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To Dylan, my little wonder





Preface

Some years ago I was starting a master in mathematical modelling at Cujae
and in need of a research topic, when I was introduced to professor Melchor
who suggested to study about arterial wall properties. �e topic was com-
pletely new to me as I just had obtained my degree on nuclear engineering
with a thesis on carbon nanotubes, but I found it very interesting and decided
to join the Biomechanics research group at Cujae. Not long a�er that I found
myself giving a presentation to the professors of Ghent University that were
part of a project between both universities. Back then my English was very
poor and my presentation was a very basic research on the state-of-the-art.
Professor Patrick Segers, who was the leader of the project for the Belgian
side (prof. Tania was it for the Cuban one), took an interest and o�ered me
a more concrete research purpose. It was then when this journey towards
a PhD started, although it did not materialize until much later, when I had
my �rst internship in Ghent, and more formally when I got a scholarship
from UGent four years ago. Doing a PhD has been very challenging. I had
to overcome many stressful periods and a couple of existential crises, but it
has also involved many rewarding moments and a lot of personal growing. It
has given me a more scienti�c perspective, and hopefully my research will
show to be a valuable contribution to the scienti�c community.�e following
words are for all the people that were there for me, helping me all the way.

My �rst thank you goes to my supervisor Patrick.�ank you for all your
patience (I know you have needed a lot of it with me), for your support in
the di�cult times, for your incredible e�ciency providing feedback to my
written works, for challenging my reasoning with your comments and your
constructive critics, and for having more con�dence in me than myself. I
will always be grateful that you gave me such a fantastic opportunity (even
when I barely could speak English to you in our �rst meeting). I am also very
grateful to Tania for all the support and encouragement, for giving me the
opportunity to be part of the project although I was one of the last to join
the lab, for helping me with the bureaucracy in Cujae, and for not doubting
in taking over the supervisor role when we lost professor Melchor.
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Summary

Introduction

Cardiovascular diseases (CVDs) remain one of the main causes of mortality
and morbidity worldwide, with major incidence in the ageing and elderly
population. Global demographic trends continue to project an increase in
this population in the next decades, wherewith older adults are expected to
present a major burden for the healthcare system in the future. Detrimental
hemodynamic changes associated with ageing have been found to in�uence
the development and progression of various CVDs. Moreover, the increasing
study of pulse wave propagation in the arterial system has allowed researchers
to explain speci�c age-related changes in hemodynamics and their association
with the risk ofCVD.�erefore, it is of primary importance to study the e�ects
of ageing on the hemodynamics and arterial function, in order to determine
the mechanisms by which they relate to the risk of CVD; and to deepen the
understanding of pressure and �ow wave propagation phenomena in the
arterial tree, which is also of interest for the development of new therapies
and diagnosis of CVD.

�is thesis was developed within this context and it was structured in
three main parts. Part I comprises a description of fundamental hemodynam-
ics and cardiovascular concepts and state of knowledge, which are important
to understand the series of studies that conform this PhD project.�e �rst
aim of this dissertation is to gain a deeper understanding of arterial hemo-
dynamics and wave travel and re�ection, from the use of an in silico one-
dimensional (1D) model of the systemic circulation in di�erent applications.
�ese studies are clustered in Part II. A second major aim is to investigate
and assess the e�ective impact of ageing on arterial system properties and
wave travel. For this purpose in Part III, we explore the longitudinal in vivo
data of the Asklepios large population of middle-aged subjects.
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Hemodynamics and wave propagation in the arterial tree

Anatomy, physiology and basic hemodynamic principles
Chapter 1 gives a brief description of the anatomy and physiology of the
human cardiovascular system, focusing on the heart and the arterial system.
A second section provides an overview of the cardiovascular pathologies of
interest in the current dissertation, namely heart failure and arterial sti�ening
with ageing. Pulse wave velocity (PWV) is then introduced as an easier and
valid way of quantifying large artery sti�ness, with a prognostic value for
CVDs.�e relevant methods for its estimation are explained, with a major
focus on transit time methods and loop-based methods to estimate PWV at
a single location. Pressure and �ow wave propagation in the cardiovascular
system is described, as it is a primary object of study of this dissertation, with
particular emphasis on wave re�ections and wave separation analysis. Finally,
in the last part of this section, wave intensity and wave power analysis are
explained, which will be used in subsequent chapters to provide insight on
wave dynamics in the cardiovascular system.

Modelling the cardiovascular system
One-dimensional models of the cardiovascular system are a powerful tool
to understand pulse wave propagation along the systemic arterial system in
normal conditions, or how the propagation patterns are a�ected by changes
in the geometry and functional properties of the arterial system, due to patho-
logies, anatomical variations, or clinical interventions. Because modelling
allows for the �exibility of investigating these di�erent scenarios in well con-
trolled simulations, it can contribute valuably to answering physiological and
pathophysiological questions arising in cardiovascular research. In this thesis
we make use of a 1D model of the systemic arterial tree, which has been pre-
viously developed and validated with in vivo data in humans, to study pulse
wave propagation and arterial hemodynamics in several applications.�e
mathematical formulation and description of the 1D model of the systemic
circulation is provided in Chapter 2. Here we focus on describing the general
features of the model relevant for the studies grouped in Part II of the thesis.
In each of these studies, subsequent adaptations to the model were made in
order to meet their respective objectives.

Applications of the 1D model of the systemic arterial tree

Hemodynamic impact of the C-Pulse cardiac support device
In Chapter 3, the 1D model is applied to study the impact of a heart assist
device on arterial hemodynamics. �e C-Pulse heart assist system is an
extra-aortic counterpulsation device intended to unload the heart in patients
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with heart failure while increasing coronary perfusion. We implement the
function of the device in the model and simulate central and peripheral
pressure and �ow waveforms in assisted and unassisted cardiac cycles for
three scenarios: control case representing a young and healthy subject, and
two other cases representing a young and older subject with heart failure
with reduced ejection fraction. �e simulation outcomes are qualitatively
compared with in vivo data measured noninvasively in three patients with
heart failure and with invasive data measured in a pig. Wave intensity analysis
is used to provide more insight into the e�ects of the device on pulse wave
propagation. We showed that activation of the C-Pulse causes a diastolic
augmentation in the pressure and �ow waveforms, which is associated with a
forward travelling compression wave; whereas a forward travelling expansion
wave is associated with the device relaxation, with waves exerting an action in
the vascular beds including coronary arteries.�e sti�ness of the arterial tree
was found to be an important determinant of the hemodynamic bene�ts of the
device, with sti�er aortas requiring higher values of the cu� in�ation pressure
for the same level of compression, leading in turn to stronger mechanical
e�ects and enhanced perfusion.

Numerical assessment and comparison of loop-based local PWV
methods
Several so-called loop-based methods have been proposed to estimate local
PWV. However, previous studies have demonstrated inaccuracies in local
PWV-estimates due to presence of wave re�ections. In Chapter 4, we assess
the accuracy of PWV-estimates from di�erent loop methods throughout the
human arterial tree, and quantify the impact of possible over- or underesti-
mation of PWV on subsequent wave separation analysis, based on data from
the 1D model. We simulate the physiological signals (i.e. pressure (P), �ow
(Q), �ow velocity (U), area (A) and diameter (D) waveforms) needed for the
estimations of local PWV methods in a reference case, and in a case with
lower distensibility representing ageing. Local PWV by the PU-loop, ln(D)U-
loop, ln(D)P-loop, and QA-loop methods, as well as a previously proposed
re�ection-correction method (PWV1−5), are compared against the reference
value obtained from the Bramwell-Hill equation. We showed that the PU-
loop overestimates PWV by more than 20% for most arterial sites, while
the ln(D)U- and QA-loop underestimate to the same extent at these same
locations.�e re�ection-insensitive ln(D)P-loop and the frequency-domain
method PWV1−5, performed well for most vascular sites. Additionally, large
errors in PWV estimates were attenuated in subsequent wave separation
analysis, but the errors were site-dependent. We found the accuracy of loop-
basedmethods to be highly dependent on the location where they are applied,
thus we recommend great caution when interpreting results.



xvi

A 1Dmodel of the arterial circulation in horses
Assessment, diagnosis and treatment of the cardiovascular systemof the horse
is an important �eld of study in veterinary science due to the socio-economic
value of equestrian sports and horse breeding. Nonetheless, relatively little
is known about equine arterial hemodynamics because it is technically and
ethically challenging to investigate a large number of arteries. In Chapter 5, a
1D model of the equine arterial circulation is developed based on the human
1D model of the systemic arterial system, in order to further gain insight into
equine arterial hemodynamics and physiology. Anatomical data of lengths,
diameters and branching angles, collected post-mortem from �ve horses for
the aorta and its most signi�cant branches toward the head, abdominal
organs and four limbs, are used as the input data for the model. Cardiac and
arterial parameters of the model are tuned to equine physiology based on in
vivo �ow (ultrasound) and pressure (invasive) data measured at few arterial
locations, as well as data from the literature. Given the large arterial diameters,
Womersley correction is used upon computation of friction coe�cients.
Overall, model predictions were in line with measured pressure and �ow
waveforms. Inclusion of gravity in the model improved predicted waveforms.
�e resulting horse model can be used in the future to study various types of
pathologies or physiological changes in local pressure and �ow pro�les, as a
result of strenuous exercise or changes due to ageing, breed or gender.

Arterial ageing, hemodynamics and stiffness in middle-aged
individuals: insights from the Asklepios study

Longitudinal changes of PWV, input impedance, and wave re�ection
parameters
Virtually all knowledge we have on the impact of age on arterial hemodynam-
ics and arterial system properties results from cross-sectional studies, where
a representative sample of the population is screened at a given moment in
time.�e evolution of arterial system properties with age within the same in-
dividuals requires better understanding, which can only be determined from
longitudinal studies. In Chapter 6 we use noninvasive ultrasound and ap-
planation tonometry measurements in central arteries, in combination with
computational derivation of parameters and statistical methods, to assess the
10-years longitudinal evolution of central input impedance parameters, wave
re�ection indices, and pulse wave velocity in the Asklepios population, a
seemingly healthy middle-aged cohort at study initiation. Extra analyses also
accounted for the in�uence of cardiovascular risk factors on the age-related
changes in the arterial properties, as well as the longitudinal interplay of
blood pressure and arterial sti�ness. We found that PWV increases with
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ageing but less than expected from the cross-sectional data, and this increase
was higher in older women compared to men. An increase in PWV was
not paralleled by a decrease in arterial compliance, mainly in younger males.
Moreover, aortic characteristic impedance decreased in the younger while
increased for the older subjects. On the other hand, wave re�ection decreased
in the 10-years period, and systemic vascular resistance showed an increase in
women and a decrease in men. Overall, the observed discrepancies between
longitudinal and cross-sectional data remained a�er exclusion of hyperten-
sive subjects, or when accounting for several cardiovascular risk factors. Our
results might be an e�ect of aortic remodelling with ageing, or the in�uence
of socio-economic or lifestyle factors, which cannot be determined without
further studies.�is work evidences that cross-sectional studies fall short in
re�ecting the e�ective impact of ageing on arterial system properties.

Conclusions

�e major �ndings of the thesis are summarized in a concluding chapter.
We also discussed general limitations of the studies and look into the future
perspectives, suggesting directions for future work.





Samenvatting

Inleiding

Hart- en vaatziekten (HVZ) zijn nog steeds de wereldwijde hoofdoorzaak van
mortaliteit enmorbiditeit, en dit vooral bij het oudere en vergrijzende deel van
de bevolking. Globale demogra�sche trends wijzen op een toename van de
vergrijzing de komende decades, met de daarbij horende stijgende druk op de
toekomstige gezondheidszorg. Men hee� aangetoond dat veranderingen in
de hemodynamica als gevolg van veroudering de ontwikkeling en het verloop
van diverse HVZ nadelig beïnvloeden. Bovendien laat toegenomen kennis
over het fenomeen polsgolfpropagatie (Engels: pulse wave propagation) in het
arteriële systeem onderzoekers toe om bepaalde lee�ijdsgerelateerde veran-
deringen in de hemodynamica te verklaren en deze te koppelen aan het risico
op HVZ. Om de mechanismen die verantwoordelijk zijn voor een verhoogd
risico op HVZ bloot te leggen is het dus van essentieel belang de invloed van
veroudering op de hemodynamica en arteriële werking te onderzoeken. De
vooruitgang van ons begrip van druk- en stroomgolfpropagatiefenomenen
binnen het bloedvatenstelsel is daarnaast belangrijk voor de ontwikkeling
van nieuwe behandelingswijzen en de diagnose van HVZ.

Deze thesis is tot stand gekomen binnen bovengenoemde context en is
opgedeeld in drie hoofddelen. Deel I omvat een beschrijving van fundamen-
tele hemodynamische en cardiovasculaire concepten en de huidige stand
van kennis, wat nodig is voor een goed begrip van de reeks papers die is
opgenomen in dit doctoraatsonderzoek. Het eerste doel van dit proefschri�
is het verkrijgen van een dieper inzicht in arteriële hemodynamica en golf-
propagatie en -re�ectie, door het gebruik van een in silico eendimensionaal
(1D) model van de bloedsomloop binnen verschillende toepassingen. De
papers voortkomend uit dit onderzoek zijn als afzonderlijke hoofdstukken
in Deel II van deze thesis opgenomen. Een tweede belangrijk doel van deze
studie is te onderzoeken en te bepalen wat de impact is van veroudering
op de eigenschappen van het arteriële systeem en golfpropagatie. Daarom
belicht Deel III de in vivo longitudinale gegevens uit de Asklepios studie, die
een grote populatie van individuen van middelbare lee�ijd omvat.
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Hemodynamica en golfpropagatie in het slagaderstelsel

Anatomie, fysiologie en fundamentele hemodynamische begrippen
Hoofdstuk 1 gee� eerst een beknopte beschrijving van de anatomie en de
fysiologie van het menselijke hart-en bloedvatenstelsel, met een focus op het
hart en het arteriële systeem. Een tweede sectie bevat een overzicht van de
voor dit onderzoek belangrijke pathologieën, namelijk hartfalen en vaatwand-
verstijving door veroudering. Vervolgens wordt het begrip polsgolfsnelheid
(Engels: pulse wave velocity, PWV) geïntroduceerd als een eenvoudigere
doch valide manier om arteriële stijfheid te kwanti�ceren, met bovendien
prognostische waarde voor HVZ. De relevante methoden voor de schat-
ting van PWV worden uitgelegd, met nadruk op transittijdmethoden en
lus-gebaseerde methoden om PWV te bepalen op een enkele locatie. Druk-
en stroompolspropagatie in het cardiovasculair stelsel worden beschreven,
met een focus op golfre�ecties en golfseparatie-analyse. In het laatste deel
van dit hoofdstuk worden gol�ntensiteit- en golfvermogenanalyse uitgelegd,
vermits deze in de volgende hoofdstukken zullen gebruikt worden om inzicht
te verkrijgen in de golfdynamica in het hart- en bloedvatenstelsel.

Modellering van het cardiovasculair stelsel
Eendimensionale modellen van het cardiovasculair stelsel zijn een krachtige
tool bij de beschrijving van polsgolfpropagatie doorheen het arteriële systeem
in normale omstandigheden, of bij de studie naar het e�ect van wijzigingen
in de geometrische en functionele eigenschappen van het arteriële systeem op
golfpropagatiepatronen als gevolg van pathologieën, anatomische variaties
of klinische interventies. Modellering laat toe om heel �exibel verschillende
scenario’s in goed gecontroleerde omstandigheden te simuleren en draagt
aldus bij tot het beantwoorden van bepaalde fysiologische en pathofysiologi-
sche vraagstukken binnen het cardiovasculaire onderzoeksdomein. In deze
thesis maken we gebruik van een eerder ontwikkeld en met behulp van in
vivo data gevalideerd 1D-model van de systemische arteriële circulatie bij
mensen, om polsgolfpropagatie en arteriële hemodynamica te bestuderen
binnen verschillende toepassingen. Een wiskundige beschrijving van het 1D-
model van de systemische circulatie wordt gegeven in Hoofdstuk 2. Hierbij
focussen we op de algemene eigenschappen van het model die relevant zijn
voor de publicaties opgenomen inDeel II van deze thesis. Het 1D-model werd
voor elk van deze publicaties aangepast om te voldoen aan hun respectieve
objectieven.
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Toepassingen van het 1D-model van de systemische arteriële
circulatie

Hemodynamische impact van het C-Pulse cardiac support device
In Hoofdstuk 3 wordt het 1D-model toegepast om de invloed van een hart-
ondersteunend apparaat op de arteriële hemodynamica te bestuderen. Het
C-Pulse cardiac support device is een extra-aortische tegenpulsatiepomp
bedoeld om de hartspier van patiënten met hartfalen te ontlasten en de
coronaire perfusie te bevorderen. We implementeren de werking van het
device in het model en simuleren de centrale en perifere druk- en stroomgolf-
vormen in hartcycli met en zonder ondersteuning voor de volgende drie
scenario’s: als controle-case een jonge en gezonde persoon, en vervolgens
een jonge en een oude persoon met hartfalen en verminderde ejectiefractie.
De uitkomsten van de simulaties worden kwalitatief vergeleken met in vivo
data afkomstig uit non-invasieve metingen bij drie patiënten met hartfalen
en een invasieve meting in een varkensmodel. Vervolgens verkrijgen we
via gol�ntensiteitanalyse inzicht in de e�ecten van het device op polsgolf-
propagatie. We tonen aan dat activatie van het C-Pulse apparaat een diastole
verhoging in de druk- en stroomgolfvormen veroorzaakt, hetgeen geasso-
cieerd wordt met een voorwaarts bewegende compressiegolf; terwijl een
voorwaarts bewegende expansiegolf geassocieerd wordt met de relaxatiefase
van het apparaat, waarbij deze golven zorgen voor extra perfusie van de bloed-
vaten met inbegrip van de kransslagaders. We toonden aan dat vasculaire
stijfheid een belangrijke determinant is voor de goede hemodynamische
werking van het C-Pulse apparaat, waarbij een stijvere aorta een hogere cu�-
in�atiedruk vereist voor eenzelfde mate van compressie, hetgeen leidt tot
sterkere mechanische e�ecten en een verbeterde perfusie.

Numerieke beschrijving en vergelijking van lus-gebaseerde lokale
PWV-methoden
Er bestaan verschillende zogenaamde lus-gebaseerde methoden om lokale
PWV te benaderen. Voorgaande studies hebben echter aangetoond dat er on-
nauwkeurigheden optreden in lokale PWV-schattingen als gevolg van golfre-
�ecties. In Hoofdstuk 4 bepalen we de accuraatheid van PWV-benaderingen
uit verschillende lus-methoden doorheen het arteriële systeem van de mens,
en kwanti�ceren we de impact van mogelijke over- of onderschattingen van
PWV op golfseparatie-analyse, gebaseerd op data van het 1D-model. We
simuleren de fysiologische signalen (golfvormen voor druk (P), debiet (Q),
stroomsnelheid (U), doorsnede-oppervlakte (A) en diameter (D)) nodig voor
de bepaling van lokale PWV via verschillende methoden bij een referentie-
case en bij een case met lagere distensibiliteit ten gevolge van veroudering.
Uitkomsten voor lokale PWV bij de PU-lus, ln(D)U-lus, ln(D)P-lus en QA-
lus methode, alsook bij de eerder voorgestelde re�ectie-correctie methode
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(PWV1−5), worden vergeleken ten opzichte van de referentiewaarde beko-
men door de Bramwell-Hillvergelijking. We toonden aan de de PU-lus de
PWVmet meer dan 20% overschat voor de meeste arteriële sites, terwijl de
ln(D)U- en QA-lus de PWV evenveel onderschatten op dezelfde locaties. De
re�ectie-ongevoelige ln(D)P-lus en de frequentiedomein-methode PWV1−5
presteerden goed op demeeste vasculaire sites. Verder kondenwewaarnemen
dat grote afwijkingen in PWV-schattingen worden afgezwakt bij separatie-
analyse, hoewel locatieafhankelijk. We besloten dat de nauwkeurigheid van
lus-gebaseerde methoden sterk afhangt van de locatie waarop ze worden
toegepast, en raadden dus grote voorzichtigheid aan bij de interpretatie van
zulke uitkomsten.

Een 1D-model van de arteriële bloedsomloop bij paarden
De beschrijving, diagnose en behandeling van het hart-en vaatstelsel van
paarden is een belangrijk onderzoeksgebied binnen de diergeneeskunde
door de hoge socio-economische waarde van de paardensport en -fokkerij.
Nochtans is er relatief weinig bekend omtrent de arteriële hemodynamica bij
paarden omdat het technisch en ethisch uitdagend is om zo’n groot aantal
bloedvaten te onderzoeken. In Hoofdstuk 5 ontwikkelen we een 1D-model
van de arteriële circulatie bij paarden, gebaseerd op het eerder genoemde 1D-
model voor mensen, met als doel verder inzicht te verkrijgen in de arteriële
hemodynamica en fysiologie van het paard. Anatomische data zoals lengte,
diameter en vertakkingshoek, opgemeten post-mortem bij vijf paarden voor
de aorta en haar voornaamste vertakkingen richting de kop, de abdominale
organen en de vier ledematen, worden gebruikt als input voor het model. De
parameters voor het hart en de slagaders worden aangepast naar de fysiologie
van het paard gebaseerd op in vivometingen van bloedstroom (echogra�e)
en bloeddruk (invasief) op verschillende arteriële sites, aangevuld met data
uit de literatuur. Womersley-correctie, gebaseerd op de berekening van wrij-
vingscoë�ciënten, is nodig omwille van de grote diameters van de bloedvaten.
Over het algemeen waren de uitkomsten van het model in lijn met de ge-
meten golfvormen voor druk en snelheid. Inclusie van zwaartekracht in het
model verbeterde de voorspelde golfvormen. Het hier ontwikkelde model
voor het paard kan in de toekomst gebruikt worden voor de studie van ver-
schillende pathologische en fysiologische veranderingen in lokale druk- en
stroompro�elen, bijvoorbeeld onder invloed van uitputtende inspanning,
lee�ijd, ras of geslacht.
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Arteriële veroudering, hemodynamica en stijfheid bij individuen
van middelbare leeftijd: inzichten uit de Asklepios studie

Longitudinale veranderingen van PWV, input-impedantie en
golfre�ectieparameters
Nagenoeg al onze kennis omtrent de impact van lee�ijd op arteriële
hemodynamica en de eigenschappen van de bloedcirculatie is afkomstig uit
cross-sectioneel onderzoek, waarbij een representatief deel van de bevolking
gescreend wordt op een gegeven ogenblik in de tijd. De verandering van
de bloedcirculatie als gevolg van veroudering binnen eenzelfde individu
vereist echter inzichten die enkel kunnen bekomen worden uit longitudinale
studies. In Hoofdstuk 6 combineren we non-invasieve echogra�sche en
applanatietonometrie metingen in de centrale slagaders met computationeel
afgeleide parameters en statistiek om de longitudinale evolutie van centrale
input-impedantie, golfre�ecties, en PWV te beschrijven voor de Asklepios
studie, een cohorte van individuen van middelbare lee�ijd in schijnbaar
goede gezondheid bij aanvang van de studie. Bijkomende analyses hielden
ook rekening met de invloed van cardiovasculaire risicofactoren op
lee�ijdsgerelateerde veranderingen in de arteriële eigenschappen en
het longitudinale samenspel van bloeddruk en arteriële stijfheid. We
observeerden dat PWV toeneemt met de lee�ijd, doch in mindere mate dan
zou afgeleid worden uit cross-sectionele data. Deze toename was bovendien
groter bij vrouwen dan bij mannen. Een toename van de PWV ging niet
hand in hand met een afname van de arteriële compliantie, en dit vooral
bij jongere mannen. Bovendien nam de karakteristieke impedantie van
de aorta af bij jongere proefpersonen terwijl deze toenam voor oudere.
Anderzijds was er een afname van de golfre�ecties over de tienjarige looptijd
van het onderzoek, terwijl de systemische vasculaire weerstand een toename
vertoonde bij vrouwen en een afname bij mannen. Over het algemeen
bleven de verschillen tussen observaties uit longitudinaal en cross-sectioneel
onderzoek overeind, ook na exclusie van personen met hypertensie en
rekening houdend met verschillende cardiovasculaire risicofactoren. We
veronderstellen dat hermodellering van de aorta bij veroudering, de
invloed van socio-economische factoren of veranderingen in levensstijl
mogelijke verklaringen vormen voor onze bevindingen, maar verder
onderzoek is noodzakelijk om deze te bevestigen. Deze paper toont aan dat
cross-sectionele studies tekortschieten bij het observeren van de e�ectieve
impact van veroudering op de eigenschappen van het bloedvatenstelsel.

Conclusie

De belangrijkste bevindingen van deze thesis worden samengevat in een
besluitend hoofdstuk. We lijsten ook de voornaamste beperkingen van de ver-
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schillende studies op en werpen een blik op de toekomst met aanbevelingen
voor verder bijkomend onderzoek.



Contents

Preface ix

Summary xiii

Samenvatting xix

List of Figures xxxi

List of Tables xxxvii

Abbreviations and Symbols xli

Introduction 1

I Hemodynamics and wave propagation in the arterial tree 7

1 Anatomy, physiology and basic hemodynamic principles 9
1.1 Cardiovascular physiology . . . . . . . . . . . . . . . . . . . . 9

1.1.1 �e heart . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.1.1.1 �e cardiac cycle . . . . . . . . . . . . . . . 12
1.1.1.2 �e cardiac function . . . . . . . . . . . . . 13

1.1.2 �e systemic arterial system . . . . . . . . . . . . . . 14
1.1.2.1 Arterial blood pressure . . . . . . . . . . . 16

1.2 Cardiovascular pathology . . . . . . . . . . . . . . . . . . . . . 16
1.2.1 Heart failure . . . . . . . . . . . . . . . . . . . . . . . . 16
1.2.2 Arterial ageing and sti�ness . . . . . . . . . . . . . . . 18

1.3 Pulse wave velocity: a marker of arterial sti�ness . . . . . . . 19
1.3.1 Bramwell-Hill equation . . . . . . . . . . . . . . . . . 20
1.3.2 Transit time methods to measure PWV . . . . . . . . 21

1.3.2.1 Carotid-femoral pulse wave velocity . . . . 21
1.3.3 Local measurement of PWV . . . . . . . . . . . . . . 22

1.3.3.1 Loop methods to assess local PWV . . . . 23

xxv



Contents

1.4 Impedance analysis . . . . . . . . . . . . . . . . . . . . . . . . 24
1.4.1 Systemic vascular resistance . . . . . . . . . . . . . . 25
1.4.2 Total arterial compliance . . . . . . . . . . . . . . . . 25
1.4.3 Characteristic impedance . . . . . . . . . . . . . . . . 26

1.5 Pressure and �ow wave propagation . . . . . . . . . . . . . . . 27
1.5.1 Wave re�ections . . . . . . . . . . . . . . . . . . . . . 27
1.5.2 Pressure waveform analysis . . . . . . . . . . . . . . . 28
1.5.3 Wave separation analysis . . . . . . . . . . . . . . . . 30

1.5.3.1 Wave separation in the frequency-domain 31
1.5.3.2 Wave separation in the time-domain . . . 31

1.5.4 Wave intensity analysis . . . . . . . . . . . . . . . . . 33
1.5.5 Wave power analysis . . . . . . . . . . . . . . . . . . . 35

2 Modelling the cardiovascular system: Mathematical back-
ground on the 1D model of the arterial tree 37
2.1 Models of the arterial tree . . . . . . . . . . . . . . . . . . . . 37

2.1.1 Windkessel models . . . . . . . . . . . . . . . . . . . . 38
2.1.2 1D or distributed model . . . . . . . . . . . . . . . . . 40

2.2 Model assumptions . . . . . . . . . . . . . . . . . . . . . . . . 40
2.3 Governing equations of the 1D model . . . . . . . . . . . . . . 43
2.4 Arterial wall modelling: nonlinear elasticity . . . . . . . . . . 44
2.5 Velocity pro�le . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

2.5.1 �e Witzig-Womersley theory . . . . . . . . . . . . . 47
2.6 Proximal boundary conditions . . . . . . . . . . . . . . . . . . 48

2.6.1 Heart model . . . . . . . . . . . . . . . . . . . . . . . . 48
2.7 Coronary Model . . . . . . . . . . . . . . . . . . . . . . . . . . 50
2.8 Distal boundary conditions . . . . . . . . . . . . . . . . . . . . 51
2.9 Arterial bifurcations . . . . . . . . . . . . . . . . . . . . . . . . 52
2.10 Numerical solution . . . . . . . . . . . . . . . . . . . . . . . . 52

II Applications of the one-dimensional model of the
systemic arterial tree 57

3 Hemodynamic impact of the C-Pulse cardiac support device 59
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.2.1 C-Pulse heart assist system . . . . . . . . . . . . . . . 61
3.2.2 Modelling of the C-Pulse system . . . . . . . . . . . . 61
3.2.3 C-Pulse performance in a normal cardiovascular

system and in heart failure . . . . . . . . . . . . . . . 64

xxvi



3.2.4 Dependence of C-Pulse performance on arterial sti�-
ness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.2.5 Patient data . . . . . . . . . . . . . . . . . . . . . . . . 65
3.2.6 Porcine experiment . . . . . . . . . . . . . . . . . . . 65

3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
3.3.1 Computer model simulations . . . . . . . . . . . . . . 66

3.3.1.1 Scenario 1: Simulated impact of C-Pulse
in the healthy person . . . . . . . . . . . . 66

3.3.1.2 Scenario 2: Simulated impact of C-Pulse
in the younger HFrEF patient . . . . . . . 66

3.3.1.3 Scenario 3: Simulated impact of C-Pulse
in the older HFrEF patient . . . . . . . . . 67

3.3.2 E�ect of changing external pressure . . . . . . . . . . 69
3.3.3 Results of the wave intensity analysis . . . . . . . . . 70
3.3.4 In vivo results . . . . . . . . . . . . . . . . . . . . . . . 73

3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
3.4.1 Impact of the C-Pulse device on coronary hemody-

namics . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
3.4.2 Importance of arterial sti�ness . . . . . . . . . . . . . 75
3.4.3 Comparison of simulated and in vivo data . . . . . . 75
3.4.4 Limitations . . . . . . . . . . . . . . . . . . . . . . . . 77

3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4 Numerical assessment and comparison of loop-based local
PWVmethods over the human arterial tree 79
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
4.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.2.1 Numerical simulations . . . . . . . . . . . . . . . . . . 81
4.2.2 Loop-based local PWVmethods . . . . . . . . . . . . 82
4.2.3 Correcting for wave re�ection using a frequency-

domain analysis . . . . . . . . . . . . . . . . . . . . . . 82
4.2.4 Data analysis . . . . . . . . . . . . . . . . . . . . . . . 83

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
4.3.1 Assessment of local PWV methods from conven-

tional analysis . . . . . . . . . . . . . . . . . . . . . . 84
4.3.2 Comparison of the methods for the ascending aorta

and common carotid artery . . . . . . . . . . . . . . . 86
4.3.3 Impact of PWV estimates on wave separation analysis 88

4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
4.4.1 �e PU-loop, ln(D)U-loop and QA-loop methods . . 91
4.4.2 Eliminating the e�ect of re�ections: correction

method and the ln(D)P method . . . . . . . . . . . . 93

xxvii



Contents

4.4.3 E�ect of error in PWV estimation on wave separa-
tion analysis . . . . . . . . . . . . . . . . . . . . . . . . 95

4.4.4 Limitations . . . . . . . . . . . . . . . . . . . . . . . . 97
4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

5 A 1Dmodel of the arterial circulation in horses 99
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
5.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

5.2.1 Arterial tree . . . . . . . . . . . . . . . . . . . . . . . . 101
5.2.2 Adapting the cardiovascular 1D model from the hu-

man to the equine setting . . . . . . . . . . . . . . . . 101
5.2.2.1 Governing equations: including gravity . 107
5.2.2.2 Modelling of the arterial wall . . . . . . . . 108
5.2.2.3 Distal boundary conditions and bifurcations 109
5.2.2.4 Heart and coronary models . . . . . . . . . 109

5.2.3 In vivo measurements . . . . . . . . . . . . . . . . . . 111
5.2.3.1 Ultrasound . . . . . . . . . . . . . . . . . . 111
5.2.3.2 Invasive blood pressure . . . . . . . . . . . 112

5.2.4 Hemodynamic and wave re�ection analysis using
wave power . . . . . . . . . . . . . . . . . . . . . . . . 113

5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
5.3.1 General physiological parameters . . . . . . . . . . . 113
5.3.2 E�ects of gravity . . . . . . . . . . . . . . . . . . . . . 114
5.3.3 Model predictions versus in vivomeasurements . . . 114
5.3.4 Results of the wave power analysis . . . . . . . . . . . 117

5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
5.4.1 Importance of gravity . . . . . . . . . . . . . . . . . . 120
5.4.2 Wave power analysis . . . . . . . . . . . . . . . . . . . 121
5.4.3 Limitations and future work . . . . . . . . . . . . . . 121

5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

III Arterial ageing, hemodynamics and sti�ness in middle-
aged individuals: insights from the Asklepios study 125

6 Longitudinal changes of PWV, input impedance, and wave re-
�ection parameters: 10-years of ageing in middle-aged subjects 127
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
6.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

6.2.1 Study population . . . . . . . . . . . . . . . . . . . . . 129
6.2.2 Measured and derived variables . . . . . . . . . . . . 131

xxviii



6.2.2.1 Noninvasive assessment of blood pressure
and aortic �ow . . . . . . . . . . . . . . . . 132

6.2.2.2 Derivation of input impedance and wave
re�ection parameters . . . . . . . . . . . . 132

6.2.3 Statistical methods . . . . . . . . . . . . . . . . . . . . 132
6.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

6.3.1 Basic clinical data and hemodynamic parameters . . 135
6.3.2 Pulse wave velocity and blood pressure indices . . . 138
6.3.3 Input and characteristic impedance, systemic vascu-

lar resistance, and total arterial compliance . . . . . . 141
6.3.4 Indices of wave re�ection: RWTT, ∣Γ1∣, and ∣Pf∣ and∣Pb∣ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
6.3.5 E�ects of antihypertensive and lipid-lowering med-

ications . . . . . . . . . . . . . . . . . . . . . . . . . . 150
6.3.6 Association of impedance parameters with cardio-

vascular risk factors . . . . . . . . . . . . . . . . . . . 151
6.3.7 Comparison of subjects of the same age but distinct

generation controlling for lifestyle factors . . . . . . . 152
6.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

6.4.1 Longitudinal trajectories of PWV and BP variables:
a puzzling relationship . . . . . . . . . . . . . . . . . . 154

6.4.2 Longitudinal trajectories of impedance and wave
re�ection parameters . . . . . . . . . . . . . . . . . . 155

6.4.3 Cardiovascular risk factors do not fully explain the
dissociation between baseline and follow-up obser-
vations . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

6.4.4 Limitations . . . . . . . . . . . . . . . . . . . . . . . . 157
6.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

Conclusions 159

Appendix 167

Bibliography 181

xxix





List of Figures

i Prevalence of cardiovascular disease by age and sex. Cardio-
vascular disease includes coronary heart disease, heart failure,
stroke and hypertension. . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Scheme of the cardiovascular system. . . . . . . . . . . . . . . . . 10
1.2 Scheme of the heart. . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.3 Representation of the pressure-volume loop of the le� ventricle. 12
1.4 Pressure and �ow in the le� side of the heart during a cardiac cycle. 13
1.5 Layers of the arterial wall. . . . . . . . . . . . . . . . . . . . . . . . 14
1.6 Typical nonlinear relation between the lumen cross-sectional

area and blood pressure over a large pressure range. Decrease
of the distensibility with pressure. Increase of the PWV with
increasing blood pressure. . . . . . . . . . . . . . . . . . . . . . . . 15

1.7 Illustration of the EVA and SUPERNOVA concepts in a life
course. Progressive arterial wall sti�ening with ageing is thought
to parallel incident hypertension, and then subclinical target or-
gan damage, and then cardiovascular disease. EVA subjects reach
each of these steps earlier than the average population, whereas
SUPERNOVA subjects remain protected for a long period of time. 19

1.8 Overview of transit-time methods to measure PWV. . . . . . . . 20
1.9 Overview of loop based methods to measure PWV. . . . . . . . . 22
1.10 A waveform can be decomposed in a series of sinusoidal waves

(harmonics) travelling at the same speed, each with its own
amplitude and phase, period, frequency and wavelength. . . . . . 25

1.11 Modulus and phase of input impedance. . . . . . . . . . . . . . . 26
1.12 Example of wave propagation along the arterial tree from com-

puter simulated data. From central to peripheral arteries pres-
sure waveforms are ampli�ed and �ow waveforms amplitudes
are reduced.�ere is also a time delay in the arterial pulse. . . . 27

1.13 �e measured pressure and �ow waveforms are the sum of for-
ward and re�ected (backward) waves. Forward (or re�ected)
pressure and �ow are related by the characteristic impedance.
Re�ections of pressure and �ow are equal in magnitude but in-
verted. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

xxxi



List of Figures

1.14 Pressure waveforms type C and type A characteristic of a young
and an old subject respectively. . . . . . . . . . . . . . . . . . . . . 29

1.15 Pressure waveform analysis. . . . . . . . . . . . . . . . . . . . . . . 30
1.16 Scheme of the types of waves and the travelling direction. . . . . 34
1.17 Example of wave intensity analysis for computer simulated data

in the ascending aorta. Pressure and �ow velocity waveforms
were used to derive wave intensity. . . . . . . . . . . . . . . . . . . 34

1.18 �e comparison of wave intensity and wave power in the three
branches of a bifurcation, shows that wave power is conserved
at junctions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.1 Analogy ofWindkessel models to an electric circuit, for the two-,
three- and four-element Windkessel models, respectively. Com-
parison of measured aortic input impedance with impedances
predicted by the Windkessel models. . . . . . . . . . . . . . . . . 39

2.2 Scheme of the modelled human arterial tree. . . . . . . . . . . . . 41
2.3 Example of the model pressure dependency of compliance and

cross-sectional area for a segment of the abdominal aorta, over
the pressure range 0-200 mmHg. . . . . . . . . . . . . . . . . . . 46

2.4 Comparison of di�erent velocity pro�les with the Womersley
velocity pro�les, for the carotid �ow pulse on the right, at eight
time instants. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.5 Representation of the pressure-volume loop of the le� ventricle,
with indication of the four cardiac phases and the heart model
parameters. Normalized time varying elastance as function of
normalized time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

2.6 Scheme of an arterial bifurcation in the model, with one parent
vessel and two daughters vessels. . . . . . . . . . . . . . . . . . . . 52

2.7 Representation of the implicit �nite di�erence scheme for �ve
nodes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

2.8 Matrix of coe�cients for the arterial tree of three arterial segments. 55

3.1 C-Pulse heart assist system. . . . . . . . . . . . . . . . . . . . . . . 62
3.2 Representation of the arterial tree modelled.�e C-Pulse system

is represented by a cu� in the ascending aorta. . . . . . . . . . . . 62
3.3 Representation of the in�ation-de�ation sequence modelled as a

Gaussian function. Activation of the device occurs during diastole. 63
3.4 Comparison of simulated pressure and �ow waveforms of a

healthy subject, and a younger and an older subject with HFrEF,
in the ascending aorta, the le� main coronary artery, and the
right common carotid artery, with the device o� and on. . . . . . 67

3.5 Aortic pressure and coronary �ow in the simulation of the 1:2
counterpulsation mode, for a case of HFrEF in an older subject. 68

xxxii



List of Figures

3.6 Improvement in the C-Pulse performance with increasing ex-
ternal pressure and decreasing arterial elasticity for both simula-
tions of HFrEF. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.7 Wave intensity analysis at the location of the right common
carotid artery for the healthy and both HFrEF simulations. . . . 70

3.8 Wave intensity analysis at the location of the le� main coronary
artery for the healthy and both HFrEF simulations. . . . . . . . . 71

3.9 In vivomeasurements performed on the right common carotid
artery of three patients, with the C-Pulse o� and on. . . . . . . . 72

3.10 In vivo measurements performed on the aorta, coronary and
renal arteries of a pig, with the C-Pulse o� and on, compared
with model simulations for the younger HFrEF scenario. . . . . . 73

4.1 PU, ln(D)U, ln(D)P and QA single-location PWV measurement
techniques for the young and aged con�gurations in the middle
node of the ascending aorta, right common carotid artery, bra-
chial artery and femoral artery. . . . . . . . . . . . . . . . . . . . . 84

4.2 Bland-Altman plots between the di�erent tested methods and
their respective references, for each node of the arterial tree. . . . 86

4.3 Deviation of the loop-based estimates of PWVand the correction
method from their respective references, for every location of
the arterial tree in the young and aged con�gurations. . . . . . . 87

4.4 A comparison of the loop-based estimates of local PWV assessed
from the four measuring methods (PU, ln(D)U, ln(D)P and QA),
with the reference (PWVBH), in the ascending aorta and the
common carotid. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.5 �e e�ect of using the loop-based estimates of PWV and the
correction method (PWV1−5), on the resultant amplitude of for-
ward and backward waves and on the re�ection magnitude for
every location in the young arterial tree. . . . . . . . . . . . . . . 89

4.6 �e e�ect of using the loop-based estimates of PWV and the
correction method (PWV1−5), on the resultant amplitude of for-
ward and backward waves and on the re�ection magnitude for
every location in the aged arterial tree. . . . . . . . . . . . . . . . 90

4.7 Bland-Altman plots between the di�erent methods and the ref-
erence PWVDC, for each node of the arterial tree. . . . . . . . . . 96

5.1 Schematic representation of the le� sided arterial tree of the horse. 102
5.2 Distribution of systolic pressure, mean blood pressure and mean

�ow velocity over the complete arterial tree, comparing the
model including gravity with the model neglecting gravity. . . . 115

5.3 Model results with and without gravity of pressure and �ow
waveforms at various arterial locations. . . . . . . . . . . . . . . . 116

xxxiii



List of Figures

5.4 Model results with and without gravity compared with the av-
eraged in vivomeasurements of �ow velocity in all investigated
horses at various arterial locations. . . . . . . . . . . . . . . . . . . 118

5.5 In vivo pressure waveforms compared with simulations, at seven
locations along the aorta. . . . . . . . . . . . . . . . . . . . . . . . 118

5.6 Wave power analysis at several locations of the arterial tree, com-
paring the model including gravity, with the model neglecting
gravity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

6.1 Flowchart of the Asklepios study – baseline and follow-up. . . . 130
6.2 Scheme of the measurement protocol and data processing in a

dedicated Matlab so�ware interface. . . . . . . . . . . . . . . . . . 131
6.3 Observed and predicted longitudinal trajectories, and predicted

rate of change per decade in PWV, per sex and age strata. . . . . 135
6.4 Logarithmic transformed modulus, and phase angle of Zin for

males and females at both visits. . . . . . . . . . . . . . . . . . . . 142
6.5 Observed changes between baseline and follow-up measure-

ments in SVR, CPPM, and Zc per sex and age strata. . . . . . . . . 143
6.6 Observed changes between baseline and follow-up measure-

ments in ∣Γ1∣, RWTT, and ∣Pf∣ and ∣Pb∣, per sex and age strata. . . 147
6.7 Annual rate of change of PWV and impedance parameters for

average subjects (men and women) not on medications and per
age group, in the analysis of the original cohort, a�er excluding
subjects taking antihypertensive and lipid lowering medications,
and in models adjusting for the use of medications. . . . . . . . . 150

6.8 Model-predicted longitudinal trajectories and rate of change per
decade in PWV, SVR, CPPM, and Zc for average subjects (men
and women) without cardiovascular risk factors and per age group. 151

6.9 Model-predicted longitudinal trajectories and rate of change
per decade in ∣Γ1∣, ∣Pf∣, and ∣Pb∣ for average subjects (men and
women) without cardiovascular risk factors and per age group. . 152

B.1 Correlation matrix of key variables in the analyses. . . . . . . . . 172
B.2 Residuals and correlation between observed and predicted values

of SVR for men and women. . . . . . . . . . . . . . . . . . . . . . 172
B.3 Residuals and correlation between observed and predicted values

of CPPM for men and women. . . . . . . . . . . . . . . . . . . . . . 173
B.4 Residuals and correlation between observed and predicted values

of Zc for men and women. . . . . . . . . . . . . . . . . . . . . . . 173
B.5 Residuals and correlation between observed and predicted values

of ∣Γ1∣ for men and women. . . . . . . . . . . . . . . . . . . . . . . 174
B.6 Residuals and correlation between observed and predicted values

of RWTT for men and women. . . . . . . . . . . . . . . . . . . . . 174

xxxiv



B.7 Residuals and correlation between observed and predicted values
of ∣Pf∣ for men and women. . . . . . . . . . . . . . . . . . . . . . . 175

B.8 Residuals and correlation between observed and predicted values
of ∣Pb∣ for men and women. . . . . . . . . . . . . . . . . . . . . . . 175

xxxv





List of Tables

2.1 Initial geometric andmechanical properties for the 103-segments
arterial system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.2 Parameters of the heart model. . . . . . . . . . . . . . . . . . . . . 50

3.1 Cardiac and arterial system parameters in the di�erent simulations. 64
3.2 Mean �ow (mL/s) in di�erent arteries for the three scenarios,

and percent of mean �ow increase with the C-Pulse activation. . 67

4.1 An overview of local PWV estimated by di�erent methods, for
the young and aged con�gurations in the aorta and carotid arteries. 88

4.2 Locations where the local PWVmethods succeed and fail in this
model, assuming a maximum tolerance of ± 10 % error on the
estimation of PWV. . . . . . . . . . . . . . . . . . . . . . . . . . . 94

5.1 Anatomical data of the equine arterial tree. . . . . . . . . . . . . . 102
5.2 Terminal impedance data. . . . . . . . . . . . . . . . . . . . . . . . 110
5.3 Distribution of cardiac output in the model. . . . . . . . . . . . . 113
5.4 Womersley number, maximum shear stress, mean convective

acceleration and Reynolds numbers, derived from the model
with and without gravity at di�erent locations along the equine
arterial tree. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

5.5 Pressure and blood �ow velocity predictions derived from the
model with and without gravity and corresponding in vivomea-
surements at di�erent locations along the equine arterial tree. . . 117

6.1 Baseline characteristics of subjects with complete dataset and
subjects with missing data at follow-up. . . . . . . . . . . . . . . . 134

6.2 Basic clinical data and hemodynamic parameters of the complete
case cohort at baseline (V1) and follow-up (V2). . . . . . . . . . . 136

6.3 Generalized LME model of the longitudinal e�ects on PWV for
the entire cohort.�e correlation coe�cient between observed
and predicted values and the conditional R2 are reported. . . . . 138

xxxvii



List of Tables

6.4 Generalized LME model of the longitudinal e�ects on PWV for
groups of men and women. . . . . . . . . . . . . . . . . . . . . . . 138

6.5 Generalized LMEmodels of the longitudinal e�ects on PWV for
men and women, including HR, height, weight, and SBPCA as
covariates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

6.6 Generalized LME models of the longitudinal e�ects on PWV
for men and women, including HR, height, weight, and DBP as
covariates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

6.7 Generalized LME models of the longitudinal e�ects on PWV
for men and women, including HR, height, weight, and PPCA as
covariates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

6.8 Generalized LME models of the longitudinal e�ects on PWV
for men and women, including HR, height, weight, and MAP as
covariates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

6.9 LME models of the longitudinal e�ects on SBPCA for groups of
men and women, with PWV, HR, weight and height as covariates. 141

6.10 LME models of the longitudinal e�ects on DBP for groups of
men and women, with PWV, HR, weight and height as covariates. 141

6.11 LME models of the longitudinal e�ects on PPCA for groups of
men and women, with PWV, HR, weight and height as covariates. 144

6.12 LME models of the longitudinal e�ects on MAP for groups of
men and women, with PWV, HR, weight and height as covariates. 144

6.13 Generalized LME models of the longitudinal e�ects on SVR for
men and women, including covariates. . . . . . . . . . . . . . . . 145

6.14 Generalized LMEmodels of the longitudinal e�ects on CPPM for
men and women, including covariates. . . . . . . . . . . . . . . . 145

6.15 Generalized LME models of the longitudinal e�ects on Zc for
men and women, including covariates. . . . . . . . . . . . . . . . 146

6.16 LME models of the longitudinal e�ects on ∣Γ1∣ for men and wo-
men, including HR, height, weight and MAP as covariates. . . . 148

6.17 LME models of the longitudinal e�ects on the RWTT for men
and women, including HR, height, weight and MAP as covariates. 148

6.18 LME models of the longitudinal e�ects on |Pf| for men and wo-
men, including HR, height, weight and MAP as covariates. . . . 149

6.19 LME models of the longitudinal e�ects on |Pb| for men and
women, including HR, height, weight and MAP as covariates. . . 149

6.20 Di�erences between two groups of subjects with the same mean
age but from distinct decade, explained by lifestyle- and social-
related factors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

C.1 Generalized LME models examining the associations between
PWV and traditional CV risk factors for men and women. . . . . 176

C.2 Generalized LME models examining the association between
SVR and traditional CV risk factors for men and women. . . . . 176

xxxviii



List of Tables

C.3 Generalized LME models examining the association between
CPPM and traditional CV risk factors for men and women. . . . . 177

C.4 Generalized LME models examining the association between Zc
and traditional CV risk factors for men and women. . . . . . . . 177

C.5 LME models examining the association between ∣Γ1∣ and tradi-
tional CV risk factors for men and women. . . . . . . . . . . . . . 178

C.6 LME models examining the association between ∣Pf ∣ and tradi-
tional CV risk factors for men and women. . . . . . . . . . . . . . 178

C.7 LME models examining the association between ∣Pb ∣ and tradi-
tional CV risk factors for men and women. . . . . . . . . . . . . . 179

xxxix





Abbreviations and Symbols

Abbreviations

0D Zero-dimensional
1D One-dimensional
3D �ree-dimensional
AIx Augmentation index
ANCOVA Analysis of covariance
ANOVA Analysis of variance
AP Augmented pressure
BCW Backward compression wave
BEW Backward expansion wave
BLSA Baltimore longitudinal study of ageing
BMI Body mass index
BP Blood pressure
BSA Body surface area
CCA Common carotid artery
cfPWV Carotid-femoral pulse wave velocity
CIs Con�dence intervals
CO Cardiac output
CV Cardiovascular
CVD Cardiovascular disease
DBP Diastolic blood pressure
ECG Electrocardiogram
EDV End-diastolic volume
EF Ejection fraction
ES End-systole
ESP End-systolic pressure
ESV End-systolic volume
EVA Early vascular ageing
FCW Forward compression wave
FEW Forward expansion wave
FHS Framingham heart study

xli



ABBREVIATIONS AND SYMBOLS

HF Heart failure
HFpEF Heart failure with preserved ejection fraction
HFrEF Heart failure with reduced ejection fraction
HR Heart rate
IABP Intraaortic balloon pump
LME Linear mixed-e�ect
LV Le� ventricle
LVAD Le� ventricular assist device
LVOT Le� ventricular out�ow tract
MAP Mean arterial pressure
MRI Magnetic resonance imaging
MSE Mean squared error
PP Pulse pressure
PPM Pulse pressure method
PWV Pulse wave velocity
RV Right ventricle
RWTT Re�ected wave transit time
SBP Systolic blood pressure
SD Standard deviation
SEM Standard error of the mean
SUPERNOVA Supernormal vascular ageing
SV Stroke volume
SVR Systemic vascular resistance
TT Transit time
WIA Wave intensity analysis
WK Windkessel
WPA Wave power analysis
WSA Wave separation analysis

Symbols

α Womersley number [-]
Γ Re�ection coe�cient [-]
κ Constant of proportionality [s/mL]
µ Dynamic viscosity [Pa⋅s]
ω Angular frequency [rad/s]
d Mean arterial lumen diameter [m]
π Pi number [3.1416]
ψ Arterial wall seepage [m2/s]
ρ Density [kg/m3]
τ Wall shear stress [Pa]

xlii



b Body force [N/m3]
dπ Wave power [W]
dI Wave intensity [W/m2]
u Vector of �uid velocity [m/s]
A Cross-sectional area [m2]
c Wave speed [m/s]
CA Area compliance [m2/mmHg]
CV Volume compliance [m3/mmHg]
CT Terminal compliance [m3/Pa]
D Diameter [m]
Dw Distensibility [mmHg−1]
Emax Maximal elastance [Pa/m3]
Emin Minimal elastance [Pa/m3]
f Frequency [s−1]
g Gravitational acceleration constant [9.81 m/s2]
J0, J1 Bessel functions of �rst kind of order 0 and 1 [-]
L Distance [m]
m Mass [kg]
P Blood pressure [mmHg]
Pend-dias End-diastolic pressure [mmHg]
PmaxC, Pwidth Langewouters model coe�cients [mmHg]
Pb Backward pressure waveform [mmHg]
Pf Forward pressure waveform [mmHg]
Q Blood �ow [mL/s]
R Lumen radius [m]
r Radial coordinate [m]
R1 Proximal resistance [mmHg⋅s/mL]
R2 Distal resistance [mmHg⋅s/mL]
RT Total peripheral resistance [mmHg⋅s/mL]
T Period [s]
t Time [s]
tmax Time to maximum elastance [s]
U Flow velocity [m/s]
u Longitudinal velocity [m/s]
V0 Dead volume [mL]
x Spatial location [m]
Z Impedance [mmHg⋅s/mL]
Zc Characteristic impedance [mmHg⋅s/mL]
Zin Input impedance [mmHg⋅s/mL]
Tinf In�ection point [s]
Tsho Shoulder point [s]
V Volume [m3]

xliii





Introduction

Motivation

Cardiovascular diseases (CVDs) such as coronary heart disease, stroke
(cerebrovascular disease), hypertension (increased blood pressure),
peripheral artery disease, and heart failure, are the primary cause of
morbidity and mortality worldwide, representing 31% of all yearly deaths
worldwide according to data from the World Health Organization published
in 2016 [1]. With age being a key factor in the incidence of cardiovascular
disease (see Figure i) and considering that the world’s population is growing
older (the proportion of the world’s population over 60 years will nearly
double by 2050 [1]), major health and economic burdens are to be expected
in the future for the elderly. Age-related degenerative hemodynamic changes
and various disease states play a central role in the pathogenesis of CVDs
[2–4].�erefore, it is of primary importance to gain a deeper understanding
of the e�ects of ageing on the hemodynamics and arterial function, and the
mechanism underlying the interplay of ageing with CVD events, in order to
improve diagnosis and treatment therapies.

Age (years)Men Women

20-39 29.8 17.2

40-59 56.9 51.6

60-79 77.2 78.2
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Figure i: Prevalence of cardiovascular disease by age and sex. Cardiovascular disease
includes coronary heart disease, heart failure, stroke and hypertension. Data from
the National Health and Nutrition Examination Survey 2013-2016 (USA) [5].
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Introduction

Many of the observed changes in hemodynamics occurring with ageing
and that are associated with CVDs are explained by pressure (and �ow) wave
propagation and re�ection. Pulse wave propagation in the arterial system
is the result of the contracting action of the heart and the elastic properties
of the large arteries, which dilate in systole to accommodate a part of the
ejected blood volume in each cardiac cycle and store elastic energy which
is then used in diastole to drive the blood towards the peripheral circula-
tion.�is arterial pulse propagates in the form of pressure, �ow (velocity)
or diameter waveforms at a certain speed known as the pulse wave velocity
(PWV). Pulse waveforms propagate from the heart to the periphery (for-
ward direction), but they also get re�ected (backward direction) at sites of
impedance mismatch or any other variation in the mechanical properties
or arterial geometry [6], producing continuous changes in the measured
blood pressure and �ow (velocity) waveforms.�erefore, pressure and �ow
pulse waveforms contain information on the functionality and morphology
of the cardiovascular system, which is important for diagnostic and treatment
planning. For instance, although the increase in aortic systolic and pulse
pressure with ageing is widely recognized [7, 8], the underlying mechanism
is still being investigated and subject to some controversy.�e conventional
and most popular approach attributes this increase in blood pressure to wave
re�ections arriving earlier during systole, resulting from increased arterial
sti�ness and the corresponding increase in PWV [9]. An alternative perspec-
tive on the contrary, ascribes this to augmentation in the forward pressure
wave due to increased characteristic impedance of the proximal aorta [10, 11].
Overall, studies to understand these phenomena are based on in vivo data
in humans or animals, as well as in vitro experiments and computational
models.

Computational models of the cardiovascular system are regarded as a
valuable tool for the study of wave propagation e�ects on the arterial network.
Modelling allows to study these hemodynamics phenomena while o�ering
several advantages over in vivo studies. For instance, by changing the model
parameters, a wide range of physiological or pathological conditions may be
studied, contributing to further knowledge in the diagnostics and treatment
of cardiovascular diseases; also we can estimate data at speci�c locations that
are otherwise not available with noninvasive measurements. Nevertheless,
modelling of the cardiovascular system is not an easy task since the complex
mechanical properties of arteries have to be accounted for, as well as the
complexity of the arterial tree geometry and the rheological properties of
the blood. Validation of the models require data obtained in vivo or in vitro,
which add a degree of di�culty to the modelling task. In this dissertation we
exploit the potentialities of a previously validated 1D model of the systemic
arterial tree, coupled to a lumped parameter model of the heart [12].
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�e availability of noninvasive techniques, to image anatomical structures
and measure pressure and �ow (velocity) waveforms has opened the door
for large scale in vivo studies that include assessment of arterial hemodynam-
ics. Traditional cross-sectional studies, where a large part of the population
is screened at a moment in time, have allowed for a better understanding
of cardiovascular diseases, and the de�nition of cardiovascular risk factors
such as ageing, smoking, high blood pressure or obesity [13].�ese studies
have also been used to de�ne normal and reference values for physiological
parameters such as PWV [14]. To elucidate the interplay of ageing and car-
diovascular hemodynamics, longitudinal population studies, where the same
subjects are followed over time, become more relevant.�e Asklepios Study
is a longitudinal population study on healthy ageing, integrating noninvasive
cardiac and arterial hemodynamic measurements and computational esti-
mations, in a cohort of 2524 middle-aged subjects over a period of ten years
[15]. In this dissertation we make use of the Asklepios database to obtain a
better understanding of the longitudinal relationship of ageing with arterial
hemodynamic parameters such as impedance, wave re�ection, and PWV, in
the middle-aged.

Research Objectives

�e main goals of this thesis are to (i) make use of the 1D arterial network
model to acquire a broader insight in arterial hemodynamics and wave travel
and re�ection in a number of selected applications; and (ii) make use of the
longitudinal data of the Asklepios population database to assess the e�ective
impact of ageing on arterial system properties and arterial wave re�ections
in vivo.

�e 1D model of the systemic circulation [12] has been developed in
the Laboratory of Hemodynamics and Cardiovascular Technology of the
Ecole Polytechnique Fédérale de Lausanne (prof. Nikos Stergiopulos).�is
model has proven to be a useful tool to investigate age-related changes in
hemodynamics and arterial function [16–22], allowing realistic simulations
of hemodynamic measures under di�erent conditions and at locations in the
arterial tree that are otherwise di�cult to access with noninvasive measure-
ments.�e Asklepios study [15] was initiated in 2002 by prof. Ernst Rietzschel
in a close collaboration with the general practitioners of the twinned Belgian
communities of Erpe-Mere and Nieuwerkerken.�e study involves a cohort
of 2524 middle-aged subjects, free from overt cardiovascular disease at study
initiation, that underwent two rounds of measurements with a span of ten
years. Measurements included questionnaires, conventional risk factors and a
deep phenotyping of cardiovascular structure and function using ultrasound
and applanation tonometry.
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Introduction

Structure

�e thesis is divided in three parts: an introductory part summarizing im-
portant hemodynamic concepts, a middle part that includes several studies
based on the 1D arterial model, and a �nal part including the analysis of
longitudinal data from the Asklepios population.

Part I gives a brief overview of the anatomy of the cardiovascular system
and relevant hemodynamics principles, as well as the description of the 1D
model of the cardiovascular system. �is sets the basis for a better under-
standing of the studies conducted during this PhD project. More speci�cally,
Chapter 1 focuses on the description of the systemic arterial tree, the pres-
sure and �ow wave propagation phenomenon, and sti�ening of arteries with
ageing. In Chapter 2, the mathematical formulation and description of the
1D model of the systemic circulation, which is used as a tool for di�erent
studies throughout this dissertation, is provided.

Part II includes several in silico studies on arterial hemodynamics based
on data obtained with the 1D cardiovascular model. First, the 1D model is
applied to study the impact of a heart assist device on arterial hemodynamics
(Chapter 3). Second, in Chapter 4 the model is used to provide numerical
insight into the performance of loop-based local pulse wave velocity methods,
throughout the systemic arterial tree. Lastly, given that the 1D model has
proven to be a valuable tool for the study of several pathophysiological con-
ditions in humans, in Chapter 5 we aimed to adapt the human model to
the equine physiology, based on a limited number of in vivo and in vitro
measurements and the subsequent derivation of the model parameters.�e
resulting computational equine model provides the veterinary community
with a tool that can be used for further studies of pathologies such as aortic
rupture, or physiological changes due to ageing or exercise.

Part III contains a single chapter (Chapter 6) discussing the impact of ten
years of ageing on central hemodynamic parameters, from noninvasive data
of the Asklepios large-scale population of middle-aged subjects.�e study
speci�cally focuses on the longitudinal changes of pulse wave velocity, input
impedance, and wave re�ection parameters, and how these e�ective changes
compare to previous cross-sectional perspectives.�e study also considered
the in�uence of cardiovascular risk factors on the age-related changes in the
arterial properties, as well as the longitudinal interplay of blood pressure and
arterial sti�ness.

Finally, a concluding chapter gives a summary of the major �ndings of
the above described studies, and looks into the future perspectives.
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Anatomy, physiology and basic

hemodynamic principles

�is chapter �rst provides a general overview of the cardiovascular system,
with a major focus on the physiology of the heart and the cardiac cycle on
the one side, and the arterial system on the other side. A brief description of
the here relevant cardiovascular pathologies is provided, with an emphasis
on heart failure and the impact of ageing on the functionality of the arterial
system, as well as its association to arterial sti�ness.�e third section provides
a brief introduction to pulse wave velocity and its estimation methods used
during this thesis. A concise description of the transit time methods, and
the loop methods to estimate local pulse wave velocity, is given.�is section
is followed by an overview of impedance analysis, with a description of
its core parameters: resistance, compliance and characteristic impedance.
Lastly, attention is given to wave re�ections and the methods to perform
wave separation analysis; wave separation in the frequency and time domain.
Wave separation in the time domain is derived from wave intensity analysis,
which is explained in the last part of this section, along with a similar and
more recent technique, called wave power analysis.

1.1 Cardiovascular physiology

�e cardiovascular system (Figure 1.1) transports blood in large organisms
through a closed circuit, and with it vital substances like oxygen, nutrients
and hormones. Another function of the cardiovascular (CV) system is to
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1. Anatomy, physiology and basic hemodynamic principles

remove metabolic waste products such as carbon dioxide.�e CV system
encompasses the heart, the lungs and blood vessels, which in turn are classi-
�ed in arteries, arterioles, veins, venules, and capillary vessels [23]. Another
component of the cardiovascular system is the lymphatic system, consisting
of lymphatic nodes and vessels which do not contain blood but lymph [23].
Although this system plays an important function in the CV circulation
and is closely related to blood vessels, it is not relevant for this thesis and is
therefore not going to be further discussed.

1. Introduction

The cardiovascular system (figure 1) transports blood and with it vital substances like oxy-
gen, nutrients and hormones in a closed cycle through the human body [10]. It consist of
the heart, the lungs and blood vessels, classified in arteries, veins and capillary vessels.
The pulmonary circulation (heart-lungs-heart), systemic circulation (heart-body-heart) and
coronary circulation (blood supply of the heart) form the cardiovascular circulation.

Figure 1: Schema of the human cardiovascular system2

The functionality and the design of this complex system with its ramified network of elastic
tubes, was a research topic for many scientist through history [21]. The progress in com-
putational resources allows the investigation of the blood flow in the circulatory system on
much wider scale. Not only the basic understanding, but also the influence of stenosis [28],
aneurysms [33], and other vascular diseases are getting more into the focus of the research.

2Image source : http://www.urgo.co.uk/260-the-venous-system-within-the-cardiovascular-system

2

Figure 1.1: Scheme of the cardiovascular system. Image taken from:
sphweb.bumc.bu.edu.

�e circulatory cycle begins when blood rich in oxygen is pumped by the
heart from the le� ventricle into the aorta (largest artery).�is blood drives
throughout the entire systemic arterial tree with a relatively high perfusion
pressure, oxygenating the di�erent organs where the interchange between
oxygen and carbon dioxide, as well as other substances, takes place. Blood
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1.1. Cardiovascular physiology

rich in carbon dioxide is transported back through the venous system to
the chambers in the right side of the heart, from where it is pumped to the
lungs. In the lungs the blood is reoxygenated, and is then transported back to
the le� side of the heart where it is ejected to the aorta, starting a new cycle.
Pulmonary circulation (heart-lungs-heart), systemic circulation (heart-blood
vessels in the body-heart) and coronary circulation (amount of blood to the
heart), form the cardiovascular circulation.

1.1.1 �e heart
�e heart is a hollow muscular organ that rhythmically contracts and pumps
blood from the venous side (low pressure circulation) to the arterial side
(high pressure circulation) [23]. It can be seen as two pumps in series between
which the systemic and pulmonary circulation take place.�e heart is formed
by four chambers, an atrium and a ventricle on the right side, and an atrium
and a ventricle on the le� side. Blood arriving to the heart from the systemic
or pulmonary circulation is received in the atria and distributed back to the
arteries by the ventricles (Figure 1.2).�e heart also includes four valves to
ensure unidirectional blood �ow through the chambers; the tricuspid valve
between the right atrium and right ventricle, the pulmonary valve between
the right ventricle and pulmonary artery, the mitral valve between the le�
atrium and the le� ventricle and �nally, the aortic valve between the le�
ventricle and the aorta.
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1. Anatomy, physiology and basic hemodynamic principles

1.1.1.1 �e cardiac cycle
A complete cardiac cycle consists of a similar number of phases for the right
and le� side [24]. Figure 1.3 shows a representation of the pressure-volume
loop in the le� ventricle where the four main phases of the cardiac cycle have
been indicated.�e cardiac cycle is divided in systole and diastole. Systole
refers to the contraction (phase I) and ventricular ejection events (phase II),
and diastole refers to the relaxing (phase III) and ventricular �lling (phase
IV).

Psys

EDVESV

I

II

III

IV

LV volume

LV
 p

re
ss

u
re

mo

ac

ao

mc

Figure 1.3: Representation of the pressure-volume loop of the le� ventricle. �e
coloured loop represents the combination of systolic and diastolic failure that leads
to reduced end-diastolic volume (EDV) and increased end-systolic volume (ESV).
ao: opening of the aortic valve; ac: closure of the aortic valve; mo: opening of the
mitral valve; mc: closure of the mitral valve.

Systole starts with the isovolumic contraction phase, when all the valves
are closed and the ventricles are �lled with blood. During this phase the
ventricles experience a fast increase in pressure to relatively high levels but
without altering the volume. When the pressure in the ventricle rises over
the pressure in the aorta (pulmonary artery), the aortic (and pulmonary)
valve opens giving rise to a fast ejection phase (see also Figure 1.4); while the
valves in the atria stay closed. Pressures in the aorta and pulmonary artery
then reach their maximum values. While the blood volume in the ventricles
decreases due to the ejection, in the atria it increases by the blood �lling
phase.�e right atrium receives venous blood from the systemic circulation
at very low pressures via the superior and inferior vena cava, whereas the le�
atrium receives the blood coming from the lungs through the pulmonary
veins. �en a reduction in the ejection takes place, where the pressure of
the ventricles decreases below the aortic pressure, the pulmonary and aortic
valves close, thereby ending systole andmarking the start of diastole. As at this
point all valves remain closed, the volume in the ventricles remains constant

12



1.1. Cardiovascular physiology

Figure 1.4: Pressure and �ow in the le� side of the heart during a cardiac cycle. (A)
Aortic, ventricular and atrial pressure. (B) Aortic and mitral �ow.�e onset of the
cardiac phases is indicated, with the closure of the mitral valve (mc), opening of the
aortic valve (ao), closure of the aortic valve (ac), and opening of the mitral valve
(mo). Adapted from [24].

(isovolumic relaxing phase); however the volume in the atria keeps increasing.
�e residual volume of blood that remains in the ventricles is called end-
systolic volume (ESV). When the pressure in the ventricles falls below the
atrial pressure, the valves between atria and ventricles (tricuspid and mitral)
open and, with the help of the contraction of the atria, the ventricular �lling
starts. Once the atrial contraction ends, the atrial pressure starts falling until
the closure of the valves occurs, which marks the end of diastole. At this
point, the ventricles have reached their end-diastolic volume (EDV).

1.1.1.2 �e cardiac function
�e pump activity of the heart is usually expressed in terms of the cardiac
output (CO), which is the amount of blood ejected in each contraction (stroke
volume) multiplied by the heart rate or frequency (HR).

CO = SV ⋅HR (1.1)

In an average human adult the CO is about 5 L/min.�e stroke volume
(SV) is de�ned as the di�erence between EDV and ESV, and is in�uenced by
two factors: the energy of contraction of the myocardium and the a�erload.
Cardiac muscle contraction may change in response to altered preload. If ve-
nous return to the heart is increased, ventricular preload increases, therefore
there is an increase in ventricular EDV or pressure; this causes an increase in
cardiac muscle contraction which leads to an increase in SV.�is is known
as the Frank-Starling mechanism [23].�e ventricular a�erload is de�ned as
the load that the ventricle must overcome to eject blood [23, 25].�e ejection
fraction (EF) of the ventricle is de�ned as the ratio of the SV and the EDV,
expressed as a percentage.

13



1. Anatomy, physiology and basic hemodynamic principles

1.1.2 �e systemic arterial system
�e systemic arterial system carries the oxygenated blood from the heart to
the tissues through the main artery, the aorta, that then successively branches
in smaller arteries, arterioles and capillary vessels; these last ones allow for
the direct interchange of blood with the tissues. Arteries are composed of
three layers separated by elastic membranes [26], the intima, the media and
the adventitia (Figure 1.5).�e intima consists of a layer of endothelial cells
in contact with the blood, and is subjected to shear stress of the blood �ow.
�e media has the highest capacity of structural support, and is formed by
smooth muscle cells, elastic �bers containing elastin, and collagen. �is
layer contributes the most to the mechanical properties of the artery. �e
adventitia consists mainly of collagen �bers (running in a predominantly
longitudinal direction), with a small proportion of elastin. �e elastin is
responsible for the distensibility of the arteries, while collagen �bers prevent
vascular rupture at high pressures.

�e structure and organization of the arterial wall components vary
from the aorta towards the periphery, mainly for the media layer [28]. In
the large central arteries, elastic �bers are organized in concentric layers
(lamellae) separated by thin layers of connective tissue, collagen �bres and
sparse smoothmuscle cells.�is structure changes for smaller arteries, where
the number of elastic lamellae decreases while there is an increase of spirally
arranged smooth muscle cells, thus the central arteries are classi�ed as elastic
and the peripheral arteries as muscular [28–30]. �e increased smooth

Endothelium

Basement membrane

Internal elastic lamina

TUNICA MEDIA:

TUNICA INTIMA:

Smooth muscle

External elastic lamina

TUNICA ADVENTITIA

LUMEN

Figure 1.5: Layers of the arterial wall. Image adapted from [27].
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1.1. Cardiovascular physiology

muscle cells content and wall organization of smaller arteries and particularly
arterioles in the periphery, enables them to alter their lumen, in order to
regulate both vascular resistance and the continuous distribution of blood
�ow to the organs and tissues depending on their need [8, 28]. According to
Poiseuille’s law, resistance is inverse to the radius to the power four, therefore
for the vessels in the periphery with a small radius, resistance is high. In
contrast, the resistance of the large and mid-size arteries is low.

�e elasticity of the arterial wall is associated with the content of elastin
and collagen. Elastic �bers are highly extensible while collagen �bers are very
sti�. In the unstretched artery, collagen �bres are wavy [31]. With increasing
pressure, collagen waviness decreases leading to a sti�er arterial wall.�is ex-
plains the nonlinear relation between distending pressure and arterial elastic
properties (see Figure 1.6). From the nonlinear pressure-area relationship,
area compliance can be estimated. Distensibility is obtained by normalizing
compliance with respect to artery size. �ese measures are dependent on
blood pressure (BP), decreasing with increasing pressure in the physiological
range, and due to the nonlinear relation, compliance or distensibility are typ-
ically estimated at a working pressure. In clinical practice for example, area
compliance (CA) is o�en approximated from systolic-diastolic di�erences
in cross-sectional area (∆A) and pressure (PP, pulse pressure), CA = ∆A/PP,
yielding a single value that can be interpreted as an average over the BP
range.�us, a decrease in arterial compliance leads to an increase in pulse
pressure, as it can be seen with ageing.�e same applies if information on
diameter is known (e.g. diameter measured noninvasively with echo-tracking
techniques).

equation, this implies that the distensibility of the aorta is
reduced by a factor of 4 over that age range.

In recent years, aortic PWV has also been measured with
MRI. Different sequences and signal processing algorithms
have been developed and explored, but the technique is
accurate (151). MRI allows the derivation of segmental
PWV. Recent studies demonstrated that it is possible to

measure PWV over the aortic arch and that a loss in disten-
sibility of the aortic arch is one of the earliest manifestations
of arterial aging (436). It has been shown also that the
ascending and thoracic aortas stiffen faster with age than
the abdominal aorta in humans (101). Drawbacks of MRI,
however, are the cost of the equipment, long scanning
times, and limited access to and availability of scanners. At
the other end of the spectrum, cuff- and sensor-based de-

B

pressurepressurepressure
blood flow

wall s
hear s

tre
ss

wall s
hear s

tre
ss

radial wall stress

radial wall stress

radial wall stress
longitudinal wall stress

circ
umferentia

l w
all s

tre
ss

wall s
hear s

tre
ss

0 50 150 200

10

20

30

40

50

60

pressure (mmHg)
100

A

ar
ea

 (m
m

²) physiological
range

0.012

0.008

0.004

0.000

14.0

10.0

6.0

2.0

D
C

 (1
/m

m
H

g)

P
W

V
 (m

/s
)

distensibility

pulse wave velocity
pressu

re-
are

a

FIGURE 6. Arterial stiffness parameters and hemodynamics. A: the black curve illustrates the typical
nonlinear relation between blood pressure and the lumen cross-sectional area of arteries when pressure varies
over a large pressure range. Upon inflation, the load bearing of the artery is transferred from elastin to the
stiffer collagen, explaining the nonlinearity. The green curve (with y-axis on the right) is the distensibility of the
artery which decreases with pressure. Concomitantly, the pulse wave velocity (PWV, magenta curve, with
y-axis on the right) increases with increasing blood pressure. It is explained in the text how distensibility and
pulse wave velocity are calculated from the pressure-area relation. The gray shaded area indicates the in vivo
physiological pressure range, the working point of the artery. B: blood flow exerts a tangential stress, the wall
shear stress, on the endothelial surface (indicated by the red arrow). Blood pressure, on the other hand, leads
to stresses inside the arterial wall (blue arrows). The stress field is composed of stresses in 1) the circum-
ferential direction (which can be approximated by Laplace law), 2) the radial direction, and 3) the longitudinal
direction.

LACOLLEY ET AL.

1574 Physiol Rev • VOL 97 • OCTOBER 2017 • www.prv.org
Downloaded from journals.physiology.org/journal/physrev at Univ Ziekenhuis (157.193.001.191) on December 20, 2020.

Figure 1.6: Typical nonlinear relation between the lumen cross-sectional area and
blood pressure over a large pressure range (black curve). Decrease of the distensibility
(DC) with pressure (green curve). Increase of the pulse wave velocity (PWV) with
increasing blood pressure (magenta curve). Adapted from [29].
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1. Anatomy, physiology and basic hemodynamic principles

Elastic arteries, such as the aorta, passively dilate during systole, thereby
acting as reservoirs for the ejected blood volume, and elastically recoil in
diastole, releasing the stored blood volume to the organs.�is elastic func-
tion of the arteries, known as the Windkessel e�ect, besides allowing for
perfusion produces the wave propagation phenomenon [24] (see further
section 1.5).�e speed at which pulse waves propagate in the arterial system
is called the pulse wave velocity (PWV), which can be inversely related to
arterial compliance (or distensibility) through the Bramwell-Hill equation
(see Figure 1.6 and section 1.3).

1.1.2.1 Arterial blood pressure
Arterial pressure ranges between a maximum value, the systolic blood pres-
sure (SBP), and a minimum value, the diastolic blood pressure (DBP).�e
pulse pressure is de�ned as the di�erence between them (PP = SBP −DBP).
Pressure, as well as �ow waveforms, depend on both the performance of the
heart and the characteristics of the arterial network. Pulse pressure increases
as we move away from the heart (pressure ampli�cation), whereas mean
arterial pressure (MAP) gradually decreases. Normal arterial pressure is
de�ned as a SBP = 90-120 mmHg and a DBP = 60-80 mmHg. �e MAP
is normally about 100 mmHg. Elevation in systolic or diastolic pressure
above normal values, higher than 140 or 90 mmHg, respectively, de�nes the
condition known as hypertension [23].

1.2 Cardiovascular pathology

�e cardiovascular system can be a�ected by several diseases, including
hypertension, diseases intrinsic to the heart such as heart failure, and vascular
disorders such as arterial sti�ening, atherosclerosis (narrowing of the arterial
wall due to formation of plaques), or aortic aneurysms, among others.�ese
conditions may be also seen interrelated and associated with age-related
changes.�e two major pathologies that will be addressed in this work are
heart failure and arterial sti�ening, the latter a�ecting most humans as part
of the ageing process.

1.2.1 Heart failure
Heart failure (HF) is a clinical syndrome caused by a structural and/or func-
tional cardiac abnormality, resulting in a reduced cardiac output and/or
elevated intracardiac pressures at rest or during stress [32]. Commonly, HF
involves the le� ventricle and may result from de�cient contraction of the
cardiac muscle (systolic dysfunction) or from de�cient �lling (diastolic dys-
function) [23]. Measurements of the le� ventricle EF (de�ned previously in
section 1.1.1.2) allow for a classi�cation of heart failure. Normal values are ≥
16



1.2. Cardiovascular pathology

50%. When EF < 40%, it is called HF with reduced EF (HFrEF); in the range
40–49%, HF with mid-range EF; and for HF patients with normal EF, HF
with preserved EF (HFpEF) [32].

In systolic dysfunction, the contraction of the myocardium is impaired
and as a result, the stroke volume decreases and there is a compensatory rise
in preload [23]. As the heart loses its ability to eject blood, blood volume
in the ventricle increases, which eventually leads to ventricular remodelling
(dilation) in chronic failure. Because there is also a reduction in the EF
(decrease in SV and increase in EDV due to increase in preload), systolic
dysfunction is usually associated with HFrEF. One of the main causes of
systolic dysfunction is coronary artery disease, which reduces the supply of
oxygenated blood towards the heart [23]. A related common cause of HF is
myocardial infarction, where the non-infarcted tissues have higher demand,
which in time may cause functional changes leading to failure. Other causes
of systolic dysfunction are heart valve diseases (stenosis and/or regurgitation).
In the latter, the valve does not completely close allowing back�ow, which
a�ects the pressure-volume relationship during systole and diastole, leading
to a reduced cardiac output and elevated venous pressure.

In diastolic dysfunction the ventricle becomes sti�er and/or does not
relax normally a�er the contraction, which causes an impaired �lling [23,
33]. Diastolic dysfunction may be a result of non-controlled chronic arte-
rial hypertension, leading to ventricular hypertrophy (increased ventricular
sti�ening), or, in the elderly population, from age-related changes to cardiac
structure leading to sti�er ventricle [23]. With diastolic dysfunction, end-
diastolic pressure increases and ventricular �lling decreases (decreased EDV),
therefore SV is reduced and the EF may or may not change.�us, diastolic
dysfunction is typically associated with HFpEF.

It is usual in chronic heart failure to have a combination of both systolic
and diastolic dysfunction [23, 33].�ese failures combined reduce EDV and
increase ESV (as seen from the pressure-volume loop Figure 1.3), thereby
drastically reducing the SV.�is combination of systolic and diastolic fail-
ure can lead to high end-diastolic pressure, which can cause pulmonary
congestion and edema [23].

�e treatment for HF depends on the severity of the disease. HF patients
experience di�culties to breath, fatigue, and �uid retention either in the
lungs or in the extremities. Furthermore, HF can severely limit the exercise
capacity [32]. When the disease is diagnosed in early stages, it can be treated
with drugs and medical interventions. Stronger treatments are required as
the disease progresses, which might even lead to the implant of assist devices
or heart transplants. Refer to Gafoor et al. [34] for a review of devices used
in HF treatment.
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1. Anatomy, physiology and basic hemodynamic principles

1.2.2 Arterial ageing and sti�ness
With ageing, the arterial wall experiences an elastin degradation and an in-
crease in collagen �ber deposition, causing the arteries to become sti�er [8,
35, 36].�e aorta and major elastic arteries also experience morphological
changes; they increase in diameter (dilation), and become more tortuous and
elongated [9, 37–40].�e changes associated with ageing are less marked in
the peripheral muscular arteries [10, 41, 42].�ese age-related degenerative
changes, particularly the increase in arterial sti�ness, lead to an elevated BP
which puts a higher mechanical stress on the vessels and organs, thereby in�u-
encing the incidence of stroke, renal and cardiac failure, and cardiovascular
and all-cause mortality [2, 43–46].

Sti�ening of the arteries leads to an increase in the speed at which waves
travel in the arterial system [47, 48], thus PWV has emerged as a marker of
arterial sti�ness (see further section 1.3). Moreover, increased arterial sti�ness
in the aorta and central arteries such as the carotid, has been shown to be an
independent predictor of cardiovascular morbidity and mortality, even in the
presence of several CV risk factors including diabetes, hypertension, renal
insu�ciency or elderly population [2, 44, 45, 49–55]. Less associations have
been found with peripheral arteries sti�ness [42].�erefore, the estimation
of aortic sti�ness, rather than peripheral sti�ness, has become an increasing
subject of research in the last decades, and measurements of arterial sti�ness
indices have been included in large-scale clinical trials [14, 54].

Several cross-sectional studies have demonstrated a signi�cant associ-
ation between age and aortic sti�ness, showing that sti�ness increases with
ageing [10, 56–59]. To investigate the extent to which ageing in�uences the
impact of CV risk factors on arterial hemodynamics, longitudinal large-scale
population studies have been designed, such as the Framingham Heart Study
(FHS) [54, 60], the Baltimore Longitudinal Study of Ageing (BLSA) [61, 62],
the SardiNIA study [63, 64], or the Asklepios study [65], of which longitudi-
nal data is further analysed in Chapter 6 of this thesis. Since the incidence
and prevalence of hypertension increase with advancing age, with a rise in
systolic blood pressure and pulse pressure, and hypertension is associated
with increased morbidity and mortality [66], many studies have focused on
determining the longitudinal relationship of BP and arterial sti�ness [60,
61]. Arterial sti�ness has been shown to have a complex relationship with BP.
Increased BP has been associated with accelerated increase in PWV and vice
versa [60, 62, 63].�erefore, whether increased aortic sti�ness is due to the
higher operating pressure in hypertension, or whether sti�ness precedes the
development of hypertension, is a subject that requires further research.

Given that arterial sti�ness is considered to quantify the cumulative
impact of exposure of the CV system to risk factors, it has been introduced
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1.3. Pulse wave velocity: a marker of arterial sti�ness

as a biomarker of the early vascular ageing (EVA) syndrome [67, 68], i.e.
premature biological ageing of the arterial system (re�ecting a decline in
the subject’s physiological and biochemical functionality that may result in
early CVD) in comparison to their chronological ageing. An opposed and
more recent concept is supernormal vascular ageing (SUPERNOVA) [69,
70], which refers to individuals with much healthier arteries (e.g. low arterial
sti�ness) than expected from their chronological age and sex (see Figure 1.7).
�is last concept indicates the importance of improving lifestyle factors, as a
mechanism to in�uence the ageing process and achieve a better quality of
life.
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Figure 1.7: Illustration of the EVA and SUPERNOVA concepts in a life course.
Progressive arterial wall sti�ening with ageing is thought to parallel incident hyper-
tension (elevated blood pressure (BP)), and then subclinical target organ damage
(TOD), and then cardiovascular disease (CVD). EVA subjects reach each of these
steps earlier than the average population, whereas SUPERNOVA subjects remain
protected for a long period of time. Image taken from [69].

1.3 Pulse wave velocity: a marker of arterial stiffness

Pulse wave velocity (PWV) or wave speed (c), is the speed at which the
arterial pulse waves (pressure, �ow or diameter) propagate along the arterial
system, and depends on vessel dimensions and the elastic properties of the
arterial wall (as seen previously from section 1.1.2). In a healthy young adult,
reference values for the aorta range between 4.5 and 7.5 m/s [14]. Because
PWV allows for an easier quanti�cation of large arteries sti�ness, it has been
considered as a feasible diagnostic procedure in large clinical studies [3, 4],
but it is not yet fully incorporated as a routine tool into clinical practice,
which may be due to the variety of methods available to measure PWV.�ese
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1. Anatomy, physiology and basic hemodynamic principles

measurement methods can be grouped mainly into two working principles;
the so-called transit-time methods where PWV is measured over an arterial
segment, providing an average value of its sti�ness (Figure 1.8), and the
methods that allow for an estimate of the value of PWV at a single location
(Figure 1.9). An overview of the available methods and their pros and cons
has been recently published by Segers et al. [71]. In what follows, the di�erent
approaches used during this thesis are brie�y described.

1.3.1 Bramwell-Hill equation
�e Bramwell-Hill equation [47] directly relates the local arterial wall com-
pliance (CA) and the wave speed:

c = √
A
ρ
dP
dA

= √
A

ρCA
(1.2)

with A the lumen cross-sectional area and ρ blood density. Distensibility
(Dw) is the relative change in cross-sectional area (dA) in response to the
change in pressure (dP),

Dw = 1
A
dA
dP

= CA
A

(1.3)

thus the Bramwell-Hill equation can be rewritten as:

c = 1√
ρDw

(1.4)

From this equation it can be seen that a decrease in arterial distensibility,
as occurs with increasing pressure, leads to an increase in PWV.�is theoret-
ical relation holds for a uniform elastic conduit in absence of wave re�ections
[31].
1. Anatomy and basic hemodynamic principles
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with A the lumen cross-sectional area and ρ blood density. Distensibility (D)
is the relative change in area (dA) in response to the change in pressure (dP),

D = 1
A
dA
dP

= CA
A

(1.3)

thus the Bramwell-Hill equation can be rewritten as:

c = 1√
ρD

(1.4)

From this equation it can be seen that a decrease in arterial distensibility,
as occurs with increasing pressure, leads to an increase in PWV.�is theoret-
ical relation holds for a uniform elastic conduit in absence of wave re�ections
[52].
14

Figure 1.8: Overview of transit-time methods to measure PWV. Image courtesy of
P. Segers.
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1.3. Pulse wave velocity: a marker of arterial sti�ness

1.3.2 Transit time methods to measure PWV
Transit time (TT) methods are based on the derivation of PWV as:

PWV = L
∆t

(1.5)

where L is the distance between two measurement sites, and ∆t, the travel
time of the wave from one site to the other (see Figure 1.8). PWV estimated
in this way has gained wide acceptance in the clinical community because of
its simplicity.

�e gold standard method for measuring PWV is based on catheteriza-
tion, where accurate pressure signals can be recorded in the aorta [72, 73];
however, this is an invasive technique with clear limitations to be applicable
as routine clinical practice.�e various technologies used to noninvasively
measure PWV include tonometry, ultrasound, oscillometry and magnetic
resonance imaging (MRI) [71]. Typical combinations of the twomeasurement
sites include carotid-femoral [45], brachial-ankle [74], cardio-ankle [75], or
�nger-toe [76]; the former being the recommendation of several guidance
documents [45, 77, 78].

Despite the increasing use of these methods over the last decades [79],
it remains di�cult to accurately measure the real distance travelled by the
waves between the two sites. For methods other than MRI and invasive
catheterization, the path length is estimated frombody surfacemeasurements;
small errors on these measurements have been shown to greatly in�uence the
value of PWV [80, 81]. Another issue that requires caution when estimating
PWVbyTTmethods, is the accurate identi�cation of the foot of thewaveform
(typical �ducial point used for the time delay estimation) to obtain precise
estimates of the transit time [82].

1.3.2.1 Carotid-femoral pulse wave velocity
Carotid-femoral pulse wave velocity (cfPWV) is to date the reference nonin-
vasive technique to quantify central arterial sti�ness [45, 77, 78]. Although it
is only a surrogate for aortic sti�ness, since it does not include the full aortic
pathway, many studies have found it to be an independent predictor of inci-
dent CVD [2, 53, 83–85].�is method, implemented in several commercial
devices [86], is the method used in the Asklepios population (see Chapter 6)
to estimate PWV.

In the Asklepios study [15, 65], the pulse TT between the carotid and
femoral arteries was estimated as (∆TQ-F − ∆TQ-C), with ∆TQ-F and ∆TQ-C
the time delay between the start of the QRS complex and the upstroke of
�ow measured with Doppler echography in the femoral and carotid artery,
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1. Anatomy, physiology and basic hemodynamic principles

respectively. �e subtracted method was used to estimate the distance as
(∆LS-F − ∆LS-C), with ∆LS-F and ∆LS-C the distance measured from sternum
to femoral and carotid measuring sites, respectively. �is way of estimat-
ing the distance attempts to correct for the portion where the wave travels
simultaneously towards the carotid and femoral arteries. �e subtracted
distance is the recommended method in expert consensus documents [45,
72]; however, new recommendations consider the 80% of the direct measured
body distance a better approximation [77]. Nevertheless, further studies have
shown a good equivalence of aortic PWVmeasured invasively with cfPWV,
using either the subtracted method or the 80% of the direct distance [73].

1.3.3 Local measurement of PWV
As can be seen from the Bramwell-Hill equation, PWV can be estimated
by using measurements of pressure and area (or diameter). It is common
practice to approximate this equation to obtain a single value of PWV,

PWV = √
Adias ⋅ PP

ρ∆A
(1.6)

where PP is the pulse pressure, and ∆A = Asys−Adias is the di�erence between
the area measured at systole and diastole. Local values of PWV can also

1. Anatomy and basic hemodynamic principles

tr
an

si
t-
�

m
e 

m
et

h
o

d
s

methods to es�mate Pulse Wave Velocity (PWV)

tonometer

ultrasound

tonometer

ultrasound

pressure cuff

�TL

PWV = L
�T

2.6

2.7

2.8

2.9

3.0

0

0.2

0.4

0.6

0

4

8

12

16

20

5.0

5.5

6.0

6.5

7.0

7.5

0

100

200

300

400

0 0.2 0.4 0.6 0.8

diameter

velocity

pressure

area

flow

time (s)

0

100

200

300

400

5.5 6.0 6.5 7.0

0

4

8

12

16

20

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

-3.64

-3.6

-3.56

-3.52

0.1 0.2 0.3 0.4 0.5 0.6 0.7

5.0

5.5

6.0

6.5

7.0

7.5

0 5 10 15 20

flow (10-6 m³/s )

area (10-4 m²)

QA-loop

slope=PWV

6.3 m/s

PU-loop

pressure (kPa)

slope=�PWV
5.0 m/s

0

velocity (m/s)

velocity (m/s)

ln(diameter) 

ln(D)U-loop

lo
o

p
 b

as
ed

 m
et

h
o

d
s

slope=1/(2PWV)

5.9 m/s

pressure (kPa)

area (10-4 m²)

gold standard

 Bramwell-Hill
(see Figure 7.4)

  SINGLE site 
measurement

TWO site measurement

Figure 1.6: Overview of themethods tomeasure PWV. (Image courtesy of P. Segers.)

with A the lumen cross-sectional area and ρ blood density. Distensibility (D)
is the relative change in area (dA) in response to the change in pressure (dP),

D = 1
A
dA
dP

= CA
A

(1.3)

thus the Bramwell-Hill equation can be rewritten as:

c = 1√
ρD

(1.4)

From this equation it can be seen that a decrease in arterial distensibility,
as occurs with increasing pressure, leads to an increase in PWV.�is theoret-
ical relation holds for a uniform elastic conduit in absence of wave re�ections
[52].
14

Figure 1.9: Overview of loop based methods to measure PWV. Image courtesy of P.
Segers.
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1.3. Pulse wave velocity: a marker of arterial sti�ness

be derived from the loop that is formed by combining two simultaneous
noninvasive measurements at a single location, given rise to the so-called
loop methods (see Figure 1.9). �ese methods include signals of pressure,
�ow (velocity), area or diameter. In Chapter 4, a numerical comparison study
of these methods is performed.

1.3.3.1 Loop methods to assess local PWV
�e principle of the loop-based methods to derive PWV in a single location
is based on the water hammer equation, which states that in absence of wave
re�ections, the change in pressure (dP) and �ow velocity (dU) have a constant
relationship.

dP = cρdU (1.7)

It is usually assumed that the beginning of the cardiac cycle (early systole) is a
re�ection free period, under the assumption that the waves take some time to
arrive from the re�ection sites.�us, during this period a linear relationship
between the changes of pressure and �ow velocity is anticipated.

PU-method

Based on the above, Khir et al. [87] showed that by forming a loop
with the pressure and �ow velocity signal (PU-loop), the slope of the linear
segment in early systole equals ρc. �erefore, PWVPU can be calculated
directly from the slope of the linear segment in the loop over the density. To
estimate the slope, a straight line can be �tted to the appropriate portion of
the data, that can be chosen by visual inspection or other methods [88].

ln(D)U-method

Alternative approaches to the PU-loop method have been developed,
based on the same principle but using variables other than pressure that
are easier to obtain noninvasively. One of such methods is the ln(D)U-loop
method [89], based on diameter (D) and �ow velocity measurements.�is
method is derived by combining the Bramwell-Hill (1.4) and the water ham-
mer (1.7) equations, and by expressing area as a function of diameter (assum-
ing circular cross-section), which results in:

PWVln(D)U = 1
2
dU

d ln(D) (1.8)

As for the PU-loop, a linear portion can be expected in the ln(D)U-loop
during early systole; the slope of the linear portion of the loop equals
1/(2PWVln(D)U).
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1. Anatomy, physiology and basic hemodynamic principles

QA-method

�e QA-loop method [90] is based on measurements of �ow (Q) and
cross-sectional area (A), two variables that can be obtained by ultrasound or
MRI.�is approach is derived from the combination of the Bramwell-Hill
(1.4) and the water hammer (1.7) equations but with the resulting equation
written as a function of �ow,

PWVQA = dQdA (1.9)

In this case, the slope of the QA-loop directly equals PWVQA.

ln(D)P-method

Recently, another loop method was developed also based on pressure
and diameter, the ln(D)P-loop method [91].�is method can be obtained by
rewriting the Bramwell-Hill equation as a function of diameter in the form,

PWVln(D)P =
√
1
2ρ

dP
d ln(D) (1.10)

Similarly to the previous methods, PWVln(D)P can be derived from the
slope of the linear segment of the loop constructed from plotting the natural
logarithm of diameter as a function of pressure.

1.4 Impedance analysis

From the classic Fourier analysis, any pressure and �ow waveform can be
decomposed in a series of sinusoidal waves known as harmonics. Each of
these harmonics has its own amplitude and phase angle, period, frequency
and wavelength. �e zeroth harmonic is a constant referring to the mean
value with only the amplitude, e.g. mean arterial pressure for the pressure
waveform (Figure 1.10). By summing up the harmonics (10-20 harmonics is
su�cient), the measured signal can be reconstructed.

Input impedance (Zin) is then de�ned as the ratio of harmonics of the
measured pressure and �ow waves [6]. Input impedance is a global measure
that completely describes the arterial system, by accounting for the contri-
butions of systemic vascular resistance (SVR, zero frequency), total arterial
compliance (C, low frequencies), and characteristic impedance (Zc, high fre-
quencies). Since Zin is a complex number obtained in the frequency domain,
it is represented by the amplitude and phase angle for each speci�c frequency,
with the frequencies being multiples of the heart frequency (see Figure 1.11).
�e impedance modulus is obtained from the ratio of the amplitudes of
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1.4. Impedance analysis

Figure 1.10: A waveform can be decomposed in a series of sinusoidal waves (har-
monics) travelling at the same speed, each with its own amplitude and phase, period,
frequency and wavelength. Image taken from [92].

pressure and �ow, a�er these signals have been decomposed using the fast
Fourier transform. �e impedance phase angle is then estimated as their
di�erence in phase angle. Although this measure has practical limitations
from the clinical point of view, it has the potential to study the arterial system
at a speci�c frequency, in order to improve the understanding of the arterial
function [31].

1.4.1 Systemic vascular resistance
�e systemic vascular resistance describes the resistance to the blood �ow
and equals the modulus of Zin at the zeroth harmonic. SVR can also be
approximated as the ratio of MAP to mean �ow (Ohm’s law) at the aortic
root.

1.4.2 Total arterial compliance
Volume compliance (C) is de�ned as the ratio of the change in arterial volume
(dV) to the change in arterial pressure (dP), C = dV/dP. A crude approx-
imation of C is the ratio of stroke volume and pulse pressure. Alternative
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harmonics 4-10 (shaded area). Data from the Asklepios population.

methods to estimate volume compliance are based on Windkessel model
approximations of the arterial system (see further Section 2.1.1). One can then
either use a method indirectly based on a 2-element windkessel model as-
sumption (decay time method [93], area method [94], pulse pressure method
(PPM) [95]) or directly �t the parameters of a given Windkessel model to
measured arterial pressure and �ow. Refer to [31, 93] for a more detailed
discussion on the di�erent methods for estimating volume compliance.

1.4.3 Characteristic impedance
In contrast to input impedance, the characteristic impedance is the imped-
ance that would be observed in absence of wave re�ections. Since wave
re�ections vanish at high frequencies, Zc is usually derived as the average
of the modulus of Zin from harmonics 4th to 10th (dashed orange line in
Figure 1.11). Zc can also be related to PWV starting from the water hammer
equation;

Zc = ρ ⋅ PWV
A

(1.11)

thus Zc is inversely proportional to the vessel geometry.
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1.5. Pressure and �ow wave propagation

1.5 Pressure and flow wave propagation

With each ejection, the heart generates pressure and �owwaves that propagate
towards the periphery due to the distensibility of the arteries, leading to a
�nite wave speed [31].�e morphology of the waves varies with the location;
with increasing distance from the heart, �ow waveforms are reduced and
pressure waveforms are ampli�ed (see Figure 1.12).�e waves also exhibit
an increase in the slope of the wavefront and a time delay. Ampli�cation of
pressure waveforms are associated with re�ections throughout the arterial
network [96].

Figure 1.12: Example of wave propagation along the arterial tree from computer
simulated data. From central to peripheral arteries pressure waveforms are ampli�ed
(top) and �ow waveforms amplitudes are reduced (bottom). �ere is also a time
delay in the arterial pulse.

1.5.1 Wave re�ections
Due to changes in impedance along the arterial network, which may occur
at bifurcations or with diameter variations or variations in mechanical prop-
erties, running waves get re�ected [97]. In fact, each measured pressure and
�ow waveform is a superposition of a travelling forward wave (propagation
from the heart to the periphery) and a travelling backward wave (re�ection
from the periphery to the heart) [6]. Wave re�ections explain the changes
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1. Anatomy, physiology and basic hemodynamic principles

in arterial pressure, leading to di�erences between central and peripheral
pressures, and may even be involved in the pathophysiology of heart failure
[98]. Furthermore, without re�ections in the arterial system, the pressure and
�ow would have the same wave shape [31] (see Figure 1.13).�e occurrence of
wave re�ections is not constricted to a single site or a limited number of sites
[99]. On the contrary, re�ections are distributed along the arterial network,
turning them into a complex physiological process that is not easy to compre-
hend or quantify. Determining the re�ection sites may be almost impossible,
considering that in the arterial tree re-re�ections are continuously occurring.

·s
-1

m
m
H
g

Pmeasured

Qmeasured

Pforward

Preflected

Qreflected = -Preflected /Zc

Qforward=Pforward /Zc

m
L

Figure 1.13: �e measured pressure and �ow waveforms are the sum of forward and
re�ected (backward) waves. Forward (or re�ected) pressure and �ow are related by
the characteristic impedance. Re�ections of pressure and �ow are equal inmagnitude
but inverted. Image adapted from [31].

Wave re�ections may also explain the di�erences in the pressure wave-
forms as observed with ageing [96]. For a young subject, re�ected waves
arrive during diastole, which increases diastolic perfusion. For an older sub-
ject, compliance decreases and PWV is increased, therefore re�ected waves
arrive earlier in systole, causing a rise in the systolic pressure peak and pulse
pressure.�ese two characteristic phenotypes of the pressure waveform are
known as C-type and A-type, respectively [96] (Figure 1.14).

1.5.2 Pressure waveform analysis
Analysis of the pressure wave shape is used, for instance, to determine the
moment of arrival of the re�ected pressure wave. Pressure waveforms typi-
cally show �ducial points that have been associated to re�ections, such as the
in�ection point (Tinf) and the shoulder point (Tsho), which can be derived
from the second and fourth derivative, respectively (see panels A-C in Fig-
ure 1.15). Using the �ducial point the augmentation index (AIx) is de�ned,
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1.5. Pressure and �ow wave propagation

Figure 1.14: Carotid pressure waveforms type C and type A, measured in a young
(top) and old (bottom) subject from the Asklepios population, respectively. Pressure
waves decomposed in the forward and backward component show an arrival of
re�ected waves in diastole for the young, and in systole for the old subject.

AIx = AP/PP, with PP the pulse pressure and AP the augmented pressure,
derived as the di�erence between SBP and the pressure at the �ducial point
[82]. AIx is positive for type A waves, and negative for type C, since the
re�ected wave does not add to SBP. Although AIx is used as a measure of
wave re�ection, it has been shown to be a composite measure, in�uenced
by several factors other than wave re�ection, therefore not the most suitable
index of wave re�ection [82].

�e in�ection or shoulder points have been used to de�ne the re�ected
wave transit time (RWTT) [100]. RWTT can also be derived from wave
separation analysis (WSA), as the time delay between the zero crossing of
the forward and backward pressure waves (see panel D in Figure 1.15).�e
timing of the in�ection and shoulder points di�er from each other, and from
the RWTT estimated by WSA [100, 101]. In a recent work, RWTT estimated
by WSA was found to be more reliable than Tinf [102].

�e e�ective re�ection distance (L), which is the distance travelled by
the waves to an assumed e�ective re�ection site, can be estimated from the
combination of RWTT and the local PWV [100]. Since the wave would travel
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Figure 1.15: Pressure waveform analysis. Panel A: Measured pressure waveform
type A, with indication of pulse pressure (PP) and augmented pressure (AP). Panels
B and C: Determination of the in�ection (Tinf) and shoulder (Tsho) points using
2nd and 4th order derivatives, respectively. Panel D: Wave separation analysis and
determination of RWTT. Image adapted from [82].

twice the same distance, the �nal distance results in:

L = PWV ⋅ RWTT
2

(1.12)

1.5.3 Wave separation analysis
�ere are two major methods for the separation of the waves when studying
wave re�ections: the classicmethod, based on the analysis of pressure and�ow
in the frequency-domain and through impedance analysis (see section 1.4)
[6], and wave intensity analysis (WIA), which analyses the pressure and �ow
waveforms in the time-domain [103].�e �rst is a more complex method that
decomposes the waves in sinusoidal harmonics using Fourier theory, and
only allows to analyse the net e�ect of the waves. On the other hand, WIA is
a simpler and more intuitive method, that allows to analyse the contribution
of each wave separately.�e wave separation analysis (WSA) by either the
frequency or time domain produces similar results [92, 104].�e methods
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1.5. Pressure and �ow wave propagation

are sensitive to the derivation of characteristic impedance or wave speed,
respectively.

1.5.3.1 Wave separation in the frequency-domain
Having determined Zc from the impedance analysis in the frequency domain,
as described in section 1.4, waves can be separated into their forward (sub-
script f ) and backward (subscript b) components for each harmonic i [6].
For the pressure signal the equations become;

Pf i = 12(Pi + Zc ⋅ Qi) (1.13)

Pb i = 12(Pi − Zc ⋅ Qi) (1.14)

where Pi and Qi represent the Fourier transformed pressure and �ow signals
for each harmonic i.�e zeroth harmonic is not considered forWSA because
it represents the steady component of the signal.�e temporal forward and
backward pressure components (Pf and Pb) can then be obtained by summing
up all forward and backward harmonics, or by applying the inverse transform.
�e re�ection coe�cient, which is the relative amount of the re�ective wave,
can be estimated for each harmonic:

Γi = Zin − Zc
Zin + Zc

= Pb i
Pf i

(1.15)

As the re�ection coe�cient is a complex number depending on each
harmonic, in practice, Γ is reported as the absolute value at the fundamental
heart frequency, the �rst harmonic, which normally contributes most to
the amplitude of the waveform.�e equations are similar for �ow; Γ is the
same for pressure and �ow waves but the sign is opposite (Γ=-Qb i /Q f i ).�e
re�ection magnitude (RM) is the ratio of the amplitudes of the temporal
forward and backward wave.

RM = max(Pb) −min(Pb)
max(Pf ) −min(Pf ) = ∣Pb ∣∣Pf ∣ (1.16)

1.5.3.2 Wave separation in the time-domain
Wave separation in the time domainwas introduced by Parker and Jones [103],
linked to wave intensity analysis. Rather than decomposing pressure and �ow
waveforms in sinusoidal signals, the method proposes the decomposition
of the waveforms as a sequence of small wavefronts.�ese wavefronts are
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1. Anatomy, physiology and basic hemodynamic principles

de�ned as the change in pressure (or �ow velocity) during a sampling period
∆t:

dP = P(t + ∆t) − P(t)
dU = U(t + ∆t) −U(t) (1.17)

�is methodology was �rst developed using themethod of characteristics,
which is based on the one-dimensional equations of conservation of mass
and momentum, and describes the propagation of the changes in pressure
(dP) and �ow velocity (dU) caused by any small perturbation.�ese small
wavefronts propagate with speed U ± c in the forward (+) and backward
(-) directions, with c the wave speed given by the Bramwell-Hill equation,
and can be located in time and space. �e analysis is further simpli�ed
by assuming constant wave speed at a speci�c location, and by making the
linearising assumptions that the changes in pressure and �ow velocity in the
forward and backward waves are additive when they intersect, via:

dP = dP+ + dP− (1.18)

dU = dU+ + dU− (1.19)

By combining equations 1.18 and 1.19 with the water hammer equations
for the forward and backward wavefronts (dP± = ±ρcdU±), the changes in
pressure and �ow velocity for the forward and backward wavefronts can be
solved in terms of the measured wavefronts:

dP+ = 12(dP + ρcdU) (1.20)

dP− = 12(dP − ρcdU) (1.21)

dU+ = 12(dU + dP
ρc

) (1.22)

dU− = 12(dU − dP
ρc

) (1.23)

�e sum of the forward and backward components of the change in
pressure results in the total forward and backward pressure signals:

P+ = Pdias + t∑
t=0
dP+ (1.24)
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1.5. Pressure and �ow wave propagation

P− = t∑
t=0
dP− (1.25)

where Pdias is the DBP. Similarly for �ow velocity,

U+ = t∑
t=0
dU+ (1.26)

U− = t∑
t=0
dU− (1.27)

�e re�ection magnitude in the time domain is equivalent to equa-
tion (1.16) in the frequency domain.

1.5.4 Wave intensity analysis
Wave intensity (dI) is de�ned as the product of the changes in pressure and
�ow velocity [103, 105],

dI = dP ⋅ dU (1.28)

Wave intensity can be separated in the wave intensity due to the forward and
the backward propagating waves:

dI+ = dP+ ⋅ dU+ (1.29)

dI− = dP− ⋅ dU− (1.30)

By substituting equations 1.20-1.23, the forward and backward wave in-
tensity can be derived as a function of themeasured pressure and �ow velocity
changes.

dI± = ± 1
4ρc

(dP ± ρcdU)2 (1.31)

�e sum of the forward and backward wave intensity represents the net wave
intensity:

dI = dI+ + dI− (1.32)

Wave intensity is expressed in units of (W/m2). WIA allows determining
the nature and magnitude of the wave, and the type of wave dominating
at a certain moment, provided that the local wave speed is known and
pressure and �ow velocity have been measured simultaneously at the
same position. When dP is positive waves are called compression waves,
and when dP is negative waves are called expansion or suction waves.
Similarly, a positive dU means acceleration while negative dU deceleration.
�us, there are four possible types of waves: forward compression wave
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(FCW), forward expansion wave (FEW), backward compression wave
(BCW), and backward expansion wave (BEW). When dI is positive,
forward travelling waves are dominant and when dI is negative, backward
travelling waves are the dominant waves. Figure 1.16 gives an overview of the
relationships for forward and backward waves and the travelling directions
and origin. An example of WIA performed on simulated pressure and �ow
velocity waveforms, at the level of the ascending aorta, is shown in Figure 1.17.

direction dP dU dI
+ + + + FCW
+ - - + FEW
- + - - BCW
- - + - BEW

Figure 1.16: Scheme of the types of waves and the travelling direction. F: forward,
B: backward, C: compression, E: expansion, W: wave.
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1.5.5 Wave power analysis
Wave intensity analysis has increased in popularity compared to frequency
domain analysis, as its application in the time domain makes the interpre-
tation of wave dynamics more intuitive. Nevertheless, wave intensity is not
a conserved quantity since it is based on �ow velocity rather than �ow rate,
being sensitive to vessel diameter variations. To overcome these di�culties,
Mynard and Smolich [106] proposed a novel approach called wave power
analysis (WPA), which is also entirely developed in the time domain and is
closely related to WIA.

Using the method of characteristics, wave power (dπ) was de�ned as the
product of the changes in pressure (dP) and �ow (dQ).

dπ = dP ⋅ dQ (1.33)

Wave power can be separated into its forward (+) and backward (-) compo-
nents, which by assuming linear separation can be written as;

dπ = dπ+ + dπ− (1.34)

where,
dπ+ = dP+ ⋅ dQ+ (1.35)

dπ− = dP− ⋅ dQ− (1.36)

By assuming constant characteristic impedance, with Zc = ρc/A, Mynard
and Smolich [106] showed that the forward and backward wave power can
be solved as a function of the measured changes in pressure and �ow.

dπ+ = 1
4Zc

(dP + ZcdQ)2 (1.37)

dπ− = − 1
4Zc

(dP − ZcdQ)2 (1.38)

Since linear �ow conditions were assumed, ZcdQ = ρcdU , thus wave
power and wave intensity are found to be related as dπ = AdI.

�e concept of wave power is analogous to wave intensity, with dπ > 0 in-
dicating dominant forward waves and dπ < 0 indicating dominant backward
waves. Wave power equals the energy carried by the wave and is given in units
of (W). Contrary to wave intensity, wave power is conserved at junctions (see
Figure 1.18), and has also been shown to be insensitive to diameter variations
[106].
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fully performed on absolute pressure and flow signals (24).
Two important implications arising from this paradigm, which
are explored herein for the first time, are that 1) hydraulic
power may also be subjected to wave separation analysis,
thereby allowing calculation of hydraulic power components
related to forward- and backward-running waves and wave
potential; and 2) wave power provides a quantitative link
between pressure-flow waves and hydraulic power.

This paper is structured as follows. First, we present meth-
ods for calculating wave power, its forward/backward compo-
nents, and its relationship to wave intensity. Second, we
demonstrate that, unlike wave intensity, wave power is a
quasi-conserved quantity, and we explore the implications of
this for hemodynamic analyses at vascular junctions. Third,
we describe methods for performing wave separation on
hydraulic power, including separation of pressure power and
kinetic power. Fourth, we elucidate the relationship between
hydraulic power and wave power. Fifth, we explore the
physiological interpretation of wave potential with respect
to wave power and hydraulic power. Finally, we verify the
developed techniques and principles using simple numerical
models and also experimentally in a central arterial bifurcation
under a wide range of hemodynamic conditions induced by
mechanical and drug interventions.

MATERIALS AND METHODS

Wave Intensity

Wave intensity (dI) is calculated from pressure (P) and cross-
sectional mean velocity (U) signals via (32)

dI � dPdU (1)

Using the method of characteristics, Parker and Jones (32) showed
that wave intensity directly relates to changes in so-called character-
istic variables (w�) that separately govern the propagation of pressure/
velocity waves in the forward (w�) and backward (w�) directions,

dI �
1

4
�c�dw�

2 � dw�
2 � (2)

where � is blood density, c is wave speed, and dw� are related to
pressure and velocity via

dw� � dU �
1

�c
dP (3)

Here, �c is the velocity-based characteristic impedance (32), which
defines the relationship between pressure and velocity associated with
forward or backward waves (dP� � ��cdU�). This quantity is
determined by � and vascular size and stiffness, noting that wave
speed is related to vessel distensibility (D) via c2 � 1/(�D).

From Eq. 2, one of the key properties of wave intensity is evident,
namely that backward-running waves have negative wave intensity,
and forward waves have positive wave intensity. Where forward and
backward waves overlap, it is useful to separate net wave intensity
into forward- and backward-running components, which can be
achieved without any linearizing assumptions via

dI� � �
�c�

4
dw�

2 (4)

For further details regarding this nonlinear separation, see Ref. 19. In
practice, calculation of dw� is usually not possible, as this requires
knowledge of the pressure-area relation. However, wave separation is
still possible by making several linearizing assumptions (i.e., dI �
dI� � dI� and constant wave speed), which lead to (32)

dI� � �
1

4�c
�dP � �cdU�2 (5)

Wave Power

Starting with the one-dimensional equations governing pressure
and flow (Q), in the APPENDIX we show that the method of character-
istics can also be used to define a quantity we have termed “wave
power” (d�),
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Figure 1.18: �e comparison of wave intensity and wave power in the three branches
of a bifurcation, shows that wave power is conserved at junctions; wave power of the
parent vessel equals the sum of wave power of the daughters. Image adapted from
[106].
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Modelling the cardiovascular

system: Mathematical
background on the

one-dimensional model of the
arterial tree

In the present chapter, a brief overview of relevant models of the cardiovascu-
lar system is �rst provided.�e rest of the chapter focuses on the description
of the 1D mathematical model of the arterial circulation, used throughout
this thesis.�is particular model was published and validated by Reymond
et al. [12, 107], based on an earlier work by Stergiopulos et al. [108]. �e
model has gained great acceptance in the scienti�c community, and it has
served as a base for many studies.�is chapter accounts for the main physical
and mathematical principles of the 1D model, which has been subsequently
adapted to meet the need of the di�erent studies undertaken.

2.1 Models of the arterial tree

�e cardiovascular system has been studied not only from the clinicians
point of view, but also by researchers from di�erent disciplines, trying to
unravel complex hemodynamic phenomena. Computational models have
evolved from relatively simple lumped (0D) or one-dimensional (1D) models,
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to more complex three-dimensional (3D) models [24]. 3D models allow for
comprehensive studies of complex hemodynamic phenomena, for instance
through �uid-structure interaction approaches; however, due to the di�culty
of de�ning a detailed 3D geometry of the arterial tree, and the computational
cost associated with these models, they are usually restricted to simulations
at speci�c locations of pathophysiological interest in the CV system [109]. 1D
models on the contrary, are commonly used to investigate wave propagation
of pressure and �ow along the systemic arterial network, o�ering a simpli�ed
solution in one spatial direction with reasonable accuracy and computational
cost [12, 110, 111].

Models of the cardiovascular circulation allow for a better understanding
of the relationships of arterial �ow and pressure, and how arterial properties
in�uence the shape of the pressure and �ow waveforms. Knowledge of the
distribution of pressure and �ow in the arterial tree is important for diagnostic
and treatment planning [112]. In silico studies allow to investigate several
pathophysiological conditions by varying the model parameters, without the
ethical or technical limitations of in vivo studies. Moreover, models of the
CV system can also be used in cardiac studies to simulate physiological as
well as pathological conditions.

Modelling the CV system is challenging due to the complexity of the
anatomy. �erefore, models are usually restricted to speci�c parts of the
arterial tree, which requires the de�nition of boundary conditions at the
distal ends where the smaller arteries andmicrocirculationmust be described;
while at the inlet of the aortic root the ventricular-arterial interaction has
to be accounted for.�e mechanical properties of the circulation also make
the modelling task di�cult, since blood vessels have nonlinear viscoelastic
walls, while the �ow is highly pulsatile and blood is, in essence, a �uid with a
complex rheology.�e description of the CV system adaptability, with its
autoregulation mechanism, is also challenging.

2.1.1 Windkessel models
Windkesselmodels are lumped parametersmodels (also called 0D), which are
based on an analogy to theWindkessel �re engine, and can be also represented
as electric circuits.�esemodels, when expressed at the proximal aorta, give a
lumped representation of the entire arterial tree.�eir main advantage is that
they require only a few global parameters to represent the main properties of
the arterial tree in consideration [113].

�e �rst lumped arterial model was the 2-element Windkessel model
introduced in 1899 by Frank [8], consisting of a resistance and a capacitor in
parallel (see panel A in Figure 2.1).�e resistance element accounts for the
total peripheral resistance, which is the summation of all parallel resistances
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2.1. Models of the arterial tree

in the vascular bed. On the other hand, the compliance element (capacitor)
is mainly determined by the large elastic arteries, and is considered to be
the summation of the compliances of all vessels in the arterial tree, and is
therefore called the total arterial compliance. �e 2-element Windkessel
model mimics pressure and �ow well in diastole, but not in systole. �e
limitations of this model, observed from the calculation of input impedance
in the frequency domain (see panel D in Figure 2.1), were improved by adding
a third element (the characteristic impedance represented by a resistor) in
series with the 2-element Windkessel model [114] (panel B in Figure 2.1).
However, this leads to errors in the low frequencies range, and therefore to
inaccurate estimates of total arterial compliance.�is di�culty was overcome
with a fourth element [115], where an inductance was incorporated in parallel
with the characteristic impedance, representing the total arterial inertance
(see panel C in Figure 2.1). In this way, the model approximates the 2-element
model for low frequencies, and the 3-element model for high frequencies.
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Figure 2.1: Analogy of Windkessel models to an electric circuit, for the two- (A),
three- (B) and four-element (C) Windkessel models, respectively. Rc and Rp: char-
acteristic and peripheral resistance. C: total arterial compliance. L: inertance. (D)
Comparison of measured aortic input impedance with impedances predicted by the
Windkessel models. Adapted from [31].

Windkessel models have been used to estimate pressure and �ow, to
estimate compliance [94, 116], and as a load to the heart in ventricular-arterial
interaction studies [117, 118], as well as a peripheral load for 1D models [12,
108]. Despite being a good approximation to study the behaviour of the
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arterial system as a whole, they are very simpli�edmodels that do not account
for the pressure and �ow wave propagation phenomenon and re�ection,
thereby limiting the accuracy of the pressure wave shape.

2.1.2 1D or distributed model
Distributed models (or 1D models) decompose the arterial network in seg-
ments, connected by nodes, with known geometrical and mechanical prop-
erties (see Figure 2.2). For each of these segments, the wave transmission
theory may be characterized through the oscillatory �ow theory of Witzig-
Womersley, the electrical transmission line theory, or by solving the 1D formu-
lation of theNavier-Stokes equations of conservation ofmass andmomentum
[24]. 1D models are usually used to predict pressure and �ow waveforms at
speci�c locations in the arterial system, because the 1D equations appropri-
ately describe the wave propagation phenomenon [119].�e ability of the 1D
formulation to capture the main features of pressure and �ow waveforms in
large human arteries has been veri�ed by comparing with in vivo data [12,
107, 120–122], in vitro data [123–127], or with in silico 3D models [128, 129].

One-dimensional models have been used in several studies to investigate
the cardiovascular physiology [130], or pathologies such as stenosis [108, 131,
132], abdominal aortic aneurysm [133], hypertension [17, 134], or diastolic
dysfunction [135].�ese models have increased their value in the last years,
since they can be also used as boundary condition for more complex 3D
models [136, 137]. Furthermore, patient-speci�c models can be a useful
tool to support clinical decisions and surgical planning [107, 138], although
progress within this topic is hampered due to the complexity of noninvasively
measuring all the parameters used in the models.

2.2 Model assumptions

�e governing equations of the 1D model described below, are based on
the 1D equations of conservation of mass and momentum that result from
integrating the Navier-Stokes equations, coupled with a constitutive relation
that describes arterial wall elasticity [12]. Arteries are simulated as tapered or
straight cylindrical segments connected by nodes, with circular cross-section.
Structural arterial properties are assumed to be constant for the segment,
with the same functional dependence of wall elasticity on pressure for all
arterial locations. Blood is assumed to be a Newtonian and incompressible
�uid (typical values of dynamic viscosity, µ = 0.004 Pa⋅s, and density, ρ =
1050 kg/m3).�e Witzig-Womersley theory is used to account for the pul-
satile e�ects on the velocity pro�le, which is needed to calculate convective
acceleration and wall shear stresses in the momentum equation. For the
boundary conditions at each distal end, 3-element Windkessel models are
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2.2. Model assumptions

used; whereas at the proximal end, the arterial-ventricular interaction is ac-
counted for with a varying elastance model of the le� ventricle.�e modelled
human arterial system includes the le� heart, the aorta and its main branches,
as well as a description of the cerebral artery network and major coronary
arteries.�e scheme of the arterial system comprising 103 arterial segments
(Figure 2.2) and the geometrical and mechanical parameters used as model
input (Table 2.1), are directly reproduced from Reymond et al. [12].�e data
of the main systemic arterial tree were based on the model of Stergiopulos et
al. [108] and the preceding work of Westerhof et al. [114], while the data of
the main cerebral arteries were obtained from averaged literature data and
completed by real patient scans.

variations from subject to subject. The geometry of the main cerebral
arteries was obtained from averaged literature data (Table 2) and
completed by real patient scans (3DRA and MRA). Many extracranial
arteries, such as the superficial temporal arteries, have also been added
to include points where pressure can be measured noninvasively
(tonometry), which is required for the validation phase of the work.
The secondary anastomoses, such as the internal-external carotid,
subclavian-carotid, and subclavian-vertebral are not considered.

The Stergiopulos et al. (64) arterial tree model did not include the
coronaries. Because the coronary circulation is particular and perhaps
not well adapted to the 1-D model description, we decided to limit
ourselves only to simplified description of the coronary tree, where
only the main coronary arteries are included (Fig. 2B).

Blood rheological invariable parameters in the current study are as
follows: � � 1,050 (kg/m3) and � � 0.004 (Pa �s).

We assume an impermeable arterial wall (� � 0).
Elastic properties. The values of PWV reported in the literature for

different arteries as a function of the mean arterial lumen diameter are
presented in Fig. 3. We observe that, despite some well-anticipated
dispersion, there is a general trend of an inverse global relation
between artery size and PWV. To that effect, we fitted an empirical
inverse power curve:

PWV
d�� 
a2

d� b2
(22)

This simple empirical relation seems to be sufficiently well adapted,
especially for large arteries with a lumen diameter �5 mm. For
smaller arteries, encountered for instance in the vicinity of the circle
of Willis, it seems to underestimate the PWV. The coefficients
obtained from the best fit are a2 � 13.3, b2 � 0.3, with R2 � 0.6.

For intracranial arteries that are surrounded by the cerebrospinal
fluid (CSF), we assume that the CSF mean pressure is of 15 mmHg
and acts on the outer surface of the arterial wall. This implies that the

distending pressure, which is lumen pressure minus external pressure,
is decreased and thus the arterial wall compliance is increased (Eq. 5).

Viscoelastic properties. The linear viscoelastic coefficient, ã, was
obtained by fitting Eq. 9 on the viscoelasticity data reported by (5).
The best-fit yielded a3 � �0.0062 (mm�1) and b3 � 0.16 (R2 �
0.90). For cerebral arteries, which present a much stronger viscoelas-
tic component [Bergel et al. (5)], only one point that corresponds to
the carotid artery was available; therefore, we assumed same slope
(a3) as for the other arteries. However, the parameter b3 was taken as
b3 � 0.34 to match the carotid viscoelasticity value.

Vascular resistance and compliance. Peripheral resistances were
based on data by Stergiopulos et al. (64). For the cerebral circulation,
which was not included in the Stergiopulos et al. model, we derived
peripheral resistances from mean flow data published in the literature
or from our own flow measurements (Table 3).

The total systemic vascular compliance is the sum of the volume
compliances of all vessels including also the compliance of the
terminal beds, so that Cv � �n

i Cv,i � �m
i CT,i, where n � 103 is the

number of arterial segments and m � 47 is the number of terminal
beds. The volume compliance of each arterial segment is obtained by
integrating the area compliance (Eq. 5) over the segment length.
Volume compliances were finally adjusted so that the total systemic
compliance matches literature values for a typical young healthy
subject of the same age as the average age of our subject group. More
than 50% of the total arterial compliance is in the aorta (23), and thus
only a minor part is attributed to peripheral beds. We here follow
Stergiopulos et al. (64) and assume that the sum of compliances of the
terminal beds is in the order of 20% of the total systemic compliance.

Heart model. We derived isovolumic elastance (E* in Eq. 20) from
the global normalized elastance curve (E) reported by Senzaki et al.
(54; Fig. 1B). This required the use of a “standard” aortic flow
waveform, which we obtained by averaging our own measurements
with phase-contrast (PC)-MRI at the ascending aorta of a group of

Fig. 2. Schematic representation of the arterial tree. A: main systemic arterial tree, based on the model of Stergiopulos et al. (64). B: detail of the aortic arch
and the coronary network. C: detail of the principal abdominal aorta branches. D: blown-up schematic of the detailed cerebral arterial tree, which is connected
via the carotids (segments 5 and 15) and the vertebrals (segments 6 and 20) to the main arterial tree shown in A. R, right; L, left.

H212 VALIDATION OF A 1-D MODEL OF THE SYSTEMIC ARTERIAL TREE
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Figure 2.2: Scheme of the modelled human arterial tree. (A) Main systemic arteries;
(B) Detail of the aortic arch and the coronary network; (C) Detail of the main
abdominal aortic branches. (D) Detail of the cerebral artery network. R: right; L:
le�. Figure reproduced from [12].

Table 2.1: Initial geometric and mechanical properties for the 103-segments arterial
system. Data from [12].

Arterial Arterial Proximal Distal Terminal Terminal
segment segment no. Length diameter diameter Distensibility resistance compliance
name (right/left) (mm) (mm) (mm) (10−3 1/mmHg) (mmHg⋅s/mL) (10−5 mL/mmHg)
Ascending aorta 1 1 5 29.4 29.3 5.46
Aortic arch A 2 20 25.1 24 4.9
Brachiocephalic 3 34 20.2 18 4.22
Subclavian A 4/19 34 11.5/11 9/8.5 2.9/2.81
Common carotid 5/15 94/139 13.5/12 7/6 2.93/2.68
Vertebral 6/20 149/148 3.7 2.8 1.46
Subclavian B, axil-
lary, brachial

7/21 422 8.1 4.7 2.19

Radial 8/22 235 3.7/3.5 3.1/2.8 1.49/1.43 39.7 702.9
Ulnar A 9/23 67 3.7/4.3 3.4/4.3 1.53/1.72

Continued on Next Page. . .
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Table 2.1: (Continued)

Arterial Arterial Proximal Distal Terminal Terminal
segment segment no. Length diameter diameter Distensibility resistance compliance
name (right/left) (mm) (mm) (mm) (10−3 1/mmHg) (mmHg⋅s/mL) (10−5 mL/mmHg)
Interosseous 10/24 79 2.1/1.8 1.8 1.08/1.03 633.8 44
Ulnar B 11/25 171 3.2/4.1 2.8/3.7 1.39/1.62 39.7 702.9
Internal carotid 12/16 178 5.7/5.3 4.3/4.1 1.89/1.82
External carotid 1 13/17 41 5/4.7 4.5/4.3 1.83/1.77
Aortic arch B 14 39 21.4 20.8 4.48
Thoracic aorta A 18 52 20 18.9 4.26
Intercostals 26 80 12.6 9.5 3.04 10.5 2670.1
Thoracic aorta B 27 104 16.5 12.9 3.6
Abdominal aorta
A

28 53 12.2 12.2 3.22

Celiac A 29 20 7.8 6.9 2.38
Celiac B 30 20 5.2 4.9 1.9
Hepatic 31 66 5.4 4.4 1.87 27.3 1022.5
Gastric 32 71 3.2 3 1.42 40.7 686.1
Splenic 33 63 4.2 3.9 1.66 17.4 1599.8
Superior mesen-
teric

34 59 7.9 7.1 2.41 7 3991

Abdominal aorta B 35 20 11.5 11.3 3.09
Renal 36/38 32 5.2 5.2 1.93 8.5 3284.6
Abdominal aorta
C

37 20 11.8 11.8 3.16

Abdominal aorta
D

39 106 11.6 11 3.07

Inferior mesen-
teric

40 50 4.7 3.2 1.64 51.7 539.5

Abdominal aorta E 41 20 10.8 10.4 2.96
Common iliac 42/43 59 7.9 7 2.39
External iliac 44/50 144 6.4 6.1 2.15
Inner iliac 45/51 50 4 4 1.65 59.7 467.7
Femoral 46/52 443 5.2 3.8 1.77
Deep femoral 47/53 126 4 3.7 1.61 35.9 778.1
Posterior tibial 48/54 321 3.1 2.8 1.38 35.9 778.1
Anterior tibial 49/55 343 2.6 2.3 1.24 42 664
Basilar artery 2 56 20 4 3.6 1.6
Superior cerebel-
lar

57/58 10 1.7 1.4 0.93 200.8 3.6

Basilar artery 1 59 5 3.1 2.7 1.36
Posterior cerebral
1

60/61 2 1.9 1.9 1.05

Posterior commu-
nicating

62/63 4 1.2 1.2 0.78

Posterior cerebral
2

64/65 59 2 1.8 1.12 80.5 5.8

ICA distal 1 66/67 2 3.9 3.8 1.62
Anterior cerebral 1 68/69 12 2.1 2 1.1
MCA 1 70/73 8 3 2.8 1.36
MCA 2 superior
branch

71/74 71 2 1 0.92 75.2 2.8

MCA 2 inferior
branch

72/75 70 2 1 0.92 75.2 2.8

Anterior cerebral 2 76/78 24 1.8 1.7 0.99 80.5 4.7
Anterior commu-
nicating

77 2 1.3 1.3 0.84

ICA sinus 79/81 11 4.3 3.9 1.67
Ophthalmic 80/82 11 1 0.5 0.6 200.8 0.4
External carotid 2 83/85 61 4 3.5 1.59
Superior thyroid
ascending pharyn-
geal lingual facial
occipital

84/86 101 2 1 0.92 225.6 5.9

Superficial tem-
poral

87/89 61 3.2 3 1.42

Maxillary 88/90 91 2.2 1 0.95 188 5

Continued on Next Page. . .
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Table 2.1: (Continued)

Arterial Arterial Proximal Distal Terminal Terminal
segment segment no. Length diameter diameter Distensibility resistance compliance
name (right/left) (mm) (mm) (mm) (10−3 1/mmHg) (mmHg⋅s/mL) (10−5 mL/mmHg)
Superficial tem-
poral frontal
branch

91/93 100 2.2 1.4 1.02 188 8.2

Superficial tem-
poral parietal
branch

92/94 101 2.2 1.4 1.02 188 7.6

Ascending aorta 2 95 35 29.3 28.8 5.42
Right coronary
artery

96 53.7 3.6 2.6 1.42 55.6 26.6

Left main coro-
nary artery

97 5 4.9 4.7 1.84

Left anterior des-
cending coronary

98 47 3.8 1.5 1.29 45.1 26.6

Left circumflex
coronary

99 26 3.5 3.1 1.47 45.1 26.6

Anterior choroidal 100/102 36 1.5 1.3 0.88 150.4 15.4
ICA distal 2 101/103 2 3.85 3.8 1.6

ICA: internal carotid artery; MCA: middle cerebral artery.

2.3 Governing equations of the 1D model

�e conservation of mass principle states that in every continuum body, the
mass (m) is unchanged during motion [139]. Hence, the mass of a �uid
particle for instance, is the same in a reference con�guration and during
motion.�e mass is characterized by the product of the density (ρ) and the
volume (V), such that in di�erential form dm = ρdV . By integrating over
the entire region, and considering the material time derivative, the principle
can be expressed mathematically in the continuity form as [139],

∂ρ
∂t

+∇ρ ⋅ u = 0 (2.1)

where u is the vector of �uid velocity, and the gradient of a function is de�ned
as: ∇ f = ∂ f

∂x + ∂ f
∂y + ∂ f

∂z . Assuming an incompressible �uid, the density is
constant and the equation simpli�es to:

∇ ⋅ u = 0 (2.2)

�e conservation of linear momentum (Newton’s second law of motion)
states that the rate of change of linear momentum equals the net applied
forces.�e balance of momentum in vector form can be written as [139]:

ρdu
dt

= ∇ ⋅σ + ρb (2.3)

where b is the body force, and the Cauchy stress tensor (σ), for the case
of Newtonian �uids, is expressed by a constitutive equation depending on
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pressure and viscous forces.�e �rst attempt to formulate the mathematical
model for incompressible �ow in an arterial segment wasmade by Euler in the
18th century, but his equation neglected the viscosity e�ects. Generalization
of Euler’s equation for viscous �uids were made initially by Navier in 1827
and later improved by Stokes in 1845 [8], and the equation can take the form:

ρdu
dt

= −∇P + µ∇2u + ρb (2.4)

where P is the �uid pressure and µ is the viscosity. Applying the chain rule
in the material acceleration term the equation can be written as:

ρ(∂u
∂t

+ u ⋅ ∇u) = −∇P + µ∇2u + ρb (2.5)

�ese equations, known as the Navier-Stokes equations for the motion of
viscous �uids, along with the continuity equation (2.2) can be used to describe
the blood �ow through the arterial system.�e conservation of mass and
momentum equations are further simpli�ed for the one-dimensional case
and by integrating over the cross section of the artery, yielding the following
governing equations:

∂A
∂t

+ ∂Q
∂x

+ ψ = 0 (2.6a)

∂Q
∂t

+ ∂
∂x

(∫
A
u2dA) = −A

ρ
∂P
∂x

− 2πR µ
ρ
∂u
∂r

∣
r=R

+ Abx (2.6b)

�ese equations form a nonlinear system for the primary variables pres-
sure P(x , t), �ow rate Q(x , t), and the cross-sectional area A(x , t). To close
the system of equations, a constitutive relation between pressure and area
is typically used. ψ is the arterial wall seepage, R(x , t) is the lumen radius
and u(r, x , t) the component of the longitudinal velocity. Further assump-
tions consider the arterial wall to be impermeable (ψ = 0), and the action of
any body force, such as gravity, is neglected in most cases (bx = 0). Other
derivations of the equations can be found in [24, 111, 120, 137].

2.4 Arterial wall modelling: nonlinear elasticity

A constitutive equation is needed to account for the properties of the arterial
wall, relating intra-arterial pressure with the cross-sectional area. In the work
of Reymond et al. [12], the arterial wall behaviour includes a nonlinear elastic
component and a viscoelastic component. For simplicity reasons, during this
dissertation the e�ects of viscoelastic wall properties are neglected.
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2.4. Arterial wall modelling: nonlinear elasticity

�e nonlinear elastic behaviour of the arterial wall is described via the
local area compliance (CA), which is normally a function of distending pres-
sure and of the position in the vascular network, accounted for by making
CA dependent on the reference/mean diameter (d).�us, vessels of the same
size in di�erent vascular territories are assigned similar properties.

CA(d , P) = ∂A
∂P

(2.7)

As assumed by Reymond et al. [12], CA is expressed as the product
of a diameter-dependent function, Cd(d , Pref), and a pressure-dependent
function, CP(P).

CA(d , P) = Cd(d , Pref) ⋅ CP(P) (2.8)

�e pressure dependency of the compliance is described based on the
Langewouters model [140, 141],

CP(P) = a1 + b1
1 + [ P−PmaxCPwidth

]2 (2.9)

and �tting of the parameters in thoracic and abdominal aortas resulted in a1 =
0.4, b1 = 5, PmaxC = 20 mmHg, and Pwidth = 30 mmHg. �ese values were
retained for the entire arterial tree, assuming the same functional dependence
for every location.

�e diameter-dependent function of the compliance, gives the compli-
ance for a given local mean arterial lumen diameter (d) at a given reference
pressure value (Pref = 100 mmHg), and it was derived as:

Cd(d , Pref) = A
ρ ⋅ PWV2(d , Pref) (2.10)

Taking into account the relation between PWV and the distensibility
coe�cient (Dw) given by the Bramwell-Hill equation (1.4), the equation for
the local area compliance �nally results in:

CA(d , P) = A ⋅ Dw

⎛⎜⎜⎝a1 +
b1

1 + [ P−PmaxCPwidth
]2

⎞⎟⎟⎠ (2.11)

An example of the compliance curve obtained from this equation, for a
segment of the abdominal aorta in the pressure range 0-200 mmHg, as well
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Figure 2.3: Example of the model pressure dependency of compliance and cross-
sectional area for a segment of the abdominal aorta, over the pressure range 0-200
mmHg. Substitution of di�erent parameter values in equation (2.11) gives a di�erent
relationship of compliance (or area) as a function of pressure.

as the area-pressure relationship (derived by integrating equation (2.11) over
the pressure), is shown in Figure 2.3.

To estimate PWV and consequently the distensibility of the vessel, Rey-
mond et al. [12] �tted an empirical inverse power curve for PWVas a function
of the local diameter, from human data reported in the literature,

PWV(d) ≈ a2
db2

(2.12)

with the coe�cients resulting in a2 = 13.3 and b2 = 0.3.
By considering the relation (2.7), the continuity equation (2.6a) can be

rewritten as:
∂P
∂t

= − 1
CA

∂Q
∂x

(2.13)

with the local area compliance given by equation (2.11).

2.5 Velocity profile

�e formulation of themomentum equation (2.6b) contains the convective ac-
celeration term ( ∂

∂x ∫A u2dA), as well as the wall friction term (τ = µ ∂u
∂r ∣r=R),

both depending on the local velocity pro�le (u). Velocity pro�les are gen-
erally approximated and assumed to be symmetric to the longitudinal axis.
Several approximations have been used to model the velocity pro�le; from
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2.5. Velocity pro�le

Power law (n=4)

Flat
Power law φ(r)=

n
(1 (r/a) ),

AssumedStokeslayer φ(r)=
φ0 for r ≤ a(1−1/α
φ0α(1− r/a) for a(1−1/α)

Theflat andPoiseuilleprofilesareused inmanystudies;thepower-lawp
byHughesL ubl iner(1973)andusedbyWa ne tal .(2002).Theassume dbo
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Figure8

Typical carotidflowpulseused to construct thevelocityprofilesinFigure9.Datata
et al. (1999).
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Figure 2.4: Comparison of di�erent velocity pro�les (dotted lines) with theWomers-
ley velocity pro�les (solid lines), for the carotid �ow pulse on the right, at eight time
instants. Figure adapted from [24].

the more simple ones such as the assumed shape pro�les (�at, Poiseuille’s law,
power law), to more complex such as the pro�les periodic in time (Witzig-
Womersley theory), or the approximated velocity pro�les (see Figure 2.4 and
refer to [24] for more details).

�e velocity pro�le depends on theWomersley parameter (α, de�ned fur-
ther in section 2.5.1) [142, 143]. In vivo observations under normal conditions
have shown that in the large arteries the velocity pro�le is relatively �at [8, 28].
In the periphery with small vessels (α < 3) and more steady �ow, the velocity
pro�le has a more parabolic shape [8, 28]. In the model, to approximate the
velocity pro�le the Witzig-Womersley theory (or oscillatory �ow theory) is
used, to model as best as possible the pulsatile e�ects on the velocity pro�le.

2.5.1 �e Witzig-Womersley theory
�eWitzig-Womersley theory [142, 143] describes the e�ect of �ow pulsatility
and inertia on the velocity pro�le. �e oscillatory �ow theory is of great
importance especially for the calculations of wall shear and local �ow pro�les
[31].�e relation for the velocity pro�le takes the form:

u(r, t) = 2
πR2

(1 − r2

R2
)Q1 +∑

n
Real

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
Qn
πR2

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 − J0(αi3/2 r

R )

J0(αi3/2)

1 − 2J1(αi3/2)
αi3/2 J0(αi3/2)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
e iωt

⎫⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎭
(2.14)
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Derivative of the velocity pro�le given by this relation, allows for the
deduction of the wall friction term (τ) for the oscillatory theory as:

τ(t) = − 4µ
πR3

Q1 +∑
n
Real

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
µ

πR3
Qnαi3/2

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

J1(αi3/2)
J0(αi3/2)

1 − 2J1(αi3/2)
αi3/2 J0(αi3/2)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
e iωt

⎫⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎭
(2.15)

�e velocity pro�le and the wall friction term are calculated as a Fourier
series with harmonics (n) and depend on the harmonic-speci�c Womersley’s
number (α = R

√
ρ2π f /µ); R is the artery radius and f the frequency, r/R is

the relative radial position, Qn is the nth harmonic of the �ow pulse, i = √−1,
and J0 and J1 are the Bessel functions of �rst kind of order 0 and 1, respectively.
An overview of the derivation of these equations can be found in Appendix
A. Note that if only the �rst term in the sum is considered, the equations
reduce to Poiseuille’s law (steady �ow component), with a parabolic pro�le.

�e Witzig-Womersley theory, obtained in the frequency domain, re-
quires the knowledge of the local �ow pro�le across the arterial lumen over
the entire heart cycle, which is a priori unknown in the 1D model. �is
di�culty is overcome by assuming that the solution is periodic; the �ow
waveform from the previous heart cycle is used to calculate the velocity
pro�le and the wall shear stress in equations (2.14) and (2.15), respectively.

2.6 Proximal boundary conditions

A model of the le� ventricle (LV) can be coupled to the arterial system at
its proximal end (root of the ascending aorta), simulating the blood �ow
pumped out of the LV. Alternatively, a typical aortic �ow pro�le (or pressure)
may be used as the input condition in the proximal end of the arterial network.
�is approach presents more limitations to be used in a study where di�erent
heart conditions need to be simulated.

2.6.1 Heart model
�e LV model is based on the time-varying elastance model originally sug-
gested by Sagawa [144, 145], which was adapted by Reymond et al. [12] as
follows.�e time-varying elastance (E(t)) model describes the variation of
LV pressure (PLV) and volume (VLV) during a cardiac cycle, where V0 is the
dead volume:

E(t) = PLV(t)
VLV(t) − Vo

(2.16)
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2.6. Proximal boundary conditions

� �
Zupstream

�1 � �Zdownstream
�1

Zupstream
�1 � �Zdownstream

�1
(16)

where Z is the characteristic impedance of the upstream and down-
stream vessels. To minimize forward wave reflections, we chose to
adapt the characteristic impedance of the downstream branches, so
that the absolute value of the reflection coefficient given by Eq. 16 is
always �0.1. This is achieved by slightly adjusting the cross sectional
area of the daughter branches, while keeping the arterial wall disten-
sibility unchanged.

Heart model. At its proximal end (root of the ascending aorta), the
arterial tree is coupled to a model of the LV. The LV is modeled using
the varying elastance model, as suggested by Sagawa (49). The
varying elastance model is based on the time varying elastance [E(t)]
of the left ventricle, which describes the variation of LV pressure
(PLV) and volume (VLV) during a cardiac cycle:

E
t� �
PLV
t�

VLV
t� � V0

(17)

where V0 is the dead volume of the LV (Fig. 1A). Figure 1A also
shows the four phases of the cardiac cycle, and it is to be noted that
under physiological conditions (no leaky valves) only during ejection
(phase II on Fig. 1A) there is interaction between the LV and the
arterial tree. Figure 1B shows the normalized varying elastance curve
for one heart cycle. According to Senzaki et al. (54), the normalized
varying elastance curve is relatively invariable in young and old
subjects and is relatively unaffected by various forms of disease.
Hence, the varying elastance curve for any individual is fully deter-
mined by only three cardiac parameters, i.e., the maximal elastance
(Emax), the minimal elastance (Emin), and the time to maximum
elastance (tmax).

During ejection, the aortic valve is open and thus reflected waves
traveling backwards in the aorta will be reflected according to the
impedance mismatch between the proximal aorta and the left ventri-
cle. Earlier studies (8, 56) have pointed out that modeling the ventricle
as a purely compliant chamber yields nonphysiological wave reflec-
tion for the backward running waves and suggested the introduction of
an internal LV resistance in series to its compliance to improve the
wave reflection characteristics of the left ventricle. The internal
resistance Rint was introduced to explain, phenomenologically, the
observed difference in the ventricular pressure of an ejecting heart
(PLV) and the ventricular pressure during an isovolumic contraction
P*LV (Fig. 1B). Hence, in an ejecting heart ventricular pressure is equal
to P*LV minus the pressure drop over the internal resistance:

PLV � P*LV � Rint
t�Q
t� (18)

Experimental evidence showed that internal resistance is itself pro-
portional to P*LV, so that

Rint
t� � �P*LV (19)

Taking the above into consideration, we derive the following expres-
sion for the varying elastance of an ejecting heart:

E
t� � E*
t��1 � �Q
t� (20)

where E* represents the elastance that would be measured during an
isovolumic (nonejecting) contraction. Equation 20 allowed us to
reconstruct a normalized isovolumic elastance, E*, from the normal-
ized elastance curves, E, reported by (54; Fig. 1B) and from aortic
flow waves measured in vivo (see Heart model in Physiological
Data).

Coronary model. Main coronary arteries are modeled assuming a
systolic flow impediment, which is proportional to the varying elas-
tance. The coronary vessel diameter and compliance are affected by
the contraction of the myocardium. Epicardial vessels are affected
differently from endocardial and subendocardial vessels, but for the
sake of simplicity, we follow here the approach of Vis et al. (68) and
assume that compliance and resistance changes are proportional to the
local time varying elastance of each vessel, which, according to
Krams et al. (27), is assumed to have the same wave shape as the
varying elastance of the left ventricle. Hence, we may express the
contraction-induced changes in vessel wall distensibility (Dw) and
terminal windkessel properties (R1, R2, and CT) as follows:

Dw
E
t��  Dw
ref � εDw

refE
t�/Emax

CT
E
t��  CT
ref � �CT

refE
t�/Emax (21)
R1
E
t��  R1 � �R1E
t�/Emax

R2  �R1

where ε, �, �, and � are constants of proportionality. These relations
are applied to the left coronary arteries. For the right coronaries, we
assume that the effect of the right ventricle contraction is smaller by
a factor proportional to the ratio of maximal pressure in the two
ventricles, taken as PLV,max/PRV,max � 6.

Numerical solution. The set of equations with the boundary con-
ditions described above is solved using an implicit finite difference
scheme to yield pressure and flow waveforms over the entire arterial
tree. Nonlinear terms are iteratively solved at each time step using the
Newton-Raphson method. We initialize the arterial with an arbitrary
pressure of 100 mmHg and a flow of 1 ml/s in each artery, the solution
being quite insensitive to the initial distribution of pressure and flow
and always converging. Our convergence criterion is based on the
maximum relative difference of 1% in pressure and flow between two
consecutives cardiac cycles for all nodes and all time steps within the
cardiac cycle.

Physiological Data

Geometry. The arterial tree dimensions are based on the original
Noordergraaf tree (40), which was later adapted by Westerhof et al.
(71) and by Stergiopulos et al. (64; Fig. 2A). Because the Stergiopulos
et al. tree did not provide for a detailed description of the cerebral
circulation, we added the main afferent and efferent vessels in the
vicinity of the circle of Willis, as shown in Fig. 2D. The considered
circle of Willis is assumed to be complete, although representative of
only (42%) of the population (26) due to significant anatomical

Fig. 1. A: A heart cycle represented as a ven-
tricular pressure-volume graph. Instantaneous
elastance, maximum elastance (Emax) and min-
imal elastance (Emin) are also represented. Emax

intersects the left ventricular (LV) volume axis
at the dead volume abscissa (V0). B: normalized
time varying elastance (EN, E*N) as function of
normalized time. EDV and ESV, end diastolic
and end systolic developed pressure; E(t), time
varying elastance; Psys, systolic pressure.

H211VALIDATION OF A 1-D MODEL OF THE SYSTEMIC ARTERIAL TREE

AJP-Heart Circ Physiol • VOL 297 • JULY 2009 • www.ajpheart.org

Figure 2.5: (A) Representation of the pressure-volume loop of the le� ventricle,
with indication of the four cardiac phases and the heart model parameters. (B)
Normalized time varying elastance (EN, E∗N) as function of normalized time (tN).
Emax and Emin: maximal and minimal elastance; E(t): time varying elastance; EDV
and ESV: end-diastolic and end-systolic volume; V0: dead volume; Psys: systolic
pressure. Reproduced from [12].

Under physiological conditions (no leaky valves), the interaction between
the LV and the arterial tree occurs only during ejection (phase II in Fig-
ure 2.5A).�e di�erence between ventricular pressure of an ejecting heart
(PLV), and the ventricular pressure during an isovolumic contraction (P∗LV)
(phase I in Figure 2.5A), can be explained by an internal resistance Rint as:

PLV = P∗LV − Rint(t)Q(t) (2.17)

�e internal resistance was found to be proportional to P∗LV:

Rint(t) = κP∗LV (2.18)

By substituting equation (2.18) into equation (2.17),

PLV = P∗LV (1 − κQ(t)) (2.19)

then considering the above equation, the varying elastance of an ejecting
heart was expressed by Reymond et al. [12] as:

E(t) = E∗(t) (1 − κQ(t)) (2.20)

where E∗ is the elastance that would be measured during a nonejecting
isovolumic contraction, and κ a constant relating the internal resistance
of the LV to the ventricular pressure during the same cardiac phase. By
substituting equation (2.16) into equation (2.20), the equation can be then
written in terms of the primary variables P and Q. Equation (2.20) allows to
derive a normalized isovolumic elastance, E∗N, by using the global normalized
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elastance curves, EN, reported by Senzaki et al. [146] (see Figure 2.5B), and
from aortic �ow waves measured in vivo.�e varying elastance curve for any
individual is fully determined by only three cardiac parameters; the maximal
elastance (Emax), the minimal elastance (Emin) and the time to maximum
elastance (tmax).

�e heart model simulates the four main phases of the cardiac cycle as
indicated in the pressure-volume loop of Figure 2.5.�e loop starts at the
onset of the isovolumic contraction phase, where the volume in the LV equals
EDV (derived in the simulation from equation (2.16), for a LV pressure equal
to the end-diastolic pressure (Pend-dias)). With the contraction, the pressure
in the ventricle rises over the aortic pressure, which causes the opening of
the aortic valve and the start of the ejection phase. During this period, the
ventricle-arterial interaction is described by the combination of equations
(2.16) and (2.20). When the �ow becomes negative, end systole is reached
(aortic valve closes) and the relaxation phase takes place.�e �lling phase
is set when the pressure in the ventricle drops below the initially assumed
Pend-dias, and the �lling �ow is modelled from the internal resistance of the LV
(Rven).�e parameters of the heart model as given by Reymond et al. [12] are
summarized in Table 2.2.�e solution of the heart model is periodic; at the
start of every cardiac cycle, EDV takes the value derived from the previous
cardiac cycle.

Table 2.2: Parameters of the heart model. Data from [12].

Parameter Value Unit

Dead volume (Vo) 15 mL
Maximal elastance (Emax) 2.6 mmHg/mL
Minimal elastance (Emin) 0.08 mmHg/mL
Time to maximum elastance (tmax) 0.34 s
End-diastolic pressure (Pend-dias) 14 mmHg
Venous resistance (Rven) 0.003 mmHg⋅s⋅mL−1
Constant of proportionality (κ) 0.0005 s/mL
Heart rate (HR) 75 bpm

2.7 CoronaryModel

Coronary arteries were modelled by Reymond et al. [12], assuming that
the changes induced by myocardial contraction in wall distensibility (Dw)
and terminal compliance (CT) and resistance (R1, R2), are proportional to
ventricular time varying elastance:

Dw(E(t)) ≈ Drefw − εDrefw E(t)/Emax (2.21)
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2.8. Distal boundary conditions

CT(E(t)) ≈ CrefT − αCrefT E(t)/Emax (2.22)

R1(E(t)) ≈ R1 + βR1E(t)/Emax (2.23)

R2 ≈ δR1 (2.24)

where ε, α, β and δ are constants of proportionality. For the right coronary
artery, an additional assumptionwasmade, that the e�ect of the right ventricle
(RV) contraction is smaller by a factor proportional to the relation ofmaximal
pressure in both ventricles, taken as PLV,max/PRV,max ≈ 6.
2.8 Distal boundary conditions

For the terminal arterial segments a 3-element Windkessel model was used
(see section 2.1.1), to account for the cumulative e�ect of all distal vessels
beyond the terminal sites [12, 108].�e equation takes the form:

∂Q
∂t

= 1
R1
∂P
∂t

+ P
R1R2CT

− (1 + R1
R2

) Q
R1CT

(2.25)

where R1 is the proximal resistance, R2 is the distal resistance, and CT is
the terminal compliance. Total peripheral resistances RT = R1 + R2, were
estimated based on measured mean �ow distribution in the major arterial
beds.�e values of R1 were estimated assuming minimal re�ection at high
frequencies, with the condition R1 = Zc, where Zc = ρ ⋅ PWV/A is the
characteristic impedance of the arterial segment proximal to the terminal site.
Distal resistance was then obtained as R2 = RT − R1. Terminal compliance of
each terminal vessel, CTi , was estimated by assuming it to be proportional to
the area compliance, CA i , of the terminal vessel at its distal end:

CTi ≅ CT
CA i∑CA i

(2.26)

with CT = ∑CTi the part of the total volume compliance attributed to peri-
pheral vessels not included in the arterial tree model. �e total systemic
vascular compliance was derived by adding volume compliance of all vessels
and compliance of the terminal beds, so that:

CV = n∑
i
CVi + m∑

i
CTi (2.27)

where n = 103 is the total number of arterial segments and m = 47 is the
number of terminal segments. To obtain volume compliance of each segment,
the area compliance given by equation (2.11) is integrated over the segment
length.�e sum of compliances of the terminal beds was assumed to be in
the order of 20% of the total systemic compliance. More details can be found
in [12].
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2.9 Arterial bifurcations

Continuity of pressure and �ow is imposed throughout the arterial network
at bifurcations.�ese conditions may be expressed as (see Figure 2.6):

Pi = Pj = Pk (2.28)

Qi = Q j + Qk (2.29)

i
j k

i-1
i-2

j+1
j+2

k+1
k+2

1

2 3

Figure 2.6: Scheme of an arterial bifurcation in the model, with one parent vessel
and two daughters vessels. In the nodes i, j and k continuity of �ow and pressure is
assumed.�e arrows indicate the positive direction of the axial coordinate.

�e forward wave re�ection coe�cient at a bifurcation is calculated as:

Γ = Z−1parent −∑ Z−1daughter
Z−1parent +∑ Z−1daughter

(2.30)

where Z is the characteristic impedance of the parent and daughter vessels.
Forward wave re�ections were minimized by adapting the characteristic
impedance of the downstream branches so that the absolute value of the
re�ection coe�cient was < 0.1 at all bifurcations.�is was achieved by slightly
adjusting the cross sectional area of the daughter branches, while keeping
the arterial wall distensibility unchanged.

2.10 Numerical solution

To solve the system of governing equations along with the imposed boundary
conditions and branching continuity models, an implicit �nite di�erence
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2.10. Numerical solution

scheme is used. Each vessel in the arterial network is discretized into a
number of �nite length elements (∆x) and nodes (N), so i = (1, . . . ,N) and
the length of the vessel L = (N − 1)∆x. As this is a non-stationary problem,
the temporal variable has to be discretized as well, with ∆t representing the
time step. An example of a discretized three-segment arterial system is shown
in Figure 2.6. For the human model each arterial segment was divided in 5
nodes as represented in Figure 2.6.

A second order accuracy scheme for the temporal and spatial domains,
was implemented in the implicit �nite di�erence scheme used to solve the
system of partial di�erential equations (see Figure 2.7).�e �nite di�erence
approximations equations were written in the form:

∂vki
∂t

≈ 1
2
vk−2i
∆t

− 2vk−1i
∆t

+ 3
2
vki
∆t

(2.31)

∂vki
∂x

≈ − 3
2
vki
∆x

+ 2vki+1
∆x

− 1
2
vki+2
∆x

(proximal nodes) (2.32)

∂vki
∂x

≈ 1
2
vki−2
∆x

− 2vki−1
∆x

+ 3
2
vki
∆x

(distal nodes) (2.33)

∂vki
∂x

≈ vki+1 − vki−1
2∆x

(middle nodes) (2.34)

where vki denotes the value of the variable v at the node i and time k. In
the model, v represents the primary unknown variables in the system of
equations, i.e. P and Q. In equation (2.31), an approximation of backward
di�erence for the �rst derivative of time is used. To approximate the spatial de-
rivative, a forward di�erence is used for the proximal nodes (equation (2.32)),

i − 2 i − 1 i i + 1 i + 2
k − 2
k − 1
k

∆x

∆t

Figure 2.7: Representation of the implicit �nite di�erence scheme for �ve nodes.
�e positions in the node i in the previous time level (k − 1) and (k − 2) are the only
positions where the value of the function is known, whereas the �ve nodes of the
time level k are the positions where the function is unknown.

53



2. Modelling the cardiovascular system: Mathematical
background on the 1D model of the arterial tree

a backward di�erence for distal nodes (equation (2.33)), and a central di�er-
ence for the middle nodes (equation (2.34)).

Once the system of equations with the boundary conditions is discretized
following the �nite di�erence method described above, a matrix equation is
obtained in the form:

AX = B (2.35)

whereA is thematrix of coe�cients,B is the independent terms vector, andX
is the vector of unknown P andQ.�e implicit scheme requires simultaneous
solution of the whole system of equations for all nodes, which can be achieved
more e�ciently if the matrix of coe�cients has a band structure. For a simple
arterial segment the system has dimensions 2N × 2N , N being the number
of nodes in the segment. An example of the matrix equation for an arterial
segment containing N=5 nodes is shown below.

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

∗ ∗ ∗ ∗∗∗ ∗ ∗∗ ∗ ∗ ∗ ∗∗ ∗ ∗∗ ∗ ∗ ∗ ∗∗ ∗ ∗∗ ∗ ∗ ∗ ∗∗ ∗ ∗ ∗∗ ∗

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦2N×2N

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

P1
Q1
P2
Q2

⋮⋮
PN
QN

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭2N×1

=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

b11
b12
b21
b22

⋮⋮
bN1
bN2

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭2N×1
(2.36)

�e symbol (∗) in the matrix represents the coe�cients di�erent from zero.
In this system there are two equations that depend on the imposed boundary
conditions. Rows 3, 4 ... 2(N-1) correspond to the central nodes, for which
the continuity and momentum equations are discretized using the central
formula in the spatial derivative.

�e system matrix (A) for the whole arterial tree consists of submatrixes
describing each arterial segment individually.�e number of submatrixes
equals the total number of arterial segments in the arterial tree.�e integra-
tion of the submatrixes in only one system of equations is possible due to
the continuity conditions imposed at the bifurcations or branching points of
the arterial tree.�e obtained matrix for the three-segments arterial tree in
Figure 2.6 is represented in Figure 2.8.�e isolated nodes correspond to the
continuity conditions at the bifurcation.

�e discretized system of equations is iteratively solved for pressure and
�ow at each time step over an entire cardiac cycle.�e solution algorithm has
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Modelo Matemático y Métodos Aplicados 29

5

4

3

2

1

1

11

12

13

143

15

6

7

8

9 2

10

P6 = P5

P11 = P5

Q5 = Q6 + Q11

Figura 2.7: Sistema arterial de tres segmentos arteriales.

1

2

3

∗ ∗ ∗ ∗
∗
∗ ∗ ∗

∗ ∗ ∗ ∗ ∗
∗ ∗ ∗

∗ ∗ ∗ ∗ ∗
∗ ∗ ∗

∗ ∗ ∗ ∗ ∗
∗ ∗ ∗ ∗

∗ ∗ ∗
∗ ∗

∗ ∗ ∗ ∗ ∗ ∗
∗ ∗ ∗

∗ ∗ ∗ ∗ ∗
∗ ∗ ∗

∗ ∗ ∗ ∗ ∗
∗ ∗ ∗

∗ ∗ ∗ ∗ ∗
∗ ∗ ∗ ∗

∗ ∗
∗ ∗

∗ ∗ ∗ ∗ ∗ ∗
∗ ∗ ∗

∗ ∗ ∗ ∗ ∗
∗ ∗ ∗

∗ ∗ ∗ ∗ ∗
∗ ∗ ∗

∗ ∗ ∗ ∗ ∗
∗ ∗ ∗ ∗

∗ ∗

∗ - entrada distinta de cero
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arteriales.

Figure 2.8: Matrix of coe�cients for the arterial tree of three arterial segments.∗-non zero entry.

been implemented in MatLab (Mathworks, Natick, MA, USA). Nonlinear
terms are iteratively solved at each time step using the Newton-Raphson
method.�e arterial system is initialized with an arbitrary pressure of 100
mmHg and a �ow of 1 ml/s in each artery. To ensure convergence, more than
8 consecutive cardiac cycles are typically simulated.
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Hemodynamic impact of the

C-Pulse cardiac support device

�e C-Pulse is a novel extra-aortic counterpulsation device to unload the
heart in patients with heart failure. Its impact on overall hemodynamics,
however, is not fully understood. In this study, the function of the C-Pulse
heart assist system is implemented in the 1D model of the arterial tree, and
central and peripheral pressure and �ow waveforms with the C-Pulse turned
on and o� were simulated. �e results were studied using wave intensity
analysis and compared with in vivo data measured noninvasively in three
patients with heart failure and with invasive data measured in a large animal
(pig). In all cases the activation of the C-Pulse was discernible by the presence
of a diastolic augmentation in the pressure and �ow waveforms. Activation of
the device initiates a forward travelling compression wave, whereas a forward
travelling expansion wave is associated to the device relaxation, with waves
exerting an action in the coronary and the carotid vascular beds. We also
found that the sti�ness of the arterial tree is an important determinant of ac-
tion of the device. In settings with reduced arterial compliance, the same level
of aortic compression demands higher values of external pressure, leading to
stronger hemodynamic e�ects and enhanced perfusion. We conclude that the
1D model may be used as an e�cient tool for predicting the hemodynamic
impact of the C-Pulse system in the entire arterial tree, complementing in
vivo observations.�is chapter is based on the paper published in Arti�cial
Organs [147].
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3. Hemodynamic impact of the C-Pulse cardiac support device

3.1 Introduction

With cardiovascular diseases remaining one of the main causes of death
globally, new methods and technologies are continuously being developed to
better diagnose and treat patients. Aortic counterpulsation is a mode of cir-
culatory support that, in contrast with le� ventricular assist devices (LVADs),
acts to increase native cardiac function rather than replace it. One of the well-
established counterpulsation therapies for temporary le� ventricular support
in acutely ill patients is the intraaortic balloon pump (IABP) [148]. �is
device is implanted in the descending aorta and is used to treat myocardial
infarction, ventricular refractory arrhythmias, or high risk surgeries. Despite
the clinical bene�ts of this device in patients with an acute need for cardiac
support [149, 150], the IABP still has some inherent limitations because of its
blood contacting nature, requiring an intravascular catheter which presents
risks of infection, thromboembolic complications, and lower limb vascular
insu�ciency [151]. Also, long-term support with IABP is practically not fea-
sible, as well as mobility of patients, and the paucity of data supporting the
use of this device in certain populations with myocardial infarction has been
highlighted in the literature [152, 153]. Some studies have also shown that
diastolic counterpulsation at the level of the ascending aorta is equivalent or
more e�ective than at the descending aorta [154], due to the proximity to the
aortic valve.

Recently a novel implantable device (not contacting the blood) has been
introduced aiming for chronic ambulatory use in patients with moderate to
severe cardiac failure.�e C-Pulse heart assist system (Sunshine Heart, Inc.,
EdenPrairie,MN,USA) consists of a cu� surrounding the aorta containing an
in�atable balloon, and is based on the counterpulsationmethodwith in�ation
and de�ation of the balloon synchronized to the natural heartbeat.�is device
may be implanted through a minimally invasive surgical procedure, contrary
to most LVAD implants, which are highly invasive procedures [34]. �e
device has been designed to reduce the workload of the heart, to provide the
coronary arteries with more oxygenated blood and to improve the cardiac
output. In previous small-size clinical studies [155–158], the use of the C-Pulse
system has been demonstrated to be feasible and apparently safe, and it was
able to improve the functional status and the quality of life of patients.�e
exact mode of action of the device is, however, still not fully understood and
it is unclear whether the improvement in patients is due to a direct unloading
e�ect of the device and/or via secondary mechanisms. It is evident that it is
essential to fully understand and test the mechanism of this device before it
can be used at a larger scale.

We recently acquired hemodynamic data in an attempt to better un-
derstand the impact of the C-Pulse on intra-arterial hemodynamics. In a
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small-sized study in patients, noninvasive pressure (applanation tonometry)
and �ow velocity waveforms (ultrasound) were measured at the level of the
carotid artery. Pressure waveforms, both peripheral and central, demon-
strated an augmentation of diastolic pressure, while an apparent increase
in carotid diastolic �ow velocities was also observed.�e interpretation of
these in vivomeasured waveforms, however, is not straightforward as mea-
surements are highly dependent on measuring protocol and data processing,
subject to noise, andmeasurements are restricted to super�cial arteries. Some
more invasive data were recorded in the coronary and renal arteries of a pig,
instrumented with the C-Pulse.

�e aim of this study is to complement these clinical and animal study
observations and to investigate the direct hemodynamic impact of the C-
Pulse on arterial hemodynamics, through implementation of its function
in a validated 1D model of the arterial system connected to a time-varying
elastance model of the le� heart. �e mathematical model of the arterial
system used in this work was originally presented by Stergiopulos et al.
[108], and was later extended and validated by Reymond et al. [12] (see also
Chapter 2). It has been used for the study of stenosis, aneurysms, and other
cardiovascular diseases [17, 108, 133]. As the model does not incorporate any
adaptation or (neurological) feedback mechanisms, we anticipate that the
model reveals the – theoretical – direct hemodynamic impact of the device.
�e model was used to simulate pressure and �ow waveforms in a normal
arterial system and in an arterial system with the C-Pulse included. To
assess wave dynamics, data were analysed using the wave intensity analysis
(WIA) method [103]. �e data were qualitatively compared with in vivo
measurements to assess whether the numerical observations were supported
by the measured data.

3.2 Methods

3.2.1 C-Pulse heart assist system
�e C-Pulse heart assist system is an implantable device, not in direct contact
with blood, mounted on the ascending aorta. �e system operates in a
counterpulsation mode, which means that the balloon in�ates and exerts an
external pressure on the aorta in ventricular diastole when the heart is �lling
with blood, and passively de�ates before aortic valve opening in systole (see
Figure 3.1).

3.2.2 Modelling of the C-Pulse system
We used the 1D mathematical model [12] described in Chapter 2 to simulate
the hemodynamic impact of the C-Pulse device.�emodelled arterial system
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3. Hemodynamic impact of the C-Pulse cardiac support device

A

Figure 3.1: Schematic of the location of the C-Pulse cu� around the ascending aorta
during de�ation in systole (le�) and in�ation in diastole (right). Image taken from
[159].

Figure 3.2: (A) Representation of the arterial tree modelled. (B) Detail of the aortic
arch and the coronary network.�e C-Pulse system is represented by a cu� in the
ascending aorta. (C) Detail of the cerebral arterial tree. Adapted from Reymond et
al. [12].

consists of 103 segments representing the main arteries of the arterial tree
(Figure 3.2). At the proximal end of the arterial tree, a time varying elastance
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3.2. Methods

model of the heart is the source of aortic pressure and �ow waves, while
terminal segments are coupled to a 3-element Windkessel model, to account
for the cumulative e�ect of all distal vessels and the microvasculature. Initial
properties (arterial dimensions and properties and boundary conditions)
are representative for the cardiovascular system of an average young healthy
adult, and were taken from Reymond et al. [12] (see Table 2.1).

�e squeezing action of the C-Pulse system was incorporated into the
model as an external pressure source imposed on the ascending aorta segment
in diastole (see Figure 3.2B).�e in�ation–de�ation sequence was modelled
as a Gaussian function (Figure 3.3) up to a maximal in�ation pressure tuned
with the arterial compliance, such that an aortic compression of 35% was
obtained (reducing the cross-sectional area to 65% of the original value),
similar to when the device is used in clinical practice.�is value is the model
of activation as advised by the company.�e in�ation and de�ation timing
was synchronized with the model of the le� ventricle. Model simulations
were performed with the device switched o� and on to isolate the e�ects
of the device; also a C-Pulse activation frequency of 1:2 was simulated to
account for the impact in the subsequent cardiac cycle.

Pressure and �ow waveforms were calculated (device on/o� for three
scenarios) at multiple locations throughout the arterial tree (ascending aorta,
le� coronary, right carotid, right brachial, right radial, le� femoral, and renal
artery). To assess the impact on perfusion of the C-Pulse throughout the
arterial system, time-averaged �ow rates were calculated at di�erent locations
as well as the peak diastolic �ow velocity in the coronary arteries. Wave
intensity analysis (see section 1.5.4 [103, 160]) was applied to the pressure
and �ow data to assess the impact of C-Pulse activation on the wave patterns
observed at di�erent locations throughout the arterial tree. To perform
wave separation the pulse wave velocity (PWV) calculated by the theoretical
equation, PWV = 1/√ρ ⋅ Dw , was used, as well as a time step of 0.01 seconds.
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Figure 3.3: Representation of the in�ation-de�ation sequence modelled as a Gaus-
sian function. Activation of the device occurs during diastole.
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3. Hemodynamic impact of the C-Pulse cardiac support device

3.2.3 C-Pulse performance in a normal cardiovascular system and in
heart failure

�ree di�erent scenarios were investigated, each characterized by a set of
parameters for the arterial and cardiac model. In a �rst scenario, the default
model settings representative for the cardiovascular system of a young healthy
adult, were used. However, to mimic the action of the C-Pulse in more
clinically realistic scenarios, two other simulations were performed better
representing the patient with chronic heart failure (HF). In the C-Pulse
trial performed by Abraham et al. [158], chronic HF patients were included
with a le� ventricular ejection fraction (EF) ≤ 35%, known as heart failure
with reduced ejection fraction (HFrEF).�is condition is characterized by
a reduction in the stroke volume (SV) and a compensatory rise in preload
(increase in ventricular end-diastolic volume (EDV) and pressure (Pend-dia)).
With the reduction in the SV there is also an increase in the end-systolic
volume (ESV), and a decrease in the maximal ventricular elastance Emax [23].
�erefore, we simulated HFrEF by decreasing the default value of Emax from
2.41 to 0.6 mmHg/mL in the heart model and increasing Pend-dia from 17 to
24.1 mmHg.�ese values were based on the physiological ranges reported
in [12, 146]. In a �rst heart failure scenario, only the cardiac parameters
were modi�ed without altering the arterial system parameters. For this
reason, a �nal scenario was calculated where both, the cardiac parameters
as well as the arterial system parameters were changed. Arterial compliance
was decreased by a factor 2 over the complete arterial tree, while terminal
resistance was increased by a factor 1.5, thus representing an older subject.
�e cardiac parameters were modulated to keep the EF ≤ 35%, which resulted
in di�erent values for both heart failure scenarios. Table 3.1 summarizes the
model parameters used in each simulation; as compliance in the model is a
nonlinear function of pressure, the values reported in the table correspond
to total compliance, obtained from the calculated pressure.

Table 3.1: Cardiac and arterial system parameters in the di�erent simulations.

Total resistance Total arterial compliance
Simulations Emax (mmHg/mL) Pend-dia (mmHg) (mmHg ⋅ s/mL) (mL/mmHg)
Healthy 2.41 17 0.64 1.41
HFrEF (younger) 0.6 24.1 0.64 2.19
HFrEF (older) 1.05 21.8 0.96 0.83

3.2.4 Dependence of C-Pulse performance on arterial sti�ness
�e e�ectiveness of the C-Pulse device is a�ected by the arterial sti�ness. In
practice the in�ation pressure is adjusted regarding the arterial sti�ness of
the patient, keeping constant the aorta de�ection. To further investigate this
factor, extra simulations were performed changing arterial compliance to
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represent patients with di�erent degrees of sti�ness, while keeping the degree
of de�ection of the aorta approximately the same in each simulation.�us,
the external pressure required was variable from case to case. To simulate
a constant de�ection of the aorta with the activation of the C-Pulse in each
patient, the cross-sectional area of the aorta was assumed to be 65% of the
default value. Arterial compliance was changed multiplying the default value
by a constant factor; consequently the values of the external pressure were
altered as well.

3.2.5 Patient data
Noninvasive in vivo data were recorded in a small group of patients with
heart failure and with a C-Pulse device implanted.�e study group consisted
of N=3 patients under treatment at the Cardio Centrum in Berlin, Erlangen
University Hospital and Tübingen University Hospital (mean age 63 ± 6 years,
2 males/1 female).�e measuring protocol consisted of (i) brachial cu� blood
pressure measurement (brachial diastolic and systolic blood pressure); (ii)
applanation tonometry at the right common carotid artery; (iii) ultrasound
Doppler velocity measurements in the right common carotid artery. WIA
was also performed to assess the timing and nature of wave re�ections. It
was practically not feasible to measure carotid pressure and �ow velocity at
the same time, with the presence of the ultrasound probe hampering the
use of the pen tonometer, and vice versa. Instead, we measured both signals
sequentially, verifying that the hemodynamic conditions remained more
or less constant (heart rate change less than 5 bpm) and realigned the time-
averaged signals in time upon post-processing in a graphical user interface
written in Matlab.�e protocol was approved by the local ethics committee
and all patients provided written informed consent.

3.2.6 Porcine experiment
�e protocol was approved by the Animal Care and Use Committee at Texas
Heart Institute.�e animal (20-30 kg) was fasted 18-24 hours prior to surgery
and water provided ad libitum.�e animal was sedated via an intramuscular
injection of Telazol 4-6 mg/kg and Atropine Sulfate 0.02-0.05 mg/kg, intu-
bated and ventilated with room air. Iso�urane (0.5-3.0%) was administered
and the animal was placed in dorsal recumbency to allow surgical access
to the neck and chest. A triple lumen catheter was placed in the right ex-
ternal jugular vein for �uid and drug administration. A 6Fr Millar catheter
(Millar Instruments, Houston, TX, USA) was placed into the le� carotid
artery and advanced to the proximal aorta or abdominal aorta for systemic
pressure measurements. Following placement, a midline sternal incision was
made from the manubrium to the xiphoid process and a midline sternotomy
performed. �e pericardium was widely opened and the ascending aorta
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3. Hemodynamic impact of the C-Pulse cardiac support device

and brachiocephalic artery were dissected free.�e C-Pulse cu� was passed
around the aorta, and individual mattress sutures were placed through the
opposing ends of the “open” cu� and using the cu� markings as guides for
suture placement. An epicardial LV lead was sutured in place and connected
to an electrocardiogram (ECG) output lead and then attached to the C-Pulse
system. Transit time ultrasonic �ow probes (Transonic Inc, Ithaca, NY, USA)
were placed on the le� anterior descending artery (approximately at the level
of the mitral annulus) and the le� renal artery. Measurements were made
at steady state with C-Pulse turned o� and on. All data were digitized at 1
kHz and stored for o�ine analysis; the tracings were aligned according to
the ECG signal.

3.3 Results

3.3.1 Computer model simulations
3.3.1.1 Scenario 1: Simulated impact of C-Pulse in the healthy person
Figure 3.4 shows the pressure and �ow waveforms simulated using the com-
putational model, with the C-Pulse device disabled and activated.�e rep-
resented locations are the middle nodes of the ascending aorta (proximal
to the location of the C-Pulse), the le� main coronary artery, and the right
common carotid.�e simulation was performed for a maximal cu� external
pressure of 53.8 mmHg.�e simulation clearly demonstrates a diastolic pres-
sure augmentation upon C-Pulse activation which pertains to all peripheral
locations up to the femoral artery (data not shown). A comparison of the
�ow waveforms with the C-Pulse system turned o� and on demonstrates
an increase in diastolic �ow at each location. Interestingly, C-Pulse lowers
arterial end-diastolic pressure by about 2.1 mmHg, leading to an overall re-
duction in blood pressure levels. Table 3.2 demonstrates an overall increase
in �ow in all investigated vascular territories, except for the coronary artery.
�e EF was 64% in the C-Pulse o� simulation, and increased with the device
activation to 65%.�e mean value of the peak diastolic coronary �ow velocity
was 0.24 m/s with the device o�, increasing to 0.26 m/s with the activation
of the C-Pulse.

3.3.1.2 Scenario 2: Simulated impact of C-Pulse in the younger HFrEF
patient

Figure 3.4 also depicts the pressure and �ow waveforms simulated represent-
ing a younger HFrEF patient. �e EF was 33% and increased to 34% with
the device switched on, for an external pressure of 53.8 mmHg. Comparing
the waveforms in this scenario (younger HFrEF) with the waveforms for the
healthy person, a decrease in pressure and �ow can be detected, as a result of
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Figure 3.4: Comparison of simulated pressure and �ow waveforms of a healthy
subject, a younger subject with HFrEF, and an older subject with HFrEF, in the
ascending aorta, the le� main coronary artery, and the right carotid artery, with the
device o� and on. In�ation pressure: healthy and HFrEF younger (53.8 mmHg) and
HFrEF older (107.6 mmHg).

Table 3.2:Mean �ow (mL/s) in di�erent arteries for the three scenarios, and percent
of mean �ow increase with the C-Pulse activation.

Healthy HFrEF (younger) HFrEF (older)

Arteries C-Pulse o� C-Pulse on Increase % C-Pulse o� C-Pulse on Increase % C-Pulse o� C-Pulse on Increase %

Ascending aorta 126.85 128.77 1.51 90.07 93.95 4.3 86.73 90.9 4.81
Le� coronary 2.92 2.89 -1.07 2.26 2.26 -0.18 2.06 2.05 -0.43
Right carotid 6.14 6.23 1.42 4.41 4.68 6.08 4.3 4.5 4.6
Right brachial 6.1 6.27 2.82 4.31 4.55 5.54 4.19 4.39 4.77
Right radial 2.87 2.89 0.53 2.05 2.09 1.97 1.99 2.01 1.1
Le� femoral 4.79 4.96 3.52 3.42 3.58 4.61 3.54 3.78 6.79

the heart failure (with pressure values within the hypotension range). Again,
the waveforms obtained with the C-Pulse on show the more pronounced di-
astolic peak. A drop in end-diastolic pressure (about 2.5 mmHg) and overall
blood pressure is again noticed.�e increase in the mean �ow caused by the
device (Table 3.2) was in this case greater than in scenario 1.�e mean value
of the peak diastolic �ow velocity in the coronary artery with the C-Pulse o�
was 0.18 m/s, increasing with the device on to 0.22 m/s.

3.3.1.3 Scenario 3: Simulated impact of C-Pulse in the older HFrEF patient
Finally, Figure 3.4 shows the pressure and �ow waveforms of the simulated
HF case when the heart model parameters were altered, as well as the arterial
system parameters (terminal resistance and compliance), representing an
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3. Hemodynamic impact of the C-Pulse cardiac support device

older subject, with a corresponding external pressure of 107.6 mmHg. In this
case the values of the arterial pressure are within normal range. Again, the
diastolic augmentation in the pressure and �ow signals caused by the device
activation can be observed. Compared to scenario 2, the gain in �ow is higher
for the aorta and femoral segments, aswell as the reduction of the enddiastolic
pressure and the overall pressure lowering e�ect. �e EF with the device
o� was 35% and increased with the device on to 37%. Table 3.2 summarizes
the calculated mean �ow of di�erent arteries and the increase in the mean
�ow caused by the activation of the device.�e increase in the mean �ow
caused by the device was in general lower in this scenario than the increase
obtained in scenario 2. For the coronary artery, there was a slight decrease
in the mean �ow caused by the C-Pulse in all simulations; nevertheless, the
diastolic augmentation in the �ow signals caused by the device activation is
evident.�e mean values of the peak diastolic coronary �ow velocity were
0.16 m/s and 0.24 m/s with the device o� and on respectively.

Figure 3.5 shows the aortic pressure and coronary �ow signals in the
simulation of 1:2 counterpulsation mode for the older HFrEF case. Systolic
pressure was lower in the unassisted beat compared to the assisted beat. Peak
coronary diastolic �ow increased from 2.87mL/s in the unassisted beat to 4.42
mL/s in the assisted beat.�e activation caused a very small reduction (0.56%)
in end-diastolic pressure, prior to the onset of systole in the subsequent cycle.
Integrating the coronary �ow pro�les in the assisted and unassisted beats
showed that the C-Pulse action increased diastolic coronary �ow from 0.95
mL in the unassisted beat to 1.03 mL in the assisted beat. Diastolic coronary
�ow was about 62.4% from total coronary �ow in the assisted beat compared
to 60.8% in the unassisted beat.

Figure 3.5: Aortic pressure and coronary �ow in the simulation of the 1:2 counter-
pulsation mode, for a case of HFrEF in an older subject.

68



3.3. Results

3.3.2 E�ect of changing external pressure
Starting from the “baseline” parameters for scenario 2 (young patient with
HFrEF) and 3 (older patient with HFrEF), we varied total arterial compliance
by increasing and decreasing the values in a 20% range while the de�ection
in the aorta was kept constant by modulating the external pressure. It is
observed from Figure 3.6 that the sti�er the vessels, the higher the external
pressure that is needed to achieve the same level of aortic compression.�is
leads to higher increase in the mean �ow and peak diastolic coronary �ow
velocity. Also the le� ventricular ejection fraction increases moderately for
sti�er vessels from 1 to 2%.
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Figure 3.6: Improvement in the C-Pulse performance with increasing external
pressure and decreasing arterial elasticity (compliance) for both simulations of
heart failure with reduced ejection fraction (HFrEF). Top: Increase in the mean
�ow for di�erent arteries caused by the device activation with increasing external
pressure and decreasing compliance. Bottom: Increase in the peak diastolic coronary
�ow velocity caused by the device activation with increasing external pressure and
decreasing compliance.
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Figure 3.7: Wave intensity analysis at the location of the right common carotid
artery for the healthy and both heart failure with reduced ejection fraction (HFrEF)
simulations. Top: change in pressure (dP), forward and backward pressure compo-
nents (P+ and P−) with the C-Pulse o�. Middle: dP, P+ and P− with the C-Pulse
on. Bottom: WIA with the C-Pulse turned on and o�. FCW and BCW: forward and
backward compression waves; FEW: forward expansion wave.

3.3.3 Results of the wave intensity analysis
Figures 3.7 and 3.8 show the wave intensity data for the carotid and coronary
arteries, respectively, for the three scenarios and with the device switched
o� and on. Wave intensity patterns are more complex than in the aorta
due to the proximity of distal re�ection sites and open-end re-re�ection
of backward waves at the junction of the vessel with the aorta. When the
C-Pulse is disabled, the most prominent peaks in the signals are: (i) the
forward compression wave (FCW) caused by the ejection of the heart; (ii)
a backward compression wave (BCW) resulting from the peripheral wave
re�ection (coming from the head or distal coronary bed); (iii) a forward
expansion wave (FEW) generated by the slowing of ventricular contraction;
and (iv) the backward expansion wave (BEW) in the coronary artery. Note
that the observed BCWs originate from impedance mismatches along the
arterial tree and re�ections on distal boundaries, and might not always be
found in vivo (to that extent). In the carotid signal there is also a secondary
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Figure 3.8: Wave intensity analysis at the location of the le�main coronary artery for
the healthy and both heart failurewith reduced ejection fraction (HFrEF) simulations.
Panel A: change in pressure (dP), forward and backward pressure components (P+
and P−) with the C-Pulse o�. Panel B: dP, P+ and P− with the C-Pulse on. Panel
C and D: separated wave intensity and net wave intensity, respectively, with the
C-Pulse turned on and o�. FCW and BCW: forward and backward compression
waves; FEW and BEW: forward and backward expansion waves.

FCW that we attribute to re-re�ection of the FEW at the open-end aortic
junction. When the C-Pulse system is switched on the presence of two new
waves in diastole can be noticed (Figures 3.7 and 3.8); a FCW caused by the
squeezing action of the cu� and a FEW attributed to the device relaxation.
For the carotid artery (Figure 3.7), it seems that the diastolic FCW is more
apparent with depressed cardiac function (scenario 1 vs. scenario 2 and 3).
Similar observations can be made for the diastolic FEW in the carotid artery,
with the strongest FEW observed in scenario 3. In presence of a strong FEW
(scenario 2 and 3), a third small forward (compression) wave is visible, which
we again ascribe to re-re�ection.�e impact of device activation on the heart-
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3. Hemodynamic impact of the C-Pulse cardiac support device

related early and late systolic forward compression and expansion waves,
respectively, is fairly limited.

Figure 3.8 shows the separated wave intensity curves (panel C) for the
coronary artery and also the net wave intensity (panel D).�e analysis in
the coronary artery, besides of the typical peaks, indicates a dominant BEW
(stronger than the FEW), which is initiated by the decrease in the resistance
of the microcirculation and the pressure at the distal artery, produced in
turn by the ventricular relaxation. In the coronary simulations, the FEW
generated by the slowing of LV contraction is not apparently visible since its
e�ect is overruled by the BEW.With the incorporation of the C-Pulse system,
there is a new FCW attributed to the device in�ation. From the timing in
the �gures, one can observe that this wave is causing the augmentation peak
in the pressure signal as well as the peak in �ow. �e slowing of the cu�
in�ation creates a suction e�ect at the proximal end of the artery giving rise
to the second FEW. As we may note, the FEW originated by the relaxation of
the C-Pulse is in all cases stronger than the FCW caused by the compression
of the device.
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3.3.4 In vivo results
Figure 3.9 (top and middle) depicts the impact of the C-Pulse in the right
carotid pressure and �ow for each patient. In all patients, the �ow and
pressure waveforms are clearly modi�ed in diastole, with the appearance of
a (more) pronounced secondary peak in early diastole.�e wave intensity
patterns (bottom) indicate that activation of the C-Pulse induces wave activity
in diastole: a FCW that increases pressure (and �ow), and a FEW likely caused
by the relaxation of the device.

Figure 3.10 shows the impact of the C-Pulse in the aortic pressure and the
coronary and renal �ow of a pig. Also here, the �ow and pressure waveforms
are altered in diastole with the activation of the C-Pulse. �e coronary
�ow waveforms in systole di�er a little from the simulations; nevertheless,
diastole presents the higher peak with the device switched on, which is
qualitatively comparable to the model. A slight decrease in systolic and end-
diastolic pressure of the aorta can be detected in the porcine data as well as
in simulations.�e in vivo renal data and the simulated renal data for the
case of a young patient with HFrEF (last column in Figure 3.10), present the
diastolic peak caused by the device, with an increase in the peak diastolic
�ow of 52% in the pig data compared to an increase of 21% in the simulation.
In this artery the e�ect of C-Pulse is clearly visible even when it is fairly distal
from the location of the cu� in the aorta.
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Figure 3.10: In vivo measurements performed on the aorta, coronary and renal
arteries of a pig, with the C-Pulse o� and on, compared with model simulations for
the younger HFrEF scenario.
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3. Hemodynamic impact of the C-Pulse cardiac support device

3.4 Discussion

In this chapter, we have presented the results of a 1D arterial model simulation
of an extra-aortic counterpulsation device as a tool to complement in vivo
animal and clinical observations. Besides the anticipated diastolic pressure
augmentation, some other observations can be made. In all simulations, we
found a slight decrease in systolic and end-diastolic pressure, as well as an
increase in �ow, that is obtained when the C-Pulse is activated.�e logical
explanation for this phenomenon is that when the aorta is squeezed upon cu�
in�ation, the pressure increases (second peak in pressure waveform), and the
blood volume displaced also increases (second peak in �ow waveform).�e
signi�cant volume displacement and the action of the cu� de�ation cause a
decrease in aortic end-diastolic pressure and, as a consequence, the aortic
systolic pressure also decreases. For this reason, the Pend-dia with the cu�
activated is lower than the Pend-dia without the cu�. �e ejection phase in
the le� ventricle begins when the aortic valve opens, thus happens at a lower
end-diastolic pressure, with the device unloading the heart.�is also results
in an (albeit modest) increase in stroke volume and ejection fraction.

3.4.1 Impact of the C-Pulse device on coronary hemodynamics
Besides unloading of the heart, counterpulsation devices also intend to aug-
ment organ perfusion, particularly the heart. We therefore analyzed coronary
hemodynamics. It is easily observed from simulations (Figures 3.4-3.6) and
in vivo data (Figure 3.10) that C-Pulse activation leads to an increase in coro-
nary blood �ow in diastole.�is observation has been also pointed out by
Davies et al. [154], where a more e�cient improvement in diastolic coronary
blood �ow by C-Pulse compared with IABP was reported. Note that, in the
Davies’ study, the prototype used is di�erent from the �nal C-Pulse device.
Intriguingly, averaged over the complete cardiac cycle, le� coronary blood
�ow in the model simulations remained virtually unchanged (Table 3.2), and
this is in contrast to other vascular territories. Such result is a consequence
of the early de�ation process, assumed in this study by means of a Gaussian
function, which produces a reversal of �ow in late diastole.�is is consistent
with observations made by Davies et al. [154]. One important aspect in
counterpulsation therapy is synchronization of cu� in�ation-de�ation se-
quence with the cardiac cycle. Comparing the timing of in�ation in patients
with the timing of in�ation in the simulations and porcine data, one can ob-
serve a slight di�erence with respect to the dicrotic notch. Extra simulations
in the older HFrEF case, with the C-Pulse activation in late systole (25 ms
shi�ed) revealed lower EF (-2.8%) and aortic mean �ow (-26.9%) compared
with in�ation in the dicrotic notch, while the peak diastolic coronary �ow
experienced an increase (2%).�e reduction in le� ventricular a�erload is
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rather limited in this study, as we can observe from the simulated data in 1:2
counterpulsation frequency (Figure 3.5). We should stress that the results
depend on the selected in�ation pulse; hence further studies are required to
deepen in this issue.

3.4.2 Importance of arterial sti�ness
Interestingly, the increase in the coronary peak diastolic �ow velocity due to
the C-Pulse activation was higher in the older HFrEF simulation (55%) than
the younger HFrEF simulation (25%), and the gain in perfusion of the aorta
was higher in the older subject. In addition, the increase in the LVEF in the
younger HFrEF simulation was only of 1% compared to an increase of 2% in
the older HFrEF simulation. �e main di�erence between both scenarios
is the fact that arterial system properties were modi�ed to mimic vascular
ageing, with a loss in arterial compliance and an increase in peripheral resis-
tance. Since in practice higher activation pressures are required for systems
with reduced arterial compliance to keep constant the aorta de�ection, we
speculate that the arterial compliance combined with the in�ation pressure
is the major factor explaining these results. For this reason, we performed
the extra simulations reported in Figure 3.6, where arterial compliance and
external pressure were changed while keeping constant the aorta de�ection -
as in practice. In these simulations higher values of mean �ow, peak diastolic
coronary �ow velocity, and ejection fraction with the C-Pulse switched on
were found for sti�er arteries. It is, however, important to highlight that
this �nding relates to the choice of maintaining a constant degree of aortic
compression. Opposite results are found when changing compliance while
maintaining the same external pressure, as a more compliant aorta will then
undergo a higher degree of compression.

Nevertheless, all patients receiving C-Pulse and the vast majority of all
HF patients have sti� arterial systems and advanced arterial disease including
aortic calci�cations.�erefore, based on our simulations, we could conclude
that the theoretical bene�ts with the use of the C-Pulse system (or probably
any device based on counterpulsation principle) are more evident in HF
patients with sti�er arteries. We stress that the above should be interpreted as
the potential theoretical direct hemodynamic bene�t of a device in patients
with a sti�er aorta.�is does not imply a better clinical outcome in patients,
where better outcomes with ventricular assist devices in younger patients
have been reported [161].

3.4.3 Comparison of simulated and in vivo data
Our main motivation for the computer model study was to complement
and provide a basis to better understand noninvasively recorded in vivo data
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(ultrasound and applanation tonometry).�ese measurements can be tech-
nically challenging and are restricted to super�cial arteries (carotid, radial,
femoral). Because of the relatively crude calibration of tonometry data based
on brachial cu�measurements, small changes in blood pressure are not easily
detected. Furthermore, measuring noise complicates the use of wave intensity
analysis for the apprehension of arterial wave dynamics. Overall, we found a
satisfactory qualitative agreement between carotid pressure and �ow wave-
formsmeasured in patients (Figure 3.9) and generated by the computermodel
(Figures 3.4 and 3.7). In contrast, also a good qualitative agreement between
coronary and renal �ow waveforms and aortic pressure waveforms simulated
and measured in the pig (Figure 3.10) was found (where it should be kept
in mind that the model represents human anatomy and physiology and not
porcine).�e model is clearly capable of reproducing the main features of the
C-Pulse activation, presenting a diastolic augmentation in pressure and �ow
waveforms comparable in shape to the in vivomeasurements. Nevertheless,
an increase in the peak diastolic coronary �ow due to the C-Pulse activation
was much higher in the in vivo porcine data (102%) than in the simulations
(25% and 55% for the younger and older HFrEF cases, respectively).�e same
occurred for the renal blood �ow as was previously analyzed, and also the
increase in the carotid mean �ow velocity for patients was higher compared
with simulations, with maximum values of 89% in patients against 6% in
the simulations. All this suggests that there are other mechanisms present
in vivo and not considered in the model, playing a main role in the bene�ts
caused by the C-Pulse. �e peak diastolic arterial pressure caused by the
device activation was comparable to the peak systolic arterial pressure in
the simulation of a young patient with HFrEF, and in patient 3 (Figure 3.9)
was even greater, which is consistent with data reported by Hayward et al.
[156]. Model simulations predicted a modest decrease in systolic and end-
diastolic pressure, which was also observed in the invasive porcine data. In
patients, a decrease was noted only in patient 1 but we doubt whether such
small changes can be detected noninvasively with calibration based on cu�
sphygmomanometric data. Nevertheless, a similar phenomenon has been
reported in previous studies for the C-Pulse and the IABP, which is also based
on the counterpulsation technology [154, 159]. On the contrary, an increase
in systolic pressure was experienced by the other two patients, which could
be the result of di�erent clinical conditions in patients.�is aspect cannot
be determined without further studies.

Observing the intensity waveforms for the HF patient simulations (Fig-
ures 3.7 and 3.8), we can note that the �rst FCW and also the re�ected wave
are less strong than the waves in the healthy subject simulation. �is is
associated with a weak ejection of blood from the ventricle caused by the
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systolic dysfunction. In the coronary circulation, the myocardial contrac-
tion generates an early-systolic BCW shortly before the FCW resultant from
ventricular ejection, and then a late-systolic BCW shows up as a consequence
of the FCW re�ection. In our simulations (Figure 3.8), the early-systolic
BCW is not present, given that the coronary model used does not include
the e�ect of myocardial contraction on vessels. Davies et al. [162] reported
that in the coronary arteries, the greatest waves occur during ventricular
relaxation (consistent with the dominant BEW, Figure 3.8), thus causing a
greater coronary �ow in diastole.�ey also reported a late FCW generated by
the closure of the aortic valve.�is wave, which appears in our simulations, is
responsible for a brief interruption of the dominant BEW.�e wave intensity
analysis reveals two new strong waves in diastole when the C-Pulse system
is incorporated, in both simulations and in vivo data: a FCW caused by the
action of the cu�, and a stronger FEW attributed to the relaxation of the
cu�.�e compression wave counteracts the “natural” decrease in pressure
in diastole, but the relaxation of the cu� is in synergy with the otherwise
decaying pressure, thus generating a steeper pressure gradient and hence a
stronger signal in the WIA. For the IABP, the diastolic augmentation in the
ascending aorta has been associated to a BCW rather than to a FCW [163].
�is obviously has to do with the position of the IABP in the descending
aorta.

3.4.4 Limitations
It is clear that a computer model study has some inherent limitations and
does not account for adaptive mechanisms due to autoregulation or sympa-
thetic/parasympathetic modulation.�e latter mechanismmay be important
since the relatively moderate hemodynamic e�ects predicted from the model
and observed in patients, has resulted in improved clinical outcomes in terms
of improvement in ejection fraction [164]. �e results obtained therefore
represent a theoretical acute hemodynamic e�ect of the C-Pulse. We should
also point out that the model used to simulate the e�ect of the cu� is simple,
and its limitations need to be investigated in detail.�e coronary model used
lacks the e�ects of myocardial contraction on vessels.�e impact of variation
in the cu� de�ation timing position has not been accounted for in this study;
further studies are required. �e limited in vivo data (3 patients and one
pig) only allow a qualitative comparison with the outcomes of the computer
model, based on a generic dataset. A more quantitative comparison between
in vivo data and simulations would require a tuned and personalized model,
which implies an extensive amount of anatomical and physiological data,
which is practically not feasible.
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3.5 Conclusions

�e function of the C-Pulse system was implemented in a numerical model
of the arterial tree. �is device was designed to improve the function of
the heart in three di�erent ways: decreasing cardiac a�erload, increasing
coronary blood �ow, and increasing cardiac function with more blood being
pumped from the heart to the rest of the body. Computer model simulations
demonstrate that activation of the C-Pulse system generates a diastolic for-
ward compression-expansion wave sequence, augmenting diastolic pressure
and �ow, while at the same time, diminishing end-diastolic pressure by a few
mmHg.�e numerical results are in qualitative accordance with in vivo data
(patients and pig). Our data indicate that the potential bene�cial e�ect of the
device is dependent on the arterial sti�ness, with more important e�ects in
less compliant aortas, which is closely related with the in�ation pressure of
the cu�.
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Numerical assessment and

comparison of loop-based local
pulse wave velocity methods
over the human arterial tree

Local pulse wave velocity (PWV) can be estimated from the water hammer
equation and is an essential component of wave separation analysis. However,
previous studies have demonstrated inaccuracies in the estimations of local
PWV due to the presence of re�ections. In this study we compared the
estimates of local PWV from the PU-loop, ln(D)U-loop, QA-loop and ln(D)P-
loop methods along the complete human arterial tree, and analysed the
impact of the estimations on subsequent wave separation analysis. Estimated
values were derived from the numerical outputs (pressure, �ow, �ow velocity,
area and diameter waveforms) of the 1D model of the human circulation,
and compared against a reference PWV obtained from the Bramwell–Hill
equation in a reference con�guration, and in a con�guration with lower
distensibility representing ageing. When including all nodes, the overall
performance of the methods was poor (correlations and mean di�erences of
R2 < 0.4 and 3.0±4.1m/s for the PU-loop, R2 < 0.07 and−0.7±2.3m/s for the
ln(D)U-loop, and R2 < 0.06 and−0.4±2.3m/s for theQA-loop). Focusing on
speci�c sites, the ln(D)U- and QA-loop methods yielded acceptable results in
the thoracic aorta and iliac arteries, while the PU-loopmethodwas acceptable
at the aortic arch.�e re�ection-insensitive ln(D)P-loop method performed
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methods over the human arterial tree

well over the complete network (R2 = 0.9 and 0.3±0.3m/s), as did a previously
proposed re�ection-correction method for most vascular sites. Large errors
in PWV estimation are attenuated in subsequent wave separation analysis,
but the errors are site-dependent. We conclude that the performances of the
PU-loop, ln(D)U-loop and QA-loop methods are highly site-speci�c.�e
results should be interpreted with caution at all times.�is chapter is based
on the paper published in Physiological Measurement [165].

4.1 Introduction

�e local mechanical properties of a blood vessel, expressed in terms of
local distensibility or PWV, are intrinsic to the assessment of arterial wave
dynamics. Local PWV is a co-determinant of the characteristic impedance
of blood vessels, and hence of the relation between forward pressure and
�ow (velocity) waves. It is also an essential component of wave separation
analysis (WSA), splitting total pressure (or �ow) into their forward and
backward travelling components. Furthermore, since PWV is recognized
as a clinically useful measure of arterial sti�ness in the arterial tree with
prognostic power [45], several noninvasive methods have been developed to
assess PWV: either transit time methods (such as the carotid-femoral PWV,
brachial-ankle PWV, cardio-ankle PWV or �nger-toe PWV [74, 76, 77, 166]),
or in a single position (local methods such as PU-loop, ln(D)U-loop or QA-
loop [87, 89, 90]). Transit time methods give a global or regional measure
of the sti�ness of the arterial system, with PWV calculated as the ratio of
the distance between two measuring locations and the time it takes for the
waves to travel from one location to the other (section 1.3.2). Single-location
methods provide an estimate of PWV at the measurement site, based on a
linear relation between measured quantities (the water hammer equation),
assuming an absence of re�ected waves in early systole (section 1.3.3).

Despite the increasing use of these methods (mainly because of their
non-invasive applicability to MRI or ultrasound data), local estimates of
PWV have been shown to present incorrect values in cases of strong local
re�ections [167–169], which may lead to wrong estimates of wave speed, with
errors propagating into the assessment of forward and backward waves. In
general, it has been shown that the PU-loop overestimates PWV in strong
local positive re�ections, while the ln(D)U-loop or QA-loop methods under-
estimate in the same conditions; the opposite happens in the case of strong
local negative re�ection. In a theoretical paper from our group [168], it was
demonstrated that the degree of over- and underestimation is directly linked
to the magnitude of the local re�ection coe�cient. In that same work, a
frequency-domain method that allows to correct for the e�ect of re�ection
was introduced. Recently, Kowalski et al. [91] also highlighted that the use
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of measured peak velocity (as is typically achieved from pulsed Doppler
ultrasound measurements) rather than the (spatial) mean �ow velocity in-
troduces additional error into velocity-based methods (i.e. the ln(D)U- and
PU-loop methods). Also, inaccuracies in the noninvasive estimation of the
local pressure wave arising from calibration of distension waveforms based
on oscillometric pressure data propagate into estimates of local PWV [91].
�ey introduced the ln(D)P-loop method which no longer relies on velocity.
�e ln(D)P method is mathematically equivalent to the Bramwell-Hill equa-
tion, which does not require unidirectional wave travel, and the method is
therefore expected to be insensitive to wave re�ections.

�e vast majority of studies on local PWV have been performed mainly
on experimental setups [88, 169], or for the carotid and femoral arteries
using computational analysis and in vivo data [167, 168, 170]. To the best of
our knowledge, the �rst study addressing the performance of local PWV
estimation methods at several locations along the arterial tree was performed
by Alastruey [171], who demonstrated that the errors of local PWV estimation
methods decreased at locations where visco-elastic e�ects were small and
near to junctions that were well-matched for forward-travelling waves.�e
recent work of Kowalski et al. [91] also considered testing loop methods in
the aorta in an in vivo study, and at four di�erent locations in the arterial tree
of a virtual patient cohort.�e impact of an error in PWV on subsequent
wave separation analysis, however, was not addressed in these studies.

�e primary aim of this study is to compare the estimates of PWV from
the PU-loop, ln(D)U-loop, ln(D)P-loop and QA-loop methods throughout
the human arterial tree, and quantify the impact of possible over- or un-
derestimation on subsequent WSA. For this purpose, the output data of a
previously validated 1D model of the human systemic circulation [12] was
used, to simulate the physiological signals needed for the estimations of local
PWV methods and for con�gurations representing a young and an aged
individual. �e second aim of the study was to verify the performance of
a previously proposed (frequency-domain) method [168] to correct for the
e�ects of wave re�ection.

4.2 Methods

4.2.1 Numerical simulations
We used the 1D model of the human systemic arterial circulation, including
the aorta and its main branches [12], to simulate hemodynamic (physiologi-
cal) signals of pressure (P), �ow (Q), �ow velocity (U), cross-sectional area
(A) and diameter (D). Data were generated using the 103-segments (each
having �ve nodes) con�guration of the model [12] with: i) the standard
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parameters representative of a young healthy adult and, ii) decreasing the
distensibility by a factor of 5 (PWV increases by a factor of 2.24) throughout
the entire arterial tree to mimic the e�ect of ageing. Diameters were calcu-
lated assuming a circular cross-sectional area, and �ow velocity was derived
as U = Q/A; A being the cross-sectional area as a function of time (ob-
tained by integration of equation (2.11)). Single-location PWVmethods (see
section 1.3.3.1) were applied for each of the 515 nodes of the arterial tree. Ref-
erence values of PWV for each node were calculated using the Bramwell-Hill
equation [47] PWVBH = √(A/ρ)(dP/dA), with ρ being the blood density
(1050 kg/m3). Local PWVBH was taken as the average of values at the working
pressure of the loop-based methods.

Reference characteristic impedance, Zc-BH, was calculated as Zc-BH =
ρ ⋅PWVBH/A, with A being the local cross-sectional area at a reference trans-
mural pressure of 100 mmHg.�e re�ection coe�cient, ΓBH−k , was derived
for each node from the frequency-domain method as ΓBH−k = Zin−Zc-BH

Zin+Zc-BH , with
Zin being the ratio of the harmonics pressure and �ow. We only report the
values of the real part of the re�ection coe�cient at the heart frequency.

4.2.2 Loop-based local PWVmethods
�e loop-based local PWV methods compared in this study were previously
described in section 1.3.3.1.�e methods based on pressure such as PU-loop
[87] and ln(D)P-loop [91] methods, are derived directly from the water ham-
mer equation 1.7 and the Bramwell-Hill equation 1.4, respectively; whereas
the QA-loop [90] and the ln(D)U-loop [89] methods are obtained by com-
bining the Bramwell-Hill and the water hammer equations. For each node
of the arterial tree and for each method, the linear part of each loop was
determined by linear regression analysis on a selected data portion (by eye)
during early systole.

4.2.3 Correcting for wave re�ection using a frequency-domain
analysis

Besides applying conventional analysis on the PU-loop, ln(D)U-loop, ln(D)P-
loop and QA-loop, we performed the frequency-domain analysis as proposed
by Segers et al. [168] for the correction of the PU-loop and QA-loop methods.
�e method makes use of the following equation for the PU-loop:

Pk
Uk

= Pk+ + Pk−
Uk+ +Uk−

= (1 + Γk)(1 − Γk)ρc = βkρc (4.1)

and for the QA-loop:

Qk
Ak

= AUk
Ak

= A(Uk+ +Uk−)
Ak+ + Ak−

= ρc2Uk+(1 − Γk)
Pk+(1 + Γk) = c

βk
(4.2)
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where β is a coe�cient that depends on the re�ection coe�cient βk =(1 + Γk)/(1 − Γk), k refers to the harmonics number, Pk+/Uk+ = ρc and
the subscripts (+) and (-) denote the forward and backward directions, re-
spectively.�e ratio between equations (4.1) and (4.2) can be used to estimate
the correction coe�cient (β):

Pk/Uk
Qk/Ak

= ρ (1 + Γk)2(1 − Γk)2 = ρ ⋅ β2 (4.3)

which can be further used to correct either the PU-loop or QA-loop through
equations (4.1) or (4.2). PWV1−5 is then derived by averaging the �rst �ve
harmonics a�er applying the correction. As harmonics are superimposed
on the mean pressure, reference values of the wave speed for this method
are derived using the Bramwell-Hill equation, with values corresponding to
the local mean pressure (PWVBHmp, to distinguish from the reference of the
loop methods).

4.2.4 Data analysis
We �rst analysed conventional loops at the middle nodes of four locations
in the arterial tree commonly sampled in arterial research (ascending aorta
(AAO), right common carotid artery (CA), brachial artery (BR) and femoral
artery (FE)). Estimates of PWV for the AAO and CA were also reported as
the mean ± standard deviation, averaging over the �ve nodes in the arterial
segments. We then analysed how the methods perform over the complete
arterial tree (�ve nodes per 103 arterial segments) by comparing reference
and estimated data using Bland-Altman analysis and the coe�cient of deter-
mination (R2). Cerebral arteries of the circle of Willis and coronary arteries
were not included, as it was impossible to identify a linear segment in the
loops, which resulted in data for a total of 446 nodes. Di�erences between
the young and aged con�gurations were assessed using the paired t-test.

Finally, we quanti�ed the e�ect of using conventional loop estimates
of PWV on derived indices fromWSA (amplitude of forward (AFW) and
backward waves (ABW) and re�ection magnitude (RM)) by calculating the
error with respect to the reference PWV for all locations of the arterial tree.
PWVBH was used to obtain reference wave separation indices; in the same
way wave separation was performed from each of the loop-based estimates of
PWV, and the relative error was calculated.�e same process was followed
for the correction method PWV1−5. Errors were calculated as (estimate −
reference)/reference and reported in percent. Wave separation analysis was
performed using the time-domain method [92, 103]. �is theory relates
the propagation of disturbances (change in pressure (dP) and �ow velocity
(dU)) along the vessels with a wave speed (PWV), which in turn can be
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separated into the forward (+) and backward (-) components; summation
of these components results in the composite forward (P+) and backward
(P−) pressure signals (see also section 1.5.3.2).�e RM can then be calculated
as RM = max(P−)−min(P−)

max(P+)−min(P+) . All data were processed in Matlab (Mathworks,
Natick, MA, USA).

4.3 Results

4.3.1 Assessment of local PWVmethods from conventional analysis
A comparison of the PU-loop, ln(D)U-loop, ln(D)P-loop andQA-loop for the
young and aged arterial tree and for di�erent locations of interest (AAO, right
CA, BR and FE), is presented in Figure 4.1. Note the overall large disparity of
estimates for local PWV; except for the ln(D)P method, none of the methods
provides consistent results at these four locations.
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Figure 4.1: PU, ln(D)U, ln(D)P and QA single-location PWVmeasurement tech-
niques for the young (blue) and aged (red) con�gurations in the middle node of the
AAO, right CA, BR and FE. PWVBH is the reference wave speed, and c is the wave
speed estimated from the slope of the loops.

To compare the performance of the tested methods in each node of the
arterial tree, we plotted the Bland-Altman analysis comparing estimated
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values versus the reference PWVBH, for both the young and aged model
(Figure 4.2). �e correlation of PWVBH with PWVln(D)U or PWVQA was
almost non-existent (R2 < 0.06), whereas the correlation with PWVPU was
moderate (R2 < 0.4). In contrast, the mean di�erences for the PU-loop
method were 3.0 ± 4.1 m/s for the young case and 6.0 ± 6.2 m/s for the aged
case; which was higher compared to a mean di�erence for the ln(D)U-loop of−0.7± 2.3 m/s and −2.6± 2.7 m/s, and for the QA-loop of −0.4± 2.3 m/s and−2.4 ± 2.8 m/s, for the young and aged cases, respectively.�e ln(D)P-loop
method showed the best correlations (R2 ∼ 0.91 and 0.99 for the young and
aged cases, respectively) and the smallest mean di�erences with PWVBH
(0.3±0.3 m/s young model, and −0.0±0.2 m/s aged model), as was expected
given their mathematical equivalence.�e correlation between PWVBHmp
and the correction method PWV1−5 was R2 = 0.80 for the young situation
and R2 = 0.75 for the aged situation. Di�erences were small for the young
case (−0.1 ± 0.8 m/s), but were much higher for the simulations in the aged
arterial tree (−4.5 ± 2.0 m/s). In every case, the correlations were slightly
lower for the young tree compared to the sti�er tree, except for PWV1−5;
whereas the di�erences tended to increase with ageing for every method,
except for the ln(D)P-loop method.

To topologically map the deviation of local PWV estimates from the
reference, we visualized the error (in %) for every location in the arterial tree
with a color map (Figure 4.3), where segments in the white range indicate
regions with acceptable errors (± 5%), and red and blue colors indicate over-
and underestimation, respectively.�e �gure reveals that the ln(D)U-loop
and QA-loop methods deviate from the reference in a similar way, while the
PU-loop method deviates in the opposite direction overestimating in regions
where the other two methods underestimate, and vice versa. Overall, in the
young con�guration, locations with an acceptable range of errors are limited
for the PU-loop, the ln(D)U-loop and QA-loop methods, in concordance
with the di�erences discussed above. Nonetheless, in some locations, the
ln(D)U- and QA-loop methods seem to show lower deviations than the
PU-loop method (for a guide on the names of the di�erent segments in
the arterial tree refer to Table 2.1). As is already obvious from Figure 4.2,
the ln(D)P method showed the smallest discrepancies across the arterial
tree.�e discrepancies increased with ageing in most of the arterial tree for
every studied method (except the ln(D)P method), showing a severe over-
and underestimation with respect to the reference PWVBH.�e correction
method, for the young con�guration, yields lower values than the reference
PWVBHmp in more central arteries, showing an overestimation in the limb
arteries. Interestingly, errors on the estimates for cerebral arteries were close
to zero. With ageing, there is a severe underestimation in most of the arterial
tree, except for tibial arteries.
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Figure 4.2: Bland-Altman plots between the di�erent tested methods and their
respective references, for each node of the arterial tree (n=446). Le� column: young
arterial system. Right column: aged arterial system. From top to bottom: PWVPU
versus PWVBH, PWVln(D)U versus PWVBH, PWVln(D)P versus PWVBH, PWVQA
versus PWVBH, and PWV1−5 versus PWVBHmp.

4.3.2 Comparison of the methods for the ascending aorta and
common carotid artery

When estimating the slope of the PU-, ln(D)U-, ln(D)P- and QA-loop, dis-
crepancies are found for the AAO and CA (Figures 4.1 and 4.4). For the
young aorta, the QAmethod results in the highest PWV value (4.4 ± 0.3 m/s)
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Figure 4.3: Deviation of the loop-based estimates of PWV (PU-, ln(D)U-, ln(D)P-
and QA-loops) and the correction method (PWV1−5) from their respective refer-
ences (PWVBH and PWVBHmp, respectively), for every location of the arterial tree
in the young and aged con�gurations. Red and blue colors indicate over- and under-
estimation, respectively.

followed by the ln(D)U method (4.0 ± 0.3 m/s); these values overestimate
the reference value of 3.1 ± 0.1 m/s. In the aged arterial tree, both methods
overestimate again but withmean values closer to the range of variation of the
reference (5.3 ± 0.2 m/s). In contrast, the PU-loop method underestimates,
with estimated PWV of 2.5 ± 0.0 m/s and 5.0 ± 0.1 m/s for the young and
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aged cases, respectively.�e opposite occurs for the carotid artery, where the
PU method yields values higher than the reference PWV (4.9 ± 0.6 m/s and
9.7 ± 1.2 m/s compared to a reference of 3.5 ± 0.1 m/s and 6.0 ± 0.5 m/s for
the young and aged con�gurations, respectively; shaded area in Figure 4.4).
On the other hand, the ln(D)U and QAmethods underestimate the reference
in both con�gurations; however, the deviation is higher for the aged case. In
each case, the ln(D)P method is within the range of variation of the reference.
�ese data are summarized in Table 4.1, along with the estimations of the
re�ection coe�cient for both arteries in each case.
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Figure 4.4: A comparison of the loop-based estimates of local PWV assessed from
the four measuring methods (PU, ln(D)U, ln(D)P and QA), with the reference
(PWVBH, rectangular shaded area), in the ascending aorta and the common carotid
artery. PWV values were averaged over �ve nodes in the arterial segment and their
standard deviation is shown.

Table 4.1: An overview of local PWV estimated by di�erent methods, for the young
and aged con�gurations in the aorta (AAO) and carotid (CA) arteries. PWVPU ,
PWVln(D)U , PWVln(D)P and PWVQA: estimates based on the slopes of the linear
segment in the conventional loops. PWVBH and PWVBHmp: estimates based on the
Bramwell-Hill equation corresponding to the working pressure of the loop methods
and to mean pressure, respectively. PWV1−5: estimates based on the correction
method averaged for the �rst �ve harmonics. Re(Γ): real part of the re�ection
coe�cient at the heart frequency. All data are reported as the average over �ve nodes
in the arterial segment ± the standard deviation.

PWVBH PWVPU PWVln(D)U PWVln(D)P PWVQA PWVBHmp PWV1−5 Re(Γ)(m/s) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s)

AAO
Young 3.07 ± 0.06 2.47 ± 0.19 4.0 ± 0.33 3.14 ± 0.05 4.42 ± 0.31 3.88 ± 0.01 3.29 ± 0.04 0.54 ± 0.02
Aged 5.34 ± 0.19 5.01 ± 0.08 5.83 ± 0.58 5.42 ± 0.22 6.21 ± 0.61 8.27 ± 0.03 6.16 ± 0.02 0.71 ± 0.01

CA
Young 3.48 ± 0.14 4.89 ± 0.56 2.78 ± 0.33 3.69 ± 0.14 2.92 ± 0.32 5.93 ± 0.34 4.73 ± 0.17 0.91 ± 0.04
Aged 6.0 ± 0.53 9.69 ± 1.15 3.67 ± 0.47 5.96 ± 0.53 3.78 ± 0.49 11.34 ± 0.36 8.36 ± 0.06 0.91 ± 0.04

4.3.3 Impact of PWV estimates on wave separation analysis
Figure 4.5 shows the impact of loop-based estimates of PWV on derived
indices of WSA, such as the AFW and ABW, and on the RM for the young
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Figure 4.5: �e e�ect of using the loop-based estimates of PWV and the correction
method (PWV1−5), on the resultant AFWandABW, and on the RM for every location
in the young arterial tree. Red and blue colors indicate over- and underestimation,
respectively.
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Figure 4.6: �e e�ect of using the loop-based estimates of PWV and the correction
method (PWV1−5), on the resultantAFWandABW, and on the RM for every location
in the aged arterial tree. Red and blue colors indicate over- and underestimation,
respectively.
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arterial tree. Again, the degree of error (in %), along the whole arterial
tree, is represented in a color-map graph. PWV as estimated by the ln(D)U
and QA methods, mainly decreases the AFW in most of the arterial tree,
concomitantly leading to an increase in the ABW and, logically, in the RM.
�e opposite happens for the estimates of PWV by the PU-loop in a similar
scale throughout the arterial tree.�e ln(D)P-loop provides the lowest errors
with respect to the reference showing the whiter arterial trees (white color
representing zero di�erence with the reference).

When focusing on the proximal aorta, errors in the AFW and ABW
(top and middle in Figure 4.5) in the AAO and aortic arch were positive for
the ln(D)U- and QA-loop estimates and negative for the PU-loop estimates
(opposite to the behaviour of most of the arterial tree).�e errors in the RM
(bottom in Figure 4.5) at the same sites, however, were in a lower range for
the PU-loop than for the ln(D)U- and QA-loop methods. Overall, the errors
were somewhat lower at the CAs with similar performances for the three
methods.

�e performance of the PWV method correcting for wave re�ections
(PWV1−5) on derived indices of WSA is presented in the last column of
Figure 4.5. For the three indices analysed, one observes a trend to low errors
in most of the arterial tree, with nonetheless larger deviations from the
reference in tibial arteries, where an increase in the AFWs was produced
while the RM decreased with respect to the reference. When analysing the
aged arterial tree (Figure 4.6), the same patterns as presented for the young
case were found in each tested loopmethod, but deviations from the reference
were higher for each of the wave separation indices studied. Interestingly, the
deviations for the proximal aorta and CAs remained very low.�e corrected
PWV1−5 also experienced higher deviations with ageing, except for the tibial
arteries that in this case showed low deviations.

4.4 Discussion

In this study, we used a 1D arterial network model to investigate the per-
formance of single-location methods to estimate local PWV in di�erent
locations of the human arterial tree. In the discussion, we will �rst focus
on the PU-loop, ln(D)U-loop and QA-loop methods, known to be prone to
re�ections, and subsequently discuss the performance of the ln(D)P-loop
method and the re�ection-correction method.

4.4.1 �e PU-loop, ln(D)U-loop and QA-loop methods
Pooling all nodes of the arterial system, there seemed to be no linear relation
between the reference PWV and the ln(D)U-loop or QA-loop methods (R2 <
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0.06). Nevertheless, the Bland-Altman analysis, for all locations in the arterial
tree and for the young data (similar occurs with ageing, Figure 4.2), revealed
less discrepancies in these methods with the reference than in the PU-loop
method, with an approximated range of the limits of agreement for the ln(D)U
and QA methods between -5 and 4 m/s compared to a wider range (from -5
to 11 m/s) for the PU method, that in contrast showed a better linear relation
(R2 ≈ 0.4) with the reference method. �e Bland-Altman plot reveals a
trend of overestimation of PU-loop as the wave speed increases, whereas the
ln(D)U-loop and QA-loop tend to underestimate showing a less consistent
variability.

Alastruey [171] also performed a similar study using also a 1D numerical
model, where in addition to the single locationmethods considered here, two
other methods (D2P-loop and∑2-methods) were also compared at di�erent
sites of the arterial system (along the aorta, iliac, femoral and tibial arteries).
Despite the study having included several locations of the arterial network,
only individual arterial sites were reported. Alastruey [171] reported values
of loop-based estimates of PWV for the middle node of the thoracic aorta in
an elastic con�guration, with the PU-loop underestimating the reference by
-16.3%, while the ln(D)U and QA loop methods overestimated by 20.3% and
21%.�e study thus con�rms the opposing behaviour of the QA- and ln(D)U-
loop methods on the one hand, and the PU-loop method on the other. In
our study, however, the ln(D)U- and QA-loop method underestimated by
-18.1 and -5.5%, while the PU loop method overestimated by 23%. Note that
the di�erences in our outcomes might be explained since the tube law in the
1D model used by Alastruey [171], di�ers from the one in the 1D model of
our study [12]. Moreover, the reference PWV is derived by an approximation
of the Bramwell-Hill equation for the tube law, while we directly use the
Bramwell-Hill equation.

�e PWV estimates determined in our study were also within the ranges
reported in previous studies using the ln(D)U-loop method on in vivo data,
for the AAO [172], CAs and FEs [170]. Rabben et al. [90] reported an accept-
able correlation between the reference PWV (derived from the distensibility
coe�cient) and the QA method measured in human carotid arteries, how-
ever, with a rather wide range of the limits of agreement (between -2.39 and
2.10 m/s); for our simulations the mean di�erence between PWVBH and the
QA-loopmethod for the CAwas of the same order, but with a narrower range
of the limits agreement (between -1.45 and 1.08 m/s). In the recent study by
Kowalski et al. [91], reported mean values for the PU and ln(D)U methods
measured fromMRI data in the aorta were also close to our data; the refer-
ence Bramwell-Hill (approximated also from the distensibility coe�cient)
was a bit lower though (2.45 versus 3.05 m/s).
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�e poor correlation for the loopmethods discussed above, together with
the discrepancies with respect to PWVBH may be in�uenced because we con-
sider all nodes in the model, while previous comparisons have been reported
for isolated locations. As can be seen from the topological color maps, the
disparity between the tested method and the reference is highly dependable
on the location, with non-systematic over- or underestimation over the entire
network resulting in a lack of correlation when pooling all data points. Also,
the (non)validity of a given method cannot be tied down to a given artery; in
longer segments such as the upper leg arteries, zones of over- and underesti-
mation alternate, suggesting an e�ect of constructive/destructive interference
of waves over these segments depending on the distance to re�ection sites and
the prevailing PWV. When focusing on the AAO (Figure 4.4 and Table 4.1),
the PU-loop estimates were lower than the reference, while the ln(D)U-loop
andQA-loopmethods yielded values higher than the reference. In the carotid
arteries on the other hand, the PU-loop method overestimated PWVBH and
the ln(D)U- and QA-loopmethods underestimated PWVBH, the errors being
lower for the diameter-based methods (see also Figure 4.1).�is is in line
with what was reported in [168] for this same artery and the study published
in [169], and the same observations were done by Kowalski et al. [91].�e
performances of the PU-, ln(D)U- and QA-loop methods thus have a strong
relation with the location in the arterial tree.

�e performances of methods were signi�cantly di�erent for the young
and aged arterial tree for all methods when analysing all nodes in a global
way (p < 0.01), visualized in Figure 4.3, where there is a marked over- and
underestimation of PWV for the bulk of the locations. When focusing on
speci�c locations, the errors increased in the aged model for the AAO and
CAs (p < 0.001). At other locations, such as the BRs and FEs, the errors were
similar for the methods in both con�gurations, consistent with what was
reported in [170].

Practical implications can be derived from these results, where under the
assumption of a maximum tolerance of ±10% error in the estimation of PWV,
we grouped the arterial locations that are well represented for the di�erent
local PWVmethods. Table 4.2 shows an overview of our recommendations
according to this analysis for measurements performed in the middle nodes
of the arterial segments. It is clear that neither the PU-loop nor the ln(D)U-
or QA-loop method perform well over the complete arterial tree.

4.4.2 Eliminating the e�ect of re�ections: correction method and the
ln(D)P method

Even though single-location methods are being extensively used in practical
applications [90, 170, 172, 173], previous studies have demonstrated inac-
curacies in these estimations induced by wave re�ections [167–169], where
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Table 4.2: Locations where the local PWV methods succeed (✓) and fail (×) in this
model, assuming a maximum tolerance of ± 10% error on the estimation of PWV.

Locations PU-loop ln(D)U-loop ln(D)P-loop QA-loop PWV1−5
Ascending aorta × × ✓ × ×
Aortic arch ✓ ✓ ✓ × ✓
�oracic aorta × ✓ ✓ ✓ ✓
Abdominal Aorta × × ✓ × ✓
Common carotid × × ✓ × ×
Brachial × × ✓ × ✓
Radial × × ✓ × ✓
Common iliac × ✓ ✓ ✓ ✓
Femoral × × ✓ × ×
Tibial arteries × × ✓ × ×

the appearance of a linear segment in the loops does not always guarantee the
absence of re�ected waves [88, 167]. As a solution to this Segers et al. [168]
proposed a coupled time-frequency domainmethod, which leads to estimates
of PWV corrected for the presence of these re�ections. �is method was
also applied in our study and was compared with the reference PWVBHmp.
When analysing the overall performance of the PWVmethods over the entire
arterial tree (Figure 4.2), the corrected PWV based on harmonics (PWV1−5)
had a good correlation with the reference PWVBHmp (R2 ∼ 0.8).�e method
also showed a very low mean di�erence of -0.13 ± 0.76 m/s for the young
case; however, the di�erences increased for the aged case, having a tendency
to a severe underestimation as revealed by the Bland-Altman plot (bottom
in Figure 4.2), with a mean di�erence of -4.46 m/s and a corresponding
wide range of the limits of agreement (from -8.6 to -0.3 m/s). On the other
hand, PWV1−5 also showed a very good performance looking at individual
locations, only behind the ln(D)P method (see Table 4.2), and presented
lower deviations from its reference in the WSA compared with errors in the
PU, ln(D)U and QA methods. At the same time, PWV1−5 does not provide
an overall solution as the estimate was poor in some areas in the arterial tree
(most distal segments in the arms and legs). In the aged arterial tree, PWV1−5
displayed higher deviations from the reference, similar to what was found
for the other tested loop methods. �e correction method thus seems to
perform less well when PWV (and the wavelength) is high.

Alastruey [171] proposed to use the average of the PWV estimated by
the PU- and ln(D)U-loops. We tested this approach (for the young model
data) by analysing all nodes in a global way and examining speci�c locations.
In the overall analysis including all nodes, the correlation with PWVBH was
R2 = 0.45, which is substantially lower than the correlation achieved by
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PWV1−5.�e method also showed a higher mean di�erence with PWVBH
than the correction method with PWVBHmp (∼ 1 m/s); the range of the limits
of agreement was also wide (-2.13 to 4.13 m/s), with which the method is not
interchangeable with the reference PWVBH. However, the use of an average
between the PU- and ln(D)U-loops is indeed an improvement comparedwith
simply using the loop methods (with the exception of ln(D)P). Segers et al.
[168] reported the best performance by PWV1−5 compared with the estimates
of the PU andQAmethods, from in vivo data of the human carotid artery, but
in that study PWV as approximated by the distensibility coe�cient was used

as a reference (PWVDC = √
1

ρDw
= √

Amin(Pmax−Pmin)
ρ(Amax−Amin) ). If we compare our

results with this variant of the Bramwell-Hill equation (more used in practice)
instead of the theoretical equation used in our study, a very good performance
of PWV1−5 is also obtained, with a correlation of R2 = 0.9 and a mean
di�erence of 0.48 ± 0.53 m/s (see Figure 4.7). Moreover, the performance
of PWV1−5 is closer to PWVDC than the ln(D)P method. Nonetheless, as
stated in [168], the correction method PWV1−5 lacks practical applicability
because of the necessity of simultaneously measuring pressure, �ow velocity
and diameter, with which one could simply apply the Bramwell-Hill equation
rather than correcting.

As expected, since the ln(D)P method is mathematically equivalent to
the Bramwell-Hill equation, it is insensitive to the presence of re�ections and
performs equally well along the arterial tree.�e correlation with PWVBH
was excellent (R2 > 0.9), and the mean di�erence was 0.29 m/s for the young
case and -0.028 m/s for the aged case, with the lowest limits of agreement
comparing with the other tested methods (maximum range between both
cases of -0.4 to 0.9 m/s). Moreover, the ln(D)P method had a very good
performance analysing the results for individual locations of the arterial
bed, as can be seen in Table 4.2. Lastly, the ln(D)P method had the lowest
deviations from the reference in the wave separation analysis, as can be
visually con�rmed from Figure 4.5. �ese deviations were even lower in
the aged arterial tree, contrary to the performance of the other methods.
However, since the ln(D)P method makes use of both pressure and diameter,
and given its equivalence to the Bramwell-Hill equation, its practical added
value over simply using the Bramwel-Hill equation appears limited.

4.4.3 E�ect of error in PWV estimation on wave separation analysis
�e large errors in PWV estimates do not fully propagate into the resulting
wave separation. For example, in the carotid artery, a large error of -20%
on the estimation of PWV by ln(D)U or QA methods only implies a small
error (less than ± 2%) in the subsequent WSA.�e major impacts occur at
the level of the abdominal aorta, tibial and cerebral arteries, as well as in the
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Figure 4.7: Bland-Altman plots between the di�erent methods and the reference
PWVDC, for each node of the arterial tree (n=446). Le� column: young arterial
system. Right column: aged arterial system. From top to bottom: PWVPU versus
PWVDC, PWVln(D)U versus PWVDC, PWVln(D)P versus PWVDC, PWVQA versus
PWVDC, and PWV1−5 versus PWVDC.

iliac and femoral arteries, and (in general) for all the terminal beds of the
arterial network considered. Khir et al. [87] stated that the wave separation
process is not highly dependent on the accuracy of the determination of
the wave speed, and we agree that this is true in certain locations although
exceptions may apply to many sites in the arterial tree (see the dark coloured
regions in Figure 4.5). As for PWV, the errors are somewhat higher in the
aged con�guration (Figure 4.6).
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4.4.4 Limitations
One of the limitations of the 1D model used for this study is that it does not
include the entire circulation of the vascular system, and aWindkessel model
was prescribed at the terminal ends. Overall, these terminal ends presented
critical points with the highest deviations of PWV estimates from the refer-
ence, as can be expected since these distal ends constitute re�ection points.
Although the use of numerical simulations reduces errors derived from mea-
surements and the alignment of signals, there are still some inaccuracies that
may result from the estimation of the linear region in the loop, determined
by eye. As we could not identify a linear segment in loops calculated in the
circle of Willis and coronary arteries, these were excluded from the analysis.
It is also a limitation of the study that the aged con�guration was obtained
by simply changing the distensibility over the complete arterial tree to the
same extent. Clearly, the e�ect of age on the arterial tree in humans is much
more complex, with accelerated ageing in large elastic vessels and relatively
little changes in the sti�ness of the more muscular vessels and alterations in
arterial dimensions. As such, the results obtained in the aged con�guration
should be interpreted as an illustration of the sensitivity of the method to an
alteration in arterial sti�ness, rather than as a prediction of the accuracy of
the tested methods in the elderly.

4.5 Conclusions

Single-location PWV methods were tested using 1D numerical modelling
in the human systemic arterial tree. �e accuracies of the PU-, ln(D)U-
and QA-loop methods to assess local PWV was highly dependent on the
location in the arterial network, with the PU-loop behaving opposite to the
ln(D)U-loop and QA-loop methods. Including all network nodes in the
analysis, the ln(D)U-loop and QA-loop methods performed signi�cantly
better than the PU-loop, although the correlation of these methods with
the reference PWVBH was close to zero. When focusing at speci�c sites, the
methods performed best in the aortic arch rather than the AAO, and the
ln(D)U- and QA-loop methods also performed well in the thoracic aorta
and iliac arteries. However, the best results were obtained when we applied a
loop method based on diameter and pressure (ln(D)P-loop).�e estimates
of PWV corrected for wave re�ections (PWV1−5) also had a good agreement
with the wave speed derived from the theoretical Bramwell-Hill equation at
mean pressure, although this method did not outperform the ln(D)P-loop
method. Overall, methods were very sensitive to the reference chosen, even
for approximations of the same equation. Interestingly, WSA was not highly
dependent on the accuracy of the PWV estimates for locations such as the
AAO or CA. We conclude that results obtained from local PWV loop-based
methods require cautious interpretation.
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5
A one-dimensional model of the
arterial circulation in horses

Arterial rupture in horses has been observed during exercise, a�er phenyle-
phrine administration or during parturition (uterine artery). In human
pathophysiological research, the use of computer models for studying arterial
hemodynamics and understanding normal and abnormal characteristics of
arterial pressure and �ow waveforms is very common.�e objective of this
research was to develop a computer model of the equine arterial circulation,
in order to study local intra-arterial pressures and �ow dynamics in horses.
Morphologically, large di�erences exist between human and equine aortic
arch and arterial branching patterns. Development of the present model was
based on post-mortem obtained anatomical data of the arterial tree (arterial
lengths, diameters and branching angles); in vivo collected ultrasonographic
�ow pro�les from the common carotid artery (CCA), external iliac artery
(EIA),median artery (MA) and aorta; and invasively collected pressure curves
from carotid artery and aorta.�ese data were used as input for a previously
validated (in humans) 1D arterial networkmodel. Data on terminal resistance
and arterial compliance parameters were tuned to equine physiology. Given
the large arterial diameters, Womersley theory was used to compute friction
coe�cients, and the input into the arterial system was provided via a scaled
time-varying elastance model of the le� heart. Outcomes showed plausi-
ble predictions of pressure and �ow waveforms throughout the considered
arterial tree. �e simulated �ow waveform morphology was in line with
measured �ow pro�les. Consideration of gravity further improved model
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based predicted waveforms. Derived �ow waveform patterns could be ex-
plained using wave power analysis (WPA).�e model o�ers possibilities as a
research tool to predict changes in �ow pro�les and local pressures as a result
of strenuous exercise or altered arterial wall properties related to age, breed
or gender.�is chapter is based on the paper published in PLoS One [174].

5.1 Introduction

Awide range of one dimensional (1D) computermodels of the human arterial
circulation is available. Such models allow the computation of pressure and
�ow waveforms throughout the whole arterial network, and hence allow re-
searchers to study the normal and abnormal physiology of the cardiovascular
system, without the need of in vivo measurements [108, 111, 131, 175–178]. 1D
models are well balanced between complexity and computation costs, making
them relevant for many (bio)medical applications. Due to their capability of
involving extensive arterial segments, 1D models can provide useful informa-
tion about characteristics of blood �ow at the level of individual branches or
even in patient-speci�c situations [179, 180].�ese models can also be used
as a non-invasive diagnostic tool, helping physicians to understand observed
changes in routine clinical blood pressure measurements and their possible
physiological origin and to predict surgical operation results [122, 180, 181].

Due to technical limitations, di�cult arterial accessibility, and ethical
concerns, in-depth pathophysiological research of the equine arterial tree
remains challenging and could be facilitated by the application of a model.
Because of large di�erences between human and equine arteries regarding
dimensions and branching patterns, especially of the aortic arch, a horse-
speci�c 1D model of the arterial circulation is needed.

�e aim of this study was therefore to develop a 1D computer model of
the equine arterial circulation. Providing reference data on equine arterial
hemodynamics and physiology, thismodelmight contribute to a better under-
standing of some clinical �ndings, such as the origin of the more oscillatory
�ow patterns in horses, the higher prevalence of aortic rupture in Friesians
compared to Warmblood horses [182, 183], the occurrence of sudden death
during exercise due to arterial rupture [184–187], the higher chance on uter-
ine artery rupture in older mares [188, 189], or the higher chance on arterial
rupture a�er phenylephrine administration in older horses [190]. In order to
develop a reliable model, several anatomical data of the main equine arterial
tree were collected ex vivo and combined both with in vivo invasive blood
pressure measurements and noninvasively determined ultrasonographic �ow
pro�les.
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5.2 Methods

5.2.1 Arterial tree
�e arterial tree was based mainly on dedicated ex vivomeasurements. Five
Warmblood horses were investigated, mean age 18 ± 3 years and mean body
weight 648 ± 47 kg. All horses were scheduled for euthanasia because of
non-cardiovascular reasons. Necropsy of 4 out of 5 horses was performed
within 12 hours a�er euthanasia. A dissection was completed on the aorta
and the most important (le� sided) side branches and morphometric data
(length, diameter and branching angle) were recorded. Arterial length was
measured using a tape measure, and diameters were measured in the middle
of each segment by introducing custom-made iron rods of di�erent diameters
into the explored arterial lumen. Subsequently, post-mortem diameters were
scaled to the in vivo diameters, using the in vivo ultrasound measurements
of CCA, EIA and MA as a reference (see further section 5.2.3).�e arterial
segments were projected on the horse median plane, and their orientation
was de�ned by the angle between the longitudinal axis of the artery and
a reference horizontal axis. Angles of the di�erent arterial segments were
measured using anatomical images of the equine arterial tree [191]. Lengths of
terminal segments were only measured in one horse. Right sided circulation
was assumed to be the same as the le� sided arterial circulation, except for
the right sided subclavian circulation (as the branching pattern is di�erent),
which was measured separately in one of the horses. All investigated arterial
branches and their corresponding average length and diameter are displayed
in Table 5.1.�e main branches of the equine arterial tree were divided into
117 interconnected straight cylindrical arterial segments and inserted in the
mathematical model (Figure 5.1). Note that in the mathematical model vessel
tapering will be included, meaning that average segment diameters will be
adjusted to minimize forward re�ections (see further section 5.2.2.3).

All procedures were approved by the Ethical Committee of the Faculty
of Veterinary Medicine, Ghent University (EC 2016/104). One horse was
privately owned (informed owner consent was obtained), the remaining
four horses were experimental horses owned by the Faculty of Veterinary
Medicine, Ghent University.

5.2.2 Adapting the cardiovascular 1D model from the human to the
equine setting

�e mathematical model is based on the previously published and validated
1D arterial network model in humans [12, 107], detailed in Chapter 2. Main
di�erences between the human and the adapted equine model are described
below.�e system of nonlinear equations is solved using in-house MatLab
code. For the solution, an implicit �nite di�erence scheme was chosen, with
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Figure 5.1: Schematic representation of the le� sided arterial tree of the horse.
Numbers agree with the numbers displayed in Table 5.1.

Table 5.1: Anatomical data of the equine arterial tree.

Tapering

Arterial Arterial Angle in the Mean SD Mean SD Proximal Distal Distensibility
segment segment 1D plane length diameter diameter diameter (10−3 1/mmHg)
name number (degrees) (mm) (mm) (mm) (mm)

Aorta ascendens 1 1 90 18 9 68 6 68.18 67.39 6.85
A. coronaria sinis-
tra

2 180 20 19 6 23.638 12.1 3.17

A. coronaria dex-
tra

3 0 20 19 6 23.638 12.1 3.17

Aorta ascendens 2 4 90 64 9 67 6 67.22 66.82 6.8
Truncus brachio-
cephalicus 1

5 160 38 26 39 9 38.882 38.88 4.9

A. subclavia sinis-
tra 1

6 155 39 24 26 11 25.332 25.33 3.79

Truncus costocer-
vicalis sinister

7 90 10 11 5 12.102 10.5 2.34

A. subclavia sinis-
tra 2

8 155 19 13 24 8 24.11 24.11 3.68

A. cervicalis pro-
funda sinistra

9 115 70 3 1 2.82 2.82 0.87

A. subclavia sinis-
tra 3

10 155 14 8 24 8 24.11 24.11 3.68

Continued on Next Page. . .
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Table 5.1: (Continued)

Tapering

Arterial Arterial Angle in the Mean SD Mean SD Proximal Distal Distensibility
segment segment 1D plane length diameter diameter diameter (10−3 1/mmHg)
name number (degrees) (mm) (mm) (mm) (mm)

A. vertebralis sin-
istra

11 135 95 12 5 14.17 9.98 2.45

A. subclavia sinis-
tra 4

12 240 40 6 23 6 22.89 22.89 3.57

A. thoracica
interna sinistra

13 280 137 12 4 12.11 12.11 2.44

A. subclavia sinis-
tra 5

14 240 7 8 23 6 22.89 22.89 3.57

A. cervicalis
super�cialis
sinistra

15 180 80 8 2 10.31 4.79 1.9

A. axillaris sinis-
tra 1

16 310 62 25 21 6 21.5 20.37 3.38

A. suprascapu-
laris sinistra

17 70 15 6 0 7.68 3.52 1.59

A. axillaris sinis-
tra 2

18 310 58 45 20 8 19.9 19.9 3.28

A. subscapularis
sinistra

19 10 10 17 7 16.8 16.8 2.96

A. axillaris sinis-
tra 3

20 310 23 18 18 5 18.02 18.02 3.09

A. circum�exa hu-
meri cranialis sin-
istra

21 230 30 5 2 6.11 2.79 1.39

A. axillaris sinis-
tra 4

22 270 70 28 17 3 17.05 17.05 2.99

A. profunda bra-
chii sinistra

23 325 5 11 5 11.281 9.6 2.23

A. axillaris sinis-
tra 5

24 270 82 11 14 1 15.35 12.79 2.67

A. collateralis ul-
naris sinistra

25 320 5 6 2 8.6 4.92 1.75

A. mediana sinis-
tra

26 270 145 7 3 10.01 5.3 1.9

Truncus brachio-
cephalicus 2

27 160 50 91 39 38.88 38.88 4.9

Truncus costocer-
vicalis dexter

28 90 10 59 11 6 14.38 7.07 2.34

Truncus brachio-
cephalicus 3

29 160 10 39 38.88 38.88 4.9

A. cervicalis pro-
funda dextra

30 115 70 3 2 2.81 2.81 0.87

Truncus brachio-
cephalicus 4

31 160 10 39 38.88 38.88 4.9

A. vertebralis dex-
tra

32 135 95 12 5 16.95 7.12 2.54

Truncus brachio-
cephalicus 5

33 160 20 26 26.96 25 4.24

A. subclavia dex-
tra 1

34 240 30 26 11 25 25 3.76

A. thoracica
interna dextra

35 280 137 11 5 12.12 12.1 2.44

Continued on Next Page. . .
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Table 5.1: (Continued)

Tapering

Arterial Arterial Angle in the Mean SD Mean SD Proximal Distal Distensibility
segment segment 1D plane length diameter diameter diameter (10−3 1/mmHg)
name number (degrees) (mm) (mm) (mm) (mm)

A. cervicalis
super�cialis
dextra

36 180 80 3 1 8.07 8.02 1.9

A. axillaris dextra
1

37 310 62 25 21 6 20.95 20.94 3.38

A. suprascapu-
laris

38 70 15 6 0 6.43 5.47 1.59

A. axillaris dextra
2

39 310 58 45 20 8 19.9 19.9 3.28

A. subscapularis
dextra

40 10 10 17 7 16.8 16.8 2.96

A. axillaris dextra
3

41 310 23 18 18 5 18.02 18.02 3.09

A. circum�exa hu-
meri cranialis dex-
tra

42 230 30 5 2 6.115 2.79 1.39

A. axillaris dextra
4

43 270 70 28 17 3 17.05 17.05 2.99

A. profunda bra-
chii dextra

44 325 5 11 5 10.47 10.47 2.23

A. axillaris dextra
5

45 270 82 11 14 1 17.05 10.42 2.67

A. collateralis ul-
naris dextra

46 320 5 6 2 8.6 4.92 1.75

A. mediana dex-
tra

47 270 145 7 3 10 5.3 1.9

Truncus bicaroti-
cus

48 165 78 91 22 19 22.06 21.26 3.45

A. carotis com-
munis sinistra

49 110 710 59 12 1 13.45 10.35 2.42

A. carotis interna
sinistra

50 90 120 4 1 4.43 3.53 1.25

A. occipitalis sin-
istra

51 60 45 5 2 4.94 4.13 1.35

A. carotis externa
sinistra 1

52 130 65 41 10 3 10.04 10.04 2.18

Truncus linguofa-
cialis sinister

53 180 80 6 3 6.54 5.5 1.6

A. carotis externa
sinistra 2

54 90 41 11 9 2 9.22 8.83 2.04

Ramus masseteri-
cus sinister

55 255 20 2 1 2.51 1.21 0.82

A. carotis externa
sinistra 3

56 90 13 3 9 2 8.56 8.55 1.98

A. auricularis
caudalis sinistra

57 55 10 3 2 3.953 1.74 1.07

A. carotis externa
sinistra 4

58 90 23 3 7 3 8.56 5.15 1.76

A. temporalis su-
per�cialis sinistra

59 60 20 2 2 3.44 2.48 1.05

A. carotis externa
sinistra 5

58b* 90 5 5.15 5.15 5.15 1.46

Continued on Next Page. . .
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Table 5.1: (Continued)

Tapering

Arterial Arterial Angle in the Mean SD Mean SD Proximal Distal Distensibility
segment segment 1D plane length diameter diameter diameter (10−3 1/mmHg)
name number (degrees) (mm) (mm) (mm) (mm)

A. carotis com-
munis dextra

60 110 710 59 12 1 13.45 10.35 2.42

A. carotis interna
dextra

61 90 120 4 1 4.43 3.53 1.25

A. occipitalis dex-
tra

62 60 45 5 2 4.94 4.13 1.35

A. carotis externa
dextra 1

63 130 65 41 10 3 10.04 10.04 2.18

Truncus linguofa-
cialis dexter

64 180 80 6 3 6.54 5.5 1.6

A. carotis externa
dextra 2

65 90 41 11 9 2 9.22 8.83 2.04

Ramus masseteri-
cus dexter

66 255 20 2 1 2.51 1.21 0.82

A. carotis externa
dextra 3

67 90 13 3 9 2 8.56 8.55 1.98

A. aurocularis
caudalis dextra

68 55 10 3 2 3.95 1.74 1.07

A. carotis externa
dextra 4

69 90 23 3 7 3 8.56 5.15 1.76

A. temporalis su-
per�cialis dextra

70 60 20 2 2 3.44 2.48 1.05

A. carotis externa
dextra 5

69b* 90 5 5.15 5.15 5.15 1.46

Arcus aortae (lig.
Art Botalli)

71 45 77 26 54 10 58.07 49.53 5.97

Aorta descendens
1

72 45 105 5 45 11 48.21 40.62 5.32

A. broncho-
oesophagea

73 270 66 11 2 13.71 6.31 2.26

Aorta descendens
2

74 0 486 69 36 1 38.44 32.28 4.64

A. coeliaca 75 270 20 15 3 19.31 9.24 2.78
Aorta descendens
3

76 0 48 26 29 6 28.7 28.7 4.09

A. mesenterica
cranialis

77 270 20 11 7 13.48 7.56 2.29

Aorta descendens
4

78 0 30 35 29 10 28.7 28.7 4.09

A. renalis dextra 79 270 30 11 2 13.26 7.21 2.26
Aorta descendens
5

80 0 20 19 29 5 28.7 28.7 4.09

A. renalis sinistra 81 270 30 11 2 13.26 7.21 2.26
Aorta descendens
6

82 0 104 60 29 6 28.7 28.7 4.09

A. ovarica sinistra 83 270 300 3 1 2.76 2.76 1
A. ovarica dextra 84 270 300 3 1 2.76 2.76 1
Aorta descendens
7

85 0 40 27 29 6 28.7 28.7 4.09

A. mesenterica
caudalis

86 270 10 8 3 9.78 4.63 1.85

Aorta descendens
8

87 0 63 12 29 6 28.7 28.7 4.09

Continued on Next Page. . .
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Table 5.1: (Continued)

Tapering

Arterial Arterial Angle in the Mean SD Mean SD Proximal Distal Distensibility
segment segment 1D plane length diameter diameter diameter (10−3 1/mmHg)
name number (degrees) (mm) (mm) (mm) (mm)

A. iliaca interna
sinistra

88 330 30 10 18 6 20.19 15.12 0.92

A. iliaca externa
sinistra 1

89 315 30 17 2 16.93 16.24 0.88

A. circum�exa
iliumprofunda
sinistra

90 240 160 6 2 7.58 3.66 0.48

A. iliaca externa
sinistra 2

91 280 29 19 16 3 15.99 15.54 0.86

A. uterina sinistra 92 260 200 3 2 3.19 3.19 0.33
A. iliaca externa
sinistra 3

93 280 230 54 15 3 15.3 15.3 0.84

A. profunda fem-
oris sinistra

94 335 30 8 2 7.93 7.23 0.55

A. femoralis sinis-
tra 1

95 280 51 14 15 3 15.26 14.27 0.82

A. circum�exa
femoris lateralis
sinistra

96 240 30 6 3 7.69 3.62 0.48

A. femoralis sinis-
tra 2

97 280 180 56 11 1 10.78 10.78 0.68

A. saphena sinis-
tra

98 285 625 3 3 2.59 2.59 0.29

A. femoralis sinis-
tra 3

99 280 25 26 10 1 10.78 9.71 0.66

A. genus descend-
ens sinistra

100 260 25 3 1 4.46 3.47 0.38

A. femoralis sinis-
tra 4

99b* 280 5 9.71 9.71 9.71 0.64

A. iliaca interna
dextra

101 330 30 10 18 6 20.19 15.12 0.92

A. iliaca externa
dextra 1

102 315 30 17 2 16.98 16.19 0.88

A. uterina dextra 103 260 200 6 2 3.19 3.19 0.33
A. iliaca externa
dextra 2

104 280 29 19 16 3 15.97 15.56 0.86

A. circum�exa ili-
umprofunda dex-
tra

105 240 160 3 2 7.52 3.77 0.48

A. iliaca externa
dextra 3

106 280 230 54 15 3 15.3 15.3 0.84

A. profunda fem-
oris dextra

107 335 30 8 2 7.93 7.23 0.55

A. femoralis dex-
tra 1

108 280 51 14 15 3 15.26 14.27 0.82

A. circum�exa
femoris lateralis
dextra

109 240 30 6 3 7.69 3.62 0.48

A. femoralis dex-
tra 2

110 280 180 56 11 1 10.78 10.78 0.68

A. saphena dextra 111 285 625 3 3 2.59 2.59 0.29
A. femoralis dex-
tra 3

112 280 25 26 10 1 10.78 9.71 0.66

Continued on Next Page. . .
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Table 5.1: (Continued)

Tapering

Arterial Arterial Angle in the Mean SD Mean SD Proximal Distal Distensibility
segment segment 1D plane length diameter diameter diameter (10−3 1/mmHg)
name number (degrees) (mm) (mm) (mm) (mm)

A. genus descend-
ens dextra

113 260 25 3 1 4.46 3.47 0.38

A. femoralis dex-
tra 4

112b* 280 5 9.71 9.71 9.71 0.64

SD: standard deviation. * An additional terminal segment, which was not measured on necropsy,
with an arti�cial length of 5 cm was implemented in the model.

second order of accuracy for the temporal and spatial domains. Forward,
central and backward di�erence approximations of the spatial derivative were
used for the proximal, middle and distal nodes in each segment, respectively.
�e arterial tree was initialized with a pressure of 100 mmHg and a �ow of
1 mL/s.�e solution was found over 8 cardiac cycles yielding pressure and
�ow waveforms over the entire arterial tree.

5.2.2.1 Governing equations: including gravity
�e integrated forms of the continuity and momentum equations of the
Navier-Stokes equations were solved in each of these segments for pressure
(P), �ow (Q) and cross-sectional area (A),

∂A
∂t

+ ∂Q
∂x

= 0 (5.1)

∂Q
∂t

+ ∂
∂x

(∫
A
u2dA) = −A

ρ
∂P
∂x

− 2πR µ
ρ
∂u
∂r

∣
r=R

+ Ag cos θ (5.2)

where x and t are the spatial and temporal variables, u is the longitudinal
velocity component, and R is the lumen radius. Given that measurements
in animals, used as input into the model, were acquired in standing, awake
animals, as well as in anaesthetized and dorsal recumbent animals, we expect
e�ects of gravity to be important given the height of the animal. We therefore
accounted for the e�ects of gravity including the body forces term in the
momentum equation, with g = 9.81 m/s2, the gravitational acceleration con-
stant, and θ, the projection angle on the vertical axis. Results will be further
reported for both situations, considering the e�ects of gravity and neglecting
gravitational body forces. Blood was assumed to be an incompressible New-
tonian �uid with density ρ = 1050 kg/m3 and dynamic viscosity µ = 0.004
Pa⋅s.
Given the large arterial diameters in horses, the Witzig-Womersley cor-

rection (see previous section 2.5.1) was used to approximate the convective
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5. A 1D model of the arterial circulation in horses

acceleration term ( ∂∂x (∫A u2dA)) and the wall friction term (τ = µ ∂u
∂r ∣r=R),

both present in the momentum equation. �e oscillatory �ow theory is
taken into account for vessels with α > 3 (75% of the total number of arte-
rial segments in the horse model), where the wall friction and convective
acceleration are related as independent terms in the 1D momentum equation;
the solution described by Stergiopulos et al. [108] is considered otherwise.
�e solution is found solving in time a number of repeating cycles until
convergence.

5.2.2.2 Modelling of the arterial wall
A constitutive equation is needed to account for the elastic properties of the
arterial wall, relating the dependency in intra-arterial pressure with the cross-
sectional area (see previous section 2.4). �e nonlinear elastic behaviour
of the arterial wall is assumed with an expression of area compliance (CA),
as the product of a location-dependent function and a pressure-dependent
function (see also equation (2.11)) [12]:

CA(d , P) = A
ρ ⋅ PWV2(d , Pref)

⎛⎜⎜⎝a1 +
b1

1 + [ P−PmaxCPwidth
]2

⎞⎟⎟⎠ (5.3)

As described in [12] (and section 2.4), the parameters of the pressure-
dependent function are �tted based on the Langewouters model [141];
whereas, PWV for each arterial segment is estimated by �tting an empirical
inverse power curve (equation (2.12)) of PWV plotted against lumen
diameter, for human data reported in the literature.

To the best of our knowledge, measurements of the pressure and diameter
dependency of the compliance in horses are lacking in literature but it can be
assumed that the intrinsic building blocks (elastin, collagen, smooth muscle
cells, proteoglycans) and their organization, and hence the overall mechanical
behaviour, is similar as in humans. Initially, following Reymond et al. [12],
we used the �tted values on humans for the pressure dependency of the
compliance. However, these parameters were subsequently adapted to obtain
values of pulse pressure (PP) close to the value reported by Boegli et al. [192]
for healthy horses, resulting in a1 = 0.76, b1 = 5, PmaxC = 10 mmHg and
Pwidth = 21 mmHg. We also applied the �t obtained from human data to
describe the relation between local diameter and compliance (for a2 = 13.3
and b2 = 0.3). Nonetheless, we did tune the arterial distensibilities to the
equine physiology, by multiplying the distensibilities of all vessels of the 1D
model by a common factor with value 0.75.�at factor was determined such
that in resting conditions, we obtained a value of PWV close to the PWV
computed from invasive blood pressure measurements over the abdominal
aorta of an anaesthetized horse; keeping in mind that di�erences may arise
between an anaesthetized and a conscious animal.
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5.2.2.3 Distal boundary conditions and bifurcations
For the terminal nodes a 3-elements Windkessel model was used, to account
for the cumulative resistance and compliance of all distal vessels beyond
the terminal sites (equation (2.25)) [12, 108]. Total peripheral resistances
RT = R1+R2, were estimated for the equine physiology in an approximate way,
taking into account both the distribution of �ow described in the literature
[193, 194] and our own measurements of �ow at speci�c locations from
ultrasound data.�e systemic vascular resistancewas 0.14mmHg⋅s/mL based
on in vivo data.�e values of the proximal (R1) and distal (R2) resistances,
as well as terminal compliance (CTi ), were derived as in the human model
(see section 2.8).

�e total systemic vascular compliance was assumed to be the sum of
the volume compliance of all vessels and compliance of the terminal beds,
so that CV = ∑n

i CVi +∑m
i CTi , where n = 117 is the total number of arterial

segments andm = 62 is the number of terminal segments. CVi is obtained by
integrating CA over the segment length. Following Reymond et al. [12], we
assumed that 20% of the total systemic compliance lies in the terminal beds.
All values of terminal resistance and compliance can be found in Table 5.2.

Continuity of pressure and �ow was imposed throughout the arterial net-
work at bifurcations. Forward wave re�ections were minimized by adapting
the characteristic impedance of the tributaries so that the absolute value of
the re�ection coe�cient was < 0.2 at all bifurcations.�e cross-sectional area
of the vessels was therefore slightly adjusted resulting in tapered-structure
segments. Cross-sectional areas were determined by minimizing the re�ec-
tion coe�cient, subject to three conditions: (i) measured area is the average
between the input and output areas (Ain and Aout respectively); (ii) Ain of
tributaries is lower or equal to Ain of the parent, and (iii) for each segment
Aout ≤ Ain. Initial searching points were obtained by assuming linear taper-
ing.�e forward wave re�ection coe�cient is calculated in equation (2.30).

5.2.2.4 Heart and coronary models
�e heart was modelled using the time-varying elastance model of the LV as
described previously (see section 2.6.1). Assuming that the elastance curve
(when normalized with respect to its peak value) is similar in shape for
all mammals, a normalized isovolumic elastance, E∗, can be derived from
equation (2.20) using the global normalized elastance curves, E, reported by
Senzaki et al. [146]. �e constant κ was derived iteratively by minimizing
the di�erence between the elastance curve resultant from the 1D model and
the original elastance curve reported by Senzaki et al. [146]. �e value
of κ obtained was 55E-06 s/mL. Due to the lack of detailed horse data in
current literature, assumptions needed to be made to set most of the input
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5. A 1D model of the arterial circulation in horses

Table 5.2: Terminal impedance data.

Arterial Segment Terminal resistance Terminal compliance
Number (mmHg⋅s/mL) (10−2 mL/mmHg)

2 7.22 14.36
3 7.22 14.36
7 32.80 7.97
9 29.82 0.05
11 10.98 7.53
13 32.80 11.01
15 55.44 1.34
17 55.44 0.61
19 55.44 25.80
21 55.44 0.33
23 55.44 6.34
25 67.61 1.31
26 64.46 1.65
28 32.80 3.62
30 29.82 0.05
32 10.98 3.98
35 55.44 11.00
36 55.44 3.78
38 55.44 1.46
40 55.44 25.80
42 55.44 0.33
44 61.60 7.55
46 67.61 1.31
47 64.46 1.65
50 1.10 0.48
51 8.55 0.71
53 8.55 1.50
55 8.62 0.04
57 8.92 0.10
58b 9.00 1.19
59 9.08 0.20
61 1.10 0.48
62 8.55 0.71
64 8.55 1.50
66 8.62 0.04
68 8.92 0.10
70 9.08 0.20
73 3.55 2.78
75 1.96 7.34
77 3.03 4.04
79 1.80 3.62
79b 9.00 1.20
81 1.80 3.63
83 22.55 0.24
84 22.55 0.24
86 3.51 1.22
88 5.52 21.68
90 47.31 0.66
92 23.13 0.12
94 47.31 2.97
96 47.31 0.65
98 47.31 0.07
99b 57.70 6.21
100 57.70 0.47
101 5.52 21.68
103 23.13 0.12
105 55.02 0.70
107 47.31 2.97
109 47.31 0.65
111 47.31 0.07
112b 57.70 6.21
113 52.57 0.47110
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parameters necessary for the heart model.�e value of end-diastolic pressure
was taken as, Pend-dias = 16 mmHg, according to the value reported by Brown
and Holmes [195] for a normal horse and well within the standard range
(12-24 mmHg) reported in the literature for horses [196], whereas the end-
systolic pressure was 113 mmHg [195]. �e value of the dead volume of
the LV was set to V0 = 0 mL. Initial reference values for stroke volume
(SV = 900 mL) and ejection fraction (EF = 60%) were used to estimate the
end-diastolic volume (EDV) and the end-systolic volume (ESV), wherewith
initial values of minimal (Emin) and maximal (Emax) elastance were derived
considering equation (2.16). �ese values were further tuned to obtain a
close match between the simulated aortic �ow velocity and the aortic �ow
velocity measured from ultrasound imaging, which resulted in �nal values of
Emin = 0.01 mmHg/mL and Emax = 0.26 mmHg/mL.�e standard heart rate
was set to 40 bpm, a normal physiological value for the horse at rest, whereas
systolic duration was set to 478 ms [197].�e internal resistance of the LV
was assumed as 0.003 mmHg⋅s⋅mL−1.
Coronary arteries weremodelled followingReymond et al. [12], assuming

that changes in compliance, distensibility and resistance are proportional to
the local time varying elastance of each vessel. For the right coronary, it was
additionally assumed that the e�ect of the right ventricular contraction is
smaller by a factor proportional to the ratio of maximal pressure in the two
ventricles (PLV,max/PRV,max ≈ 3 [196]).
5.2.3 In vivo measurements
5.2.3.1 Ultrasound
Ultrasound imaging was performed (Vivid IQ, GE Healthcare) on all 5 stand-
ing, non-sedated horses. Di�erent regions along the arterial tree were ex-
amined: the aorta from a le� and right parasternal position, the right CCA 15
cm cranial to the thoracic inlet, the right EIA from the inguinal region and
the right MA just proximal to the carpus on the medial side of the leg. 2D
B-mode images were collected, using a 9 MHz linear transducer (9L-RS, GE
Healthcare) for the CCA and theMA, a 6MHz phased array probe (6S-RS,GE
Healthcare) for the EIA, and a 5 MHz phased array probe (M5Sc-RS, GE
Healthcare) for the aorta. Mean values were obtained from 3 consecutive
cardiac cycles at a heart rate between 35-45 beats per minute. Measurements
were performed, o�ine (Echopac version 201, GE Healthcare). Diastolic
diameters were measured from a transverse image for the CCA and EIA, and
from a longitudinal image for the aorta and the MA. Pulsed wave Doppler
images were collected at every location, using a 6 MHz phased array probe
(6S-RS,GE Healthcare) for the CCA and the EIA, a 5 MHz phased array
probe (M5Sc-RS GE Healthcare) for the aorta, and a 9 MHz linear probe
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5. A 1D model of the arterial circulation in horses

(9L-RS,GE Healthcare) for the MA. Angle correction was set at 45 degrees
for every image at all locations. Using this �xed angle correction, images
were optimised to align with the �ow direction.

5.2.3.2 Invasive blood pressure
In all 5 horses, the blood pressure at the level of the CCA was measured
invasively in the standing, awake animal. �e right CCA was punctured
aseptically under ultrasound guidance (Vivid IQ, GE Healthcare; 9L-RS,
GE Healthcare), using an 18 gauche 90 mm needle (Terumo® spinal needle,
Terumo) placed in the middle of the lumen and kept in place for at least 20
consecutive heart cycles.�e needle was connected with a �uid �lled pressure
transducer (MLT0699 Disposable BP Transducer®, ADInstruments) inter-
facing with a digital acquisition station (PowerLab 8, ADInstruments), and
blood pressure curves were recorded for o�ine analysis (LabChart, ADIn-
struments). For each horse the systolic, diastolic, and mean arterial pressure
was calculated automatically as the mean of 20 consecutive heart beats (HR
between 35-45 bpm).

In one horse, scheduled for euthanasia, invasive blood pressure measure-
ments over the whole length of the thoracic and abdominal aorta were per-
formed under general anaesthesia (pre-medication: detomidine 0.02 mg/kg;
induction: combination of ketamine 2.2 mg/kg I.V. and midazolam 0.04
mg/kg I.V.) with the horse in the dorsal recumbent position. A�er chirurgical
exposure of the right CCA, a 72 cm steerable 8.5 Fr sheath (Zurpaz, Boston Sci-
enti�c) was introduced using the Seldinger technique. Under transthoracic
ultrasound guidance (Vivid IQ, GEHealthcare; M5Sc-RS, GEHealthcare) the
sheath was introduced retrogradely through the brachiocephalic trunk, into
the ascending part of the aorta. Once in place, a custom-made pressure tip
catheter (Gaeltec) was introduced and advanced to themost caudal end of the
aorta under transrectal ultrasound guidance. Blood pressures were recorded
(PowerLab 8, ADInstruments) at the most caudal site and subsequently at
every 10 cm during step-wise pulling back of the catheter until the ascending
part of the aorta was reached. An ECG was recorded simultaneously. At each
location, an ensemble-averaged waveform was constructed from at least 5
cardiac cycles.�e ensemble-average was aligned in time relative to the peak
of the R-wave of the ECG. PWV was calculated from the relation between
inter-measurement distance and time delay.�e time delay was calculated
fromdelays in the peak of the 2nd derivative of pressure, assumed to represent
the foot of the pressure wave. A�er the procedure the horse was euthanized
while still under general anaesthesia with 6mL/kg T61 (Intervet International
GmbH, Unterschleissheim, Germany), containing 24 mg/kg embutramide, 6
mg/kg mebezoniumjodide and 0.6 mg/kg tetracaïnehydrochloride.
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5.2.4 Hemodynamic and wave re�ection analysis using wave power
WPA [106] was applied in di�erent locations to study the dynamics of the
waves.�e method de�nes the wave power, dπ, as the product of the changes
in pressure (dP) and �ow (dQ), and equals the energy carried by the wave
which is conserved at junctions. Wave power was separated into its forward
and backward components (see section 1.5.5).�e distance travelled by the
waves to their assumed re�ection points can be estimated as the product of
the transit time between a wave and its re�ection and the local theoretical
PWV. Since the wave travels twice the same distance, the �nal distance can
be computed as L = (∆t ⋅ PWVtheor)/2.
5.3 Results

5.3.1 General physiological parameters
Running the model without including gravity revealed a CO of 33 L/min,
EF of 65% and SV of 820 mL. Systolic/diastolic pressure in the aortic root
was 114/70 mmHg, with PP of 44 mmHg and MAP of 93 mmHg. Taking
gravity into account, CO was reduced to 30 L/min, with an EF of 59% and
SV of 740 mL, whereas systolic/diastolic pressure increased to 131/88 mmHg,
resulting in an almost unaltered PP of 43 mmHg and an increased MAP
of 111 mmHg. �e distribution of CO derived from the model for both
con�gurations is summarized in Table 5.3. Table 5.4 shows the values of the
Womersley number, maximum shear stress, mean values of the convective
acceleration approximation and the Reynolds number, derived from the
model at di�erent locations in the arterial network, including and neglecting
gravity. On the other hand, the total vascular resistance resulted in a value of
0.17 mmHg⋅s/mL for the model without gravity, and 0.22 mmHg⋅s/mL for
the model with gravity.

Table 5.3: Distribution of cardiac output in the model.

Cardiac output distribution (%)

Body parts Model without gravity Model with gravity Reference [193]

Heart 4.2 5.4 5
Brain 15.4 10.5 10
Muscle 7.7 11.3 15
Kidney 18.2 20.7 20
Splanchnic 28.3 32.6 30
Other 26.2 19.5 20
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Table 5.4:Womersley number, maximum shear stress, mean convective acceleration
and Reynolds numbers, derived from the model with and without gravity at di�erent
locations along the equine arterial tree.

Artery Prox Ao Dist Ao CCA MA EIA

Womersley number α 35.47 15.05 6.02 3.78 8.02
Maximum shear stress (τmax in Pa) with gravity 2.72 2.89 2.28 1.74 1.5

without gravity 3.05 3.11 2.09 1.79 1.7
Mean convective acceleration with gravity 57.32 -27.75 -0.12 0.27 -1.02
( ∂∂x (∫A u2dA) 10−5 in m3/s2) without gravity 68.67 -31.55 6.79 0.06 -1.32
Reynolds number with gravity 2404 870 1160 98 278

without gravity 2660 749 2312 68 195

5.3.2 E�ects of gravity
To assess the importance of considering gravity in the model, the distribution
of pressure and �ow velocity was plotted all over the arterial tree, both with
and without taking gravity into account (see Figure 5.2). Considerable di�er-
ences in pressure were most evident in the limb arteries, carotid arteries and
the arteries of the head. Because of pressure ampli�cation, systolic pressures
were relatively high in the front and hind legs (>160 mmHg) when gravity
was neglected, while mean pressures were almost unaltered over the whole
arterial tree. Considering gravity, systolic pressures in the front legs became
even higher, whereas systolic pressures in the arteries of the head became low
(<100 mmHg) and mean pressures increased from the head to the legs. Mean
�ow velocity distribution was similar for both con�gurations, with higher
values for vessels in the splanchnic region and toward the head. A more
direct comparison on the features of waveforms is displayed in Figure 5.3,
with evident discrepancies in �ow waveforms of the CCA and in pressure
waveforms for the proximal aorta, CCA and MA.

5.3.3 Model predictions versus in vivomeasurements
Table 5.5 presents peak blood �ow velocities and pressure data estimated
from the 1D model in both situations, including and neglecting gravity, along
with available in vivo measurements. Of note is the higher PP predicted
by both models, in combination with the ampli�cation of PP towards the
periphery. Moreover, both models reveal an ampli�cation in pressure along
the aorta. An increase in SBP from the ascending aorta to the EIA of ∼ 54%
was found for the model neglecting gravity, while it was reduced to ∼ 34%
when gravitational forces are included.

Figure 5.4 displays the modelled blood �ow velocity waveforms, both
with and without including gravitational forces, for the ascending aorta, CCA
and the main limb arteries (MA and EIA), compared with the measured
waveforms in standing horses, derived using pulsed waveDoppler ultrasound.
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5.3. Results

Figure 5.2: Distribution of systolic pressure, mean blood pressure and mean �ow
velocity over the complete arterial tree, comparing the model including gravity with
the model neglecting gravity. Lower and higher values are indicated with colours
varying from light to dark tones, respectively.

A relatively good similarity in waveform shape and their amplitude was found
at all arterial locations, with relative errors for peak �ow velocity between in
vivo data, in the standing awake animal, and simulations without including
gravitational forces of 29% for the ascending aorta, 82% for the CCA, 15% for
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Figure 5.3: Model results with and without gravity of pressure and �ow waveforms
at various arterial locations: common carotid artery, proximal aorta, distal aorta,
median artery and external iliac artery.

the EIA and 40% for the MA.When gravitational forces are included, relative
errors improved to 2%, 48%, 2% and 23%, respectively.

Figure 5.5 compares in vivo invasively measured pressure waveforms
along the thoracic and abdominal aorta (horse under general anaesthesia
in dorsal recumbent position), with modelled pressure waveforms at the
same locations (simulations resemble a non-anaesthetised horse), with and
without considering gravitational forces. �e e�ect of wave propagation
is well captured by the model. Modelled mean, systolic and diastolic arte-
rial pressures in the proximal aorta and neglecting the gravitational forces,
showed relative errors of 11%, 3% and 25%, respectively, compared to the
invasively recorded pressure measurements. When gravitational forces are
included relative errors changed to 6% for MAP, 12% for SBP and 5% for DBP.
For the distal aorta relative errors were slightly higher, 21% for MAP, 20%
for SBP and 40% for DBP. Including gravity had almost no in�uence on the
derived pressures and thus the relative errors. Aortic PWV determined from
the simulation was 5.3 m/s when gravity is neglected, changing to 5.2 m/s
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5.3. Results

Table 5.5: Pressure and blood �ow velocity predictions derived from the model with
and without gravity and corresponding in vivomeasurements at di�erent locations
along the equine arterial tree.

Artery Prox Ao Dist Ao CCA MA EIA

Segment number 1 87 49 26 93

Peak �ow velocity (m/s) In vivo 0.742* NA 0.846* 0.403* 0.457*
Model without gravity 0.968 1.079 1.213 0.556 0.536
Relative error (without gravity)° 0.3 NA 0.43 0.38 0.18
Model with gravity 0.8 0.98 1.227 0.392 0.394
Relative error (with gravity)° 0.06 NA 0.45 0.03 0.14

MAP (mmHg) In vivo 104.5** 119.7** 123.7* NA NA
Model without gravity 96.5 96.6 95.7 96.6 96.7
Relative error (without gravity)° 0.08 0.19 0.23 NA NA
Model with gravity 112 96.1 83.6 128.6 105.9
Relative error (with gravity)° 0.07 0.2 0.32 NA NA

SBP (mmHg) In vivo 116.7** 134.4** 133.3* NA NA
Model without gravity 129.1 158.5 138.9 167.1 182.1
Relative error (without gravity)° 0.11 0.18 0.04 NA NA
Model with gravity 143.9 156.1 146.7 179.6 182.1
Relative error (with gravity)° 0.23 0.16 0.1 NA NA

DBP (mmHg) In vivo 92.2** 109.8** 111.4** NA NA
Model without gravity 75.1 71 73.8 74.6 71.1
Relative error (without gravity)° 0.19 0.35 0.34 NA NA
Model with gravity 90.9 72.5 61.7 106.4 82
Relative error (with gravity)° 0.01 0.34 0.45 NA NA

PP (mmHg) In vivo 24.0** 24.2** 22.0** NA NA
Model without gravity 54 87 65 92 111
Relative error (without gravity)° 1.25 2.59 1.95 NA NA
Model with gravity 58 83.6 85 72 100
Relative error (with gravity)° 1.41 2.48 2.86 NA NA

Prox Ao: proximal aorta; Dist Ao: distal aorta; CCA: common carotid artery; MA: median artery; EIA:
external iliac artery; NA: not applicable. *Measured in standing, non-sedated horses; mean of all
investigated horses. **Measured in the anesthetised horse in dorsal recumbency; values of only 1 horse
°Relative error was calculated as |(in vivomeasured value–Modelled value)|/in vivomeasured value.

considering gravity, whereas the value obtained from in vivo data was 5.27
m/s (di�erence of ∼ 0.6% when comparing with the model neglecting gravity,
and ∼ −1.3% when comparing with the model including gravity).
5.3.4 Results of the wave power analysis
WPA is shown in Figure 5.6 for the proximal aorta, CCA, MA and EIA.
Models with and without including gravitational forces are compared. In
both situations, the proximal aorta shows the three typical peaks: i) a forward
compression wave (FCW) generated by the systolic ejection, ii) a backward
compression wave (BCW) as the result of peripheral re�ection, and iii) a
forward expansion wave (FEW) due to the slowing of ventricular contraction.
Besides these normal peaks, a small FEW can be visible at the di�erent
locations inmid-systole.�e timing of occurrence of this wave coincides with
the drop in �ow signals for themedian and iliac arteries. For all the considered
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Figure 5.5: In vivo pressure waveforms compared with simulations, at seven loca-
tions along the aorta. Distances are expressed in centimetres distal from the aortic
root.

locations, wave power was lower when gravitational forces were included.
�e largest di�erence between both situations is observed at the CCA, where
for the con�guration without gravity, a mid-systolic FEW combines with the
typical FEW from the ventricular contraction, resulting in a wide FEW; and
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this in a more drastic drop in the carotid SBP of the model without gravity
than the model with gravity (see Figure 5.3).
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Figure 5.6: Wave power analysis at several locations of the arterial tree, comparing
the model including gravity, with the model neglecting gravity. (FCW and FEW:
forward compression and expansion waves; BCW and BEW: backward compression
and expansion waves; dπ+ and dπ−: forward and backward components of wave
power, respectively).

5.4 Discussion

Current literature provides only limited information on arterial hemody-
namics in horses. In-depth fundamental research into equine intra-arterial
pressures and �ows is therefore expected to increase the understanding of
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5. A 1D model of the arterial circulation in horses

aortic and arterial rupture in this species [184–187]. Today, due to technical
limitations it is di�cult to assess pressure and �ow in the centrally located
arteries and therefore peripheral measurements are usually extrapolated to
the rest of the vascular network.�e present study aimed to develop a 1D com-
puter model for the equine arterial circulation comprising all major vessels of
the arterial tree.�e original 1D human model on which this equine model
is based, has been validated and is used as a research tool in many studies
[17, 19, 133, 147, 178]. Recently, it formed the basis for the development of a
1D model in mice [198]. As aortic branching pattern of horses is completely
di�erent compared to humans, arterial segments needed to be rede�ned. Ex
vivomeasurements (diameter, length and branching angle) of each arterial
segment along the equine arterial tree resulted in a unique dataset of the
equine arterial anatomy (Table 5.1). Dimensions (lengths and diameters) of
the equine arterial tree are much bigger than those of humans. Moreover,
equine HR is lower at rest (28-45 bpm in horses and 60-100 bpm in humans)
and the heart mass is much larger compared to humans (> 1% of the body
mass in horses and ∼ 0.5% of the body mass in humans [193]). Both elements
imply a much higher CO in horses (∼ 35 L/min compared with ∼ 7 L/min in
humans). Of note is the higher Womersley number in the horse, implying
a considerably higher impact of inertia on the �ow velocity pro�le, leading
to �atter velocity pro�les with steeper velocity gradients near the wall than
those predicted by Poiseuille �ow. As this leads to an improved estimation of
viscous friction, it was important to include theWitzig-Womersley correction
factor in the momentum equation.

5.4.1 Importance of gravity
Existing 1D models usually ignore the e�ects of gravity, because most physio-
logical measurements in humans are performed in supine position, with the
heart being at the same level as the rest of the arterial tree. In horses most
blood �ow velocity and pressure measurements are performed on standing
patients, and therefore the e�ect of gravity was incorporated in the present
model. �e arterio-venous pressure gradients, which causes �ow, do not
�uctuate considerably for the body in the supine position compared with
that in the standing position; thus overall �ow is similar in both situations.
�e transmural pressures on the contrary, are strongly di�erent. Given the
nonlinear pressure dependency of arterial sti�ness, gravity was expected to
exert an e�ect on wave propagation and wave morphology.�is was indeed
con�rmed by our results.

In order to assess the impact of gravitation, two con�gurations of the
model (with and without gravity) were compared (Figures 5.2 through 5.6).
Taking into account gravity generally improved predicted peak �ows. Relative
errors improved from 15-82% for the model without gravity to 2-48% for
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5.4. Discussion

the model including gravity. While peak �ow predictions improved when
including gravity into the model, relative error for MAP, DBP and SBP did
not improve when gravity was included, with relative errors ranging from
3-40% without gravity and 5-56% with gravity included. Figure 5.2 shows that,
when gravity is neglected, MAP is practically the same in all conduit arteries.
As was expected, including gravity into the model revealed more variability
in MAP throughout the arterial tree, with lower values toward the head and
higher values toward the limbs. Figure 5.5 clearly shows the similarities in
pressure waveforms of the descending aorta with and without gravity.�ese
similarities in pressure waveforms are due to the assumption of a horizontal
motion of blood (angle = 0°) in the descending aorta, causing no in�uence
of gravity.

5.4.2 Wave power analysis
As changes in arterial pressure waves are associated with alterations in the
contour of the arterial �ow pro�les [199], the pronounced oscillations during
�ow wave measurements at di�erent arteries in horses probably indicate
pressure waves returning from the periphery at multiple re�ection sites,
starting during systole and continuing during diastole. WPA performed at
several locations revealed important wave re�ections mainly during systole.
Wave power patterns were most complex for the CCA, which also displayed
the biggest delay between the �rst FCW and its peripheral re�ection (BCW)
coming from the head. �is was somewhat expected considering that the
wave has to travel forth and back along the carotid artery. �e re�ection
of the �rst forward peak at the peripheral site in the head was higher when
gravity was included in the model (∼ 56% with gravity versus ∼ 36% without
gravity).�e presence of a mid-systolic FEW immediately a�er the �rst peak
generated by the heart ejection (Figure 5.6), was responsible for the drop of
pressure and �ow velocity that resulted in narrow systolic peaks in pressure
and �ow waveforms of the investigated vessels. In order to understand the
origin of this suction wave, we estimated the distance travelled by the wave to
the site of re-re�ection. By combining the time di�erence measured from the
foot of the waves with the local theoretical PWV in the involved segments,
very short distances were derived.�ese re-re�ections might be occurring
locally in the network rather than at the heart level, and may be related to a
mismatch of junctions in the peripheral branches. Higher e�orts to minimize
forward wave re�ections at these sites are needed.

5.4.3 Limitations and future work
In general, �ow waveform patterns (morphology) are well captured by the
model, especially by the one including gravity while discrepancies in ampli-
tude are quite obvious (Figure 5.4), this is probably due to several limitations
of this model, which will be explained clearly in this section.
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5. A 1D model of the arterial circulation in horses

Since the present model is based on averaged data, it enables us to predict
generic local pressures and �ow pro�les in all investigated arterial segments.
A fully quantitative validation, however, would require a detailed horse-
speci�c approach, tuning of all input parameters that de�ne the model to
each speci�c animal (such as geometry, elastic properties, peripheral resis-
tance, and cardiac parameters) and comparing the outcomes of the model
with in vivomeasurements in that speci�c animal. Such an approach is tech-
nically challenging and almost impossible.�erefore, even if we consider the
present model to be representative for the average healthy horse, waveforms
should only be compared qualitatively and not quantitatively to individual
measurements.

�e lack of literature data on equine hemodynamics was the major chal-
lenge to develop an equine 1Dmodel. Tuning themodel parameters was based
on plausible assumptions and scaling factors between human and equine
patients. Further �ne-tuning of the input parameters to equine physiology
will be necessary to obtain a closer match with in vivo �ow pro�les. Branch-
ing patterns and dimensions of the arterial tree, both largely de�ning �ow
wave patterns, are well integrated in this model. However, branching patterns
and arterial dimensions can vary signi�cantly between individual horses.
Other important parameters, in�uencing �ow velocity and pressure waves
morphology are arterial elasticity and peripheral resistance. Both, arterial
elasticity and peripheral resistance largely de�nes diastolic �ow [200] and
PP [17], two parameters still showing large di�erences between measured
values and modelled ones, with relative errors for DBP ranging from 5 to 60%
and for PP ranging from 81 to 288%. Equine arterial elasticity and peripheral
vascular resistance are therefore interesting criteria to further unravel in
the future. In addition, in our simulations the compliance distribution and
peripheral resistances remain the same for both, the model with gravity and
the model without gravity. Neglecting the autoregulation mechanisms that
lead to a cardiovascular response to control blood �ow and pressure levels
during postural changes, can also partially explain the di�erences found in
our simulations and in vivo data.

�e limited research possibilities in equines form another restrictive
factor in the development of the equine 1D model. Due to ethical concerns,
invasive aortic BP was only collected in one horse, which is a limitation of
this study. Moreover these aortic BP were collected in anaesthetized, dorsally
recumbent animals, while ultrasound and pressure measurements at the
carotid artery were performed in non-sedated, standing horses.�is com-
plicates comparison between in vivomeasurements and modelled �ndings.
�e present model does not yet account for the changes in physiological
parameters due to anaesthesia or dorsal recumbent position. Anaesthesia
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tends to slow down HR, reduce both CO and PP and likely leads to modu-
lations in resistance of vascular beds and mechanical properties of arteries.
Changes in smooth muscular tone modulate distensibility and sti�ness.�e
recumbent position of the horse has a huge e�ect on intrathoracic and arterial
transmural pressure, modulating sti�ness and leading to important volume
shi�s of blood a�ecting cardiac �lling and preload and, via the Frank-Starling
mechanism, cardiac contractility. In addition, the model does not include
physiological control mechanisms such as the barore�ex that neurologically
modulates cardiovascular function via sympathetic/parasympathetic mecha-
nisms. When a body changes from the supine to the standing position, these
baroreceptor control mechanisms are activated to limit MAP decrease to only
a few mmHg.�e restoring mechanisms include an increase in CO (mainly
an increase in HR), as well as an increase in SVR.

Next to this, discrepancies in pressure and �ow waveforms between
measured and obtained modelled values may be a�ected by angle correction.
In order to obtain standardised images, angle correction was set at 45° when
collecting �ow velocity pro�les in the standing horse. Measurements were
optimized for alignment with the �ow but this alignment was not always
perfect and �ow was probably not always captured in the centre of the artery,
which implies that captured �ow velocities are only an approximation of the
true �ow pro�les.

Discrepancies in pressure and �ow waveforms may also be a�ected by
the exclusion of the entire systemic and pulmonary circulation, making the
model an open-loop system that requires boundary conditions: a cardiac
time-varying elastance model at the inlet, and the Windkessel model at the
terminal ends. Moreover, the cerebral arterial tree is not included in detail
in the equine model, only a simpli�ed representation containing the major
vessels that supply the cerebral circulation. A more detailed description of
the cerebral arterial tree may provide better predictions of pressure and �ow
waveforms in the carotid artery and smaller vessels of the head circulation,
as has been previously shown for the human [12] and murine models [198].
Furthermore, in the present design, the model used for coronary arteries is
simplistic. Last but not least, development of the present model was based
on data obtained on a limited number of horses, without accounting for
cardiovascular variations due to age or gender.

Nevertheless, despite individual di�erences in absolute values of �ow
velocities and arterial pressures, �ow wave morphology is well captured by
the model as shown in Figure 5.4. Figure 5.5 evidences the e�ect of wave
propagation along the aorta both in the measured and the modelled pressure
pro�les.�is indicates the added value of the model for studying trends in
arterial �ow dynamics in horse populations.
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5. A 1D model of the arterial circulation in horses

In the future this computer model may be useful to predict changes in
�ow pro�les and local pressures under speci�c circumstances or conditions
(age, exercise). During high-intensive exercise, HR may rise up to 8 times
above the resting rate and total aerobic capacity can reach a 40-fold increase,
which is much greater compared to human athletes. By altering input para-
meters of the horse-speci�c model, this model might predict local pressures
and �ow pro�les during these extreme circumstances and contribute to the
understanding of the relatively high incidence of sudden death during exer-
cise due to arterial rupture [184–187]. As increasing age increases the risk of
arterial disorders (arterial rupture during exercise, during parturition or a�er
phenylephrine administration) [184, 188–190], it might also be interesting
to use the present model to study the e�ect of age on arterial hemodynam-
ics. Moreover, the development and adjustment of this kind of computer
models could lead to a better understanding of some intensively studied, but
poorly understood clinical situations such as exercise induced pulmonary
haemorrhage.

5.5 Conclusions

A 1D computer model for the equine arterial circulation has been developed
and this provided a unique anatomical dataset for horses. Ex vivo anatomical
measurements were combined both with literature data and physiological
information from ultrasound analysis in order to predict pressure and �ow
waveforms in the equine arterial tree by means of 1D modelling.�e qualita-
tive validation of the model was carried out by comparing the results with
average �ow velocities and pressures measured in vivo in horses. Despite its
generic character and limitations, outcomes from the model showed plausi-
ble predictions of pressure and �ow waveforms throughout the considered
arterial tree. Simulated �ow waveforms reproduce important features ob-
served in ultrasound Doppler images, especially the oscillating pattern (most
pronounced at the external iliac artery, median artery and common carotid
artery). Adapting the model by taking into account gravity further improved
predicted waveforms. �anks to wave power analysis, the contours of the
arterial �ow pro�les could be explained. Despite the shortcomings of in vivo
measured pressures (aortic pressures measured under general anaesthesia
with the horse in dorsal recumbent position), modelled pressure data seem
in line with invasive measurements. We believe that the present model may
be useful, not only to explain �ow wave patterns in horses, but also to predict
changes in �ow pro�les and local pressures as a result of strenuous exercise
or altered arterial wall properties related to age, breed or gender.
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6
Longitudinal changes of pulse
wave velocity, input impedance

parameters, and wave
reflection indices: ten years of
ageing in middle-aged subjects

�e changes experienced by the arterial system due to the ageing process have
been extensively studied but are incompletely understood. Within-subject
patterns of changes in regards to input impedance and wave re�ection para-
meters have not been assessed. �e Asklepios study is a longitudinal pop-
ulation study including healthy (at onset) middle-aged subjects, with 974
males and 1052 females undergoing two rounds of measurements of appla-
nation tonometry and ultrasound, 10.15 ± 1.40 years apart. Carotid-femoral
pulse wave velocity (PWV), aortic input impedance, and wave re�ection
parameters were assessed, and linear mixed-e�ects (LME) models were used
to evaluate their longitudinal trajectories and determinants. Overall, the
e�ective 10-year increase in PWV was less than expected from �rst round
cross-sectional data, and PWV was found to accelerate more in women than
in men. Interestingly, the increase in PWV was not paralleled by a decrease
in arterial volume compliance, particularly in younger males. �e aortic
root characteristic impedance decreased with age in younger subjects while
it increased for the older subjects in the study.�ese changes suggest that
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6. Longitudinal changes of PWV, input impedance, and wave
reflection parameters: 10-years of ageing in middle-aged subjects

aortic dilation and elongation may play an important role determining the
longitudinal age-related changes in impedance parameters in middle-age.
Wave re�ection decreased with ageing, whereas resistance increased in wo-
men and decreased in men. We conclude that the e�ective impact of ageing
on arterial system properties, in a middle-aged population, is not well re-
�ected by cross-sectional studies. Future studies should assess the interaction
between geometric remodelling and wall sti�ening as determinants of pul-
satile hemodynamics.�e content in this chapter has recently been published
in Hypertension [201].

6.1 Introduction

�e changes exhibited by the arterial system due to the ageing process have
been extensively studied [7, 10, 38, 57, 202–205] but are incompletely under-
stood. With advancing age, the aorta and major arteries of the arterial tree
may endure a loss/degradation of elastin resulting in wall sti�ening on one
hand, and geometric remodelling on the other. Ageing has been reported to
have a profound impact on aortic sti�ness, dilatation and elongation, arterial
input impedance, and pulsatile hemodynamics. Adverse pulsatile hemody-
namic changes associated with ageing and various disease states play a central
role in the pathogenesis of various cardiovascular diseases (CVDs) [2–4, 44,
53, 84, 206–208].

Most of what is known about the impact of age on arterial hemodynamics
and arterial system properties is based on cross-sectional studies performed
over the past few decades [10, 14, 209–212].�ese studies have shown that
arterial sti�ness increases with age [10, 56, 58, 59, 213], and that sti�ening
is accelerated by CV risk factors [45, 210, 214] (diabetes and hypertension
being the most important). Arterial sti�ness is considered to quantify the
cumulative impact of exposure of the CV system to risk factors and is a strong
predictor of CV mortality and morbidity [45, 54].

Although valuable, cross-sectional analyses do not account for cohort
e�ects, which could arise in people born at di�erent times, and could exert an
impact on arterial phenotypes independent of age. Cohort e�ects may occur
due to early and mid-life exposures, survival bias, and epidemiological transi-
tions a�ecting life trajectories of morbidity through lifestyle, environmental,
and epigenetic changes [215]. If arterial sti�ness is indeed an integrative
marker of CV risk, the e�ective evolution of arterial sti�ness within an indi-
vidual or within the population may be quite di�erent from what one would
expect on the basis of historical cross-sectional data. Such data can only be
obtained in longitudinal studies, where repeated measurements are acquired
over time from the same subjects. Reference longitudinal studies, such as
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the Framingham Heart Study (FHS) [54, 60], the Baltimore Longitudinal
Study of Ageing (BLSA) [61, 62], or the SardiNIA study [63], have previously
reported on the impact of ageing on arterial sti�ness (mainly PWV) and its
association with CV risk factors.

Our group previously reported and documented cross-sectional data on
arterial input impedance, PWVandwave re�ection in 2026 seemingly healthy
middle-aged individuals (age 35-55), free from overt CVD at study initiation
(Asklepios study [65]). For both sexes, we found an increase with age in
PWV, systemic vascular resistance (SVR), and parameters of wave re�ection.
Marked di�erences in aortic input impedance were found between men and
women, while total aortic compliance was found as the main determinant
of carotid pulse pressure (PP).�e age-related increase in carotid-femoral
PWV was not accompanied by an increase in arterial impedance, suggesting
age-dependent mechanisms modulating the aortic cross-sectional area. A�er
a period of about 10 years, follow-up measurements were repeated on the
same individuals. �e major aims of this study are (1) to examine the 10-
year longitudinal evolution of aortic input impedance, carotid-femoral PWV
and wave re�ection indices within the same cohort; (2) to assess how these
e�ective changes compare to what was anticipated from the cross-sectional
perspective.

6.2 Methods

6.2.1 Study population
�is is a substudy of the Asklepios cohort study, which has been previously
described in detail [15]. Between 2002 and 2004, noninvasive measurements
of carotid blood pressure (BP; applanation tonometry) and aortic �ow (ul-
trasound) were performed on 2524 apparently healthy, middle-aged subjects
aged 35-55 years. Baseline cross-sectional data from this cohort were previ-
ously reported in 2026 subjects (1052 women and 974 men; visit 1) [65], who
met the requirements to be included into the analysis.�e same individuals,
now aged 45-65 years old, were invited from 2013 to 2017 for a follow-up
exam (visit 2; same single operator). To this call, 2252 returning volunteers
(91% of the surviving subjects) had their second visit. On average, subjects
were 10.15 ± 1.40 years older upon the second visit. �e primary analyses
in this study were performed on a sample of 2026 subjects included in the
baseline study [65]. Basic analyses were limited to 1757 subjects (920 women
and 837 men) with analysable data sets on both occasions (complete case
analysis).�e study protocol was approved by the ethical committee of the
Ghent University Hospital, and all subjects gave written informed consent.

Exclusion criteria at baseline included antihypertensive and/or lipid lower-
ing drug treatment, and incomplete data sets because of missing �ow data,
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83 (4.1%) Declined re-exam, still in follow-

up, access to vital status & medical file

• 45 (2.2%) Lost interest

• 38 (1.9%) Illness, logistical issues

33 (1.6%) Deceased before follow-up

133 (5.3%) Incomplete dataset

• 118 (4.7%) Missing tonometry data

• 7 (0.3%) Missing ultrasound data

• 8 (0.3%) Missing LVOT dimensions

365 (14.5%) Antihypertensive and/or lipid 

lowering drugs treatment

• 113 (4.5%) Lipid lowering drug treated 

• 205 (8.1%) Antihypertensive drug treated 

• 47 (1.9%) Antihypertensive and lipid 

lowering drugs treatment

2524 Asklepios 

population visit 1 

(2002-2004)

59 (2.9%) Incomplete datasets

• 54 (2.7%) Missing tonometry data

• 5 (0.2%) Missing ultrasound data

94 (4.6%) Loss to follow-up

• 76 (3.8%) Loss to follow-up, no vital 

status data 

• 13 (0.6%) Moved, no vital status data

• 5 (0.2%) Withdrew from study, no 

access to medical file

2026 (80.2%) 

Final cohort at 

baseline

1757 (86.7%)                 

Re-examined 

with complete 

dataset 

2252 (91.0%) Re-

examined visit 2          

(2013-2017)

Figure 6.1: Flowchart of the Asklepios study – baseline and follow-up.

le� ventricular out�ow tract (LVOT) dimensions or noninvasive pressure
measurements [65]. Of the 2026 subjects that formed the baseline cohort for
our study on arterial hemodynamics and impedance, 33 died before follow-up,
94 were lost to follow-up, moved or withdrew from follow-up, and 83 de-
clined re-exam because of loss of interest, illness, or logistical di�culties; an
additional 59 presented incomplete data sets (n=54 inability and/or technical
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failure to accurately assess carotid tonometry, and n=5 missing �ow data).
Figure 6.1 shows a detailed �owchart of participants with available data at
baseline and follow-up.

6.2.2 Measured and derived variables
�e data acquisition protocol and methods for data processing have been
previously described [65] (see also Figure 6.2). Brie�y, anthropometric
measurements of height, weight, distances from sternal notch to carotid,
radial and femoral arteries were performed, and body mass index (BMI)
and body surface area (BSA) were derived. To allow for direct comparison
with the round 1 data and values published earlier, carotid-femoral PWV
was estimated using the subtracted distance method, with the time delay
obtained from the measured �ow waveforms at these locations, as described
previously in section 1.3.2.1. Before examinations, subjects were allowed
10-15 minutes of rest in a temperature-controlled environment.
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Figure 6.2: Scheme of the measurement protocol and data processing in a dedic-
ated Matlab so�ware interface. (A) Carotid artery pressure waveform is obtained
from calibrated brachial and carotid applanation tonometry. (B) Pulsed Doppler
measurement of blood �ow velocity in the le� ventricular out�ow tract, together
with LVOT cross-sectional area, yields central blood �ow waveform. (C) From the
time-aligned pressure and �ow signals input impedance modulus and phase angle
are derived. (D) Linear wave separation theory allows to separate the pressure wave
into a forward (Pf ) and a backward (Pb) component.
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6.2.2.1 Noninvasive assessment of blood pressure and aortic �ow
Blood pressure waveforms were acquired noninvasively at the le� brachial
artery by using applanation tonometry (SPT 301, Millar Instruments, Hou-
ston, Texas, USA), and the signal was calibrated based on oscillometric
brachial systolic (SBP) and diastolic (DBP) blood pressure. Mean arterial
pressure (MAP) was derived as the numerical average of the calibrated bra-
chial pressure waveform. Tonometry was also performed at the le� common
carotid artery. Further calibration was based on brachial pressure, assuming
that DBP and MAP remain approximately constant in the whole body.

Aortic �ow velocity waveforms and LVOT dimensions were assessed
using ultrasound (Vivid 7 for the baseline visit; Vivid E9 for the follow-up
visit, GE Vingmed Ultrasound, Horten, Norway). LVOT area was calculated
assuming circularity. Flow velocity images were processed o�-line within
a dedicated so�ware interface written in Matlab (Mathworks, Natick, MA,
USA), and were combined with the LVOT cross-sectional areas to obtain the
aortic �ow waveforms (Q). Stroke volume (SV) was derived by integration of
Q, and cardiac output (CO) as the product of SV and HR. Signals of pressure
(P) and Q were carefully time-aligned.

6.2.2.2 Derivation of input impedance and wave re�ection parameters
Input impedance (Zin) was derived from the time-aligned pressure and �ow
waveforms a�er decomposing in harmonics, with the modulus being esti-
mated as the ratio of both signals harmonics and the phase angle as their
di�erence (section 1.4). Characteristic impedance (Zc) was then assessed by
averaging the modulus of harmonics 3 to 10, with exclusion of values higher
than 3 times the median value of Zin over that range of harmonics.�e mod-
ulus of Zin at 0 Hz equals SVR. Total arterial compliance was estimated using
the pulse pressure method (CPPM) [116].�e re�ection coe�cient was cal-
culated as Γ = (Zin−Zc)

(Zin+Zc) and reported as the amplitude at the heart frequency
(∣Γ1∣).�e pressure signal was separated into its forward and backward com-
ponents (Pf = (P + Zc ⋅Q)/2 and Pb = (P − Zc ⋅Q)/2, respectively), and the
re�ection magnitude was derived from the ratio of the amplitudes of Pb and
Pf (∣Pb ∣/∣Pf ∣). Re�ected wave transit time (RWTT) was derived from wave
separation analysis (WSA), as the time delay between the zero crossings of
the re�ected and forward pressure waves.

6.2.3 Statistical methods
General characteristics of the study population are presented as mean ± stan-
dard deviation (SD) for normally-distributed variables, median (interquartile
range) for non-normally distributed variables, and counts (percentages) for
categorical variables. In the �gures with observed data, standard errors of

132



6.2. Methods

the mean (SEM) are displayed. Subjects were classi�ed into half-decades of
age (35-40, 41-45, 46-50, and 51-56 years) based upon age at baseline. Dif-
ferences between sex and examination visits were tested from t-tests in the
basic analysis. Moreover, analyses of variance (ANOVA) and covariance
(ANCOVA) were performed for all the variables of interest, accounting for
the repeated measures by subjects.�e categorical variables age, sex, visit,
and their interaction terms were included in the models. Height, weight and
MAP were considered as covariates when applicable.

In addition, for a better comprehension of the longitudinal relationships
among variables, LME analyses were performed [216]. LME models are
regression models that account for �xed as well as random e�ects. �e
random e�ects term allows to take into account the non-independence in the
data, as occurs in longitudinal studies where there are repeatedmeasurements
per subject over time. LME analyses make use of the full dataset to model
the population-average variability in the response variable while accounting
for group-speci�c variability.�ese models are also �exible to accommodate
unbalanced data. A random intercept structure of the random e�ects allows
to model group-speci�c deviations from the average, whereas a random slope
structure accounts for di�erent e�ects of a covariate on di�erent groups.

Data were assumed to be missing at random, and consequently the analy-
ses also included those participants with only baseline observations. Mixed-
e�ects models in combination with the missing at random assumption have
been shown to provide robust estimates, even when data are actually missing
not at random [216, 217]. A comparison of baseline characteristics between
the group with complete dataset and the group withmissing data at follow-up
can be seen in Table 6.1. Models describing the e�ects on PWV, BP variables,
impedance, and wave re�ection parameters were constructed. Age at baseline
(Entry-Age) and follow-up time (Time), are considered as �xed e�ects in
all models [218], and as random e�ects, we had random intercepts for sub-
jects in simpler models, as well as by-subject random slopes for the e�ect
of time in more complex models. In these models, baseline and follow-up
measurements were used for the dependent as well as the independent vari-
ables. Time and its interaction terms in mixed-e�ects models, account for
the longitudinal changes on the response variable. Correlation analysis was
used to identify signi�cant relationship among variables of interest that were
further considered as potential covariates in the mixed-e�ects models (see
the correlation matrix in Figure B.1 of the Appendix B). Sex, HR, height,
weight, and the previously mentioned dependent variables (when applicable),
were included as potential covariates. Age-squared terms were also added to
models to better capture the observed di�erences associated with older age,
with age terms centered to reduce collinearity.�e estimated variance in�a-
tion factor was lower than 10. Selection of signi�cant independent factors was
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obtained by likelihood ratio test. Sex-speci�c models were considered when
the factor sex was found signi�cant. Residual plots were visually inspected to
check for deviations from homoscedasticity or normality, and the correlation
between predicted and observed data was used as a measure of model quality
(see Figures B.2-B.8 in Appendix B). An estimation of the explained variance
(R2) for mixed-e�ects models was derived as described in [219, 220]. As
an alternative to assuming a normal distribution of the dependent variable,
generalized LME models were also considered assuming a gamma distri-
bution and the logarithmic function as the link function. P-values < 0.05
were considered statistically signi�cant. All analyses were done using Matlab
(Mathworks, Natick, MA, USA). In the results and �gures, observed data
(and ANOVA or ANCOVA) as well as data predicted from the mixed-e�ects
model analysis will be presented side by side when relevant.

Table 6.1: Baseline characteristics of subjects with complete dataset and subjects
with missing data at follow-up.

Complete dataset Missing data
P-value(N=1757) (N=269)

Women, % 52.36 49.07 0.3143
Age, years 45.13 (40.6-49.8) 45.06 (40.1-50.8) 0.6043
Height, cm 169.47 ± 8.75 169.21 ± 9.15 0.6489
Weight, kg 71.1 (62.1-81.4) 72.9 (63.7-84.2) 0.0144
BMI, kg/m2 24.7 (22.5-27.1) 25.5 (22.8-28.3) 0.0005
BSA, m2 1.83 ± 0.20 1.85 ± 0.21 0.1252
SBPCA, mmHg 129 ± 16.07 132 ± 15.43 0.0244
DBP, mmHg 76 ± 10.73 79 ± 10.16 0.0010
MAP, mmHg 99 ± 11.82 102 ± 11.41 0.0027
PPCA, mmHg 53 ± 11.30 53 ± 10.87 0.9325
HR, bpm 63.28 ± 9.07 66.13 ± 10.47 2.94E-06
SV, mL 78.21 ± 18.09 78.85 ± 19.33 0.5923
CO, L/min 4.89 ± 1.10 5.15 ± 1.22 0.0006
LVOT area, cm2 3.27 ± 0.69 3.28 ± 0.71 0.7426
Diabetes, % 0.74 1.49 0.2110
Obesity, % 9.39 17.84 2.56E-05
Overweight, % 36.99 36.06 0.7671
Active smoker, % 18.33 31.23 8.56E-07
Ex-smoker, % 27.26 24.54 0.3476
Weekly alcohol intake, u/week 10 (5-21)* 12 (6-24)* 0.0189
Education beyond secondary school, % 39.61* 30.86* 0.0226

Data are expressed as mean ± SD, median (interquartile range) or percent. BMI: body mass index; BSA:
body surface area; DBP: diastolic blood pressure; MAP: mean arterial pressure; SBPCA and PPCA :
carotid systolic and pulse pressure; HR: heart rate; SV: stroke volume; CO: cardiac output; LVOT: le�
ventricular out�ow tract. P<0.05 signi�cant di�erences comparing groups by using Student t-test for
continuous variables and a chi-square test for categorical variables. *Missing values.
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6.3 Results

6.3.1 Basic clinical data and hemodynamic parameters
Basic clinical data and hemodynamic parameters of the study cohort at
baseline and follow-up, strati�ed by sex and age group, are shown in Table 6.2.
Females exhibited lower height, weight, BMI and BSA than males. BMI in-
creased from one examination visit to the other, both in men and in women.
SV and CO were also signi�cantly lower in women (P < 0.001), whereas HR
was higher in women than in men. None of these three hemodynamic vari-
ables varied with age over the studied ranges (cross-sectional observations),
but CO and SV increased or tended to increase, comparing baseline data with
measurements at follow-up (10-year period). LVOT cross-sectional area in-
creased signi�cantly between examination visits for both females and males;
the area was lower for females compared to males and showed a decrease
from younger to older groups, as observed from the cross-sectional studies.

Follow-up
Baseline

Figure 6.3: Observed (A) and predicted (B) longitudinal trajectories in PWV per
sex and age strata. Shaded area represents the nonsimultaneous 95% CIs. (C) Model-
predicted rate of change per decade in PWV for men and women.�e plots of the
predictions refer to models in Table 6.4. �e P and F values in the table indicate
the statistical signi�cance of the factors age, sex, visit, and their interaction in the
ANCOVA, where PWV was adjusted for MAP. Values of the observations are mean
± SEM.
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Table 6.2: Basic clinical data and hemodynamic parameters of the complete case cohort at baseline (V1) and follow-up (V2).
A1, A2, A3, and A4 indicate the age groups 35-40, 41-45, 46-50, and 51-56 years, respectively.

Parameter Men (N=837) Women (N=920)

A1 A2 A3 A4 A1 A2 A3 A4

N 226 230 212 169 269 256 214 181
Follow-up time, y 9.8 (9.1–11.1) 10 (9.3–11.2) 9.6 (8.9–10.5) 9.6 (9–10.3) 10.1 (9–11.8) 9.9 (9.2–11) 9.7 (9–10.6) 9.8 (9.1–10.6)
Age, y
V1 38.4 (37–39.9) 43.7 (42.4–45) 48.4 (47.1–49.5) 53.9 (52.3–55.3) 38.4 (36.9–39.7) 43.4 (42–44.8) 48.3 (47.1–49.6) 53.5 (52.2–55)
V2 48.7 (46.9–50.2)* 54.1 (52.4–55.3)* 58.2 (56.8–59.6)* 63.7 (61.9–65.1)* 48.8 (47–50.4)* 53.6 (52–54.9)*† 58.2 (56.9–59.6)* 63.9 (62–65.2)*
Height, cm
V1 177.6±6.63 175.9±6.10 175.4±6.73 174.5±6.23 164.8±5.89† 164.3±6.15† 162.8±5.65† 161.7±5.47†
V2 177.0±6.55* 175.4±5.98* 174.7±6.55* 173.5±6.28* 164.6±5.81*† 163.7±6.14*† 161.9±5.55*† 160.7±5.49*†
Weight, kg
V1 79.5 (72.2–87) 80 (71.8–87) 81 (72.5–88.7) 79.2 (74.1–84.3) 63.2 (58–70)† 62.9 (57.8–69.5)† 63.4 (58.4–70.5)† 63.3 (56.7–71.1)†
V2 82.9 (74.6–90.5)* 82.5 (75–89.7)* 82.1 (75.2–91.6)* 80.7 (74.4–87.2)* 68.3 (60.5–76.6)*† 66.6 (60.3–73.7)*† 66.1 (59.8–73.9)*† 66 (59.6–73.3)*†
BMI, kg/m2
V1 25 (23.2–27.1) 25.6 (23.6–27.7) 26.2 (24.1–28.6) 26 (24–27.8) 23 (21–25.7)† 23.3 (21.5–25.6)† 23.9 (22.3–26.1)† 24 (22.2–27.2)†
V2 26.2 (24.1–28.6)* 26.5 (24.4–29)* 26.9 (24.9–29.1)* 26.6 (24.6–29.1)* 24.5 (22.3–28.2)*† 24.8 (22.3–27.2)*† 24.7 (22.6–28.3)*† 25.4 (22.9–28)*†
BSA, m2
V1 1.98±0.15 1.96±0.15 1.97±0.15 1.94±0.13 1.71±0.14† 1.70±0.15† 1.70±0.14† 1.69±0.14†
V2 2.01±0.17* 1.99±0.15* 1.99±0.16* 1.95±0.14 1.76±0.16*† 1.74±0.15*† 1.72±0.14*† 1.70±0.14*†
SBP, mmHg
V1 130 (123–137) 132 (124–140) 134 (124–143) 134 (124.8–144.3) 121 (114–132)† 125 (116–135)† 128 (120–138)† 134 (123–146)
V2 132 (124–143.6)* 136 (128–146)* 137 (128–145.5)* 136 (128–144) 132 (119.8–146)* 132 (120.7–145)*† 137 (124–147.8)* 139 (126–151.5)*
DBP, mmHg
V1 74±9.39 77±10.7 79±9.82 79±12.1 74±10.9 75±10.7† 76.0±10.1† 78±10.9
V2 82±10.6* 84±10.2* 82±10.6* 79±9.44 81±10.2* 80±9.96*† 81±9.09* 79±10.0*
MAP, mmHg
V1 97±9.29 100±11.3 102±10.9 103±13.6 95±11.7 98±11.8 100±11.5† 103±12.6
V2 103±12.0* 105±12.3* 104±12.2* 102±11.0 103±12.5* 102±12.2*† 104±11.8* 104±12.3

Continued on Next Page. . .
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Table 6.2: (Continued)

Parameter Men (N=837) Women (N=920)

A1 A2 A3 A4 A1 A2 A3 A4

SBPCA , mmHg
V1 126±11.6 129±13.9 131±13.9 134±17.9 123±14.8† 127±16.4 131±16.4 137±19.7
V2 132±16.1* 136±18.0* 136±16.5* 136±16.8 133±18.6* 133±18.8* 138±18.9* 140±20.5†
PPCA , mmHg
V1 52.0±9.93 51.5±8.50 51.8±9.49 55.1±11.8 49.3±9.15† 51.7±11.0 54.9±12.4† 59.1±15.6†
V2 50.1±10.6 52.3±12.6 54.3±10.8* 56.3±12.8 51.8±12.4* 52.8±13.2 57.2±14.1† 61.7±17.2†
HR, bpm
V1 60.8±8.39 60.2±8.68 62.5±9.49 61.1±9.33 65.1±9.24† 65.9±8.93† 64.7±8.46† 65.1±7.94†
V2 61.8±9.51 60.9±8.66 62.1±9.28 60.6±9.52 65.4±8.55† 64.5±8.86*† 63.1±7.91* 63.7±7.72*†
SV, mL
V1 87.0±17.8 87.8±19.4 85.6±17.7 86.7±18.1 70.5±13.0† 70.8±14.4† 70.5±13.0† 69.5±15.3†
V2 91.6±18.6* 92.4±18.9* 91.6±20.5* 90.6±20.2 74.5±14.8*† 73.2±15.7*† 72.3±15.3† 73.3±17.2*†
CO, L/min
V1 5.23±1.04 5.23±1.17 5.30±1.13 5.26±1.16 4.55±0.91† 4.65±1.07† 4.53±0.90† 4.49±0.98†
V2 5.59±1.13* 5.58±1.14* 5.66±1.44* 5.44±1.31 4.83±0.98*† 4.68±1.01† 4.54±1.02† 4.63±1.07†
LVOT area, cm2
V1 3.80±0.60 3.73±0.60 3.70±0.59 3.70±0.59 2.87±0.44† 2.85±0.49† 2.82±0.42† 2.82±0.43†
V2 4.02±0.63* 3.91±0.67* 3.86±0.69* 3.79±0.62* 3.05±0.47*† 2.99±0.49*† 2.98±0.49*† 2.99±0.48*†

Data are expressed as mean ± SD or median (interquartile range). BMI indicates body mass index; BSA, body surface area; CO, cardiac output; DBP, diastolic blood
pressure; HR, heart rate; LVOT, le� ventricular out�ow tract; MAP, mean arterial pressure; SBP, brachial systolic blood pressure; SBPCA and PPCA , carotid systolic
and pulse pressure; and SV, stroke volume.
*P<0.05 testing whether the di�erence between visits was statistically signi�cant per sex and age category.
†P<0.05 testing whether the di�erence between sexes was statistically signi�cant per visit and age category.
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Table 6.3: Generalized LMEmodel of the longitudinal e�ects on PWV for the entire
cohort.�e correlation coe�cient between observed and predicted values and the
conditional R2 are reported.

Variables Estimate SE P-value

Intercept 1.8431 0.0074 0.0000
Sex (Men) 0.0059 0.0086 0.4933
Time 0.0140 0.0009 2.32E-51
Entry-Age 0.0115 0.0007 7.85E-54
(Entry-Age)2 0.0001 0.0001 0.2685
Sex (Men)×Time -0.0028 0.0013 0.0256
Entry-Age×Time -6.87E-05 0.0001 0.5177
(Entry-Age)2×Time 2.85E-05 1.78E-05 0.1092
Sex (Men)×Entry-Age×Time 0.0001 0.0001 0.3761
Sex (Men)×(Entry-Age)2× Time -6.79E-05 2.42E-05 0.0050

R (Obs. vs. Pred.) 0.826
R2 0.880

Table 6.4: Generalized LME model of the longitudinal e�ects on PWV for groups
of men and women.

Men Women
Variables Estimate SE P-value Estimate SE P-value

Intercept 1.8555 0.0060 0.0000 1.8448 0.0061 0.0000
Time 0.0098 0.0007 2.88E-46 0.0150 0.0007 4.06E-91
Entry-Age 0.0120 0.0009 7.40E-41 0.0111 0.0009 3.82E-36
Entry-Age×Time - - - - - -

R (Obs. vs. Pred.) 0.844 0.812
R2 0.865 0.886

6.3.2 Pulse wave velocity and blood pressure indices
PWV, adjusted for MAP, increased signi�cantly between examination visits
with di�erences by age group and sex (P<0.001; Figure 6.3). Basic mixed-
e�ects models for the e�ects on PWV were �rst constructed for all subjects,
including entry-age, (entry-age)2, time, sex, and their interaction terms (see
Table 6.3).�e average e�ect of entry-age on PWV was sex-independent, but
longitudinally there were signi�cant di�erences by sex that accelerate at older
age, as shown for the signi�cant interaction term (Sex×(Entry-Age)2×Time).
Models were then constructed for men and women separately (Table 6.4).
From these models, the predicted longitudinal trajectories with 95% con�-
dence intervals (CIs) and rates of change of PWV per decade were plotted by
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Table 6.5: Generalized LME models of the longitudinal e�ects on PWV for men
and women, including HR, height, weight, and SBPCA as covariates.

Men Women
Variables Estimate SE P-value Estimate SE P-value

Intercept 0.9766 0.0502 1.30E-76 0.9422 0.0507 4.18E-71
Weight 0.0005 0.0004 0.2821 0.0008 0.0004 0.0188
SBPCA 0.0040 0.0003 8.44E-51 0.0050 0.0002 3.35E-97
HR 0.0052 0.0004 3.00E-32 0.0031 0.0006 2.45E-07
Time -0.0011 0.0043 0.8053 -0.0032 0.0053 0.5412
Entry-Age -0.0015 0.0056 0.7916 0.0069 0.0009 3.25E-14
SBPCA×Entry-Age 8.67E-05 4.24E-05 0.0412 - - -
Weight×Time 0.0001 5.16E-05 0.0438 - - -
HR×Time - - - 0.0002 8.02E-05 0.0036
Entry-Age×Time - - - 0.0002 0.0001 0.0467

R (Obs. vs. Pred.) 0.836 0.806
R2 0.928 0.941

Table 6.6: Generalized LME models of the longitudinal e�ects on PWV for men
and women, including HR, height, weight, and DBP as covariates.

Men Women
Variables Estimate SE P-value Estimate SE P-value

Intercept 1.1419 0.0469 2.71E-113 1.1630 0.0468 2.19E-118
Weight 0.0002 0.0005 0.6863 - - -
DBP 0.0057 0.0004 3.12E-42 0.0077 0.0004 5.40E-72
HR 0.0041 0.0005 3.08E-19 0.0015 0.0006 0.0215
Time -0.0019 0.0043 0.6676 -0.0024 0.0054 0.6562
Entry-Age 0.0096 0.0009 5.41E-25 0.0093 0.0009 9.01E-23
(Entry-Age)2 - - - 0.0001 0.0002 0.3568
Entry-Age×Time 0.0003 0.0001 0.0078 0.0003 0.0001 0.0130
(Entry-Age)2×Time - - - 3.19E-05 1.90E-05 0.0927
HR×Time - - - 0.0002 8.18E-05 0.0121
Weight×Time 0.0001 0.0001 0.0376 - - -

R (Obs. vs. Pred.) 0.836 0.810
R2 0.922 0.932

sex and age group at baseline (Figure 6.3B and 6.3C); the predicted rate of
change in PWV for subjects between 35 and 55 years increased around 18%,
with higher values for women in all age categories. In women, the 10-year
change in PWV increases from 0.95 m/s per 10 yr in the youngest group to
1.12 m/s per 10 yr in the oldest group.

Tables 6.5-6.8 show the estimates for �nal �tted generalized LME models
of the e�ects on PWV a�er the inclusion of potential covariates (HR, weight,
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Table 6.7: Generalized LME models of the longitudinal e�ects on PWV for men
and women, including HR, height, weight, and PPCA as covariates.

Men Women
Variables Estimate SE P-value Estimate SE P-value

Intercept 1.1483 0.0446 1.92E-124 1.2188 0.0554 6.09E-96
Weight 0.0017 0.0004 4.09E-06 0.0019 0.0004 7.33E-07
PPCA 0.0033 0.0004 1.64E-18 0.0040 0.0005 2.47E-18
HR 0.0064 0.0005 2.25E-43 0.0045 0.0006 4.43E-12
Time 0.0088 0.0007 1.43E-39 -0.0092 0.0067 0.1693
Entry-Age 0.0009 0.0034 0.8019 0.0085 0.0008 8.75E-26
PPCA×Entry-Age 0.0002 6.23E-05 0.0034 - - -
PPCA×Time - - - 0.0002 5.46E-05 0.0053
HR×Time - - - 0.0002 8.47E-05 0.0069

R (Obs. vs. Pred.) 0.835 0.803
R2 0.914 0.930

Table 6.8: Generalized LME models of the longitudinal e�ects on PWV for men
and women, including HR, height, weight, and MAP as covariates.

Men Women
Variables Estimate SE P-value Estimate SE P-value

Intercept 0.9700 0.0437 1.46E-96 1.0018 0.0475 3.13E-89
Weight 0.0007 0.0004 0.0657 - - -
MAP 0.0059 0.0004 8.08E-55 0.0076 0.0003 1.13E-98
HR 0.0039 0.0004 4.16E-18 0.0014 0.0006 0.0219
Time 0.0075 0.0006 1.43E-30 -0.0013 0.0052 0.7971
Entry-Age 0.0092 0.0009 1.58E-23 -0.0014 0.0055 0.8007
Entry-Age×Time 0.0003 0.0001 0.0178 0.0002 0.0001 0.0296
HR×Time - - - 0.0002 7.97E-05 0.0083
MAP×Entry-Age - - - 9.38E-05 5.41E-05 0.0830

R (Obs. vs. Pred.) 0.837 0.814
R2 0.928 0.940

height, and BP variables).�ere was a cross-sectional independent associ-
ation of carotid systolic blood pressure (SBPCA), DBP, or MAP with PWV,
but longitudinal associations were not signi�cant. However, carotid pulse
pressure (PPCA) was associated with the longitudinal increase in PWV over
time in women. Additional models (Tables 6.9-6.12) explore the e�ects of
PWV on the longitudinal changes of BP indices. Higher PWVwas associated
with lower longitudinal trajectories in all BP variables except for PPCA, for
both men and women.
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Table 6.9: LME models of the longitudinal e�ects on SBPCA for groups of men and
women, with PWV, HR, weight and height as covariates.

Men Women
Variables Estimate SE P-value Estimate SE P-value

Intercept 153.4416 10.9147 1.24E-42 133.7518 12.5086 5.73E-26
Height -0.4048 0.0648 5.16E-10 -0.3170 0.0740 1.90E-05
Weight 0.2310 0.0339 1.23E-11 0.1986 0.0352 1.85E-08
PWV 4.5068 0.3291 1.22E-40 5.6991 0.3333 3.72E-61
HR - - - -0.0421 0.0508 0.4076
Time 0.8875 0.2988 0.0030 2.0918 0.4823 1.52E-05
Entry-Age 0.0628 0.0748 0.4010 0.3483 0.0813 1.92E-05
(Entry-Age)2 0.0034 0.0120 0.7786 - - -
Entry-Age×Time -0.0105 0.0099 0.2894 -0.0276 0.0098 0.0050
(Entry-Age)2×Time -0.0032 0.0016 0.0489 - - -
PWV×Time -0.0933 0.0418 0.0257 -0.1371 0.0379 0.0003
HR×Time - - - -0.0163 0.0070 0.0189

R (Obs. vs. Pred.) 0.938 0.927
R2 0.672 0.668

Table 6.10: LME models of the longitudinal e�ects on DBP for groups of men and
women, with PWV, HR, weight and height as covariates.

Men Women
Variables Estimate SE P-value Estimate SE P-value

Intercept 72.1116 7.5564 4.42E-21 64.9088 7.0789 1.18E-19
Height -0.2476 0.0433 1.29E-08 -0.2163 0.0421 3.05E-07
Weight 0.1957 0.0224 4.86E-18 0.2131 0.0199 3.86E-26
PWV 3.3439 0.2438 9.42E-41 3.3234 0.2073 1.99E-54
HR 0.1920 0.0250 2.59E-14 0.1682 0.0251 2.75E-11
Time 1.2637 0.1868 1.81E-11 1.1286 0.1530 2.39E-13
Entry-Age 0.6096 0.1724 0.0004 0.3456 0.1395 0.0133
Entry-Age×Time -0.0215 0.0064 0.0007 -0.0163 0.0059 0.0058
PWV×Time -0.1547 0.0270 1.13E-08 -0.1421 0.0218 8.56E-11
PWV×Entry-Age -0.0950 0.0257 0.0002 -0.0642 0.0203 0.0016

R (Obs. vs. Pred.) 0.963 0.97
R2 0.747 0.770

6.3.3 Input and characteristic impedance, systemic vascular resistance,
and total arterial compliance

Figure 6.4 shows the modulus (logarithmic scale) and phase angle of Zin,
divided by age category and sex. Comparing between visits, women that
entered the study at a younger age (35 to 45 years), had a signi�cant decrease
in the modulus of Zin in the high-frequency range (harmonics 4 and 5 for A1
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and 4 to 7 for A2). Men had also a signi�cant decrease in the modulus of Zin
for the youngest group, in the low and high frequency range (harmonics 1, 3-5
and 7), and for subjects that entered the study in their forties in harmonics
4-5, while there was a signi�cant increase in harmonics 9-10 only for A2. In
the oldest group of males and females, di�erences between examination visits
were mostly non-signi�cant. A�er correcting for height and weight, the age
and sex e�ects had signi�cant e�ects on the modulus of Zin for harmonics 1
to 7, while visit and the interaction term between age and sex were signi�cant
for harmonics 1 to 5.�e phase angle also showed higher di�erences between
examination visits mainly for high frequencies (Figure 6.4B and 6.4D).

Figure 6.4: Logarithmic transformed modulus (A and C) and phase angle (B and
D) of Zin for males (top) and females (bottom) at both visits. Data are presented in
stratum per age category.
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Figure 6.5: Top: Observed changes between baseline and follow-up measurements
in SVR (A), CPPM (B), and Zc (C) per sex and age strata. Values are mean ± SEM.
�e P and F values in the table indicate the statistical signi�cance of the factors age,
sex, visit, and their interaction in the ANCOVA, where the three parameters were
adjusted for height and weight; CPPM and Zc additionally for MAP. Bottom: Model-
predicted longitudinal trajectories and rates of change per decade in SVR (D), CPPM
(E), and Zc (F) per sex and age strata. Shaded area represents the non-simultaneous
95% CIs.�e plots refer to models in Tables 6.13, 6.14 and 6.15.

�e observed changes between examination visits, of parameters describ-
ing the impedance patterns (ie., CPPM, SVR and Zc) are shown in Figure 6.5A
through 6.5C. Basic analysis of the complete dataset showed that SVR, ad-
justed for height and weight, was signi�cantly di�erent for men and women
(P<0.001), with women presenting higher values per visit (Figure 6.5A). In
males, and females in the oldest category, there was a longitudinal decrease
in SVR rather than an increase. CPPM showed an unexpected increase from
baseline to follow-up (Figure 6.5B), with signi�cant di�erences of visit by
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Table 6.11: LME models of the longitudinal e�ects on PPCA for groups of men and
women, with PWV, HR, weight and height as covariates.

Men Women
Variables Estimate SE P-value Estimate SE P-value

Intercept 80.6319 8.0216 3.72E-23 58.4179 11.1176 1.65E-07
Height -0.1490 0.0430 0.0005 -0.0439 0.0635 0.4891
PWV 1.8778 0.1991 1.22E-20 2.6654 0.1831 1.16E-45
HR -0.2274 0.0289 5.71E-15 -0.2438 0.0427 1.30E-08
Time -0.0732 0.0441 0.0975 3.7871 1.3272 0.0044
Entry-Age 0.0296 0.0600 0.6211 0.3591 0.0555 1.19E-10
(Entry-Age)2 - - - 0.0193 0.0087 0.0264
Entry-Age×Time 0.0180 0.0073 0.0142 - - -
Height×Time - - - -0.0185 0.0076 0.0143
HR×Time - - - -0.0132 0.0056 0.0178

R (Obs. vs. Pred.) 0.756 0.786
R2 0.332 0.430

Table 6.12: LME models of the longitudinal e�ects on MAP for groups of men and
women, with PWV, HR, weight and height as covariates.

Men Women
Variables Estimate SE P-value Estimate SE P-value

Intercept 101.881 8.2611 1.39E-33 92.1053 8.2579 4.80E-28
Height -0.3024 0.0476 2.60E-10 -0.2717 0.0493 4.00E-08
Weight 0.2208 0.0246 7.07E-19 0.2233 0.0232 1.67E-21
PWV 3.5366 0.2436 3.38E-45 3.9987 0.2204 4.43E-68
HR 0.1893 0.0271 4.17E-12 0.1657 0.0288 1.03E-08
Time 0.8710 0.2005 1.48E-05 1.0480 0.1691 6.98E-10
Entry-Age 0.0332 0.0549 0.5451 0.0642 0.0548 0.2418
(Entry-Age)2 -0.0170 0.0080 0.0333 - - -
Entry-Age×Time -0.0243 0.0067 0.0003 -0.0221 0.0061 0.0003
PWV×Time -0.1164 0.0287 5.17E-05 -0.1456 0.0238 1.10E-09

R (Obs. vs. Pred.) 0.931 0.916
R2 0.690 0.670

age and sex (P<0.01). Zc on the other hand, decreased signi�cantly between
examination visits, with less pronounced changes and even a slight increase
for the oldest (Figure 6.5C), but the changes between visit were not di�erent
by sex.

Generalized LME models of the longitudinal e�ects on SVR, CPPM, and
Zc for men and women can be found in Tables 6.13 through 6.15, with plots
of residuals and correlations in the Appendix B (Figures B.2-B.4). In men,
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Table 6.13: Generalized LME models of the longitudinal e�ects on SVR for men
and women, including covariates.

Men Women
Variables Estimate SE P-value Estimate SE P-value

Intercept 1.7469 0.1745 5.30E-23 2.1644 0.1720 5.38E-35
Height -0.0061 0.001 2.38E-09 -0.0074 0.0010 1.18E-12
Weight -0.0020 0.0005 0.0001 -0.0031 0.0006 4.88E-08
HR -0.0056 0.0006 9.96E-24 -0.0073 0.0006 2.52E-33
Time -0.0019 0.0008 0.0101 -0.0075 0.0042 0.0723
Entry-Age 0.0150 0.0059 0.0107 0.0042 0.0011 0.0002
(Entry-Age)2 - - - 0.0003 0.0002 0.1220
Entry-Age×Time - - - -0.0003 0.0001 0.0165
(Entry-Age)2×Time - - - -5.13E-05 2.09E-05 0.0142
Weight×Time - - - 0.0002 6.07E-05 0.0076
HR×Entry-Age -0.0002 9.41E-05 0.0152 - - -

R (Obs. vs. Pred.) 0.887 0.892
R2 0.360 0.406

Table 6.14: Generalized LME models of the longitudinal e�ects on CPPM for men
and women, including covariates.

Men Women
Variables Estimate SE P-value Estimate SE P-value

Height 0.0036 0.0004 6.64E-17 0.0031 0.0004 3.85E-13
Weight 0.0062 0.0006 5.73E-25 0.0080 0.0005 3.64E-46
MAP -0.0061 0.0006 5.69E-21 -0.0089 0.0006 1.62E-47
HR -0.0065 0.0007 4.43E-22 -0.0040 0.0007 3.31E-09
Time 0.0396 0.0086 4.83E-06 0.0449 0.0079 1.38E-08
Entry-Age -0.0149 0.0075 0.0475 0.0094 0.0078 0.2299
(Entry-Age)2 - - - -0.0005 0.0002 0.0096
Entry-Age×Time -0.0007 0.0002 8.96E-06 - - -
MAP×Time -0.0003 8.40E-05 5.96E-05 -0.0004 7.73E-05 4.19E-08
MAP×Entry-Age - - - -0.0002 7.66E-05 0.0172
Weight×Entry-Age 0.0002 9.20E-05 0.0573 - - -

R (Obs. vs. Pred.) 0.872 0.815
R2 0.400 0.314

SVR decreased with time independent of the entry-age. Women showed
a nonlinear pattern in the longitudinal changes in SVR over time, with an
accelerated decrease at older age.�e average rates of change in SVR over 10
years increased for females in the younger groups and had a steeper decrease
in older women. For males, it decreased with ageing at a constant rate over
the entire entry-age range (Figure 6.5D).
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Table 6.15: Generalized LME models of the longitudinal e�ects on Zc for men and
women, including covariates.

Men Women
Variables Estimate SE P-value Estimate SE P-value

Intercept -2.0366 0.1041 1.87E-77 -1.7509 0.1031 1.84E-60
Weight -0.0041 0.0007 4.29E-08 -0.0055 0.0007 6.69E-14
MAP 0.0001 0.0009 0.9134 0.0006 0.0009 0.5028
HR - - - -0.0024 0.0010 0.0141
Time -0.0549 0.0123 8.31E-06 -0.0640 0.0117 5.35E-08
Entry-Age -0.0101 0.0019 5.40E-08 -0.0330 0.0110 0.0028
(Entry-Age)2 0.0009 0.0003 0.0005 0.0007 0.0002 0.0075
Entry-Age×Time 0.0008 0.0002 0.0005 0.0005 0.0002 0.0229
MAP×Time 0.0005 0.0001 5.81E-05 0.0006 0.0001 7.72E-07
MAP×Entry-Age - - - 0.0003 0.0001 0.0093

R (Obs. vs. Pred.) 0.843 0.805
R2 0.249 0.209

Total arterial compliance increased between visits mainly among men,
particularly among those who were younger at entry (signi�cant negative
Entry-Age×Time interaction; Table 6.14). �e predicted average rate of
change inCPPM was thusmainly positive formen, decreasing as age increased.
Women, on the other hand, had less variation in the rate of change, with
slight di�erences by age group (Figure 6.5E).

�e �tted model for Zc evidenced, on average, a longitudinal decrease
over time in both men and women, which however was dependent on the
entry-age, with older subjects (particularly men) having an increase. Pre-
dicted rates of change over 10 years for both sexes (Figure 6.5F), decrease for
entry ages between 35 and 50 years and show a slight increase for entry ages
older than 50 years.

6.3.4 Indices of wave re�ection: RWTT, ∣Γ1∣, and ∣Pf∣ and ∣Pb∣
Observed longitudinal changes for |Γ1|, RWTT, and |Pf | and |Pb| are shown
in Figure 6.6A through 6.6D. Both re�ection measures, |Γ1| and the re�ection
magnitude (|Pb|/|Pf |, data not shown), decreased between examination visits
for all age categories and both sexes, showing an opposite trend as observed
from cross-sectional data; and changes in |Γ1| were steeper in men and in
the oldest group for men and women. RWTT also decreased between vis-
its, and was shorter, with steeper and more uniform decreases in women
(P<0.01). |Pf | di�ered by sex and age (P<0.001), with women showing higher
values than men only for the oldest subjects, but the changes between visits
were overall not found signi�cant, except when depending on the age group

146



6.3. Results

Figure 6.6: Top: Observed changes between baseline and follow-up measurements
in the wave re�ection coe�cient derived from impedance analysis, ∣Γ1∣ (A), RWTT
(B), ∣Pf∣ (C), and ∣Pb∣ (D), per sex and age strata. �e P and F values indicate the
statistical signi�cance of the factors age, sex, visit, and their interaction in the
ANOVA. Bottom: Model-predicted longitudinal trajectories and rates of change per
decade in ∣Γ1∣ (E), RWTT (F), ∣Pf∣ (G) and ∣Pb∣ (H) per sex and age strata.�e plots
refer to models in Tables 6.16- 6.19.

(P<0.001). |Pb| on the contrary, decreased between visits for men and women,
and there were signi�cant di�erences by age category. Although the overall
e�ect of sex was not signi�cant, values of |Pb| di�ered between men and
women by age (P<0.001) and by visit (P<0.01) as seen from the ANOVA,
with men in age groups A1 and A2 having higher values than women, and
the opposite happening for A3 and A4.

Figure 6.6E through 6.6H and Tables 6.16 through 6.19 show the LME
models for |Γ1|, RWTT, |Pf | and |Pb|, modelled using height, weight, HR
and MAP as potential covariates. |Pb| decreased with ageing for both
sexes; the longitudinal change in |Pb| was associated with height in men
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Table 6.16: LME models of the longitudinal e�ects on ∣Γ1∣ for men and women,
including HR, height, weight and MAP as covariates.

Men Women
Variables Estimate SE P-value Estimate SE P-value

Intercept 0.7319 0.0865 5.25E-17 0.8479 0.0753 1.64E-28
Height -0.0009 0.0005 0.0684 -0.0016 0.0004 0.0003
Weight -0.0006 0.0003 0.0244 -0.0007 0.0003 0.0088
MAP 0.0017 0.0003 1.18E-10 0.0017 0.0002 1.62E-18
HR -0.0040 0.0002 1.27E-63 -0.0042 0.0003 1.65E-34
Time 0.0254 0.0113 0.0241 -0.0198 0.0035 2.06E-08
Entry-Age 0.0017 0.0004 1.06E-05 0.0019 0.0004 4.89E-06
(Entry-Age)2 -0.0002 6.32E-05 0.0018 - - -
Height×Time -0.0002 6.35E-05 0.0021 - - -
MAP×Time -0.0001 3.30E-05 0.0393 - - -
Weight×Time 0.0001 3.41E-05 5.17E-05 0.0001 3.05E-05 0.0037
HR×Time - - - 0.0002 4.52E-05 0.0002

R (Obs. vs. Pred.) 0.704 0.699
R2 0.361 0.310

Table 6.17: LME models of the longitudinal e�ects on the RWTT for men and
women, including HR, height, weight and MAP as covariates.

Men Women
Variables Estimate SE P-value Estimate SE P-value

Intercept 0.0509 0.0166 0.0022 0.1219 0.0047 9.14E-127
Height 0.0004 9.15E-05 1.42E-05 - - -
Weight 0.0001 4.93E-05 0.1040 0.0001 3.36E-05 4.55E-05
MAP -0.0004 4.63E-05 1.66E-17 -0.0005 4.06E-05 5.12E-32
HR -0.0003 6.39E-05 8.54E-08 -0.0003 4.54E-05 3.33E-14
Time -0.0018 0.0006 0.0036 -0.0022 0.0006 9.07E-05
Entry-Age -0.0026 0.0006 1.44E-05 -0.0039 0.0006 1.17E-09
(Entry-Age)2 5.76E-05 1.50E-05 0.0001 - - -
HR×Entry-Age 1.85E-05 7.81E-06 0.0178 - - -
HR×Time 2.26E-05 9.85E-06 0.0218 - - -
MAP×Time - - - 1.53E-05 5.44E-06 0.0050
MAP×Entry-Age - - - 1.91E-05 5.14E-06 0.0002
Weigh×tEntry-Age 1.94E-05 7.18E-06 0.0070 - - -

R (Obs. vs. Pred.) 0.856 0.800
R2 0.494 0.455

and with MAP in both men and women. On the contrary, |Pf | di�ered
by sex and showed a nonlinear dependence with age. Body weight, MAP,
andHR inwomen, also determined the longitudinal changes in |Pf | over time.
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Table 6.18: LME models of the longitudinal e�ects on |Pf| for men and women,
including HR, height, weight and MAP as covariates.

Men Women
Variables Estimate SE P-value Estimate SE P-value

Intercept 20.5095 8.1615 0.0121 15.1044 7.2268 0.0367
Height 0.0881 0.0442 0.0463 0.0821 0.0407 0.0439
Weight 0.0444 0.0289 0.1248 -0.0261 0.0251 0.2980
MAP 0.0714 0.0289 0.0135 0.2132 0.0239 9.03E-19
HR -0.0696 0.0261 0.0078 -0.1118 0.0321 0.0005
Time -1.7437 0.4030 1.59E-05 -1.1839 0.3919 0.0026
Entry-Age -1.1478 0.3511 0.0011 -0.9551 0.2855 0.0008
(Entry-Age)2 0.0256 0.0073 0.0005 0.0128 0.0079 0.1053
Entry-Age×Time 0.0291 0.0069 2.29E-05 0.0152 0.0061 0.0128
(Entry-Age)2×Time - - - 0.0022 0.0010 0.0276
Weight×Time -0.0097 0.0032 0.0029 -0.0060 0.0029 0.0394
HR×Time - - - -0.0115 0.0043 0.0072
MAP×Time 0.0238 0.0036 3.28E-11 0.0214 0.0031 7.38E-12
MAP×Entry-Age 0.0092 0.0035 0.0083 0.0100 0.0028 0.0004

R (Obs. vs. Pred.) 0.740 0.741
R2 0.302 0.379

Table 6.19: LME models of the longitudinal e�ects on |Pb| for men and women,
including HR, height, weight and MAP as covariates.

Men Women
Variables Estimate SE P-value Estimate SE P-value

Intercept 21.1319 4.6381 5.56E-06 15.6762 1.3687 1.91E-29
Height -0.0201 0.0238 0.3982 - - -
Weight - - - -0.0493 0.0089 3.37E-08
MAP 0.1146 0.0140 5.16E-16 0.1825 0.0121 8.78E-49
HR -0.1456 0.0122 1.06E-31 -0.1659 0.0123 6.18E-40
Time 0.2100 0.5631 0.7093 -1.1234 0.1551 6.31E-13
Entry-Age -0.3501 0.1644 0.0333 -0.0696 0.1886 0.7121
Height×Time -0.0069 0.0029 0.0191 - - -
MAP×Time 0.0076 0.0017 7.74E-06 0.0093 0.0015 1.14E-09
MAP×Entry-Age 0.0039 0.0016 0.0142 0.0089 0.0014 5.71E-10
HR×Entry-Age - - - -0.0067 0.0021 0.0015
Weight×Entry-Age - - - -0.0036 0.0015 0.0153

R (Obs. vs. Pred.) 0.910 0.921
R2 0.554 0.643
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6.3.5 E�ects of antihypertensive and lipid-lowering medications
An important factor that might have in�uenced the observed longitudinal
patterns is the start of medication use between visits. From baseline to
follow-up, 165 subjects started taking antihypertensive medications only,
281 lipid-lowering medications only, and 133 both drug treatments. Further
analyses were performed a�er exclusion of these subjects, which resulted in a
population of N=1447 (54% women, 59% of excluded subjects were from A3
and A4). Besides excluding data, we also followed a second approach where
the starting use of medication was controlled for in the statistical models,
allowing their interaction with time and entry-age. A comparison of the
modelled rates of change of the original cohort with both approaches, in
average subjects not on medications, is shown in Figure 6.7. Models were
adjusted for time, entry-age, (entry-age)2, HR, weight, height, andMAPwhen
applicable. Overall, longitudinal trajectories in PWV, CPPM, and Zc were
minimally a�ected when accounting for medication use. Women showed
slight di�erences in the patterns of change, with a steeper increase in PWV
for older subjects, and a slower decrease in Zc for younger. In these models,
the use of lipid-lowering drugs had a decreasing e�ect on PWV and Zc that
reduces over time. As for SVR, analysis of the reduced cohort (excluding
subjects who started medication) removed the decrease in older women
(although the trend remained) while for men, this analysis resulted in a
minimal decrease in the annual rate of change.

Figure 6.7: Annual rate of change of PWV and impedance parameters for average
subjects (men and women) not on medications and per age group, in the analysis
of the original cohort, a�er excluding subjects taking antihypertensive and lipid-
lowering medications, and in models adjusting for the use of medications. Models
included entry-age, time, HR, height, weight, MAP, and interaction terms with time
and entry-age, as possible covariates.
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6.3.6 Association of impedance parameters with cardiovascular risk
factors

At the end of the second round of measurements, there were 82 diabetic
subjects (84.1% diagnosed during follow-up). We performed extra analyses
testing for the association between PWV, impedance or wave re�ection
parameters and traditional CV risk factors. Diabetes, smoking, obesity,
weekly alcohol intake, lipid-lowering medications use, hypertension,
entry-age, time, HR and education, were considered as potential covariates
in the models (see Figures 6.8 and 6.9, and Tables C.1 through C.7 in
Appendix C). Hypertension was de�ned as SBP ≥ 140 mmHg, or DBP ≥ 90
mmHg, or use of antihypertensive medications. Compared to normal weight
subjects, obese and overweight subjects had higher CPPM and lower SVR
and Zc, but there were no longitudinal associations. In women, the use of
lipid-lowering treatment had a decreasing e�ect on Zc that was lower over
time. In men, subjects that never smoked and ex-smokers over time had
higher CPPM and lower ∣Γ1∣ than active smokers. Diabetic women had lower
SVR and lower compliance for the older than nondiabetic women, whereas
diabetic men had lower CPPM, and higher Zc depending on the entry age,
but none of these associations were longitudinal. Interestingly, men with
lower education level showed lower SVR, ∣Γ1∣, and PWV compared to men
with higher education level.

Figure 6.8: Model-predicted longitudinal trajectories (top) and rate of change per
decade (bottom) in PWV (A), SVR (B), CPPM (C), and Zc (D) for average subjects
(men and women) without cardiovascular risk factors and per age group. Shaded
area represents the non-simultaneous 95% CIs.�e plots refer to models in Tables
C.1, C.2, C.3, and C.4.
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Figure 6.9: Model-predicted longitudinal trajectories (top) and rate of change per
decade (bottom) in ∣Γ1∣ (A), ∣Pf∣ (B), and ∣Pb∣ (C) for average subjects (men and
women) without CV risk factors and per age group. Shaded area represents the
non-simultaneous 95% CIs.�e plots refer to models in Tables C.5, C.6, and C.7.

6.3.7 Comparison of subjects of the same age but distinct generation
controlling for lifestyle factors

For some of the studied parameters, statistically signi�cant di�erences were
observed when comparing subjects of a certain age at baseline with subjects
that reached the same age during follow-up. E.g. women that were about 50
years old at the beginning of the study, had on average a volume compliance
9% lower than women that were about the same age 10 years later. An extra
analysis was performed to test whether the observed di�erences between two
groups of subjects in the same age range but a decade apart, were associated
with lifestyle and social factors. In a subsample of subjects (n=1427, 48.5%
second-generation) with age between 44 and 57 years old, we �rst �tted
regression models using a group indicator variable and controlling for age,
sex, obesity, smoking status, education level and weekly alcohol intake.�en,
we tested the null hypothesis that the e�ects of these factors were not di�erent
across both groups. We found statistically signi�cant di�erences of the e�ects
of education, obesity and smoking status on the re�ection coe�cient across
the �rst- and second-generation groups. Subjects with an education level
beyond secondary school had higher ∣Γ1∣ in the �rst generation group, while
the opposite occurred for the second group.�e e�ect of smoking status on∣Γ1∣ di�ered between the two groups, with higher values for active smokers
in the group 2, in comparison to ex-smokers and subjects that never smoked.
Subjects with normal weight showed higher mean values in group 1 but lower
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mean values in group 2, while overweight or obese subjects presented similar
characteristics. Table 6.20 shows other group interaction e�ects that resulted
statistically signi�cant for parameters that di�ered between the two groups.
For other parameters that also showed statistically signi�cant di�erences
when comparing both generation groups (e.g. CPPM, SVR, LVOT area or
SV), we did not �nd enough evidence to support the hypothesis that these
di�erences may be also in�uenced by lifestyle or socio-economic factors.

Table 6.20: Di�erences between two groups of subjects with the same mean age but
from distinct decade, explained by lifestyle- and social-related factors.

Variables F P-value

∣∣∣Γ1∣∣∣: <0.001*
Group × Education 5.09 0.02
Group × Obesity 3.38 0.03
Group × Smoker 3.10 0.04
RWTT: 0.001*
Group × Obesity 3.23 0.04∣∣∣Pb ∣∣∣: <0.001*
Group × Education 3.79 0.05

*P<0.05 t-unpaired test determining whether the di�erence between the mean of
both groups was statistically signi�cant. Regression models included terms shown,
sex, age, and weekly alcohol intake (units/week); all group interaction terms were
evaluated. Only signi�cant (P<0.05) group interaction terms in the hypothesis tests
are reported.

6.4 Discussion

In this study, we have shown the e�ective impact of ageing on the arterial
system properties and dynamics in the middle-aged. To our knowledge, this
is the �rst study to report and analyse the longitudinal evolution of impedance
and wave re�ection parameters (besides BP and arterial sti�ness) over a span
of about a decade. A major observation to notice from our longitudinal data
is that impedance and wave re�ection parameters have a di�erent evolution,
and in some cases even opposed, from results of cross-sectional analyses.
Indeed, while cross-sectional data show a decrease with age in total arterial
compliance and an increase in resistance, our longitudinal data demonstrate
an increase in CPPM and a decrease in SVR, mainly for men and for the
older age groups. Similar opposite behaviour is found for wave re�ection
parameters, such as the re�ection coe�cient and the re�ection magnitude.
Although PWV increased with age, concordant with cross-sectional analyses,
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it increased more rapidly than expected in women, while the opposite was
true formen; besides it was not paralleled by a decrease in arterial compliance,
mainly in younger subjects.

6.4.1 Longitudinal trajectories of PWV and BP variables: a puzzling
relationship

While the overall consensus is that PWV increases with age, the modelled
age-dependency of the relation between PWV and time is more complex than
this and depends on the chosen models. Our results, as well as previously
published results [62, 63], show no baseline di�erences in PWV between
men and women in the age range of study. In the models accounting only for
entry-age and time (Figure 6.3 and Table 6.4), the longitudinal trajectories
of PWV over time were independent of the baseline age and their rates of
change, although higher for women, showed a similar increasing pattern with
age for both sexes, in agreement with reports from the SardiNIA longitudinal
study [63]. However, in models including covariates (Tables 6.5 through 6.8),
the longitudinal increase in PWV over time was associated with higher entry-
age mainly in women, thus implying that the older the subject entering into
the study, the higher was the increase in PWV in ten years. Similarly to the
present study, in the BLSA [62], sex di�erences in PWV arise and accelerate
with ageing; however, in contrast to our study, men had a steeper longitudinal
increase in PWV than women. Controversial results when referring to sex
di�erences in PWV values with age have been previously reported [205, 221–
223], with a lack of consensus on whether PWV is higher in women or in
men, which may be in�uenced by study design factors such as the age range
of participants, ethnicity, body weight, the variety of methods used when
calculating PWV, or whether the data are cross-sectional or longitudinal. It
has been also suggested that this divergence may be associated to menopause
[223, 224], a factor not accounted for in our study.

Previous studies [60, 63] have shown a dissociation of BP variables with
longitudinal changes in PWV. Our results are in line with these previous
�ndings, where none of the BP variables was longitudinally associated with
PWV trajectories over time (except PPCA in women). Vice versa, PWV was
inversely associated with the longitudinal changes in all BP variables except
PPCA for both sexes (Tables 6.5 through 6.12). Results from the FHS [60] and
the BLSA [61] showed an association of higher PWV with the longitudinal
increase in SBP, supporting the premise that accelerated arterial sti�ness is
one of the causes of hypertension in older adults and not vice versa. Our
outcomes, on the contrary, show that the longitudinal increase in carotid
systolic pressure over time is lower for higher PWV among middle-aged
adults. However, when subjects taking medications were excluded from the

154



6.4. Discussion

analyses, increased carotid systolic pressure was associated with the longi-
tudinal increase in PWV. Similar results were obtained in [62] with models
adjusting for medications use. What is clear from these results is that med-
ication has an impact on the relationship between BP and arterial sti�ness,
and that this relation is rather complex. Note that a direct comparison of
our results with previous longitudinal studies is limited by di�erences in the
statistical approaches, location where BP was measured, the age range and
characteristics of the study population, and duration of the follow-up (the
Asklepios study has the longest mean follow-up compared to [60, 61, 63]).

6.4.2 Longitudinal trajectories of impedance and wave re�ection
parameters

�e longitudinal trajectories of Zc decreased for the younger subjects (A1
to A3). On the contrary, CPPM increased over the 10-year period and this
increase declined with older age. Results obtained for total arterial com-
pliance can be gleaned from the input impedance plots (Figure 6.4). �e
modulus of the �rst two harmonics of Zin in men decreased from visit 1 to
visit 2, this decrease between visits being more evident from the younger to
the older group. �is indicates an increase in total arterial compliance as
it is con�rmed from the CPPM data.�e change in women is less apparent
and does not have a constant behaviour with age, which again re�ects the
results of CPPM. In contrast, within the same visit, the modulus of the �rst
two harmonics of Zin systematically increases with age. �is is consistent
with the continuous cross-sectional decrease of CPPM with increasing age.

Di�erent factors may explain why age-related changes in volume com-
pliance di�er from previous reports [65, 225]. First, most reports are cross-
sectional and when looking at our data from a cross-sectional perspective,
compliance does decrease with age in both rounds. Second, we are study-
ing a large cohort in a narrow age range that is not o�en considered. Our
main rationale to include apparently healthy middle-aged subjects at baseline
was to speci�cally start studying the CV system at a moment where, pre-
sumably, major CV adaptations still need to take place. �e pattern of an
increase in volume compliance concomitant with an increase in PWV sug-
gests that aortic geometric remodelling (such as dilation and elongation) may
be involved. Indeed, earlier studies report that the aorta undergoes marked
changes with ageing, becoming more tortuous with increased elongation [38]
and increased aortic root diameter which is larger in men compared with
women [39].�e former may also explain the decrease in aortic Zc for all
but the oldest age category. Characteristic impedance is known to be very
sensitive to aortic size, as quanti�ed by the water hammer equation [46, 210];
therefore, aortic dilation may be able to overcome the hemodynamic impact
of aortic sti�ening. Besides, it has been already suggested that the e�ective
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cross-sectional area (Ae�) plays an important role in the arterial function,
particularly as a determinant of aortic Zc [210].

In the design of our population study, we did not account for a direct
measure of change in aortic size (dilatation or elongation). In the previous re-
port of theAsklepios study [65], a relation between age and the cross-sectional
area of the LVOT (which can be seen as an indication of further changes
in Ae�) could not be established. In contrast, in our present longitudinal
study, LVOT cross-sectional area increased signi�cantly between visits (see
Table 6.2). In the younger middle-aged males, while PWV increased a 9%
between visits, Zc decreased a 13%, which suggest from the water hammer
equation a 25% increase in Ae�. Total arterial compliance, via the distensibil-
ity coe�cient, could be assumed to be proportional to Ae�/PWV2, thus the
increase in both parameters would imply an increase in arterial compliance
of ≈ 5%, which corresponds with the order of magnitude of the increase
observed in CPPM for this group of subjects.

Contrary to what has been observed by cross-sectional studies including
the baseline Asklepios study [10, 65, 226], in the transition from middle-
aged to older of our sample population wave re�ection did not increase but
decreased with ageing for men and women.�ere was a nonlinear relation in
|Γ1| with the cross-sectional age inmen, but longitudinal trajectories over time
were independent of the entry-age.�e longitudinal trajectories in |Pf | had a
marked dependency with ageing, whereas |Pb| decreased albeit with less age-
dependency.�e conventional understanding of wave re�ection shows that
with advancing age, increased aortic sti�ness results in larger re�ected waves
returning earlier in the aorta and elevating BP [9]. On the contrary,Mitchell et
al. [54, 227] have suggested that the increase in characteristic impedance due
to increasing aortic sti�ness with ageing, leads to an impedance matching
between the aorta and large peripheral arteries, which in turn leads to a
reduction in wave re�ection.�e patterns of change for the older subjects
in our study are consistent with these �ndings. However, it is important to
consider that impedance matching is also highly sensitive to the geometry of
proximal and distal vessels. Future studies should examine the determinants
of wave re�ection in more detail, including the role of segmental sti�ening
and conduit artery geometry.

6.4.3 Cardiovascular risk factors do not fully explain the dissociation
between baseline and follow-up observations

A major observation from our study is the dissociation between our longitu-
dinal outcomes and what was expected based on our previous cross-sectional
analysis [65]. We cannot exclude that secular trends due to a change of
lifestyle, diet, socio-economic factors or environmental exposures may be
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a�ecting our results, since they are likely to occur in the long observation
period. Such factors were not fully accounted for in our study and in general
are considered a limitation of long period longitudinal studies. Nonetheless,
we performed additional analyses testing for the association between the
studied parameters and traditional cardiovascular risk factors such as obesity,
diabetes, smoking status, alcohol intake, hypertension, use of lipid-lowering
treatments, and the education level. Although the longitudinal e�ect of med-
ication use was signi�cant for some parameters, overall the patterns of change
remained consistent (Figure 6.7). When accounting for the other CV risk
factors, the patterns of change persisted in general (see Figures 6.8 and 6.9).
Signi�cant di�erences were also observed when comparing parameters in
subjects of a certain age at baseline with subjects that reached the same age
during follow-up. Speculatively, this may be an e�ect of subjects of a same
age experiencing a di�erent lifestyle history and di�erent environmental
exposures. It was also veri�ed by a multiple regression analysis for the rate
of change of some variables (data not shown), adjusting for age, sex, and
the baseline measurement of the variable, that our results are not a�ected by
regression to the mean.

6.4.4 Limitations
Our study has some limitations that should be discussed. Our noninvasive
data of central pressure were estimated at the carotid artery as a surrogate for
aortic pressure, this combined with central aortic �ow might have in�uenced
the derived impedance and re�ection parameters.�e evaluated population
was narrowed down to white middle-aged subjects that transitioned to an
older cohort in the span of the study, thus our results cannot be generalized
to younger or elder subjects, or to other races and ethnicities. Besides, our
longitudinal study includes only one follow-up measurement, limiting the
detection power of complex interactions that may have occurred between
both examination visits. Derived PWV at follow-up was not corrected for
the changes in the path length between visits.

6.5 Conclusions

In middle-aged adults, the evolution of arterial parameters over a 10-year
period di�er from cross-sectional trends, leading to di�erences in subjects of
similar ages but a decade apart. Overall, the arterial system of subjects that
reached a certain age in the span of the study had higher compliance, body
size measures, cardiac output, stroke volume, PWV (in women) than subjects
that were the same age at baseline, but also presented lower wave re�ection
parameters, SVR, and characteristic impedance.�ese di�erences may be
conditioned by di�erent socio-economic factors, environmental exposures,
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and changes of subjects’ lifestyle, rather than ageing alone. Although PWV
rises with age indicating sti�ening of the arterial tree, this increase was not
paralleled by a decrease in volume compliance or by an increase in charac-
teristic impedance.�is suggests that dilation and elongation of the aorta
plays an important role in determining impedance. Our results evidence the
importance of performing longitudinal studies over cross-sectional studies,
which do not properly re�ect the e�ective impact of ageing on arterial sys-
tem properties. More e�orts are still needed to develop therapies aiming to
in�uence directly arterial sti�ness, whereas traditional risk factors together
with socio-economic, genetic, and environmental factors, deserve greater
consideration to reduce the risk of cardiovascular events and achieve healthy
vascular ageing.
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Pulse wave propagation in the CV system has become an important subject of
study, as researchers have gained awareness of the in�uence of wave dynamics
on pressure and �ow patterns, and its potential for explaining many observed
age and disease related changes in arterial hemodynamics and their e�ects on
theCV system. Within this context, the research presented in this dissertation
aimed to gain a deeper insight into arterial hemodynamics and pulse wave
travel and re�ection in the arterial system (in humans and the horse), and
assess how they are a�ected by ageing.

Key messages from the thesis

We studied arterial hemodynamics and wave propagation in the CV system
in a number of selected applications, by making use of a previously validated
1D model of the systemic circulation [12]. We �rst applied the 1D model to
investigate the hemodynamic impact of the C-Pulse heart assist system on
the circulation (Chapter 3). Simulations of standard hemodynamic measure-
ments were comparable to in vivo human (noninvasive) and pig (invasive)
measurements, in terms of wave dynamics, as well as pressure and �ow wave
shape. Since pulse wave propagation may be a signi�cant contributor to
the e�cacy of the device, we used wave intensity analysis to provide insight
in the mechanisms by which the C-Pulse device produces hemodynamic
bene�ts. We demonstrated that activation of the C-Pulse in diastole gen-
erates a sequence of forward compression-expansion waves, leading to the
increase in diastolic arterial pressure and coronary �ow. Nevertheless, the
circulatory bene�ts of the heart assist device were more evident in vivo than
in the simulations, suggesting the in�uence of neuro-modulating mecha-
nisms, not accounted for in the computer model. A major observation of
this study was that the potential bene�cial e�ect of the device is dependent
upon arterial compliance, with greater hemodynamics e�ects in diastole on
sti�er aortas.�is might constitute an important factor to take into account
when selecting patients, for this or similar heart assist devices intended as
a bridge-to-transplant or as destination therapy, since most of the patients
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are likely to have large-artery sti�ening [46].�ese results are in turn condi-
tioned by themodus operandi of the device, which is programmed to achieve
approximately the same degree of aorta compression in each patient, thus
requiring higher cu� in�ation pressures for less compliant vessels.

In Chapter 4, we studied several methods to estimate local PWV, based
on the water hammer equation. By means of the 1D model, we were able
to derive local PWV at each location in the arterial tree, and use these data
to map the accuracy of the loop-based methods along the complete main
systemic network.�e numerical approach of the study o�ers an advantage
compared to in vivo studies, where the hemodynamic signals needed to
apply the methods are only available noninvasively at super�cial arteries
such as the carotid or femoral, limiting the estimation of local PWV to
few isolated locations. We con�rmed that the loop-based methods present
inaccuracies compared to the reference Bramwell-Hill equation, and this
largely depending on the location in the arterial tree, although with a non-
systematic pattern.�e PU-loop method overestimated the value of PWV
by more than 20% for most arterial locations, whereas the ln(D)U-loop and
QA-loop methods underestimated the value of PWV to the same extent at
the very same locations. Discrepancies increased signi�cantly in the aged
model con�guration for each of these methods. �e error trends of these
methods have been associated with the nature of wave re�ections in previous
studies [167–169]. In contrast, the ln(D)P-loop, which is insensitive to wave
re�ections, performed well over the complete network, as did the re�ection-
correction method proposed by Segers et al. [168] in most vascular sites.
Nonetheless, the ln(D)P-loop is mathematically equivalent to the theoretical
Bramwell-Hill equation, therefore this method does not really provide a
practical alternative to it. On the other hand, the method correcting for
wave re�ections also lacks practical applicability since four signals have to be
simultaneously measured. Accordingly, the Bramwell-Hill equation remains
as the recommended method to estimate PWV at a single-location [71].
Because the knowledge of local PWV is essential to perform wave separation
analysis (WSA), we later examined how the errors on PWV, obtained with
the di�erent methods, propagate on subsequent WSA. We again found that
the errors are site-dependent, but overall WSA was not highly dependent
on the accuracy of the PWV estimates, in particular for locations such as
the ascending aorta or carotid artery, which are sites of interest in clinical
practice. Although an important result of this study is that the performance
of the di�erent methods is highly site-speci�c, results are bounded to the two
simulated cases. Further studies are thus required to deepen in this matter,
which can be carried out by generating a virtual cohort dataset, for instance
by varying cardiac and arterial parameters within healthy ranges [228]. A
virtual dataset may be useful to further investigate the impact of using a
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surrogate pressure waveform, obtained from linear calibration of the local
diameter waveform to brachial mean and diastolic pressures, as proposed by
Kowalski et al. [91] for the ln(D)P method.

Another contribution of this thesis was the development in Chapter 5
of a 1D model of the equine arterial circulation, based on the human 1D
model of the systemic arterial system. A major di�culty in developing the
model was the lack of data to �t the model parameters. Due to the technical
challenges of horse measurements, most of the parameters required as input
in themodel are not available in the literature; even our in vivomeasurements
of pressure and �ow waveforms were performed only at few locations and
in a limited number of horses. In view of this, several parameters, including
the cardiac and terminal model parameters, were assumed and tuned to the
equine physiology by scaling factors based on the human data. Further �ne-
tuning of these parameters to equine physiology will be necessary to obtain
a closer match with in vivo �ow pro�les.�e use of the Witzig-Womersley’s
oscillatory �ow theory to compute the local velocity pro�le and the friction
coe�cient was of great relevance in the horse model. Horses have larger
arteries calibre than humans, which is a factor determining the Womersley
parameter, with higher alpha numbers indicating in�uence of inertial e�ects
over viscous e�ects in the velocity pro�le, and therefore a �atter pro�le. Exclu-
sion of the Womersley equations in the horse model led to non-physiological
pressure and �ow patterns in the large arteries. Overall, model predictions
were in line with measured pressure and �ow waveforms. Inclusion of gravity
in the horse model improved predicted waveforms. Nevertheless, the results
accounting for gravity are not completely accurate since the model does not
include the necessary control mechanisms. Changes in posture from the
lying to the standing position, lead to di�erences in the arterial and venous
pressures since gravitational forces play a role [31]. In the lying position the
mean pressures are similar for all the major arteries, while in the standing
position mean pressures increase going from the head to the limbs. Autore-
gulation mechanisms are activated with the change in posture, increasing
cardiac output (increased heart rate) and resistance (vasoconstriction), to
maintain a normal arterial blood pressure [23].�e developed equine model
has a generic character since it is based on averaged data.�erefore, predic-
tions of pressure and �ow waveforms can be made for the average healthy
horse, and comparison between predicted and in vivowaveforms should only
be considered qualitatively. A detailed horse-speci�c model would be the
preferred option to study the pathophysiology in an individual animal, as we
have observed that �ow patterns di�er considerable from one horse to the
other, but this approach is challenging due to the large number of parameters
required to develop such a per horse model.�e horse model constitutes a
promising tool to study various types of pathophysiological conditions in
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horses, as a result of strenuous exercise or changes due to ageing, breed or
gender.

A second major goal of this PhD project was to investigate the e�ective
impact of ageing on arterial system properties and arterial wave re�ections,
for which we made use of the longitudinal in vivo data of the Asklepios
middle-aged population (Chapter 6). Concretely, we statistically analysed
the 10-years longitudinal changes on PWV and BP indices, input impedance
parameters, and wave re�ections parameters, and compared them to the
previous cross-sectional perspectives. We found that PWV increased with
age, but to a lesser extent than predicted from cross-sectional data. �e
longitudinal age-related increase in PWVwas besides steeper in women than
in men. Another striking observation was that the increase in PWV was
not paralleled by a decrease in arterial compliance. Moreover, longitudinal
changes in global system parameters as arterial compliance, systemic vascular
resistance, the re�ection coe�cient, and the re�ected pressure wave, opposed
to cross-sectional observations over the studied age range. Overall, discrepan-
cies remained a�er exclusion of hypertensive subjects or when accounting for
several CV risk factors such as diabetes, obesity, or smoking. Our data suggest
that aortic remodelling (dilation and elongation), together with sti�ening,
play an important role determining the longitudinal age-related changes in
PWV and impedance parameters for younger middle-aged subjects.�ese
changes may contribute to impedance matching between the aorta and large
peripheral arteries, reducing wave re�ection in the studied age range. Our
results may be conditioned by di�erences in socio-economic factors, envi-
ronmental exposures, and changes of subjects’ lifestyle, rather than ageing
alone. If so, this implies that arterial sti�ening is modi�able, but also that
reference and normal values, typically obtained from cross-sectional studies,
require frequent updates. Finally, the steeper increase in PWV in women war-
rants further attention, especially in view of ventricular-arterial interactions
and the higher incidence of heart failure with preserved ejection fraction
in women [229, 230]. We stress that longitudinal studies of ageing provide
important information that cannot be gained by cross-sectional studies alone.

Limitations and future perspective

Our work with the 1D model has con�rmed it as a powerful tool for under-
standing physiological changes occurring in the CV system under di�erent
circumstances, and their e�ect on pulse wave propagation. Nevertheless,
modelling will always be an approximation of reality. An important complica-
tion and challenge for modelling the CV system, is to incorporate regulation
and adaptation mechanisms in the constitutive relations. Some studies have
simulated autoregulation mechanisms (vasodilatation and vasoconstriction)
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of the cerebral circulation by using time-varying resistance models [231, 232],
but these e�ects are rarely included in 1D modelling studies. Accounting for
adaptation mechanisms in the 1D model would be of relevance for the study
of counterpulsation devices such as the C-Pulse, providing a more objective
evidence of hemodynamic e�cacy. �e mechanism of counterpulsation,
although long established as a therapy for heart failure [233], is still very
controversial in terms of a purely mechanical e�ect or neural mediated e�ect.
In this regard, the discrepancy between simulations and in vivo data shown in
our study, may suggest that the hemodynamic e�ect of the C-Pulse is besides
in�uenced by autoregulation or sympathetic/parasympathetic modulation
mechanisms, and this apart from the limitations per se of the simple model
used to simulate the action of the cu�.

�e horse model would also bene�t from the incorporation of regulation
mechanisms, particularly to study the e�ects of gravity, which in turn is a
feature that is not routinely implemented in 1D modelling in humans, and
thus could also be considered in future work.�e horse model can be used in
future research to study various types of pathologies, or physiological changes
in local pressure and �ow pro�les under di�erent conditions, and without the
need of invasive measurements. One of the applications of this model could
be oriented to study the e�ects of extreme exercise on arterial hemodynamics,
which may contribute to the understanding of the relatively high incidence
of sudden death during exercise due to arterial rupture [184, 185]. During
exercise the cardiac output of the horse increases considerably (about 8 to
13 times higher than the resting values [193]), which can be simulated by
altering the cardiac parameters in the model.�e �ow distribution in the
arterial system also changes from rest to exercise, with more than 80% of
the cardiac output perfusing skeletal muscle during maximal exercise, in
contrast to only 15% at rest [193].�erefore, simulating this condition would
imply a readjustment of the terminal impedance parameters. Nevertheless,
validation of this case would be hampered since measurements in horses
during exercise are di�cult to obtain. For instance, to our knowledge, horse
blood pressure has only beenmeasured during exercise through very invasive
approaches [234, 235]. As mentioned previously, the e�ect of ageing on the
equine hemodynamics can also be investigated using the 1Dmodel. As occurs
for humans (shown in the longitudinal in vivo Asklepios dataset - Chapter 6),
an increase in arterial sti�ness (PWV) has also been observed with ageing
in horses [236]; meaning that the ageing condition can be simulated by
modifying the arterial compliance parameters in the model, albeit in simple
models to some extent.

�e current 1D model is an open-loop system, since it does not include
the venous and pulmonary circulation. Inclusion of amodel of the pulmonary
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circulation could be relevant to understand other clinical conditions in horses
such as exercise-induced pulmonary haemorrhage [235]. Recent work im-
proving the modelling capabilities of this particular 1D model has already
been undertaken [135], with the inclusion of a simpli�ed �ve-segment lumped
parameters model of the pulmonary circulation (2-element Windkessel mod-
els connected in series). More importantly in that same study, which aimed
to investigate the biomechanics of diastolic dysfunction, the time-varying
elastance model of the le� ventricle was upgraded to a lumped parameters
model of the heart accounting for the four chambers and valves.�e use of
such an improved version of the heart model would favourably impact the
results of the di�erent studies presented in this thesis. Particularly, it could
be useful to further unravel the e�ects on arterial hemodynamics of heart
assist devices such as the C-Pulse, due to the importance of counterpulsation
synchronization with the timing of the cardiac cycle.

�e value of 1D modelling is increasing as the large amount of parameter
data necessary to describe the circulation becomes more available, due to
the continuous improvement of the noninvasive measuring techniques. In
this way, computational models of the CV system are closer to becoming a
reliable and useful tool for prediction and case studies in clinical practice. In
our studies with the 1D model, we represented ageing by simply modifying
the distensibility over the complete arterial tree, which appears to be a very
simple solution for a phenomenon that is much more complex. Other studies
with the 1D model have included more complexity when simulating ageing,
by accounting for age-speci�c curves for the estimation of distensibility, and
age-speci�c variations of terminal resistance and cardiac parameters [20].
On the other hand, the Asklepios dataset, based on longitudinal noninvasive
measurements, provides a unique opportunity to study the e�ects of ageing
on arterial hemodynamics in a large population. A major drawback of the
study is that we did not measure aortic remodelling as a result of ageing, thus
we can only presume about its role driving our results. Further studies are
needed to evaluate in more detail age-related geometric remodelling and wall
sti�ening as determinants of pulsatile hemodynamics.

One aspect observed in the Asklepios population is the di�erence
between men and women in the longitudinal evolution of some parameters,
particularly arterial sti�ness. Accordingly, it seems reasonable to further
consider sex-speci�c 1D models when studying CV ageing. Changes
due to menopause have been pointed out in some studies [223, 224, 237]
as a potential factor determining the sex di�erences in arterial sti�ness;
therefore, considering the age range of women in the Asklepios study and
the presumed change in the menstrual status during the study period,
menopause becomes an interesting point to be elucidated in future
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research. Nonetheless, accounting for pre- and post-menopause e�ects
is challenging, especially in middle-aged women where besides natural
hormonal changes, hormone therapies may also be incorporated. Another
research subject that may be even more relevant for future studies, is the role
of environmental exposure, socio-economic and lifestyle factors such as
exercise, as confounding in the cohort e�ects. We presume that these factors
may have in�uenced our results, and led to di�erences in ageing related
changes in subjects of distinct generations. Unfortunately, despite the extent
of the database and the extensive cardiovascular phenotyping, the Asklepios
database is too limited to assess a potential impact of environmental,
socio-economic and lifestyle factors on arterial ageing.�is highlights the
need for well-designed longitudinal studies where lifestyle, socio-economic,
genetic and environmental factors, together with traditional CV risk factors,
are taken into account in order to assess them as determinants of the
hemodynamic changes with ageing, in di�erent populations and from
di�erent generations. A possible pathway to achieve this purpose is the
application of novel computational techniques such as machine learning,
by means of which insight from the raw data can be derived without a
priori assumptions. For instance, machine learning could be applied to
the Asklepios dataset in order to prospectively investigate and identify the
factors associated with the prevalence of healthy vascular ageing during
the follow-up period. Clear identi�cation of these factors is important
to reinforce cardiovascular prevention, in�uence the ageing process and
improve individuals’ quality of life.
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Appendix

Appendix A: Witzig-Womersley theory

Considering the �ow of a viscous incompressible �uid in a straight, circular,
su�ciently long tube, the velocity along the tube can be assumed to be
independent of its axial direction.�en if the convective acceleration and
body forces are neglected, the momentum equation (2.5) can be rewritten in
the form (Womersley 1957 [143]):

∂u
∂t

= − 1
ρ
∂P
∂x

+ µ
ρ
(∂2u
∂r2

+ 1
r
∂u
∂r

) (A.1)

and assuming that the local pressure gradient is a sinusoidal wave with am-
plitude A and angular frequency ω,

∂P
∂x

= Ae iωt (A.2)

we get to the expression:

∂2u
∂r2

+ 1
r
∂u
∂r

− ρ
µ
∂u
∂t

= 1
µ
Ae iωt (A.3)

By using the substitution u = we iωt in the above equation, and by cancelling
the term e iωt throughout the equation, the following relation is derived:

∂2w
∂r2

+ 1
r
∂w
∂r

− ρ
µ
iωw = A

µ
(A.4)

�is is a form of Bessel’s equation, and its solution is [143]:

w = A
iωρ

⎡⎢⎢⎢⎢⎢⎣
1 − J0 (αi3/2 rR)

J0 (αi3/2)
⎤⎥⎥⎥⎥⎥⎦

(A.5)
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where J0 is a Bessel function of the �rst kind of order zero, with complex
argument, and α = R

√
ρω/µ is the dimensionless Womersley’s alpha para-

meter. By converting the solution to the �uid velocity u, the equation for the
�uid velocity takes the form:

u(r, t) = Real
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
A
iωρ

⎡⎢⎢⎢⎢⎢⎣
1 − J0 (αi3/2 rR)

J0 (αi3/2)
⎤⎥⎥⎥⎥⎥⎦
e iωt

⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭
(A.6)

where the amplitude A is unknown, R is the artery radius (assumed constant
and equal to the local radius at mean pressure) and r/R is the relative radial
position. �e "Real" means that only the real part of the mathematically
complex formula is taken [31]. As the �ow pro�le depends on the velocity
pro�le,

Q(t) = ∫ R

0
u(r, t)dA (A.7)

and considering dA = 2πrdr we obtain:
Q(t) = 2π∫ R

0
u(r, t)rdr (A.8)

By substituting the relation for the velocity u (equation (A.6)) in the above
equation, and applying the commutation integral properties we obtain,

Q(t) = Real
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
2πA
iωρ

⎡⎢⎢⎢⎢⎢⎣∫
R

0
rdr − ∫ R

0
r
J0 (αi3/2 rR)
J0 (αi3/2) dr

⎤⎥⎥⎥⎥⎥⎦
e iωt

⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭
(A.9)

Solving the �rst integral in equation (A.9):

∫ R

0
rdr = R2

2
(A.10)

Solving the second integral in equation (A.9):

∫ R

0
r
J0 (αi3/2 rR)
J0 (αi3/2) dr = 1

J0 (αi3/2) ∫
R

0
rJ0 (αi3/2 r

R
)dr (A.11)

by applying the substitution w = αi3/2 r
R
, which implies r = R

αi3/2w and

dr = R
αi3/2 dw, and rearranging:

∫ R

0
r
J0 (αi3/2 rR)
J0 (αi3/2) dr = R2(αi3/2)2J0 (αi3/2) ∫

R

0
wJ0 (w)dw (A.12)
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By applying the property of Bessel functions [238]:

∫ xk Jk−1 (x)dx = xk Jk(x) (A.13)

where k is the order of the Bessel function and x its argument; the solution
of the integral in function of w is:

∫ R

0
r
J0 (αi3/2 rR)
J0 (αi3/2) dr = R2(αi3/2)2J0 (αi3/2)wJ1(w)∣R

0
(A.14)

By converting the solution to the radius r and evaluating in the integration
limits, the solution of the integral is �nally:

∫ R

0
r
J0 (αi3/2 rR)
J0 (αi3/2) dr = R2

αi3/2J0 (αi3/2) J1 (αi3/2) (A.15)

By substituting the results of equations (A.10) and (A.15) in equation (A.9),
and rearranging, a �nal relation for the �ow can be obtained [31]:

Q(t) = Real
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

πR2A
iωρ

⎡⎢⎢⎢⎢⎢⎣
1 − 2J1 (αi3/2)

αi3/2J0 (αi3/2)
⎤⎥⎥⎥⎥⎥⎦
e iωt

⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭
(A.16)

Taking into account equation (A.16), the velocity can be written as a function
of the �ow:

u(r, t) = Real
⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
Q(t)
πR2

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 − J0(αi3/2 r

R )

J0(αi3/2)

1 − 2J1(αi3/2)
αi3/2 J0(αi3/2)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
e iωt

⎫⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎭
(A.17)

Since the heart generates a series of sine waves rather than a single one, the
velocity pro�le is calculated as a Fourier series with harmonics (n):

u(r, t) =∑
n
Real

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
Qn
πR2

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 − J0(αi3/2 r

R )

J0(αi3/2)

1 − 2J1(αi3/2)
αi3/2 J0(αi3/2)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
e iωt

⎫⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎭
(A.18)

where Qn is the nth harmonic of the �ow pulse, and J0 and J1 are the complex
Bessel functions of the �rst kind of zero and �rst order, respectively. For n= 1
and considering the property [238]:

Jk(x) = ∞∑
n=0

(−1)n(x/2)k+2n
n!(k + n)! (A.19)
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the solutions for the Bessel functions in equation (A.18) are:

J0 (αi3/2 r
R
) = −α2 i3r2

4R2
(A.20)

J0 (αi3/2) = −α2 i3

4
(A.21)

J1 (αi3/2) = −α3 i9/2

16
(A.22)

By substituting the relations (A.20), (A.21) and (A.22) in equation (A.18) and
simplifying, the equation for the velocity pro�le takes the form:

u(r, t) = 2
πR2

(1 − r2

R2
)Q1+∑

n
Real

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
Qn
πR2

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 − J0(αi3/2 r

R )

J0(αi3/2)

1 − 2J1(αi3/2)
αi3/2 J0(αi3/2)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
e iωt

⎫⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎭
(A.23)

To derive an expression in the oscillatory theory for the wall friction term τ,
the derivative of the velocity pro�le given by relation (A.23) is obtained.

τ = µ ∂
∂r

⎛⎜⎜⎜⎜⎜⎝
2

πR2
(1 − r2

R2
)Q1 +∑

n
Real

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
Qn
πR2

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 − J0(αi3/2 r

R )

J0(αi3/2)

1 − 2J1(αi3/2)
αi3/2 J0(αi3/2)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
e iωt

⎫⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎭

⎞⎟⎟⎟⎟⎟⎠
∣
r=R

(A.24)
By solving the derivative of the �rst term in the sum and evaluating in the
limits we obtain:

µ ∂
∂r

⎛⎝ 2
πR2

(1 − r2

R2
)Q1⎞⎠ ∣

r=R
= − 4µ

πR3
Q1 (A.25)

�e derivative of the second term in the sum can be written as:

µ ∂
∂r

⎛⎜⎜⎜⎜⎜⎝
∑
n
Real

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
Qn
πR2

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 − J0(αi3/2 r

R )

J0(αi3/2)

1 − 2J1(αi3/2)
αi3/2 J0(αi3/2)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
e iωt

⎫⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎭

⎞⎟⎟⎟⎟⎟⎠
RRRRRRRRRRRRRr=R =

∑
n
Real

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
µQn
πR2

e iωt

1 − 2J1(αi3/2)
αi3/2 J0(αi3/2)

⎡⎢⎢⎢⎢⎣−
1

J0 (αi3/2) d
dr

(J0 (αi3/2 r
R
)) ∣

r=R

⎤⎥⎥⎥⎥⎦
⎫⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎭

(A.26)
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To solve the term d
dr (J0 (αi3/2 rR)), let's consider once more the substitution

w = αi3/2 rR , with r = R
αi3/2w and dr = R

αi3/2 dw, then we obtain:

d
dr

(J0 (αi3/2 r
R
)) ∣

r=R
= w

r
d
dw

(J0(w)) (A.27)

By applying the property [238]:

x d
dx

Jk(x) = kJk(x) − xJk+1(x) (A.28)

the following equation is obtained:

d
dr

(J0 (αi3/2 r
R
)) ∣

r=R
= −w

r
J1(w) (A.29)

Converting back the solution and evaluating in r = R, the derivative is �nally
calculated as:

d
dr

(J0 (αi3/2 r
R
)) ∣

r=R
= −αi3/2

R
J1(αi3/2) (A.30)

By substituting this result in equation (A.26),

µ ∂
∂r

⎛⎜⎜⎜⎜⎜⎝
∑
n
Real

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
Qn
πR2

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 − J0(αi3/2 r

R )

J0(αi3/2)

1 − 2J1(αi3/2)
αi3/2 J0(αi3/2)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
e iωt

⎫⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎭

⎞⎟⎟⎟⎟⎟⎠
RRRRRRRRRRRRRr=R =

∑
n
Real

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
µQn
πR2

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

αi3/2
R

J1(αi3/2)
J0(αi3/2)

1 − 2J1(αi3/2)
αi3/2 J0(αi3/2)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
e iωt

⎫⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎭
(A.31)

Finally, by substituting the results of (A.25) and (A.31) in equation (A.24)
and rearranging, we obtain a general equation for the wall shear stress as:

τ = − 4µ
πR3

Q1 +∑
n
Real

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
µ

πR3
Qnαi3/2

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

J1(αi3/2)
J0(αi3/2)

1 − 2J1(αi3/2)
αi3/2 J0(αi3/2)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
e iωt

⎫⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎭
(A.32)
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Appendix B: Supplemental figures

FigureB.1: Correlationmatrix of key variables in the analyses. Values in red indicate
signi�cant correlation. H: height; W: weight; SBP: carotid systolic blood pressure;
PP: carotid pulse pressure; C: volume compliance (CPPM); RC: amplitude of the
re�ection coe�cient at the heart frequency (∣Γ1∣).

Figure B.2: Residuals versus predicted values of SVR for men and women (A and
C). Correlation between observed and predicted values of SVR for men and women
(B and D).�e plots refer to model in Table 6.13.
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Figure B.3: Residuals versus predicted values of CPPM for men and women (A and
C). Correlation between observed and predicted values of CPPM for men and women
(B and D).�e plots refer to models in Table 6.14.

Figure B.4: Residuals versus predicted values of Zc for men and women (A and C).
Correlation between observed and predicted values of Zc for men and women (B
and D).�e plots refer to models in Table 6.15.
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Figure B.5: Residuals versus predicted values of ∣Γ1∣ for men and women (A and C).
Correlation between observed and predicted values of ∣Γ1∣ for men and women (B
and D).�e plots refer to the models in Table 6.16.
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Figure B.6: Residuals versus predicted values of RWTT for men and women (A
and C). Correlation between observed and predicted values of RWTT for men and
women (B and D).�e plots refer to the models in Table 6.17.
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Figure B.7: Residuals versus predicted values of ∣Pf∣ for men and women (A and C).
Correlation between observed and predicted values of ∣Pf∣ for men and women (B
and D).�e plots refer to the models in Table 6.18.

Figure B.8: Residuals versus predicted values of ∣Pb∣ for men and women (A and
C). Correlation between observed and predicted values of ∣Pb∣ for men and women
(B and D).�e plots refer to the models in Table 6.19.
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Appendix C: Supplemental tables

Table C.1: Generalized LME models examining the associations between PWV and
traditional CV risk factors for men and women.

Men Women
Variables Estimate SE P-value Estimate SE P-value

Intercept 1.5197 0.0286 0.0000 1.5855 0.0388 1.97E-264
Time 0.0065 0.0008 1.33E-15 -0.0033 0.0056 0.5583
Entry-Age 0.0098 0.0008 7.05E-32 0.0095 0.0008 9.46E-34
HR 0.0049 0.0005 4.87E-25 0.0034 0.0006 6.26E-09
HR×Time - - - 0.0002 0.0001 0.0079
Obesity 0.0498 0.0142 0.0005 0.0373 0.0139 0.0073
Overweight 0.0147 0.0093 0.1141 0.0117 0.0093 0.2072
Diabetes (Yes) - - - -0.0374 0.0366 0.3071
Diabetes (Yes)×Entry-Age - - - 0.0181 0.0069 0.0086
Hypertension (Yes) 0.1010 0.0092 4.18E-27 0.1334 0.0092 2.12E-45
Lipid-lowering drugs (Yes) -0.4882 0.0902 7.17E-08 -0.4961 0.1039 1.94E-06
Lipid-lowering drugs (Yes)×Time 0.0471 0.0089 1.31E-07 0.0476 0.0103 4.04E-06
Lipid-lowering drugs (Yes)×Entry-Age 0.0045 0.0022 0.0364 - - -
Weekly alcohol intake 0.0006 0.0003 0.0270 - - -
Education (not beyond secondary school) -0.0200 0.0092 0.0290 - - -

R (Obs. vs. Pred.) 0.897 0.887
R2 0.938 0.943

Table C.2: Generalized LME models examining the association between SVR and
traditional CV risk factors for men and women.

Men Women
Variables Estimate SE P-value Estimate SE P-value

Intercept 0.4872 0.0410 2.03E-31 0.7013 0.0387 6.77E-68
Time 0.0065 0.0051 0.2050 0.0012 0.001 0.2278
Entry-Age 0.0149 0.0059 0.0112 0.0030 0.0010 0.0020
HR -0.0051 0.0007 1.84E-14 -0.0068 0.0006 2.78E-30
HR×Time -0.0002 0.0001 0.0363 - - -
HR×Entry-Age -0.0002 0.0001 0.0187 - - -
Obesity -0.0666 0.0172 0.0001 -0.0499 0.0167 2.82E-03
Overweight -0.0411 0.0112 0.0003 -0.0265 0.011 0.0156
Diabetes (Yes) - - - -0.1048 0.0383 0.0063
Hypertension (Yes) 0.1198 0.0108 1.68E-27 0.1649 0.0141 1.54E-30
Hypertension (Yes)×Time - - - -0.0056 0.0017 0.0012
Education (not beyond secondary school) -0.0327 0.0120 0.0063 - - -

R (Obs. vs. Pred.) 0.881 0.897
R2 0.194 0.419
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Table C.3: Generalized LME models examining the association between CPPM and
traditional CV risk factors for men and women.

Men Women
Variables Estimate SE P-value Estimate SE P-value

Intercept 0.6022 0.0464 5.91E-37 0.3637 0.0478 4.43E-14
Time 0.0011 0.0028 0.6913 0.0025 0.0010 0.0128
Entry-Age -0.0020 0.0014 0.1474 -0.0081 0.0014 3.14E-09
Entry-Age×Time -0.0006 0.0002 0.0018 - - -
HR -0.0083 0.0007 1.12E-32 -0.0073 0.0007 3.01E-23
Obesity 0.1367 0.0212 1.40E-10 0.1584 0.0205 1.63E-14
Overweight 0.0646 0.0140 4.14E-06 0.0771 0.0136 1.79E-08
Diabetes (Yes) -0.0854 0.0346 0.0137 0.1017 0.0504 0.0439
Diabetes (Yes)×Entry-Age - - - -0.0170 0.0096 0.0771
Smoker (Ex-smoker) 0.0095 0.0213 0.6565 - - -
Smoker (Never smoked) 0.0431 0.0204 0.0351 - - -
Smoker (Ex-smoker)×Time 0.0063 0.0033 0.0617 - - -
Smoker (Never smoked)×Time 0.0061 0.0032 0.0539 - - -
Hypertension (Yes) -0.1612 0.0138 2.89E-30 -0.2495 0.0134 1.64E-71
Hypertension (Yes)×Entry-Age - - - -0.0066 0.0021 0.0019

R (Obs. vs. Pred.) 0.870 0.867
R2 0.371 0.320

Table C.4: Generalized LME models examining the association between Zc and
traditional CV risk factors for men and women.

Men Women
Variables Estimate SE P-value Estimate SE P-value

Intercept -2.4293 0.0571 1.32E-274 -2.1993 0.0151 0.0000
Time -0.0100 0.0018 1.52E-08 -0.0072 0.0015 1.82E-06
Entry-Age -0.0104 0.0019 2.46E-08 -0.0083 0.0019 2.36E-05
(Entry-Age)2 0.0008 0.0003 0.0022 0.0005 0.0003 0.0365
Entry-Age×Time 0.0007 0.0002 0.0049 0.0007 0.0002 0.0038
HR 0.0017 0.0009 0.0624 - - -
Obesity -0.1179 0.0277 2.24E-05 -0.1185 0.0268 1.04E-05
Overweight -0.0401 0.0185 0.0302 -0.0799 0.0182 1.20E-05
Diabetes (Yes) 0.0515 0.0488 0.2912 - - -
Diabetes (Yes)×Entry-Age 0.0191 0.0081 0.0184 - - -
Hypertension (Yes) 0.0197 0.0247 0.4248 0.1206 0.0180 3.03E-11
Hypertension (Yes)×Time 0.0087 0.0031 0.0052 - - -
Hypertension (Yes)×Entry-Age - - - 0.0100 0.0030 0.0008
Lipid-lowering drugs (Yes) - - - -0.5348 0.1928 0.0056
Lipid-lowering drugs (Yes)×Time - - - 0.0490 0.0189 0.0096

R (Obs. vs. Pred.) 0.841 0.801
R2 0.247 0.208
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Table C.5: LME models examining the association between ∣Γ1∣ and traditional CV
risk factors for men and women.

Men Women
Variables Estimate SE P-value Estimate SE P-value

Intercept 0.6668 0.0155 1.59E-278 0.6703 0.0212 4.69E-177
Time -0.0021 0.0012 0.0717 -0.0104 0.0032 0.0014
Entry-Age 0.0036 0.0006 4.05E-10 0.0025 0.0004 2.62E-09
(Entry-Age)2 -0.0002 0.0001 0.0007 - - -
HR -0.0036 0.0002 4.22E-55 -0.0035 0.0003 6.17E-29
HR×Time - - - 0.0001 4.70E-05 0.0024
Obesity -0.0027 0.0084 0.7466 -0.0131 0.0096 0.1745
Overweight -0.0088 0.0053 0.0980 -0.0073 0.0062 0.2424
Obesity×Time 0.0030 0.0012 0.0120 0.0032 0.0012 0.0112
Overweight×Time 0.0013 0.0009 0.1241 0.0024 0.0009 0.0098
Diabetes (Yes) -0.0024 0.0131 0.8534 - - -
Diabetes (Yes)×Entry-Age -0.0047 0.0021 0.0253 - - -
Smoker (Ex-smoker) 0.0001 0.0069 0.9860 -0.0008 0.0085 0.9219
Smoker (Never smoked) 0.0068 0.0065 0.2995 -0.0092 0.0072 0.2029
Smoker (Ex-smoker)×Time -0.0026 0.0012 0.0313 -0.0029 0.0014 0.0349
Smoker (Never smoked)×Time -0.0036 0.0012 0.0018 -0.0011 0.0012 0.3749
Hypertension (Yes) 0.0303 0.0059 3.73E-07 0.0304 0.0065 3.23E-06
Hypertension (Yes)×Time -0.0020 0.0008 0.0178 -0.0021 0.0009 0.0170
Lipid-lowering drugs (Yes) - - - 0.1315 0.0582 0.0240
Lipid-lowering drugs (Yes)×Time - - - -0.0136 0.0058 0.0189
Education (not beyond secondary school) -0.0031 0.0044 0.4827 - - -
Education (not beyond secondary school)×Time -0.0020 0.0007 0.0071 - - -

R (Obs. vs. Pred.) 0.868 0.879
R2 0.519 0.471

Table C.6: LME models examining the association between ∣Pf ∣ and traditional CV
risk factors for men and women.

Men Women
Variables Estimate SE P-value Estimate SE P-value

Intercept 44.4901 1.6067 1.28E-140 44.0198 1.5827 8.33E-144
Time -0.1748 0.0681 0.0103 -0.2053 0.0472 1.44E-05
Entry-Age -0.2809 0.0525 9.88E-08 -0.0905 0.0476 0.0574
(Entry-Age)2 0.0323 0.0089 0.0003 0.0150 0.0062 0.0151
Entry-Age×Time 0.0270 0.0072 0.0002 0.0159 0.0063 0.0125
(Entry-Age)2×Time -0.0022 0.0012 0.0612 - - -
HR -0.0545 0.0250 0.0296 -0.0810 0.0238 0.0007
Diabetes (Yes) 2.6433 1.3918 0.0577 - - -
Diabetes (Yes)×Entry-Age 0.5372 0.2281 0.0186 - - -
Hypertension (Yes) 3.7852 0.7046 0.0000 7.7663 0.6228 2.11E-34
Hypertension (Yes)×Time 0.2518 0.0919 0.0062 0.2363 0.0818 0.0039
Hypertension (Yes)×Entry-Age - - - 0.3333 0.0757 1.12E-05
Lipid-lowering drugs (Yes) 10.0653 4.9305 0.0414 -2.4072 0.7726 0.0019
Lipid-lowering drugs (Yes)×Time 0.9069 0.4854 0.0619 - - -
Education (not beyond secondary school) 0.4946 0.5001 0.3228 - - -

R (Obs. vs. Pred.) 0.770 0.811
R2 0.312 0.451
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Table C.7: LME models examining the association between ∣Pb ∣ and traditional CV
risk factors for men and women.

Men Women
Variables Estimate SE P-value Estimate SE P-value

Intercept 27.1468 0.7945 1.16E-197 25.7834 0.8803 9.57E-157
Time -0.2374 0.0222 7.81E-26 -0.2467 0.0535 4.23E-06
Entry-Age 0.0303 0.0206 0.1413 0.0851 0.0231 0.0002
HR -0.1167 0.0119 2.84E-22 -0.1035 0.0125 2.14E-16
Diabetes (Yes) 0.8516 0.6313 0.1775 - - -
Diabetes (Yes)×Entry-Age 0.2321 0.1028 0.0241 - - -
Smoker (Ex-smoker) -0.5598 0.3304 0.0903 -0.4195 0.4404 0.3410
Smoker (Never smoked) -0.9376 0.3234 0.0038 -0.7357 0.3716 0.0479
Smoker (Ex-smoker)×Time - - - 0.0154 0.0655 0.8141
Smoker (Never smoked)×Time - - - 0.1040 0.0581 0.0738
Hypertension (Yes) 3.5643 0.2415 1.27E-46 5.2166 0.2368 2.79E-96
Hypertension (Yes)×Entry-Age - - - 0.1649 0.0379 1.39E-05
Lipid-lowering drugs (Yes) -6.6480 2.2426 0.0031 -1.0349 0.3898 0.0080
Lipid-lowering drugs (Yes)×Time 0.6239 0.2216 0.0049 - - -

R (Obs. vs. Pred.) 0.837 0.700
R2 0.432 0.387
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