erences with the healthy model in both high-frequency pressure traces
and vortexes are clearly noticeable. We �nd the lowest QICA in the most
severe stenoses (86 % and 96 %), where weak or no instabilities are present.
�e QICA is hence a good metric for the presence of �ow instabilities if a
stenosis is present; otherwise, the geometrical factors have a predominant
impact.

6.3.3.1 Frequency-Based Stenosis Indicators

Figures 6.6 and 6.7 suggest that the high-frequent �ow instabilities can be used
as indicator for the presence of the moderate stenoses (56 % to 76%), but not
for severe stenosis as a result of the reduced �ow, which was too low to induce
instabilities. Analysis of the high-frequency contents of the signal in itself,
therefore, would be insu�cient to infer the presence of stenosis. Additional
information may be found in a metric that would indicate the �ow level in
itself, which will be markedly lower in case of severe stenosis (86 % and 96
%).�erefore, the power spectrum in the lower frequency range may provide
this information.�e le� side of Figure 6.8a illustrates that the majority of
the energy related to the bulk �ow is mostly present in the 0 – 40 Hz range,

107



6. Flow instabilities for stenosis detection: a combined approach

Figure 6.7:�e used QICA is reported (a) in correspondence of the vortexes in the
ICA region, identi�ed using the Q-criterion (b), of each model (category “degree
of stenosis”).�e volumetric rendering of the Q-criterion was obtained at a fourth
of the simulated cycle, highlighted by the red dot on the high-pass pressure traces
displaced in panel c), which were obtained at point P (yellow square). As expected,
the jet of the �ow does not break down when entering the stenosis in the healthy
geometry, while numerous vortexes arise in the 56 %, 66 % and 76 % stenoses.�e
�ow in the 86 % stenosis is also unstable but less than the 56-76 % stenoses. In the 96
% geometry, on the other hand, the weak instabilities dissipate closely downstream
of the narrowing.
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which was therefore chosen as the relevant frequency range for discerning
severe stenoses from healthy carotid arteries. Furthermore, we observe that
the power of the healthy and the severe stenoses reaches approximately zero
at 80 Hz, while the energy content of the moderate stenoses is non-negligible
until 200 Hz . �erefore, the IFI[80Hz,200Hz] could be used as indicator
for the presence of moderate stenoses. �e sensitivity and speci�city of
IFI[0Hz,40Hz] and IFI[80Hz,200Hz] for the detection of severe and moderate
stenoses, respectively, was investigated in the following chapters.

6.3.3.2 LDV for Stenosis Detection: Proof-of-concept

Based on these preliminary �ndings, we performed a total of four linear
regression analyses between QICA and the CFD-based IFIs, for stenotic and
healthy models separately, with IFIs evaluated at both frequency ranges.�e
correlation was found to be high for all cases, with R2 > 0.89, as reported
in Table 6.4. �e regression coe�cients (Table 6.4) were used to obtain
IFI′[0Hz,40Hz] and IFI

′
[80Hz,200Hz] from QICA of the �ctitious population.

�e probability density functions of the �ctitious population were evaluated
for both frequency ranges and reported in Figure 6.8b.�e probability dens-
ity functions represent the distribution of the diseased and healthy groups,
therefore, providing insights on the forecast probability of each classi�er, i.e.
IFI′[0Hz,40Hz] and IFI

′
[80Hz,200Hz]. On the le� side, the distribution of the

healthy �ctitious population overlaps only partially on the 86 % stenosis, and
not at all on the 96 %, showing promising possibilities for the IFI′[0Hz,40Hz] as
indicator for severe stenoses, but less so for moderate stenoses. On the other
hand, the distribution of the healthy population obtained for IFI′[80Hz,200Hz]
(Figure 6.8b, right side) overlaps only marginally with the moderate stenoses
but almost completely the severe stenoses, showing that IFI′[80Hz,200Hz] could
be used to identify moderate stenoses but not severe ones. �erefore, the
probability density functions suggest that it could be possible to infer the
presence of moderate and severe stenoses by using the IFIs′ evaluated at high
and low frequency ranges, respectively, as classi�ers. We, therefore, based
our ROC analysis by evaluating IFI′ in the 80 - 200 Hz and 0 - 40 Hz range,
see Figure 6.8c, le� and right panel, respectively.�e reference probability
line is added to both plots, showing that the accuracy of the IFIs′ is higher
than a predictor which makes random guesses (AUC = 0.50). As expected
from the probability density functions plots, the ROC analysis shows that
IFI′[0Hz,40Hz] infers the presence of severe stenoses with AUC = 0.97, while
IFI′[80Hz,200Hz] infers the presence of moderate stenosis with AUC = 0.84.
�e AUC of each curve is reported in Table 6.2. From Youden Index we have
that the optimal cut-o� value is IFI′[0Hz,40Hz] = -3.96 with Sp = 92 % and Sn
= 99 %, and IFI′[80Hz,200Hz] = -6.91 with Sp = 73 % and Sn = 96 %.

109



6. Flow instabilities for stenosis detection: a combined approach

Figure 6.8:�e CFD data evaluated in the 0 – 40 Hz and in the 80 – 200 Hz ranges
is reported on the le� and right side, respectively. (a)�e power of the pressure
�uctuations obtained from the six CFD simulations in category “degree of stenosis”
(mean QCCA and QICA/QCCA) is plotted in two frequency ranges (identi�ed by
the gray boxes), highlighting a di�erence in the energy content of the moderate
(56 %,66 % and 76 %) and severe (86 % and 96 %) stenoses. (b)�e probability
density distributions, obtained from the extended population by means of regression
analyses in each range, show that by evaluating IFI in two separate frequency ranges,
it is possible to distinguish the moderate and severe stenoses from the healthy
model. (c)�e ROC curves show that the accuracy of severe and moderate stenosis
prediction using IFI′0−40Hz and IFI′80−200Hz , respectively, is higher than the one of
a random predictor with 50% chance of detection.
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Frequency Range Model R2 a ⋅ 100 b
fmin = 0 Hz Stenotic 0.89 0.739 -5.016
fmax = 40 Hz Healthy 0.99 0.286 -4.361
fmin = 80 Hz Stenotic 0.89 2.803 -10.770
fmax = 200 Hz Healthy 0.96 0.602 -9.905

Table 6.4: �e correlation between QICA and IFI[ fmin , fmax] evaluated at the two
frequency ranges was found to be extremely high (R2 at least 0.89).�e regression
coe�cients (a, b) were used to obtain the IFI′ values in both frequency ranges and
for each subject of the �ctitious population using the expression IFI′[ fmin , fmax] =
a ⋅ QICA + b.

6.4 Discussion

6.4.1 Validation Strategy
�e results in this paper were based on using the computed pressure traces
as proxy for wall vibrations, which we validated against in-vitro data.�e
correlation between the two datasets is 0.9819.
Interestingly, the IFI was found to be una�ected by which physical quant-
ity it was calculated from.�e experimental data referred to displacement
recorded using LDV on the surface of a so�-tissue-mimicking gel, which
embedded a compliant replica of the carotid arteries. �e computational
data, on the other hand, consisted of pressure �uctuations. During the ex-
periments, in-vitro intra-arterial pressure was also measured. However, the
presence of pressure catheters signi�cantly a�ected the �ow �eld and thereby
made any comparison with the simulated �ow �eld not relevant.
Our �ndings also suggest that the material properties of the compliant ex-
perimental model and the rigid-walls computational model did not a�ect
the turbulent �ow �eld, as similar �ow �elds were obtained from the two
datasets. Note also that, despite the mentioned di�erences, the characteristic
frequencies for the turbulent-like �ow are in the < 200 Hz region for both
the numerical and experimental data [103].

6.4.2 Computational Model
Using our computational resources, we were able to evaluate the �ow �eld of
several stenosis severities throughout 21 CFD simulations, speci�cally 18 for
the stenosed models and 3 for the healthy one.
�ere have been multiple CFD studies performed on a cohort of patients
a�ected by carotid stenosis [158], [159]. However, they mainly focused on
wall shear stress and disease progression. To the best of our knowledge, this
is the �rst study focusing on how the intensity of turbulent-like post-stenotic
�ow varies with �ow rate, �ow split, and degree of stenosis.�e current study
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was limited to a Newtonian formulation of the blood, but the e�ect of using
a non-Newtonian �uid on the �ow �eld of the carotid bifurcation was found
to be negligible, due to the high shear rates that force the models to work in
a quasi-constant viscosity regime [131]. Furthermore, Khan et al. [111], [155]
observed that assuming viscosity as a constant value has a negligible practical
impact on the turbulent �ow �eld.

6.4.3 Healthy Model
Another important aspect of this paper was the comparison between the
healthy and diseased models.�e healthy model did not harbor �ow instabil-
ities despite the relatively high QICA, showing how strongly the presence of
a stenosis a�ects the �ow �eld. Of note is that the �ow �eld in the healthy
model was di�erent already upstream of the area where the stenosis would
occur, as due to the growth of the atherosclerotic plaques. �e Computer
Tomography Angiography images [115] showed the presence of hypo-cellular
and calci�ed plaques spread along the ICA since its attachment to the carotid
bifurcation, highlighting that what we consider a stenosis is actually the loc-
ation with the most extreme narrowing. It is well known that the arteries
of patients a�ected by atherosclerosis are overall narrower than the same
artery prior to the growth of the plaque. Consequently, the di�erences in
�uid dynamics among a healthy and a stenotic patient are even more marked,
explaining the absolute absence of vortexes in the healthy model despite the
comparable QICA.

6.4.4 Reynolds Number
As expected, the linear regression analysis between QICA and IFI[ fmin , fmax]
in the 20 Hz - 10 kHz range showed that the Reynolds number is an equally
good correlation metric for the presence of �ow instabilities as QICA. Despite
its limited use in the clinical practice, the Restenosis is still relevant from an
engineering point of view. We therefore performed the ROC analysis using
Restenosis as metric for IFI evaluated at same frequency ranges as QICA. We
found that there was little to no impact on sensitivity and speci�city, as the
results were in agreement with those obtained with QICA, with AUC = 0.82
and 0.85 for moderate and severe stenoses, respectively.�us, as expected,
con�rming the strong correlation between Restenosis and the intensity of �ow
instabilities at any stenosis degree.

6.4.5 Fictitious Population
Using the linear regressions, we could create a �ctitious population and
perform ROC analyses. We did this considering two frequency bands:
IFI′[0Hz,40Hz] and IFI

′
[80Hz,200Hz]. Of note is that nine additional frequency

bands were considered, ranging within the entire simulated frequency
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domain (0 - 10 kHz), but our data indicates that the 0 - 40 Hz range best
reveals information on the �ow rate, while the higher 80 - 200 Hz frequency
band �nely reveals the presence of �ow instabilities. In our analysis, both
were needed to discriminate a stenosed from a non-stenosed vessel because
of the �ow limiting character of severe stenosis. Indeed, when using
IFI′[80Hz,200Hz], the curve for severe stenoses is consistently below the 50 %
probability reference line.
We found low sensitivity when detecting extremely severe stenoses using
�ow instabilities, which agrees with several clinical studies. For instance, the
sensitivity for auscultation of asymptomatic carotid stenosis was found to be
29 % by Johannson et al. (2008) [160]. McColgan et al (2012) also noticed
that the likelihood of carotid bruit does not increase with stenosis degree
[14].�ese �ndings suggest that evaluations based on carotid bruits, i.e. �ow
instabilities, are not su�cient to exclude the presence of extremely severe
carotid stenosis.
However, it is worth noticing that by combining the IFI′[80Hz,200Hz] and
the IFI′[0Hz,40Hz] data, and using a simple linear classi�er, we were able to
achieve a perfect classi�cation of our �ctitious population, i.e., AUC = 1.0
and a speci�city and sensitivity of 100 %.

6.4.6 Future Work
Veri�cation and validation of computermodels have been a subject of struggle
for the modeling and simulations community since the 1960s [161]. If ap-
plicable, comparisons should be made using well-known benchmarks or
well-understood techniques in order to accurately quantify the uncertain-
ties [97].�e U.S. Food and Drug Administration (FDA) designed a nozzle
benchmark for the validation of CFD models applied to generic medical
devices,[162] and asked the CFD community to perform validation simu-
lations in 2008-2009. However, a large inter-laboratory disagreement was
found in the predicted breakdown location of turbulent jet for transitional
�ow regimes. Several studies argued that the discrepancy was due to the
lack of measured boundary conditions, which prevented numerical repro-
ducibility [163], as the experimental noise could have triggered the onset of
turbulence whereas the idealized boundary conditions would not [102]. It
is indeed well established that the environment in which validation experi-
ments are conducted, as being the quanti�cation of the ability of a computer
model to replicate the physics of the investigated problem their primary
purpose, should be carefully controlled and measured in order to guarantee
inter-laboratory repeatability [40]. In this context, our validation strategy
lacked on the numerical reproducibility as much as the FDA benchmark did,
as the computational boundary conditions set in our models are based on
idealized values as well. Our primary purpose, however, was restricted to
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the validation of a single computer model whose speci�c purpose was to
obtain a set of intensity of �ow instabilities large enough to allow a statistic-
ally signi�cant analysis of the ability of an LDV device to detect stenosis. As
such, we were not interested in the absolute value of IFI, but rather in the
correlation to geometric and �ow rate parameters, i.e. QICA or Restenosis. In
order to encourage further discussion on the subject and promote openness
in science, we point out the availability of the experimental dataset in an
online repository [164].
�e pressure traces show that �ow instabilities are particularly intense a�er
the systolic peak, and almost never present in the diastolic phase of the car-
diac cycle. Future work may also consider performing a temporal analysis
of the traces, focusing on speci�c moments during the cardiac cycle, to look
for frequency-dependent features. In this context, it is relevant to mention
the study of Palmen et al. [165] which found signi�cant secondary �ow �eld
and an unstable shear layer behavior during systolic deceleration and in the
initial phase of diastole, and a quasi-static situation at end-diastole.
We obtained the �ctitious population on which the ROC analysis was per-
formed by using the correlation coe�cients of theQICA of 21 CFD simulations
(18 stenotic, three healthy) and the IFI. Obviously, the number of CFD sim-
ulations included in this study had an immediate impact on the accuracy
of the correlation.�e number of simulations was kept as small as possible
due to the surge of CPU hours demanded by each additional one. It is prac-
tically unfeasible to run enough simulations to cover all combinations of
CCA �ow rate, ICA �ow split and stenosis degree. A larger set of simulations
run on a broader population could allow for a more accurate estimate of the
correlation coe�cients. We made sure to run at least two simulations per
stenosis degree, in order to improve the reliability of our regression model
as predictor for the presence of carotid stenosis. Exceptionally, we included
only one simulation run on the 96 % stenosis model because no di�erence
in IFI was noticeable when increasing the QCCA to 2 SD (i.e. QICA = 27
ml/min), suggesting that the extremely severe stenosis could not harbor �ow
instabilities in physiologically varying ICA �ow rates. Furthermore, we run
only three simulations with the healthy model as a consequence of the choice
to investigate only the �ow rate levels appropriate for stenotic models. It
is worth noticing, however, that small �ow instabilities were found in the
healthy model for ICA �ow rates on the high side of its physiological range
QICA = 351.8, corresponding to + 2 SD.
�e sensitivity and speci�city measured in our �ctitious feasibility studies
outperform clinical studies using auscultation.�e association between ca-
rotid bruit, related to the presence of �ow instabilities, and carotid stenosis
was found to have an average Sn = 53 % and Sp = 83 % over 26 clinical stud-
ies [14]. Although our results are more encouraging than previous in-vivo
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studies, we have to point out that our study excludes all the variation from
patient-speci�c geometry and neck skin properties.�e �ndings in this study
are based on only one set of patient-speci�c clinical images, with its unique
tortuosity and plaque morphology. Patient-speci�c anatomical aspects such
as curvature, non-planarity and tortuosity of carotid arteries, and the distance
of the ICA stenosis from the carotid bifurcation, might have an impact on the
onset of �ow instabilities, and on the identi�ed frequency bands and metrics.
Caution is therefore warranted in interpreting the �ndings and a further
extension of the study with additional patient-speci�c data would strengthen
the theoretical basis. At the same time, the proof-of-concept character of the
work should be kept in mind, where we wanted to explore the discriminative
power of a frequency-domain analysis of features induced by post-stenosis
�ow instabilities in an experimental and CFDmodel.�e e�ective sensitivity
and speci�city of the technique will always have to be based on an in-vivo
study, irrespective of any computational study.
In this study, we assess the inter-patient variability of IFI values. How-
ever, when performing in-vivo measurements, it might be more relevant
to quantify the intra-patient variability of IFI values by comparing the meas-
urement obtained from both carotid arteries. From a mathematical point
of view, this would be a ‘patient-speci�c’ normalization of the data, which
hopefully would reduce the impact of geometry and neck skin properties.
Finally, caution is warranted when interpreting our results from the collec-
tion of �ctitious subjects. Our approach is only intended as a rough estimate
of the sensitivity and speci�city for each degree of stenosis. One cannot draw
any direct clinical conclusions from these results, but could help guiding
future exploratory clinical trials. Furthermore, given the intrinsic limitations
of in-silico and in-vitro studies, the e�ective potential of this theoretically
validated technique should be followed up and validated by clinical studies. If
our feasibility results would be found to be applicable in-vivo, the use of such
device in the clinical practice could improve early carotid stenosis detection.

6.5 Conclusions

We have performed CFD simulations in a patient-speci�c carotid bifurcation
geometry in order to evaluate the feasibility of LDV to infer carotid stenosis.
Speci�cally, we evaluated the �ow �eld obtained by di�erent degrees of sten-
osis in the internal carotid artery, subjected to boundary conditions spanning
the physiological range. We introduced the IFI as a measure to quantify
the intensity of downstream �uctuations. We have demonstrated that the
�ow rate in the stenosed artery is a major determinant of downstream �ow
instabilities, which arise quite intensely in moderate stenoses (56 % to 76
%). Interestingly, bulk �ow could also be used to identify the most stenotic
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carotid arteries. �e accuracy of moderate and severe stenoses detection
by means of an LDV device was found to be encouraging. Noticeably, the
pressure-based CFD analysis parallels the analysis of experimental data in
the same geometrical model embedded in a gel, where the relation between
trans-stenotic �ow and intensity of vibrations at the gel surface was studied.
�ese results support the feasibility of the use of LDV to infer asymptomatic
carotid stenosis, pending validation via clinical trials.
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Conclusions

�e objective of the current work was to provide a proof of principle concern-
ing the ability of a Laser Doppler Vibrometer device to infer the presence
of carotid stenosis. We explored it by integrating computational techniques
with an experimental methodology.

Research Goals

Goal 1 - Implementation of an e�cient numericalmodel able to reliably replicate
the �ow �eld in a stenosed carotid artery

Computational Fluid Dynamics is an extremely powerful investigation
technique, as it allows to obtain a complete description of pressure and
velocity �elds in the entire �uid domain [86]. However, the e�cacy of CFD
relies on the robustness of the numerical methods, especially for transitional
�ows [102].�e choice of the correct numerical methodology is hence crucial
for reliable simulations.

Direct Numerical Simulations with rigid walls are widely used for bio-
medical applications with complex or transitional �ow �elds [74], [102], [111]–
[114]. �erefore, we �rstly focused on �nding an adequate DNS solution
from a spatial and temporal re�nement study with respect to the smallest
scales, and from a pragmatic biomedical engineering point of view. �e
numerical methodology applied in this study allowed us to properly resolve
the �ow �eld of a stenosed patient-speci�c carotid bifurcation and hence
detect instabilities induced by the stenosis.

However, directly calculating the smallest scales of the turbulent-like �ow
requires large computational resources. �erefore, sub-grid scale models
are o�en used to model the smallest scales. �e resulting LES simulation
leads to a lower computational cost. However, LES simulations depend on
the properties of the SGS model. In the chapter 4, we have shown that,
when compared to the reference DNS solution, only Sigma and Dynamic
Smagorinsky models were able to replicate the averaged mean �ow features
from the constant �ow rate simulation, and the turbulent �ow features in
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the pulsatile �ow rate simulations. �e computational cost was lower for
the Sigma model, and therefore the best choice balancing accuracy with
computational cost for studying high frequency �ow instabilities. However,
for higher Reynolds numbers, similar to the constant �ow rate simulation,
the LES models were not su�cient.

Future e�orts on this subject should be conducted with the above men-
tioned SGS model, while taking advantage of a robust high-order numerical
solver such as the one used in this study.

Goal 2 - Development of an experimental stenosed carotid artery model to
obtain LDV traces

Our aim was to evaluate the ability of the LDV prototype, developed
within the CARDIS project, to detect a stenosis. Speci�cally, we aimed
to determine whether the presence of a stenosis leads to high frequency
�uctuations in the recorded LDV signals and, if so, to assess the frequency
range where such �uctuations would have to be sought.

In the hydraulic benchmodel study of a carotid artery reported in chapter
5, we have shown that post-stenotic �ow instabilities induce vibrations that
can be detected from surface measurements using laser Doppler vibrometry.
�e statistical analysis showed that the LDV was able to distinguish di�erent
�ow levels in the envisioned range, as could the pressure probe, with a com-
parable sensitivity. We found that there seems to be very little energy in the
signals beyond 200 Hz. Furthermore, our data suggest that the 0 - 200 Hz
range covers the frequency band within which to seek the footprint of the
stenosis.

Goal 3 - Validation of the numerical model against the collected experi-
mental measurements

We aimed to validate the numerical methodology, in order to determine
whether it was able to replicate the physics of the real world. In order to do
so, we compared the experimental LDV signals with the computed pressure
traces for the patient-speci�c 76 % stenotic model.

For both datasets, the �uctuations were present and increased with the
�ow rate, and the same applied to their power. Furthermore, the logarithm
of their integral in the 20 Hz - 10 kHz range displayed a similar linear trend,
increasing with ICA �ow rate, suggesting that the intensity of the pressure
�uctuations, as obtained from the CFD simulations, can be used as a proxy for
the intensity of wall vibrations as measured with LDV.�e two datasets were
found to be in good agreement, with a concordance correlation coe�cient
higher than 0.98.
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What about the clinical practice?

We could, therefore, conclude that our computational methodology
provides plausible results, and we could hence use CFD simulations to invest-
igate a larger set of parameters.

Goal 4 - Conduction of a parametric study on the intensity of downstream-
stenosis �ow instabilities

We aimed to assess which metric best correlates with the level of �ow
instabilities. Using our computational resources, we were able to evaluate
the �ow �eld of several stenosis severities throughout 21 CFD simulations,
speci�cally 18 for the stenosed models and 3 for the healthy one.

We performed regression analyses between the intensity of �ow instabil-
ities in the most relevant frequency interval (as found from the experimental
study) and CCA �ow rate, ICA �ow rate, ICA �ow split, stenosis area, �ow
velocity and Reynolds number at the stenosis throat.�e ICA �ow rate was
found to be the strongest correlator with the intensity of downstream stenosis
�ow instabilities, with a R2 of 0.90.�e model of the healthy artery (recon-
structed based on clinical images), on the other hand, did not harbor �ow
instabilities despite the relatively high ICA �ow rate, showing how strongly
the presence of a stenosis a�ects the �ow �eld.

Goal 5 - Obtaining a quantitative prediction of the feasibility of stenosis
detection using LDV

We have demonstrated that the �ow rate in the stenosed artery is a major
determinant of downstream �ow instabilities, which arise quite intensely in
moderate stenoses (56 % to 76 %) in the high frequency range (80 - 200 Hz).
We found low sensitivity when detecting extremely severe stenoses using
�ow instabilities, which agrees with several clinical studies. However, bulk
�ow (low frequency range: 0 - 40 Hz) could also be used to identify the
most stenotic carotid arteries.�e accuracy of moderate and severe stenoses
detection using an LDV device was found to be encouraging.

�ese results support the feasibility of the use of LDV to infer asympto-
matic carotid stenosis, pending validation via clinical trials.

What about the clinical practice?

As not unusual in the computational �eld, the translation of models to the
clinical setting is rather complex, due to the intrinsic idealization of the
physiological problems.

Speci�cally, the �ndings in this study are based on only one set of patient-
speci�c clinical images, with its unique tortuosity and plaque morphology.
Patient-speci�c anatomical aspects such as curvature, non-planarity and
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tortuosity of carotid arteries, and the distance of the ICA stenosis from the
carotid bifurcation, might have an impact on the onset of �ow instabilities,
and on the identi�ed frequency bands and metrics.

In this respect, we performed the current study as a proof of concept of
the feasibility of using LDV to detect stenosis, and it was not our intention
to translate this to the clinic. Nevertheless, we were able to provide physics-
based guidelines on the importance of investigating two di�erent frequency
ranges for the detection of di�erent degrees of stenosis. However, the direct
applicability of our methodology to the data recorded on patients is, as
a reviewer correctly pointed out, to be demonstrated, despite our e�orts
to simulate as many physiologically plausible conditions as allowed by the
computational resources. We nonetheless believe that the main results of the
current study will be relevant for follow-up research and provide guidance
for signal processing strategies that will, most likely, be complemented with
arti�cial intelligence and machine learning methods.

Take-home message

�e accuracy of moderate and severe stenoses detection using an LDV device
was found to be encouraging. If our feasibility results would be found to
be applicable in-vivo, the use of such device in the clinical practice could
improve early carotid stenosis detection.
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