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Abstract

Proper functioning of brain critically depends on cerebral blood inflow and outflow. Moreover, the
venous contribution in auto-regulation function and maintaining pressure and blood flow balance in
body organs such as brain has been highlighted. Auto-regulating mechanism and cerebral circulation
are influenced by many biophysical factors such as aging, posture and gravitational pressure change,
and vessel stenosis. Therefore, it is important to gain a satisfactory understanding of physiological and
biomechanical properties of the venous system and the interaction between intra- and extracranial
compartments under different physiological conditions. For what concerns congenital vascular disease
is one of the known leading causes of death in paediatric age. Despite the importance of paediatric
haemodynamics, large investigations have been devoted to the evaluation of circulation in adults.
The novelties of this study consist in the development of a well calibrated mathematical model of
cardiovascular circulation in paediatric subjects as well as adults, simulating the full range posture
change effects on hemodynamic physiology from head down tilt to supine and upright, predicting the
flow rate change in main neck arteries and veins in microgravity environment, and the IJV asymmetric
stenosis (followed by head rotation) effects on the head and neck hemodynamic alteration. The model
consists of two parts that simulates the arterial (1D) and brain and venous (0D) vascular tree. The
cardiovascular system is built as a network of hydraulic resistances and capacitances to properly model
physiological parameters like total peripheral resistance, and to calculate vascular pressure and the

related flow rate at any branch of the tree.

This dissertation presents the results of the scientific work developed in collaboration with the
paediatric hospital of Sant Joan de Déu, Spain. A data set was provided including information
about human vessels network anatomy, blood rheology (blood velocity and flow), vessel status,
venous biomechanics factors (inner pressure and wall shear stress) and volunteers characteristics (age,
respiratory rate, bloop pressure and clinical reason of their MRI scan). The model presented here
was tuned by using two different MRI datasets. We benefited from the use of 2D and 4D PC-MRI

techniques.

Results show that the model is able to reproduce the physiological behavior of IJVs and other
collateral veins, with average values in good agreement with experimental data of supine paediatric

and adult subjects. Physiological age-related parameters were used to adjust left ventricle pressure



pulse and cerebral blood flow for paediatrics. Every simulated data fell inside the standard error from
the corresponding average experimental value. The model outcomes indicated about 88% correlation

with MRI data.

Concerning the head rotation effects simulation, the conductance of left IJV was decreased to model
the imposed stenosis influenced by torsion-compression force. MR image acquisition and numerical
simulation were performed in two situations: the neutral and 80° left head rotation. Flow rate and
wall shear stress analysis within 1JVs demonstrated a strong interindividual dependency. Concerning
the posture change and microgravity study, the model in line with literature confirmed the role of
peripheral veins in regional blood redistribution during posture change from supine to upright and
microgravity environment as hypothesized in literature. Therefore, model outcomes are in excellent

agreement with experimental average flows and literature.

The methods presented can be used to predict the response of the hemodynamic system in many other
physiological and pathological conditions in both paediatric and adult cases. It also provides a virtual

laboratory to examine the consequence of a wide range of orthostatic stresses on haemodynamics.
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Chapter 1

Introduction

The circulation system is known as one of the most important systems in human body. The
function of the circulation is to service the needs of the body tissues. The heart and blood
vessels, in turn, are controlled to provide the necessary cardiac output and arterial pressure
to cause the needed tissue blood flow [1]. Brain as the most critical body organ has a precise
cerebral blood flow (CBF) and cerebrospinal fluid (CSF) circulation which play a key role in

the autoregulation of brain physiology [24/3].

The mechanisms for controlling blood volume and flow are related to all the other functions
of the circulation system [1]. Moreover, many biophysical factors affect cerebral circulation
such as aging, posture and gravitational force change, and vessel stenosis that they
are known as the biological and mechanical factors in both physiological and pathological
conditions [5,6,41]. Since the cardiovascular system works to maintain blood flow to each organ
quite constant at the requested rate, the compensatory acts and adaptation attempts by the
system requires some physiology changes [4]. Therefore, it is important to gain a satisfactory

understanding of the circulation mechanism under different physiological conditions.

Mathematical modelling and computer simulation have been developing rapidly to study
blood circulation [7]. Their benefits are not only limited to the understanding of the fluid
behaviour in vessels but also for surgical planning and intervention [9]. Most of the numer-
ical studies were dedicated to computational fluid dynamics investigation in modelling the
cardiovascular and pulmonary vessels diseases while less attention has been paid to study of
the neck and brain vascular diseases [13l|14]. Models are regulated based on physics and me-
chanics rules to understand the influences of the involved biological factors [15,/16]. Moreover,

pathological cases can be simulated starting from a model previously calibrated to mimic
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healthy subjects [19,21]. Indeed, such modelling must carry on a comprehensive information
about the morphology of the human vessels tree, that is crucial to understand how a given
change of the physiological parameters can affect the results. This thesis consists of three sub
projects that in each project one physiological response of head and neck hemodynamic to

aforementioned biophysical factors were investigated, as following:

e Pediatric hemodynamic modelling: development and experimental validation using

quantitative flow MR Imaging. [22]

e Head rotation Effects on youth Head and Neck hemodynamic using PC MR Imaging
and Mathematical Modelling. [23]

e Modelling physiology of haemodynamic adaptation in short-term Microgravity exposure

and orthostatic stress on Earth. [24]

An important advantage of computational modelling is that it provides a virtual laboratory
and allows the exploration of a wide range of possibilities in age related bio factors or ortho-
static stresses and their complex physiological chain of events on the intra- and extracranial
compartments at a low medical and computational cost [25]26]. Many valuable models of
the cerebral circulation (like the works of Gisolf et al. [16] and Buckey et al. [28]) focused on
intracranial segments and related control mechanisms, by providing a simplified description of
the main arterial inflow and extracranial venous return. Whole body models such as the one
developed by Zhang et al. [27] and Gallo et al [29] do not include brain compartments, and only
the main outflow routes (IJV and VV) are included in the vascular network.The comprehensive
model as the one introduced by Muller et al [80] includes only the main vascular network and
does not include the peripheral and collateral’s vessels. While, in literature the important role
peripheral vessels in the brain and head drainage are highlighted [16,59], so that the choice
to not account for them in order to simplify the model is not reasonable. Hence, the need
of a comprehensive model that considers both extracranial and intracranial compartments
with their interactions to adapt the whole hemodynamic system to changing environmental
conditions is still not satisfied. Therefore, our overall goal is to make a hemodynamic model
able to simulate the main and most reported physiological parameters. Noteworthy, the lack

of knowledge, discordant literature and measured data is a challenge in such study filed.

The cardiovascular modelling is a challenging subject of study due to the complex geometry

and the high number of enrolled physiological parameters which they are highly related to
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each other [13]. In the case of paediatric studies, the difficulty is higher because of the
substantial limitations such as lack of standardizing data due to patient intolerance to the
clinical examinations, different physiology, and higher tissue sensitivity in comparison with
adults. These barriers limit the options for choosing proper diagnostic methods [30]. Thereby,
the need for more paediatric cardiovascular studies is frequently highlighted [5[30]. The
importance is emphasized by the claim: “children are not small adults” [31]. Consequently, it
is inappropriate to generalize or extrapolate data from adult to calculate the parameters and

build a paediatric model [30,31].

In terms of clinical needs, a large group of diseases which are known as different types of
stenosis interrupting the brain blood flow or CSF circulation (like Moyamoya disease [32]
and Chiari malformation [33]) and vascular malfunction diseases can be studied by using
a comprehensive mathematical model. Moreover, the common clinical procedures such
as sideward head rotation during internal jugular vein (IJV) catheterization and Valsalva
Maneuver, as a diagnostic aid, are affecting the head and neck blood circulation in a possible
way to model. Therefore, computational modelling can be considered as a powerful tool for

clinical applications while experimental access to cerebral circulation dynamics is limited.

Recent literature has mentioned the role of external cranial venous drainage on the intracra-
nial drainage and physiology [6,/104/59,60]. As an example, the head elevation and rotation
are known as external reasons of intracranial pressure (ICP) increase [6]. The medical care
guidelines highlighted the consistent monitoring and prevent the secondary injury due to
high ICP [6,|100]. However, the physiological effects of head rotation on the intracranial and

extracranial hemodynamic requires further studies and standardization [85}/111,/112].

Head rotation is a common clinical method used in diagnostic and therapy. Haemodialysis
in chronically dialyzed patients, fluid management in traumatic brain injury cases are the
frequently mentioned examples of using head rotation method in therapy [45,85]. In diagnostic,
head is being rotated during ultrasound assessment of carotid artery distensibility [98]. In
occasional situations like brain trauma or cardiac surgical patients who needs central venous
cannulation, right IJV is used for catheterization 85,96, 98|. By turning head to the left,
the distance between right IJV and carotid artery increases [85],112]. Therefore, the risk of
puncturing the carotid artery and hematoma is minimized [113]. Percutaneous cannulation of
IJV is an extremely common and risky procedure in paediatric cases and more difficult than

in adults due to the small range of vessels size [6,45,85]. Noteworthy, few literature explored
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the internal and external cranial haemodynamics through mathematical models of the whole

body circulation, and none of them relates to paediatrics.

Head rotation has been an ongoing research subject since last decades to understand the
displacement in the relative position of vessels and variation in the physiological parameters
[6,85/93]. While head has a sideward rotation, the sternomastoid muscle and surrounding
tissues compress the same side IJV and decreases significantly the vessel cross-section area
(CSA) [85,/93,/112]. To study the effects of vessel compression, the four dimensional flow
measurement techniques provide the mechanical bio-factors such as WSS and pressure gradient.

WSS by definition is the frictional shearing force on the vessel walls [90].

In the term of other research activities, since gravity fundamentally affects the blood
circulation by altering the vessels pressure, flow rate and volume [34] this kind of research is
also very important considering the arising projects about long term space missions, to ensure
safety of astronauts. Physiological effects of microgravity on cardiovascular function has been
known since the first data from Soviet and American space flight were studied [35,37]. It
is reported that about 50% of astronauts after their space mission suffer from orthostatic
pressure intolerance in the upright posture [35,38]. The physiological effects of hydrostatics
pressure change on different parameters of cardiovascular system have mostly been studied
on human and animal [39,40]. For instance, studying hydrostatic stress mechanism in
living on Earth by posture change from head down tilt angle (HDT) to head up tilt (HUT)
up to 90°, and microgravity environment by exposing the subjects into the weightlessness
condition [16441}44}/46]. However, the mechanisms of cardiovascular adaptation to microgravity

and posture changes are poorly understood [28}34,47].

In response to the question: “When there is no gravity pulling back the blood to heart,
how the human body changes the venous drain strategy?” there is one hypothesis that due
to microgravity venous congestion causing a syndrome in which fluid shifts away from legs
towards upper limbs and head. These head-ward fluid shift leads to an augmentation in
venous volume and CSF which brings facial puffiness and bird legs [48]. Previous studies have
demonstrated increase in cardiac output [35], cerebral blood volume and inflow [49,/50] and
cerebral blood flow velocity (up to 30 % ) [51]. Internal cranial pressure (ICP) change and

the underlying physiological mechanisms have been remained a topic of debate.

To experimentally simulate the effect of microgravity on Earth and study the cardiovascular

functional adaptation, the Earth-based model that causes fluid shift are widely used such as
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HDT. The other way is using parabolic flights in which 20-30s weightlessness prepares an
opportunity to perform some measurements in such a short time [34]. However, the results
vary depending on the study situations, accuracy of the measurement and the duration of
space mission [52]. Regards to these limitations, there is not a unique protocol to measure
the physiological parameters in astronauts. Also, the explanation provide by Earth-based
simulation might not be expandable to understand the microgravity situation. By that, the
necessity of having computed simulation tool is highlighted [28]. The intracranial and venous
part of the model (i.e. the 0-D part) has been built in collaboration with the Department
of Electrical, Electronic and Information Engineering of the University of Bologna (Bologna,
Italy), while the arterial 1-D part in collaboration with the Institute of Nuclear Physics, Polish
Academy of Sciences (Krakéw, Poland). These features make it an useful tool for the study of
the correlations between extracranial blood redistributions and changes in the intracranial

environment.

The model consists of an anatomically informed 1-D arterial network and two 0-D networks
of the brain and venous drainage, respectively. The arterial network is designed by a
compartmental method in which the vessels are treated as mono mode 1-D wave guides. The
parameters such as vessels length, mean blood velocity, topology of the arterial segments and
the characteristic impedance of each segment are used to simulate the arterial hemodynamic
characteristics [53]. In the 0-D networks, vasculature is considered as an electric circuit, and
the veins are electric elements with given values of capacitance and conductance. The model
equations satisfy the momentum and mass conservation laws and describe the pressure-area
relationship in accordance with literature and experimental data . The contribution to venous
pressure due to respiration is also added to simulate the effect of the thoracic pump on the

drainage system [15,20%21}54].

The arterial model consists of a compartmental network of transmission lines developed
to simulate propagation of the pulse waves in human arteries [53]. Through a system of
differential equations, it takes into account the pulse-wave transmission properties of the
55 main arteries, together with the principal hydraulic mechanisms that ensure the proper
blood supply of the brain and other organs. Results from the arterial 1D model are used as
input to the 0D models to simulate several pressure variations due to periodic perturbations
like heartbeat, movements such as cycling, or to the occurrence of vascular diseases like

tachycardia.
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The basic idea is to obtain a simple tool for improving the understanding of a complex

system. The main features of the model are that:

e It includes a validated submodel for the simulation of the intracranial circulation and

the related autoregulation mechanisms [15}22}54];

e It includes a submodel of the cerebral venous outflow system that accounts for the
dependence of the hydraulic properties of the 1JVs with respect to the strength of gravity
field [20}21,[24];

o It includes a detailed submodel of the main arteries of the human arterial system; [53].

This dissertation presents the results of the scientific work developed in collaboration with
paediatric hospital of Sant Joan de Déu, (Barcelona, Spain). The research is dedicated
to studying the human neck and brain circulation considering the biophysical factors such
as aging, posture change and head rotation. In this regard, the basic need is to perform
some measurement and provide a proper data set including information about human vessels
network anatomy, blood rheology (e.g., blood velocity and flow), and vessel status (hydraulic
resistance and capacitance, inner pressure and cross section area). At the next step, I expended,
adjusted and validated the mathematical model developed by the Medical Physics group at
the University of Ferrara that were calibrated by using limited experimental data only in
supine and upright positions [21]. In this work, new ideas were followed to fulfil the purposes

listed below:

e to simulate a the effects of aging on the hemodynamic physiological parameters and

provide a pediatric model as the first attempt;
e to simulate the circle of Willis to include a brain 1D compartment;

« to investigate the role of collateral veins in carrying out blood in case of IJV collapse

(HUT) or expansion (HDT and microgravity);

e to simulate a full range of posture changes from HDT to supine and HUT, other than

microgravity;
e to introduce new indexes useful for future investigations.

e to calculate flow rate and pressure changes after in different study condition;
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e to investigate the asymmetric IJV stenosis in a non-invasive way by head rotation and

simulate the hemodynamic variation as the fist attempt;

o to measure the flow rate and wall shear stress (WSS) over IJV length before and after

head rotation as the first attempt;

e to compare the simulation results with measured data and literature;

To validate the model advancement, a proper magnetic resonance imaging (MRI) data sets
were used to extract information about blood flow rate from both healthy and stenotic subjects.
Then, the model has been tuned by the data sets to reproduce the known parameters. The
model has the potential to predict important clinical parameters before and after physiological
and pathological changes with focus on head and neck circulation, such as posture changes,
vessel occlusions, venous thrombosis, and congenital diseases. That is the motivation of
performing this research work to produce an advance model which is able to use the maximum

capacity of its own.

An advanced mathematical model for the simulation the cerebral and extracerebral blood
circulation is the subject of Chapter 2| In the chapter, the explanation of how the model
is able to be upgraded and simulate variations of the human circulatory system in different
physiological and pathological conditions are presented, such as age, IJV stenosis imposed by
the non-invasive head rotation method, gravitational force value and environment such as the
full range posture change from head down up to standing position and microgravity. Chapter

B] focuses on explaining the MRI experimental data acquiring and processing.

In chapter [4] the results are explained in three different sections in which clinical or research
applications for the model are discussed. The section [4.1] refers the built paediatric model
results. In the section the head rotation effects on head and neck hemodynamic in
imposing the asymmetric non-invasive 1JV stenosis were explained. The results of the MRI
study were compared with simulation. In the sectionfd.3] the results of imposing human body
to different gravity field including short-term microgravity on hemodynamic system were

discussed. At the last chapter] the thesis outcomes are concluded.






Chapter 2

Mathematical model of cerebral and

extracerebral blood circulation

The purpose of this chapter is to describe the mathematical model and its advancement process
to study the intracranial and extracranial blood flow and pressure change [22]. Such model was
developed in collaboration with several scientific groups and research centers. The main idea of
the project, arises from the collaboration with the Vascular Diseases Center of the University
of Ferrara (Ferrara, Italy). The intracranial and venous part of the model (i.e. the 0D part)
has been built in collaboration with the Department of Electrical, Electronic and Information
Engineering of the University of Bologna (Bologna, Italy), while the arterial 1D part in
collaboration with the Institute of Nuclear Physics, Polish Academy of Sciences (Krak “ow,
Poland). The model was advanced in collaboration with Sant Juan de Deu university hospital
(Barcelona, Spain) to improve the anatomy map of the model together with MRI data for

experimental validation.

Details including a background information about computer simulations and mathematical
modelling, anatomy and physiology of the cerebral drainage system is provided at the sections
of 2.1 and In the following sections of [2.3] and mathematics of our basic model and
the improvements of the current version were explained to provide information about the
differences between the advanced version and the base model. Anatomical improvements
(including 21 arterial blocks and 9 peripheral veins) in line with necessary physiological
improvements (at arterial, brain and venous compartments) and literature were performed to

achieve a reliable model with ability to simulate physiological and pathological cases [22-24].
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2.1 Background

Mathematical modelling is recently known as a non-invasive alternative method of blood
hemodynamic analysis [7,21}28|]. Therefore, new research direction has focused on simulation
to have a reliable tool that quantitatively investigate the impact of vessels disorder on
human hemodynamic, and also to be used for treatment planning purpose [8,|9]. Due to the
inter-individual differences and complexity in the anatomy and physiology of hemodynamic
circulation mechanism the large variety of parameters are involved. Therefore, it is extremely
difficult to understand the effect of one parameter alteration on the rest of system, for instance,

the extracranial circulation changes on brain.

Cardiovascular mathematical modelling is a common tool that the design is according to
the human physiology and anatomy [28]. The pivotal goal of such model is to largely benefit
from the use of computational method describing a complex behavior using a system of
equations by providing a simplified descriptions of hemodynamic system. In general, to create
the most close model to reality like cerebral circulation and of its implications in healthy
and pathological conditions,the model has to be validated with the real medical data. In
current study, the simulation results are validated by using magnetic resonance imaging (MRI)
experimental blood flow, cross-section area, pressure, and wall shear stress were measured in

humans (see Chapter 3 Section 3.3).

In general, most models of the cerebral circulation only focused on intracranial segments
and related control mechanisms, by providing just a very simplified description of arterial
inflow and extracranial venous return. The current model allows simulation of the blood
flows and pressures in the main vessels and collateral routes of the cerebral and extracerebral
circulation. With this model it is possible to study how blood flow changes from head down
to supine and upright position and correlation among posture variations, microgravity, vessel
stenosis, muscle movement, heartbeat, aging and the consequent pressure changes. This
may have a great impact toward a deeper understanding of pathological disorders involving
abnormalities of the cerebral inflow and outflow. For example, it can be used to easily assess
which alterations in the extracranial venous outflow may be in relation with central nervous

system disorders [11}/12}/57].

The present model includes accurate submodels of the neck venous network(Section 2.3.1),

whole body arterial tree (Section 2.3.2) and the intracranial circulation (Section 2.3.1) which

10
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incorporates the autoregulation of cerebral blood flow (CBF) [15/54]. They provide a correct
value of CBF to the venous part of the model, allowing a quantitative analysis of the effect of
alterations in the venous pathways on intracranial quantities, such as intracranial pressure,
venous sinuses pressure, capillary pressure, and cerebrospinal fluid (CSF) circulation. A
sophisticated description of the collateral pathways, including the most important venous
network such as the vertebral plexus, external jugular veins and frontal and occipital anas-
tomosis is included in the model which leading blood to the downstream sections of the
jugular veins [11,57,59]. It is known that the physical and biomechanical parameters such
as cross-sectional area and wall shear stress of veins depend on pressure changes inside the
vessel [10]. Moreover, head rotation is a common non-invasive way to cause pressure changes
by posture change [10,85]. Since, at this time, there is no established invasive or noninvasive
diagnostic imaging modality capable to assess intracranial and/or parenchymal circulatory
parameters in relation to extracranial brain outflow [1§|, the clinical application of the present
model seems highly desirable such as building the advanced adult and paediatric model to

study a group of vascular malfunction diseases.

The most adaptable parameters in the model is each veins conductance which we focused
our attention on changes in conductances in the venous pathways who is responsible to impose
the disorder to the system. Indeed, IJVs as the main study target are collapsible vessels which
reflect the changes in their cross sectional depending on the pressure difference between inside

and outside of the vessel wall called transmural presser.

In this study symmetric and asymmetric collapsing or expansion in IJVs in our different
study conditions were considered to be evaluated according to the tube law [67,86]. In
this regard, each conductance under examination was varied from the baseline value, that
is representative of physiological condition, to zero value that simulates total absence of
drainage from a section of the network; simulations of posture variation were performed in
both situations. Analysis of the correlation between vessels conductance and posture variation
and the subsequent pressures and flows changes might give information about the parameters
that have greater impact on intracranial hemodynamics (and then on related disorders).
From our particular point of view, analysis of the results before and after the variation of a
conductance is meaningful, since it provides information on how the closure of a particular
drainage tract affects important physiological parameters, such as venous sinuses pressure Py

(and so intracranial pressure P;. and cerebral circulation).
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2.2. ANATOMY AND PHYSIOLOGY OF THE CEREBRAL DRAINAGE SYSTEM

2.2 Anatomy and physiology of the cerebral drainage system

Due to the large cross-sectional area, internal jugular veins are the main blood outflow pathway
from the brain in the supine position .The internal jugular veins connect the superior
vena cava to the venous sinus in the skull. Each of the two IJVs is conventionally subdivided

into three segments (J3, J2 and J1, from the head to the heart) and its cross-sectional area

increases along the same direction (See Figure .

o left and right lower segments (J1) correspond to the point close to the junction of the

1JVs with the subclavian vein, at the confluence with the brachiocephalic vein trunk;

o the middle segments (J2) correspond to the point where IJVs are in an anatomical

relationship with the more lateral contour of the thyroid gland;

o the upper segments (J3) correspond to the point before the passage through the jugular

foramen into the skull.

Deep Cervical Vein

Injernal jugular Vein(J2)
; ‘
Common Carotid ¥—————3 ‘ External Jugular Vein

Injernal jugular Vein(J1)

Figure 2.1: Schematic representation of the main vessels of the neck drainage system.

Vertebral veins, internal venous plexus, and deep cervical veins are alternative pathways
that can carry the brain venous outflow in the case of IJV collapsing. In the absence of
other routes for extracranial outflow, this flow limitation would have dramatic and dangerous

effects on the cerebral circulation, such as increase in intracranial pressure.

The external carotid arteries enter the facial and extracranial compartment to join external

jugular vein. Cerebral venous outflow is the flow that originates from the straight sinus which

12



2.3. MATHEMATICAL MODELLING DESCRIPTION

is divided into right and left transverse sinuses and supplies the 1JVs and vertebral veins.
Moreover, there are important communicating pathways between external jugular veins (which
collect blood from temporal branches [56,/58]) and deep cervical veins and IJVs. There is a
quota of the head inflow that is conveyed into the IJV more caudally with respect to the J3
position, through intra- and extra-cranial anastomosis [59]. These network all together are

playing an important role in improving the accuracy of the model output.

2.3 Mathematical Modelling Description

The model consists of an anatomically informed 1D arterial network and two 0D networks
of the brain and venous drainage, respectively. The arterial network is designed by a
compartmental method in which the vessels are treated as monomode 1D waveguides. The
parameters such as vessels length, mean blood velocity, topology of the arterial segments and
the characteristic impedance of each segment are used to simulate the arterial hemodynamic
characteristics [53]. In the 0D networks, vasculature is considered as an electric circuit, and
the veins are electric elements with given values of capacitance and conductance. The model
equations satisfy the momentum and mass conservation laws and describe the pressure-area
relationship in accordance with literature and experimental data [21,/54]. The model is
managed by the software package MATLAB-Simulink 2019b (version 9.0.0.341360, developed
by The MathWorks Inc., Natick, MA, 2016).

2.3.1 Description of the 0D Brain and venous submodel

In the 0D algorithm, the intracranial autoregulation mechanisms and cerebral outflow were
modelled according to the model by Ursino et al [15,54]. Each vessel was considered as an
electric element with a given value of resistance, capacitance and conductance (i.e., pressure
P,, conductance G, and capacity C, in a specific point x) [20,21,53,/54]. Equations satisfy
the momentum and mass conservation laws and describe the pressure-area relationship. Table

provides a glossary of terms.

The value of (), at the denominator accounts for the ability of the duct to store blood
without variations of transmural pressure: the higher the value of C),, the lower the change in

pressure over time.
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2.3. MATHEMATICAL MODELLING DESCRIPTION

Table 2.1: Glossary of terms related to the 0D part of the model.

Symbol  Quantity

A Parameter related to the elasticity of the jugular wall segments and collapsibility
AZY Lumbo-azygos system

azyl Distal azygos

azy?2 Proximal azygos

c3 Upper segment of the collateral network

cj2 Lower anastomoses

cj3 Upper anastomoses

Clazy Capacity of the azygos system

Cea Capacity of the middle segment of the collateral network

Ces Capacity of the upper segment of the collateral network

Cic Intracranial capacity

Cjiz Capacity of the middle segment of the left internal jugular vein
Cjis Capacity of the upper segment of the left internal jugular vein
Cjra Capacity of the middle segment of the right internal jugular vein
Cirs Capacity of the upper segment of the right internal jugular vein
Chpa Capacity of the pial arterioles

Cpan Basal capacity of the pial arterioles

Csve Capacity of the superior vena cava

Chi Capacity of the intracranial veins

Cls Capacity of the terminal intracranial veins

Cow Capacity of the vertebral veins

Cy Capacity of the generic segment z of the circulatory system

ACpq Amplitude of the curve of the pial arterioles capacity
ACpa1 Value of the capacity of the pial arterioles during vasodilation simulation
ACpa2 Value of the capacity of the pial arterioles during vasoconstriction simulation

Go Conductance of the cerebrospinal fluid outflow tract

Gaut Gain of the autoregulation mechanism related to CBF variations

Gazy1 Conductance of the distal azygos

Gazy2 Conductance of the proximal azygos

Gea Conductance of the lower segment of the collateral network

Gea Conductance of the middle segment of the collateral network

Ges Conductance of the upper segment of the collateral network

Gejiz Conductance of the lower anastomotic connection (left side)

Gejiz Conductance of the upper anastomotic connection (left side)

Gejra Conductance of the lower anastomotic connection (right side)

Gejrs Conductance of the upper anastomotic connection (right side)

Gea Conductance of the external carotid arteries

Gin Conductance of the lower segment of the left internal jugular vein

Gjiz Conductance of the middle segment of the left internal jugular vein

Gji3 Conductance of the upper segment of the left internal jugular vein

Gijr Conductance of the lower segment of the right internal jugular vein

Gjr2 Conductance of the middle segment of the right internal jugular vein

Gjr3 Conductance of the upper segment of the right internal jugular vein

Guv Conductance of the lumbar vein

Gsvel Conductance of the upper segment of the superior vena cava (jugular confluence)

Gsven Conductance of the lower segment of the superior vena cava

Gos Conductance of the terminal intracranial veins

Gov2 Conductance of the lower part of the vertebral vein

Gl Conductance of the left vertebral vein

Goor Conductance of the right vertebral vein

Gz Conductance of the generic segment z of the circulatory system

hbf Mock cerebrospinal fluid possibly injected into or subtracted from the cranial cavity

1Jv Internal jugular vein

kCpa Parameter for the capacity of the pial arterioles

ke Intracranial elastance coefficient

kjin Parameter for the basal conductance of the lower segment of the left internal jugular vein
kji2 Parameter for the basal conductance of the middle segment of the left internal jugular vein
kjis Parameter for the basal conductance of the upper segment of the left internal jugular vein
kjr1 Parameter for the basal conductance of the lower segment of the right internal jugular vein
kjra Parameter for the basal conductance of the middle segment of the right internal jugular vein
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2.3. MATHEMATICAL MODELLING DESCRIPTION

All other mass conservation equations have a similar meaning. Mass conservation at the

node of cerebral veins v¢ implies the following equation:

d(Pv_-Pic)_ 1 PC_PU_P’U_P’US

= 2.1
dt C’U’i Rp'u R’US ( )
The relationship between C,; and pressure is given by the following equation:
1
Cyi = (2.2)

kven(Pv_Pi _Pvl)
Control mechanisms work at the level of the arteriolar cerebrovascular bed by modifying R,

and Cp,. Autoregulation activated by relative changes in @ is given by the following equation:

oG e

where the minus sign of x4, simulates the fact that a fall in blood flow causes a rapid
dilatation of resistance vessels, whereas a rise in blood pressure causes vasoconstriction.
The existence of maximal limits for the vascular response (total vasodilation and maximal
vasoconstriction) is simulated by a sigmoidal relationship with upper and lower saturation

levels acting on pial arteries capacity Cpq, so that:

(Cran = 25) + (Gpon + 25 eav [

2
1+ exp [%‘Zﬂ

Cpa = (24)

The sigmoidal curve cannot be symmetrical because the increase in blood volume induced by
vasodilation is higher than the blood volume decrease induced by vasoconstriction. Hence, two
different values must be chosen for the parameter ACpa, depending on whether vasodilation

or vasoconstriction is considered.

if Taur <0 then ACp, = ACpq1 and kCpq = ACpq1 /4 (2.5)
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2.3. MATHEMATICAL MODELLING DESCRIPTION

for the vasodilation simulation, and

if Taut > 0 then ACp, = ACpa2 and kCpq = ACpa2/4 (2.6)

for the vasoconstriction simulation.

The value of pial arterioral resistance is given by the formula:

_ kaCh, o
- [(Ppa - ‘PZC) Cpa]z .

Rya

The following equations account for cerebrospinal fluid formation rate @y and outflow rate Qg

Pc_f)ic .
= ————if P.> P, else Q; =0 (2.8)

- P’US .
Qo = — if P> Py, else Qg =0 (2.9)
0

An expression for the resistance of the terminal intracranial veins R, is computed as follows:

_Pv_va

Rys = ﬁRvsl if Py > Pys, else Rys = Rys1 (2'10)
v ic

Application of mass conservation at the intracranial volume leads to the following equations:

dr; 1 [d (P’Pa — Bi) d (P, — Pi) dCpq
B un [ — a v P a — PiC —
(2.11)
and
1
Cic = 2.12

This formula states that the variation in time of the intracranial pressure is the result of
several factors. The first and the second term in brackets at the right side of Equation [2.11
refer to changes in transmural pressure at the level of arterioles and cerebral veins, the third

term refers to change on pial artery capacity, while the other terms refer to CSF inflow or
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2.3. MATHEMATICAL MODELLING DESCRIPTION

outflow. Intracranial capacity C;. at the denominator accounts for the ability of the skull to

store volume of fluid.

The structure of the cerebral venous outflow model has been developed starting from the
work of Zamboni et al in 2013 [59]. It is build by using two types of equations. Equations
from [2.13] to 2:22] are the state equations of the model and implement the mass conservation
at all the circuit nodes. In fact, the pressure change over time (dP/dt) is calculated according
to the Kirchhoff law for each vessel of the whole network. We can see how the pressure at
a given point (e.g. jr3 in Equation is related to capacity, conductances, and drops of

pressure.

dPys 1
dt :C [(P’U_P’US)G’US_(PUS_Pi)GO_(PUS_PjT3)GjT‘3_(PUS_le3)Gjl3
s (2.13)

- (va - 03) GCS - (va - va) val - (va - va) Gv'ur]

APy 1
3 = [(va - Pjr?)) Gjr3 - (Pjrii - Pc3) chr3 - (Pjr3 - PjT2) GjT‘Q] (214)
dt erg
dP;, 1
AL [(Pjr3 — Pjr2) Gjra — (Pjr2 — Pe2) Gejra — (Pjr2 — Povet) Gijr] (2.15)
dt Ciro
APy 1
B [(Pys — Pji3) Gji3 — (Pjis — Pe3) Gejis — (Pjis — Pjiz) G2 (2.16)
dt leg
dP; 1
2 [(Pjis — Pji2) Gji2 — (Pjia — Pe2) Gejia — (Pji2 — Psver) G (2.17)
dt leg
dPs 1

[(va - PcS) Gc3 + (Pjr?; - Pc3) chrS + (PjZS - PcS) chlB + (Pa - Pc3) Ger

dt ~ Cux

- (Pc3 - PCZ) GCQ]
(2.18)
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dP, 1
dt2 - E[(PCS - Pc2) GCQ+(PjT2 - PCQ) chr2+(Pj12 - Pc2) chl2_ (P62 - Pcv) Gcl] (219)

= [(Psvcl - Psvc) Gsvcl + (Pazy - Psvc) GazyZ - (Psvc - Pcv) Gsvc?] (220)

APy _ 1
dt — Chy,

[(va - va) val + (va - va) var - (va - Pazy) Gazyl - (va - Plv) vaZ]
(2.21)

-, - [(va - Pazy) Gazyl + (F)lv - Pazy) le - (Pazy - Psvc) Gazy2] (222)

Starting from the work on the intracranial circuit [15], we moved around several experimental
data to choose the right inputs for the jugular-extra jugular network, adopting reasonable

criteria to determine parameters not available from literature.

2.3.2 Description of the 1D arterial submodel

The arterial network of our model previously was published by Majka et al in 2017 in which
the model has a set of 55 main arteries as named in table|2.2|and depicted in Figure [2053].
Table shows the number of the vessel in the reduced model (the same numbers were used
in the figures [2.2] and name, length, mean value of the velocity, characteristic impedance,

time delay and reflection coefficient of the peripherals.

An anatomically detailed model consisting of a network of electric transmission lines is used
here to simulate propagation of the pulse waves in humans. It is a new numerical simulation
method that allows one to predict the time dependence (waveform) of pressure at any location
of the arterial system in humans [53|. This kind of models are particularly effective in the

description of large scale properties of the entire arterial system and of its response to some
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2.3. MATHEMATICAL MODELLING DESCRIPTION

Table 2.2: Parameters of the arterial model. No. is the vessel number in the model, L is the
length of the vessel, ¢ is the mean velocity, Zj is the characteristic impedance, tg is
the time delay, and Ry is the reflection coefficient of the peripherals [53].

No. Vessel Lim] cms ] Zo[Q] ta [s] Ry

1 Ascending aorta 0.0400  5.3400 8.4935e+06 0.0075 -

2 Aortic arch A 0.0200 5.4708 1.4576e+07  0.0037 -

3 Brachiocephalic artery 0.0340 5.9351 5.1604e+07  0.0057 -

4 Subclavian (R) 0.0680 6.4731 1.3522e4+08 0.0105 -

5 Common carotid (R) 0.1880 6.5757 1.6054e+08 0.0286 -

6 Vertebral (R) 0.1480 10.9677  1.0154e+09 0.0135 0.3583
7 Brachial artery (R) 0.2350  7.1998 3.6688¢+08 0.0326 -

8 Radial artery (R) 0.2340 11.6832  1.5253e+09 0.0200 0.4740
9 Ulnar artery (R) 0.1520 23.0143  2.0393e+09 0.0066 -

10 Interossea artery (R) 0.0790 17.7770 7.3352e4+09  0.0044 0.7068
11 Ulnar artery (R) 0.0850 11.0889  1.0266e+09 0.0077 0.3535
12 Internal carotid (R) 0.1180 11.8060  1.8018e+09 0.0100 0.9487
13 External carotid (R) 0.1180 11.9252  1.7714e+09 0.0099 0.5150
14 Aortic arch B 0.0390  5.4901 1.6027e+07  0.0071 -

15 Common carotid (L) 0.2090 6.5757 1.6054e4+-08 0.0318 -

16 Internal carotid (L) 0.1180 11.8060  1.8018e+09 0.0100 0.9487
17 External carotid (L) 0.1180 11.9252  1.7714e+09 0.0099 0.5150
18 Thoracic aorta A 0.0520  5.5203 1.8450e+07 0.0094 -

19 Subclavian (L) 0.0680 6.4731 1.3522e4+08 0.0105 -

20 Vertebral (L) 0.1480 10.9677  1.0154e+09 0.0135 0.3583
21 Brachial artery (L) 0.2350 7.1998 3.6688¢+08 0.0326 -

22 Radial artery (L) 0.2340 11.6832  1.5253e+09 0.0200 0.4740
23 Ulnar artery (L) 0.1520 23.0143  2.0393e+09 0.0066 -

24 Interossea artery (L) 0.0790 177770  7.3352e+09 0.0044 0.7068
25 Ulnar artery (L) 0.0850 11.0889  1.0266e+09 0.0077 0.3535
26 Intercostals 0.0920 5.1642 1.6054e+-08 0.0178 0.5353
27 Thoracic aorta B 0.0520  5.5685 2.0622e+07 0.0093 -

28 Abdominal aorta A 0.0530 5.9701 6.1414e4+07  0.0089 -

29 Coeliac artery A 0.0100 6.4555 1.4185e4-08 0.0015 -

30 Coeliac artery B 0.0100  6.4555 1.4185e4+08 0.0015 -

31 Hepatic artery 0.0660 7.5207 5.1934e4+08 0.0088 0.3944
32 Gastric artery 0.0710 7.9679 8.2193e+08 0.0089  0.5290
33 Splenic artery 0.0630 6.9332 2.9557e+08 0.0091 0.2132
34 Superior mesenteric 0.0590 6.3835 1.1539¢+08 0.0092 0.1696
35 Abdominal aorta B 0.0530 5.9701 6.1414e4+-07  0.0089 -

36 Renal artery (L) 0.0320 7.1949 3.5573e+08 0.0044 0.2656
37 Abdominal aorta C 0.0530 5.9701 6.1414e4+07  0.0089 -

38 Renal artery (R) 0.0320 7.1949 3.5573e+08 0.0044 0.2656
39 Abdominal aorta D 0.0530 5.9701 6.1414e+07 0.0089 -

40 Inferior mesenteric 0.0500 8.2613 1.0786e+09 0.0061  0.5970
41 Abdominal aorta E 0.0530 5.9701 6.1414e4+-07 0.0089 -

42 Common iliac (L) 0.0580 6.0922 7.5303e4+07  0.0095 -

43 Common iliac (R) 0.0580  6.0922 7.5303e+07 0.0095 -

44 External iliac (L) 0.0830 6.9399 2.7580e+08 0.0120 -

45 Internal iliac (L) 0.0500  14.2533 1.1910e4-09  0.0035 0.1903
46 Femoral artery (L) 0.1270  10.2865  5.9687e+08 0.0123 -

47 Deep Femoral artery (L) 0.1270 10.2865  5.9687e+08 0.0123 0.1717
48 Posterior tibial artery (L) 0.3220 15.9357 1.6439e4+09 0.0202 0.2376
49 Anterior tibial artery (L) 0.3250 15.3211 4.3267e+09 0.0212 0.7324
50 External iliac (R) 0.0830 6.9399 2.7580e+08 0.0120 -

51 Internal iliac (R) 0.0500 14.2533 1.1910e4-09  0.0035 0.1903
52 Femoral artery (R) 0.1270  10.2865  5.9687e+08 0.0123 -

53 Deep Femoral artery (R)  0.1270 10.2865  5.9687e+08 0.0123 0.1717
54 Posterior tibial artery (R) 0.3220 15.9357 1.6439e4+-09 0.0202 0.2376
55 Anterior tibial artery (R)  0.3250 15.3211  4.3267e+09 0.0212 0.7324
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52 46

551154 48149

Figure 2.2: Previously published model for the study of the cerebral and extracerebral circula-
tion. Box on the top part is the scheme of the intracranial 0D submodel. Right
part is the representation of the 0D submodel for the cerebral drainage system,
while in the left part the 1D submodel for the human arterial tree is depicted. [20]

lesions and/or external hazards. Starting from experimental data collected at rest [6§], the
1D model can simulate blood pressure during rest and exercise condition, changes in the heart

rate, basal properties of left ventricle valve and its disfunctions.

The input data include the geometry and the elastic properties of the arteries as well as the
rheological parameters of blood [69]. Thus, the method can account for individual anatomic

details of the subject examined. In its simplest realization the model involves lengths and
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topology of the arterial segments as well as the propagation parameters: the phase velocity
and the characteristic impedance of each segment. This allows the reflection and transmission
coeffcients to be calculated at each bifurcation [68}/70]. The elasticity of vessel walls is at
the origin of the wave-like character of blood flow in arteries. In principle the number of
propagation modes is infinite |71], but the most significant effect belongs to the Young mode
easily palpable at wrist. Restricting the attention to this mode allows one to treat the vessels

as monomode 1D waveguides.

The method of obtaining 1D equation of motion in a distensible vessel of varying cross
section has been developed in [68]. The governing equations involve conservation of mass
and the momentum balance in a control volume of the 1D vessel [79]. The volumetric flow
Q(z,t) = AU , as a function of space x and time t, relates the cross section area A and
the average axial velocity U tethered in longitudinal direction. The pressure P is assumed
constant across the section, whereas the radial and azimuthal components of velocity are
neglected. For what concerns the arterial part of the model, gravitational effects on pressure

are ignored.

2.4 Mathematical Modelling Advancement

2.4.1 Extending the vessels anatomy map of the model

Recent literature has mentioned the considerable role of peripheral vessels in the head and
neck drainage [6,[10,59]. In cases of obstructions of the main pathways, alternative routes
compensate the blood outflow [16,/58,59]. We adjusted the anatomic map of the model to
improve its ability to evaluate both physiological and pathological cases. The full list of vessels

added in this work is reported in Table

We worked in order to keep the proper relative magnitude among flow rates in the three
segments of the IJV [59,/65]. A summary of our work strategy is reported in the flowchart
in Figure [2.4] which shows all the contributions used to build the paediatric model. We
started from mathematical models previously validated and published by our group to have a
solid basis from the mathematical point of view. Beside, we used both literature and data
acquisition to collect all the parameters we need to switch from an adult to a paediatric model,

by a proper tuning of the parameters of the mathematical equations.
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For our work the MRI dataset (see|3|sections 3.1.1 and 3.2.1) is important to assess the
inflow and outflow head and neck drainer vessels, beside the contribution of peripheral vessels
in the human brain drainage. Indeed, MRI is able to show that the external jugular, deep
cervical and epidural veins play a crucial role. From this evidence, we decided to extend the
anatomic map of the model from the work by Gadda et al [21] to an advanced level. The

adjusted hydraulic map of the vascular system is depicted in Figure 2:3]
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Figure 2.3: Scheme of the advance haemodynamic model with all the new anatomical update.

Capacitor:

Conductance:

The mathematical equations for the new list of veins have been written by imposing the mass
conservation principle at all the circuit nodes. The number of veins increased by 9. Briefly,
intracranial vascular resistances and capacities were assigned on the basis of physiological and

anatomical data taken from MRI data set we collected (explained in the section [3.2.1]). So
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Table 2.3: Parameters of the

arterial model. No. is the vessel number in the model, L is the

length of the vessel, ¢ is the mean velocity, Zy is the characteristic impedance, tg is

the time delay, and R; is the reflection coefficient of the peripherals.

No. Vessel Lm] cms '] Zo[Q] ta [s] Ry

56 Basilar 0.0290  15.8377 2.0170e+09 0.0018 -

57 Posterior cerebral segment A (R) 0.0050 16.0107  4.6739¢4+09 0.0003 -

58 Posterior cerebral segment A (L) 0.0050 16.0107  4.6739¢+09 0.0003 -

59 Posterior comm (R) 0.0150  19.1237 2.5566e+10 0.0008 -

60 Posterior comm (L) 0.0150 19.1237  2.5566e+10 0.0008 -

61 Anterior comm 0.003 19.6477 2.6267e+10 0.0002 -

62 Anterior cerebral segment A (R)  0.0120 15.8681 3.8743e+09  0.0008 -

63 Anterior cerebral segment A (L)  0.0120 15.8681  3.8743e4+09 0.0008 -

64 External carotid (R) 0.118  11.9252  1.7714e+09 0.0099 -

65 External carotid (L) 0.118 11.9252 1.7714e4+09  0.0099 -

66 Posterior cerebral segment B (R) 0.0860 15.8603  4.8081e+09 0.0054 0.6548
67 Posterior cerebral segment B (L)  0.0860 15.8603 4.8081e+09 0.0054 0.6548
68 Ophthalmic artery (R) 0.03 17.0360 1.1620e4+10 0.0018 0.8188
69 Ophthalmic artery (L) 0.03 17.0360 1.1620e+10 0.0018 0.8188
70 Middle cerebral artery (R) 0.03 18.4010  1.7084e+10 0.0016 0.8535
71 Middle cerebral artery (L) 0.03 18.4010 1.7084e4+10 0.0016  0.8535
72 Cerebral artery (R) 0.0580  18.1695 9.4886e+09 0.0032 0.7563
73 Cerebral artery (L) 0.0580 18.1695  9.4886e+09 0.0032 0.7563
74 Internal carotid (R) 0.0590  11.2683 1.1624e4+09 0.0052 -

75 Internal carotid (L) 0.1480 11.2683  1.1624e+09 0.0052 -

76 Facial A 0.04 17.4567 5.8345e+09 0.0023 0.6552

that, the following equations have been included in the model:

aP,, 1
dijl = —-— [(PjTQ - ]Djrl) Gjrl - (Pjrl - Psycl) Gsvcl] (2.23)
t Ci
dP; 1
Tjﬁll - Cf [(le2 - f)jll) Gjll - (]Djll - Psvcl) Gsvcl] (224)
71
dP, 1
IV P = Cf [(va - Pvp) va - (Pvp — Pazy) Gazyl — (Pejl — P'cl) G]c] (225)
vp
dPejr 1
_— = — [(Pez - Pej ) Gej - (Pejr - chl) jS — (Pejr — Psvcl) Gsvcl] (2.26)
Co
dP,; 1
Slejl _ 07 [(Pea: - Pejl) Gej - (Pejl - chl) jS - (Pejl - Psvcl) Gsvcl] (2.27)
ej
devr 1
dt - a [(Pex Pdvr) de (Pdvr Pejr) Gej] (228)
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dPy, 1
di l Cav (P — Paw) Gay — (Pawi — Peji) Gej]
dPje 1
djf - C. [(Pejr - chr) Gj - (PJ'CT - Pjr?) Ger]
jc
decl 1

i G [(Pejt = Pjer) Gje — (Pjer — Pjiz) Gtz

(2.29)

(2.30)

(2.31)

Conductance parameter (G-function) has a switch-like function to simulate the collapsibility

behaviour of the IJV [67].The G-function for the all segments of IJV were segment-specifically

modified as written in Equations bellow:
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2.4.2 Modelling Physiology Advancements

Arterial physiology Adjustment: Modelling Age-Related Parameters in paediatric study

The procedure of how we improved the age-related physiological parameters is shown in
Figure Physiology of paediatric cardiovascular system is different from the adult and
wrongly based on studies involving adults [30]. Thus, the adult model needs appropriate
modifications. Heart rate (HR), systolic blood pressure (SBP) and diastolic blood pressure
(DBP) in paediatric subjects are different than in adults [31]. The mean age of the volunteers
enrolled in our dataset was 12 + 5 years, while the measured average HR was 83 £ 16 beats
per min (mean + standard deviation [SD]). Therefore, we set the duration of one cardiac
cycle to 0.7 s (against a duration of 0.8 s in the adult model). The mean value of SBP (in
mmHg) was calculated by using the Equation SBP=90+2(Age), where age is measured in

years [72]. Therefore, the SBP for our dataset was equal to 114 £ 9 mmHg (mean £ SD).
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PARAMETERS
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Currant study
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Majka at al. Gadda st al. AGE-DEPENDENT - Blood Pressure (SBP)
= Heart Rate
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Validated by tg::::r;;:e ¢_ ﬁ
data taken from - Heart Rate
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- Cardlae valume output
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EXPERIMENTAL
VALIDATION
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k4
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Figure 2.4: Flowchart of all the contributions used to build the paediatric model.

For what concern the mean value of DBP, we referred to literature [72}74}/75]. From the
literature we know that the respiratory rate in adults and old-children are about 15 and 20
breaths/min, respectively [75]. We tuned the respiratory rate in the model accordingly. By
setting the model with these new parameters, the new simulated cardiac pulse waves at the

level of aorta and ventricle were representative of a paediatric cohort. In Figure such pulse
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waves are presented and compared with the results of the adult setting. The generated pulse
wave is compared with the physiologic reference pattern for adults [1] represented in the inset
of Figure [2.5] The parameters were also regulated to generate the pressure waveform at the
level of ascending aorta to satisfy the SBP and DBP according to the mean values from our
database and the paediatric cardiopulmonary care guide [76]. More modifications were not
necessary because there is no significant correlation between the mean value of systolic to

diastolic ratio and age or body surface |77].

160 T

— Adult
— — Pediatric

P (mmHg)

160 T T
— — Aortic Pressure in Pediatric
Ventricle Pressure in Pediatric

140 - 4

P (mmHg)

Figure 2.5: The simulated cardiac pressure waveform. a Comparison of the aortic and ventricle
pressure wave in paediatric. b Comparison of the ventricle pressure wave in
paediatric and adult. The inset shows the physiological pattern

Other relevant age-related parameters to regulate the pressure and flow rate in the 1D
part of the model are total blood volume (TBV), cerebral blood volume (CBV), and cardiac
volume output ratio index (CBV/CO) [5]. The CO is calculated by multiplying HR by the

difference between end-diastolic volume and end-systolic volume [59]. Since the ascending
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aorta was not in the selected region of our study, we were not able to calculate the cardiac
volume output ratio index. This value was taken from literature. Its mean value in infants,
paediatric subjects with the same mean age of our dataset, and adults is 34.0%, 22.9%, and
14.3%, respectively [5,/78]. The simulated flow ratio percentage of CBF to the ascending
aorta flow was tuned to be about 22.9%. According to literature, the paediatric TBV and
CBF have the mean value of 3.4+ 1.2 L (mean £+ SD) and 1,101 + 258 mL/min (mean+ SD)
(80 mL blood/100 mL brain), respectively [30,{77]. The weight of the brain is reported as
1,100.7 £ 209.6 g (mean + SD) and 1,189 + 99 g (mean + SD) in paediatric subjects and
adults, respectively [5],78]. For adults, the reported mean TBV and CBF are 5.6 + 0.3 L
and 750 (490-770) mL/min (mean and min to max range) (70 mL blood/100mL of brain),

respectively [5,(16,(78].

Arterial physiology Adjustment: Modelling orthostatic stress

Arterial 1D compartments consist of 55 blocks that simulate the arterial tree and 11 blocks
that simulate the Willis circle, respectively.By that, in total 76 main arteries were modelled
in the current advanced model. Each block calculates the pressure pulse behaviour of a given
artery by solving 1D equations and considering the pressure as a transient wave pulse. In
order to solve the equations, parameters such as segment length, mean velocity of blood in
the vessel, characteristic impedance, time delay and reflection coeflicient are imported into
the mode as explained in the publication by Majka et al [53]. Since enough information to
adjust the 1D compartments has not been reported in literature, we decided to adjust the
arterial pressure Pa (Equation2.38)) and external carotid arteries pressure P., (Equation [2.39)

by using Phydroa: and PTW-

Pa = PaO + Phydro:p (238)

Pey = Peyo + Phydroz + Prw (239)

To do this, we followed the format of equation for ICP reported in the work of Magnzes [43]
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(Equation [2.40)):

P, = Pieo + pgLSin(O) (2.40)

Where P, Py, and P,y are the intracranial, arterial, and external carotid pressure in

supine position on Earth.

Venous Compartment Upgrade

To take into account the IJV collapsibility and the dynamics of pressure change due to posture
variation, conductance function should vary according to each segment and vessels CSA and
collapsibility. In this regards, the parameters in G-function needs to be analyzed in this
section in order to discover how we can take the benefit from it. In fact, the G-function (
conductance function) is a nonlinear switch like (arc-tangent) function to simulate the vessels
capability in collapsing or dilatation [64,67]. The G-finction for the given segment of x in
1JV is written in Equation 2.41] In this equation, if the negative or low transmural pressure
Print — Prext at a given point z, the related vessel conductance G, is low, while for high

transmural pressure, vessel conductance approaches a maximum value [16].

2 Pxint_Pxext)]z
Gy =k |1 = t L L — il 2.41
[ + <7r> arctan ( T ( )
V2
ky = —9 2.42
8mul3 (2:42)

where L is the segment length, V} is related to the volume of blood, u is the blood viscosity,
and A is the slope of the pressure-volume relationship or elastance [20,/64,67]. The sensitivity of
Equationto pressure variation due to posture changes (e.g. from supine to upright position)
on a gravity field is implemented in the difference between internal (Pyipn¢) and external (Ppegt)
pressure. This difference is defined as transmural pressure (Pr = Ppint — Prest) [64467].
Therefore, following the G-function (Equation , if transmural pressure has positive values

1JV is fully open, while if P-T reaches null or negative values IJV is partially or fully collapsed.
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To properly define P,..:, we introduced the following equations:

Pmext = P:t:hydro + PTW (243)

Phyd’ro:v =pX ( J ) x L x SZTL(@) (244)
JEarth
_ g
PTW = [1 — } X R (2.45)
9Earth

where p is the blood density,® is the body orientation with respect to the gravity acceleration
vector of modulus g, g-Earth is the modulus of gravity acceleration vector on Earth, Pppydro
and Pry are the hydraulic and surrounding tissue weight pressure on vessel z [28]. Pry is
related to body size and it emphasizes inter-individual differences [35]. Buckey and colleagues
introduced the variable R as the radius of the body section in which external pressure is
measured [28]. We borrowed that concept to tune such parameter in accordance to the
characteristic of our model.To include in the orthostatic stress effects on the intra- and
extracranial hemodynamic in gravity field or in the absence of it (microgravity) in all three
segments of IJV, conductances are upgraded to the following versions. The G-function for
supine Equation2.46] upright and HDT Equation |2.47| and microgravity Equation [2.48| are
defined:

2
2 P,
Gz = kji3 ll + <ﬂ_> arctan (Ajz),)] (2.46)

2
2 P,,— P s
Gz = kjs |1+ () arctan ( vs~twdro jgﬂ (2.47)
T Ajg
p P, — P s P 2
Gﬂg = k’jlg 1 + () arctan < s hydro—j3 TW)] (2.48)
7T Ajs

In this work we assumed the same Pry for all the IJV segments (J1, J2, and J3), while
values of Py qr, were calculated from Equatior@ taking into account the average distance
of each segment from the hydrostatic indifference point (HIPCSF, Figur ), and assuming
that CSF pressure is constant [36]. ICP gradient can be predicted according to the hydrostatic
pressure gradients from the HIPCSF [36].
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Reference position:

g=1 (Prw=0)
0=0° (Phydro = 0)

Pr>0

HDT:

g=1 (Pw=0)
0=-10°
Pr>>0

HUT:

g=1 (Pw=0) Microgravity:

0 =30°, 60°, 90° g=0

Pr=0 0 =0° (Phydro=0)
Pr>>0

Figure 2.6: Illustration of the three modelled segments of IJV heights from the Hrpogr.

Brain Compartment physiology Upgrade

According to the Ursino et al [54] well accepted intracranial dynamics model, at the intracranial
level storage capacitance (Cj.) is inversely proportional to ICP (see equatio which kg is
introduced as the intracranial elastance parameter. In the same manner, intracranial venous
capacitance (Cy;) in equation and hydraulic pial artery resistance (R,,) in equation
introduced the k., and kg constants, respectively. By that, the intracranial resistance depends
to the capacitance and these k values (k—x) [9]. Taking into account the literature [9,36142}44],
the effect of gravity on cerebral blood circulation is considered by multiplying the supine value

k — 20 in the aforementioned k& — x parameters to a factor as written below:

k‘x = kxO X (1 —a X Sm(@) + B X PTW) (249)

where a and 3 are parameters properly settled to adjust the output.

2.4.3 Flow Analysis

In order to analyze the flow in the head and neck network of the model, the following definitions
of flow rate proposed by Zamboni et al [59] were used and adjusted with respect to the latest
anatomical updates of the model published by Mohammadyari et al [22]. The hydraulic map
of the model is illustrated in Figure The head blood inflow (QHBin) indicates the amount
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of blood entering the head through the vertebral artery (VA) and the two branches of common

carotid (CC), that is the internal common carotid (IC) and external common carotid (EC).

BRAIN COMPARTMENT BRAIN COMPARTMENT

QmJ — L

VERTEBRAL =
g

OCCIPITAL
N,

PLEXUS

| JucuLar

VENOUS COMPARTMENT

NOTATION
Capacitor: _~,

Conductance: ——

{

ARTERIAL TREE COMPARTMENT ARTERIAL TREE COMPARTMENT

Figure 2.7: Simulated hydraulic map to model human circulation. Red boxes are the anatomy
(left) and scheme (right) of the arterial tree. Green boxes are the anatomy (left)
and scheme (middle) of the Willis circle tree, and the scheme of the intracranial
0D submodel (right). Blue box is the scheme (left) and anatomy (right) of the
venouscompartment

QHBin = Qoo + (Q;C + Qro) +Qva (2.50)

Cerebral blood flow (QCBF) indicates the incoming flow into the Willis circle of brain

compartment which supplies by IC and VA.

Qcer = Qic +Qva (2.51)

The ECAs enter the facial and extracranial compartment and then are mainly drained by
the temporal and facial veins to join external jugular vein (EJV) and the rest of neck venous
network. The previous version of the venous network model [12,40] assumed that the ECA
flow rate supplies the anastomosis network of the neck. Our latest published update allows

us to change the previous assumption, by stating that all the extracranial inflow (QEx) is
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supplying the deep cervical vein (DCV) and EJV (see the venous compartment scheme in the

left blue box of Figure [2.7)).

In addition to the drainage through the jugular system, collateral veins play an important
role in blood redistribution. There are many other small and numerous channels arising from
the skull base, such as occipital deep cervical and venous plexus veins and other anastomoses,
that communicate with the lower jugular system and with the vertebral venous system [10,60].
In order to take into account the role of peripheral veins in our simulation, the collateral vein
flow (Qcv) is defined as the summation of the blood flow in external jugular vein, internal

venous plexus and occipital deep cervical veins [16}41].

Cerebral venous outflow (QCVO) is the flow that originates from the intracranial com-
partment and is defined by the sum of 1JVs-J3, vertebral veins (VVs) and the epidural veins
(EDVs), including DCV and internal venous plexus vein (IVP)):

Qevo = Qs+ Qvv + Qepv (2.52)

It is important to add the IVP because of the well-known role of this vein and VV as a main
outstream pathway of blood from brain to superior vena cava (SVC) in the upright position,
when the IJV is collapsed [22,59,[61]. The head blood outflow (QHBout) is equivalent to the
sum of the flow of the IJV-J1, EJV, VV and EDV:

QuBout = Qn +Qvv + Qejv + QEDV (2.53)

In order to analyze the role of collateral vessels in head and neck drainage, the collateral-distal
(QC-D) and collateral-proximal flows (QC-P) were defined as the outflows which directly goes

into the brain and neck collaterals, respectively:

Qc-p = QcBr — Qcvo (2.54)

Qc-p = QuBin — QHBout (2.55)

Collateral flow index (CFI) and delta cerebral venous outflow (DCVO) are the two factors

that Zamboni et al [59] defined to examine the percentage of blood entering the head and the
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normalized outflow difference:
Qc-p

CFI =
QHBin

x 100 (2.56)

DCVOUpright = [(QHBout/QHBin) |Supz'ne - (QHBout/QHBm) |Uprigh] x 100 (257)

We also defined the DCVO|gpr and DCV 0|, to investigate the outflow differences during
HDT and uG with respect to supine position, and the peripheral veins outflow index (PVTI),

which is equal to the percentage difference of blood that passes from the peripheral veins

(except the IJV):

DCVOupr = [(QHBout/QHBin) | Supine — (QHBout/QHBin) |HDT] X 100 (2.58)
DCVOMG = [(QHBout/QHBin) ‘Supine - (QHBout/QHBin) |#G] x 100 (259)

_ (QuBout — Q3
PVI = (QHBout ) % 100 (2.60)

With these equations we can study the posture change effects on the haemodynamic model
from -10° HDT to 90° HUT (upright). The model parameters have been taken from previous
published article by Gadda et al [20,54].
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Chapter 3

Experimental validation by Real Medical data

As we said in Chapter [2], the model requires to be validated according to experimental data and
literature results, concerning aging, jugular stenosis, the effect of a posture change from head
down tilt to supine and head up tilt, and microgravity effect. In particular, the extracranial
venous circulation in humans is specifically adapted to the maintenance of any interrupt in
head and neck blood circulation and prevents from brain damage. To study these particular
subjects, we deal with some blood biomechanical and physiological parameter measurements
on volunteers, using MRI and literature, to assess blood flow changes in the different age ranges
and different head portions of the circulatory system and to provide a complete quantitative

set for model validation.

To validate the model outcomes, we used supine average arterial and venous extracerebral
blood flow obtained by using PC-MRI data. Ultrasound-based techniques and 2-dimensional
(2D) phase-contrast (PC) MRI have been used previously to measure cerebral and cardiac vas-
cular flow and velocities [517,21].Ultrasound measurements, however, are operator dependent
and limited by an inadequate acoustic window when measuring blood flow in cerebral vessels
distal to the circle of Willis. Moreover, 2D PCMRI requires multiple scans with manual 2D
plane placement perpendicular to the intracranial vessels of interest. Recently, the promising
imaging modality to measure blood flow is 4-dimentional phase contrast magnetic resonance
imaging (4D PC-MRI) [89,/90]. This technique provides the time-resolved full volumetric
images instead of conventional 2D planes multiple scans. By that, 4D flow images offers the
advantage of three-dimensional coverage of the vessels inside the selected filed of view (FOV)
over the time of one cardiac cycle in addition with ability in retrospective flow quantification at

any vessel position within the imaging volume. Moreover, 4D flow MRI has been reported to
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provide reliable flow assessment consistent with 2D PC-MRI for the measurement of pulsatile
flow in cerebral arteries [5,90]. Hence, we decided to take advantage from 2D and 4D PC-MRI

techniques to have the most reliable dataset concerning the model validation necessities.

Details including the patients selection procedures, MRI used techniques and data processing
are reported in this Chapter. Two different data sets were acquired, one to analyse the age-
related parameters and providing the paediatric hemodynamic model and the another one
to evaluate asymmetric 1JV stenosis by head rotation. Taking advantage of the MRI data

helped us to improve the model anatomy map and physiology of the model.

3.1 Patients Selection Procedures

3.1.1 Study group |

Patient selection and MRI acquisition took place at the Sant Joan de Déu Hospital (Barcelona,
Spain). Twenty-nine healthy volunteers participated in the study (Tabl. Subjects were
chosen among all the patients for whom a brain MRI had been requested. We considered only
subjects with recognized normal neck and brain blood circulation that signed the informed
consent to participate as a volunteer. The study was approved by the ethical committee of
the hospital. The list of clinical characteristics of the volunteers can be seen in the Tabld3.1]
Non of these pathologies interrupted the head and neck hemodynamic system. Therefore,

those cases recognized healthy and eligible for our study by a radiologists.

3.1.2 Study group Il

MRI acquisition was performed at the Radiology Department of the Sant Joan de Déu Hospital
(Barcelona, Spain). Eight healthy volunteers (mean age 19+ 6 years) participated in the
study. Table reports the characteristics of the study group. Subjects were chosen among
all the collaborative paediatric patients for whom a brain MRI had been requested and other
young volunteers (between 18 and 23 years old). The imaging time was about 9 minutes
per sequence (depending on the heart rate). Each subject underwent four MRI sequences:
imaging of neck and brain with head in neutral orientation ,and imaging neck and brain with
head in rotated position. The quite long duration of scanning time reduced the number of

lower age volunteers. For this reason, we decided to enrol other subjects with age up to 23

36



3.1. PATIENTS SELECTION PROCEDURES

Table 3.1: Characteristic of the enrolled subjects

Demographic characteristics

Total number of subjects 29

Sex (females:males)

Age (years)

Age range (years)

Weight (kg)

14:15
12+ 5
2-18

43 + 15

Systolic blood pressure (mmHg) 114+ 9
Heart rate (betas per min) 83 + 16

Clinical characteristics

Headache
Epilepsy

Cyst

Hearing loss
Down syndrome
Acondroplasia
Diplopia
Tremor

Vertigo

Encephalopathy (NBIA-PKAN mutation)
Unknown encephalopathy-genetic origin

Cavernoma
Psychosis
Control trauma

e e e i e i L R N )

Data are given as absolute frequencies or mean+ standard

deviation.

years old, i.e. volunteers that could stay collaborative till the end of examination. The study

was approved by the ethical committee of the hospital, and the informed consent were signed

by participates or their parents in the case of children.

Table 3.2: Volunteers demographic characteristic

Demographic characteristics

Total number of subjects (4D-flow :2D-flow ) 8 (6:2)

Sex (females:males) 3:5
Average Age (years) 19+6
Age range (years) 9-23
Weight (kg) 54 £ 11
Average Hight (cm) 156 £ 11
Average BMI (kg/m2) 22+ 3
Heart rate before rotation (beats per min) 77 £10
Heart rate after rotation (beats per min) 73 £9

Data are given as absolute frequencies or mean=+ standard devia-

tion.
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3.2 MRI protocols

Cardiovascular magnetic resonance imaging (MRI) is an essential tool in the diagnosis,
monitoring, and treatment of cardiac diseases, and has the potential of evaluating both
anatomy and function of the cardiovascular system [87,88]. Traditionally, MRI imaging of
flow is accomplished using methods that resolve two spatial dimensions (two-dimensional) in
individual slices. Standard two-dimensional (2D) phase-contrast (PC) MRI was introduced
in the late 1980s to enable through-plane assessment of blood flow fields and velocities,
particularly in the cardiovascular system.The 4D flow MRI was introduced in the 1990s [87]
Since then, the development of in-plane phase-contrast sequences has allowed acquisition of a
time-resolved cine sequence amenable to three-dimensional (3D) velocity encoding, a technique
known as four dimensional (4D) (3D plus time) flow MRI. Although . In addition to providing
the basic phase-contrast findings such as peak velocity, flow volume, and flow direction, 4D
flow MRI delivers unprecedented capabilities for comprehensive blood flow assessment, offering
various modalities of blood flow pathway visualization and thereby helping one understand
blood flow changes and retrospectively perform accurate flow measurements [88]. 4D flow
MRI technique permits the volumetric assessment of blood flow in the entire vasculature of
interest and enables the volumetric quantification and retrospective analysis of blood flow
in any arbitrary angle, which is not possible with conventional 2D PC-MRI. 2D PC-MR
images are acquired with single-direction (through-plane) velocity encoding during a breath
hold. When flow must be measured at several sites, the acquisition must be repeated at
each site, taking care to position the acquisition plane perpendicular to the long axis of the
vessel of interest, a technically challenging and time-consuming process that may also be
difficult for patients, particularly those with complex drainage [91]. Whereas the standard
2D PC sequence provides an image with a single velocity and magnitude, 4D flow PC-MRI
provides sets of 3D volumes over time. FKach 4D volume contains one magnitude volume and
three velocity volumes encoded in the three dimensions of space. The visualization of 4D
PC-MRI data using vector field, streamline, pathline, isosurface, and volume rendering has
been effective in identifying the abnormal alteration of blood flow in various vessels, such
as the aorta, carotid arteries, and cerebral vessels. Volumetric acquisition of the blood flow
also enables better visualization and quantification of the complex nature of intracardiac
blood flow [88]. 4D PC-MRI provides not only the conventional flow quantifications, but
also various fluid dynamic biomarkers with potential clinical utility, such as wall shear stress

(WSS), pressure gradient (21-23) and pulse wave velocity [90,(92].
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3.2.1 2D-Flow PC-MRI technique

The volunteers were imaged using a 3-T scanner (Ingenia, Philips, Amsterdam, Netherlands)
with a 32—channel head coil. Phase-contrast sequences were used to collect 2D quantitative
flow images of the neck at the vertebral level C2/C3 (J3), C5/C6 (J2), and at the brain
level including the Willis circle and Sylvian aqueduct, with the subject in the supine position.
Thecommon technical parameters of the sequences were presented in Tabld3.3] Acquisitions
were synchronized with the electrocardiogram of the scanned volunteer. We used phase images
to extract data such as flow rate and pressure, and magnitude images to check the anatomy
and improve the anatomic map of the model. Two ranges of velocity encoding were tested
in three subjects to improve the image quality and avoid aliasing effects. After this test, we
chose the velocity encoding of 60 and 120 cm/s for veins and arteries, respectively. The MRI
were performed at the level of C2/C3 and C5/C6 of neck vertebrae. Seven sequences were
performed for each subject (Table 7?7). As it can be seen in figure Resulting images were
named by vein or artery at a specified anatomic location. Also, MR images of the neck vessels

obtained from a subjects of Group II at the two neck orientations are shown in Figure [3.1

Table 3.3: 2D-MR imaging parameters.

parameters Value
Flip angle 15°
TR (ms) 9.1
TE (ms) 5.4
Slice thickness (mm) 4
Frame rate (fps) 15
Reconstruction Voxel size AP (mm2)  0.6x0.6
Field of view (mm3) 150%150
In-plane spatial resolution (mm2) 1

3.2.2 4D-Flow PC-MRI technique

The same MR scanner were used to acquired the images. Phase-contrast sequences were
used to collect 4D quantitative flow images. The imaging anatomical volume includes neck
at the vertebral volume level C2/C5 (J3 and J2) and brain including the Willis circle and
occipital veins (sagittal sinus, straight sinus and transvers sinus). The imaging parameters
were reported in Table All subjects were first asked to stand in the supine with neutral

head orientation and then to rotate the head left up to the maximum capability (about 80°).
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Figure 3.1: 2D-flow PC-MRI of the neck vessels at the vertebral level C5/C6 (J2) in neutral
(left) and rotated (right) position.

Acquisitions were synchronized with the real time electrocardiogram of the subject.

Table 3.4: 4D-MR imaging parameters.

parameters Value
Velocity Encoding (cm/s) 50
Flip angle 7°
TR (ms) 5.0
TE (ms) 3.2
Frame rate (fps) 28
Reconstruction Voxel size (mm3) 0.9%x0.9x1.3
Field of view (mm3) 170% 170 x 50
Average Scan time (min) 9

The vessels considered in this study are the common carotid artery (CCA) and internal
carotid artery (ICA), vertebral artery (VA), IJV and vertebral veins (VV). These vessels are
known as the main neck drainers. The velocity encoding must be chosen carefully to avoid the
velocity aliasing defects. For this reason, two velocity encoding of 70 and 50 cm/s were tested
in two subjects to improve the image quality. After this test, and since only one velocity is

required to set the MRI sequence, velocity encoding of 50 cm/s was chosen.

In the 75% of the selected volunteers, the MR scan prescribed for clinical reasons was short
enough to allow for an extra time acquisition to perform 4D flow examination. Since the 4D
flow MRI has been reported to provide compatible flow assessment with 2D-flow PC-MRI [5],
the former sequence were performed in the 25% of volunteers not allowed to 4D flow. Such 2D

sequence was already tested and validated for this purposes in a recent published study [22].
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CEF-SILVIO ART-BRAIN

ART-C2/C3

Figure 3.2: The 2D PC-MR Images acquired from one of the volunteers.
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Figure 3.3: The 4D PC-MR Images acquired from one of the volunteers.

The duration of the 2D-flow sequence was about half of the 4D sequence.

3.3 MRI data processing

3.3.1 2D-flow PC-MRI data

We measured the flow rate at different vessels (vessels with flow rate less than 0.05 mL/s were
eliminated from the study because of the low signal-to-noise ratio).Regions of interest (ROIs)
were drawn manually on all the vessels on each sequence and then cross-sectional area of the
vessels, blood flow, velocity, delay time, and pressure gradients were extracted by the Philips
software (Philips IntelliSpace Portal, version 10). Blood flow was calculated by multiplying
the mean velocity by the cross-sectional area of the region of interest, while pressure gradient
was calculated by using the modified Bernoulli equation (AP = 4V},?), where V}, is the peak
velocity of blood [63]. After drawing the regions of interest on all the 15 frames acquired
at each anatomical plane, the software calculated all the parameters. If the signal intensity

was low (mostly in the temporal veins), the software did not calculate the pressure gradient.
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In other words, we eliminated from the study all the vessels with flow rate less than 0.05
mL /s because of the low signal-to-noise ratio. Otherwise, resolution was enough to include

the acquired data in the dataset.

3.3.2 4D-flow PC-MRI data

The 4D image series were analysed by using the Pie Medical imaging software (CAAS MR
Solutions, Pie Medical Imaging B.V., version 5.1). Besides the anatomical information,
physiological parameters were obtained such as vessels blood volume, flow rate and CSA at
the considered vessels. After importing the image series, ROIs were manually drawn on all the
vessels during systole with the maximum flow rate [90,91]. Then, the 3D image reconstruction
command were applied and the software extrapolated the segmentation to the all 37 frames.
Cross-sectional area of the vessels, blood flow rate and velocity were automatically calculated

by the software.

4D PC-MRI and the Pie medical imaging software provide the data and functionality to
visualize WSS in a 3D segmented model of the vessel of interest [90,92]. WSS by definition
is the frictional shearing force on the vessel walls. To perform the 3D segmentation, the
vessels centreline selection and plane by plane vessel lumen segmentation need to be performed
manually along the vessel length. Then, WSS is calculated by multiplying the viscosity of the
fluid (4 mPa.s for blood) by the local velocity gradient at the wall [89,92]. The quantitative
values of WSS is shown along the vessel in the colour coded spectrum. The colour bar is

adjusted to the maximum value of the WSS [90}92].

The last information that we could extract indirectly by the software was measuring the
flow rate change over the length of IJVs before and after head rotation. In this regards,
the flow rate was measured along the length of IJV at maximum ten points with the same
distance from each other. The distances were measured and recorded for each subject. The

measurement were repeated for all IJVs in neutral and rotated head position.
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Chapter 4

Results and discussion

In this chapter, the results are explained in three different sections in which clinical or research
applications for the model are discussed. In this work, three main projects were performed
as explained in chapter [If and [2| The fist section refers the built paediatric model results.
The model was updated to simulate the aging effects on the hemodynamic physiology to
calculate the paediatric blood circulation at the level of head and neck. Paediatric results
were compared with results of the adult version of the model [22]. In the second section, the
head rotation effects o head and neck hemodynamic in imposing the asymmetric non-invasive
IJV stenosis were explained. The results of the MRI study were compared with simulation.
In the third section, the results of imposing human body to different gravity field and the
effects on the blood circulation system were discussed. At last the limitations that we were

faced with during performing my projects are explained.

All variables were expressed in terms of mean + standard deviation (mean £+ SD) or the
percentile. RStudio software (version 1.3.959. Boston, USA) was used for statistic analysis.
Significance between two different settings was determined using the t-test. The effect of
head rotation on flow parameters gradient with P-value < 0.05 was considered as statistically

significant difference.

4.1 Paediatric Hemodynamic Model: Aging study

Based on a well-developed mathematical model for the simulation of blood circulation in
adult humans [20], the present model has been tuned with respect to paediatric physiological

parameters (average age 12 years, supine position). Paediatric hemodynamic circulation was
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modelled for the first time by using a parameter model consisting of a 0-D and 1-D algorithm.
The previous well-described model was adjusted in accordance to the differences between
paediatric and adult subjects. The model is able to compute blood pressures and flow rates
in accordance to the collected phase-contrast MRI data and literature. Moreover, it has the

potential to simulate pathological conditions due to aging.

4.1.1 Arterial adjustments results

The pressure pulse wave of Figure 2.5 together with the contribution of the respiratory
pulse are the input to the model. As shown in Figure the simulated pressure in the
ascending aorta was 114/65 mmHg, in accordance with the paediatric cardiopulmonary care
guide [76]. Figure also reports the pressure pulse in the intracranial artery, extracranial

artery, vertebral artery, and facial arteries calculated by the model.
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Figure 4.1: Cardiac and arterial pressure waveforms. The inset shows the zoom of one cardiac
cycle. AAo Ascending aorta, ECA Extracranial artery, ICA Intracranial artery,
FA Facial artery, VA Vertebral artery

The backward wave from ascending aorta to heart generate the late systolic or early diastolic
pressure peak [1,/62]. This late pulse can be seen in Figure Moreover, the blood flows
from the heart to the vessels and is divided among many branches. This must correspond to a
change in the venous pressure. We can see from Figure that the model properly simulates
both decrease in pressure amplitudes and mean values in the following order: ascending aorta

> intracranial artery > extracranial artery > facial arteries [1,16].

In 2017, Cattermole et al. [81] reported a measured values of ascending aorta pressure of

80.7 mmHg (range 65.3 to 103.7 mmHg) in the same age range as this study (see Figure |4.1).
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my simulated pressure in the intracranial artery (22 + 4 mmHg, mean + SD, age range 2 to
18 year-old) follows the trend of the data reported in literature (age range 20 to 60 year-old
and older), where blood pressure in intracranial artery increases with age. Indeed, on 2006
Hirata et al. [82] investigated blood velocity and pressure in intracranial artery and reported
a mean value of 29.3 + 6.4 mmHg (mean + SD) for the age range from 20 to 40 years, 35.9 +

8.0 mmHg (mean + SD) from 40 to 60 years and higher values for higher ages.

Figure compares the simulated intracranial artery pressure and venous sinus pressure
in paediatric subjects and adults. It can bee seen that the mean pressure values were less
in lower age. Indeed, the mean values of intracranial artery pressure are 5.6 + 0.2 (mean
+ SD) and 8.3 + 0.8 mmHg (mean £+ SD), while the mean values of venous sinus pressure
are 4.9 £+ 0.6 and 5.9 + 1.0 mmHg in paediatric subjects and adults, respectively. Moreover,
We see that intracranial artery pressure was lower than venous sinus pressure. Hence, the
simulated intracranial artery pressure and venous sinus pressure values were in agreement
with the literature. The normal range of intracranial artery pressure was variable between 3

to 7 mmHg for paediatric subjects and less than 10 to 15 mmHg for adults |65} 66].

4.1.2 Venous adjustments results

The venous part of the model was adjusted to simulate the main blood pathways from the
brain. In the majority of individuals, IJVs are the main pathway and the flow at each segment
(J1, J2, and J3) is more than that of vertebral veins or internal venous plexus flow [21,/66]. In
this work, we refer to the flow rate in VV and DCV as summation of the left and right veins

due to the low value of them.

Due to regulation between arterial and venous compartment, the CBF is calculated on
the base of arterial out put. the The intracranial flow rate is calculated by the summation
of ICA left and right and basilar arteries [5]. Moreover, total blood flow is the flow rate at
the level of neck arteries that supplies the intracranial and extracranial subsystems [20,21].
Figure shows the amount of the simulated flow rates at rest, and makes a comparison
between paediatric and adult flow rates. There was good agreement between model response
and paediatric MRI flow data. Moreover, flow rates were higher in paediatric rather than

adult subjects, as expected.
The CBYV increases rapidly from early childhood to preschool age up to 6 years, and then
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Figure 4.2: Comparison between intracranial (Pic) and venous sinus (Pvs) pulse in paediatric
(dashed line) and adult (solid line)

continuously decreases till adulthood [5,84]. Moses et al. reported a normalized different value
of 10.6 £ 5.2 mL/100mL/min between the mean age of 12 years and adults (mean age of 22
years) [84]. Wu et al. reported a blood flow reduction rate of about 48% from the age of 12 to
40 years [5]. According to Figure the average inflow toward head and brain are 18.7 mL/s
and 13.4 mL/s that is a 34% and 24% augmentation in paediatric rather than adult subjects.
These values are within the range of previous reports [5,30./84]. Additionally, we can see from
Figure [£.3] the asymmetric behaviour of the cerebral venous drainage. Indeed, the right side

flow rate is about 10% more than the left, as reported by the literature [21}/65,66}83].

Figures from [I.4h to [A-4f show how the model simulates the pressure and flow rate both
in paediatric (dashed line) and adult (solid line) setting in IJV and vertebral veins. Figures
from to compares the simulated flow waveforms in IJV and VV against PC-MRI

data. In this figure, the simulation of respiratory rate and so the effects on modelled flow
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Figure 4.3: Comparison of simulated paediatric and adult flow rates, and paediatric exper-
imental data. Q Cerebral blood flow, dcv Deep cervical vein, ejl Left external
jugular vein, ejr Right external jugular vein, Qex Extracerebral blood flow, jl1
Lower segment of the left jugular vein, jI2 Middle segment of the left jugular vein,
jl3 Upper segment of the left jugular vein, jrl1 Lower segment of the right jugular
vein, jr2 Middle segment of the right jugular vein, jr3 Upper segment of the right
jugular vein, Qtot Blood flow to the head, vp Venous plexus, vs Venous sinus, vv
Vertebral vein

rate was eliminated in order to make a comparison with phase-contrast data of one cardiac
cycle. In order to quantify the agreement shown by Figures from .4k to [4.4}, the time-
averaged difference between simulated (dashed line) and measured (dotted line) flow rates
were calculated, during the reported cardiac cycle, for left J3, left J2 and vertebral vein. Such
time-averaged difference was 1.1 + 0.3 mL/s (mean £+ SD), 3.7 £ 0.1 mL/s (mean + SD),

and 0.3 £ 0.2 mL/s (mean + SD), respectively.

The mean value of central venous pressure and EJV pressure in adults were studied by
Leonard et al. [83]. They stated that mean EJV pressure is slightly higher than IJV pressure.
They measured 8.3 &+ 2.6 mmHg (mean + SD) for IJV and 8.6 &+ 2.8 mmHg (mean + SD) for
EJV in adults with a mean age of 66 years. As depicted in Figure [£.4] mean IJV pressure in
all three sections and vertebral vein pressure were 4.7 + 0.8 mmHg (mean £+ SD) and 4.8 +
0.7 mmHg (mean + SD) in paediatric subjects, and 5.6 + 1.1 mmHg (mean + SD) and 5.8
+ 0.7 mmHg (mean 4+ SD) in adults, respectively, showing that the model results are quite
satisfactory. However, there is the need of more paediatric measurement at the IJV level and

peripheral veins in order to produce a model with more details.
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Figure 4.4: Comparison between intracranial (Pic) and venous sinus (Pvs) pulse in paediatric
(dashed line) and adult (solid line)

Results reported in Figure from to were satisfactory because the simulated
pressure values were higher in adult than paediatric subjects, while flow rates were lower .
Figure [4.4g, [£.4h, and [£.4] represent a comparison between the simulated and measured flow
rates in J3, J2 and vertebral vein as an example of the accuracy of my paediatric model. The
correlation value between the simulated and PC-MRI data was 88%. The positive value of all
the calculated time-averaged differences between simulated and measured flow rates means
that, in the investigated anatomical regions, the mathematical model slightly overestimates
the flow rate. The low SDs are index of good agreement between simulated and measured flow
rates. As previously reported in literature , there is interest in properly simulate flow rate
and pressure waveforms to discriminate between physiologic and pathologic subjects. The

present model is able to simulate such waveforms for a paediatric setting.
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4.2 Asymmetric 1JV stenosis study: Head Rotation

In this study, we were able to visualise the CCAs, VAs, 1JVs and VVs with MRI at the
neck of all subjects in neutral position. However, after head rotation and depending on
inter-individual characteristics, some veins like left IJV and VV appear absent, probably due

to low blood flow and small vessel size.

All the study cases had jugular dominant drainage and no cases with complex venous
drainage network. Of the 8 patients we examined four subjects (50%) were right jugular
dominant, two (25%) were left jugular dominant, and two (25%) were codominant. The
distribution of mean CSA values for both head position were reported in Figurd4.5h. Significant
differences between the IJV-CSAs before and after head rotation were observed. CSA at left
j2 decreased of 9.8 cm2 (61%) while right j2, right and left j3 were expanded of 6.4 cm2 (26%),
4.0 cm2 (31%) and 3.7 cm2 (36%), respectively. The mean flow rate for both head positions
were reported in Figure [{.5p. Partially and fully left IJV collapsing were seen equally, each in
38% of my volunteers. Moreover, the average flow rate gradient due to the rotation shows
significant decreases in AQCBF =2.1 ml/s (26%), AQvs =4.0 ml/s (63%) and AQjl12 =2.1
ml/s (53%). Flow rate change showed significant increased in AQjr2 =1.9 ml/s (47%) and
AQjr3 =1.2 ml/s (36%) with P<0.05. There were no other statistically significant changes in

flow rate for any other vessels at any position.

The standard deviation in error bars for measured and simulated data are presented in
Figurdd.5lb. Neutral MRI data and neutral simulation data showed a correlation of 0.98
(P<0.0005) and rotated MRI data and rotated simulation data showed 0.87 (P<0.0005) that

indicates a strong relationship between simulated and experimental data.

Our study confirmed that turning head to left side causes obstruction in the ipsilateral
IJV by decreasing the effective CSA at the middle segment of left IJV (j2). As reported
in Figure [4.5 due to the torsion-compression force the mean CSA and flow rate in left j2
reduced significantly about 61% and 53% in left j2, respectively with respect to neutral head

orientation values.

Figurd4.6] shows the flow rate change over the IJV vessel length before and after the rotation
for three different neck-drainage type. Case f1 has a codominant jugular drainage, while the
case 2 and #3 have a right and left dominant jugular drainage, respectively. In case f1 and £2,

flow rate in the right jugular increased as a compensatory response to the head rotation. In
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Figure 4.5: a) CSA Comparison for both neutral and rotated head position including the
standard deviation in error bars on the MRI extracted data. b) Comparison of
measured and simulated cycle-averaged flow rates for both neutral and rotated
orientation.

case #3, right jugular was not as functional as left jugular. However, this case showed a slight
increase in the left jugular flow rate at the upper segment (jl3), a decrease at the jl2 level and
decrease in overall flow rate. Left jugular flow rate in case {2 dropped down to zero value
because the IJV was fully collapsed and absent in the MRI measurement platform, while in
case f1 it remained almost unchanged. Cases with the same neck-drainage type showed the

same results.
Regarding the compensatory act of human body, three main differences induced by head
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Measured flow rate change over the length of left and right IJV for both neutral
(black line) and rotated (red dashed line) head position for all of the 4D PC-MRI
cases. Flow in Casef2 [JV-L and Casef3 1JV-R subplots are not reported because
the 1JV is fully collapsed and absent in the MRI measurement platform.

rotation were recorded: first a slight mean heart rate value reduction about 4 £14 bpm (5%)

(see Table [3.2). Second a significant intracranial inflow (QCBF) and outflow (Qvs) reduction

about 26% and 63%, respectively while the total blood volume remained almost unchanged

(see Figure b). Third, an asymmetric flow rate change between the right and left side

transverse sinus and IJV according to the interindividual characteristic (see Figur and

[4.7). Overall right IJV flow rate increased significantly about 47% and 36% (P<0.05). These

findings corresponded to what has been reported previously as explained in the following.

Hojlund et al in 2012 measured the effects of posture change from supine to prone on heart

rate, mean arterial blood pressure and bilateral IJV diameter [93]. They reported a reduction

in heart rate and increase in blood pressure and IJV diameter. Hence, the slight reduction in
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measured heart rate in my study is in agreement with Hojlund et al findings. Watson et al in
1974 and Farina et al in 2013 stated that the head rotation to one side causes occlusion of
the ipsilateral IJV and affect the intracranial venous flow rate in children [10,94]. Gwak et
al in 2009 measured the IJV-CSA in infants and children. They reported that as the head
was rotated, the right IJV-CSA was significantly larger (about 44% at 80° head rotation)
with respect to the neutral position [85]. These findings shows good agreement with what we

reported in result section, right IJV reduction (j2 = 26%, j3= 31% ).

Glor et al in 2004 measured the influence of the head leftward rotation on carotid hemo-
dynamic in young adults [95]. They reported no remarkable change in CA-CSA and flow
rate due to head rotation. Similarly, Lorchirachoonku in 2012 reported that left and right
CAs were similar in size and were not affected by head rotation [96]. Aristokleous et al in
2015 measured the hemodynamic alteration in VAs and reported no statistically significant
difference in VA-CSA [97]. Thomas et al in 2014 reported that the total cerebral inflow was
not significantly affected by rotation in either direction. The same results were achieved by
my simulation model in which the main and collateral veins are both included [98]. According
to my measurements, the total cerebral blood inflow and outflow gradients with respect to
the neutral position were considered significant (P<0.05). However, the total neck inflow
and outflow change (P= 0.1) is not meaningful. By that, my results approve the literature
findings that the total neck blood flow remains unchanged after leftward head rotation, while

the cerebral blood flow decreased.

Moreover, the collateral veins blood flow (Q.,) calculated by my model shows 36% increase
in flow rate with respect to the neutral head orientation in order to compensate the cerebral
outflow reduction. Therefore, collaterals impact explains the reason that compression of one

jugular vein has no significant impact on the overall head and neck blood flow [62,93].

Glor et al stated that WSS changed significantly with head rotation, but the variations were
very subject dependent. In accordance, results of this study highlighted the impact of the
dependency of WSS distribution on the morphological and vascular anatomical characteristic

[95).

Figurd4.7] shows the WSS dependency to head orientation and vasculature functionality.
Comparison of the WSS distributions show that the wall stress of left IJV decreases despite a
significant increase in the right IJV wall stress. As it can be seen in Figurd4.7] case f1, leftward

head rotation caused decrease in the left jugular WSS while increased the right jugular WSS.
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In the case §2, WSS did not show significant changes in the right jugular while the left jugular
WSS increased slightly. In the case §3, the left jugular were the dominant veins which after
rotation the flow in right IJV and left j2 decreased dramatically (collapsed fully) while the
shear stress on the left j3 wall increased. Figurdd.7|represents the WSS distribution in sigmoid
sinus and upper part of j3 for the first and third cases. The jugular codominant cases showed
almost the same WSS distribution as the right jugular dominant drainers. Due to the impact
of head rotation in case #1 and #2, blood flow passing the left transverse and sigmoid sinus
decreased dramatically which contributes to an increase in flow and WSS of right j3. In case
3, the result is opposite, right transverse sinus was absent partially before and fully after
rotation. Comparing the WSS distribution before and after rotation shows the wall stress

increased in left transverse sinus.

The main topic in Figurd4.6] and [£.7] beside evaluating the flow rate and WSS change
over the vein length is to categorize such changes into three subgroups according to the
interindividual drainage characteristics. In the intracranial compartment investigation, after
turning the head, blood flow was decreased significantly at one or both transverse sinuses.
In the cases of fully collapsed left 1JV, left transverse sinus disappeared (see Figurb
case f1; case #2 showed similar results). According to my findings, jugular vein obstruction
on the side of the dominant venous drainage could result in severely limited neck venous
drainage (case #3). Figurb shows how the right IJV and consequently right transverse
sinus are affected, while the blood flow and WSS in left transverse sinus increased. Therefore,
my findings confirmed what reported in previous literature about the strong relationship of

extracranial hemodynamic alteration on intracranial physiological parameters [59).

After the analysis of all the data extracted from MRI, we properly tuned the model in
order to simulate the flow rate mean values and their variations due to leftward head rotation.
Since the brain compartments pressure are critical parameters to monitor in brain trauma
cases , the simulated pressure values were computed and represented in Figurd4.10] Indeed,
these values are the indirect indicators of hemodynamic alteration physiology. Results show
that the head rotation increased the intracranial pressure by 2 mmHg (20%), and decreased
the venous sinus and IJV pressure almost the same by 1.4 mmHg (32%). Note worthy, the
model was tuned based on the average data consider generally the jugular dominant condition

in which the right IJV has more flow rate at all three segments [20,22].

Finally, as reported in Figure my mathematical model calculates a 20% in ICP, that
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Figure 4.7: Contour plots of WSS for neutral and rotated head position at the level of neck
for three different drainage cases and brain images of the case f1 and #2, the two
most visualized intracranial blood redistribution.
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Figure 4.8: Comparison of the simulated pressure of (a) intracranial (Pic), (b) venous sinus
(Pvs).

is in a strong agreement with Grover et al 2003 left rotation of the head (22.2% in healthy

adult [99]) and Hung et al 2000 (about 50% in patients with tumour [100]).

4.3 Modelling microgravity and orthostatic stress effects

In this work, the mathematical haemodynamic model to simulate the hydrostatic pressure
changes and weightlessness condition were adjusted. The model is calibrated in accordance
to the data taken from literature. Noteworthy, the lack of knowledge, discordant literature
and measured data about hemodynamic adaptation over time during a spaceflight mission

limit the computational approach. To deal with these restrictions, the current model is tuned
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Table 4.1: Comparing the computed pressure values (mmHg) (value £+ standard deviation) of
my model with measurement and modelling in literature.

Supine 30° 60° Upright-Seated HDT uG (0g)
Present study - modelling result
Pa 100.8 85.8 74.8 70.8 106.0 100.8
Pic 9.5 6.7 3.7 2.1 10.5 8.3
CVP 4.2 3.3 2.7 2.5 4.4 3.9
Lindén et al (2018) — measurement
Pic 10.5+1.5 - - -0.8+3.8 -9°: 15.8+1.2 -
Lawley et al (2017) — measurement
Pa 100 - - A-13£7.1 - A-1.85+5.1
Pic 1542 - - 4£1 -6°:15+£4(A1.8+0.5) 13+2
CVP 7+3 - - 243 -6°: A-0.49+0.5 442
Eklund et al (2016)— measurement
Pic 10.5 £ 1.5 - - -0.8 £ 3.8 -9°:15.8 + 1.3 -
Petersen et al (2016)— measurement

Supine 10° 20° Upright-Standing -10°:
Pa 103 £ 19 88+ 9 87+ 7 87+ 8 86+ 11
Pic 9.4 + 3.8 4.8+ 3.6 1.3+ 3.6 24+ 42 14.3 £ 4.7
Qvarlander et al (2013) — measurement

Supine 27° 57° 71°-Seated
Pic 11+ 2.1 2.3+2.5 -1.0+3.0 -1.8 £ 3.2
Mekis1l and Kamenik (2010) — measurement
Pa 7294+ 11.6  20°:65.1+13.1 - - -20°:85.4 4+ 14.0 -
CVP 81+49 20°:4.5 + 3.8 - - -20°:12.7 + 4.7 -
Buckey et al (2017) - modelling results
Pic 6.1 - - - - 24
CVP 3.5 - - - - -6

with literature reporting data of hemodynamic physiology alteration in a short-time space
mission or during a parabolic flight, whose experimental conditions and measurement data

are compatible.

The study focus was on the head and neck part of the haemodynamic system. Table
presents the considered literature pressure values (mean £ standard deviation) and the

simulated mean values of pressure at the level of aorta (F,), braincase (ICP), and SVC (CVP).

As it cab be seen from Table and Figure 77, subject posture affects the measured
pressure values. In particular, transition from supine to upright causes a pressure decrease,

while transition from supine to HDT causes a pressure increase.

In the following simulations of pressure from my model, gradients are explained and

compared with literature.
Arterial BP is hypothesised to be about 100 mmHg in supine, to decrease by increasing
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Figure 4.9: Simulated pressure difference caused by hydraulic pressure change and weightless-
ness at the level of a) aorta, b) braincase, ¢) SVC, d) upper, middle, and lower
left IJV segments (J13, J12, JI1)

the HUT angle till the value of 70 mmHg in upright, and to increase to 105 mmHg at a
HDT angle of 6° . Also, it is reported that in microgravity it remains unaffected with
respect to measurement performed in the supine position before the flight around the
mean value of 100 mmHg . Petersen et al reported a 17 mmHg drop in arterial BP
when passing from supine to -10° HDT (Table . The current model shows good
agreement with aforementioned literature when simulations of arterial BP in HUT, -10° HDT,
and weightlessness condition are performed. As reported in Figure ?7-A, the mean simulated

arterial BP decreases of 30 mmHg in upright with respect to the supine position, while it
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increases of 5 mmHg in HDT, and it is remains constant in microgravity condition.

ICP are frequently reported in literature, and a significant reduction during HUT posture
change from supine is always measured [34,|36},/104, ,|110]. Moreover, the normal range of ICP
for a supine adult is about 7 tol5 mmHg, and in general less than 20 mmHg [106]. Figure
?7?7-B shows that the in model simulations ICP decreases of 7.4 mmHg in upright with respect
to the supine position, while it increases of 1 mmHg in HDT. Referring to Table Lawley
et al [34] reported a slight increase (A 1.8 £ 0.5 mmHg) in -6° HDT which is comparable
with my finding. However, Lindén et al [] and Eklund et al |104] measured the same increase
in the mean value of ICP about (5.3 mmHg) after -9° HDT. As we can understand, such high
value of differences can not be calculated by known hydrostatic pressure equation (equation
. This difference reported in literature might be due to the measurement dependency to

experimental conditions [28,103}/107].

According to Lawley et al (Table the ICP in microgravity environment has a slight
reduction (A —1.9 &+ 5.1) with respect to supine position on Earth [34]. During simulation of
microgravity condition, my model calculates a ICP of 8.3 mmHg, and a ICP reduction of 1.2

mmHg with respect to supine position on Earth, in agreement with literature.

Measurements of CVP reported by Lawley et al [34] indicated that such value does not
change when passing from supine to -6° HDT. Mekis and Kamenik [] measured a 4.6 mmHg
augmentation for -20° HDT. Results from my model (Figure ??-C) shows a 1.6 mmHg
reduction of CVP in upright with respect to the supine position on Earth, while it is almost

unchanged in HDT.

Noteworthy, the equation used in the model to calculate CVP [(Gadda et al. 2015; Gadda
et al. 2016; Mohammadyari2020] is not directly related to gravity changes, and it is affected
by IJV changes as explained in the chapter [2] section 2.3.1. Therefore, the simulated CVP
in microgravity condition shows a slight decrease (7.6%) with respect to the simulation in
supine position on Earth. Therefore, the trend of my model results in different conditions

shows good agreement with the literature of Table

Figure ??-D compares the pressure variation in the three segments of left 1JV for HUT,
HDT and uG with respect to the supine condition. Due to the relatively larger CSA of
segment J1, in this section there is the lowest pressure supine value, and consequently the

higher pressure variation in upright and HDT (A Pj1> APj2> A Pj3).
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In Figure 7?7 the simulated flow rates are reported and compared for different vessels and

posture and gravity condition.
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Figure 4.10: Comparison of simulated flow rates for a) different posture condition on Earth
(1g) and a) supine and HDT on Earth (1g), and weightlessness (uG).

In this work we refer to the flow rate at VVs, EDV and EJVs as the summation of the right

and left veins due to the low value of them.

On 2013 Zamboni et al stated that the blood flow at each segment of IJV is more than that
of VVs or EDV . Moreover, in the publication of Gadda et al it is reported that blood flow
in J3 is lower than in the other segments (QJ1 > QJ2 > QJ3) with the subject in standing
position ,. Therefore, it means that the higher segment (with respect to the HIPCSF
zero level) is more collapsed. The simulated flow rates reported in Figure ?? (summation of

left and right, J1: 10.6, J2: 9.7 and J3: 7.8 ml/s) are in agreement with the cited literature.
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It is proven that increasing the tilt angle contributes to the IJVs collapse and expansion of
peripheral veins as a compensatory mechanism [16}47,/59,|110]. In this regard, the G-function
for all the simulated neck veins has been integrated in the model (Equation . Therefore,
the model is able to simulate the different degree of collapse at 1JV segments, other than the
slight dilatation in VV, IVP, and DCV. In other words, the model takes into account the
increase of IJV resistance and the TPR decrease during upright simulations. As a consequence,
flow is driven to the peripherals. Hence, results showed in Figure ??7-A are in agreement with
literature reports. The model simulates a reduction in QHBin, Qcpr,Q ks, and Qv flow
rates, and augmentation of VVs and EDV flow rates. The extracranial veins such as EJVs
do not show significant changes. The total Qgpi, and Qcpr reductions after 90° posture
change from supine to upright are about 20% and 15% (from 14.0 and 10.8 ml/s in supine
to 11.2 and 9.2 ml/s in upright), respectively. The modelled Q¢ pr reduction is comparable
with the 12% reduction reported by Alperin et al [41]. Similarly, Zhang and Levine reported
10 to 20% reduction in CBF velocity in the middle cerebral artery [37]. Moreover, Sato et
al [49] and Serrador and Freeman [50] showed that the inflow augmentation is due to the
functionality of central arteries , and not to the peripheral ones during upright tilt. Therefore,
the change in flow rate can be directly related to change in flow velocity. By that, the 20%

reduction in Qg g, is also in agreement with literature.

In Figure ?7-B the environmental variables are HDT angle and weightlessness. Considering
the fluid shift in the head-down position and microgravity, the augmented QHBin leads to an
outflow increase. Such increased outflow is mainly supported by the 1JVs, with a consequent
increase of IJV-CSA, since the flow rate can be calculated by multiplying CSA and mean
velocity [64,67]. Moreover, the 30% reduction in blood flow velocity during parabolic flight
reported by Bondar et al can be interpreted as 30% reduction in total blood inflow which is the
same as my model response reduction (4 ml/s) [51]. For what concern effects of microgravity,
literature highlighted the role of tissue weight on pressure changes and flow rates [28,40,(102].
HDT is only able to model the headward fluid shift in inherently ground-based simulation
condition. Beside, astronauts after a long-term space mission shows a puffy face suggesting
that the fluid volume in head and neck is augmented also by the microgravity environment
rather than exclusively by HDT. The model simulates higher QHBin, Q¢ pr and 1JV flow rate
in microgravity with respect to supine position on Earth (microgravity, Qgpin : 18.1, Qopr
2 14.7, Qryv: 6.4 ml/s vs supine, Qupin : 14.0, Qopr: 10.8, Qryv: 4.7 ml/s). Therefore,

model results are satisfying and in agreement with what highlighted by literature reports and
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Table 4.2: Comparing the computed flow rates (ml/s) of my model with measurement in
literature.

Primary pathway (IJV)  Secondary pathway

Present study - modelling result

Supine 9.4 VV: 0.7 EDV:1.1
30° 8.1 VV: 1.0 EDV:1.2
60° 4.4 VV: 1.7 EDV:1.6
Upright 3.0 VV: 20 EDV:1.7
HDT (-10°) 9.4 VV: 0.7 EDV: 1.1
Microgravity 12.9 VV:0.8 EDV: 0.6
Ciuti et al (2013) - measurement

Supine 5.6+3.9 VV: 0.6+2.8

Upright 2.0£2.1 VV: 0.4+0.4

Zamboni t al (2013) - measurement

Supine 6.2+4.5 VV:0.6£0.5

Upright 5.045.3 VV: 1.140.9

Alperin et al (2005) - measurement

Supine 10.2+2.4 -

Upright 5.1+4.4 -

Cirovic et al (2003)- measurement

Supine 15.5+8.0 -

Upright 6.2+3.2 -

Valdueza et al (2000) - measurement

Supine 11.74+4.5 VV:0.67+0.3

15° 2.5+£2.2 VV: 1.50%+1.0

30° 2.3£3.3 VV:1.83+1.2

45° 1.8£2.5 VV:217+1.2

Upright 1.24+1.7 VV: 3.502.0

The values for internal jugular vein is the average value of the three
segments (J1, J2, and J3). IJV: internal jugular vein, VV: vertebral vein,
EDV: epidural vein (equals the summation of VV and DCV).

predictions [(Grigoriev et al. 2011; Norsk et al. 2006, 15,30].

Niggemann et al [47], Valdueza et al |[61] and Ciuti et al [109] emphasized the important
role of peripheral veins such as EDV in venous drainage in the upright position. However,
due to the difficulty to properly assess flow rate in small and inaccessible veins, it has not
been quantitively reported. Therefore, the calculated QEDV can be assumed as a predicted

mean value [47].

Table shows the mean flow rates computed by my model and measurement (mean +

standard deviation) in literature.

As shown in Table Valdueza et al [61] reported a 90% reduction of IJV flow and a
425% increase of VV flow in upright posture compared with supine. Ciuti et al [109], Cirovic
et al [42] and Alperin et al [41] measured 64%, 60% and 50% reduction in the IJV flow rate
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Table 4.3: Simulated mean pressure and literature pressure values (mean + standard deviation)
considered in this study. All values are reported in mmHg.

parameter Supine  Upright HDT uG
CFI Present work 3.4% 13.1% 8.3%  10.7%
Zamboni et al 2013 1£3 % 9+19 % - -
DCVO Present work - 9.7% 4.9% 7.3%
Zamboni et al 2013 - 5+10 % - -
PVI Present work 42.1% 78.0%  57.0% 53.2%

Total head blood inflow Qg g;n, cerebral blood inflow Q¢ pr, total
head blood inflow Qcvo , cerebral blood outflow Qgpow: , Collat-
eral flow index (CFI), Delta Cerebral Venous Outflow (DCVO) and
peripheral veins outflow index (PVTI).

during the transition from supine to sitting posture, respectively. Zamboni et al measured
flow in the three segments of IJV [59]. They reported a flow reduction of 20%, 37%, and 34%
in J1, J2, and J3 respectively, with an overall reduction of 30%. They also measured a 26%

increase of VV flow after the posture change from supine to upright.

The presented model simulates a IJV flow reduction of 68% (from 9.4 ml/s supine to 3.0
ml/s in upright). Conversely, the modelled secondary pathway (sum of VVs and DCVs flows)
shows an increase of 108% (from 1.8 ml/s supine to 3.7 ml/s in upright) as compensatory

system response of the model.

Alperin et al reported the percentage of the venous drainage that passes through IJV in
supine and upright position as 75% + 14% and 42% =+ 34%, respectively [41]. The same
values calculated by my model are 67% and 26%. The results are comparable, if we consider
the large uncertainty in the experimental values. Up today, there is no literature report about
direct measurements of venous flow rates for what concern HDT and microgravity. Model
results did not show significant differences in the mean flow rate values in supine and after
HDT, however it shows a dramatic increase of IJV flow rate in microgravity condition. On
the other side, the modelled secondary pathway flows did not change neither by HDT nor

microgravity conditions.

The simulated mean values of CFI, DCVO and PVI indexes are reported in Table [£.3] and

compared with results from Zamboni et al [59] who proposed the two first indexes.

The new index of PVI indicates that, in simulation of supine position, 42% of the brain and
head outflow is passing through peripheral veins. This index is highly sensitive to posture
change so that in upright, HDT (-10°), and microgravity it increases up to 78%, 57%, and

53%, respectively. The model simulations shows that, in supine position, 3% of the blood
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entering into the head and neck circulation goes to the collateral (CFI). This percentage
increases up to 13% in upright position, 8% in HDT, and 11 % in microgravity condition. The
DCVO index emphasises the importance of posture change and weightlessness condition on
the blood circulation by normalizing values to the supine reference condition. Zamboni et al
only reported this index just for the upright posture |59|. Table shows that my simulated

values are in agreement with the experimental findings of Zamboni et al [59].

4.4 Study Limitations

Our study has limitations. The patient selection protocol was affected by limitations that
decrease the number of cases. Subjects were chosen among patients with brain MRI prescription.
We considered two conditions to select a patient for the study: normal neck and brain blood
circulation, and no sedation during MRI due to the influence of the anaesthesia medication

on the brain flows [73].

According to Doepp et al. [56] there are two main categories of human blood drainage:
jugular drainage (75% of the population) and non-jugular drainage (25% of the population).
My dataset is in perfect agreement, showing a subset of jugular drainers equal to 74% (26%
non-jugular). Nevertheless, we decided to not separate the two subgroups in this study,
focusing on the problem to tune an “adult based” model to paediatrics. Moreover, paediatric
subjects are categorized in three subgroups: infants, preschool and old-children while there is
no such a categorization for adults. This implies a poor accuracy when we want to compare
paediatric and adult subjects because the value of biofactors changes with age constantly.
Insufficiency in the number of experimental studies and age categorization may have affected

the quality of numerical studies and modelling.

Moreover, to retrieve flow measurements from phase contrast imaging is sometimes not easy
in small vessels, and even more difficult in veins due to the lower yields of the parameters
in paediatric subjects. Furthermore, the small size of the vessels cross-sections area, the
sensitivity of selecting a proper velocity encoding for arteries and veins in order to have
comprehensive information and time consuming process of MRI data acquisition and manual
vessels segmentation are other limitation in MRI data acquisition and processing in such

study.
The literature measurement discordant is another restriction in such study. This difference

65



4.4. STUDY LIMITATIONS

reported in literature might be due to the measurement dependency to experimental conditions
and lack of a standard measurement protocol. In case of microgravity study, this limitation is
more highlighted. Since the space environment is not easily accessible, there is not a united
protocol to measure the physiological parameters in astronauts and then tune the simulation
model accordingly. The other limitation mentioned by literature is that measurement results
are highly dependent on the study conditions, such as the duration of the spaceflight and
inter-individual differences (e.g. body size and weight) [28]. Moreover, this current version of
the model is not able to follow the haemodynamic changes and body adaptation concerning
the long-term and short-term space mission. This model offers the possibility of investigation
about counteracting procedures to reduce the orthostatic stress in returning astronauts in

future updates.
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Chapter 5

Conclusions

The cardiovascular modelling is known as a challenging subject of study due to the complexity
in human anatomy, the high number of enrolled physiological parameters which they are
highly related to each other and inter-individual decency in normal and healthy cardiovascular
system. Moreover, many biophysical factors affect cerebral circulation such as aging, posture
change and vessel stenosis that they are known as the biological and mechanical factors in

both physiological and pathological conditions.

In this filed of research, the measurement results highly depend on the study conditions and
accuracy of the measurements. For instance, results from Earth-based simulations might not
be used to infer conclusions about the microgravity environment. Moreover, the results of some
clinical studies are discordant due to the lack of standard data collection protocol on older
experiments. These restrictions lead to a poor understanding of the cardiovascular responses.
For all these reasons, the necessity to have a reliable computed simulation tool is highlighted in
the hemodynamic research framework. An important advantage of computational modelling is
that it provides a virtual laboratory and allows the exploration of a wide range of pathological
and physiological situations such as orthostatic stresses and their complex physiological chain
of events on the intra- and extracranial compartments at a low medical and computational
cost. Many valuable models of the cerebral circulation (like the works of Gisolf et al. |16]
and Buckey et al. [2§]) focused on intracranial segments and related control mechanisms, by
providing a simplified description of the main arterial inflow and extracranial venous return.
Whole body models such as the one developed by Zhang et al. and Gallo et al do not include
brain compartments, and only the main outflow routes (IJV and VV) are included in the

vascular network. Peripheral vessels play an important role in the brain and head drainage,
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so that the choice to not account for them in order to simplify the model is not reasonable.
Hence, we realized the need of a comprehensive model that considers both extracranial and
intracranial compartments with their interactions to adapt the whole hemodynamic system to
physiological changes. In this work we improved the mathematical haemodynamic model to

satisfy the aforementioned needs.

This dissertation introduces our mathematical model as a powerful tool that investigate the
causes and effects of hemodynamic alteration in specific cases including altered hydrostatic
pressures by posture change from head-down tilt position to supine and upright (head-up tilt),
microgravity environment, aging (paediatric study) and venous stenosis (head rotation study)
in addition to their reciprocal effects on both intracranial and extracranial compartments. The
additional capability of such advancement was provided through modifying and introducing a
set of proper equations and parameters to reproduce the physiological changes as reported
by literature. In this study the focus was on head and neck hemodynamic modelling. The
purpose of this work was to validate the simulation results by using data extracted from MR
images and volunteers medical records that were recognised with normal neck and brain blood
circulation. The model presented here is tuned by using two different MRI datasets, one in
paediatric cases (mean age of 12+5) and second in young adult (mean age of 19+6). We
benefited from the use of two and four dimensional quantitative-flow phase contrast MRI
techniques to have a detailed map of the vessels and of the blood circulating in them. Taking
advantage from the most recent MRI techniques provided further refine and validate of the
model. However, four-dimensional flow protocols were highly time consuming to study blood

flows at the neck level because of the volume involved.

The current version of our model is an open-loop system with a more sophisticated description
of the collateral pathways, including not only the internal jugular and vertebral veins but also
the external jugular veins, the vertebral plexus (including internal epidural venous plexus
and deep cervical veins) and other anastomoses that carry blood to the downstream sections.
Therefore, the current model allows simulation of blood flows and pressures in the main
vessels and collateral routes taking into account the collapsibility of the veins. Additionally,
a model of arterial system upgraded to simulate 76 main arteries (including 55 arterial
tree blocks [53], circle of Willice and temporal arteries) which this format of the arterial
compartment provides new applications to study a wide range of arteries stenosis as well
as venous stenosis and thrombosis. The other approach of this research was to introduce a

hemodynamic computational model for paediatrics with keeping all the previously published
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abilities for adults [19,121,53]. In this project, physiological age-related parameters such
as respiratory rate, heart rate and blood pressure together with MR images were acquired.
Data taken from both the experiments and literature were used to adjust cardiac output and
cerebral blood flow for paediatrics. Every simulated data fell inside the standard error from
the corresponding average experimental value, as well as the simulated extracerebral arterial

flow. The model outcomes indicated about 88% correlation with MRI data.

The other approach of this work is the successfully simulating the head rotation effects
on the rotated-side IJV stenosis. This study took the benefits of 4D PC-MRI techniques to
assess the wall shear stress variation as a new parameter to measure. MR image acquisition
and numerical simulation were performed in two situations: the neutral and 80° left head
rotation. The model is capable of full range head rotation effects, while the results are
just validated for two measured situations. Flow rate and wall shear stress analysis within
IJVs demonstrated a strong interindividual dependency. we examined four subjects (50%)
were right jugular dominant, two (25%) were left jugular dominant, and two (25%) were
co-dominant. Noteworthy, the model was tuned based on the average data consider generally
the jugular dominant condition in which the right IJV has more flow rate at all three segments.
Experimental data and simulation results showed strong agreement in both neutral and rotated
position with 98% and 87% correlation coefficient, respectively. Moreover, our study shows
the impact of extracranial hemodynamic alteration on intracranial physiological parameters,
besides the role of neck collateral veins in hemodynamic adaptation to head rotation. Since
MRI techniques faced some aforementioned difficulties in measuring the flow parameters,
the mathematical model is introduced as a strong tool which is capable of reproducing
the known hemodynamic effects of head rotation by literature and direct measurements.
Since little has been published about the biomechanical effects of head rotation on head
and neck hemodynamic, we strongly state further researches are warranted. In addition,
assessment of the effects of head rotation in the presence of neck hemodynamic pathology
cases to evaluate deeply the effect of extracranial hemodynamic change on the intracranial
physiological parameters are required. As well as studying the effect of inter-individual

anatomical differences on the hemodynamic variation influenced by head rotation.

The microgravity physiology is a complex subject with restricted number of concordant
measurement data. Cardiovascular mathematical modelling is a well-known useful method to
study the human physiology change during a space mission. Our model is the first full-body

map that provides comprehensive insights into the effect of microgravity on human body
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physiology, including the effects of hydraulic pressure change and weightlessness. Noteworthy,
this is a multiscale model tuned by literature data and it is not able to assess any change
in distal part of human haemodynamic system. The main capability and purpose of such
modelling is the calculation of physiological changes if the pertinent equations and parameters
are correctly introduced. Another advantage of the presented model is the possibility to
modify the equations of the 0-D compartment in order to simulate additional orthostatic
stress causes. Limitations aside, this model offers the possibility to investigate counteracting
procedures to reduce the orthostatic stress in returning astronauts, and it will be the subject

of future work.

The methods presented here can be used to predict the response of the hemodynamic

system in many other physiological and pathological conditions in both paediatric and adult.
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