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Abstract

The baroreceptor is a stretch receptor which detects changes in pressure in arterial blood vessels.
Baroreceptor nerves inform theainstem of changes in blood pressure, which then influences
sympathetic and parasympathetic nervous activity to counteract that change. Due to the relationship
between essential hypertension, sympathetic nervous activity and the baroreflex, theredisbsdene

in the literature about whether the baroreflex can act as eéangcontroller of blood pressure. This
debate has increased in recent years, due to the high prevalence of essential hypertension in all
societies and the introduction of new teclogads to counteract dregsistance hypertension. The
baroreflexhas become a source of debate due to the complex physiological feedback control that
regulates blood pressure and due to new stimulating eledécileswhich have shown promising
resultsin reducing drugesistant essential hypertension.

This investigation studies the baroreceptoros
system.This is done through a literature survey extending through experimental and modelling
research, Wwereselectednathematical models of the baroreceptor are then analysed and simulated to
find the best performing model, so thiaéy may be simulated for an extended frequency response

than what would be experimentally possible. The purpose of this igatsh is to determine, through
simulation, what theensod static and dynamic characteristics are. Through this characterisation of
the sensor behaviour of the baroreceptor in the baroreflex control loop, it is then possible to infer

whether the barofiex can acts a longerm controller of blood pressure.

An overview of experimental and analytical investigations on the baroreceptor over the last 70 years is
summarised. This overview includes mathematical models, which predict experimental results. A
subset of four models from Srinivasen et al., Bugenhagen et al., Beard et al. and Mahdi et al. are
selected. These models are implemented in MATLAB and Simulink. The parameters and experimental
conditions are integrated into the Simulink models, andithelated results are compared to the

reported experimental data. In this way, each mathematical model is evaluated using secondary data
for its ability to simulate the expected behaviour. Thereafter, all simulated models are compared under
the same inputanditions(a 0230 mmHg step input over 12 ghese results are used to select the

best performing models, based on how well they were parameterised and validated for experimental
tests. The best performing models are those of Beard et al. and Bugeahalgdimey are tested for a

wide range of artificial inputs at different frequenc¢iegh sinusoidal inputs which have periods that

range from 0.1 s to 10 days and have a 100 mmHg operating point with a 1 mmHg peak amplitude.

All modelling techniques stlied show that the baroreceptor firing response resets duertietd
change irstrain in the viscelastic arterial wallBoth testednodel frequency responses, although

parameterised for different species and for different major vessels, show mégivise to inputs in
ii
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the range froni s to 1 min 36 s (0.01 Hz1Hz), and very low sensitivity fochanges that are longer
than16 min 36s (0.001 Hz)his extrapolated simulation suggests a zero gain near DC.

The simulated frequency responsetef besperformingbaroreceptor models, which were validated
against shorterm experimental datandicate that the baroreceptor is only able to sense changes tha
happen in less than 1 min 1@$e critical analysis of all the simulated baroreceptor models it

this characteristic of the baroreceptor is caused by the-glastic layers of the arterial wall, and is
likely in all baroreceptors regardless of type or species. It also indicates that under electrical
stimulation of the baroreceptor, the ingignal from the electrical devid®passeshe baroreceptor
nerve ending (which is embedded in the arterial wall) and that the electrical signal of the baroreceptor
is bypassed by the new stimulated electrical signal of the device. Furthermore, if drecaarenly
detect shorterm changes, thehis unlikely thatthe baroreceptor can inform the brainstem on4ong
term changes to mean aitdblood pressure. Thereforeaded on the models examined in this study,
this suggests that the baroreceptor igety to be involved in longerm blood pressure contrdlhis
analysis of the best performing model is presetaeatiow the limitations of the baroreflex in long

term control of blood pressure. It serves as a simulated experiment to rationalise the contentious debate
around the role of the baroreflex in long term blood pressure control and to alow for future
improvementshat can be made on the baroreceptor maal@llow for more extended modellirag

t he bar or srcchapattaristié®s imprevament that could be applied to thest performing
baroreceptor models, implemented in this study, is to examine the effects of ageing sspkiries

variability on carotid sinus dimensions and vistastic wall properties
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1 Introduction and Background

In healthy individual§inor mal ¢ resting systolic aRahddDBP)ast ol i c
are usually considered to be 10@0 and 6080 mm Hg respectivelji], although both SBP and DBP

vary substantiallypoth within and between individugl]. Hypertension i n whi ch an i ndi v
usualblood pressuréBP) is above normalis associated witincrease risk of stroke and other

cardiovascular diseaspy.Hy pert ensi on t hat has essentibldent i fi abl e
hypertension. Many researchers suggdsat increased sympathetiervousactivity (SNA) may play

a rolein essential hypertensidg], [3]. One mechanism which increases SNA is the blexrevhich

has been shown to adapt itgrg rate to longerm stimui [4].The baroreflex is a physiological

feedback system which contributes to BP reguld®nThe baroreceptors (BRsyhichare

transducers ithe barordgx, arestretch receptarthat detecthanges in arterial BP through

deformation of the arterial wdlB]. Due tothe relationshipbetweeressential hypertension,

sympathetic nervous activity, and the baroreflex, baroreceipdee come under recent investigation

[5]. Barorecepta have been prove experimentally in a wide range of investigatitasense short

term changes in BBut not respond well to loAgrm changeften minutes or longdb]) a behavbur

termed adaptation or resettify, [6]7 [11].

Baroreflexadaptation or resetting &vident inanimals and humans, including patients vgisential
hypertension3], [4], [12]. There is soméisagreemeni the literature as to whether adaptation
occursin the brainstemorin the baroreceptor itself whichinder prolongednicreased strajradaps its
tonic firing rate tahenew strain referenc®r whether adaptation is relatexdthe visceelastic
properties of the arterial wgb], [9], [13]i [15].

1.1 Background

Compliant arterial blood vessels create resistance to the pulsatile flow of blood, and d&Perate
Pressure in the arterial vessels is maintained through-heunoral mechanisms which vary the
intravascular fluid volume and @iac output, as well as the compliance and resistance of the vessels
[16]. The pressure is maintained for delivery of nutrients to all parts of the body, ahd fentoval

of metabolic waste products.

Sympathetic nemvactivity is maintained by the central nervous system through the qaubirmnary
centresand other regulatory centres in the thoracolumbar spinal[tdfdThese cardigpulmonary

centres arinfluencedby the baroreceptor (BR) afferent nerves that transmit BR responses. The BRs
arestretch receptoresmbedded in the compliant walls of the carotid arterysemmth Theytransmit
information associated with changes in arterial pressure to thraloaervous system (CN§)].

These setch receptors are nerve fibtestgenerate an electrical signal (action potential)fatray



rate that increases with increasing pressure and rate of change of pressure across the arfg8hl wall
[3]. The firing rate is relayed to the medulla oblongata in the brainstem (cagiitatory and
vasomotor centres), where under normal resting conditions it inhibits the sympagmetias system
[3].[19], [20].

The baroreflex is made up of two arcs, hamely the neural and the periph§2al ahe neural arc
transmits baroreceptor firing rate to the casplibmonary centres in the brainst¢2h. The peripheral
arc transmits sympathetic nervous activity to target organs and tissues tterBfutzased on changes
in SNA[2].

Increased firing rate of baroreceptors is translated in the braireteneads ta decreased

stimulation of the sympathetic nervous system (SNS) and an increased stinufl#tien

parasympathetic nervous system (PR®]. Decreased SNS activity reduces BP througbodilation,
decreasing heart rate and strokéume, and also reduces production of remimch increases

excretion of sodium by the kidnef1 9], [20]. This is the peripheral arc of the baroreflBecreased
baroreceptor firing rate results in an increase in sympathetic nervous activity, and a decrease in vagal
tone at thesino-atrial (SA) node, so that heart rate is increagdd], [20]. Theinteraction between

these different nervous systems and their target organs, is summariggokein.1.
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Figure 1.1: lllustration of baroreflex pathways from the baroreceptors to the central nervous
system, and from the central nervous system to target organs for regulation of arterial blood

pressure. Adapted from Hrooka [19]

The baroreceptor forms part of a feedback system for the regul&®# o which baroreceptors are
the sensors, the brainstem is tioatroller, and the sympathetic and parasympathetic responses are the
effectors[7]. These effectors act on the regulated variable which is BP or some functioff@f BP

This feedback is referred to as the bditere

Feedback systems for engineering applications have been modelled for a number of different fields,
which range from hydraulic to chemical. The purpose of modelling such systems is to be able to gain
insight into how all the components of a systerarafe, and how each component affects the

regulated variabl@1]. Such modelling can also be used for design in selecting sensors for regulated
variables, such that the variable is measured accurately and withesuifprecision to achieve the
frequency response of the system requigdd. By modelling the sensor characteristics of the
baroreceptor, | hope to gain insight into the ability of the baroreflex to regulasei@és the long

term.

Blood circulation and the physiological homeostasis of blood pressure and heart rate have been the
subject of investigation since the@entury[18]. According to Otteseat al.[18, pp. 140156], the

baroreceptor response is dividedigeparate elements of response:



I Sensitivityto pressuref receptors across a frequency band of intésdsised on the
superposition of signals from the highessure receptors the aortic arch and from
thecarotid sinus.
Sensitivitprebhseaughr écewt ardpudmordayvemsl i n t h
Resul tant control of hveaagrat| rbaatlea ntcher6o uwghhi cth

combination of sympathetic and parasympathetic actions on the heartsartsve

Historically, the adaptation/resetting property was used to exclude the baroreflex from being one of
the possible mechanisms which may influence {tamm control of blood pressuf@], [13]. However,
recent research has shown that different baroreceptors have different thresholds, and different
adapation ranges, and that electrical stimulation of baroreceptors can lower BP in hypertensive
patientg5], [14]. For these reasons, some researchers argue that the baroreflex is capable of
participating in longterm controlof blood pressurgs], [14], [22].

1.2 The Problem

For the baroreceptor to actaprimary sensor in a feedback loop corlingj long-term BP, it is

required to exhibian adequate frequency respansaticularly at very low frequenci¢®l]. The

resetting behaviour of barorece@ not consistenwith these structureplaying a significant role in
long-term BP regulationHowever recentstudiessuggest thahere may be more subtle aspects of
baroreceptoresdting. Resetting of different components of the baroreceptor (such as different fibres
which detect absolute and relative pressure changes) may occur at different thresholds and at different
restingpressuresanddifferent baroreceptors fibres may terminan different regionsf the brainstem
and control different reflex pathwajs]. Also, invivo findings show thaalthoughbaroreceptors

reset wherexposed t@rolongedBP changes, they appear not to reset when theslegwically
stimulated23]. Hencesome researchers have suggested that besaussetting occurs during
electrical stimulationandbaroreceptoraffect blood pressure through sympathetic tone, baroreseptor

may play a significant parin thelong-termregulation of blood pressure.

Theissues investigated in this dissertatiipnmathematical modellingrethe mechanisms whereby
barorecept@reset and the frequency resporsfebaroreceptors as transducers in a feedback control

loop.
1.3 Objectives

The objectives of this research argdwiew publishedmathematical models of baroreceptors, ase
selectednodek to investigate mechanisms béroreceptor resettinmvestigatebaroreceptor

responses tongterm inputs, anthencedraw ingghts as to how the baroreceptoay affectlong-



term blood pressure regulatiofhe modelsarealso used to investigate the frequency response of

baroreceptors, particularly at vdow frequencies.
1.4 Approach

Stages involved:
1. Critically reviewhow understading in the field of the baroreceptor for letegm blood

pressure contrdias developed.
Implement key existing models of baroreceptor function in MATLAB and Simulink.
Test these models against available data in the literature and assess their pexformanc
Compae thedifferentmodelling techniques fdhe separate componeirnshe mathematical
models.
Analyse the performance of different components of all the models to the same input.
Testselectednodelsusinga range of artificial inputs to charadizr theirdynamic
performanceparticularly at low frequencies

1.5 Overview of this Dissertation

Chapterl provides he background to the subject of this study. Thigptercontextualises the
understanding of the baroreceptor, hibimteracts with the CNS, as well as the physiology involved in

the autonomic nervous systems actions on BP.

Chapter2 critically reviews publishedmathematical baroreceptor models used to investigate
baroreceptor behaviourhe review covers the progress of research surrounding BR experimentation
and modelling, as well as other BR literature reviews. This critical review is summarised to show how
understanding developed over the last 70 yddrs.review shows how researchgrapple with the
complexity around blood pressure regulation, how they have different views arourtdriong

regulation, and how certain experiments have impacted the research.

In Chapter3, | simulateseleced,published basreceptor modelaccording to the experiments which
were used to validate themmmplementthe BR model$n MATLAB & Simulink, andevaluatehem
for different parameter valuelstind parameter valughatmatch the model data in the published
findings, sich that the model output result in Simulink reftgdbe model results reported by the
researcherd.thencomparehereported results tthe simulated results (under the same

parameterisation and input conditions).

Chapterd comparesnodels by running simulations with the same ispktirthermorel evaluatea
subset otheinvestigatedaroreceptor models (in the time domdmestimate beaviour (in the
frequency domain)The technique uses two of thest performingimuatedmodels based on the

resultsshown inChapter3, for frequency response tests at linearised operating points along the entire
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frequency rangeThese models atested with artificial longerm inputs in order to charadsrhow
the baroreceptor models behave in the {targh This allows me to draw some insight into what the

baroreceptorés dynamic characteristics ar e, base

In Chapters | describe @commendations for further investigation into the dynamic characteristics of
the baroreceptor, throbgexperimentation and modellinghese recommendationsover further

modelling work which could potentially improve the models. Carotid siimgensabilityis the first

model adaption, while the agelated effects of the arterial wall is the second adaption. These changes
to the BR model will include features known to affect the physiology of blood pressure, and
subsequently clarify how the BR dynamics areeti#d by them

Chapter6 covers a discussion on the critical review, and clarifies the understanding around the long
term controller capabilities of tHearoreflex BRX). | also discusthe characteristics identified

through he critical analysis of the modelling research, as well as some extrapolative insights into the
response of barorecepsat low frequenciedn this chapter, | discuss how some of the contention in
the literature can be clarified by understanding thedifice between a BP controller and a sensor

that can affect BP. Furthermore, the critical evaluation of all the BR models, even when they come
from researchers with different opinions, show a definitive explanation for BR resetting. | underline

this reasoimg by drawing on théow frequency response of the BR models.

| then conclude this dissertatidoy wrapping up the outcomes of the critical review of the literature
with the insight from the critical analysis of the BR modelling. My conclusion pointsame of the

potential shortfalls of my research, and | make some recommendatidmgproving the modelling



2 Critical Review of Existing Models

2.1 Overview

The role of the baroreceptor in detecting changes in arBfiahs been investigated for deead
however itgole in long term regulation is still widely debat&ksetting of the baroreceptuaisbeen
investigated through a wide range of experimental techniques, and on a wide variety of species.
Investigations have shown that the baroreceptos deset under prolonged elevai Experiments
to investigate the extent of this resetting, as well as to what ddassreceptorsegulateBP through

the CNS havebeen widely modelled and discussed.

Table2.1 gives asummaryof ahistorical overview of the research which has been conducted in this

field over the past four decades. The full overview is available in AppéndiableA.l.

The followingpointsdescribe th@evelopment of understanding arouBregulation, the role of the
baroreflex, and the dynamic behaviour of the baroreceptor. The overview covers the following main

topics:

Experimental research, which investigates how the baroreceptor behaves
Physiology eviews, which discuss the understanding in the field and make assumptions
about the role of the baroreflex

1  Modelling research, which tries to explain experimental behaviour in order to validate or

clarify understanding around the role of the baroreceptor.

The overview covers these topics, as investigated by a wide range of research, across the historical
period since 1945 his overview does not presume to cover all research in this fieldathgr to

highlight specific examples from the literature whitéive made a significant contribution to
understanding of the sensor characteristics of the baroreceptor and the role it may plageimmiong
arterialBP control.



Table 2.1: Summary for historical overview o baroreceptor research

Year | Authors Title

1945 | A.L King Pressure/olume Relation for Cylindrical Tubes with Elastomeric Walls: The Human Aorta [24]
1952 | S. Landgren On the Excitation Mechanism of the Carotid Baroreceptors [6]
1968 | W.B. Clarke Static and Dynamic Characteristics of CarotiduSi Baroreceptors [7]
1970 | E.M. Krieger Time Course of baroreceptor resetting in acute hypertension [8]
1972 | B.W. Knight Dynamics of Encoding in a Population of Neurons. [25]
1972 | A.C. Guyton Circulation: Overall Regulation [9]
1972 | R. Srinivasaret al. Modelling the Carotid Sinus [26]
1973 | R.Srinivasaret al. Theoretical Studies on the Bahour of Carotid Sinus Baroreceptors [27]
1978 | A.M. Brown etal. Baroreceptor Dynamics and Their Relationship to Afferent Fiber Type and Hypertension [10]
1980 @ H.M. Coleridgeet al. Operational Sensitivity and Acute Resetting of Aortic Baroreceptors in Dogs [11]
1983 | P.A Munchet al. Rapid Resetting of Aortic Baroreceptors In Vitro [4]
1990 | A.C. Guyton The Surprising Kidneyrluid Mechanism for Pressure Contrdlts Infinite Gain! [28]
1992 | AW Cowley Jr LongTerm Control of Arterial Blood Pressure [13]



1996

1999

2001

2001

2004

2005

2010

2013

2013

2014

2014

J.E. Hallet al.
M. Ursino
G.A. Headet al.

E. Petiotet al.

C.J. Barreet al.

J.W. Osborret al.
S.M. Bugenhagest al.
D.A. Beardet al.

A. Mahdiet al.

H.M. Horsmaret al.

K.H. Pettersemrt al.

Pressure/olume Regulation in Hypertension [29]
A Mathematical Model of the Carotid Baroregulation in pulsating conditions [30]
Comparing Spectral and Invasive Estimates of Baroreflex Gain [31]

Frequency Response of Renal Sympathetic Nervous Activity to Aortic Depressor Nerve Stimulation in th [32]
Anaesthetized Rat

Problems, possibilite and pitfalls in studympthear t er i al bar or ef I|-term eosti®dl ofi n i [5]

blood pressure.

A neural set point for the loAgrm control of arterigbressure: beyond the arterial baroreceptor reflex [33]

Identifying physiological origins of baroreflex dysfunction intsainsitive hypertension in the Dahl SS rat. | [22]

A Computational Analysis of the Lorgrm Regultion of Arterial Pressure [14]
Modelling the Afferent Dynamics of the Baroreflex Control System [2]
Cardiac baroreflex gain is frequency dependent: insights from repeatedtsind manoeuvres and the [12]

modified Oxfordmethod

Arterial Stiffening Provides Sufficient Explanation for Primary Hypertension. [15]



In 1952Landgren performed experiments on single fitmeparation®f cat carotid sinusd§]. By
investigating the responses of the baroreceptor fibreginfed tocontribute to the analysis of the
dischargeof the carotid sinus nerveshich had been found in previossidies to be affected by the
vasaontractionof arterial wallsunderthe influence ofdrenalin[6]. His interest was also sparked by
the differences in impulse dischargiethe different fibres contained in the carotid sinus ndrvhis
experiment on the barorauter fibres, he shoadthat larger fibres have higher firing ratésat
different fibres have different sensitivities to inpw@sd that the adaptation of the firing rate is
strongly related to the rate of change of the pressure [@pun his discussion he el that all fibres

have a similar reaction to constant pressure or to pressure changes.

Landgren alsshowedthat baroreceptor fibres have a limited operating regiavhichthe BR can

respond to pressure changes. The lower bound of this operating isegiplained to be the threshold

pressure of the BR, and the upper bound is determined from the pressure where the firing response is
within 10 % of its maximum valugs]. Based on these experiments from Landgren, an overview of the
behaviour of the baroreceptobffesunder a wide range of input typissavailablg6]. Landgren

concluded from his worthat at pressures above the upper bound of the BR operating region, the
firing responsesfoaswaptdet iac alt leya dy (bpAtthis ppintdi sc har ¢
was relevanfor researchers to further their understanding aboutthsbaroreceptooperating

regioncould affectand beaffectedby, hypertension.

In 1968 Clarke prepared amathematical model of the behaviour of the BR, based on

experiments on dog caroticsinuses[7]. The model was prepared to reproduce the behaviour
disoovered through his experiments wittep input, ramp inpwtnd triangulainput waveforms These
experimentsvere able to show the characteristfshe baroreceptor when pressure increases and
when pressure decreagék Hisresults and analysidearly show that increase pressure increase

the firing rate of the BRand decreas@ pressure decreasthe firing rate, but that the ratef change

of firing rate are not the sanfier increasing and decreasing pressutes a r k e Gnéroduca d e |
previously unpublisheteature viz. thatthe sensitivity of the baroreceptor chandependingn the
direction of changef the BP. Clarkementiorsin his paper thahis aimis to define the relatiaship of
the firing respons to pressureHis modelis made up of three components, nantbly relationships
betweenntra-sinus pressurandreceptor membrane strameceptor membrane straamdgenerator
potentia] andthe generator potential to the discharge frequency of theelfié}. These three
components form the foundation of how researchers have mathematically modelled the baroreceptor.
The interaction betweehése components on a fundamental level, is illustrated with the block
diagram inFigure2.1. A key observation made by Clarke is that the positive sensitivity of the 8R is
nortlinear function of strainBR output isproportionalto strainat low pressures but the relationstsip
nonlinear at higher pressures. He makes the assumption that such behaviour is due to-éhestisco

coupling between the receptor terminal and the connective tissue in the vessehiwassumptiors
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also made by Coleridge et,dbased on experimenits/olving shot-term resetting and hysteresis.
Coleridge et al. claim that thnlinear relationship between BR output and strain, at high pressures,
is most likely caused b v i-edastio relaxat N a n d[11¢ Clarke plsb discusséiserole of the
baroreceptor as a sensor in a feedback control systevhjchthe central nervous system acts as the
controller but the regulated variable may be pressure or some function of pf@$sAreimportant
comment related to this is that the regulatedade is not thenean arterial pressurMAP) as

modelled by investigators before him, but rather an unknown function of pressure. He notes the work
of other researchers which showed baroreceptor discharge to be a function of the sinus wall
deformation anahot the pressure itselfhis proposed model ieferenced and used as a basis for a
number of moreecentbaroreceptor modelfom authorssuch asSrinivasen and Nudelman, aell
asBugenhagen et gR22], [26], [27]

T Wall Strain T Nerve Ending T Firing Rate
Strain
T Blood Arterial Wall Mechanoreceptor .|  Baroreceptor
Pressure deformation stimulation Firing Rate

Figure 2.1: Block diagram describing the generic functional components used to model the

baroreceptor. Adapted from Mahdi [2]

The Guyton et al. 1972paper [9] describes a model ofthe overall regulation of circulatory

physiology and highlights three main factors which regulate pressure. These are autonomic reflexes,
changes in body fluid volumes and electrolytexjthe reninangiotensin systefi®]. These

autonanic reflexes and their interaction with the baroreceptors, are illustrakégure 1.1. Guyton et

al. mentiorthe role of autonomic mechanisms in aekepressure regulation, which theglys seem to
operateonly in the shorterm (from seconds to hours), can haveeffectonthe longterm

mechanism¢$9]. Two controversiastatementsnade i n t hi s paper are that
resi stanceo6 qultagasterial pressure In éhe loteym, anel 2) thathronicchanges to

BP can only be through changes to kidney function or fluid balance. This circulatory model and stand
point have been the source of wide debate and research around the roleaofrefels in longterm

BP control[5], [9], [13], [14].

Some key contradictions to these statemardthat increased peripheral resistanae affect the
tonic firing rate of the baroreceptdrsthe aorta and catid sinus walls, which does affect the
sympathetic nervous systeegulation ofchronicBP [13], [34], and secondly that the electrical
stimulation of the baroreceptor has been shown to affect crB&is], [14], [15], [34]. A discussion
of the problems in studying this refl@as publishedby Barret and Malpa$i2011[5]. Guyton et al.

note that althoughcarotid sinus and aortic baroreceptors behave simikolyic baroreceptors have a
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higherpressurdghresholdabove whia firing starts[9]. In addition,Guytonet al.describdindings by
Krieger[8], which suggest that the baroreceptori®iaime sensor and not a pressure seffsw.
degriptions and assumptions made about what causes the baroreceptoreadiaes the comments
of many researchefg], [14], [27] who have described the baroreceptor as interpreting a sigged b
on strain Many of them consider the firing rate toibiiated by pressure through a changstiain,
based on factors suchaghange in compliance of the vessel walktreep stress in the vessel wall
[14].

Cowley discusses a number of theories and experiments regarding the long term controB# in

his physiology 1992 revieyd 3]. In this review he highlights how mechanisms which can detect short
term changes in BP may not have the ability gutate BP in the long term. He tries to clarify the

roles played by the nervous system in adjusting sympathetic tone, and the kidneys through fluid
volume control. He notes that there is an interdependence between these systems, butéiat long

BP mustbe regulated through some measurement and adjustment mechanism that can operate over a
tmes pan of years. Cowley6s argument i s +defmat t he &b
because they adapt, much like previously studied mechanorecepioirsoeal@onstant stimuly3].

Several experiments are highlighted in order to illustrate this point, where the MAP is found to be
unchanged in thiong-term when the baroreceptor afferent nerve fibres are renjb8kpdCowley also

states that it is possible for the brain to change the longaeenating point for arterial pressure

control, but that there is not much evidence that the CNS can act astarlorayterial pressure

controller. Based on this the CNS seems to rely solely on the baroreceptor for detecting changes and
S0 it cannot indeendently adapt to long term changes. His review is an extensive study on
experiments surrounding BP control, in many different species, under a wide range of experimental
conditions. He presents four main points of evidence for why the prasstuingress mechanism is

the main longterm controller of BP:

Chronically elevated BP can only be sustained by reducing the excretory ability of the kidney
Increased total peripheral resistance, such as in limb amputees, does not lead to a chronically
elevated BP

1 The gain of the baroreceptor at very low frequencies is insufficient to reducéeiong
increases in BP

1  The role of the brain in releasing factors which increase vascular tone and elevate BP
(6ouhb&kienfactorsd), and t éepshowntobavenahy t hose f a

measurable natriuretic propertids].

Based on his investigation, Cowleyplainst hat al t hough t he abuataned ecept or
signal to match a sustained input, the changes to their firing rate needs to be investigated further. He
makes the carefubservaton t hat al though the nervous system d

influence BP through the compliance amatrhonal effects of the sympathetic nervous system. In this
12



way, although the sensitivity of the pressdiaresis mechanism is affected by neural and hormonal
influences, it is still the primary regulator for maintaining BP within a sufficient rangehand t

seems to have an infinite gain for long term control. Cowley@isuts outthat, at that time, the long

term changes to the compliance of arterial vessels under chronic hypertension were known only to be
due to the signal transduction pathwaysaliiiontrol vascular tone. This review by Cowley draws a
number of insights into the complex systems of cardiovascular function, and is a useful overview of a
number of opinions and experimental investigations in the field. He draws convincing conclusions
based on a wide collection of studies, and notes areas of experimentation which are lacking or flawed.
Someof hiskey findings are how investigatiori lmng-term BP regulation is difficult as most methods
compromise the interacting mechanisms of contralefample of this is the use of anaesthesia which
alters sympathetic tone and subsequently changes vessel compliance and angiotensin levels. His
review is a strong argument for pressoegriuresis as the lorAgrm controller of BP.

In 1972 Srinivasen andNudelman developeda mathematical model to describe how thearotid

sinus CS) BR discharge frequency is a result of change in igiinas pressure, with specific

emphasis on the sensor characteristics of the BR. Their model is based on tetagibc@operties

due to the elastin and collagen of the arterial wall, and an encoding of the transduced signal into a
firing rate[26]. The visceelastic properties of the artdrimall are modelled using sprirdamper
networks (also referred to as Voigt bodies). The modelling of these properties is illustieitpdén

2.2 below.These linear viscous strain and Aorear elastic strain properties aredetied with a

spring damper systef6]. One key feature of this model is how they used linear regression
techniques to fit a curve to the relationship between the premsdneorlinear strain. This curve is
based on Kingbs model for strain in elastomeric
affected by agf24]. Their model was validated experimentally with data from Clarke, Landgren, and
their own datd6], [7], [26], [27]. This model is discussed more thoroughlgattion3.2below,

along with the modelling work from King which preceded it, and from Bugenhagen et al. who
extended if22], [24].
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Nerve Ending Strain
(modelled with spring-
damper networks)

Wall Strain

Blood ’

Pressure | Wall Strain

Figure 2.2: lllustration to show how pressurefor ces at the arterial wall through the visco-elastic
layers of the arterial wll, can be described using springlamper networks (or Voigt bodies).
Adapted from Mahdi [35]

Experimentswere conducted by Munch, Andresen and Browif4], as well as by Krieger8], with
mechanically adjusted ramp pressure inputs-{ndeatile) applied to kvivo rat aortic arch

baroreceptor nerve$hese were slow pressure ramps, which were conditioned vhnsin of MAP
before the ramps were applig. Their findings show that the pressure response curve shifts along
the pressure axis in the direction of the change, with hardly any change to the psessiinéty
(gain).Munch compares his findings with the results of a number of different experiments performed
by a range of authors, in which BP is raised using diffemeans in different species and in different
time frames. He mentions that direct comparability is difficult based on all these factors. Their
hypothesis is that the resetting may be due to decreases in vessel dispensability, changes in the
receptor mefiarane characteristics as well as-aglated effects on mechanical transduction properties.
This 1985 paper provides a good description ofiio experimentation and comparative study results
on baroreceptor firing r apressureisihdpeimaryifootselet hat : o6t

determinant of resettingé, and that déefferent ne
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requi r ed fdjolinthis veag, the gapenpguis a thorough investigation into experimental
findings and compares their results to other similar experiments, all without hypothesizing how
resetting affects bloedressure control. Munch et al. conclude that, according to their results, they

cannot shar that the baroreceptor ever completely resets

Guyton published a paper explaining his hypothesis around the infinite gain of the kidnefjuid
mechanism of BP control, which-ierates that in the longrm, BP can only be regulated by changes

in sodiumand water levelf28]. In this paper Guyton describes the many experiments and conclusions
which shav that BP can only be regulated by the kidneys, because in their model, and in other
supporting experiments, they found that when they increase the total peripheral resistance, pressure
returns to a baseline after a few days. After publication of this Ihobéeng-term pressure control,

and Munchés baroreceptor resetting results, it b
no way play a role in regulating BP in the long term. Guyton also argues that total peripheral
resistance is shown tondrease after volur@duced BP increases, and that the infinite gain of the
kidney-fluid mechanism cannot be {passed by any other controlling mechanj&8]. This is evident

where other mechanisms which affect BP, such as sodium loading and angiotensin levels, shift the
renal function curve. The work from Guyton and colleagues initiated much reggartie dynamic
characteristics of the baroreceptor; the role of the baroreflex in essential hypertension, and the role of

the baroreceptor in affecting sympathetic control during hypertefsioi22], [32].

Petiot et al studied the neural and peripheral are of the baroreflex to characterise their

dynamic behaviouat different frequencies. For the neural asbjich they definesbeingfrom

arterial pressure to sympathetic nervous activity, they found the transfer gain to hapadsditter

propertied32]. This observation indicates that the baroreceptor firing rate, whidksd#® to SNA,

increases as the frequency of the presgarationincrease. This finding ties in with those of Franz et

al[36] and Brown et al[37]. Franz et al show that the baroreceptor exhibits ahégs dynamic

response that amplifies inputs at frequencies above 0.1 Hz, and attenuates inputs between 0.01 Hz and
0.1 Hz[36]. More recently Sato et al. also showed that baroreceptor sensitivity increased by a factor

of between two and three in the frequency rangei Q.6z[10], [32],[36],[38] Sat ods experin
also show that the sensitivity (or gain) decreases abbla28]. Franz suggests that becausestep

response contains manytirneonst ants, there must be 6viscoel ast

which cause the adaptation feature of the baroreceptor redB6hse

In 2004 Barret and Malpaspublished a review article regarding the influence of the

baroreceptor on longterm BP contro[5]. They discuss the different studies amilings around the
functionality of the baroreceptor for losigrm control, and highlight the two main arguments that
suggest that the baroreflex cannot play a role in-teng control of BP. They discuss the reasoning
and pitfalls behind some of the aswutions that have been made about the barorecdjpieir. review

is valuable because it introduces the reasoning that the baroreceptor may be made up of many different
15



parts and functions, which may have different thresholds and frequency responsedfeneist d
situations. An example is where the baroreceptor afferent fibres are made ibref #&nd Cfibres.
A-fibres have a high firing rate atalv pressure threshalavhile Gfibres have a low firing rate and a
high pressure thresholfl]. This collection of different fibres lends itself to a possible physiological
function where the Aibres can buffer quick changes in pressure and reset readily, whilefithe €

are more likely to act ithe case ofiigh pressures and are reset less reaflilgse different fibres

could act as different triggers to the BR sensor transfer function, or the various fibres could control

different feedback mechanisms at the braingtgm

The first argument suggest i ng-ternhcantrolis lzased ongheie pt or s
resetting behaviour, in which baroreceptors are knovehifotheir operating range in the direction of

the prevailing pressure change. Although this behaviour, experimentally reported by éflahfH,

is widely accepted, Barret and Malpas note tfambreceptors are composed of many different fibres

which are known to have different operating regions and that it cannot be conclusively stated that all
baroreceptor fibres reset at the same [E]teThisobservatioris based on the Aibre and Cfibre

components of the baroreceptors, as well as in the characteristics of the terminal endings themselves,
which suggest that the baroreceptor is capable of interpregthgabsolute and relative press{Bg

They note that findings have shown that even in established hypertension, the baroreceptors may still

contribute to decreasinggasurg5].

The second argument against the baror eterm,st or 6s a
based on experimental findings sinoatrial denemted SAD) rats and dogs. The interpretation of the

results is that although there is generally an increased pressure variability at the onsetténmmlong

averaged MAP of the SAD subjects is relatively similar to the MAP of the intact subjects. Based on

this result, many researchers such as Cojtldjand Guytor{28] maintain that this is why the

baroreceptor cannot set long term BP. According to these researchers, such a recovery in average

mean arterial pressur e nitmpollide so fa SONAe swehtetni ntgh eo fhic
settles over a period of days. Barret and Mal pas
baroreceptors have less pressure variability, and lower maximum pressure spikes, factors that

significantly affect organs and tissue function, therefore the baroreceptors must play some role in
maintaining absolute and relative presgbie Barret and Malpas state that beésa of the other

neuronal and hormonal players which are capable of compensating for the loss of baroreceptor

function, baroreceptor denervation is not an adequate experimental investigation to understand chronic
MAP changd5].

The roles played by the different types of fibres must affect the analysis of the baroreceptor
characteristics deeply, as the frequency response depends on the type of receptors and the type of
fibres which are built into the model. The variable threshold differential pressure, which affects the

baroreceptorés firing rlineareThis gdpetywisbagsediam the fachthas sy st
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superposition does not hold, because alingarircase i n pressure wonot
increase in firing rate for the baroreceptor. It also implies that this system will beanyiag, based

on the implication that the frequency of the change being applied affects the ugpder to
investigate the role these fibres might play, and better understand the comments from Bafbét et al.

models will be investigated with simulated frequency respase in sectiod.2

In 2010, Bugenhagen et aleveloped a model to describe the physiological behaviour of the
baroreflex and how its dysfunction seems to be tied to hypertd@@pmBy using experimental

results fromspontaneously hypertensive rats and Dahl salt sensitive rats, they parameterise a
baroreflex model to draw conclusions aboutréfationships between salt sensitive hypertension and
the baroreceptors. Their model describes the baroreflex, from an input aortic BP transduced by the
baroreceptors into a signal which is interpreted by the central nervous system to regulate la¢art rate
the SA node via the SNS and P[2]. The mathematical model of the transduction of aortic BP into
a firing rate is oparticular interest for this research, and is discussed more thoroughly in Se8tion
below. This baroreceptor part of the model is an extension of the model from Srinivasen and
Nudelman26], [27], and was further investigated more recently by M@RdiDifferences in fibre

types, such as myelinated and unmyelinated fibres (Type | and Type II) are not accounted for in this
model, nor is the effect of carotid sinus baroreceptors. Particular features of the model involve strain
detection based on the rate of change of the vessel wall dimensions, undéinaardanction of
compliance. The junction between the aortic wall tredbaroreceptor nerve ending is modelled using
a series of Voigt bodig22], which are used to represent the diffetene constants at which the
baroreceptor is known to reach steatigte after reaching its maximum firing rate (adaptaf{i22).

This baroreceptor nerve ending strain, along with a strain sensitivity parameter and strain threshold
parameter, results in an afferent baroreceptor firing Téte . method of modelling the junction

between the strain at the arterial wall, andstnain at the nerve ending, was illustrate&igure2.2.

This is further expanded Figure2.3 to show the mechanical model for the vistastic layers in a
series of springlamper gstems (or Voigt bdieg. Importantly, the authors point out that although this
is the most mechanistically detailed available model, it has only been implemented and tested at
constant heart rate and not with a fluctuating heart rate. Hence it is possible that this ayddel m
further improved for simulating dynamic changes, by improving the model paraf22jfBhe main
value in this papes thar adaptation of the mechanical modelling of the pressesponse behaviour

of the baroreceptor performed by Srinivasad Nudelmaif27], andtheir attempt to fittheir model to

datasets from rats.
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Figure 2.3: lllustrated d ynamic Barorceptor modelto further describe how springdamper

networks model strain, Adapted from Bugenhager|22]

Beard et al.[14] expands on the models presented by Srinivasem al. [27] and Bugenhageret al.

[22] to present an alternative Guytonbased modelf®] for arterial pressure regulatioBeard et al.

argue that beause the Guyton models assume that arterial pressure is reguilgtby the kidneys,

they cannot be used to investigate alternafitdp These alternatives include other complex

relationships between neuronal and hormonal systems that are affected by the barofg@dgptors

Their argument also highlights that there is no formal description or parametrisation of tha Guy
models[14]. Based on these limitatiorthe Beard et aimo d e | is presented as a i
model of physiological interactions between compong@fBe ar d6s goal i's to pres
model which relates the inpoutput behaviour of select&P controller variables, based on general
physiological principles which are supported by experimental dathisimay, he confirms that his

mo d e | i-&dr iavdéimdaplenomenol ogi cal representationo o

representation based on mecleahand physical relationshipi4].

The components ithe Beard et amodel include large artery mechanics for the barorecépgrthe
dynamics of the baroreceptor firing rate, mechanics of the heaatitbeomic system as well as the
reninangiotensin systentt is interesting to note théteir model relates the changessympathetic
toneto changsin aoric compliance, as well as loftgrm mechanical creep volume, whitenot

accounted for in otheapen loop baroreceptor moddisnvestigate and analyse thikbsed loop model
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for dynamic characteristics using ogenp Simulink modelling techniques in secti®d below.

Beard et al. concluded the followifitdd]: the baroreflex arc and the rerangiotensin system may
interactin order to regulate long term BP; renal function (or dysfunction) is not the main determinant
of longterm arterial pressure according to their model; chronic stimulation of the baroreflex can
regulate BP through the baroreflex and the ramigiotensin gstem; arterial stiffening contributes to
longterm changes in arterial pressure that is related to fbhgSome of these conclusions directly
contradict ot her r e-seatdcrote nfantedadBPreiguation. Operimportare r e n o
distinction, which is not clearly discussed by Beard, is the difiex between the normal

physiological role of the baroreflex during letgrm BP regulation and its role in the increase of BP
with age and the development of hypertension. The ability of the baroreflex to adapt under chronic
changes in compliance may affesympathetic tone and rermgiotensin levels and leaddssential
hypertension5], [13]. This observation is further investigated in sectidh when the frequency
response of the Bugenhagen et al. and Beard et al. baroreceptor models are tested.

The phenomenological model by Beard efH] is very clealy described, along withlear
parameterisation arekperimental results, and compagegghinst exishg data from reliable sources.
Interestingly Cowley13] described the baroreceptor as incapable of acting as a sensor for long term
control because of its frequency response and low gain (sensitivity), whereas Bedddieshbwed
thatelectrical stimulation ofhe baroreceptor can affabie sympathetic nervosysten when the

arterial pressure baselineattyes. One may argue that the contention in the literature can be clarified
by separating the sensor characteristics of the baroreceptor from the ability of a system to
control/regulate the measured variable (in this case some function of preBkardiference

between these two viewpoints is that although the baroreceptor can affect blood pressslaneger

time periodqthroughstiffening walls or electrical stimulation), that does not infer that the

baroreceptor cadetect longterm changes aeguhte blood pressure.

Mahdi et al. presented a comparative analysis of baroreceptor models in their 2013 pagéti.
This study shows how different types of models perform according to the known features of

baroreeptor dynamics. The afferent dynamics of the baroreflex are modelled in three stages:

The arterial wall deforms to convert pressure inputs into an arterial wall [&}ain
2. Arterial wall strain stimulates th@echanoreceptor nerve endi
3. Baroreceptor firing rate is encoded as a function of the mechanoreceptor nerve ending

activity [2].

Mahdi et al compares three typef models for arterial wall deformation, based on whether the wall is
modelled as linearkglastic, nonlinearhelastic or visceelastic[2]. Three different conditions are
compared for the pairing of the gtrat the arterial wall and the strain at the receptor nerve ending.

These conditions are for modelling the coupling through different amounts of elastic and damping
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elements (Voigt body elements). Thereafter Mahdi et al compares in two models thadrafrsiat a
nerve ending strain to a firing rate, viz. the simple amplifier model and the leaky ineigodie

model.

The features of these different types of models are compared for their ability to fit a range of
experimental results based on sindaband step inputs. These results are based on experiments from
Brown et al. on rat aortas for baroreceptor firing r§2&9410]. Features which are used to test the
behaviour of thenodels under these different conditions are saturation and threshold, adaptation and
overshoot; as well as peskcitatory depression (PED) and rectification. Using these methods, Mahdi
at al. are able to compare a variety of different models by exangaittyof the components that

describe the behaviour of the barorecef@prThey first quantitavely evaluatd he di ff er ent mc
ability to fit experimental data, and then qualitatively investigates wduatbinations of models are
capable of showing the features (saturation, threshold, and rectification) of the baroreceptor under
different inputs[2]. In the quantitative analysis he optimises the model paeasietr arterial wall
deformation in order to reduce the error between the model output and the expected result. Using the
model which performs the best with optimised parameters, he then qualitatively investigates the
performance of the mechanoreceptanatation[2].

Ma h d i et al 6s q yzhdhawtthattthe nclinear arteripl avall tvsod/oigt body,
integrateandfire collection of models result ité best alignment between responses and 2ata

This preferred model shows response sufficiently in line with the expected behavioural properties for
rectification, threshold and saturation, adaptation asaselisymmetrj2]. A more extensive

description and analysis of this model is outlined in se&@ibbelow. A far more elaborate discussion

on models which discern betweerfire and CGfibre baroreceptors is available in the work from

Sturdy et al[39].

Mahdi et al[2] mention that to his knowledge this is the first comparative study that tries to identify a

simple collection of generic BR models that characterise the features of {l2¢. BReir results show

tha | inear wal l model s are insufficient for descr
pr es s urA Furtmepnore, $hé use of two Voigt bodies to describe the mechanoreceptor

stimulation issufficient to describe the adaptation on multiple time sd@led hey say that the reason

this may be sufficient is because the first Voigt body describes the time constant responsible for the
deformation athie arterial wall, and that the second time constant is responsible for the deformation at

the receptor nerve endifig]. Importantly, he notes that based on his knowledge this is the first study

to show the impadance of different time constants in BR models, and that more careful tests with data

over longer time periods would be invaluable for such an angBjsis

In 2014, Petterson et al[15] combined the ag-related strain componentfrom King [24], with

the firing responseomponenbf the baroreceptor from Bugenhaggral.[22] along with the
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circulatoy model from Smitj40Jinor der t o 6 mechanogenicallyd under
essential hypertensigt5], [22], [24]. This model is similar to Beart ald s  m[@4d, enly with a

more simplistic baroreceptor model and an updated model ofabed loop effects on the kidney.

Pettersoret ald s  m[@5d shdws how when the arterial wall stiffens over long periods of time, the
baroreceptor has a diminished response. They discuss how the natural processlafebarterial

wall stiffening will gradually affect the strain interpreted by the baroreceptor, which means the

baroreceptor receives inaccurate information about the pressure and responds inad&glately

Hence they hypothesise that the kidneys fail to restore BP to nasmaalerial stiffening progresses,

which could lead to essential hypertendib®]. By using Bugenhagestald s model f or cent |
nervous system respong@g], and Smittketald s model for the renal change
natriuresis curv@40], theypresenia closed loop model of an aging adtt&]. They areable to show

that as time progresses, and without any other pathological eB&ctgnsitivity decreases over time

[15]. This relates to the stiffening of the aorta in aging, anecaeéhsed short term peak BR response

[15]. This paper is interesting as it pulls in a number of different recognized models in order to achieve

a result that does not contradict Guy®BRPomeds t heor
time, but supports a different perspective on why the renal curve would shift without an observed renal
pathology Although the Bugenhagen model is available through virtualrg2@git is described in

the paper only by the governing mathematical equafitBis[22]. Pettersen et al. claim that their

model is the first qualitative example to show that arterial stiffening sufficiently explains essential
hypertensiorjl5]. This is in contrastto Beamtald s s i mi | §l4]tha theamodehfiom t

Averinaet al [41] was the only model known to show how the renal pressatréuresis curve adapts

under longterm pressure changgst]. One key distinction between all these models and their

correspoding papers, is that they are used to analyse different topics. The models of the closed loop
baroreflex, whether they include models of the kidney and the-aggjiotensin system or not, can be

used to understand the effect of the baroreceptor in chngpartension as well as to understand the

regulatory control mechanisms for arterial pressure.

Another interesting note is that all the authors of this group (B&djdPetterselfil5] and

Bugenhage22]) indicate that the mechanical suppression of arterial wall strain can lead to a

sustained elevin in arterial BP, but that they do not all seem to state clearly whether this is directly

i n opposition ttthe rénalyunctiam usve dndhtbemadlyme tugiake rates are the

only controllers oBP. Pettersemt al. statehattheirf i ndi ngs do not contradict
rather support a mechanism which affebesitenal curve in the loAgrm[15]. Whereas Beardt al.

[14] statethat because the arterglffening can contribute substantially to the ldagm control of

BP,it contradicts t he[l4) 14 Patersemttlilb]stdte irQhey papdhat vi e w
the dysfunction of the baroreceptonist really a dysfunction at albut really a misre@sentation of

the arterial pressure through straira vessel with lower compliands].
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Guytonds model anal yses [B Where€lgrkelaadtothdigh [15] have me a n
shown that BRs are more sensitive to systolic BP peaks. Based on the physiology assumed by most
auhors that the BRs supress SNA to some eXfetjt [15], [20], [22] Petterson et al. have shown

how arterial stiffening can affect BR firing and subsequently decf&déesuppressiofil5]. Based

on these observations some further investigasiaecessary. This investigation would be on the

effectof intermittent stimulation of the BRs, preferabiynshronised with systolic pressum

suppression of SNAThiscould help highlight new ways of resolving isolated systolic hypertension in

agingsubjects
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3 Implementation and Analysis of Existing Models

This chapter discusses my implementation of four different models for the baroreceptor. In each
section | give a ghrt contextual background into each model, along with a description of the

modelling equationAll modelling equations are also presented in Appeidiar review. The

models are implemented 8imulink R2016(The MathWorkdnc, © 19942017, USA)and are

validated with data from the experiments described by the model avdid@snulink modelling

diagrams are presented in Appendifor review.The outputs of the models are compared with the
reported model outputs, and with corresponding published experimental data. A critical comparison of
how the different components of the models behave under the same input conditions is also discussed.
This comparison elaborates on the strengths and linmigatbdifferent ways of modelling the main

features of the baroreceptor.
3.1 The King PressureStrain Model for Arterial Walls
3.1.1 Model Context

King developed a model of the pressatain relationship in elastomeric arterj24]. Thismodel

was expanded by Srinivasen et[all]. Srinivasenextd ed Ki ngbés arterial wall
baroreceptor by including a dynamic strain model compohetér, Bugenhagen et al. developed a

model of the complete baroreflex to study the physiology behind salt sensitive hypertension in rats

[22]. Bugenhagen et al. also used the elastomeric model of the arterial wall, but adapted and linearised
his model of the wall strain usingcarve fitted across experimental results for a rat aorta pressure

radius relationship.

Kingds model of cylindrical tubes of elastomeric
provide context for the baroreceptor models described latering chapt er . Si mul ati or

behaviour is not presented here, as it is simulated in the model from Srinivasen et al.
3.1.2 Model Equations and Description

King investigate and describ&the visceelastic properties of the arterial wall to find outhlarge

systemic arteries might be able to regulate pulsatile blood flow. Based on his investigations, he models
the arterial wall as a uniform elastomeric cylinder. In this way the strain experienced by the arterial
wall is determined using the ndinearsigmoidal Langevin functiof24]. This function approximates
rubberlike stressstrain behaviour as a function of variables such as age, arterial wall thickness and
arterial wall radius. This model of the pressure to strain relationship is known adiaeaorelastic

wall model, anda similar model with a nehnear sigmoidal pressure response curve is extensively

tested and compared to other wall models by Mahdi §]al.

Kingbs paper gives a numb e nortay @indeudifferénupresspresrardmte t er s
different age$24]. Table3.1 below is based on the data reported by King, for the ranges of
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parameters b, A andi)f{24].6\ isafactor cdependerd onithe arterialavalli u s  (
thickness, undistorted r adihaewcoastrathedisurface arealofthpr e s s u
cylinder, which represents the level of twisting of the molecular chains at the periphery of the arterial

wall.

Table 3.1: Experimental and calculated values for human aows of differentages[24].

Age(years)| b  A(mmHg) i aa

20-24 0.302 88 5.8
36-42 0.462 70 6.4
71-78 0.640 44.5 7.9

3.2 The Srinivasen and NudelmarBaroreceptor Model
3.2.1 Model Context

Srinivasen and Nudelman baseir baroreceptor model on the transmis$iom pressure to strairt a

the arterial wal[27]. The model is comprised of an artémzll strain based on the ndinear strain

characteristics of elastomeric cylinders (as adapted from R244)[26]. Ki ngds model par am
arebased on experimental datallectedfrom human aortas, whereas Srinivasen ataldel

parameters are fitted for cat and dog carotid sinus experimental Hetatrain model at the arterial

wall is further extended to inctle a dynamic strain component, based on the coupling between the
membranes and connective tissue layered between the arterial wall and the baroreceptor nerve ending

membrane.
3.2.2 Model Equations and Description

This section describes the model presented mi@asen and Nudelman, which relates changes in
pressure at the carotid sinus arterial wall to the baroreceptor firing re§@a@hsehe dynamic strain

model includes the frictional coupling between the arterial wall and the baroreceptor nerve ending
membrane. Together, the combined static and dynamic strainsrex@utad into a combined strain
signal, which is only propagated to the output if the combined signal exceeds a threshold. Thereafter
the strain signal is transduced into firing response based on an ini@gplditee model of the nerve

discharge firing paern.

The following set of equations summarises the model presented by Srinivasen and N{&&lman
[27].

The Langevin function (Eq. 3.1), used to model thelhnwear elastomeric behaviour of theaaral
wall, is included in the model [MMfInEg3€theratadfi ¢ art
change of the static wall strain is a function of the input pres8ifeg]. The dastomeric behaviour

of the strain depends on resting mean pi2€ssure (
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fla Al ©E (3.1)

0 flPr - p p (32)

O:| Cx

The dynamic strain-( ) is modelled with a single Voigt body (a nonlinear spring in parallell with a

linear damping element for viscosity).

- =0
6

P (3.3)
z

Note that the static wall strain (U) is the seri
vessel wall, whereas the dynamic wall strain s the coupling caused Itiye different layers of the

arterial wall around the nerve ending which slip past each other and cause friction. These two types of
strain are combined into a membrane strain (0 in
into a transduced sigh&), which is generated if the combined membrane strain exceeds the strain

threshold for the baroreceptq 3.5). The response signal generated is a nerve discharge signal, y

(firing response irrigure3.2). The firing resporsis modelled using a simple integratedfire

model, which triggers a depolarisation as soon as the threshold is reached, resets the transduced signal,
and whose response slowly decays as the transduced signal is maintained. In this wayi Bd)(3.5

model a response which is initiated for transduced strains that exceed the minimum threshold, for

changes to the arterial pressure.

- - (34)
TQIQ 1 (35)
1 QIQ

e O (3.6)

dme woQo 0

In this model, the authors introduced a function h(x) (Egsi. 3.8) to relate the transducer sigral t
the response signal, which is not a physical model but rather a fitted model for different trapezoidal
input pressures so that the modelled firing response matches the expected experimental firing response

[27]. In this way the transduction mechanism of the actual baroreceptor is not physically modelled.
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Figure3.1 shows how each of the model components relate the pressure to the baroreceptor firing

response.

Pressure

» Inl

D

Outl

Inl Outl

Es delta X

Arterial Wall Static Strain Subsystem Signal Transduction Subsystem

[I
dt

—» Inl

Outl

Ed

Dynamic Strain Subsystem

Neuron Encoder Subsystem

Firing Response

> Inl Outl ———»( 1)

Y

Figure 3.1: Schematic outline of subsystems in the Srinivasen and Nudelman baroreceptor

model [27].

The conventional block diagram representation of the Srinivasen and Nudelman model is shown in

Figure3.2. The conventional block diagram representeBigure3.2, is modelled in Simulink. The

Simulink block diagram is available in AppendixFigureC.7.1.
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Figure 3.2: Conventional block diagram representing Srinivasen et al. baroreceptor mode27]



3.2.3 Model Behaviaur Compared with Published Data

| implement this modeh Simulink to assess its performance according to the reported beh&viour.

then compare th8imulink outputs to results reported by Srinivasen 26, [27]. The parameters

used in the experiment described in their 1973 p@7&mare outlined inrable3.2, and simulation

outputs are shown iRigure 3.3 andFigure3.4 below. The inpit pressure is a step at 0.01s from 46

mmHg to 202 mmHg at a rate of 1730 mmHg/sec. The initial conditions for this simulated experiment
are as per the reported experiment in the Srinivasen et al. 19732gpeXote thatl scaledthe

simulated firing respongaottedin Figure3.4 to show the maximum expected firing response, as per

the reported results. In the Srinivasen et al. model, the firing response of the BR is highly sensitive to
the rate of change of the step increase in pressure. Review of figure 5 in Sriaivasen Nud el man 6 s
experimental tests shows this feature of the model clgz#]yDue to the nature of the model
implementation in Simulink, each pressure change is implemented based on a defined time step. Based
on the differential solver used to evaluate the model output at each time step, the rate of change of the
pressure is averaged over time steps which are more granular than one second. This results in a small
artifact in the summed number of pulses per second. In this way, Sealecessary to remove the

slight difference in the sum of BR pulses per secomdulsited response for firing rate), caused by the

simulated time steps for the experiment.

Table 3.2: Parameter-Value pairs for Step Input (467 202 mmHg) Pressure Experimenf27]

Parametel Value Units Parametel Value | Units

A 195.5000, mmHg 0 -0.0660| Unitless

i 0.4000 | unitless 0 0.2600 | unitless

o, 0.0072 | unitless , 0.0004 | N/&

1 40 0.1210 | unitless 6o 0.1100 | unitless

C 2.0000 | unitless T 0.0400 | s
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Figure 3.3: Simulink modelled states based on input pressure), static arterial strain (B),
dynamic strain (C) and combined membrane strain D) generated by Simulink implementation

of the Srinivasen and Nudelman baroreceptomodel [27]
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Figure 3.4: Comparison between experimentahnd reported firing responsesgenerated by

Simulink implementation of the Srinivasen and Nudelman baroreceptor moddR7]
3.3 Bugenhagen et al. Baroreceptor Model
3.3.1 Model Context

Bugenhagen et al. adapted their #ioear elastomeric model of the strain in the arterial wall from a
similar model based on a pressarea relatinship[22]. This similar model is a-Barameter

empirical model, which Bugenhagen explains is from the pressaeerehtionship proposed by
Langewouters et gl22]. In this model the notinearity is modelled with an inverse tangent curve
whereas Srinivasen et al used the functional inverse of the hyperbolic cotangent. Bugenhagen
linearises the -parameter model into agarameter model, using a fitted curve which approximates
rat experimental data. Using this method, he shows thataibed relationship between pressure and

strain is adequate in the normal pressure range, but inadequate at extreme pressure ranges.

Bugenhagen also extends the dynamic strain model
bodies for modelling @coelastic coupling between the arterial wall and the baroreceptor nerve ending

membrane. Mahdi et al. evaluates the effect of using different numbers of Voigt bodies in a
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baroreceptor model based on its dynamic strain response to pi@$gdiecussed further in section
4.1.9.

The firing response generated by Bugenhagen et a
of a physiological model based onthe membranéstra by adapting and simpl i f
6i nt egr at e [22n[d7] This firiegratenisotiek ddroreceptor nerve discharge which is a

function of the transduced strain at the baroreceptor nerve ending.
3.3.2 Model Equations and Description

This section describes the components of the model from Bugenhagen et al. of the baroreceptor
response to pressure chanf#y. The model relates changes in pressure to the baroreceptor nerve
through a static (elastomeric) strain and a dynamic strain (frictional coupling beivtesal wall
membranes). The total strain in the wall is transduced at the baroreceptor nerve ending using a specific
sensitivity and pressure threshold, which initiates a firing response from the barorf#ptor

31



The model used for the strain at the arlhearr i al wa
elastomeric model, to rather be represented by a-fhileg a met er Ost atdrea empi ri ca
relationshi p6 b a s22dThereafteeaxdpnannici stmag) naidaihcluded, based on

the rate of change of that area. Although the three parametdineanmodeis shown by

Bugenhagen et al. to compare well with experimental data from Andresefd@,aheyfurther

confirm that a tweparameterihearized model of the presstagea relationship performs suitably well

within the physiological rang@2]. It is thislinearised model that is used in this analysis, and

presented here. Equatior&10-3.12) show how arterial wall strain () is related to pressure (P),

through wall complianced( ) andthe unstressed aorta radidé ), as well as the viscosity of the

arterywall 6 ).

o “%Y o6 0o (3.10
w3
6 0 - (3.19
(0] (0] 0
(o
0 .
_ A (3.12
Y

The dynamic model of the artery mechanics due to the frictional coupling of ¢nalasall

membrane is comprised ¥bigt bodies. According tBugenhagen et al., Voigt bodie®del the

different time constants of the resetting phases in the transduced strain. Physiologically, each element
represents the mechanics associated with elasticity and viscosity in the arterial wall, the baroreceptor
newve ending, as well as in the connective tissue surrounding that nerve g&jirichese elements

are modelled b¥Eq. (3137 3.16) in whichthestrain elements- (h , - ) arefunctions ofthe

respective elastia)( b R ) and viscous{ i M ) constantsandin whichthe elasticity of the
baroreceptor nerve ending is representad a§22]. In this way the dynamic strain)detected at the
baroreceptor nerve ending is a function ofdifeerence between tharain at the arterial waft )

andthe strain fronthe coupling across the different tissues and membranes.

0 ' l 0 3.1
T3 T (313

- (3.19
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- (3.19

T - (3.19

Thereafter the firing response of the baroreceptor nerve is modelled with a simplified integfate and
model, as seen in EB.L7). The firing response (n) initiated if the strain at the baroreceptor nerve
ending( ) exceeds the baroreceptor threshold strain)(is a function othe strain sensitivity (S) and
the jump frequency parametei) (22].

mHQIQ 1
“ o 3.1
Y4 Rom (317
The subsystems shown belowHigure3.5 show the relationships between the model subsystems. The
block diagram for the expanded subsections of the model is shdviguire 3.6, where the colours

highlight the separate subsystems. The equatbiove are described with reference to the variables in
Figure3.6.

Ewall
» Inl Outl
Blood Pressure ‘
D Static Strain Subsystem Baroreceptor Firing Response
u(l)-u(2) i
. delta » Inl Outl p@
‘ Strain
»{Inl Outl Simplified Integrate and Fire Subsystem

El
Dynamic Strain Subsystem

Strain Sensitivity

deltaTH

Strain Threshold

Figure 3.5: Bugenhagen et al. baroreceptor model with model components shown as subsystems

[22]
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Figure 3.6: Conventional block diagram representingthe Bugenhagen et albarorecepta model
[22].

The block diagram of the implementation of the model components in Simulink, as per the subsystems
shown inFigure3.6 are available in Appendi&, FigureC.7.2 to FigureC.7.4.
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3.3.3 Model Behaviour Compared with Published Data

| implement this modeh Simulink andcomparéts performance with simulated and experimental
data from WKY rats published by Bugenhagen ef24]].

The parameters for one of the experiments described in the Bugenhagef2ppaer presented in

Table3.3. Plots of simulated static arterial strain, dynamic strain and membrane (combined) strain are
presentedn Figure3.7. Simulated firing response based on the parameters as reported by Bugenhagen
is shown inFigure3.8, while the result after optimising one parameter ( ) is shown in

Figure3.9. The input is a step in pressure from 0 mmHg to 230 mmHg at Bt@snitial conditions

for the differemial states in this simulation are determined from simulating the model at 0 mmHg for
3s.

Note thatl have scalethe magnitude of the firing responserigure 3.8 andFigure3.9 to remove the
slight difference in the sum of BR pulses per second (simulated response for firing rate), caused by the
simulated time steps for the experiment.

Table 3.3: Parameters for Step Input (Oi 230 mmHg) Pressure Experiment

Parameter| Value | Units Parameter Value | Units
0 1.000 | mmHg/mm S 255000 | Hz
) 1.500 | mmHg/mm | o 0.200 | unitless
0 3.7 | mmHg/mm - 1.000 | unitless
0 1.090 | mmHg/mm - 0.204 | unitless
0 1.000 | mmHg x s/mm - 0.232 | unitless
0 10.000 | mmHg x s/mm - 0.149 | unitless
0 300.000 | mmHg x s/mm Y 1.600 | mm
0 1.000 | mmHg xs/mm | U 1.950 | mmHg/mm
0 0.006 | mm/mmHg
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Figure 3.7: Simulink modelled states based on input pressure (A), static arterial strain (B),

dynamic strain (C) and combined membrane strain (D) withlt . —Oiy g™

Figure 3.8: Comparison between firing responses simulated in this study, and published

experimental and simulated data (Bugenhagen et dR2]). Model parameters as inTable 3.3
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