TECHNISCHE
UNIVERSITAT
WIEN

Vienna University of Technology

Technische Universitat Wien

Design, implementation and evaluation
of algorithms for the analysis of pulse
wave and ECG recordings in mice

MASTER THESIS
by

Irene Lopez Campos
Registration number 11723235

under the supervision of
Univ.Lektor Dr.techn. Christopher Mayer
and

Ao.Univ.Prof. Dipl.Ing. Dr.techn. Eugenijus Kaniusas

Vienna, August 26, 2018






Technische Universitat Wien

Entwurf, Implementierung und
Evaluierung von Algorithmen zur
Pulswellen- und EKG-analyse im

Mausmodell

DIPLOMARBEIT

durch

Irene Lopez Campos

Matrikelnummer 11723235

unter der Anleitung von
Univ.Lektor Dr.techn. Christopher Mayer
und

Ao.Univ.Prof. Dipl.Ing. Dr.techn. Eugenijus Kaniusas

Wien, August 26, 2018






Two heads are better than one, not because either is infallible, but because they are
unlikely to go wrong in the same direction.

— C. S. Lewis






Acknowledgement

First of all I would like to thank Christopher Mayer, from the Austrian Institute of Technology,
for giving me the chance of writing this thesis under his supervision. This thesis means a lot to
me for two reasons. First, because it involves a topic I am very interested in, biosignals. And
secondly, because it has given me the opportunity to spend more time in Vienna, and enjoy
things that I will hardly forget, like cycling along beautiful streets, seeing the Danube frozen,
discovering hidden heuriger in the middle of the vineyards, walking along the canal, learning
climbing and getting to know better people from this incredible city.

Second of all, I want to express my sincere thanks to my supervisor Professor Fugenijus Kaniusas,
for giving me the opportunity to write this thesis in cooperation with the Austrian Institute of
Technology.

In addition, I would like to thank Nicole Di Lascio for collaborating with us and for always being
willing to answer our questions. Without her contribution the development of this thesis would
not have been possible.

I would like to thank as well everyone else I met at the AIT, especially my colleagues from the
Biomedical Systems group, who helped me whenever I had questions and who made me feel one
more of the team.

Thanks to my mother and father, for all your help and support to get here, and for teaching me
to keep trying no matter what. For always trusting me.

Thanks to my grandparents, for always taking care of me and for teaching me so much about
life.

To my friends, with whom I have learned to fight together and never give up. Thank you for
being always there, for all the many shared experiences, and for teaching me that everything is
always better in good company.

Finally, I want to thank my university, Escuela Técnica Superior de Ingenieros de Telecomu-
nicacién, to which T owe much of what I am today, and the Technische Universitdat Wien, for
giving me the opportunity to come here and for let me discover a whole new world in biomedical
engineering.







Statutory Declaration

I hereby declare that I have independently written the enclosed Master Thesis, that stated
otherwise the work contained herein is my own and that collaborative contributions including
tables, figures and ideas have been clearly marked and acknowledged.

Irene Lopez Campos Date







Abstract

Nowadays, mouse models and the analysis of murine biosignals are increasingly employed for the
study and the comprehension of cardiovascular diseases (CVD). This master thesis involves the
implementation and testing of algorithms in Matlab for the analysis of electrocardiograms (ECGQG)
and pulse waves (PW), and its application to mice. Emphasis is put on approaches already used
in cardiovascular research and their implementation.

In a first step, an analysis and a review of the state of the art in mouse models in cardiovascular
research has been carried out, focusing on ECG and pulse wave recordings. Approaches have
been selected jointly based on literature review and available data. Thereafter, algorithms
have been implemented in order to automatically calculate different cardiovascular parameters.
Furthermore, algorithms have been evaluated and applied to different groups of mice.

Four datasets of mice containing physiological and pulse wave information have been provided
by the clinical partner from the University of Pisa, Department of Clinical and Experimental
Medicine. This data cover 13 wild type male mice at the age of 8 and 25 weeks, 10 ApoE mice
16 weeks old, and 9 diabetes mice 13 weeks old. Mice were examined with a non-invasive high
resolution ultrasound imaging system.

Implemented algorithms allow to apply four different analysis in order to compare cardiovascular
parameters between two groups of mice. These analyses are: (1) a physiological comparison, (2)
ECG intervals comparison, (3) wave intensity analysis (WIA) and (4) vascular analysis.

Three different test cases (T'C) have been analyzed to test changes due to age (TC1), to study the
influence of carotid plaque vulnerability (TC2) and to evaluate differences in various parameters
caused by diabetes (TC3). Each test case consists of two different groups of mice. TC1 has
been performed between young and old wild type (WT) mice. In TC2, young wild type and
atherosclerosis mice have been compared. Lastly, TC3 has been performed between young wild
type and diabetes mice.

Exemplarily, in TC1, parameters like W1 or relD are significantly higher in young WT mice than
in old WT mice. On the contrary, Alx is higher in old WT mice. These results show that aging
causes a reduction in the cardiac performance, indicated by the decrease in magnitude of the
forward wave (W1) and the increase of the influence of reflected waves (Alx). Besides, the low
distension capability of the artery (reID) in old WT mice shows that the carotid artery dilates
with age. Furthermore, although pulse wave velocity (PWV) is similar between young and old
WT mice, it increases in mice with atherosclerosis and diabetes. Thus, a connection between
arterial stiffening and diabetes is most likely. This behaviour can as well be observed in humans.

In conclusion, this thesis presents an algorithm for the automatic identification of different
cardiovascular parameters using murine signals achieved by non-invasive techniques. Despite
some limitations, like a small sample size, results are promising and allow further investigations.
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CHAPTER 1

Introduction

In this chapter, the motivation and goals of this thesis are briefly introduced. Furthermore, the

structure of the thesis is presented.

1.1 Motivation

Cardiovascular and circulatory diseases are recognized as the leading causes of death in the world
[1]. Arterial stiffness is an independent marker of cardiovascular disease (CVD) in both healthy
and diseased populations. It is caused by the degenerative process affecting the extracellular

matrix of elastic arteries, that become narrowed and hardened [2].

Hemodynamic changes in large and medium sized arteries caused by increased arterial stiffness,
like early arrival in systole of reflected waves [3], serve as early indicators of cardiovascular
diseases. Pulse pressure, pulse wave velocity and the augmentation index are the most common

surrogate measures of arterial stiffness [3].

Transgenic and gene-targeted models of mice are commonly used to study cardiovascular disease
processes due to their anatomical and physiological similarities with humans. Dissimilarities
found between both species are small, for example, concerning heart rate or the ECG shape.
Besides, magnitudes and waveforms of blood velocities from both cardiac and peripheral sites
are similar in mice and humans [4]. In adition, pressure waveforms in mice are almost
indistinguishable from humans’ signals recorded at similar sites [5]. Therefore, it is possible

to use results obtained in mice to draw conclusions for humans.

In general, cardiovascular parameters are used for assessing the cardiovascular health. This can
contribute to the understanding and prevention of cardiovascular diseases which can lead to heart
failure. However, the determination of these parameters is not straightforward. Thus, algorithms

for their automatic identification are needed.
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Wave intensity analysis (WTA), for example, can provide information about the interaction
between the vascular and the cardiac system [6]. It is a technique based on the decomposition of
the pulse wave into its forward and reflected wave components [7]. Thus, the interaction between
the left ventricle work and the mechanical properties of the vascular system is represented by

parameters derived from wave intensity analysis [6].

1.2 Aim of the Thesis

The aim of this master thesis is the implementation and testing of algorithms for the analysis
of physiological measures as well as parameters derived from ECG, wave intensity, blood flow
and diameter signals, and its application to murine signals. Diameter signal from US images
were used as non-invasive surrogate for the pulse waves due to their similarity in morphology.
Emphasis is put on approaches already used in cardiovascular research which assess biomarkers

of cardiovascular risk by means of non-invasive techniques.

Thus, first, the state of the art in mouse models in cardiovascular research is exhaustively
analyzed, focusing on ECG and pulse wave recordings. Based thereupon, promising approaches

are selected for the implementation of the algorithms.

After their implementation, algorithms are applied to different mice. In particular, four datasets
are used in this thesis corresponding to: wild type mice, measured at young and old age,
atherosclerosis mice and diabetes mice. Results obtained are compared to values obtained by

external methods to validate the implemented algorithms.

Thereafter, three test cases have been analyzed. The first test case is performed between young
and old wild type mice to test changes due to age. To study the influence of carotid plaque
vulnerability, a second test case compares young wild type mice with atherosclerosis mice. In
the third test case, differences in various parameters between young wild type mice and diabetes

mice are evaluated to see the influence of this disease.

Lastly, correlations between results and similarities with reported results from literature are

discussed and conclusions are drawn.

1.3 Structure of the Thesis

This thesis is composed of six chapters. The first one is an introduction where motivation and the
aim of the thesis are presented. Chapter 2 consists of the background needed for understanding
the presented work: a short description of the cardiovascular system, the hemodynamic
parameters mentioned in this thesis as well as the basics of the electrocardiogram. Chapter 3

introduces the mouse models, techniques and methods commonly used in cardiovascular research
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as well as their evolution during the last two decades. In chapter 4, the state of the art regarding

mice in cardiovascular research is presented.

The following chapters refer to the technical part of this thesis. In chapter 5, data, test cases
and external methods are described, while in chapter 6, the implemented methods are explained
in detail. Thereafter, in chapter 7, results of the validation of the algorithms and of the test
cases are presented. Chapter 8 includes the interpretation of the results (discussion) and possible
future lines of work in the outlook section. Finally, the thesis is completed by the appendices

and an exhaustive bibliography.







CHAPTER 2

Background

In the following chapter, an overview of the necessary basic knowledge is established. It is
divided in different sections comprising a summary of the heart and the cardiovascular system
as well as some hemodynamic parameters. These parameters cover the hemodynamic ones for
the assessment of the cardiovascular system and ECG ones for the assessment of the cardiac

function.

2.1 The Cardiovascular System

The cardiovascular system consists of the heart and different blood vessels like arteries, veins, and
capillaries. Throughout this section, general concepts about the cardiovascular system will be
decribed, starting with the anatomy of the heart, specifying similarities and differences between

human and mouse anatomy. Further explanations can be found in [8] and [9].

2.1.1 Heart

The heart is an organ that pumps blood throughout the body, supplying oxygen and nutrients to
the tissues and removing carbon dioxide and other wastes. The anatomy of the heart consists of a
left and right side separated by a wall of muscle called the septum (figure 2.1). Each side has two
chambers, the atrium and the ventricle. These compartments are separated by atrioventricular
valves: the tricuspid valve on the right side, and the mitral valve on the left side. The semilunar
valves, at the bases of the aorta and the pulmonary artery, are the interconnection between the
ventricles and the attached blood vessels. The pulmonary valve is allocated between the right
ventricle and the pulmonary artery. The aortic valve regulates the blood flow between the left

ventricle and the aorta. Pressure differences govern the opening and closing of the valves.

The muscular structure of the heart is formed by two distinct cardiac muscles, called myocardia.
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Both, atria and ventricles, are each built by one myocardium leading to a functional separation.

The inner tissue layer of the heart is called endocardium, the outer layer epicardium. Special

conducting tissue connects electrically the atrium and the ventricle.

Only minor differences

concerning the heart anatomy are found in veins and atrial morphology between both species

[10, 11]. Figures 2.1 and 2.2 show a schematic representation of the human and murine heart

and the connected blood vessels.
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Figure 2.1: Schematic representation of the human heart and the connected blood vessels. Adapted from

Figure 2.2: Schematic representation of the murine heart and the connected blood vessels [13].

In contrast to humans, which present separate pulmonary vein orifices, in mice a pulmonary

venous confluence with one orifice enters the left atrium. Besides, in mice the left and right
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superior caval veins drain into the sinus venosus, which opens into the right atrium. In humans,
on the contrary, both the superior vena cava and the inferior vena cava empty into the right

atrium [14].

There are two types of circulation of blood. The pulmonary circulation describes the blood flow
from the right ventricle, through the lungs, to the left atrium. Its purpose is the transport of
blood with low oxygen and high carbon dioxide concentration to the lungs for oxygenation. The
systemic circulation, on the other side, comprises the delivering of oxygenated blood from the
left ventricle, through the arteries, to the capillaries. From the tissue capillaries in the body, the
deoxygenated blood returns to the right atrium of the heart through a system of veins (figure
2.3).
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Figure 2.3: Systemic and pulmonary loop circulation. The thickness of the arrows represents the blood
pressure level [8].

The electrical conduction system is responsible for the contraction of the heart muscle. There are
three components acting as pacemakers for the heart at different rates: the sinoatrial (SA) node,
the atrioventricular (AV) node and the bundle of His. The primary pacemaker is the SA node.
It is a collection of specialized cardiac muscle cells, continuously producing action potentials,
setting the rhythm of the heart. In humans, the SA is located in the right atrium. However,
in mice it is located in the superior vena cava above the junction with the atrium [15]. The
only conducting part between atria and ventricles is the AV node, in the region of the interatrial
septum. The electrical signals travel from the AV node through the left and right bundle of His
to the respective Purkinje fibers, and finally reach the ventricular epicardium. The connection

from the AV node to the bundle branches is similar in both species [15].

The action potential initiated in the SA node stimulates both atria to contract. When the atrial
pressure exceeds the ventricular pressure, the atrioventricular valves open. The semilunar valves
keep closed while the deoxygenated blood enters the right ventricle and the oxygenated blood

the left ventricle. When the ventricles contract, the ventricular pressure increases and, when

7
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it exceeds the pressure of the following arteries, the semilunar valves open. Thus, the blood is
pressed from the heart into the arterial vessels. When the ventricular heart muscle begins to

relax, the semilunar valves close.

2.1.2 Arterial Tree

An artery is an elastic blood vessel transporting blood away from the heart. There are two main
types of arteries: pulmonary arteries and systemic arteries. Pulmonary arteries carry blood from
the heart to the lungs where the blood picks up oxygen. This blood returns to the heart via the

pulmonary veins. Systemic arteries deliver blood to the rest of the body [16].

The aorta is the main systemic artery and the largest of the body. It starts from the left ventricle
at the aortic valve and then curves in the aortic arch, giving off branches to the heart, head, and

upper limbs. Later on, it goes down through the diaphragm to the abdomen and divides into

the iliac vessels [17]. Major arteries in human are illustrated in figure 2.4.
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Figure 2.5: Major branches of the murine
arterial tree (adapted from [19]).

2.1.3 Blood Flow and Velocity

In humans, as well as in mice, there are four
main sections in the aorta: the ascending
aorta, the aortic arch, the thoracic (descend-
ing) aorta and the abdominal aorta. There
are three major branches arising from the aor-
tic arch: the brachiocephalic trunk, the left
common carotid artery and the left subcla-
vian artery. The brachiocephalic trunk, which
suplies the right side of the head and the
right upper limb, splits into the right common
carotid and right subclavian arteries. The left
common carotid artery supplies the left side
of the head and neck, and the left subclavian
artery the left upper limb [16]. Regarding the
arterial system, there are no big differences
between human and mice. Main similarities
are found in the anatomy of the aortic arches,
their vascular branching pattern, and the ge-
ometry of the branches [20, 21|, as one can

obverse comparing figure 2.4 and figure 2.5.

Blood flow (blood volume flow (Q)) refers to the movement of blood through a vessel, tissue, or

organ, and is usually expressed in terms of volume of blood, in liters per minute (1/min) [22].

Commonly, the blood flow behaviour

can be described by a main forward 300 1
wave and its reflection. The example i;: ]
in figure 2.6 illustrates the blood flow 150 1
(in orange) measured at the common T .

carotid artery (CCA), situated in the 5 o
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respectively. As one can see, waves Figure 2.6: Common carotid artery flow rate waveform in

from the thorax and the arm exert a uman [23].




CHAPTER 2. BACKGROUND

force in the opposite direction of the blood flow, i.e. a resistance to flow, while reflected waves
from the head add to the forward wave [23].

The cardiac output CO is the blood flow through the heart. It describes the amount of blood
that the heart pumps from each ventricle per minute and it is usually expressed as HR x SV.
(HR) is the heart rate, i.e. the number of beats or contractions of the heart per minute (bpm)
(see section 2.4.1). The stroke volume (SV) is the amount of blood pumped by the left ventricle
of the heart in one contraction. Normally, only about two-thirds of the blood in the ventricle is
expelled with each beat |22, 24].

Based on Ohm'’s Law, @ can also be defined as the relationship between the change in pressure
(AP) and the resistance to flow (R) offered by the blood vessel. In a blood vessel, AP is the
pressure difference between any two points along a given length of the vessel. For the blood flow
across a heart valve, AP is the pressure difference between the two pressures on either side of
the valve. For the aortic valve, for example, the pressure difference that drives flow across that
valve during ventricular ejection is the intraventricular pressure minus the aortic pressure. In
the case of an organ, the pressure difference is generally expressed as the difference between the

arterial pressure (PA) and venous pressure (PV) [24].

Blood flow velocity or simply blood velocity (V) is determined by measuring the distance that
the blood travels per unit of time, in meters per second (m/s), and is usually calculated from

the Doppler shift frequency (Ay) using the Doppler equation:
V =cxAy¢/(2fo* cos(O)) (2.1)

where ¢ is the speed of sound in blood (1,500 m/s) and fy is the ultrasonic frequency used, 10
or 20 MHz normally [25].

Blood velocity is commonly used together with the diameter (diameter (D)) of the vessels or the
pressure to calculate the pulse wave velocity (PWV). Blood velocity can also be described by a
forward and a backward component. A good representation of V and its components is shown

in section 4, figure 4.16.

2.1.4 Pulse Wave

During systole, the phase of contraction of the heart, blood is ejected from ventricles. The left
ventricle contraction causes the blood to move into the aorta, generating a pulse wave travelling
through the vessels of the circulatory system and being reflected at bifurcations or discontinuities
of the arterial wall, propagating back to the heart. Reflections in the aortic valve and waves

reflected inside the ventricle can also be responsible of changes in the pressure wave [26].

If no reflections existed, the shape of pressure and flow waveforms would be identical, travel at

10



CHAPTER 2. BACKGROUND

the same velocity and be related by the characteristic impedance of the vessel. However, blood
pressure is measured as the sum of forward and backward pressure waves, while the flow is the
difference between them. The pressure in the aorta, shown in figure 2.7, is known as central
blood pressure (cBP) [16, 27].

The measurement of the pulse wave (PW) describes both, the shape and the speed of the
wave, related to the stiffness of the arteries [28]. Pressure rises rapidly in the ventricle at
the beginning of systole. When it exceeds the pressure in the aorta, the aortic valve opens

and blood is ejected, after what aortic

Systolc — : pressure increases. About half way through
ressure T
Anacrotic notch/\Augmentation Pressure, AP ejection, there is a notch on the aortic
Pulse P PP : . .
uise Fressure, 4 pressure record (the dicrotic notch) which

marks the closure of the aortic valve,
Diacrotic . .
notoh followed by a fast decrease in ventricular
zgcgafd pressure as the heart muscle relaxes. The

Backward pressure in the aorta falls much slower.
wave

Time to

reflected _|

wave
Diastolic —
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This is because large central arteries, and

Heart beat particularly the aorta, are elastic, and thus

. ) act as a reservoir during systole, which is
Figure 2.7: Central pressure waveform (black line). _ )

Adapted from [29]. known as windkessel effect, storing some of

the ejected blood which is then forced out

into the peripheral vessels during diastole [16].

Since reflections predominate at the sites of arteriolar bifurcations, pressure waveforms increase
at points progressively further from the heart. On the contrary, blood flow velocity decreases
in peripheral vessels since the reflected wave together with the smaller diameter of the vessels

results in an increase of the resistance to flow [16]. This behaviour is shown in figure 2.8.

With age, or due to changes in the arterial wall, vessels

o a§ a'_g
become stiffer and the speed at which the pressure f g 9 g% é% E
wave moves through the system is increased [27]. In = §‘§ ;‘aug EH ,‘?,E; 5
young subjects, the reflected waves arrive at the aortic § §§§ .
root during diastole. High arterial stiffness results in & 1123
an increase in PWV, and causes the early arrival of
the reflected waves during systolic ejection, rising the 7, 90 flow velocity
systolic blood pressure and widening pulse pressure, E’; 50
as ilustrated in figure 2.9. Thus, the augmentation of E o 1 LA l \ A
the wave also increases [30]. When the pressure waves * 30

move faster through the arteries, the reflected waves . )
Figure 2.8: Pressure and flow velocity

will also move back quicker [29]. records along the aorta. Adapted from [17].
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Figure 2.9: Pressure and flow velocity records at different sites along the aorta. Adapted from [17]).

2.1.5 Arterial Stiffness

Arterial stiffening is the root cause of a range of cardiovascular complications, including
myocardial infarction, left ventricular hypertrophy, stroke, renal failure, dementia, and death,
and a hallmark of the aging process. It causes early arrival of wave reflections in systole instead of
diastole and, thus, increases systolic afterload and reduces diastolic coronary perfusion pressure
[31]. Early arrival of reflected waves causes early aortic valve closure and reduced cardiac output,
ending in heart failure [32]. Moreover, as arterial stiffening usually involves mainly the proximal
arteries, the stiffness gradient between proximal elastic arteries and more distal muscular arteries
decreases [33]. This phenomenon may result in a diminution of the amplitude of wave reflection
from the resistance vessels, and consequently, in an increased transmission of pressure to the

microcirculation, potentially dangerous for brain and kidney [4].

Arterial stiffness results from a degenerative process affecting mainly the extracellular matrix
of elastic arteries [2]. The arteries become narrowed and hardened due to the aggregation of
plaque around the artery wall. This accumulation of fats, cholesterol and other substances in the
artery walls (plaques) can restrict blood flow. Atherosclerosis is a specific type of arteriosclerosis,
a vascular disease that occurs when the blood arteries carrying oxygen and nutrients from the
heart to the rest of the body become thick and stiff, sometimes restricting blood flow to organs
and tissues. It is related to high blood pressure or hypertension. Although atherosclerosis is
often considered a heart problem, it can affect arteries anywhere in the body, since some plaques

can burst, triggering a blood clot [34].

When a vessel is blocked or obstructed, aneurysms can appear as bulges filled with blood before
the obstruction. Some common aneurysms are aortic and cerebral aneurysms. If one of them
bursts, it can result in brain damage. A stroke occurs when blood supply to the brain is disrupted.
It usually happens when a blood clot blocks one of the veins in the brain. Without oxygen, brain
cells begin to die, and cognitive functions in that specific area of the brain can be compromised,
which could include motor control, memory, language, etc. Strokes by a blood clot are called
ischemic attacks. Another type of stroke is caused by blood flowing out of the veins uncontrollably
(hemorrhagic). Although aneurysms can have a genetic component the direct causes are the

hardening of the arteries (atherosclerosis) and aging.

12
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Arterial stiffness is generally considered an independent predictor of cardiovascular and
cerebrovascular diseases [35]. In recent years, it has been demonstrated that parameters as pulse
wave velocity (section 2.2.6), used to quantify arterial stiffness, can predict a poor cognitive
performance and a steeper cognitive decline [36]. However, the relationship between cognitive
impairment and other parameters as pulse pressure remains controversial [37], since some studies
have found that pulse pressure could not predict declines in working memory, power of attention

and continuity of attention.

Cerebral small vessel disease, the most common vascular cause of dementia, presents a risk
for cerebrovascular disease and cognitive impairment due to arterial stiffness, presented as
microvessel arteriosclerosis with vascular endothelial dysfunction [38]. In 2001, the group of
Roher et al., from the center for molecular biology and genetics in sun city (Arizona), reported
that vascular narrowing due to atherosclerosis of the circle of Willis is greater in Alzheimer’s
patients than in non-demented controls [39]. Atherosclerotic lesions of cerebral blood vessels
constitute a major feature of Alzheimer’s neuropathology, perhaps, as prominent as amyloid

plaques or neurofibrillary tangles, the traditional pathological hallmarks of the disease [40].

2.2 Hemodynamic Parameters

Hemodynamics is an important part of cardiovascular physiology dealing with the forces the
heart uses to circulate blood through the cardiovascular system. Most of the cardiovascular
diseases are related to systemic hemodynamic dysfunction |24]. In the following, hemodynamic

parameters to describe the cardiovascular system are introduced.

2.2.1 Blood Pressure

The force with which blood pushes against artery walls as it flows throughout the body is known
as blood pressure (BP) and is normally expressed as two numbers (i.e. minimum and maximum)
measured in millimeters of mercury (millimeters of mercury (mmHg)). Although less commonly
used, it can also be expressed in centimetre of water (cm H20), being 1 cm HoO = 0.736 mmHg.
The two numbers correspond to the systolic pressure and the diastolic pressure [22, 24]. The
accurate determination of arterial pressure is important for studying pathological conditions such

as hypertension, as well as for determining the effects of pharmacological intervention.

Systolic and diastolic blood pressure

In the top of the figure of the pressure waveform (figure 2.7), the maximum blood pressure
corresponds to the squeezing of the heart pushing the blood around the body. It is called systolic
blood pressure (systolic blood pressure (SBP)). In humans, a normal SBP is 120 mmHg or below.

13
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At the minimum, the diastolic blood pressure (diastolic blood pressure (DBP)) indicates the
pressure in the arteries when the heart rests between beats. A normal diastolic blood pressure
is 80 mmHg or less in humans. Both parameters are similar to those found in mice [41]. The
murine blood pressure response to a variety of vasoactive drugs and is qualitatively similar to
that in humans, another reason to use this animals as models of human diseases related to blood

pressure [42].

Pulse Pressure

Pulse pressure (PP) is the difference between the systolic and diastolic pressure readings. It is
also normally measured in millimeters of mercury. It represents the force that the heart generates
each time it contracts. During the systole, the pressure exerted on the walls of the blood vessels

or arteries is lower if the blood vessels are of high compliance or low stiffness [43].

Mean Arterial Pressure

Mean arterial blood pressure (MAP) represents the average force driving blood from arteries

into vessels that serve the tissues. It can, for example, be approximated by adding the diastolic

pressure to one-third of the pulse pressure or systolic pressure minus the diastolic pressure [43]:
Ps — Pp

MAP = Pp + =>—=> (2.2)

Augmentation Pressure

The augmentation pressure (AP) is the increase in pressure due to backward components. It is
measured from the inflection point or anacrotic notch, in the pulse wave, till the systolic pressure,

see figure 2.7 in section 2.1.4.

2.2.2 Vascular Impedance

The blood pressure and flow pulsations propagate as waves through the arterial tree. Thus,
the arterial tree can be considered as a transmission line model, since waves are reflected at
transitions in arterial geometry and elasticity [44]|. According to the electrical transmission line
theory, the relationship between voltage and current gives the impedance. Similarly, to calculate

the vascular impedance, pulse pressure is considered as voltage and blood flow as current [44].

Input impedance (Z;) is defined as the ratio of the pulsatile components of pressure and flow
[45]. This parameter is not restricted to unidirectional waves. Thus, it is a complex number

which includes the influence of reflected waves. It allows characterizing the wave transmission
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and reflection properties in a blood vessel in the frequency domain as follows [45]:
Zi = —= (2.3)

Characteristic impedance (Z¢), also known as aortic impedance, is calculated as the ratio of
the forward propagating pressure and the forward propagating flow in a certain instance of time
in the absence of reflections [22]. Thus, it represents a local characteristic property of the vessel
wall [45]. This parameter varies within the contraction cycle and it increases with peripheral
vasoconstriction while decreases with aortic compliance (C) [46]. Under certain simplifying
assumptions, characteristic impedance can be approximated as the following real number:
p-c
Ze="— 2.4

c A ( )

where ¢ represents the wave speed, p the fluid density, and A the cross-sectional area of the

vessel.

2.2.3 Peripheral Resistance

The peripheral resistance is the effect of the vessels resisting flow. It is primarily a function of
vessel diameter, so it is dependent on both the cross-sectional area (A) and the elasticity of the
arterial segment. As the arteries constrict, the resistance increases and as they dilate, resistance
decreases. It is determined by autonomic activity (sympathetic activity constricts peripheral
arteries), pharmacologic agents (vasoconstrictor versus vasodilator drugs) and blood viscosity

(high viscosity increases resistance) [47].

2.2.4 Compliance

The systemic compliance (C) is the compliance of the heart and large arteries, a parameter
developed to assess the elasticity or rigidity of the heart and arteries, measured as the change in
volume of the heart (SV) divided by the change in pressure within the heart, the pulse pressure
(PP) [ml/mmHg| [22].

Arterial compliance mostly depends on arterial intrinsic elastic properties, and is a determinant of
the propagation speed of the pulse pressure wave. Decreased arterial compliance is responsible
for both, an increase in the incident pressure wave and the higher effect of reflected pressure
waves. This increases systolic pressure and ventricular afterload, and generates left ventricular

hypertrophy [48].
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2.2.5 Augmentation Index

The augmentation index (Alx) is a parameter of arterial stiffness. It is a measure of wave
reflection describing the amount of pressure added to the systolic pressure peak based on the
reflected wave. Dividing the augmentation pressure by the pulse pressure gives the Alx. The
greater the reflected wave, the higher the augmentation index (Alx). This parameter increases
with the advance of age [29, 49|.

2.2.6 Pulse Wave Velocity

Pulse wave velocity (PWV) is the standard clinical surrogate for regional arterial stiffness and
predicts CVD [50]. It represents the speed with which the pulse wave travels down the vessels
through the circulatory system. PWYV can be used as an indicator of structural changes of
the aorta and large vessels, since it increases with increasing arterial stiffness. Clinically,
carotid-femoral PWV (cfPWV) is considered the gold standard for the assessment of central
arterial stiffness and a surrogate marker for cardiovascular morbidity and mortality, independent

of atherosclerosis or brachial blood pressure [51].

Together with pulse pressure (PP), pulse wave velocity (PWYV) is one of the main markers of
cardiovascular risk. It can be measured directly, as a ratio of distance between two measurement
points divided by the time required for the pulse wave to travel this distance [2] and is typically

performed non-invasively using ultrasound [25, 52, 53].

Some cardiovascular risk factors, such as age and blood pressure, are known to have a strong
association with PWV. However, the association between heart rate (HR) and PWYV has always
been controversial. Experimental investigations have established that the stiffness of large arteries
has a dependency on acute heart rate changes [54]. HR may be an important confounding factor
in PWV measurements and, thus, should be incorporated when analyzing PWV to measure

arterial stiffness [55].

The stiffer the vessel, the faster the pulse wave moves along the aorta. Thus, PWYV is an accepted
parameter for estimating elasticity and compliance of large vessels in humans [56], nonhuman
primates [57], dogs [58], rabbits [59], rats [60] and mice [25].

2.3 Wayve Intensity Analysis

Wave intensity analysis (WIA) is a technique developed by Parker and Jones (1990), based on the
decomposition of pulsatile flow into its wave components to study the cardiovascular dynamics
[7]. It is considered an alternative to the traditional Fourier methods of analysis commonly used

in this field. The net wave intensity (WI) measures the flux of energy per unit area carried by
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the wavefronts from the heart throughout the arterial tree [7].

Using the local PWV value, WIA can identify forward waves originating from the heart and
backward waves arising from the peripheral vasculature, by analysing the compression and
expansion of the vessels due to changes in pressure and flow velocity [6]. Forward and backward
waves are identified by positive and negative WI values respectively. Traditionally, the wave

intensity signal has been obtained using invasive techniques [61].

The shape of the WI signal is usually characterized by three peaks, as shown in figure 2.10, where
WIA has been performed in the carotid artery of a mouse. The first positive and predominant
peak (W1) corresponds to the fordward compresion wave. It is produced by the simultaneous
increase of pressure and flow velocity as a consequence of left ventricle (LV) ejection that occurs
in early systole [62]. This peak is followed by a smaller negative one (Wb, local minimum) which
represents a backward compression wave generated by the reflection of the forward compression
front from distal points. At the end of the systolic phase, a second smaller positive peak occurs
(W2, second local maxima), which reflects a forward expansion wave, generated by a simultaneous

decrease of pressure and flow velocity.
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Figure 2.10: WIA performed in mice. Adapted from [63].

Once the wave intensity signal has been calculated, other WIA-derived parameters can be
determined. These parameters are the negative area (NA) and the reflection index (RI). The
negative area, delimited by negative intensity values, indicates the effects of reflected waves. The
reflection index, the ratio between the backward WIA peak and the forward peak (Wbh/W1),

allows to predict cardiovascular events [6].

2.4 Electrocardiogram

The electrocardiogram (ECG) is used in clinical practice as a reliable, accessible and inexpensive
method to detect certain cardiac abnormalities. This electrophysiological monitoring method
allows recording of electrical signals or action potentials, triggered by temporal ionic flow across
the membrane of excitable cells. These signals transport physiological information within the

body related to the cardiac contractions. The depolarization or activation of one cell leads to
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the excitation of the adjacent cells. The resulting wave front propagates through the heart.
The orientation of the resulting dipole follows the direction of the depolarization propagation.

Repolarization or relaxation occurs as soon as the action potential is over [8].

Resulting potential differences are recorded by placing electrodes on the body surface. For
humans, the Einthoven leads I, I, TIT are measured using electrodes on the right arm, the left
arm and the left foot. Similarly, in mice, the three limb electrodes are usually placed in the left
and right armpit and the left groin [64|. Commonly, the representation of the heart’s electrical
activity uses the standard 12-lead ECG system, where a lead represents a particular orientation
in space. It is based on the three Einthoven leads, the three Goldberg leads and the Wilson leads
V1 - V6 [8]. A more detailed explanation can be found in [9].

2.4.1 Heart Rate

The ECG signal can be used for the estimation of the cardiac contractions’ frequency. This
parameter is known as heart rate (HR) and is measured in beats per minute (bpm). The normal
HR in mice is between 500 to 600 bpm [65, 66], between 260 and 450 bpm in rats [67], and
between 60 and 100 bpm in humans [68]. It is regulated by the autonomic nervous system (ANS).
The sympathetic nervous system (SNS) releases the hormones (catecholamines: epinephrine and
norepinephrine) to accelerate the heart rate. On the other hand, the parasympathetic nervous
system (PNS) releases the hormone acetylcholine to slow down the heart rate. Factors such as
stress, caffeine, and excitement may temporarily accelerate your heart rate, while meditating or

taking slow, deep breaths may help to slow your heart rate down [69].

2.4.2 ECG Intervals

On the ECG signal, different deflections are recorded as a series of positive and negative waves.
In the human ECG (see figure 2.11.a), the first deflection of the heart beat is the small upward
P-wave. It indicates atrial depolarisation. A fraction of a second after the P-wave begins,
the atria contracts. When visible, the Q-wave is any initial downward deflection after the P-
wave. In general, the QRS-complex reflects the depolarization of the ventricles. The normal
Q-wave represents septal depolarisation. On a standard electrocardiogram (ECG), the maximum
upwards deflection of a normal QRS-complex is at the peak of the R-wave, which represents early

ventricular depolarisation. The T-wave represents repolarisation of the ventricles |8, 70].

Some of these ECG parameters can be associated with cardiovascular mortality in particular
conditions. These parameters are, for example: a P-wave with deep terminal negativity,
prolonged QT-interval ang T-peak to T-offset segment, QRS duration and fragmentation, bundle
branch block, ST-segment depression and elevation, T-waves (inverted, T-wave axes), spatial

angles between QRS and T vectors, premature ventricular contractions, and ECG hypertrophy
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criteria |70, 71].

While atria activation and relaxation hardly differs between human and mouse, there are
clear dissimilarities between shapes of ventricular action potentials, described in the following
subsections. However, further detailed explanations can be found in [9]. Figure 2.11 shows a
schematic representation of the ECG signal and its features in human 2.11.a and mice 2.11.b.
The isoelectric or baseline line for mouse ECG is the segment between the end of T-wave and

the beggining P-wave [72].

QRS-complex QRS-complex
R
ST-
PR- SEE ment
segment —

| S

QT-interval

QT-interval

Figure 2.11: Schematic representation of a human (a) and murine (b) ECG signal and its features.
Adapted from [9].

P-wave

In mice as well as in humans, the activation of atria starts around the SA node and spreads to
the left and right atrium. The spread of activation is similar in both species. However, it is
not clear if mice have the conduction pathway between the two atria. The P-wave describes the
atrial depolarization towards the apex (the tip). The maximum of the P-wave is reached when
half of the atria are depolarized [73].

PR-interval

The PR-interval represents the traveling time of the impulse from the SN node trough the
AV node, spreading from the right atria to the left atria and entering the ventricles [74]. The
impulse is conducted from the AV node to the bundle of His (figure 2.1) during the flat part of the
PR-interval (the PR-segment), corresponding to the full depolarization of the atria in humans.
Murine ECG signals are characterized by a small deflection that follows the P-wave. According

to Boukens et al. [64], this deflection could represent the atrial repolarization. In humans,
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however, atrial repolarization happens during the QRS-complex [73]|. Another possibility is that
this deflection emerges when the electrodes are positioned in a way that atria are not in the
middle [64].

QRS-complex

In humans, ventricular depolarization takes place in the interventricular septum located on the
left ventricular side. It then spread towards the right ventricle [75]. There are two ways in
which ventricular depolarization starts in mice. One is by defined breakthroughs in the right
ventricle followed by propagation into the left ventricular part. The other one starts in the left
ventricular apex with shortly following breakthroughs in the right ventricle [73]. Besides, the
activation in humans goes from the apex to the base of the heart [75]. In mice, on the contrary,
the interventricular septum is excited from base to apex |73|. In both cases, the endocardium is
earlier activated than the epicardium [76]. Nonetheless, the QRS-complex have a similar shape

in both species.

ST-segment and J-wave

Goldbarg et al. [77] noticed that adding the J-wave to the QRS-complex duration would
overestimate the complete activation time. They published the first detailed study of different

electrocardiographic variables and the repolarization mechanism of mice.

The ST-segment in humans describes the phase when both ventricles are fully activated. It
is represented by a plateau phase which separates the depolarization (QRS-complex) from the
repolarization (T-wave) [64]. In mice, due to the lack of a distinct plateau phase, depolarization
and repolarization waveform overlap, i.e. a significant part of the repolarization happens before
the entire activation is completed. The rapid initial repolarization in murine ECG signals is the
source of the J-wave. It follows immediately after the S-wave (see figure 2.11.b). J-wave and
T-wave, both belong to the repolarization of the ventricle in mice. The end of right ventricular

repolarization correspond to the J-wave offset [64].

T-wave

The T-wave represents ventricular repolarization, although there are some noticeable differences
depending on the specie. The origin of the murine T-wave is the difference in ventricular
repolarization between the left and right part. In humans, the T-wave is a deflection easy

to distinguish, since the ST-segment is a clear boundary for depolarization and repolarization
[64].

While in humans the last activation moment detected takes place in the left and right ventricular
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base [75], it occurs in the right ventricular base in a mouse heart, since the activation is faster
in the left ventricle [64]. Repolarization spreads from the right ventricular base to the right
ventricular apex. The sequence of relaxation is the opposite of activation [76], from apex to base
[73]. The low amplitude of this wave is due to the weak electrical forces generated by the slow
gradual time course for relaxation [78]. It is a positive or negative deflection depending on the

placement of the electrodes or leads [72].

QT-interval

The T-wave offset concurs with the left ventricular repolarization in humans [64]. However, in
mice, neither the QJ nor the QT-interval correspond to the complete ventricular depolarization
and repolarization [72]. In the case of humans, the QT-interval does reflect the complete

depolarization and repolarization phase of ventricles [8].

The QT-interval in humans depends on the heart rate. A possible correction formula was

announced by Bazett [79] :

QT. = QT/VRR (2.5)

This formula was adapted by Mitchell et al. [80] for its use in mice, where an average duration

of an RR-interval of 100 ms was used to normalize the RR-intervals:

QT, = QT /+/(RR/100) (2.6)

However, a heart rate correction should not be done in anesthetized mice according to

Speerschneideret al. [72], since anesthetics can change cardiac repolarization.
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CHAPTER 3

Mouse Models, Techniques and Methods

With the growth of genetic engineering, mice have become increasingly common as models of
human diseases, and this has stimulated the development of techniques to assess the murine
cardiovascular system. At the same time, the rising interest of non-invasively measuring
parameters related to cardiovascular diseases has induced the development of new techniques
to determine biomarkers of cardiovascular risk such as PWV and pulse pressure (PP), which
represent arterial stiffness and wave reflection behaviour [4]. In the following, important mouse

models and measurements methods and techniques for cardiovascular research are introduced.

3.1 Mouse Models

There are three main types of mouse models of human diseases that have been developed:
knockout (KO), transgenic, and knockin models. The “first generation” mouse models, which
resulted from gene targeting, were the so-called knockouts. In these genetically modified mice,
researchers have inactivated, or "knocked out", an existing gene by replacing it or disrupting it
with an artificial piece of DNA. In transgenic models the desired gene is randomly integrated in
the host genome. Knockin refers to those that have been genetically modified by the substitution
of a DNA sequence information in a certain genetic position or the insertion, or gene "knock in",

of new sequence information previously not found in that specific location [81].

The most widely genetically modified strain of mice for the generation and analysis of transgenic
and knockout types, is the C57BL/6, often referred to as "C57 black 6", "C57" or "black 6" |34,
82, 83|, illustrated in figure 3.1. If not specified a transgenic type, when referring to a group of
C57BL/6 mice, they are considered as wild type controls. In the following, several mouse models

genetically modified are described.
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Figure 3.1: Mouse strain C57BL/6 [84].

ApoE-KO

Apolipoprotein E deficient, also known as ApoE-KO or just ApoE mice, is probably the most
common mouse model in cardiovascular research [4, 82]. Apolipoprotein is an important mediator
for hepatic metabolic clearance of circulating cholesterol [85]. This atherosclerosis mouse model
displays poor lipoprotein clearance and the subsequent accumulation of cholesterol particles in

the blood, which promotes the development of atherosclerotic plaques [86].

dKO

The double (SR-BI/ApoE) knockout (dKO) mouse is a kind of ApoE model with mutations
in the genes for the high density lipoprotein (HDL) receptor SR-BI and ApoE. This receptor,
called scavenger receptor class B type I, is responsible for regulating lipoprotein metabolism and
cholesterol transport to steroidogenic tissues and to the liver for biliary secretion [87]. These
mouse models exhibit morphological and functional defects with similarities to those seen in
humans with coronary heart diseases (CHD) [88]. Some of the CHD developed by dKO mice
are hypercholesterolemia and dramatically accelerated atherosclerosis. These diseases could lead
to severe occlusive coronary arterial lesions, probable ischemia, multiple myocardial infarctions

(MI), enlarged hearts, and cardiac dysfunction (ECG abnormalities) in very young mice [88].

Eln mouse

Eln mice, with elastin gene mutations, have high blood pressure and reduced aortic compliance,
but no evidence of elastic fiber fragmentation. This kind of mouse is used to determine the effects

of altered vessel elasticity on cardiovascular development [89].

a-SMA (/-

Smooth muscle actin (SMA) knockout (a-SMA(~/=)) mice, or simple «SMA mice, have also been
used in the study of arterial stiffness showing a different blood velocity behaviour compared with

wild type (WT) mice, affected by the lack of smooth muscle a-actin or vascular tone [90]. Since
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smooth muscle a-actin has a central role in regulating vascular contractility and blood pressure

homeostasis, these mice have more compliant vessels than normal ones [90, 91].

DES-KO

Desmin knockout mice (DES-KO) or simply DES mice, are deficient in desmin protein, which
is the main component of the intermediate filaments of smooth muscles. These mice have
myopathies in skeletal and cardiac muscle tissue. For this reason, DES mice are used to assess

the viscoelastic properties, the mechanical strength and the structure of the carotid artery [92].

LDLR(/")

The LDLR(~/=) mouse represents a model of familial hypercholesterolemia due to one of the
mutations affecting the low density lipoprotein receptor (LDLR) gene. Mice genetically deficient
in LDLR exhibit a moderate increase of plasma cholesterol level and slowly develop atherosclerosis
on normal diet. Nonetheless, the severity of the hypercholesterolemia and atherosclerotic lesions
in LDLR(=/7) mice can be accelerated by feeding a high-fat, high-cholesterol diet [93, 94].

MGP-KO or Matrix GLA protein-KO

Matrix GLA protein (MGP) is an inhibitor of calcification in the arterial wall. It plays a key role
in the formation of atherosclerotic plaques and vascular calcification. Calcified arteries result
in higher arterial stiffness and systolic blood pressure [95]. MGP deficiency in mice results in
premature calcification in bone, calcification of normally non-calcifying cartilage, such as the

trachea, and severe vascular calcification leading to premature death [95].

eNOS(/~)

Endothelial nitric oxide synthase knockout mice or eNOS(~/~) also known as nitric oxide
synthase 3 (NOS3) or symply eNOS, is another model known to have elevated blood pressure and
increased arterial stiffness. Besides, reduced availability of nitric oxide (NO) leads to hypertrophy

in these animals [66].

anlClOBQG/+ MFS

Marfan syndrome (MFS) is a disease of connective tissue caused by mutations in the gene
encoding fibrillin-1 (Fbnl) [96]. This syndrome causes defective microfibrillar deposition,

emphysema, deterioration of aortic wall and kyphosis. It involves a high risk of mortality due to
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aortic dissection and rupture [97]. Fbn1€1939G/+ MFS mice or simply MFS are mouse models of
Marfan syndrome. They present anomalies of Marfan syndrome like significant aortic dilation,

central aortic stiffness, and left ventricular systolic and diastolic dysfunction.

HT

Hypertensive or HT mice are not genetically modified. Instead, they are administrated an
infusion of angiotensin II (ANGII), a peptide that plays a central role in the mechanisms of
hypertension. In systemic vessels, ANGII acts as a potent vasoconstrictor, producing endothelial
dysfunction and smooth muscle proliferation. In the cerebral circulation, on the contrary, ANGII

acts as a vasoconstrictor, affecting cerebrovascular autoregulation [98].

ASPP/PS1 or APPPS1 or AD

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by progressive loss of
memory and cognitive function [99]. ASPP/PS1 mice are also known as APPPSI or simply
AD mice. They are transgenic mice expressing mutant forms of amyloid-8 precursor protein
(ASPP) and presenilin-1 (PS1) that recapitulate several aspects of this disease [100]. They
present amyloid § peptide (AS) plaque deposition in the neocortex, the hippocampus, thalamus

and brainstem.

AD&HT

AD&HT or ANGII-APPPSI is a mouse model of Alzheimer’s disease (AD) combined with
hypertension (HT). AD mice are administrated infusion of hypertensive doses of angiotensin
IT (ANGII). This treatment results in a raise in systolic arterial pressure (170 mmHg against
110 mmHg in normotensive mice). Unlike normal AD mice, AD&HT present a spectrum of
cerebrovascular dysfunction closer to that found in humans. For this reason, this model represents
the human AD pathology better [101].

db/db

Diabetic or db/db mice are obese leptin receptor-deficient mice [102]. These mice, commonly
used to model diabetes type II and obesity, develop obesity and diabetes similar to non-insulin-
dependent diabetes mellitus in humans. At the age of 5 weeks, obesity, hyperglycemia, and

hyperinsulinemia become evident [102; 103].
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3.2 Measurement Techniques

In order to study the mechanical properties of the vessels, many practical experiments have been
carried out in mice. Within the years, new techniques to assess biomarkers of cardiovascular risk
have been developed [33]. Some of these parameters are blood pressure [104], blood flow velocity
[4, 52|, PWV [105-107] and pulse pressure, most of them increased as a consequence of progressive
large artery stiffening [108]. In the following, a short overview of selected measurement techniques

for the assessment of the cardiovascular system in mice is given.

3.2.1 Invasive Techniques

First approaches to measure blood pressure in mice were invasive surgical procedures. The
arterial blood pressure is directly measured with the aid of a sensor or transducer inserted into
the arterial system. Some of the most common invasive blood pressure techniques are based on

fluid-filled catheters, radiotelemetry systems, and transducer-tipped catheters [109].

Nowadays, direct blood pressure measurements are commonly used for evaluating the accuracy
of new non-invasive blood pressure technologies. Blood pressure is usually measured on the

rodent’s carotid artery as shown in figure 3.2 [110].

Radiotelemetry is a very reliable blood pressure technology and is also used as a comparison
method to determine the accuracy of non-invasive blood pressure technologies. It is a highly
invasive surgical procedure, since it involves implanting radio transmitters into the rodent’s
body. It allows to measure blood pressure continuously in free-moving laboratory animals, but

enhances morbidity and high stress levels [111].

Doppler pressure
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Figure 3.2: Ezperimental setup to measure aortic blood flow velocity, aortic blood pressure, and ECG
in mice [110].
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3.2.2 Doppler Ultrasound

Doppler ultrasound (US) instruments measure blood velocity by detecting the difference in
frequency between an emitted burst of ultrasound and the returning echoes from moving blood.
However, mouse heart rates are higher than human’s and thus, higher ultrasonic frequencies than
for humans have to be used: 10-20 MHz (|4]) instead of 5-13 MHz ([112]).
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Figure 3.3: Doppler velocity signals from peripheral arterial sites in mice [/].

Figure 3.3 illustrates Doppler velocity signals from different peripheral arterial sites in an
anesthetized mouse using a 2 mm diameter 20 MHz probe. The vertical lines correspond to
the R-wave of the ECG, used to measure pulse arrival times for the calculation of the pulse wave
velocity (PWV).

3.2.3 Magnetic Resonance Imaging

Image screening tools such as magnetic resonance imaging (MRI) can also enhance the quality
of investigating the cardiovascular function in mice [83] and be used for measuring the diameter
of vessels. A strong magnetic field produced by powerful magnets forces protons in the body to
align with it. Then, a radiofrequency current is pulsed through the mouse and protons spin out
of equilibrium, straining against the pull of the magnetic field. When the radiofrequency field
is turned off, sensors detect the energy released as the protons realign with the magnetic field
and the time it takes, allowing to distinguish between various types of tissues based on these

magnetic properties [113].

Figure 3.4.a shows the slice positioning for the local PWV measurements using the QA method

(see section 3.3.2). Areas are approximated by measuring the diameter of the ascending aorta
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in 3.4.b and the abdominal aorta in 3.4.c.

Figure 3.4: Slice positioning for the local PWV measurements in a. b: Ascending aorta. c¢: Abdominal
aorta [34].

3.2.4 The Tail-cuff Method

Probably the most commonly used non-invasive technique to detect changes in volume of tail
flow is the tail-cuff method. In the past, tail-cuff method used sensors that only allow the

measurement of systolic blood pressure [114].
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Figure 3.5: Longitudinal view of the tail artery with the tail-cuff and the Doppler sensor placement [52].

In more recent studies, the tail-cuff method was as well used to identify the diastolic pressure. The
tail-cuff pressure signal (black decreasing line) is compared to the catheter pressure waveform in
figure 3.5. The cuff is pressurized to the suprasystolic level to completely occlude the tail artery
and then released gradually. As one can see in figure 3.6, the pressure at which the tail flow
reappears is recorded as systolic and the pressure at which the tail flow becomes continuous is

recorded as diastolic blood pressure [52].
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Figure 3.6: Catheter BP and reappearance of V in the mouse tail artery with release of pressure in the
tail-cuff [52].

3.2.5 Applanation Tonometry

Using ultrasound is fast and accurate, but the required tools are expensive and technically
complex. Applanation tonometry is a new and simple technique based on Laplace's law and
the use of pressure sensors [115, 116]. It has recently become available to detect new and
several hemodynamic parameters. Furthermore, it is considered the gold standard technique for
measuring PWV non-invasively by the assessment of arterial pressure wave forms [66]. Figure
3.7 shows the relationship between the wall tension (T), the transmural pressure (P;) and the
radius (r) of a cylindrical tube with low wall thickness (). When a pressure sensor applanates
a tube wall (in this case the artery wall) by external pressure (P.), P, is identical to internal

pressure (P;) so that the sensor output exactly reflects P; [115].

(Laplace’s law of cylindrical tube) (Tonometry principle)

p=p-p=HT e,

applanation ) ===

Figure 3.7: Principle of arterial applanation tonometry. P, = external pressure; P; = internal pressure;
P, = transmural pressure; r = radius of wall curvature; T = wall tension; u = wall thickness [115].
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3.3 Methods Used to Calculate PWYV in Mice

Different methods are used to assess PWV. While some measure the blood flow velocity wave

[53, 56, 117], others determine the velocity of the pressure wave in the aortic wall [34, 82].

3.3.1 The Transit Time Method

PWYV is usually assessed by measuring pressure signals at two different arterial sites and dividing
the distance between the two measurement sites (Az) by the difference in arrival times of the
velocity pulse timed with respect to the R-peak of the ECG (At). This method is known as
transit time method (TT) (figure 3.8) [118].

20 MHz

__Probe ) Doppler

Sample
Volume
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Figure 3.8: Determination of aortic PWV in mice using the transit time method: 40 mm from aortic
arch to descending aorta [25].

The TT method is also known as foot-to-foot method since the foot of the velocity wave is
measured at each site with respect to the R-wave of the ECG and then PWYV is calculated
dividing the separation distance by the difference in R-foot times [119].

Doppler ultrasound-based TT methods have been applied to mice and have provided first
results of an average PWYV over the propagation pathway, giving information about the vessel
wall thickness, the vessel diameter and the local elastic modulus [34]. Previous studies have
also reported PWYV assessments in mice obtained by applying TT method on velocity-encoded

magnetic resonance imaging data [83].

3.3.2 The QA Method

PWYV can also be achieved using the QA method [107], although this method is usually complex
since it requires angle correction of the Doppler velocity and needs careful imaging of the aorta

[34, 120|. Local area compliance is indirectly related to the characteristic impedance Z¢, the
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ratio between pressure variation (AP) and flow variation (AQ). This fact implies that it is also
directly related to PWV. As result, local PWV can be calculated as the aortic Doppler flow
divided by the aortic area change (AQ/AA) as shown in figure 3.9 [120].
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Figure 3.9: Local determination of PWV in a WT mouse using the QA method, by simultaneously
recording flow (A) and cross-sectional area (B) through an imaging slice perpendicular to the upper
abdominal. The slope of the flow/area plot (C) represents the local PWYV at the examined location [121].

3.3.3 The LnD-V Loop Method

This method was first introduced by Khir et al. to be used in humans [122]. It is based on
the hypothesis that, in the absence of wave reflections, the relationship between the natural
logarithm of diameter (InD) and blood flow velocity (V) should be linear. When plotting InD

against velocity, a loop is created as illustrated in figure 3.10, denoted as InD-V loop.
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Figure 3.10: Determination of local PWYV in ice using the InD-V loop method. Left: diameter and
mean velocity curves. Right: calculus of PWV by means of the InD-V loop [6].

The slope of the initial linear portion of the created loop is directly related to the speed of the

wave. Thus, PWV can be calculated using the following formula:

av

PWV = 2 xdlnD

(3.1)

Further explanations about this method can be found in section 6.4.
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3.4 Evolution of Methods and Techniques

In 1997, G. F. Mitchell et al. carried out the first study comparing various methods for
measuring PWV in rats (e.g. the foot-to-foot technique and methods based on the pressure
transfer function) [108|. These techniques vary in the way of determining the time delay between
simultaneously recorded waveforms using catheter-tip pressure transducers. The goal was to
establish a robust method to assess the regional variability in PWV along the aorta in small-
animal models such as rats. As conclusion, they demonstrated that foot-to-foot techniques were

more reliable for assessing PWV rather than assessing the entire pressure waveform [108].

Alsoin 1997, C. J. Hartley and A. K. Reddy et al., from the Department of Medicine in the Baylor
College of Medicine in Houston (Texas), developed a non-invasive Doppler ultrasound technique
to determine the arterial PWV, based on the TT method in anesthetized mice (nembutal). They
used their own 20 MHz pulsed Doppler instrument to measured flow velocity signals from the
aortic arch and the abdominal aorta, as shown in figure 3.8 [25]. The results were compared
to simultaneous invasive tonometry measurements. This study concluded that PWV could be

determined non-invasively in mice [119].

In 2003, C. J. Hartley and his group designed a non-invasive method for measuring blood pressure
in mice, including diastolic blood pressure, using a 20 MHz pulsed Doppler tail flow velocity
sensor. The method combined the tail-cuff method with a 20 MHz pulsed Doppler tail flow
sensor, illustrated in figure 3.5. The method was validated comparing the tail-cuff measurements
with the pressure signals obtained simultaneously from a fluid-filled arterial catheter. Thus,
comparing the tail-cuff blood pressure (tBP) with the catheter blood pressure (tBP) [52].

In 2009, the team of V. Herold and M. Parczyk et al., from the Julius-Maximilians Universitit in
Wiirzburg (Germany), designed a non-invasive high field MRI method at 17.6 T to assess local
aortic PWV in mice. The aim of the study was the detection of atherosclerotis in the descending
aortas. PWYV was calculated using the QA method, based on the flow area relation during early
systole. The feasibility of the presented high field MRI technique was demonstrated since the

results obtained corresponded to reported data [34].

In 2010, the group from Wiirzburg developed a high field cardiovascular magnetic resonance
(CMR) protocol in order to distinguish groups of healthy and atherosclerotic mice by means of
the PWYV in the descending aortas using the TT method. The CMR method was validated by
pressure waveform measurements on a pulsatile elastic vessel phantom that proved its accuracy,

since the values were similar to those obtained with a catheter [83].

In 2011, A. K. Hartley et al. developed a non-invasive and non-imaging Doppler technique
for measuring blood velocity in the large and small peripheral arteries of anesthetized mice,
by adapting technology originally for humans to be used in mice [4]. This allows measuring

cardiac filling and ejection velocities in order to determine parameters like PWYV, peripheral blood
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velocity and vessel wall motion waveforms for the calculation of the pressure drop across stenoses,
as well as the left main coronary velocity for the estimation of coronary flow reserve (CFR). The
agreement between measured and calculated pressure drops demonstrates the validity of the
method [4].

In contrast to the US Doppler techniques developed by the team of C. J. Hartley and A. K. Reddy
et al. to achieve the PWV value from arteries of mice, Arthur Leloup et al., from the University
of Antwerp (Belgium), developed in 2014 a novel non-invasive technique based on applanation
tonometry for the pharmacological alteration assessment of the carotid—femoral PWV (cfPWV)
[66]. Carotid-femoral transit time (At) was determined using the time difference between the
foot of carotid and femoral artery pressure pulses (foot-to-foot method). Applanation tonometry

was validated comparing the results with echo Doppler velocimetry observations.

Also in 2014, N. D. Lascio et. al. presented an US-based WIA technique for assessing arterial
PWYV in mice non-invasively, using only ultrasound images [63]. Diameter and flow velocity
values were obtained from abdominal aorta using B-mode and PW-Doppler, respectively. B-
mode images were obtained with an US probe working at 21 MHz. PWYV values were obtained
from the slope of the corresponding linear parts of the velocity-diameter (InD-V) loop, in the early
systolic phase (figure 3.10). The group sustained that different PWV values allow discrimination
between age groups and evaluation of local vascular stiffness in wild type mice. The resulting
WI signal had different units but was similar in shape to that obtained by means of standard
invasive WIA. However, the method had some important limitations, like the lack of comparison

to an invagsive local stiffness evaluation technique.

In 2017, V. Herold and his team developed a new accelerated QA method to quantify local aortic
stiffness (PWV) in the abdominal aorta in mice [123]. Phase-contrast cardiovascular magnetic
resonance imaging (PC-CMR) at 17.6 T was used for the evaluation of local temporal changes in
blood flow and vessel cross-sectional area. To speed up post-processing and to eliminate operator
bias, they introduced a new accelerated and semi-automatic segmentation algorithm to quantify
cross-sectional areas of the aortic vessel, the K-t BLAST acceleration. It allows data acquisition
6 times faster than with fully sampled data, although with a reduced temporal resolution after
reconstruction due to undersampling [123]. It was applied in 10 eight month old mice (4 C57BL/6
mice and 6 ApoE(*/*)—mice) at 12 adjacent locations along the abdominal aorta. As expected,
the method delivered reliable measures for the local PWV compared to PWV measures obtained

by means of manual segmentation of the vessel cross-section (QA method [34]).

The evolution of methods and techniques in cardiovascular research in mice is summarized in

table 3.1.
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Mitchell
et al.
1997
[108]

Hartley
et al.
1997
[119]

Reddy et
al. 2003
[52]

Herold et
al. 2009
[34]

Parczyk
et al.
2010 [83]

Hartley
et al.
2011 [4]

CS

CS

CS

CS

CS

L: 21d
after
TAC

Rats

Mice

Mice

Mice

Mice

Mice

Hypertensive

WT

GL:WT,
G2:ApoE

G1:ApoE
(western
diet, 10w),
G2:-WT

Stenosis

Sample

Size/-
Sex/Age

n:7/M/18m

n:82/-/-

n1:16/-/13-
30w,

12:20/-/13-30w

n1:5/—/8m,
n2:9/—/8m

n1:5/F /8m,
ng:4/-/8m

n:5/-/-

Technology

Catheter

Doppler US

Doppler-US

MRI

CMR

Doppler US

Parameters

(method)

PWYV (TT)

PWYV (TT)

SBP, DBP

Local aortic

PWV (QA)

Regional
PWV (TT)

PWV (TT),
CFR (H/B),
S/D,
V, D.

Main result

Accuracy and
reproducibility are
comparable to more
complex methods.

Using Doppler to
non-invasively measure
PWYV in mice produces
similar results with
invasive tonometry.

Linear relationship
between central and tail
BP for systolic and
diastolic pressure.

QA measurements show
high similarities with
reported data, confirming
the feasibility of the
technique.

Accuracy of the MR
method to assess PWV
on a vessel phantom.

Agreement between the
measured and calculated
pressure drops when
cannulating both carotid
arteries after TAC in
mice.

Conclusion

PWYV can be reliably
measured in rodents
using foot to foot
methods.

Non-invasive Doppler
ultrasound technique can
be used to determine
PWYV in mice.

First non-invasive
approach of tail-cuff
method in mice to
acquire DBP.

High resolution MRI
methods allow a higher
image quality and more
accurate determination
of area than US
techniques.

MR methods can be used
to distinguish healthy
from atherosclerotic
mice.

The method allows the
high-resolution
measurement of V and D
in large and small
peripheral vessels in
mice.
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Author

Sample

* L = longitudinal study design (T0, T1)
* CS = cross-sectional study design

*

* G = group

w = weeks, m = months

* F = female; M — male;

Table 3.1: FEvolution of methods and techniques in cardiovascular research in mice.

Year Animal Animal Size/- Technology Parameters Main result Conclusion
model (method)
(Ref.) Sex/Age
L:
pfirlmdo' G1:eNOS High fidelity and Powerful tool for the
eloup et sevo. anes. . reproducibility of the non-invasive assessment
Lel 1(012d ny:22/-/- Applanation ducibility of th . .
al. 2014 G1) ’ Mice G2:WT n1:33/_/_’ toIr)f;metr cfPWV non-invasive method to of cfPWYV in mice, useful
[66] ethz;nol (sevo., - Y asses PWV, validated for the study of large
(12d nembu.) with Doppler echo. arterial stiffness.
G1)
Assessme‘nt of . The system allows the
Lascio et age-associated changes in non-invasive evaluation
al. 2014 CS Mice Cileniu ALl B Doppler US AU, Lot e 1ol 2 PG of local vascular stiffness
G2:WT n2:9/M/15.5m relD although lack of - . -
[63] . . . in the murine abdominal
comparison to an invasive aorta
technique. '
Reliable accelerated data
Herold et Agreement between fully acquisition to calculate
1. 2017 S N G1:ApoE, n1:6/-/ 8m, k-t BLAST Local PWV  sampled local PWV and local PWV includi
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acceleration (x6 faster). . .
post-processing.
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CHAPTER 4

Cardiovascular Research in Mice

A wide range of studies have been accom- B X
plished in mice in the past two decades in order il

apoE-
to understand the incidence of arterial stiffness "
in the development of vascular diseases. It is 8t
known that increased aortic stiffness is associ-

ated with atherosclerosis and can be used as a

PWV (m/s)
%]

predictive value for cardiovascular events [33,
82, 124].

The first study in revealing an increase in

aortic stiffness measuring PWV in old ApoE-

KO mice compared to controls was carried out 0
by the team of Y.-X. Wang and R. M. Fitch et

al., from the Department of Pharmacology at

4 mo 13 mo

Figure 4.1: PWV in ApoE-KO versus control mice
[82].

Berlex Biosciences, in Richmond (California)
in 2000 [82).

The study proved that PWV of the 13 month old ApoE-KO mice was significantly higher
compared to 4 month old ApoE-KO and age-matched controls (figure 4.1). They demonstrated
that PWYV, which was measured invasively, could be used as a surrogate endpoint or marker for

estimating the progression of atherosclerosis, since it increased with increasing arterial stiffness
[82].

Furthermore, they examined whether endogenous nitric oxide (NO) was involved in the regulation
of vascular stiffness. The molecule NO is very important in this area since a deficiency is a main
feature of atherosclerosis, intimal hyperplasia, thrombosis, and aneurysm formation [125]. They
demonstrated that NO modulates vascular compliance independent of blood pressure changes in

mice [82] and rats [60], which means that a good endogenous NO system is required to maintain
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normal vascular compliance.

Histological evaluation revealed focal fragmentation of the elastic laminae in the aortic walls of
oldest ApoE-KO mice with extensive atherosclerotic lesions in the aorta. Endothelial nitric oxide
(EDNO)-mediated vasorelaxation in response to acetylcholine (ACh) was markedly diminished
in the aortic rings isolated from these mice compared to age-matched controls. This would
demonstrate that the lack of EDNO is involved in the development of atherosclerosis, since it

contributes to the decrease in vascular elasticity, provoking endothelial dysfunction [82].

In 2000, Y.-X. Wang and R. M. Fitch et al. collaborated with the group of C. J. Hartley and
A. K. Reddy et al. to apply non-invasive techniques to measure PWV in ApoE-KO mice. The

study determined an increase in PWV in ApoE mice, this time measured non-invasively [25].

Together, both groups observed a significant alteration (figure 4.2) in the magnitude and shape
of the aortic arch velocity signal in ApoE mice. This change is indicated by the A2/Al ratio,
where A1 and A2 designated the two phases in which the acceleration in the aortic arch occurred.
Neither blood pressure nor heart rate were statistically different in ApoE-KO versus WT mice,

as one can see in table 4.1, together with some other physical and cardiac parameters [25].

100
Velocity
cm/s ) et
0 o p T RS — ST L 180

Aortic arch Accel
dv/dt m/s2

wild type

100
Velocity
cm/s

0 =

1 160
Accel

dv/dt m/s2

TAT »|
g 250 ms |

Figure 4.2: Velocity and acceleration curves from the aortic arch of @ WT and an ApoE mouse [25].
The acceleration in the ApoE mouse occurs in 2 phases with the second peak (A2) being higher than the
first peak (A1). AT1 = early acceleration time, TAT = total acceleration time.

The most logical explanation is an alteration in vascular impedance that changes the magnitude
and timing of peripheral wave reflections. In the carotid artery, the reflected wave travels opposite
to the direction of flow suppressing velocity, whereas in the aortic arch, the reflected wave from

the carotid travels in the direction of flow and enhances velocity after entering the aorta [25].

In 2001, the group of R. M. Fitch et al. studied the administration of a bolus injection of a NO
synthase inhibitor (L-NAME) in a group of rats. This would also increase the blood pressure,
which has been known to affect PWV [5]. In order to standardize the blood pressure, they
administered phenylephrine (PE) to mimic the blood pressure changes induced by L-NAME,
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Parameters WT in) ApoE-KO (n) KOMWT P value
Physical and general data
Systolic blood pressure (conscious), mmHg 136 +7.4(10) 140 = 7.6(10) 1.03 NS
Heart rate (conscious), beats/min 678 +12.5(10) 712 =100(10) 1.05 NS*
Cardiac Doppler data
Heart rate (anesthetized), beats/min 439+ 10.4(10) 488 =10.3(10) 1.11 NS*
Peak aortic velocity, cm/s 89.2 +5.8(10) 133.4 = 7.8(10) 1.50 <0.01
Mean aortic velocity, cm/s 22 +1.6(10) 35.9+2.7(10) 1.60 =0.001
Stroke distance, cm 3.1+0.2(10) 4.5+0.3(10) 1.45 <0.001
Ejection time, ms 52.9+1.2(10) 474 £1.0010) 0.90 NS*
Peak aortic acceleration, m/s® 100+ 12(10) 118 = 7.8(10) 1.18 NS*
Peak mitral velocity, cm/s 47.2+5.3(10) 92 =7.2(10) 1.95 <0.001
Mean mitral velocity, em/s 11.4+1.3(10) 20.6=1.7(10) 1.81 <0.001
Aortic Doppler data
Pulse-wave velocity, cm/s 379+10.1(10) 428 = 14.5(10) 1.13 =<0.05
Aortic arch A, m/s? 129+ 140100 B6+=8.7(10) 0.67 =<0.001
Aortic arch acceleration time 1, ms 8.8+0.6(7T) 8.6=0.4(10) 0.98 NS
Agrtic arch A,, m/s® 53 +11010) 152 +18.1(10) 2.87 =0.001
Aortic arch A,-to-arch A, ratio 0.46 0.14(10) 2.1:0.4(10) 4.57 <0.001
Total aortic arch acceleration time, ms 15.8+1.2(10) 152 +0.8(10) 0.96 NS

Table 4.1: Statistical comparison between wild type and ApoE mice physical and cardiovascular
parameters. Modified from [25].

compensating the pressure-dependent component of the PWV changes (figure 4.3) [60]. PWV
was significantly higher with L-NAME than with PE treatment (figure 4.4, *p < 0.05, { p < 0.01).
This suggested that an acute lack of endogenous NO increases arterial stiffness independent of
changes in MAP. However, PWV was even higher in rats chronically treated with L-NAME. This

additional decrease in aortic compliance might be due to the remodeling of the vascular wall,

caused by the chronic NO synthase inhibition and hypertension [60].

Pulse Wave Velocity (m/sec)

Pulse Wave Velocity (m/sec)

130 140 150 1641 170

! 3

n=13

n=15

n=14

ACUTE

CHRONIC

180} .
PLE X
Mean Arterial Pressure (mmIHg) L-NAME L-NAME

Figure 4.4: Effect of phenylephrine (PE) and
acute or chronic L-NAME treatment on pulse wave
velocity when mean arterial blood pressure was
normalized (at MAP 150 mmHyg) [60].

Figure 4.3: Pulse wave velocity versus mean
arterial blood pressure [60].

In 2002, A. Braun et al., from the Department of Biology at the Massachusetts Institute of
Technology (Cambridge), carried out a hemodynamic analysis (catheter) in ApoE-KO (n=15,
6 weeks old) and dKO (n=13, 5 weeks old) mice. As expected, all of the dKO mice died by 8
weeks of age (50% mortality at 6 weeks) [88].
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The study revealed that aortic systolic blood pressure and heart rate (HR) were significantly
lower in dKO than in control mice. Besides, dKO mice showed LV systolic dysfunction, due to
the lower LV systolic pressure and contractility (+dP/dt), and impaired LV relaxation due to
a similar reduction in -dP/dt. Although reduced HR might have contributed to reduced blood
pressure and contractility, it is unlikely that these relatively small baseline differences caused
the large changes in both +dP/dt and -dP/dt. Furthermore, similarly as in humans with heart
disease, anesthesia could induce substantial conductance abnormalities (e.g., brady-arrhythmias
and AV blocks) in dKO mice [88].

In 2003, A. K. Reddy et al. accomplished a new study to determine whether arterial stiffening
occurred with age in male mice as it does in humans. The group determined aortic input
impedance spectra, pulse wave velocity, and augmentation index in mice at the age of 8 and
29 months. Pressure and blood velocity signals were measured simultaneously from the same
location in the ascending aorta. Blood velocity was measured non-invasively with a Doppler
probe while pressure was obtained using a catheter. As results, characteristic impedance, pulse
pressure and augmentation index, as well as aortic pulse wave velocity, were higher in old mice
[126, 127].

Augmentation index, which allows to assess the early pressure wave reflection, was calculated
by dividing change in pressure (AP) by pulse pressure (PP). Aortic pressure signals of an adult
and an old mouse are shown in figure 4.5. These results were also similar to those reported in

humans, confirming that mice can be used as models of age-related vascular stiffening [126].

125 —mmHg
PP VAP

Augmentation Point

~— 141 msec 155 msec
Adult Mouse Old Mouse
Al = AP/PP = 3/23 Al = AP/PP = 16/34
=0.130r 13% =0.47 or 47%
0

Figure 4.5: Calculation of Alz from aortic pressure signals of an adult and an old mouse [126].

Aortic input impedance modulus was calculated by dividing pressure modulus by velocity
modulus at each frequency or harmonic. It incorporates the pulsatile and the steady components
of the hydraulic load from the left ventricle, providing a more complete description of the load
by including factors related to aortic stiffness. The impedance modulus and phase of 5 adult and

6 old mice are plotted versus harmonics in figure 4.6.
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At first harmonic, the impedance was significantly higher in old mice due to an early return of
wave reflections from peripheral sites. The first minimum of the impedance modulus shifted from
the second harmonic in young mice to the forth harmonic in old mice. This allowed the group to
characterized the effects of aging on aortic stiffness by means of the aortic input impedance in

mice. Besides, these plots beared resemblance to those from humans in magnitude and harmonic

number [126].

Modulus, |Zi|
(dynes-sfcm’) o
S Characteristic Impedance: Zc (adult)=299+10, Zc(old)=471+62
—o—|Zi|, Old
1000 —e— |Zi|, Adult
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—e— /Zi, Adult
800 -
600
400 -
L
200 - i/
1 3  « Harmonic — 6 8 10
0 t t t + + } 4 i : |
7.8 234 « Adult — 46.8 62.4 78.0
6.7 20.1 «— Old — 40.2 53.6 67.0
1.5 4 Frequency (Hz) —
0 ! F T I 4 4 i /
_/ ; i .
I I 1
-1.5 - - S
Phase, /Zi
(radians)

Figure 4.6: Modulus and phase of ascending aortic input impedance in adult and old mice versus the
harmonic number [126].

Characteristic impedance (Z¢) was esti- 500 |
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uli. Besides, they approximated Z¢ as the NE 300 —F— T

product of the PWV and blood density. % s | nZ=c6 p-P:;’V
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aorta. However, differences were not sig- .

nificant between adult and old mice (figure Adult Mice Oid Mice

4.7). Both parameters behaved similar as .
Figure 4.7: Characteristic impedance and product of

they would do in humans [126, 127]. blood density and PWV [126].
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Also in 2003, the group of K. Kazama et al., from the Department of Neurology and Neuroscience
at the Weill Medical College of Cornell University (New York), investigated whether angiotensin
IT (ANGII) could alter the coupling between synaptic activity and cerebral blood flow (CBF) in
mice [98]. To do this, the group measured the response of CBF, using laser-Doppler flowmetry
[128], produced by neural activity. A group of wild type mice, who received an intravenous

infusion of ANGII, was compared to wild type controls (saline infusion).

However, ANGII is known to contribute to the genesis of hypertension [98]. Hypertension is
highly related to cerebrovascular events and chronic disorders affecting cognitive function, like
vascular cognitive impairment or dementia [129]. It alters the structure of cerebral vasculature
[130] and is able to alter functional adaptive mechanisms of brain vessels [131]. In humans, it
has been reported that hypertensive patients suffer from alterations in resting CBF, reflecting

an increase in cerebrovascular resistance [131].

In the experiment, a group of WT mice received an infusion of a saline solution or vehicle (n=5)
after which whisker stimulation increases CBF as it would do in anesthetized mice. A second
group of WT mice (n=>5) received an intravenous ANGII infusion. ANGII induced an increase in
mean arterial pressure (MAP), as shown in figure 4.8.A without affecting resting CBF, as shown
in figure 4.8.B (values are means + SE, *p < 0.05). On the contrary, it attenuated the CBF
increase produced by whisker stimulation by 65%, figure 4.8.C. However, despite it attenuated
the increase in somatosensory cortex blood flow produced by facial whiskers stimulation, it did
not attenuate the CBF increase produced by hypercapnia, figure 4.8.D. [98]. Hypercapnia refers
to abnormally elevated carbon dioxide (CO2) levels in the blood. It induces cerebral vasodilation
and increases cerebral blood flow (CBF) [132]. The group established that ANGII attenuates
functional hyperemia, i.e. the increase of blood flow, and thus, it can attenuate the increase in
CBF produced by somatosensory activation. However, the mechanical effect of hypertension on
cerebral blood vessels is unlikely to be the reason for this behaviour, since the attenuation in
functional hyperemia persists even if MAP is kept at a low level. Probably, the most likely reason
is that ANGII interferes with the vascular action of the mediators responsible for the increases
in CBF evoked by neural activity. The attenuation of functional hyperemia could alter the effect

of hypertension on the central nervous system leading to brain dysfunction [98].

In 2004, the group of C. J. Hartley et at. measured the arterial wall motion in different
mice models, in order to identify important changes in arterial properties associated with age,
atherosclerosis, and the absence of vascular tone [133|. For the study, sixteen mice were used: 6
WT, 2 ApoE, 4 aSMA, and 4 thirty month old (Old) mice. Figure 4.9 shows diameter signals
and illustrates the range of amplitudes as well as wave shapes from carotid arteries for each type
of mouse. Differences can be seen in magnitude and shape of diameter waves, and in heart rate
[133]. As results, total wall displacement happened to be lowest in an ApoE mouse and highest

in an aSMA mouse.
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Figure 4.8: Effect of AngIl on mean arterial pressure (MAP) and on selected cerebrovascular responses.
ANGII increases MAP (A) but does not affect resting cerebral blood flow (CBF; B). ANGII attenuates
the increase in CBF produced by whisker stimulation (C) but not hypercapnia (D). [98].

Besides, diameter was measured in a W'T mouse at the abdominal aorta, iliac arteries and carotid

artery as shown in figure 4.10. Results concluded that diameter pulse arrives first in the carotid

artery and last in the iliac artery, as expected due to the longer distance. Diameter varies in

proportion to the size of the artery, varying the most in the abdominal aorta and the least in the

iliac artery. Besides, one can see how pulsations become more damped with increasing distance

from the heart [133].

T
-
WT
0 msed 00
Figure 4.9:

carotid artery from the four types of mice [133].

300 0

msec

lliac artery

100 200 300

Diameter signals measured at the Figure 4.10: Diameter signals at the abdominal
aorta, carotid and iliac artery of a WT mouse [133].

Furthermore, C. J. Hartley and A. K. Reddy et al. applied the method developed by J. P. Murgo
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et al. in 1980 (explained later in section 6.6) to calculate the augmentation index, using diameter
signals instead of pressure. Results show that Old and ApoE mice present higher augmentation
indexes than normal wild type (figure 4.11), suggesting an earlier arrival of reflections from
the periphery in these mice. This age findings in mice are consistent with those in old and
atherosclerotic humans. Measurement techniques originally developed for the evaluation of aortic
stiffness in humans could be applied in mice, guaranteeing the appropriate interpretation of
results [133].
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Index .. A
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0.1 *e | mOld
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0.0 Diameterlchange |

0 u 20 40 60 &0 100
Figure 4.11: Carotid artery Alz versus net diameter pulsations for the four groups of mice [133].

A couple of years later, in 2005, the group of Y.-X. Wang demonstrated that treatment of
simvastatin, a statin used to lower cholesterol, during 3 months in LDLR-KO mice, a model of
hyperlipidemia and atherosclerosis, significantly decreased total cholesterol levels. This effect
was accompanied by a significant reduction in atherosclerotic lesions in the aorta (figure 4.12).
However, the opposite behaviour was found in ApoE mice. Statins are commonly used as lipid
lowering agents and have been shown to reduce cardiovascular morbidity and mortality in patients

with atherosclerosis, as well as the incidence of Alzheimer’s disease [134].
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Figure 4.12: Opposite effects of simvastatin in LDLR-KO and ApoE-KO mice [53].

The group also showed that chronic infusion of angiotensin (ANGII) promoted vascular
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inflammation, accelerated atherosclerosis development and induced abdominal aortic aneurysm
(AAA) in ApoE-KO mice. ANGII increased aortic stiffness measured by PWV in both ApoE-
KO mice and C57BL/6 wild type controls, as shown in figure 4.13 [53]. They also demonstrated
an age-dependent cardiac hypertrophy as well as an increase in cardiac output, measured by
aortic flow velocity peak using non-invasive Doppler method, in old (13 months) ApoE-KO mice

compared to C57BL/6 wild type controls (figure 4.14).
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F'lfgure 4-13: Angwtensm I mcreased‘ aortic Figure 4.14: Increase in cardiac output in ApoFE-

stiffness measured by PWYV in ApoE-KO mice and ) .

WT controls [53]. KO mice compared to C57BL/6 wild type controls.
Adapted from [53].

Besides, the group also observed an anti-atherosclerotic effect of estrogen, since it would attenuate

atherosclerosis in ApoE-KO, even when accelerated by ANGII, hyperglycemia, or L-NAME [53].

Unlike the elevated PWYV in ApoE mice when comparing them with age-matched WT mice, these
changes are not always apparent during rest in other mouse models. For instance, in smooth
muscle actin knockout (a-SMA(~/7)) mice [90], the resting PWV is slightly lower than in WT
mice. In 2005, the group of A. K. Reddy et al. proved that even with an intravenous injection of
phenylephrine, which in WT mice doubles PWYV from 4.6 to 9.9 m/s, this response is absent in
a-SMA (/=) mice [135] (shown in figure 4.15). In contrast, matrix GLA protein knockout mice
[95] had significantly elevated PWV (10.4 m/s) even at rest [135].
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Figure 4.15: Pulse wave velocity in normal (wild type) and transgenic mice (a—SMA(*/’) and Matriz
GLA protein knockout) [135].

In 2009, the CMR method developed by the team of V. Herold and M. Parczyk et al. was

applied to measure PWYV in a transgenic group of five 8 month old apolipoprotein E deficient
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ApoE(~/7) mice and an age-matched group of four C57BL/6 mice. During 10 weeks before
the MR measurements, ApoE(~/~) mice were fed with a high cholesterol diet. The mice were
anesthetized during the MR experiments with PWYV values measured at both locations, ascending
and abdominal aorta. PWV values were higher in ApoE mice compared to controls. However,
PWYV measurements in WT mice compared at the different ages, 2 months and 8 months, did
not show statistically significant differences. Likely, the high cholesterol diet was the reason for
the accelerated arterial wall thickening in ApoE mice. The increase in the cross-sectional area

would lead to atherosclerotic lesions, explaining the high PWV values in this strain [34].

In 2010, the team from Wiirzburg (M. Parczyk et al.) performed MR measurements in 8 month
old female mice. For the study, they compared a group of ApoE(~/7) mice with a second group
of C57BL/6 mice. ApoE(~/~) mice seemed to have higher PWV values compared to C57BL /6.
Thus, the measured PWYV was demonstrated to be a good marker to classify the state of arterial

dysfunction in living mice [83].

In 2011, C. J. Hartley et al. applied a new Doppler technique to estimate the left main coronary
flow reserve (CFR) in 10 mice before and 21 days after transverse aortic constriction (TAC),
figure 4.16. CFR was calculated as the ratio of hyperemic flow (H) during maximal vasodilation

to baseline resting flow (B).
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Figure 4.16: Velocity, diameter change, and forward and backward waves from the right carotid artery
of a mouse before and after TAC [4].

TAC is a common surgical model for creating pressure overload induced cardiac hypertrophy and
heart failure [136]. After TAC there was a significant increase in flow during systole, as shown in
figure 4.16. The team used diameter instead of pressure and velocity instead of flow to calculate
forward and backward waveforms from the measured Doppler signals. They also calculated wave
intensity multiplying the derivatives of diameter and velocity, an idea introduced by Niki et al in
2002 [137, 138] (explained later in section 6.5). Although units are different when using diameter
instead of pressure, the shapes of the waves and their relative magnitudes are correct. The ratio
of the magnitudes of backward to forward waves is similar before and after TAC, although time

at which reflected waves arrive is a little shorter after TAC, suggesting that PWV is higher.
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Cardiac reserve, used as a health indicator,

H?B Hyperemic/Baseine Velocity [l ‘i‘ is the difference between the rate at which
3- @ + the heart pumps blood in a certain time
ﬂ and its maximum capacity. Due to the in-

2 crease in blood flow, CFR (hyperemic/base-
1] line velocity) achieved its maximum level af-
[ ter TAC, and was progressively reduced dur-

0- ing the follow-up of 21 days (figure 4.17). For
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Figure 4.17: H/B coronary velocity and S/D area

ion fracti . ¢ olobal : i
ratios before and after TAC' [4]. tion fraction as an index of global cardiac re

serve in mice. Besides, the coronary systolic-
to-diastolic ratio (S/D) of the spectral velocity signal was also measured. It seemed to be a

useful index of myocardial perfusion status since it increased after TAC [4] (figure 4.17).

For the first time, in 2013 the team of R. M. Weisbrod et al., from the Boston University School
of Medicine (Massachusetts), showed that arterial stiffness preceded the gradual onset of kidney
damage, manifested by albuminuria, cardiac diastolic dysfunction and hypertension, in a mouse
model of diet-induced obesity (high-fat-high-sugar or HFHS diet) [139]. This would support the

theory that arterial stiffness is a cause, rather than a consequence of hypertension [139].

In comparison to normal diet (ND) mice, HFHS-fed mice significantly increased body weight
(BW) and fat mass by 2 months, besides to become glucose intolerant and insulin resistant.
Microalbuminuria, an indicator of kidney damage, was significantly increased after 4 months
of diet. These observations suggest a role for arterial stiffness as a therapeutic target to treat
cardiovascular diseases. Arterial stiffness developed in vivo after one month of the initiation of

the diet and preceded the development of hypertension by five months [139].
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Figure 4.18: FEvolution of PWYV (catheters)in Figure 4.19: Development of systolic hyperten-
HFHS-fed mice verus ND-fed mice [139]. sion in HFHS-fed mice [139].

In order to address the temporal relationship between arterial stiffness and hypertension, young
mice (8 weeks old) were followed after starting HFHS for up to one year. PWYV measured
by Doppler echocardiography increased in 11 HFHS-fed mice within 2 months compared to 9

47



CHAPTER 4. CARDIOVASCULAR RESEARCH IN MICE

mice following a normal diet (ND), as illustrated in figure 4.18. After 6 months, there was a
statistically significant increase in SBP, PP and MAP, leading to the development of systolic
hypertension in HFHS (figure 4.19). Diastolic pressure (DBP) was not significantly different.
However, SBP and MAP pressures of obese mice were significantly decreased after reversal to
ND, while DBP did not change [139].

Also in 2013, the group of N. Sadekova et al., from the Faculty of Medicine in Montreal (Canada),
studied the administration of CaCly (calcium chloride) to the carotid arteries in mice. This leads
to carotid calcification, allowing the evaluation of the effects of arterial stiffness on the brain of
the animals. In total, 22 C57BL/6 male mice between 10 and 12 week old were used for the
study [140].

In a group of 11 mice, the effects of periarterial application of 0.3 mol/L CaCly on cerebral
blood flow pulsatility were studied during 3 weeks after treatment (figure 4.20). CBF pulsatility,
previously called increase of CBF, was measured with Doppler optical coherence tomography
(OCT). It is related to arterial stiffness and contributes to dysfunction in the brain and kidneys.
In the right side of the brain, corresponding to the calcified right common carotid artery, a
significant increase in blood speed could be shown. On the contrary, the left side of the brain,

corresponding to the intact carotid, did not show a significant increase [140].
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Figure 4.20: Effects of CaCly on CBF pulsatility in the right and the left side of the brain (intact
carotid) [140].

Systolic blood pressure (mmHg) was monitored by a non-invasive tail-cuff method every 4 days
from the day of surgery until the end of the treatment, with CaCly (14 days). Before surgery, the
pressure was similar between both groups, and it remained stable without any increase during
the whole treatment period. This confirmed that CaCly does not alter blood pressure and that
carotid stiffness induced by carotid calcification is the only factor contributing to increased flow
pulsatility in the brain. For this reason, arterial stiffness seems to play an important role in the

pathogenesis of neurodegenerative diseases [140].
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In 2014, A. J. A. Leloup et al. used endothelial nitric oxide synthase knockout (eNOS(~/7))
mice in a longitudinal experiment to assess the large artery stiffness with carotid and femoral
P tonometers [66]. Compared to WT mice, eNOS(—/~) displayed significantly higher cfPWV. A
total of 33 WT and 22 eNOS mice (C57BL/6) were used. Sevoflurane and Nembutal anesthesia
were used to immobilize the animals during tonometry measurements. Wild type (WT) mice
anesthetized with Nembutal (n=9) had significantly lower cfPWV compared to WT sevoflurane
anesthetized mice (n=24), while cfPWV was significantly elevated in sevoflurane-anesthetized
eNOS(=/=) mice (n=11) (figure 4.21) [66].

During 12 days, eNOS(~/~) mice (n=5) were treated with perindopril. Vehicle-treated (0.1%
ethanol) eNOS(~/~) mice (n=6) served as controls. As result, cfPWYV decreased after perindopril
treatment of eNOS(~/~) mice while it remained unchanged in vehicle-treated eNOS(~/~) mice
(figure 4.22) [66].
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Figure 4.21: Applanation tonometry-based cf-
PWYV assessment of known models with altered Figure 4.22: Pharmacological alteration of cf-
aortic PWV [66]. PWYV in a longitudinal experimental setup [66].

In 2015, the group of D. Cifuentes et al., from the Institut des Vaisseaux et du Sang, Paris
(France), combined an Alzheimer’s disease (AD) mice model with hypertension (HT). AD,
also known as senile dementia of the Alzheimer type, is a chronic neurodegenerative disorder
characterized by the development of cortical extracellular amyloid plaques, mainly amyloid
peptide (Af), resulting in memory dysfunction [141, 142]. In the study, the group analyzed the
effects of ANGII treatment on vascular patterns, neuropathology, and the behavior of the mice

in memory tasks [101].

ANGII infusion was administrated in 2 month old mice during 2.5 months via subcutaneously
implanted osmotic minipumps. Four experimental groups were analyzed: control (WT) C57BL/6
mice; ANGII-treated or hypertensive C57BL/6 mice (HT); APPPS1 or Alzheimer mice (AD);
and ANGII-APPPSI mice (AD&HT). At 2 months, there was no significant difference of SBP
between WT and AD mice. ANGII treatment resulted in a rapid raise in SBP (figure 4.23) in
both HT and AD&HT mice, which lasted until the end of experiment [101].

Besides, AD&HT mice showed significantly impairment of temporal order memory performance
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Figure 4.23: FEvolution of SBP in C657BL/6 and APPPS1 mice during ANGII treatment through
minipumps [101].

at the age of 4.5 months compared to both WT and HT mice (figure 4.24), who spent more time
exploring the old familiar than recent familiar objects. The results obtained demonstrate that
hypertension can cause cerebral vasculature impairment, which accelerates the development of

structural and functional alterations related to Alzheimer disease in AD&HT mice [101].
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Figure 4.24: Memory test in different mice [101].

The team of J. C. Kohn et al. [106], from the Meinig School of Biomedical Engineering at the
Cornell University (Ithaca), obtained PWV readings (Doppler US, TT abdominal and thoracic

aorta) before and after exercise treatment in mice (C57BL/6 male).

They carried out different studies, one with aged mice (18 month old, n=15 mice) and young
mice (2 month old, n=14 mice), and another one with one group with sedentary mice and another
after performing an exercise (20 month old, n=7 mice). The data confirmed reports from others
indicating PWYV increases with age as well as with increasing arterial stiffness, and decrease with

exercise in rodents (figure 4.25) [63].
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Figure 4.25: PWYV measurements in aged-sedentary and aged-exercised mice after exercise regimen
[106].

In 2016, the high-resolution echocardiography study carried out by the group of N. A. Lee et al.,
with members from different universities and institutes in Vancouver, Canada, used B-mode and
Doppler-mode blood flow velocity images of the aortic arch to demonstrate that the increased
PWYV (TT method) in Marfan syndrome (MFS) mice is likely based on a loss of aortic elastin
fibril organization and integrity [97].

The method applied was relatively simple, with no need of simultaneous blood pressure
measurements or assumptions about Doppler angle to obtain flow volumes, and focused on
localizing the distance of the aortic root which is the most important locus for the MFS
characterization. In the study, Aortic PWV of WT and MFS mice from two age groups (6-
8 months and 12-16 months group) was calculated [97]. PWV was significantly increased in 6-8
months MFS mice compared to WT and in 12-16 months MFS mice compared to WT. In MFS
mice, PWV was directly proportional to age (figure 4.26) [97].
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Figure 4.26: Pulse wave velocity (PWYV) of aortic arch in mice: WT versus MFS [97].

Also in 2016, M. Wiesmann et al., from the Radboud University Medical Center in Nijmegen
(The Netherlands), studied the effects of hypertension after two months of angiotensin II (ANGII)
infusion in wild-type and ASPP/PS1 mice. High doses of angiotensin II cause hypertension and

affect cerebral blood flow contributing to Alzheimer’s disease [99].
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For the experiment, a total of 51 mice were used, all of them 10 month old and male, divided in 29
WT and 22 ASPP/PS1 mice. Mice of both models were split in a group of hypertension (Angll-
infusion) and a group of controls (saline infusion). After one month of induced hypertension,
ApBPP/PS1 showed higher SBP than wildtype mice. Angll and saline infusion groups were
further divided into two subgroups: treatment with angiotensin II receptor blockers, eprosartan

mesylate (EM), and standard drinking water as control [99].

Eprosartan treatment restored the systolic blood pressure in all mice. CBF was acquired in
two standardised gas concentrations: normal and vasoconstriction. Under both conditions,
untreated ASPP/PS1 mice showed a decreased cortical CBF (figure 4.27.a), calculated from
MRI measurements, compared to WT mice. Functional connectivity (FC), estimated also from
magnetic resonance imaging measurements, was decreased in both groups of mice. Treatment
with EM under normal gas concentration increased hippocampal CBF in ANGII- and Sal-infused
groups (figure 4.27.b) [99].
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Figure 4.27: Cerebral blood flow (CBF) measurements in WT and AD mice normal and under
vasoconstriction [99].

These results suggest that hypertension exacerbated Alzheimer’s disease’s pathological symptoms
(impairment of CBF, FC, and cognition) in Alzheimer’s disease model mice. Furthermore, it
also contributed to decrease FC in W'T mice, leading to cognitive decline or dementia, but not
necessarily inducing the AD pathology. However, the study revealed that the elevated levels of
ANGII could contribute to the development of AD by affecting cerebral blood flow [99].
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In 2017, the group of A. Gotschy et al., also from the University of Wiirzburg, collaborated
with V. Herold and some members of his group. Together, they compared local versus global
distribution of early arterial stiffening due to initial atherosclerotic lesions. A TT method was
used to determine the global PWYV in the murine aorta. Furthermore, local aortic stiffness was
measured by assessing the local PWYV in the upper abdominal aorta by the QA method. The
measures were taken in ApoE(~/~) and wild type (WT) mice using ultrahigh field MRI.

Within the WT group, global and local PWYV correlated well in the upper abdominal aorta,
implying a widely uniform arterial elasticity. However, ApoE(~/~) mice behaved in a different
way and showed significantly higher PWYV. The experimental results demonstrate that vascular
stiffening caused by early atherosclerosis is unequally distributed over the length of large vessels
[121].

Also in 2017, N. D. Lascio et. al. applied the image process algorithm developed in 2014
[63], based on the InD-V loop, for assessing carotid PWYV in mice. The heart and the carotid
artery were imaged with high-resolution ultrasound (US) at 40 MHz. The group published age-
associated changes in parameters derived from wave intensity analysis (WIA) like W1, W2, Wb,
the negative area between W1 and W2 (NA) or the reflection index (RI, ratio between Wb and
W1) [6].

The technique was applied in sixteen wild-type male mice, at 8 (T0) and 25 weeks (T'1) of age.
Some cardiac parameters as the cardiac output, and parameters derived from carotid artery
images (Ds, Dd, Dm, relD, PWV, V,,) were calculated for all animals at both time points. For
each time point, wave intensity analysis was performed and WIA-derived indexes (W1, W2, Wb,
NA, RI) were assessed [6].

After evaluation, the study reveled a decrease with age of parameters like W1, W2, Wh, CO,
HR, relD, V,, Dd. No differences were found for Dm, PWV or RI. The decrease in W1
and W2 would suggested a cardiac performance reduction (i.e. age-associated alterations in
the arterial-ventricular interaction). The decrease in the absolute value of Wb, considering
unchanged RI, indicates an energy decrease of refected waves induced by the decrease in the
magnitude of forward waves reflected by W1 [6]. These cardiac and vascular parameters’ values
at TO and T1 are presented in table 4.2, together with the results of the statistical analysis

(Wilcoxon rank test) to evaluate differences between them.

W1 was significantly correlated with CO at T0, though this correlation was lost at T1. At both
T0 and T1, NA values were correlated with V, measurements [6]. Previous studies in both
humans and animals have shown that the W1 amplitude is directly correlated to the maximum
rate of pressure rising during left ventricular (LV) ejection, and it is considered a representative

parameter of LV systolic performance [6].

Cardiovascular research in mice is summarized in table 4.3.
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T, (8 weeks) T, (25 weeks)
HR (bpm) 403 + 94 346 + 40*
RR (bpm) 122.33 +20.92 108.50 + 22.424
T (°C) 3532 +0.73 34.92 + 0.59
LVmass (mg) 107.36 = 10.29 119.10 + 14.23*
CO (mL/min) 19.27 +4.33 16.71 + 2.88*
D,, (mm) 0.45 + 0.03 0.47 + 0.04
D, (mm) 0.50 + 0.04 0.51 +0.04
D, (mm) 0.39 + 0.03 0.42 + 0.04
relD (%) 27.4 +5.51 21.86 +3.95
PWV (m/s) 1.06 + 0.29 1.02 +0.27
V, (em/s) 50.24 +15.02 38.61 + 10.88*
W, (m?s) 4.42¢-7 + 2.32e-7 2.21e-7 +9.77¢-8°
W, (m?/s) 2.45¢-8 + 9.63¢-9 1.78e-8 + 7.82¢-9%
W, (m?/s) —8.75¢-8 + 5.45¢-8 —4.28¢-8 + 2.22¢-8'
NA (m?) 5.59e-10 #+ 2.97e-10 2.85¢-10 & 1.41e-10"
RI 0.20 + 0.08 0.20 + 0.06

Table 4.2: Cardiac, vascular and WIA-derived parameters at both T0 and T1 [6].
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Main result

A2/A1 ratio, PWV and
aortic and mitral V in old
ApoE, but normal HR
and BP compared to WT.

Increase in PWYV by
L-NAME over PE, which
increases MAP. Inhibition
of NO production
(L-NAME) increases
PWV.

dKO shows lower SBP
and HR than controls.
Arrhythmias and AV
blocks as consequence of
anesthesia.

Zi, Zc, PP, Alx (G1) and
aortic PWV(G2) higher in
old mice.

ANGII infusion increased
MAP values and
attenuated the increase in
CBF (hyperemia) evoked
by neural activity.

Lowest wall displacement
in ApoE, highest in an
aSMA. Old and ApoE
had higher Alx than WT.

Conclusion

Significant increases in

ApoE mice have been
proven to develop
vascular stiffening, and
can be used as models of
atherosclerosis.

NO withdrawal reduces
aortic compliance
independently of BP
changes.

dKO can be used to
study the role of
atherosclerosis in the
pathogenesis of MI and
cardiac dysfunction.

Arterial stiffening
increases with age in
mice similar as it does in
humans.

ANGII seems to interfere
between vascular and
neural activity, what
could lead to brain
dysfunction. ANGII
administrated mice can
be used as HT mouse
models.

Findings in mice
consistent with those in
old and atherosclerotic
humans.
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WL, V, D
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Main result

Old ApoE: higher PWV,
smaller EDNO mediated
vasorelaxation (ACh).

Ang IT promoted vascular
inflammation,
atherosclerosis (as
L-NAME, opposite to
estrogen) and AAA in
ApoE mice.

Higher PWV (both
locations) in ApoE mice.
No big PWV differences
for 2 and 8m old WT.

PWYV higher in ApoE
than in WT mice.

Nearly abolished CFR
after 21 days of aortic
constriction (TAC), while
S/D ratio increases.

Arterial stiffess developed
after 1 month of diet, fat
mass after 2,
microalbuminuria after 4
and hypertension after 5
(reverse if back to ND).

Conclusion

The lack of EDNO is
involved in the
development of
atherosclerosis, linked to
an increase in PWV,

Pharmacological
responses allow detection
of new cardiovascular
functional phenotypes in
ApoE mice.

Cholesterol diet
accelerates arterial wall
thickening in ApoE
(higher A), leading to
atherosclerotic lesions.

PWYV is an important
marker of arterial
dysfunction in mice.

CFR can be used as an
index of global cardiac
reserve in mice, and S/D
as an index of myocardial
perfusion status.

Arterial stiffness
preceded the gradual
onset, of kidney damage
in HFHS-fed mice.
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Main result

CBF pulsatility increased
in right side of the brain
(common carotid artery
calcified). SBP remained
stable.

eNOS: cfPWYV fell with
perindopril (n=5), not
with ethanol (n=6). eNOS
(n=11, sevoflurane) sign.
higher cfPWYV than WT.
WT: nembutal (n=11)
sign. lower cfPWV than
sevoflurane WT (n=24).

Rapid raise in SBP after
ANGII treatment in HT
and AD&HT mice. High

impaired performance in
AD&HT mice.

Non-uniform stiffening
with age: heterogeneity
reversible with exercise.

The PWV was
significantly higher in
MEFS vs. WT, and
increased with age in MFS
mice only.

Conclusion

Arterial stiffness induced
by carotid calcification is
the only factor
contributing to increased
CBF pulsatility.

The assessment of
cfPWYV allows
characterizing large
artery stiffness in mice
and analyze effects of
anesthesia (nembutal,
sevoflurane).

Hypertension accelerates
the onset of cognitive
decline in AD&HT mice.

Clinical evaluation of the
artery (PWYV) could
provide information
about subendothelial
matrix mechanics.

PWYV measured in the
aortic arch allows the
detection of the Marfan
syndrome pathology in
mice.
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* L = longitudinal study design (T0, T1)
* CS = cross sectional study design

* w = weeks, m — months

* G = group

* F = female; M — male;

Table 4.3: Cardiovascular research in mice.
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CHAPTER 9

Data and Statistical Methods

In this chapter, materials and methods used in the thesis are specified. All the processing
operations were performed using Matlab R2015a (The MathWorks, Inc, Natick, Massachusetts,
USA).

5.1 Data and Test Cases

For the present study, specific signals are required. Blood velocity and diameter signals are used
to calculate WIA-derived parameters. Physiological values and ECG are also measured in order
to calculate parameters such as respiration and heart rate. The used datasets have been provided
by the clinical partner from the University of Pisa, Department of Clinical and Experimental
Medicine (Italy).

Four different datasets have been provided. All mice were placed on a temperature controlled
board and examined under anesthesia induction (1.5% isoflurane). Carotid US-images were
obtained with a high-resolution Doppler ultrasound imaging system, a non-invasive technique, see
section 3.2.1. Single-beat mean diameter and mean velocity instantaneous values were obtained
from B-mode and PW Doppler-mode images, respectively. The system used a sampling rate of
800 Hz.

Besides, ECG recordings and other physiological measurements, such as temperature and the
respiration signal, have been provided for all mice. Sample frequency for physiological parameters

assessment was 8000 Hz.

The first two datasets correspond to a group of male WT mice (n=13), measured at the age of
8 (WT _t0) and 25 (WT _t2) weeks old. The third group (n=10) consists of mice with carotid
plaque vulnerability (ApoE), 16 weeks old. Lastly, the forth dataset corresponds to a group of
13 weeks old diabetes (db/db) mice (n=9).
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CHAPTER 5. DATA AND STATISTICAL METHODS

In a first step, the verification of some developed algorithms has been carried out: hear rate, pulse
wave velocity and augmentation index algorithms. Values resulting from applying the algorithms
to all recordings (all mice, n=45) have been used for this. These values have been compared with
values obtained with alternative methods using Bland Altman plots [143|, described in section
5.3.

Therefore, three different test cases (TC) have been analysed. In each of them, two different
groups of mice have been compared at a time. TC1 has been performed between WT t0 and
WT _t2, to test for changes due to age, as in [6]. WT _t0 and ApoE mice have been compared
in TC2 to see the influence of carotid plaque vulnerability. The last test case, TC3, has been
performed between WT' _t0 and db/db mice to analyze differences in various parameters caused
by diabetes.

5.2 Murine ECG Analysis Algorithm

This section contains a brief description of the algorithm for the automatic detection of ECG
components, implemented by Caroline Magg [9] and used for the analysis of ECGrecordings in
this thesis. In the present study, this algorithm will be refered to as murine ECG algorithm or
simply ECG algorithm. It is an adaptation of the one developed by Bachler et al. [144], for

human ECG analysis, referred as human ECG algorithm from now on.

The workflow of the algorithm is given in figure 5.1. Further detailed explanations about
this algorithm can be found in "Development and evaluation of a Murine ECG Annotation
Algorithm", by Caroline Magg [9].

Signal Preprocessing R-peak detection QR 8-onset detection
adapted from human algorithm human algorithm human algorithm

v

QRS-offset and T-wave detection
new feature detection
specialised for mouse ECGs

A A
h A

ECG-interval calculation
human algorithm with adapted heart rate €
corrected QT-interval

P-wave dete_ctlon ¢
human algorithm

Figure 5.1: Overview of the processing algorithm for murine ECG signals [9].

After a first step of signal pre-processing, features are identified. The identification of the r-peak
and the QRS-onset are based on the human ECG algorithm, as well as the P-wave detection.
However, due to the differences found between human and murine ECG, the detection of QRS-

offset and the T-wave is different.

For the r-peak detection, the signal is filtered to remove respiration artefacts. However, for the

rest of features a filter is not applied.
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Due to the difficulties involved in a separated detection of the J- an the T-wave, the algorithm
considers the combination of both as the T-wave. For the QRS-offset and T-wave detection, the
algorithm consists of the analysis of a created cluster template and the analysis of each heart

beat in the original signal, where the cluster-derived information is used as a reference.

Clustering can be performed by two methods: the kMeans method or a hierarchical method.
The hierarchical method has been chosen in this thesis because it allows a variable number of
clusters. A cluster template contains less noise since it is created as the median signal of its
cluster members. The murine algorithm is prepared to work with 10 seconds segments in order

to generate the different templates.

A prominent mimimum after the r-peak is used as reference for the T-onset detection. The
detection of the T-peak can be accomplished by two methods, one based in a prominent peak
detection and one which uses the "wing" function, also explained in [9]. The first option has

been chosen for this thesis.

The T-offset detection can also be performed by two methods: a geometric option and the
trapezium or TRA method. Oscillations of the signal between T- and P-wave can influence in
the determination of this point as well as in the determination of the P-onset. The geometric

method has been used in this thesis.

Figure 5.2 illustrates how the geometric method works. The algorithm establishes a connection
line "g" between the QRS-offset and the T-wave. The intersection between a perpendicular line

to "g" and the signal itself is the location of the wave offset.

01

0af

n2p .

ECG [rmiv]

0.3f

04r

0.G¢

o 005 0.1 0.5 0z 0.25
Tirme [5]

Figure 5.2: Determination of the T-offset under geometric method. Image adapted from [145].
In a first detection, the T-offset will be identified as the J-offset. If the T-wave is a clear negative

deflection, correction of the T-offset can be applied. This detection is performed by an extension

of the trapezium method. In this case, the T-offset is chosen as the intersection between the
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baseline and the ECG signal, this is, the end of the negative deflection.

Since the P features depend on the T-offset and the QRS-offset points, if any of them is
erroneously identified, the P-onset will probably be misplaced too. This is the reason why
the geometric option has been chosen to be used with the datasets provided. The T-offset is
earlier detected by the TRA method than by the geometric technique, and therefore, the P-onset
is wrongly detected. An example of the preformance of the ECG algorithm in a wild type mouse
is shown in figure 5.3, where the T-offset is detected by the geometric method and the TRA
method in figures 5.3a and 5.3b, respectively.

(a) (b)
tm65_t0.physio ab 0 sec tmé65_t0.physio ab 0 sec
+ * * # * #*
800 800 [
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e =
8 400t = so0f
Q ]
Q Q
w i
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i] W ] MW
i
=200 T =200 F
05 055 06 065 07y 075 08 08 09 095 055 06 065 07 075 08 085 09 0095
time (s) time (s)

Figure 5.3: ECG algorithm performance. T-offset detection by geometric option (a) and by TRA method

(b)-

5.3 Bland Altman Plots

The Bland Altman plot is a graphical method to compare two measurement techniques. The
graphic displays differences between two methods (value;-valueg) plotted in the y-axis against

the averages of the two measurements in the x-axis [143].

Limits of agreement or LoA are estalished at the mean £+ 1.96 SD of differences, where 95%
of the differences between measurements are included [143]. The maximum allowed difference
should be defined in advance for a good interpretation of the method comparison. If the limits of
agreement are in between the negative and possitive maximum allowed difference, both methods

are considered to be on agreement [146].

The mean difference between measurements is the estimated bias, and the SD measures random
fluctuations around it. However, a trend or a tendency for the mean difference can be as well

detected in the bias when increasing the magnitude [146]. Figure 5.4 shows an example where
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two methods to measure systolic blood pressure, at the finger and the arm, are compared. LoA

and the trend, as a regression line, are drawn.
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Figure 5.4: Bland Altman plots to compare two pressure measurement techniques [146].

For 95% of the subjects, finger measurement will be between 24 mmHg below the arm pressure
and 33 mmHg above it. This, however, is a wide range, which denotes a very poor agreement
between both methods [146]. In this case, the trend shows an increase in the difference between
methods when increasing the magnitude of the measurement. Thus, a certain correlation between

difference and average can be established.

5.4 Statistics

When performing a comparison test, data can be paired or unpaired, depending on the test
case. Paired samples or populations are those where observations in one sample are related with
observations in the other. Usually, paired samples involve the same subjects, where observations

have been taken at two different ages or after two different treatments.

Tests for comparison can be either non-parametric or parametric. When non-normal data or of
unknown distribution, a non-parametric test is performed and results are shown as median and
its interquartile range (IQR). The test applied in this case is known as the Wilcoxon rank test,
convenient for small sample size, and robust identifying outliers [147]. However, when they are

normally distributed data, results are presented as mean and standard deviation.

The P-value is a probability number that indicates the correlation between two compared groups

[148]. A low value indicates a strong evidence against the null hypothesis (no correlation between
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the groups). In this thesis, boxplots are used to illustrate the comparison of different parameters
between two groups. A significant difference is marked by asterisks at the top of each boxplot.
One asterisk shows a P< 0.05 in our analysis. Two asterisks show a p-value lower than 0.01,
while three, lower than 0.001.

For paired groups, the non-parametric test is called Wilcoxon signed-rank (one-sample) [149]. If
not normally distributed unpaired data are compared, the non-parametric test applied is called

Wilcoxon rank-sum test (two-samples) [149].

Of note: results in this thesis are presented as mean and standard deviation, as well as the
median and the interquartile range. However, to allow comparability with the results from N.
D. Lascio et al. [6] and due to the small sample sizes, non-parametric tests have been used for

comparison.
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Algorithms Design

The design of the program allows to run four different analysis in order to compare cardiovascular
parameters between two groups of mice. These analyses are: (1) a physiological comparison, (2)

ECG intervals comparison, (3) wave intensity analysis and (4) vascular analysis.

All details about the implemented approaches and algorithms are explained in the following.

6.1 Program Overview

A general overview of the program is shown in figure 6.1. Below some steps, represented
in boxes, conditions are specified. Conditions in orange are optional, while conditions where
different options are possible are written in blue. As illustrated, the four analyses can be run
independently. After each analysis, parameters are compared within a boxplot. After analyses
are run, a table with all parameters is generated showing the results of the comparison tests

applied.

The analyses can be shortly summarized as follows:

1. The physiological analysis allows the comparison of the heart rate, the respiration rate and
the temperature between two groups. Algorithms used for the determination of the heart

rate and the respiration rate are explained in sections 6.2 and 6.3, respectively.

2. For the ECG intervals comparison, the algorithm developed by Caroline Magg [9] has been
applied. The five intervals calculated are: qt, gtc, pq, qrs and rr, all measured in seconds.

The rr-interval represents the duration of a heart beat.

3. Wave intensy analysis requires the determination of the PWYV. The algorithm calculates the
PWYV first (see section 6.4) and then the WI signal, from where WIA-derived parameters

are obtained (see section 6.5).
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4. The name of the vascular analysis comes from the involved diameter and velocity

measurements to calculate vascular-derived parameters (see section 6.7).

diameter values have been used to calculate the Alx (see section 6.6).

Thereafter,

Before starting the program, one can set various options to select analyses and settings. Before
performing the selected analyses, one has to choose the groups to be compared.
HR
Physiological
velo o RR .
analysis > gt
-Comparison test: T
: ; * gic
Parametric / non-parametric
-Plot HR algorithm figures ECG intervals
orithm figures analysis ¥ P
Choose comparison -Comparison test: > qrs
groups: G1 and G2 o pwv | Parametric / non-parametric
-Plot ECG figures » T
Y
Configuration > NA
setup Al
-Parity Wave inte_nsit',,r
-Analysis to run analysis L w1
-Comparison test:
Parametric / non-parametric L wWh —* Ds
-Plot W1A algorithm figures
-PWV: automatic/ manual/ correction | w2 —= Dd
—= Dm
Vascular analysis
—® relD
-Comparison test:
Parametric / non-parametric —» Vp
-Plot Alx figures
-Alx: Alxl [ Alx2 L | Alx

Figure 6.1: OQverview diagram showing the four possible comparison analysis and the parameters

obtained.

6.2 Heart Rate Algorithm

The heart rate algorithm (HR algorithm) allows the identification of the heart rate and,

optionally, the heart beat duration. The workflow of the algorithm is shown in figure 6.2.

Green boxes in the shape of rounded rectangles contain the steps for which a different subplot is

generated by the algorithm, if plotting is selected. Orange boxes represent optional plots. Steps

in orange are also optional.

In a very first step, ECG signal peaks can be identified using the Matlab function findpeaks.

In order to not misclassify the R-peak and the peak of the J-wave, two thresholds have been

defined. The first threshold is the the minimum distance between peaks, which has been set as
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1/15 times the sample frequency. The second threshold is the minimum height, chosen as the

mean amplitude of the ECG signal.

ECG signal

!

Peak
detection

b4
Peak First peak
LPF - HPF = ) Autocorrelation s p_
detection detection
v
HR and hb
calculation

Figure 6.2: Heart rate algorithm workflow.

Figure 6.3 shows an example of how the HR algorithm works for a wild type mouse at two
different ages. For clean and clear signals, this approach is good enough to determine the heart
rate, as one can see in figure 6.3a. However, this is not always the case. Sometimes the power
line noise interference at 50 Hz is extremely high, as exemplarily shown in figure 6.3b.
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Figure 6.3: Heart rate algorithm output figures. ECG signals from a wild type mouse at the age of 8
weeks (a) and at the age of 25 weeks (b).

In a second step, a low pass filter (LPF) has been implemented to remove the noise. After some
trials, a cutoff frequency of 40 Hz has been proved to work properly for most of the cases. After

that, a high pass filter (HPF') has been used in order to remove the influence of breathing, where

67



CHAPTER 6. ALGORITHMS DESIGN

the cutoff frequency has been fixed at 2 Hz. Again, findpeaks is used to identify the R-peaks in
the filtered signal.

After filtering, the spectrum of frequencies of the signals can be optionally calculated to show
the efficiency of the filters. The spectrum of the original signal, in blue, and of the filtered signal,
in orange, are displayed (figure 6.3).

However, it could happen that findpeaks again does not work properly due to the shape of the
recorded signal. This can be observed in figure 6.3 (lower trace) for the wild type mouse tm71
at the age of 25 weeks. To overcome this problem, the autocorrelation function of the filtered

signal has been calculated.

The autocorrelation of a signal and the signal itself have the same cyclic characteristics. The
first peak in the autocorrelation corresponds to the period of the waveform. For this reason,
autocorrelation has been used to calculate the heart rate frequency. Additionally, the heart beat

duration can also be derived from it.

6.3 Respiration Rate Algorithm

The respiration rate algorithm, or simply RR algorithm, is used to calculate the periodicity of
the breathing signal. The design of algorithms for the calculation of HR and RR is pretty similar.
The workflow of the respiration rate algorithm is shown in figure 6.4. Again, green boxes indicate

plotted intermediate steps, and orange boxes and steps are optional.

Respiration
signal
Peak
detection
I
:
LPF —™ Peak » 5 t » Aut lati | First peak
H ectrum utocorrelation
detection P detection
T
RR
calculation

Figure 6.4: Respiration rate algorithm workflow.

The main difference is that the RR algorithm is performed using only a low pass filter (LPF) to

remove possible high frequency noise, with a cutoff frequency of 5 Hz.

In figure 6.5, one can exemplarily see how the algorithm works in a wild type mouse. In the
upper trace (figure 6.5a), one can observe how the Matlab function findpeaks is enough to detect

the periodicity of a clean signal, where all R-peaks are detected. However, in comparison to
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this approach, autocorrelation function assures a more reliable result as one can see in figure
6.5b, where the same mouse has been examinated again at t2. Thus, periodicity is obtained

independently of the shape of the recorded signal.
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Figure 6.5: Respiration rate algorithm output figures. Respiration signals from a wild type mouse at
the age of 8 weeks (a) and at the age of 25 weeks (b).

6.4 Pulse Wave Velocity Algorithm

The InD-V loop method, briefly introduced in section 3.3.3, has been considered to calculate the

local PWV. In this section, a more detailed explanation of the method is given.

Although along this thesis, blood flow velocity is denoted as V, in the mathematical expressions

found in this section it is, as originally, denoted as U.

Pressure and velocity changes are assumed to be the addition of the differences across the forward
(+) and backward (-) wavefronts. Thus, they can be defined as:

dP = dP, + dP_ (6.1)

dU = dU, + dU_ (6.2)

During early systole, simultaneous pressure and flow velocity follow a linear relationship in the

absence of reflected waves [150]. This relationship is described by the water hammer equation,
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which can be written as
dP, = £pcdU, (6.3)

where + refers to forward and backward waves, dP and dU are pressure and blood flow velocity
differences over the measured interval in the direction of the blood flow (x), p is the blood density

and c is the wave speed, i.e. the pulse wave velocity.

Based thereupon, Khir et al. developed a method to assess the wave speed in early systole
(upstroke) [151-153] in 2001. This method is called the pressure-velocity loop or PU-loop. The

slope of the loop is defined as follows:

P
_ 4P pc (6.4)

S, = =
U,

In 2009, Khir et al. introduced a new version of this method using diameter (D) and U waveforms
[122]. Diameter changes due to forward and backward pressure changes can analogously be
expressed as:

dD =dDy +dD_ (6.5)

If there are only unidirectional waves present, a linear relationship between the natural logarithm

diameter and velocity values is derived. Then, local wave speed can be determined as:

dU=+

— 105
c=205- 0 DE

(6.6)

In this thesis, three modes to calculate the PWYV have been implemented. The first mode assesses
the PWV fully automatically. The other two options allow manual correction in case of noisy
curves or in cases where points from the non-linear parts of the loop are erroneously included.
The second mode, manual, allows the user to choose the starting and ending points of the linear
part of the diameter curve for every mouse. The third mode, correction, is a mixture of the
previous modes: once the automatic PWV has been calculated for each subject, the user is

asked if a manual correction is needed before continuing.

The workflow of the PWYV algorithm is shown in figure 6.6. In a first step, the algorithm creates
the InD-V loop. Then, the linear phase during early systole is identified. Starting and ending
points for calculating the slope are chosen as those where velocity reaches its 5% and 90%,

respectively, following the steps of N. D. Lascio et al. [154].

Diameter and

velocity signal
T
v

PWW Linear phase PWV
F LnD-V loop B
mode

detection calculation

Figure 6.6: Pulse wave velocity algorithm workflow.
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In the last step, PWV is calculated using Khir’s method [122], with the following expression:

PV = %5 (6.7)

where S, is the slope of the loop.

6.5 Wayve Intensity Analysis Algorithm

Forward and backward waves identification in mice has also been accomplished using
simultaneous diameter and velocity measurements. This idea was first introduced by Niki et al. in
2002 [137], based on the use of the water hammer equation for forward traveling waves. Another
option to calculate wave intensity was be means of the pulse wave velocity, idea introduced by
the same group [138]. Years later, in 2007, Khir et al. [153| devised a new model where wave

intensity was also calculated using wave speed and diameter signals.

Wave intensity analysis is based on the method of characteristics solution of the 1-D equations
derived from the conservation of mass and momentum in elastic vessels, as described by Parker et
al. in 1990 [7] and later on, together with Khir et al. in 2004 [152]. The successive wavefronts of
pressure P and velocity U propagate forward and backward through the vessels with magnitudes
dP and dU [155].

The net wave intensity, denoted as dI, is usually obtained multiplying changes in pressure with

changes in blood flow velocity:
_ar dU

T odt dt

The analysis is carried out in the time domain, since the waveforms of pressure and velocity are

dI (6.8)

represented as successive wavefronts.

Forward and backward wave intensities can be aproximated as dI and dI_ [152], leading to the

following expression:

1
dl. = — - (dP % pedU)? 6.9
+ 4pc( pcdU) (6.9)

In this thesis, the energy carried by forward and reflected waves has been calculated by means
of the wave intensity signal using Khir’s method [152], as in the work of N. D. Lascio et al. [6].

The following mathematical expression has been used:

1 D
- .(dD+
4D/2PWV) ( 2PWV

dl. dv)? (6.10)

The workflow of the WIA algorithm is shown in figure 6.7. Diameter and velocity signals are
used to calculate the PWV depending on the chosen mode. To calculate the PWV (step in red),

the PWYV algorithm is called. Thereafter, the wave intensity signal is calculated using equation
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6.10.
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Figure 6.7: Wave intensity analysis algorithm workflow.

Once the wave intensity signal is estimated, the W1, Wb and W2 peaks are identified. W1
represents the forward wave. The second peak, with negative magnitude, represents the energy
of reflected waves. W2 corresponds to the forward expansion front related to the closing of the

aortic valve. Further explanations about these parameters can be found in section 2.3.

Afterwards, the negative area is determined and the reflection index is calculated as:

Wb

[ = —
r w1

(6.11)

Figure 6.8 illustrates an example where the PWV and WIA algorithms have been performed in a
wild type mouse at the age of 8 weeks. Image on the left shows diameter and velocity recording
from mouse tm65. In the second image, the slope of the loop (in red) is calculated between
the two green points, after what the PWYV is calculated. In the image on the right, the wave

intensity peaks are detected (in magenta), and the negative area is calculated.
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Figure 6.8: Wave intensity analysis algorithm output figures for a wild type mouse at the age of 8 weeks.
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6.6 Augmentation Index Algorithm

The aim of the developed algorithm is to detect the augmentation index from a diameter signal
following the steps of C. J. Hartley et al. [133]. Hartley’s approach to detect the inflection
point in the diameter curve estimating the arrival of reflected waves was based on the method

described by J. P. Murgo et al. for pressure signals [156].

According to J. P. Murgo et al. [156], depending on the waveform, pressure signals can be
classified in four groups [156]. In signals from types A and B, the systolic blood pressure comes
after the inflection point caused by the wave superposition as illustrated in figure 6.9 (left). For

these signals, Alx is calculated as follows:

Ps_}%

Alp = =20
TP _p

(6.12)

where P is the systolic blood pressure, P4 the diastolic blood pressure and P; the pressure at
the inflexion point. The denominator of the function represents the pulse pressure (PP). For

type A signals, Alx is higher than 0.12. For type B signals, Alx lies between 0 and 0.12.

In type C pressure signals, the systolic pressure peak precedes the inflection point, as shown in

6.9 (right). For this case, Alx is calculated as follows:

47P2_}%

Algp — s
TP P

(6.13)

In type D signals, the reflected wave arrives early in systole and merges with the incident wave.

For this reason, the inflection point cannot be observed visually.

o 4

mmHg

TYPE A BEAT TYPE C BEAT

Figure 6.9: Determination of parameters to calculate Alx in type A and C pressure signals. Ppy is the
peak systolic pressure, P; the inflection point, and Ay, the time the wave needs to travel from the heart
to the reflection site and back.

Alx values higher than 0.12, as in type A signals, correspond to a large artery stiffness. In type

B signals, reflected waves arrive in late systole, indicating a lower arterial stiffness.
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The idea of using diameter signals to calculate the Alx was performed in mice by Hartley et al.
in 2004 for the first time [133]. They considered only signals where the systolic diameter (i.e.
the maximal diameter) comes after the anacrotic notch, i.e. type A and B. The anacrotic notch
was determined as the inflection point of the diameter signal before reaching its maximum, the

systolic diameter.

In the present work, two methods have been designed in order to detect the inflection point of
the diameter curve. In both methods, the notch is detected by calculating the 15 derivative
of the diameter wave and identifying its local minimum located between diastolic and systolic

diameter values, as shown in figures 6.12a and 6.12b.

Figure 6.10 shows the workflow of the implemented algorithm. Different signals are derived
from the diameter wave in order to provide a robust detection of the inflection point, which is
calculated taking the median of three points in both methods. The signals involved to calculate

these points are the same in both methods.
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Figure 6.10: Augmentation indez algorithm workflow. The different signals used are: diameter (D),
smoothed diameter (S/D), gradient smoothed diameter (GSD), smoothed gradient smoothed diameter
(SGSD), gradient diameter (GD) and smoothed gradient diameter (SGD).

The first derived signal comes from smoothing the diameter. To do this, a low pass filter (LPF)
has been designed. A cutoff frequency of 12 times the heart rate of the examined mouse has
been proved to work properly for the datasets used. From now on, this filtered signal will be
called smoothed diameter (SD), plotted in red (see figures 6.11, 6.12b and 6.12a).

Following Hartley steps, the first derivative or the gradient of the diameter signal has been
calculated. It is plotted in blue as the original diameter signal. This signal is denoted as gradient
diameter (GD) signal. The gradient of the SD signal has been as well calculated, denoted as
gradient smoothed diameter (GSD), in red as the SD signal.
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Similarly to Hartley et al., the implemented algorithm is only designed to work with type A and
B diameter signals. For this reason, inflection points to calculate the Alx are searched in the
time interval between the maximum of the first derivative of the diameter curve (GD), denoted
as mazGD, and the maximum of the diameter curve, corresponding to the systolic diameter,

denoted as Ds. Both points are shown in the algorithm plots as red stars (see figure 6.11).

Local minima in the gradient diameter curves during the delimited time interval are used to find
the inflection points in the original diameter curve (D). For this reason, GSD and GD signals are
also filtered in order to get smoother curves with fewer local minima. These signals are named
smoothed gradient smoothed diameter (SGSD) and smoothed gradient diameter (SGD), in green
and dashed blue, respectively. The remaining local minima correspond to the inflection points
with higher influence, more likely to reflect the arrival of reflected waves instead of changes in

the slope due to a bad quality of the signal.

Figure 6.11 shows an example of the algorithm performed in wild type mmouse. Local minima in
gradient diameter curves are illustrated, as well as the different inflection points in the original

diameter curve used to calculate the augmentation index.
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Figure 6.11: Augmentation index algorithm performance with one inflection point detected over a wild
type mouse. In the right y-azis, diameter (D) in blue and smoothed diameter (SD) in red signals are
represented. In the left y-axis, the first derivative or gradient diameter signals are represented: original
gradient diameter (GD) in blue, smoothed gradient diameter (SGD) as a dashed blue line, gradient
smoothed diameter (GSD) in red, and smoothed gradient smoothed diameter (SGSD) in green.

The first method calculates the median of the first local minimum detected in the three specified
first derivative diameter signals between diastolic and systolic diameter, based on Hartley’s idea,

scattered as empty circles.
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The second method, on the contrary, calculates the median of the lowest minimum detected in
the first derivative diameter signals, which a strongest change in the slope, scattered as filled

circles.

The inflection point corresponding to Alx1 (aumentation index achieved by method 1) is scattered
in magenta over the original diameter curve (see figure 6.12b). It is located at the time where
the median of the first local minimum from signals SGSG, GSD and SGD is found. The notch
corresponding to Alx2, achieved by the second method, is scattered in black over D at the time
where the median of the lowest minimum from the previous mentioned signals is located (figure
6.12b).

If signals were ideal, there would be only one clear notch in the diameter curve. Exemplarily,
this happens in the case of the wild type mouse, illustrated in figure 6.11. In this case, the first
derivative signal presents only one local minimum in the range delimited between diastolic and
systolic diameter. Therefore, both methods return the same Alx value, and only the black circle

can be seen.

However, signals may not always be ideal, since sometimes not only one notch will be identified,
as for example in the case of the FF26 ApoE mouse, shown in figure 6.12. This is the reason
why two methods have been implemented. Diameter derived signals can be better seen in figure

6.12b, where the figure 6.12a has been zoomed in.

The augmentation index (Alx) is then calculated by dividing the change in diameter, from the
inflection point to the systolic diameter, by the difference between systolic and diastolic diameter

values as follows:
Ds - Dz

Ds_Dd

where Dy is the diastolic diameter, Dy the diastolic diameter, D; the diameter at the anacrotic

Alz = (6.14)

notch, and Dy - D; the change in diameter.

6.7 Vascular Derived Parameters

Derived from vascular measurements, diameter and velocity parameters are calculated to analyze
the distension capability of the vessels as in the work of N. D. Lascio et al. [6]. Those parameters
are: mean diameter (Dm), diameter at systole (Ds), diameter at diastole (Dd), relative distension
(reID) [6] and peak velocity, the maximum blood flow velocity (V). Relative distension is a

parameter representative of the vessel storage capability [157]. It is calculated as follows:

DS_Dd

relD = ( o)
d

) - 100% (6.15)
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Figure 6.12: Augmentation index algorithm performance with two inflection points detected over an
ApoE mouse, mouse FF26 16 weeks old (a), amplified in (b). In the right y-azis, diameter (D) in blue
and smoothed diameter (SD) in red signals are represented. In the left y-axis, the first derivative or
gradient diameter signals are represented: original gradient diameter (GD) in blue, smoothed gradient

diameter (SGD) as a dashed blue line, gradient smoothed diameter (GSD) in red, and smoothed gradient
smoothed diameter (SGSD) in green.
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CHAPTER 7

Results and Statistical Analysis

In this chapter, some implemented algorithms are firstly validated by comparing them to values
obtained by external algorithms. Thereafter, the four different analyses (physiological, ECG
intervals, wave intensity and vascular analysis) have been performed in the three test cases. The
main aim of this study is to compare results, obtained when applying these analyses, with those
from N. D. Lascio et al. [6] for TC1.

Results in this thesis are presented as mean and standard deviation, as well as the median and
the interquartile range. However, to allow comparability with the results from N. D. Lascio et

al. and due to the small sample sizes, non-parametric tests have been used for comparison.

7.1 Validation of Algorithms

Three algorithms have been validated by means of Bland Altman plots in this section. The
heart beat duration obtained with the HR algorithm (section 6.2) is compared to the rr-interval
obtained applying the murine ECG algorithm (section 5.2). Automatic PWV algorithm is
compared to N. D. Lascio’s method. Last, Alx1 and Alx2 values obtained applying methods 1

and 2 to calculate the augmentation index (section 6.6) are evaluated as well.

7.1.1 Heart Rate Algorithm

The rr-peak interval values, obtained with the Murine ECG analysis algorithm, have been used

to validate the HR algorithm. The corresponding Bland-Altman plot is shown in figure 7.1.

The mean difference between values obtained with each of the methods is less than 55 us (HR
algorithm - ECG algorithm) with a standard deviation of 1.3 ms. Furthermore, no trend can be

Seern.
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Figure 7.1: Bland Altman plot to compare values obtained with HR and ECG algorithms.

In some cases, the HR algorithm under- or over- estimates the heart beat duration compared to
the ECG algorithm. However, considering a normal heart beat duration of 70-190 ms in mice, the

difference set by the limits of agreement is small enough to consider the methods as equivalent.

7.1.2 Pulse Wave Velocity Algorithm

The PWYV algorithm has been compared to the one designed by N. D. Lascio et al. [6] using all
mice from all four datasets, except for two wild type mice (at t0 and t2) from which physiological

data was not provided (41 mice). The comparison graph is shown in figure 7.2.
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Figure 7.2: Bland Altman plot to compare the implemented PWV algorithm and the algorithm from N.
D. Lascio et al. [6]. The red circle contains the PWV difference from FF2/ mouse.
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The mean difference between values obtained with each of the methods is less than 28.6 mm/s
(PWV algorithm - PWV N. D. Lascio) with a standard deviation of 112 mm/s. For the mouse
FF24, however, there is a significance difference between PWYV values achieved by both methods.

This is probably due to the fact that N. D. Lascio applied manual correction in some cases.

Being the mean of the PWV values provided by N. D. Lascio over the 41 mice of 1.36 m/s, the
limits of agreement established by the differences between PWYV values are considered acceptable.

This allows for the comparison between PWV algorithm results with those from N. D. Lascio et
al. [6].

7.1.3 Augmentation Index Algorithm

In figure 7.3, one can see the Bland Altman plots to compare Alx1 and AIx2 values obtained

applying both implemented methods in the four datasets of mice.
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Figure 7.3: Bland Altman plot comparing both implemented methods to calculate the Alz.

The mean difference between values obtained with each of the methods is around -1.02% (Alx1
- Alx2) with a standard deviation of 3.4%. This time, points showing a non-zero difference in
the comparison graph reflect the non-ideal cases, where the diameter curve has more than one

inflection point.

However, since a high difference is only noticeable (higher than 10%) in a small number of cases,
in this thesis and with the datasets provided, both methods can be used interchangeably for

comparing the different groups of mice.
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7.2 TC1: Comparison between Young and Old Wild Type Mice

The first comparison has been performed for TC1, this is, on a sample of wild type mice (n=13)
at the age of 8 (WT _t0) and 25 weeks (WT _t2). In our study, this is the only test case where
mice comparison is paired, since it is based on wild type mice, measured at two different ages.

Thus, results of applying a Wilcoxon signed-rank are shown in table 7.1.

RR and
temperature at t2 show a significant difference with respect to t0 (RRyo = 131 [111 156] (bpm),
RRys — 117 [95.8 133] (bpm), prr = 0.01; T = 35.5 [35.1 35.6] (°C), Tis — 34.8 [33.8 35.1]
(°C), pr = 0.02), while HR decreases non-significantly (HRy = 379 [346 405] (bpm), HRy =
340 [324 369] (bpm), prrr = 0.41)

Figure 7.4 shows how the median of HR, RR and temperature decrease with age.
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Figure 7.4: Physiological comparison for TC1.

When comparing wild type mice, one can see that time between two heart beats increases.
Exemplarily, in figure 7.5, an ECG from a wild type mouse (id tm72) is shown. At the age of 8
weeks (t0), the young mouse shows a heart rate of 345 bpm, which decreases to 324 bpm after
17 weeks (t2).
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Figure 7.5: Example of duration of a heart beat for a wild type mouse at t0 and t2.

Exemplarily, the respiration signal from the wild type mouse tm72 is shown in figure 7.6. As
one can see, time between two respiration peaks is higher when the mouse is older, at 25 weeks.
The RR is 109.09 bpm at t0 while 83.52 bpm at t2.
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Figure 7.6: Example of duration of a respiration beat for a wild type mouse at t0 and t2.

ECG intervals comparison for TC1 is shown in figure 7.7 and table 7.1. In general, duration of
all intervals is higher in t2 measurements. However, only changes with age in qt and qrs are
significant (qt;o = 0.0237 [0.0226 0.0273] (s), qtez = 0.0291 [0.0272 0.0315] (s), per = 0.01; grswo
= 0.0101 [0.0091 0.0112] (s), qrss = 0.0113 [0.0108 0.0147] (s), pgrs = 0.01).
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Figure 7.7: ECG interval comparison for TCI.

PWV and WIA-derived parameters comparison of TC1 is shown in figure 7.8. NA and W,
decrease significantly with age (NAy — 4.62e-10 [3.6e-10 7.56e-10] (m?), NA;y — 2.78e-10 [2.12e-
10 3.96e-10], pya = 0.04; Wiy = 4.67e-07 [2.57e-07 7.09e-07] (m?/s), Wl = 2.57e-07 [1.74e-07
3.1e-07] (m?/s), pw1 = 0.02). This suggests that the intensity of the forward wave, measured at

the carotid arterial, decreases with age.

Vascular analysis includes the comparison between vascular-derived parameters, obtained from
diameter and velocity signals, as well as the calculated Alx values. As shown in figure 7.9, the
only significant changes can be observed for relD and Alx in TC1. While relD decreases with
age (relDyy = 25.2 [24 32.9] (%), relDyy = 21.1 [18.9 23.7] (%), prerp = 0.006), Alx increases
(Alxyp = 0.192 [0.115 0.223] (%), Alxie = 0.266 [0.199 0.319] (%), par. = 0.03). Although
less pronounced, change in diastolic diameter Dy is borderline significant (Ddy = 0.394 [0.374
0.422] (mm), Dds = 0.428 [0.408 0.46] (mm), ppg = 0.06), while the systolic diameter remains

unchanged.

Exemplarily, the change in Alx is shown in figures 7.10 and 7.11, where Alx plots from two wild
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type mice at t0 and t2 are illustrated. At the age of 25 weeks, the Alx is more than twice as
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Figure 7.8: Wave intensity analysis comparison for TC1.
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G2

high as Alx at the age of 8 weeks for mouse tm76 and even higher for tm66.
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Figure 7.10: Augmentation index algorithm performance comparison for the wild type mouse tm76 at
the age of 8 weeks (a) and 25 weeks (b).
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Figure 7.11: Augmentation index algorithm performance comparison for the wild type mouse tm66 at
the age of 8 weeks (a) and 25 weeks (b).
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WT (t0)

Variables . .

(units) Median [IQR] Mean (SD) Median [IQR] Mean (SD) p
HR (bpm) 379 [346 405] 388 (87 SD) 340 [324 369) 352 (46.9 SD) 0.41
RR (bpm) 131 [111 156] 132 (26.1 SD) 117 [95.8 133] 113 (20.6 SD) 0.01
T (°C) 35.5 [35.1 35.6] 35.3 (0.687 SD) 34.8 [33.8 35.1] 34.6 (0.797 SD) 0.02
qt (s) 0.0237 [0.0226 0.0273] 0.024 (0.00446 SD) 0.0291 [0.0272 0.0315] 0.0305 (0.00551 SD) 0.01
qte (s) 54.9 [50.4 61.1] 55.1 (5.65 SD) 58.5 [56.4 63.4] 59.6 (6.13 SD) 0.11
pq (s) 0.0404 [0.0347 0.0442] 0.0402 (0.0062 SD) 0.0417 [0.0309 0.0453] 0.0395 (0.00846 SD) 0.97
agrs (s) 0.0101 [0.0091 0.0112] 0.0101 (0.0014 SD) 0.0113 [0.0108 0.0147] 0.0127 (0.00269 SD) 0.01
rr (8) 0.162 [0.157 0.174] 0.166 (0.0186 SD) 0.18 [0.173 0.188] 0.178 (0.0191 SD) 0.38
Dm (mm) 0.463 [0.449 0.475] 0.459 (0.0373 SD) 0.472 [0.449 0.513) 0.483 (0.0414 SD) 0.19
Ds (mm) 0.516 [0.502 0.524] 0.508 (0.0402 SD) 0.511 [0.494 0.559) 0.525 (0.0425 SD) 0.27
Dd (mm) 0.394 [0.374 0.422] 0.397 (0.0372 SD) 0.428 [0.408 0.46] 0.432 (0.0394 SD) 0.06
relD (%) 25.2 [24 32.9] 28.1 (5.44 SD) 21.1 [18.9 23.7] 21.7 (3.79 SD) 0.006
Vp (cm/s) 21.3 [19 29.8| 23.9 (7.09 SD) 19.5 [18.1 24 21.3 (5.86 SD) 0.31
Alx (%) 0.192 [0.115 0.223] 0.183 (0.061 SD) 0.266 [0.199 0.319] 0.254 (0.0754 SD) 0.03
PWV (m/s) 1.08 [0.725 1.2] 1.02 (0.269 SD) 1[0.911 1.24] 1.05 (0.277 SD) 0.79
W1 (m?/s) 4.67e-07 [2.57e-07 7.09e-07]  5.09e-07 (2.66e-07 SD)  2.57e-07 [1.74e-07 3.1e-07]  2.71e-07 (1.21e-07 SD)  0.02
W2 (m?/s) 2.58e-08 [1.77e-08 3.46e-08] 2.9e-08 (1.37e-08 SD) 2.51e-08 [1.32e-08 3e-08] 2.33e-08 (1e-08 SD) 0.27
Wb (m?/s)  -7.71e-08 [-1.32e-07 -5.9e-08] -1.02e-07 (7.35e-08 SD)  -5.29e-08 [-6.2¢-08 -2.82e-08] -5.54e-08 (3.65¢-08 SD)  0.08
NA (m?) 4.62e-10 [3.6e-10 7.56e-10] 6.02e-10 (3.5e-10 SD) 2.78e-10 [2.12e-10 3.96e-10] 3.27e-10 (1.6e-10 SD) 0.04
RI (%) 0.172 [0.126 0.319)] 0.219 (0.118 SD) 0.199 [0.148 0.237] 0.203 (0.0801 SD) 0.89

Table 7.1: Comparison of physiological, ECG intervals, WIA-derived and vascular-derived parameters for TC1.
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7.3 TC2: Comparison between Young Wild Type and ApoE Mice

In a second comparison, TC2, young wild type mice (8 weeks old) have been compared to ApoE
mice, twice as old (16 weeks old). Numerical results of applying a Wilcoxon rank-sum test are

presented in table 7.2.

Boxplots obtained from physiological comparison are shown in figure 7.12. In this case, the
results obtained behave exactly the opposite way as in TC1: all three parameters, i.e. the heart
rate, the respiration rate and the temperature, are higher in the second group, of ApoE mice.
However, changes are just significant for RR (RRyy7 = 131 [111 156] (bpm), RRapor = 159 [141
172] (bpm), prr = 0.04).
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Figure 7.12: Physiological comparison for TC2.

Results for the ECG intervals analysis are illustrated in figure 7.13. None of the intervals change
significantly between both types of mice. For example, rr-interval changes from rryyr = 0.162
[0.157 0.174] (s) to 1T apor = 0.166 [0.127 0.17] (s) (prr = 0.36).
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Figure 7.13: ECG interval comparison for TC2.

For TC2, the comparison graph corresponding to wave intensity analysis is shown in figure 7.14.
Unlike in the previous test case, in TC2 W2 changes are now highly significant (W2 = 2.58e-
08 [1.77e-08 3.46e-08] (m?/s), W24p0r = 3.89e-08 [3.34e-08 5.72¢-08] (m?/s), pwa = 0.008),
while W1 remains unchanged (Wlyr = 4.67e-07 [2.57e-07 7.09¢-07] (m?/s), Wlapor = 4.77e-07
[2.49¢-07 5.52e-07] (m?/s), pw1 — 0.51). Furthermore, PWYV is significantly increased for ApoE
mice (PWVyr = 1.08 [0.725 1.2] (m/s), PWV 4pop = 1.72 [1.33 2.17| (m/s), ppwy = 0.006).
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Figure 7.14: Wave intensity analysis for TC2

Consecutively, vascular analysis has been applied in TC2. Systolic diameter and mean diameter
values show significant changes (Dsyr = 0.516 [0.502 0.524] (mm), Dsapor = 0.461 [0.449 0.482]
(mm), pps = = 0.004; Dmyy7r = 0.463 [0.449 0.475] (mm), Dmapor = 0.42 [0.413 0.441] (mm),
ppm = 0.006), being higher for WT mice. For this reason, relD is also higher in wildtype mice
(relDyr = 25.2 (24 32.9] (%), reID apor = 23.5 [20.7 25.7] (%), prerp = 0.04). On the contrary,
blood flow velocity peak, denoted by Vp, is significantly higher for ApoE mice (VpwT = 21.3 [19
29.8] (cm/s), VpapoE = 36.7 |28 42.5] (cm/s), pyp = 0.005). Alx difference is not significant.
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Figure 7.15: Vascular comparison for TC2.
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Exemplarily, two comparisons of the augmentation index calculation for a wild type and an ApoE
mouse are shown in figures 7.16 and 7.17. The first comparison is made between mice whose
Alx values are similar to the median of this parameter of their group. Hence, one can not see
big differences between waves from figures 7.16a and 7.16a. However, in the second comparison,

Alx values are much higher in the ApoE mouse (figure 7.17b) than in the wild type mouse tm65
(figure 7.17a).
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Figure 7.16: Augmentation index algorithm performance between a wild type mouse and an ApoE mouse
with similar Alx values: mouse tm67 at the age of 8 weeks (a) and mouse FF16 at the age of 16 weeks
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Figure 7.17: Augmentation index algorithm performance between a wild type mouse and an ApoE mouse
with different Alr values: mouse tm65 at the age of 8 weeks (a) and mouse FF18 at the age of 16 weeks

(b).
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WT (t0) ApoE

Variables . .

(units) Median [IQR] Mean (SD) Median [IQR] Mean (SD) p
HR (bpm) 379 |346 405] 388 (87 SD) 380 357 471] 400 (56.7 SD) 0.46
RR (bpm) 131 [111 156] 132 (26.1 SD) 159 [141 172] 160 (24.9 SD) 0.04
T (°C) 35.5 [35.1 35.6] 35.3 (0.687 SD) 35.7 [35.3 35.8] 35.6 (0.337 SD) 0.22
qt (s) 0.0237 [0.0226 0.0273] 0.024 (0.00446 SD) 0.0229 [0.0218 0.0245] 0.0225 (0.00437 SD)  0.45
qte (s) 54.9 [50.4 61.1] 55.1 (5.65 SD) 52.2 [50.1 54.5] 50.9 (9.06 SD) 0.42
pq (s) 0.0404 [0.0347 0.0442] 0.0402 (0.0062 SD) 0.0413 [0.0347 0.0448] 0.0406 (0.00696 SD)  0.90
qrs (s) 0.0101 [0.0091 0.0112] 0.0101 (0.0014 SD) 0.00965 [0.00909 0.0112] 0.00991 (0.00149 SD) 0.75
rr (s) 0.162 [0.157 0.174] 0.166 (0.0186 SD) 0.166 [0.127 0.17] 0.154 (0.0213 SD) 0.36
Dm (mm) 0.463 [0.449 0.475)| 0.459 (0.0373 SD) 0.42 [0.413 0.441] 0.423 (0.0204 SD)  0.006
Ds (mm) 0.516 [0.502 0.524] 0.508 (0.0402 SD) 0.461 [0.449 0.482] 0.464 (0.0242 SD)  0.004
Dd (mm) 0.394 [0.374 0.422 0.397 (0.0372 SD) 0.38 [0.375 0.387] 0.377 (0.018 SD) 0.23
relD (%) 25.2 [24 32.9] 28.1 (5.44 SD) 23.5 [20.7 25.7] 22.9 (3.35 SD) 0.04
Vp (cm/s) 21.3 [19 29.8| 23.9 (7.09 SD) 36.7 [28 42.5] 37 (10.7 SD) 0.005
ATx (%) 0.192 [0.115 0.223] 0.183 (0.061 SD) 0.201 [0.138 0.233] 0.193 (0.0855 SD) 0.83
PWV (m/s) 1.08 [0.725 1.2] 1.02 (0.269 SD) 1.72 [1.33 2.17] 1.73 (0.625 SD) 0.006
W1 (m?/s) 4.67e-07 [2.57e-07 7.09e-07]  5.09¢-07 (2.66e-07 SD)  4.77e-07 [2.49e-07 5.52e-07]  4.48e-07 (2.17¢-07 SD)  0.51
W2 (m2/s)  2.58¢-08 [1.77e-08 3.46e-08]  2.9¢-08 (1.37¢-08 SD)  3.89¢-08 [3.34¢-08 5.72¢-08]  4.66-08 (1.52¢-08 SD) ~ 0.008
Wb (m2/s)  -7.71e-08 [-1.32e-07 -5.9¢-08] -1.02e-07 (7.35e-08 SD) -7.81e-08 [-9.82¢-08 -6.95¢-08] -8.11e-08 (3.1e-08 SD)  0.88
NA (m?) 4.62e-10 [3.6e-10 7.56e-10]  6.02e-10 (3.5e-10 SD)  5.92e-10 [3.73¢-10 6.66e-10]  5.32e-10 (1.68e-10 SD)  0.93
RI (%) 0.172 [0.126 0.319] 0.219 (0.118 SD) 0.185 [0.152 0.221] 0.209 (0.104 SD) 0.93

Table 7.2: Comparison of physiological, ECG intervals, WIA-derived and vascular-derived parameters for TC2.
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7.4 TC3: Comparison between Young Wild Type and db/db
Mice

The third test case, TC3, compares a sample of 8 weeks young wild type mice with a sample of
db/db mice, who suffer from diabetes, 5 weeks older (13 weeks old). Numerical results from the

non-parametric test applied considering unpaired samples are found in table 7.3.

In this case, the physiological analysis shows a significant lower heart rate (HRyr = 379 [346
405] (bpm), HRgp/q, = 328 [285 335] (bpm), pyr = 0.01) and temperature (Tyr = 35.5 [35.1
35.6] (°C), Tapsap = 34.2 [33.9 35] (°C), pr = 0.01) for the second group of mice, db/db. This
time, however, the change in respiration rate is not significant in comparison to TC1 and TC2
(RRwr = 131 [111 156] (bpm), RR g qp = 152 [139 166] (bpm), prr = 0.22).
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Figure 7.18: Physiological comparison for TCS.

Boxplots corresponding to the ECG intervals analysis are illustrated in figure 7.19. The lower
heart rate in db/db mice is related with the higher rr-interval, which shows a significant change
(rryyr = 0.162 [0.157 0.174] (s), 1rgp/a = 0.183 [0.179 0.209] (s), pr = 0.01). The gt-interval
is also significantly higher in diabetes mice (qtwr = 0.0237 [0.0226 0.0273] (s), qtap/q, = 0.0284
[0.0268 0.0295] (s), pgt = 0.02).
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Figure 7.19: ECG interval comparison for TCS3.

Boxplots from wave intensity analysis comparison are shown in figure 7.20. PWYV is significantly
higher in unhealthy mice (PWVyr = 1.08 [0.725 1.2] (m/s), PWV g, /g, = 1.47 [1.21 2.02] (m/s),
ppwyv = 0.003). The change in the magnitude of W1 is higly significant in this test case, being
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lower for diabetes mice (Wlyr = 4.67e-07 [2.57e-07 7.09e-07] (mn?/s), Wy = 1.57e-07 [1.26e-
07 2.46e-07] (m?/s), pw1 = 0.002), related to the strong decrease in the absolute magnitude of
reflected waves, meassured by Wh (Whyyr = -7.71e-08 [-1.32e-07 -5.9e-08] (m?/s), Whg/q, =
-2.67e-08 [-4.2¢-08 -2.4e-08] (m?/s), pws < 0.001). As a result, the change in the negative area
is significant as well, being lower for db/db mice than for WT mice (NApyp = 4.62e-10 [3.6e-10
7.56e-10] (m?), NA g /qp = 2.36e-10 [1.97¢-10 3e-10] (m?), pya < 0.001).
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Figure 7.20: Wave intensity analysis for TC3

Comparison of parameters from vascular analysis applied for TC3 is illustrated in figure 7.21.
Similarly to TC1, the most significant changes are found in relD (relDyr = 25.2 [24 32.9] (%),
relDgy/qy = 18.6 [16.7 21.4] (%), prerp = 0.003) and Alx (Alxyr = 0.192 [0.115 0.223] (%),
ATxgy/ap = 0.336 [0.266 0.382] (%), par. < 0.001).

Change in blood flow velocity is borderline significant (Vpw7 = 21.3 [19 29.8] (cm/s), Vpay/as

= 16.7 [15.5 20| (cm/s), pyp = 0.05). However, in this test case diameter changes between wild
type and diabetes mice are not significant.
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Figure 7.21: Vascular comparison for TCS.

93



¥6

WT (t0) ApoE
Variables . .
(units) Median [IQR] Mean (SD) Median [IQR] Mean (SD) p
HR (bpm) 379 |346 405] 388 (87 SD) 328 [285 335] 316 (36 SD) 0.01
RR (bpm) 131 [111 156] 132 (26.1 SD) 152 [139 166] 148 (30 SD) 0.22
T (°C) 35.5 [35.1 35.6] 35.3 (0.687 SD) 34.2 [33.9 35] 33.3 (3.91 SD) 0.01
qt (s) 0.0237 [0.0226 0.0273] 0.024 (0.00446 SD) 0.0284 [0.0268 0.0295] 0.0281 (0.00154 SD) 0.02
qte (s) 54.9 [50.4 61.1] 55.1 (5.65 SD) 57.7 [53.8 60.2] 57.5 (4.53 SD) 0.34
pq (s) 0.0404 [0.0347 0.0442] 0.0402 (0.0062 SD) 0.0401 [0.0338 0.0447] 0.0395 (0.00692 SD) 0.97
qrs (s) 0.0101 [0.0091 0.0112] 0.0101 (0.0014 SD) 0.0113 [0.00962 0.0121] 0.0109 (0.00143 SD) 0.32
rr (s) 0.162 [0.157 0.174] 0.166 (0.0186 SD) 0.183 [0.179 0.209] 0.192 (0.0212 SD) 0.01
Dm (mm) 0.463 [0.449 0.475] 0.459 (0.0373 SD) 0.428 [0.4 0.469] 0.437 (0.0455 SD) 0.29
Ds (mm) 0.516 [0.502 0.524] 0.508 (0.0402 SD) 0.476 [0.437 0.513] 0.475 (0.0475 SD) 0.12
Dd (mm) 0.394 [0.374 0.422] 0.397 (0.0372 SD) 0.384 [0.366 0.433] 0.398 (0.0429 SD) 0.89
relD (%) 25.2 [24 32.9] 28.1 (5.44 SD) 18.6 [16.7 21.4] 19.3 (4 SD) 0.003
Vp (cm/s) 21.3 [19 29.8] 23.9 (7.09 SD) 16.7 [15.5 20] 17.6 (2.84 SD) 0.05
Alx (%) 0.192 [0.115 0.223] 0.183 (0.061 SD) 0.336 [0.266 0.382] 0.328 (0.0758 SD) <0.001
PWV (m/s) 1.08 [0.725 1.2] 1.02 (0.269 SD) 1.47 [1.21 2.02] 1.6 (0.435 SD) 0.003
W1 (m?/s) 4.67e-07 [2.57e-07 7.09e-07]  5.09¢-07 (2.66e-07 SD)  1.57e-07 [1.26e-07 2.46e-07]  1.81e-07 (9.2¢-08 SD) 0.002
W2 (m?/s) 2.58¢-08 [1.77e-08 3.46e-08]  2.9e-08 (1.37e-08 SD)  1.65e-08 [1.15e-08 2.58¢-08]  1.74e-08 (9.72e-09 SD) 0.05
Wb (m?/s)  -7.71e-08 [-1.32e-07 -5.9e-08]  -1.02e-07 (7.35¢-08 SD)  -2.67e-08 [-4.2e-08 -2.4e-08] -3.45e-08 (1.73e-08 SD)  0.001
NA (m?) 4.62e-10 [3.6e-10 7.56e-10] 6.02e-10 (3.5e-10 SD) 2.36e-10 [1.97e-10 3e-10] 2.45e-10 (7.29¢-11 SD)  <0.001
RI (%) 0.172 [0.126 0.319] 0.219 (0.118 SD) 0.17 [0.157 0.277] 0.221 (0.124 SD) 0.95

Table 7.3: Comparison of physiological, ECG intervals, WIA-derived and vascular-derived parameters for TC3.
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CHAPTER &

Discussion, Conclusion and Outlook

In this thesis, different algorithms have been implemented for the analysis of pulse wave and
ECG recordings in mice. Thereafter, algorithms have been evaluated and applied to different

groups of mice.

8.1 Discussion

The purpose of this thesis is to provide a solution that automatically calculates different
cardiovascular parameters to be applied in mice. Therefore, one can compare different groups of
mice in order to assess the influence of aging or to evaluate the effect of different diseases in the

cardiovascular system.

In this section, results of applying the algorithms to the three different test cases are discussed in
order to test changes due to age (TC1), assess the influence of atherosclerosis (TC2) and analyze

the influence of diabetes in different parameters.

When comparing our results with values from N. D. Lascio et al. |6] in TC1, discrepancies can
be due to the different numbers of mice involved. While N. D. Lascio et al. evaluates results
from 16 wild type mice, for the present study, physiological data from only 11 mice was available.

Besides, diameter and blood flow velocity recordings from 13 mice was available.

Changes in HR are not significant in TC1 and TC2. A similar heart rate between wild type and
ApoE mice was already noticed by C. J. Hartley et al. [25], although comparing age matched
groups of mice (13 weeks old). Heart rate is significanty lower in db/db mice. In humans, it
has been demonstrated that individuals with increased heart rate are more likely to develop
diabetes [158]. A similar behaviour has been observed in mice with a great level of developed
atherosclerosis, dKO, which also present a significantly lower HR than WT mice [88]. However,
the relationship of this parameter with diabetes remains unclear. Previous studies in db/db

mice show controversial results, since it has been reported that HR increases [159], decreases
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[160, 161], and stays unaltered [162] in diabetes mice in comparison to controls. Thus, it is not

possible to establish further conclusions about this parameter.

Respiration rate shows a significant decrease with age for wild type mice. This behaviour is also
noticeabe in human, for it is known that respiration rate decreases with age (from 20-40 bpm
in infants to 12-20 bpm in adults) [163]. Despite being older, ApoE mice present a significantly
higher RR, but since the relationship between respiratory function and arterial stiffness has not
been deeply studied, further studies would be necessary before to draw conclusions. For db/db
mice, changes in this parameter are not significant. Yet, since standard respiration rate in mice
goes from 80-230 breaths per minute (bpm) [65], RR obtained for both groups of unhealthy mice

can be considered normal.

Temperature shows a significant decrease with age in wild type mice. This behaviour has been
observed previously in healthy mice [164, 165]. Temperature is again significantly lower in db/db
mice in comparison to 5 weeks younger mice. However, this might not only be due to aging, since
there is an established relationship between insulin and a low core body temperature [166], a
sign of type 1 diabetes. Despite being much older, however, ApoE mice do not show a significant
difference in this parameter in comparison to young wild type mice. Nevertheless, no relationship

has been found between temperature and atherosclerosis disease.

Concerning the ECG intervals, there is a significant increase with age (T'C1) in the grs-complex
and thus, in the qt-interval, despite the fact that the duration of the heart beat remains
unchanged. Meanwhile, there is no significant difference between intervals from young wild
type and ApoE mice. However, one can notice an increase in rr-interval for ApoE mice, which
is not expected, since the heart rate calculated before was higher in these mice. Even if not
significantly changed, the duration of a heart beat should be shorter for ApoE mice. This can
be explained by the fact that the ECG algorithm does not work properly for every case. If this
happens, data from a lower number of mice is used in the comparison, and therefore, results can
show a different behaviour than one would expect. Diabetes mice, on the contrary, present a
longer heart beat reflected in a higher rr-interval (in seconds) in comparison to wild type mice,
related to the significantly lower HR in unhealthy ice. The change, however, only affects the

duration of the T-wave, and not the qrs-complex.

While increase in PWV due to aging is not noticeable in relatively young healthy mice (TC1),
it is significantly higher in old atherosclerosis mice in comparison to young mice (TC2). This
behaviour was previously observed, for example, by Y.-X. Wang et al. (4 monts old WT mice
verus 13 month old ApoE mice) [82] and by V. Herold et al. [34] (2 month old WT mice versus
8 month old fat diet ApoE mice). However, A. K. Reddy et al. did demonstrate the increase of
arterial stiffness with age in much older wild type mice (i.e. 8 month old (WT) versus 29 month
old (WT)) than ours [52]. This can be explained by the fact that ApoE is an atherosclerosis
mouse model characterized with a high arterial stiffness and PWV being the gold standard
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measure for arterial stiffness. Besides, in humans diabetes has been reported to be associated
with a high arterial stiffness [167]. This explains the results from TC3, where old diabetes mice

present a significantly higher PWYV in comparison to young wild type mice.

In wild type mice, the lower magnitude of W1 in old mice suggests that the intensity of the
forward wave, measured at the carotid artery, decreases with age. Experiments have shown that
W1 is directly correlated with the maximum rate of LV pressure and can represent an index of
LV myocardial contraction capability |168|. Therefore, this result indicates a reduction in the
cardiac performance, as N. D. Lascio et al. stated [6]. In constrast to results from N. D. Lascio
et al., p-values W2 are not significant, and changes in Wb are only borderline significant. An
explanation can be an incomplete dataset (different numbers of mice, see coment above). The
disminution of the amplitude of the forwarding component is responsible for the reduction of
the magnitude of reflected waves coming from head and neck in older mice. The small change
in Wb is enough to cause a significant decrease in the NA. For TC2, only changes in W2 are
significant. This forward expansion wave, generated by the simultaneous decrease in pressure
and flow velocity, is inversely correlated with the time constant of LV relaxation and can be
associated with LV function during late systolic ejection [169]. An increase in its magnitude can
result in an earlier closure of the aortic valve and the subsequent stop of the LV ejection. In
TC3, wave intensity parameters are in general significantly lower for diabetes mice than for wild
type mice. However, due to the simultaneous change in Wh and W1, RI remains unchanged.

The W1 amplitude not only decreases with age, but is also significantly lower in diabetes mice.

For TC1, the high significant change in relD is mainly due to the difference in diastolic diameter
(borderline significant). The increase in diastolic diameter while systolic diameter remains
unchanged suggests that the carotid artery dilates with age, provoking a significant reduction
of the distension capability of the artery. This behaviour was also observed in the study of N.
D. Lascio et al. [6]. In TC2, for a similar diastolic diameter, systolic diameter is substantially
smaller in ApoE mice. This might be due to the high arterial stiffness of these mice. Therefore,
the distension capability is also lower in atherosclerosis mice than in young wild type mice. For
diabetes mice, although differences in systolic and diastolic diameters are almost not noticeable,
the lower systolic diameter in db/db mice is enough to be responsible of a significantly lower
distension capability in comparison with wild type mice. One can notice that both groups,
ApoE and db/db, show lower systolic diameter values in comparison to wild type mice. This can
be related to the fact that a high level of atherosclerosis significantly decreases systolic blood

pressure, demonstrated by A. Braun et al. [88].

Blood flow velocity is negatively influenced by wave reflection, as previously observed by Y.-X.
Wang and C. J. Hartley et al. [25]. This behaviour can be observed in results from N. D. Lascio
et al., where V, is significantly lower in old wild type mice [6]. However, results in TCL show
similar Vp values for young and old mice. This is probably because of the small size of the

sample. In the evaluated mice, reflected waves do not arrive early enough to cause a significant
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decrease in the blood flow in old wild type mice. This can also be due to the fact that magnitude of
reflections, measured by Wb, is similar between young and old mice. Besides, in TC2, diameterer
is significantly smaller in artherosclerosis mice. This, together with the higher blood velocity,
contributes to the high PWYV observed in ApoE mice in comparison to wild type mice. High
blood flow velocity peak in atherosclerosis mice was already observed by Y.-X. Wang et al. in
2005 [53]. In TC3, due to the high influence of reflected waves in early systole measured by PWV
and Alx parameters, blood flow velocity decreases (although only borderline significantly), which
corroborates the previous hypothesis: a decrease in blood flow due to backward components is

only noticeable when these reflected waves are of high magnitude.

Regarding the change in augmentation index, this parameter mainly reflects an earlier arrival
in systole of reflected waves. If more than one inflection point is detected, they probably show

reflections coming from different bifurcations.

In TC1, although wild type mice at both ages show an early arrival of reflected waves (type B
signals), the Alx is significantly higher in old mice. This behaviour was as well reported by C.
J. Hartley et al.[133] and A. K. Reddy et al. [52]. In TC2, despite the fact that ApoE mice
present higher arterial stiffness, Alx values from these mice are similar to those from young wild
type mice. However, as one can see, Alx varies from lower values (near 0.1 %) to high values
(near 0.25 %) in both samples of mice. On the contrary, for similar diameters, C. J. Hartley et
al. observed a significatly higher Alx in ApoE mice. Besides, for a significantly lower diameter,
the group observed similar Alx values between ApoE and old wild type mice [133]. In diabetes
mice, where diameters of the artery are similar to the ones from young wild type mice, one can
notice a correlation between Alx and PWYV values, concluding that arterial stiffness is higher in
db/db mice than in ApoE mice. In general, there are controversial discussion going on if Alx is

a good measure of vascular stiffness and for the assessment of wave reflections [170-174].

An important limitation of the presented study is the lacking data of several mice in TC1 to
allow for a precise comparison with results from N. D. Lascio et al. [6]. Finally, this thesis was
limited by the age mismatch of ApoE and db/db mice in TC2 and TC3, respectively.

In conclusion, this thesis presents an algorithm for the automatic determination of various
cardiovascular, hemodynamic parameters based on non-invasive recording in mice. Results are

promising and allow further investigations.

8.2 Outlook

Along this thesis, four different groups of mice have been evaluated. However, to study more
precisely the effect of aging, it would be optimal to have as well data from young ApoE and
db/db mice (i.e., same age as WT controls).
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The main application of the program is the examination and comparison of different kinds of
mice in order to study the change in the properties of the vessels. For example, compliance of the
vessels could be assessed in a further step, if data from a-SMA(~/~) mice was provided. Diameter
changes and Alx values from these mice could be compared to values from C. J. Hartley et al.
[133]. Other possible applications of the program are the testing of medical treatments and the
early detection of a certain disease like Alzheimer, as well as the evaluation of its evolution, or

the effect of exercise in specific groups of mice.

A possible improvement of the program would be to allow the multiple comparison of different
groups of mice (for values see appendix B). Moreover, the assessment of other parameters as
heart rate variability, input or characteristic impedance could be implemented. The assessment
of the acceleration (A2/A1 ratio) could be of help to evaluate changes in blood flow velocity
due to wave reflections. In the case of the Alx algorithm, a future improvement could be its
adaptation to detect the inflection point in diameter signals of type C. This could be necessary

in case of evaluating wild type mice younger than 8 weeks.

It is important to notice that the augmentation index does not take into account differences in
the time till the left ventricular ejection reaches its maximum (maximum systolic diameter) for
different kinds of mice. This fact hampers the detection of an earlier arrival of reflected waves
in cases where Alx values were similar but mice presented a different ejection duration (ED).
Thus, the augmentation index only allows to calculate the contribution of reflected waves to the
total wave. To correctly identify high arterial stiffness measured by the augmentation index, the
calculus of the ED could be of help in order to scale diameter or pulse wave signals from different

kinds of mice.

Furthermore, a study could be carried out in order to assess the influence of blood pressure on
the change of PWV, similarily to the one from Fitch et al. in 2001 [60]. However, we would
evaluate the impact of diameter changes instead, as we are using diameter signals to calculate
the PWV.
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APPENDIX A

Data for Algorithms Validation

Some of the implemented algorithms in this thesis were validated using alternative methods.

Values obtained with these algorithms are presented here.

A.1 Heart Beat Duration

The heart rate algorithm was validated with the ECG murice algorithm. Heart beat (hb) duration
values obtained with the HR algorithm for wild type mice at t0 and t2 are compared to the rr-
interval obtained by the ECG murine algorithm in tables A.1 and A.2 respectively.

ID HR alg. ECG alg. ID HR alg. ECG alg.
tm65 t0  0.156 0.156 tm65 t2  0.197 0.195
tm66_t0  0.146 0.145 tm66_t2  0.135 0.135
tm67 t0  0.143 0.143 tm67 t2  0.202 0.202
tm68_t0  0.167 0.166 tm68 t2  0.140 NaN
tm69 t0  0.157 0.157 tm69 t2  0.185 0.185
tm70_t0  0.202 0.202 tm70_t2  0.174 0.174
tm71 t0  0.172 0.172 tm71 t2  0.180 0.180
tm72 t0  0.174 0.174 tm72 t2  0.185 0.184
tm73_t0  0.188 0.188 tm73_t2  0.177 0.177
tm76 t0  0.158 0.158 tm76_t2  0.161 NaN
tm77_t0  0.096 NaN tm77_t2  0.168 0.168

Table A.1: Heart beat duration, in seconds, for  Table A.2: Heart beat duration, in seconds, for
wild type mice at 8 weeks of age. wild type mice at 25 weeks of age.

As one can see, the ECG algorithm does not always provide a valid result. Figure A.1 shows an
example where this occurs. The wild type mouse tm77 has been analyzed with the HR algorithm
(figure A.la) and the ECG algorithm (figure A.1b). These signals have been amplified in figure
A.2. Probably, the high level of noise found in this case is responsible for the altered shape of
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the ECG signal. It presents a J-peak sometimes of higher magnitude than the R-peak.
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Figure A.1: ECG signal of the wild type mouse tm77. R-peak detection by HR-algorithm (a) and by
ECG murine algorithm (b).
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Figure A.2: Amplified ECG signal of the wild type mouse tm77. R-peak detection by HR-algorithm (a)
and by ECG murine algorithm (b).

Table A.3 contains values from ApoE mice and table A.4, from db/db mice. Again, the case where

the ECG murine algorithm returns NaN correspond to a signal with a high level of interference.
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This only happens for the unhealthy ApoE mouse FF34, whose ECG is illustrated in figures A.3a
and A.3b. This difficults the task of identifiying the R-peaks and thus, the rr-intervals.

ID HRalg. ECG alg.
FF12  0.178 0.178

ID HRalg. ECG alg.

FF16 0.165 0.166 AS05 0.182 0.182
FF17  0.151 0.151 AS06 0.221 0.218
FF18 0.168 0.170 ASQ07 0.182 0.182
FF24 0.176 0.172 AS12 0.224 0.226
FF26 0.127 0.127 AS13 0.172 0.172
FF33 0.126 0.126 AS14 0.207 0.206
FF34 0.140 NaN AS19 0.197 0.198
FF35 0.16537 0.166 AS20 0.159 0.164
FF43  0.1275 0.128 AS21 0.183 0.183

Table A.3: Heart beat duration, in seconds, for Table A.j: Heart beat duration, in seconds, for

ApoE mice at 16 weeks of age. db/db mice at 13 weeks of age.
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Figure A.3: ECG signal of the ApoE mouse FF3/. R-peak detection by HR-algorithm (a) and by ECG
murine algorithm (b).

As one can see, using the Matlab function findpeaks in the heart rate algorithm would also not
provide a good result. Signals are too noisy and this causes a wrong identification of the R-peaks
with this method. However, in this thesis the heart beat duration is calculated by means of the

autocorrelation function.

105



APPENDIX A. DATA FOR ALGORITHMS VALIDATION

A.2 Pulse Wave Velocity

The results of the pulse wave velocity algorithm were compared to those provided by N. D.
Lascio. For wild type mice, values from two subjects were missing (wild type mice tm74 and
tm75). However, PWV was calculated to be used in the comparison tests. Results from applying
the PWV algorithm to the different groups of mice are shown in the following tables, together
with the corresponding values from N. D. Lascio. Tables A.5 and A.6 contain PWV values from
wild type mice at the age of 8 and 25 weeks, respectively. In table A.7, PWYV values from ApoE

mice and in table A.8, from db/db or diabetes mice are presented.

ID PWYV alg. PWV N. D. Lascio ID PWV alg. PWV N. D. Lascio
tm65_ t0 1.0306 1.0306 tm65_t2 0.6362 0.6362
tm66_ t0 1.4386 1.4386 tm66 2 0.9418 1.0459
tm67_t0 1.0833 1.0833 tm67_t2 1.1439 1.1439
tm68 0 1.1702 1.1702 tm68  t2 0.9227 0.9227
tm69 _t0 1.2708 1.2708 tm69_t2 1.3987 1.3987
tm70_t0 0.6499 0.6499 tm70 t2 1.2353 1.2353
tm71_t0 1.1418 1.1418 tm71l  t2 0.9548 0.9548
tm72_ t0 0.7483 0.7483 tm72_ t2 0.9998 0.9998
tm73_t0 1.1515 1.1515 tm73  t2 0.8777 0.8777
tm74  t0 0.6540 - tm74 t2 1.2625 -
tm75_ t0 1.0422 - tm75  t2 1.1083 -
tm76_t0 0.6350 0.6350 tm76_t2 0.6231 0.6231
tm77_t0 1.2953 1.2953 tm77 _t2 1.5812 1.5812

Table A.5: PWYV wvalues for wild type mice at 8 Table A.6: PWYV values for wild type mice at 25
weeks of age. weeks of age.

ID PWValg. PWV N. D. Lascio

ID  PWValg. PWYV N. D. Lascio

FF12 1.3695 1.4748

FF16 1.7022 1.7022 AS05 1.4732 1.4732
FF17 2.4110 2.411 AS06 1.7005 1.5329
FF18 1.3283 1.3727 AS07 2.0134 2.0134
FF24 1.9075 2.526 AS12 1.2176 1.2176
FF26 2.8478 2.8478 AS13 2.3146 2.3146
FF33 0.9142 1.1451 AS14 2.0372 2.0632
FF34 2.1690 2.1690 AS19 1.1500 1.1500
FF35 1.7305 1.7305 AS20 1.2863 1.2863
FF43 0.9437 1.1543 AS21 1.1938 1.1938

Table A.7: PWYV wvalues for ApoE mice at 16 Table A.8: PWYV wvalues for db/db mice at 13
weeks of age. weeks of age.

For the ApoE mouse FF24, one can see that the PWYV obtained with the implemented method
differs from the value provided. This can be better observed in the Bland Altman plot used
to validate this algorithm, in section 7.1.2. The first thought was that this was one of the
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cases where the group of N. D. Lascio uses manual correction to choose the starting and ending
points to calculate the slope of the InD-V loop. However, one cannot get this value by manual
correction. Automatic and manual PWYV calculation is illustrated in figure A.4, where PWV

has been calculate using automatic (A.4a) and correction (A.4b) PWYV mode. The closest PWV

value to the one from N. D. Lascio that one can get manually is 2.5187 (m/s).
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Figure A.4: Pulse wave velocity calculation and wave intensity peaks detection for the ApoE mouse
FF2/ with the implemented algorithm for two different PWYV modes: automatic (a) and correction (b).

As one can see in figure A.4b, the starting point of the slope does not correspond to the begining

of the linear phase of the loop. For this reason, it has not been corrected. Thus, the PWV value

automatically calculated for mouse FF24 is used for calculating the rest of parameters from wave

intensity analysis, later used in the T'C2 comparison.
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A.3 Augmentation Index

Tables A.9 and A.10 show Alx1 and AIx2 values for wild type young and old mice respectively.
At the age of 8 weeks, Alx1 and AIx2 are the same for every mouse except for tm68 and tm77.
At the age of 25 weeks, tm66, tm71 and tm77 also present a second notch. Exemplarily, one can

see inflection points corresponding to both Alx values for mouse tm71 in figure A.5.

ID Alxl Alx2 ID Alxl Alx2
tm65 t0  0.11026 0.11026 tm65 t2  0.25479 0.25479
tm66 t0 0.10836 0.10836 tm66 t2 0.26612 0.26612
tm67 t0  0.19181 0.19181 tm67 t2 0.33548 0.35873
tm68 t0 0.21523 0.23244 tm68 t2 0.32827 0.32827
tm69 t0  0.23898 0.23897 tm69 t2  0.08807 0.08807
tm70 t0 0.18821 0.18821 tm70 t2 0.24448 0.34809
tm7l t0 0.21704 0.21704 tm71 t2 0.18256 0.32676
tm72 t0 0.28678 0.28678 tm72 t2 0.31632 0.31632
tm73 t0  0.24425 0.24425 tm73 t2  0.27690 0.27690
tm74 t0 0.21316 0.21316 tm74 t2  0.31263 0.31263
tm75 t0 0.11661 0.11661 tm75 t2  0.20458 0.20458
tm76 t0 0.14199 0.14199 tm76 t2 0.32674 0.32674
tm77 t0 0.10061 0.11178 tm77 t2 0.16665 0.16665

Table A.9: Augmentation index values for wild Table A.10: Augmentation index values for wild
type mice at 8 weeks of age. type mice at 25 weeks of age.
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Figure A.5: Augmentation index algorithm output figure for the wild type mouse tm71, 25 weeks old.

Table A.11 and table A.12 contain Alx values for ApoE and diabetes mice, respectively.
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ID Alx1 Alx2

FF12 0.23029 0.23029
FF16 0.20683 0.20683
FF17 0.14546 0.14546
FF18 0.23335 0.23335
Fr24 0.33385 0.33385
FF26 0.06225 0.21285
FF33 0.19607 0.19607
FF34 0.29403 0.29403
FF35 0.13782 0.13782
FF43 0.09238 0.09238

ID Alxl Alx2

AS05 0.31561 0.31561
AS06  0.36573  0.36573
AS07 0.43010 0.43010
AS12  0.34551 0.35608
AS13 0.43096 0.43096
AS14  0.25103 0.25103
AS19 0.21051 0.21051
AS20 0.33554 0.33554
AS21  0.27090 0.27090

Table A.12: Augmentation index wvalues for

Table A.11: Augmentation index values for db/db mice at 13 weeks of age.

ApoE mice at 16 weeks of age
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Multiple Data Comparison

All cardiovascular parameters calculated for the four groups of mice are presented in table B.1.
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Variables WT 0 WT t2 ApoE db_db

n 13 13 10 9

Age (weeks) 8 25 16 13

HR (bpm) 379 [346 405] 340 [324 369] 380 [357 471] 328 [285 335]

RR (bpm) 131 [111 156] 117 [95.8 133] 159 [141 172] 152 [139 166]

T (°C) 35.5 [35.1 35.6] 34.8 [33.8 35.1 35.7 [35.3 35.8] 34.2 [33.9 35

qt (s) 0.0237 0.0226 0.0273] 0.0291 [0.0272 0.0315] 0.0229 [0.0218 0.0245] 0.0284 [0.0268 0.0295]
qte (s) 54.9 [50.4 61.1] 58.5 [56.4 63.4] 52.2 [50.1 54.5] 57.7 [53.8 60.2]

pq (s) 0.0404 [0.0347 0.0442] 0.0417 [0.0309 0.0453] 0.0413 [0.0347 0.0448]| 0.0401 [0.0338 0.0447|
qrs (s) 0.0101 [0.0091 0.0112] 0.0113 [0.0108 0.0147] 0.00965 [0.00909 0.0112] 0.0113 [0.00962 0.0121]
rr (s) 0.162 [0.157 0.174] 0.18 [0.173 0.188] 0.166 [0.127 0.17] 0.183 [0.179 0.209]
Dm (mm) 0.463 [0.449 0.475] 0.472 [0.449 0.513] 0.42 [0.413 0.441] 0.428 [0.4 0.469]

Ds (mm 0.516 [0.502 0.524] 0.511 [0.494 0.559] 0.461 [0.449 0.482] 0.476 [0.437 0.513]

Dd (mm) 0.394 [0.374 0.422] 0.428 [0.408 0.46] 0.38 [0.375 0.387] 0.384 [0.366 0.433]
reD (%) 25.2 [24 32.9] 21.1 [18.9 23.7| 23.5 [20.7 25.7] 18.6 [16.7 21.4]

Vp (cm/s) 21.3 [19 29.8] 19.5 [18.1 24] 36.7 [28 42.5] 16.7 [15.5 20]

Aix (%) 0.192 [0.115 0.223] 0.266 [0.199 0.319] 0.201 [0.138 0.233] 0.336 [0.266 0.382]
PWV (m/s) 1.08 [0.725 1.2] 1[0.911 1.24] 1.72 [1.33 2.17| 1.47 [1.21 2.02|

W1 (m?/s)  4.67e-07 [2.57e-07 7.09¢-07]  2.57e-07 [1.74e-07 3.1e-07] 4.77e-07 [2.49e-07 5.52e-07]  1.57e-07 [1.26e-07 2.46e-07]
W2 (m?/s) 2.58e-08 [1.77e-08 3.46¢e-08] 2.51e-08 [1.32e-08 3e-08] 3.89e-08 [3.34e-08 5.72¢-08]  1.65e-08 [1.15e-08 2.58e-08]
Wb (m2/s)  -7.71e-08 [-1.32e-07 -5.9¢-08] -5.29¢-08 [-6.2¢-08 -2.82¢-08] -7.81e-08 [-9.82¢-08 -6.95¢-08] -2.67¢-08 [-4.2¢-08 -2.4e-08]
NA (m?) 4.62e-10 [3.6e-10 7.56e-10] 2.78e-10 [2.12e-10 3.96e-10] 5.92e-10 [3.73e-10 6.66e-10] 2.36e-10 [1.97e-10 3e-10]
RI (%) 0.172 [0.126 0.319] 0.199 [0.148 0.237] 0.185 [0.152 0.221] 0.17 [0.157 0.277]

Table B.1: Results of all groups of mice.
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