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Abstract 

The baroreceptor is a stretch receptor which detects changes in pressure in arterial blood vessels. 

Baroreceptor nerves inform the brainstem 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, there is some debate 

in the literature about whether the baroreflex can act as a long-term controller 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 technologies to counteract drug-resistance hypertension. The 

baroreflex has become a source of debate due to the complex physiological feedback control that 

regulates blood pressure and due to new stimulating electrical devices, which have shown promising 

results in reducing drug-resistant essential hypertension. 

This investigation studies the baroreceptorôs role as a sensor in a physiological feedback control 

system. This is done through a literature survey extending through experimental and modelling 

research, where selected mathematical models of the baroreceptor are then analysed and simulated to 

find the best performing model, so that they may be simulated for an extended frequency response 

than what would be experimentally possible. The purpose of this investigation is to determine, through 

simulation, what the sensorôs 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 baroreflex can act as a long-term 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, and the simulated 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 input conditions (a 0-230 mmHg step input over 12 s). These 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 Bugenhagen et al. They are tested for a 

wide range of artificial inputs at different frequencies, with 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 studied show that the baroreceptor firing response resets due to the rate of 

change in strain in the visco-elastic arterial wall. Both tested model frequency responses, although 

parameterised for different species and for different major vessels, show high sensitivity to inputs in 
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the range from 1 s to 1 min 36 s (0.01 Hz ï 1Hz), and very low sensitivity for changes that are longer 

than 16 min 36s (0.001 Hz). This extrapolated simulation suggests a zero gain near DC. 

The simulated frequency response of the best performing baroreceptor models, which were validated 

against short-term experimental data, indicate that the baroreceptor is only able to sense changes that 

happen in less than 1 min 16s. The critical analysis of all the simulated baroreceptor models show that 

this characteristic of the baroreceptor is caused by the visco-elastic 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 input signal from the electrical device bypasses the 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 the sensor can only 

detect short-term changes, then it is unlikely that the baroreceptor can inform the brainstem on long-

term changes to mean arterial blood pressure. Therefore, based on the models examined in this study, 

this suggests that the baroreceptor is unlikely to be involved in long-term blood pressure control. This 

analysis of the best performing model is presented to show 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 allow for future 

improvements that can be made on the baroreceptor model to allow for more extended modelling on 

the baroreceptorôs sensor characteristics. An improvement that could be applied to the best performing 

baroreceptor models, implemented in this study, is to examine the effects of ageing and inter-species 

variability on carotid sinus dimensions and visco-elastic wall properties. 
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1 Introduction  and Background 

In healthy individuals ñnormalò resting systolic and diastolic arterial blood pressures (SBP and DBP) 

are usually considered to be 100ï120 and 60ï80 mm Hg respectively [1], although both SBP and DBP 

vary substantially both within and between individuals [1]. Hypertension, in which an individualôs 

usual blood pressure (BP) is above normal, is associated with increased risk of stroke and other 

cardiovascular diseases [2]. Hypertension that has no identifiable cause is termed ñessential 

hypertensionò. Many researchers suggest that increased sympathetic nervous activity (SNA) may play 

a role in essential hypertension [2], [3]. One mechanism which increases SNA is the baroreflex, which 

has been shown to adapt its firing rate to long-term stimuli [4].The baroreflex is a physiological 

feedback system which contributes to BP regulation [3]. The baroreceptors (BRs), which are 

transducers in the baroreflex, are stretch receptors that detect changes in arterial BP through 

deformation of the arterial wall [3]. Due to the relationships between essential hypertension, 

sympathetic nervous activity, and the baroreflex, baroreceptors have come under recent investigation 

[5]. Baroreceptors have been proven experimentally in a wide range of investigations to sense short-

term changes in BP but not respond well to long-term changes (ten minutes or longer [5]) a behaviour 

termed adaptation or resetting [4], [6]ï[11].  

Baroreflex adaptation or resetting is evident in animals and humans, including patients with essential 

hypertension [3], [4], [12]. There is some disagreement in the literature as to whether adaptation 

occurs in the brainstem, or in the baroreceptor itself which, under prolonged increased strain, adapts its 

tonic firing rate to the new strain reference, or whether adaptation is related to the visco-elastic 

properties of the arterial wall [5], [9], [13]ï[15].  

1.1 Background  

Compliant arterial blood vessels create resistance to the pulsatile flow of blood, and generate BP. 

Pressure in the arterial vessels is maintained through neuro-humoral mechanisms which vary the 

intravascular fluid volume and cardiac 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, and for the removal 

of metabolic waste products.  

Sympathetic nerve activity is maintained by the central nervous system through the cardio-pulmonary 

centres and other regulatory centres in the thoracolumbar spinal cord [17]. These cardio-pulmonary 

centres are influenced by the baroreceptor (BR) afferent nerves that transmit BR responses. The BRs 

are stretch receptors embedded in the compliant walls of the carotid artery and aorta. They transmit 

information associated with changes in arterial pressure to the central nervous system (CNS) [2]. 

These stretch receptors are nerve fibres that generate an electrical signal (action potential) at a firing 
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rate that increases with increasing pressure and rate of change of pressure across the arterial wall [18]. 

[3]. The firing rate is relayed to the medulla oblongata in the brainstem (cardio-regulatory and 

vasomotor centres), where under normal resting conditions it inhibits the sympathetic nervous system 

[3]. [19], [20].  

The baroreflex is made up of two arcs, namely the neural and the peripheral arc [2]. The neural arc 

transmits baroreceptor firing rate to the cardio-pulmonary centres in the brainstem [2]. The peripheral 

arc transmits sympathetic nervous activity to target organs and tissues to regulate BP based on changes 

in SNA [2]. 

Increased firing rate of baroreceptors is translated in the brainstem, and leads to a decreased 

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

parasympathetic nervous system (PNS) [20]. Decreased SNS activity reduces BP through vasodilation, 

decreasing heart rate and stroke volume, and also reduces production of renin which increases 

excretion of sodium by the kidneys [19], [20]. This is the peripheral arc of the baroreflex. Decreased 

baroreceptor firing rate results in an increase in sympathetic nervous activity, and a decrease in vagal 

tone at the sino-atrial (SA) node, so that heart rate is increased [19], [20]. The interaction between 

these different nervous systems and their target organs, is summarised in Figure 1.1. 
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Figure 1.1: Illustration 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 Hirooka [19] 

The baroreceptor forms part of a feedback system for the regulation of BP, in which baroreceptors are 

the sensors, the brainstem is the controller, and the sympathetic and parasympathetic responses are the 

effectors [7]. These effectors act on the regulated variable which is BP or some function of BP [7]. 

This feedback is referred to as the baroreflex.  

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 system operate, and how each component affects the 

regulated variable [21]. Such modelling can also be used for design in selecting sensors for regulated 

variables, such that the variable is measured accurately and with sufficient precision to achieve the 

frequency response of the system required [21]. By modelling the sensor characteristics of the 

baroreceptor, I hope to gain insight into the ability of the baroreflex to regulate pressure in the long-

term. 

Blood circulation and the physiological homeostasis of blood pressure and heart rate have been the 

subject of investigation since the 17th century [18]. According to Ottesen et al. [18, pp. 140ï156], the 

baroreceptor response is divided into separate elements of response: 
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¶ Sensitivity to pressure of receptors across a frequency band of interest is based on the 

superposition of signals from the high-pressure receptors in the aortic arch and from 

the carotid sinus.  

¶ Sensitivity through ólow-pressure receptorsô found in the heart and pulmonary veins. 

¶ Resultant control of heart rate through the ósympatho-vagal balanceô which is a 

combination of sympathetic and parasympathetic actions on the heart and vessels 

Historically, the adaptation/resetting property was used to exclude the baroreflex from being one of 

the possible mechanisms which may influence long-term control of blood pressure [9], [13]. However, 

recent research has shown that different baroreceptors have different thresholds, and different 

adaptation ranges, and that electrical stimulation of baroreceptors can lower BP in hypertensive 

patients [5], [14]. For these reasons, some researchers argue that the baroreflex is capable of 

participating in long-term control of blood pressure [5], [14], [22].  

1.2 The Problem 

For the baroreceptor to act as a primary sensor in a feedback loop controlling long-term BP, it is 

required to exhibit an adequate frequency response, particularly at very low frequencies [21]. The 

resetting behaviour of baroreceptors is not consistent with these structures playing a significant role in 

long-term BP regulation. However, recent studies suggest that there may be more subtle aspects of 

baroreceptor resetting. 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 

resting pressures, and different baroreceptors fibres may terminate in different regions of the brainstem 

and control different reflex pathways [5]. Also, in-vivo findings show that although baroreceptors 

reset when exposed to prolonged BP changes, they appear not to reset when they are electrically 

stimulated [23]. Hence some researchers have suggested that because no resetting occurs during 

electrical stimulation, and baroreceptors affect blood pressure through sympathetic tone, baroreceptors 

may play a significant part in the long-term regulation of blood pressure. 

The issues investigated in this dissertation by mathematical modelling are the mechanisms whereby 

baroreceptors reset, and the frequency response of baroreceptors as transducers in a feedback control 

loop.  

1.3 Objectives 

The objectives of this research are to review published mathematical models of baroreceptors, and use 

selected models to investigate mechanisms of baroreceptor resetting, investigate baroreceptor 

responses to long-term inputs, and hence draw insights as to how the baroreceptor may affect long-
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term blood pressure regulation. The models are also used to investigate the frequency response of 

baroreceptors, particularly at very low frequencies. 

1.4 Approach 

Stages involved: 

1. Critically review how understanding in the field of the baroreceptor for long-term blood 

pressure control has developed. 

2. Implement key existing models of baroreceptor function in MATLAB and Simulink. 

3. Test these models against available data in the literature and assess their performance. 

4. Compare the different modelling techniques for the separate components in the mathematical 

models.  

5. Analyse the performance of different components of all the models to the same input. 

6. Test selected models using a range of artificial inputs to characterize their dynamic 

performance, particularly at low frequencies 

1.5 Overview of this Dissertation 

Chapter 1 provides the background to the subject of this study. This chapter contextualises the 

understanding of the baroreceptor, how it interacts with the CNS, as well as the physiology involved in 

the autonomic nervous systems actions on BP. 

Chapter 2 critically reviews published mathematical baroreceptor models used to investigate 

baroreceptor behaviour. The 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 years. The review shows how researchers grapple with the 

complexity around blood pressure regulation, how they have different views around long-term 

regulation, and how certain experiments have impacted the research.  

In Chapter 3, I simulate selected, published baroreceptor models according to the experiments which 

were used to validate them. I implement the BR models in MATLAB & Simulink , and evaluate them 

for different parameter values. I f ind parameter values that match the model data in the published 

findings, such that the model output result in Simulink reflects the model results reported by the 

researchers. I then compare the reported results to the simulated results (under the same 

parameterisation and input conditions).  

Chapter 4 compares models by running simulations with the same inputs. Furthermore, I evaluate a 

subset of the investigated baroreceptor models (in the time domain) to estimate behaviour (in the 

frequency domain). The technique uses two of the best performing simulated models, based on the 

results shown in Chapter 3, for frequency response tests at linearised operating points along the entire 
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frequency range. These models are tested with artificial long-term inputs in order to characterise how 

the baroreceptor models behave in the long-term. This allows me to draw some insight into what the 

baroreceptorôs dynamic characteristics are, based on the modelled dynamic characteristics. 

In Chapter 5 I describe recommendations for further investigation into the dynamic characteristics of 

the baroreceptor, through experimentation and modelling. These recommendations cover further 

modelling work which could potentially improve the models. Carotid sinus dispensability is the first 

model adaption, while the age-related 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 are affected by them   

Chapter 6 covers a discussion on the critical review, and clarifies the understanding around the long-

term controller capabilities of the baroreflex (BRX). I also discuss the characteristics identified 

through the critical analysis of the modelling research, as well as some extrapolative insights into the 

response of baroreceptors at low frequencies. In this chapter, I discuss how some of the contention in 

the literature can be clarified by understanding the difference 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. I underline 

this reasoning by drawing on the low frequency response of the BR models.  

I then conclude this dissertation, by wrapping up the outcomes of the critical review of the literature 

with the insight from the critical analysis of the BR modelling. My conclusion points out some of the 

potential shortfalls of my research, and I make some recommendations for improving the modelling.  
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2 Critical Review of Existing Models 

2.1 Overview  

The role of the baroreceptor in detecting changes in arterial BP has been investigated for decades, 

however its role in long term regulation is still widely debated. Resetting of the baroreceptor has been 

investigated through a wide range of experimental techniques, and on a wide variety of species. 

Investigations have shown that the baroreceptor does reset under prolonged elevated BP. Experiments 

to investigate the extent of this resetting, as well as to what extent baroreceptors regulate BP through 

the CNS, have been widely modelled and discussed.  

Table 2.1 gives a summary of a historical overview of the research which has been conducted in this 

field over the past four decades. The full overview is available in Appendix A, Table A.1. 

The following points describe the development of understanding around BP regulation, 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 reviews, which discuss the understanding in the field and make assumptions 

about the role of the baroreflex 

¶ 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. This overview does not presume to cover all research in this field, but rather to 

highlight specific examples from the literature which have made a significant contribution to 

understanding of the sensor characteristics of the baroreceptor and the role it may play in long-term 

arterial BP control.  
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Table 2.1: Summary for historical overview of baroreceptor research 

Year Authors Title   

1945 A.L King Pressure-Volume 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 Carotid Sinus 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. Srinivasan et al. Modelling the Carotid Sinus [26] 

1973 R.Srinivasan et al. Theoretical Studies on the Behaviour of Carotid Sinus Baroreceptors [27] 

1978 A.M. Brown et al. Baroreceptor Dynamics and Their Relationship to Afferent Fiber Type and Hypertension [10] 

1980 H.M. Coleridge et al. Operational Sensitivity and Acute Resetting of Aortic Baroreceptors in Dogs [11] 

1983 P.A Munch et al. Rapid Resetting of Aortic Baroreceptors In Vitro [4] 

1990 A.C. Guyton The Surprising Kidney-Fluid Mechanism for Pressure Control ï Its Infinite Gain! [28] 

1992 A.W Cowley Jr Long-Term Control of Arterial Blood Pressure [13] 



 

9
 

1996 J.E. Hall et al. Pressure-Volume Regulation in Hypertension [29] 

1999 M. Ursino A Mathematical Model of the Carotid Baroregulation in pulsating conditions [30] 

2001 G.A. Head et al. Comparing Spectral and Invasive Estimates of Baroreflex Gain [31] 

2001 E. Petiot et al. Frequency Response of Renal Sympathetic Nervous Activity to Aortic Depressor Nerve Stimulation in the 

Anaesthetized Rat 

[32] 

2004 C.J. Barret et al. Problems, possibilities, and pitfalls in studying the arterial baroreflexesô influence over long-term control of 

blood pressure. 

[5] 

2005 J.W. Osborn et al. A neural set point for the long-term control of arterial pressure: beyond the arterial baroreceptor reflex [33] 

2010 S.M. Bugenhagen et al. Identifying physiological origins of baroreflex dysfunction in salt-sensitive hypertension in the Dahl SS rat. [22] 

2013 D.A. Beard et al. A Computational Analysis of the Long-term Regulation of Arterial Pressure [14] 

2013 A. Mahdi et al. Modelling the Afferent Dynamics of the Baroreflex Control System [2] 

2014 H.M. Horsman et al. Cardiac baroreflex gain is frequency dependent: insights from repeated sit-to-stand manoeuvres and the 

modified Oxford method 

[12] 

2014 K.H. Pettersen et al. Arterial Stiffening Provides Sufficient Explanation for Primary Hypertension. [15] 
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In 1952 Landgren performed experiments on single fibre preparations of cat carotid sinuses [6]. By 

investigating the responses of the baroreceptor fibres, he aimed to contribute to the analysis of the 

discharge of the carotid sinus nerve, which had been found in previous studies to be affected by the 

vasocontraction of arterial walls under the influence of adrenalin [6]. His interest was also sparked by 

the differences in impulse discharge of the different fibres contained in the carotid sinus nerve. In his 

experiment on the baroreceptor fibres, he showed that larger fibres have higher firing rates, that 

different fibres have different sensitivities to inputs, and that the adaptation of the firing rate is 

strongly related to the rate of change of the pressure input [6]. In his discussion he noted that all fibres 

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

Landgren also showed that baroreceptor fibres have a limited operating region in which the BR can 

respond to pressure changes. The lower bound of this operating region is explained 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 value [6]. Based on these experiments from Landgren, an overview of the 

behaviour of the baroreceptor fibres under a wide range of input types is available [6]. Landgren 

concluded from his work that at pressures above the upper bound of the BR operating region, the 

firing response óasymptotically adaptsô towards a steady state discharge frequency [6]. At this point it 

was relevant for researchers to further their understanding about how this baroreceptor operating 

region could affect, and be affected by, hypertension. 

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

experiments on dog carotid sinuses [7]. The model was prepared to reproduce the behaviour 

discovered through his experiments with step input, ramp input and triangular input waveforms. These 

experiments were able to show the characteristics of the baroreceptor when pressure increases and 

when pressure decreases [7]. His results and analysis clearly show that increase in pressure increases 

the firing rate of the BR, and decrease in pressure decreases the firing rate, but that the rates of change 

of firing rate are not the same for increasing and decreasing pressures. Clarkeôs model introduced a 

previously unpublished feature, viz. that the sensitivity of the baroreceptor changes depending on the 

direction of change of the BP. Clarke mentions in his paper that his aim is to define the relationship of 

the firing response to pressure. His model is made up of three components, namely the relationships 

between intra-sinus pressure and receptor membrane strain, receptor membrane strain and generator 

potential, and the generator potential to the discharge frequency of the nerve [7]. These three 

components form the foundation of how researchers have mathematically modelled the baroreceptor. 

The interaction between these components on a fundamental level, is illustrated with the block 

diagram in Figure 2.1. A key observation made by Clarke is that the positive sensitivity of the BR is a 

non-linear function of strain. BR output is proportional to strain at low pressures but the relationship is 

non-linear at higher pressures. He makes the assumption that such behaviour is due to the visco-elastic 

coupling between the receptor terminal and the connective tissue in the vessel wall. This assumption is 
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also made by Coleridge et al., based on experiments involving short-term resetting and hysteresis. 

Coleridge et al. claim that the non-linear relationship between BR output and strain, at high pressures, 

is most likely caused by óvisco-elastic relaxation and creepô [11]. Clarke also discusses the role of the 

baroreceptor as a sensor in a feedback control system, in which the central nervous system acts as the 

controller but the regulated variable may be pressure or some function of pressure [7]. An important 

comment related to this is that the regulated variable is not the mean arterial pressure (MAP) 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 and not the pressure itself. This proposed model is referenced and used as a basis for a 

number of more recent baroreceptor models, from authors such as Srinivasen and Nudelman, as well 

as Bugenhagen et al. [22], [26], [27].  

 

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

baroreceptor. Adapted from Mahdi [2] 

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

physiology and highlights three main factors which regulate pressure. These are autonomic reflexes, 

changes in body fluid volumes and electrolytes, and the renin-angiotensin system [9]. These 

autonomic reflexes and their interaction with the baroreceptors, are illustrated in Figure 1.1. Guyton et 

al. mention the role of autonomic mechanisms in arterial pressure regulation, which they says seem to 

operate only in the short-term (from seconds to hours), can have an effect on the long-term 

mechanisms [9]. Two controversial statements made in this paper are that 1) the ótotal peripheral 

resistanceô plays no role in regulating arterial pressure in the long-term, and 2) that chronic changes 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 role of the baroreflex in long-term 

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

Some key contradictions to these statements are that increased peripheral resistance can affect the 

tonic firing rate of the baroreceptors in the aorta and carotid sinus walls, which does affect the 

sympathetic nervous system regulation of chronic BP [13], [34], and secondly that the electrical 

stimulation of the baroreceptor has been shown to affect chronic BP [5], [14], [15], [34]. A discussion 

of the problems in studying this reflex was published by Barret and Malpas in 2011 [5]. Guyton et al. 

note that, although carotid sinus and aortic baroreceptors behave similarly, aortic baroreceptors have a 
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higher pressure threshold above which firing starts [9]. In addition, Guyton et al. describe findings by 

Krieger [8], which suggest that the baroreceptor is a volume sensor and not a pressure sensor. The 

descriptions and assumptions made about what causes the baroreceptor to fire, reiterates the comments 

of many researchers [7], [14], [27] who have described the baroreceptor as interpreting a signal based 

on strain. Many of them consider the firing rate to be initiated by pressure through a change in strain, 

based on factors such as a change in compliance of the vessel wall or creep stress in the vessel wall 

[14]. 

Cowley discusses a number of theories and experiments regarding the long term control of BP in 

his physiology 1992 review [13]. In this review he highlights how mechanisms which can detect short 

term changes in BP may not have the ability to regulate 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, but that long-term 

BP must be regulated through some measurement and adjustment mechanism that can operate over a 

time-span of years. Cowleyôs argument is that the baroreceptors cannot regulate BP in the long-term 

because they adapt, much like previously studied mechanoreceptors adapt to a constant stimulus [13]. 

Several experiments are highlighted in order to illustrate this point, where the MAP is found to be 

unchanged in the long-term when the baroreceptor afferent nerve fibres are removed [13]. Cowley also 

states that it is possible for the brain to change the long term operating point for arterial pressure 

control, but that there is not much evidence that the CNS can act as a long-term arterial pressure 

controller. Based on this the CNS seems to rely solely on the baroreceptor for detecting changes and 

so it cannot independently 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 pressure-natriuresis mechanism is 

the main long-term 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 

¶ The gain of the baroreceptor at very low frequencies is insufficient to reduce long-term 

increases in BP 

¶ The role of the brain in releasing factors which increase vascular tone and elevate BP 

(óouabain-like factorsô), and the role of those factors, has not been shown to have any 

measurable natriuretic properties [13].  

Based on his investigation, Cowley explains that although the baroreceptors donôt have a sustained 

signal to match a sustained input, the changes to their firing rate needs to be investigated further. He 

makes the careful observation, that although the nervous system doesnôt regulate BP it still does 

influence BP through the compliance and hormonal effects of the sympathetic nervous system. In this 
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way, although the sensitivity of the pressure-diuresis mechanism is affected by neural and hormonal 

influences, it is still the primary regulator for maintaining BP within a sufficient range, and that it 

seems to have an infinite gain for long term control. Cowley also points out that, 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 pathways which control 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. 

Some of his key findings are how investigation of long-term BP regulation is difficult as most methods 

compromise the interacting mechanisms of control. An example 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 pressure-natriuresis as the long-term controller of BP. 

In 1972 Srinivasen and Nudelman developed a mathematical model to describe how the carotid 

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

emphasis on the sensor characteristics of the BR. Their model is based on the visco-elastic properties 

due to the elastin and collagen of the arterial wall, and an encoding of the transduced signal into a 

firing rate [26]. The visco-elastic properties of the arterial wall are modelled using spring-damper 

networks (also referred to as Voigt bodies). The modelling of these properties is illustrated in Figure 

2.2 below. These linear viscous strain and non-linear elastic strain properties are modelled with a 

spring damper system [26]. One key feature of this model is how they used linear regression 

techniques to fit a curve to the relationship between the pressure and non-linear strain. This curve is 

based on Kingôs model for strain in elastomeric cylindrical walls, where the compliance of the wall is 

affected by age [24]. Their model was validated experimentally with data from Clarke, Landgren, and 

their own data [6], [7], [26], [27]. This model is discussed more thoroughly in Section 3.2 below, 

along with the modelling work from King which preceded it, and from Bugenhagen et al. who 

extended it [22], [24]. 
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Figure 2.2: Illustration to show how pressure forces at the arterial wall through the visco-elastic 

layers of the arterial wll, can be described using spring-damper networks (or Voigt bodies). 

Adapted from Mahdi [35] 

 

Experiments were conducted by Munch, Andresen and Brown [4], as well as by Krieger [8], with  

mechanically adjusted ramp pressure inputs (non-pulsatile) applied to in-vivo rat aortic arch 

baroreceptor nerves. These were slow pressure ramps, which were conditioned with 5-15 min of MAP 

before the ramps were applied [4]. 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 pressure-sensitivity 

(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 different means 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 membrane characteristics as well as age-related effects on mechanical transduction properties. 

This 1985 paper provides a good description of in-vivo experimentation and comparative study results 

on baroreceptor firing rates. They note that: óthe conditioning pressure is the primary if not sole 

determinant of resettingô, and that óefferent neural or hormonal influences on the baroreceptors are not 
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required for resettingô [4]. In this way, the paper provides a thorough investigation into experimental 

findings and compares their results to other similar experiments, all without hypothesizing how 

resetting affects blood-pressure control. Munch et al. conclude that, according to their results, they 

cannot show that the baroreceptor ever completely resets. 

Guyton published a paper explaining his hypothesis around the infinite gain of the kidney-fluid  

mechanism of BP control, which re-iterates that in the long-term, BP can only be regulated by changes 

in sodium and water levels [28]. In this paper Guyton describes the many experiments and conclusions 

which show 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 model of long-term pressure control, 

and Munchôs baroreceptor resetting results, it became generally accepted that the baroreceptor could in 

no way play a role in regulating BP in the long term. Guyton also argues that total peripheral 

resistance is shown to increase after volume-induced BP increases, and that the infinite gain of the 

kidney-fluid mechanism cannot be by-passed by any other controlling mechanism [28]. 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 research into the dynamic 

characteristics of the baroreceptor; the role of the baroreflex in essential hypertension, and the role of 

the baroreceptor in affecting sympathetic control during hypertension [5], [22], [32]. 

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

dynamic behaviour at different frequencies. For the neural arc, which they define as being from 

arterial pressure to sympathetic nervous activity, they found the transfer gain to have high-pass filter 

properties [32]. This observation indicates that the baroreceptor firing rate, which relates BP to SNA, 

increases as the frequency of the pressure variation increase. This finding ties in with those of Franz et 

al.[36] and Brown et al. [37]. Franz et al show that the baroreceptor exhibits a high-pass 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 range 0.01ï1 Hz [10], [32], [36], [38]. Satoôs experiments 

also show that the sensitivity (or gain) decreases above 2 Hz [38]. Franz suggests that because the step 

response contains many time-constants, there must be óviscoelastic relaxation and creep processesô 

which cause the adaptation feature of the baroreceptor response [36]. 

In 2004 Barret and Malpas published a review article regarding the influence of the 

baroreceptor on long-term BP control [5]. They discuss the different studies and findings around the 

functionality of the baroreceptor for long-term control, and highlight the two main arguments that 

suggest that the baroreflex cannot play a role in long-term control of BP. They discuss the reasoning 

and pitfalls behind some of the assumptions that have been made about the baroreceptor. Their review 

is valuable because it introduces the reasoning that the baroreceptor may be made up of many different 
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parts and functions, which may have different thresholds and frequency responses under different 

situations. An example is where the baroreceptor afferent fibres are made up of A-fibre and C-fibres. 

A-fibres have a high firing rate and low pressure threshold, while C-fibres have a low firing rate and a 

high pressure threshold [5]. This collection of different fibres lends itself to a possible physiological 

function where the A-fibres can buffer quick changes in pressure and reset readily, while the C-fibres 

are more likely to act in the case of high pressures and are reset less readily. These different fibres 

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

different feedback mechanisms at the brainstem [5]. 

The first argument suggesting that baroreceptors canôt contribute to long-term control is based on their 

resetting behaviour, in which baroreceptors are known to shift their operating range in the direction of 

the prevailing pressure change. Although this behaviour, experimentally reported by Munch et al. [4], 

is widely accepted, Barret and Malpas note that baroreceptors 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 rate [5]. This observation is based on the A-fibre and C-fibre 

components of the baroreceptors, as well as in the characteristics of the terminal endings themselves, 

which suggest that the baroreceptor is capable of interpreting both absolute and relative pressure [5]. 

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

contribute to decreasing pressure [5].  

The second argument against the baroreceptorôs ability to control arterial pressure in the long-term, is 

based on experimental findings on sinoatrial denervated (SAD) rats and dogs. The interpretation of the 

results is that although there is generally an increased pressure variability at the onset, the long-term 

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

this result, many researchers such as Cowley [13]and Guyton [28] maintain that this is why the 

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

mean arterial pressure implies a óresetting of central controlô of SNA when the high pressure spike 

settles over a period of days. Barret and Malpasôs response to this argument is that subjects with intact 

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 pressure [5]. Barret and Malpas state that because 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 change [5].  

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 

baroreceptorôs firing rate, shows that this system in non-linear. This property is based on the fact that 
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superposition does not hold, because a linear increase in pressure wonôt result in the same linear 

increase in firing rate for the baroreceptor. It also implies that this system will be time-varying, based 

on the implication that the frequency of the change being applied affects the output. In order to 

investigate the role these fibres might play, and better understand the comments from Barret et al. [5], 

models will be investigated with simulated frequency response tests in section 4.2. 

In 2010, Bugenhagen et al. developed a model to describe the physiological behaviour of the 

baroreflex and how its dysfunction seems to be tied to hypertension [22]. By using experimental 

results from spontaneously hypertensive rats and Dahl salt sensitive rats, they parameterise a 

baroreflex model to draw conclusions about the relationships 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 heart rate at 

the SA node via the SNS and PNS [22]. The mathematical model of the transduction of aortic BP into 

a firing rate is of particular interest for this research, and is discussed more thoroughly in section 3.3 

below. This baroreceptor part of the model is an extension of the model from Srinivasen and 

Nudelman [26], [27], and was further investigated more recently by Mahdi [2]. Differences in fibre 

types, such as myelinated and unmyelinated fibres (Type I 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, under a non-linear function of 

compliance. The junction between the aortic wall and the baroreceptor nerve ending is modelled using 

a series of Voigt bodies [22], which are used to represent the different time constants at which the 

baroreceptor is known to reach steady-state after reaching its maximum firing rate (adaptation) [22]. 

This baroreceptor nerve ending strain, along with a strain sensitivity parameter and strain threshold 

parameter, results in an afferent baroreceptor firing rate. The method of modelling the junction 

between the strain at the arterial wall, and the strain at the nerve ending, was illustrated in Figure 2.2. 

This is further expanded in Figure 2.3 to show the mechanical model for the visco-elastic layers in a 

series of spring-damper systems (or Voigt bodies). 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 model may be 

further improved for simulating dynamic changes, by improving the model parameters [22]. The main 

value in this paper is their adaptation of the mechanical modelling of the pressure-response behaviour 

of the baroreceptor performed by Srinivasan and Nudelman [27], and their attempt to fit their model to 

datasets from rats.  
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Figure 2.3: Illustrated d ynamic Barorceptor model to further  describe how spring-damper 

networks model strain, Adapted from Bugenhagen [22] 

 

Beard et al. [14] expands on the models presented by Srinivasen et al. [27] and Bugenhagen et al. 

[22] to present an alternative to Guyton-based models [9] for arterial pressure regulation. Beard et al. 

argue that because the Guyton models assume that arterial pressure is regulated only by the kidneys, 

they cannot be used to investigate alternatives [14]. These alternatives include other complex 

relationships between neuronal and hormonal systems that are affected by the baroreceptors [14]. 

Their argument also highlights that there is no formal description or parametrisation of the Guyton 

models [14]. Based on these limitations, the Beard et al. model is presented as a ñphenomenologicalò 

model of physiological interactions between components [14]. Beardôs goal is to present a practical 

model which relates the input-output behaviour of selected BP controller variables, based on general 

physiological principles which are supported by experimental data. In this way, he confirms that his 

model is a ñdata-driven phenomenological representationò of the physiology rather than a fundamental 

representation based on mechanical and physical relationships [14]. 

The components in the Beard et al. model include large artery mechanics for the baroreceptor [14], the 

dynamics of the baroreceptor firing rate, mechanics of the heart, the autonomic system as well as the 

renin-angiotensin system. It is interesting to note that their model relates the changes in sympathetic 

tone to changes in aortic compliance, as well as long-term mechanical creep volume, which are not 

accounted for in other open loop baroreceptor models. I investigate and analyse this closed loop model 
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for dynamic characteristics using open-loop Simulink modelling techniques in section 3.4 below. 

Beard et al. concluded the following [14]: the baroreflex arc and the renin-angiotensin system may 

interact in order to regulate long term BP; renal function (or dysfunction) is not the main determinant 

of long-term arterial pressure according to their model; chronic stimulation of the baroreflex can 

regulate BP through the baroreflex and the renin-angiotensin system; arterial stiffening contributes to 

long-term changes in arterial pressure that is related to aging [14]. Some of these conclusions directly 

contradict other researchersô views on the reno-centric role of arterial BP regulation. One important 

distinction, which is not clearly discussed by Beard, is the difference between the normal 

physiological role of the baroreflex during long-term 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 affect sympathetic tone and renin-angiotensin levels and lead to essential 

hypertension [5], [13]. This observation is further investigated in section 4.2, when the frequency 

response of the Bugenhagen et al. and Beard et al. baroreceptor models are tested. 

The phenomenological model by Beard et al. [14] is very clearly described, along with clear 

parameterisation and experimental results, and compared against existing data from reliable sources. 

Interestingly Cowley [13] described the baroreceptor as incapable of acting as a sensor for long term 

control because of its frequency response and low gain (sensitivity), whereas Beard et al. [14] showed 

that electrical stimulation of the baroreceptor can affect the sympathetic nervous system when the 

arterial pressure baseline changes. 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 pressure). The difference 

between these two viewpoints is that although the baroreceptor can affect blood pressure over longer 

time periods (through stiffening walls or electrical stimulation), that does not infer that the 

baroreceptor can detect long-term changes or regulate blood pressure. 

Mahdi et al. presented a comparative analysis of baroreceptor models in their 2013 paper [2]. 

This study shows how different types of models perform according to the known features of 

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

1. The arterial wall deforms to convert pressure inputs into an arterial wall strain [2] 

2. Arterial wall strain stimulates the mechanoreceptor nerve ending [2] 

3. Baroreceptor firing rate is encoded as a function of the mechanoreceptor nerve ending 

activity [2].  

Mahdi et al compares three types of models for arterial wall deformation, based on whether the wall is 

modelled as linearly-elastic, nonlinearly-elastic or visco-elastic [2]. Three different conditions are 

compared for the pairing of the strain at 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 the translation from a 

nerve ending strain to a firing rate, viz. the simple amplifier model and the leaky integrate-and-fire 

model.  

The features of these different types of models are compared for their ability to fit a range of 

experimental results based on sinusoidal and step inputs. These results are based on experiments from 

Brown et al. on rat aortas for baroreceptor firing rates [2], [10]. Features which are used to test the 

behaviour of the models under these different conditions are saturation and threshold, adaptation and 

overshoot; as well as post-excitatory depression (PED) and rectification. Using these methods, Mahdi 

at al. are able to compare a variety of different models by examining each of the components that 

describe the behaviour of the baroreceptor [2]. They first quantitatively evaluate the different modelsô 

ability to fit experimental data, and then qualitatively investigates which combinations 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 parameters for 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 mechanoreceptor stimulation [2].  

Mahdi et alôs qualitative comparisons [2] show that the non-linear arterial wall, two Voigt body, 

integrate-and-fire collection of models result in the best alignment between responses and data [2]. 

This preferred model shows response sufficiently in line with the expected behavioural properties for 

rectification, threshold and saturation, adaptation as well as asymmetry [2]. A more extensive 

description and analysis of this model is outlined in section 3.5 below. A far more elaborate discussion 

on models which discern between A-fibre and C-fibre 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 the BR [2]. Their results show 

that linear wall models are insufficient for describing a BR response when the input has ómultiple step-

pressure inputsô[2]. Furthermore, the use of two Voigt bodies to describe the mechanoreceptor 

stimulation is sufficient to describe the adaptation on multiple time scales [2]. They say that the reason 

this may be sufficient is because the first Voigt body describes the time constant responsible for the 

deformation at the arterial wall, and that the second time constant is responsible for the deformation at 

the receptor nerve ending [2]. Importantly, he notes that based on his knowledge this is the first study 

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

over longer time periods would be invaluable for such an analysis [2].  

In 2014, Petterson et al. [15] combined the age-related strain component from King [24], with 

the firing response component of the baroreceptor from Bugenhagen et al. [22] along with the 
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circulatory model from Smith [40] in order to ómechanogenicallyô understand the physiology behind 

essential hypertension [15], [22], [24]. This model is similar to Beard et al.ôs model [14], only with a 

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

Petterson et al.ôs model [15] shows how when the arterial wall stiffens over long periods of time, the 

baroreceptor has a diminished response. They discuss how the natural process of age-related arterial 

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

baroreceptor receives inaccurate information about the pressure and responds inadequately [15]. 

Hence they hypothesise that the kidneys fail to restore BP to normal as arterial stiffening progresses, 

which could lead to essential hypertension [15]. By using Bugenhagen et al.ôs model for central 

nervous system responses [22], and Smith et al.ôs model for the renal changes to the pressure-

natriuresis curve [40], they present a closed loop model of an aging aorta [15]. They are able to show 

that as time progresses, and without any other pathological effects, BR sensitivity decreases over time 

[15]. This relates to the stiffening of the aorta in aging, and a decreased 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 Guytonôs theory that the renal curve is the only controller of BP over 

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 virtualrat.org [22], it is described in 

the paper only by the governing mathematical equations [15], [22]. Pettersen et al. claim that their 

model is the first qualitative example to show that arterial stiffening sufficiently explains essential 

hypertension [15]. This is in contrast to Beard et al.ôs similar statement [14] that the model from 

Averina et al. [41] was the only model known to show how the renal pressure-natriuresis curve adapts 

under long-term pressure changes [14]. One key distinction between all these models and their 

corresponding 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 renin-angiotensin system or not, can be 

used to understand the effect of the baroreceptor in chronic hypertension as well as to understand the 

regulatory control mechanisms for arterial pressure. 

Another interesting note is that all the authors of this group (Beard [14], Pettersen [15] and 

Bugenhagen [22]) indicate that the mechanical suppression of arterial wall strain can lead to a 

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

in opposition to Guytonôs theory that the renal function curve and the salt-volume uptake rates are the 

only controllers of BP. Pettersen et al. state that their findings do not contradict Guytonôs view, but 

rather support a mechanism which affects the renal curve in the long-term [15]. Whereas Beard et al. 

[14] state that because the arterial stiffening can contribute substantially to the long-term control of 

BP, it contradicts the órenocentricô Guyton view [14], [15]. Pettersen et al. [15] state in their paper that 

the dysfunction of the baroreceptor is not really a dysfunction at all, but really a misrepresentation of 

the arterial pressure through strain in a vessel with lower compliance[15].  
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Guytonôs model analyses BP regulation for mean BP only [9], where Clarke and others [7], [15] have 

shown that BRs are more sensitive to systolic BP peaks. Based on the physiology assumed by most 

authors that the BRs supress SNA to some extent [14], [15], [20], [22], Petterson et al. have shown 

how arterial stiffening can affect BR firing and subsequently decrease SNA suppression [15]. Based 

on these observations some further investigation is necessary. This investigation would be on the 

effect of intermittent stimulation of the BRs, preferably synchronised with systolic pressure, on 

suppression of SNA. This could help highlight new ways of resolving isolated systolic hypertension in 

aging subjects. 
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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 I give a short contextual background into each model, along with a description of the 

modelling equations. All modelling equations are also presented in Appendix B for review.  The 

models are implemented in Simulink R2016b (The MathWorks Inc, © 1994-2017, USA) and are 

validated with data from the experiments described by the model authors. All Simulink modelling 

diagrams are presented in Appendix C for 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 limitations of different ways of modelling the main 

features of the baroreceptor. 

3.1 The King Pressure-Strain Model for Arterial Walls  

3.1.1 Model Context 

King developed a model of the pressure-strain relationship in elastomeric arteries [24]. This model 

was expanded by Srinivasen et al. [27]. Srinivasen extended Kingôs arterial wall model for the 

baroreceptor by including a dynamic strain model component. Later, 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 using a curve fitted across experimental results for a rat aorta pressure-

radius relationship. 

Kingôs model of cylindrical tubes of elastomeric materials is described briefly in the next section, to 

provide context for the baroreceptor models described later in this chapter. Simulation of this modelôs 

behaviour is not presented here, as it is simulated in the model from Srinivasen et al. 

3.1.2 Model Equations and Description 

King investigates and describes the visco-elastic properties of the arterial wall to find out how large 

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 non-linear sigmoidal Langevin function [24]. This function approximates 

rubber-like stress-strain 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 as a non-linear elastic 

wall model, and a similar model with a non-linear sigmoidal pressure response curve is extensively 

tested and compared to other wall models by Mahdi et al. [2]. 

Kingôs paper gives a number of useful parameters for the human aorta, under different pressures and at 

different ages [24]. Table 3.1 below is based on the data reported by King, for the ranges of 
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parameters ɓ, A and the unconstrained radius (ὶ) [24]. A is a factor dependent on the arterial wall 

thickness, undistorted radius and initial pressure. ɓ is a factor for the unconstrained surface area of the 

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 aortas of different ages [24]. 

Age (years) ɓ A (mmHg) ὶ άά  

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 Nudelman Baroreceptor Model 

3.2.1 Model Context 

Srinivasen and Nudelman base their baroreceptor model on the transmission from pressure to strain at 

the arterial wall [27]. The model is comprised of an arterial wall strain based on the non-linear strain 

characteristics of elastomeric cylinders (as adapted from King) [24], [26]. Kingôs model parameters 

are based on experimental data collected from human aortas, whereas Srinivasen et al. model 

parameters are fitted for cat and dog carotid sinus experimental data. This strain model at the arterial 

wall is further extended to include 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 by Srinivasen and Nudelman, which relates changes in 

pressure at the carotid sinus arterial wall to the baroreceptor firing response [27]. The dynamic strain 

model includes the frictional coupling between the arterial wall and the baroreceptor nerve ending 

membrane. Together, the combined static and dynamic strains are transduced 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 integrate-and-fire model of the nerve 

discharge firing pattern.  

The following set of equations summarises the model presented by Srinivasen and Nudelman [26], 

[27]. 

The Langevin function (Eq. 3.1), used to model the non-linear elastomeric behaviour of the arterial 

wall, is included in the model of the static arterial wall strain (Ů) in Eq. (3.2) [24]. In Eq 3.2 the rate of 

change of the static wall strain is a function of the input pressure (ὖ) [26]. The elastomeric behaviour 

of the strain depends on resting mean pressure (A) and a factor for unconstrained surface area (ɓ) [26]. 
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The dynamic strain (‐) is modelled with a single Voigt body (a nonlinear spring in parallell with a 

linear damping element for viscosity). 
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Note that the static wall strain (Ů) is the series viscoelastic coupling of the nerve terminal to the arterial 

vessel wall, whereas the dynamic wall strain (‐) is the coupling caused by the 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 (ŭ in Eq. (3.4)). The membrane strain is then transformed 

into a transduced signal (x), which is generated if the combined membrane strain exceeds the strain 

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

(firing response in Figure 3.2). The firing response is modelled using a simple integrate-and-fire 

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 way, Eq. (3.5 ï 3.6) 

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

changes to the arterial pressure.  

‏  ‐ ‐ (3.4) 
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In this model, the authors introduced a function h(x)  (Eqs. 3.7 ï 3.8) to relate the transducer signal to 

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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Figure 3.1 shows how each of the model components relate the pressure to the baroreceptor firing 

response. 

 

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 

Figure 3.2. The conventional block diagram represented in Figure 3.2, is modelled in Simulink. The 

Simulink block diagram is available in Appendix C, Figure C.7.1. 



 

 

2
7 

 

 

Figure 3.2: Conventional block diagram representing Srinivasen et al. baroreceptor model [27]  
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3.2.3 Model Behaviour Compared with Published Data 

I implement this model in Simulink to assess its performance according to the reported behaviour. I 

then compare the Simulink outputs to results reported by Srinivasen et al. [26], [27]. The parameters 

used in the experiment described in their 1973 paper [27] are outlined in Table 3.2, and simulation 

outputs are shown in Figure 3.3 and Figure 3.4 below. The input 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. 1973 paper [27].  Note that I scaled the 

simulated firing response plotted in Figure 3.4 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 Srinivasen and Nudelmanôs 

experimental tests shows this feature of the model clearly [27]. Due 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, scaling is necessary 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 3.2: Parameter-Value pairs for Step Input (46 ï 202 mmHg) Pressure Experiment [27] 

Parameter Value Units Parameter Value Units 

A 195.5000 mmHg ύρ -0.0660 unitless 

‍ 0.4000 unitless ύς 0.2600 unitless 

ὃὶ 0.0072 unitless „ 0.0004 N/ά  

 ὸὬ 0.1210 unitless ὅὈ 0.1100 unitless‏

C 2.0000 unitless † 0.0400 s 
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Figure 3.3: Simulink modelled states based on input pressure (A), static arterial strain (B), 

dynamic strain (C) and combined membrane strain (D) generated by Simulink implementation 

of the Srinivasen and Nudelman baroreceptor model [27] 
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Figure 3.4: Comparison between experimental and reported firing responses generated by 

Simulink implementation of the Srinivasen and Nudelman baroreceptor model [27] 

3.3 Bugenhagen et al. Baroreceptor Model 

3.3.1 Model Context 

Bugenhagen et al. adapted their non-linear elastomeric model of the strain in the arterial wall from a 

similar model based on a pressure-area relationship [22]. This similar model is a 3-parameter 

empirical model, which Bugenhagen explains is from the pressure-area relationship proposed by 

Langewouters et al. [22]. In this model the non-linearity is modelled with an inverse tangent curve, 

whereas Srinivasen et al used the functional inverse of the hyperbolic cotangent. Bugenhagen 

linearises the 3-parameter model into a 2-parameter model, using a fitted curve which approximates 

rat experimental data. Using this method, he shows that a linearised 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 from Srinivasenôs single Voigt body to three Voigt 

bodies for modelling viscoelastic 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 pressure [2] (discussed further in section 

4.1.2).  

The firing response generated by Bugenhagen et al.ôs model is not a fitted response, but is the output 

of a physiological model based on the membrane strain, by adapting and simplifying Srinivasenôs 

óintegrate and fireô model [22], [27]. This firing rate is the baroreceptor 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 changes [22]. The model relates changes in pressure to the baroreceptor nerve 

through a static (elastomeric) strain and a dynamic strain (frictional coupling between arterial 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 baroreceptor [22].  
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The model used for the strain at the arterial wall is altered from Srinivasenôs more complex non-linear 

elastomeric model, to rather be represented by a three-parameter óstatic empirical pressure-area 

relationshipô based on experimental data [22]. Thereafter a dynamic strain model is included, based on 

the rate of change of that area. Although the three parameter non-linear model is shown by 

Bugenhagen et al. to compare well with experimental data from Andresen et al. [42], they further 

confirm that a two-parameter linearized model of the pressure-area relationship performs suitably well 

within the physiological range [22]. It is this linearised model that is used in this analysis, and 

presented here. Equations (3.10-3.12) show how arterial wall strain (‐ ) is related to pressure (P), 

through wall compliance (ὅ ) and the unstressed aorta radius (Ὑ), as well as the viscosity of the 

artery wall (ὄ ). 
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The dynamic model of the artery mechanics due to the frictional coupling of the arterial wall 

membrane is comprised of Voigt bodies. According to Bugenhagen et al., Voigt bodies model 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 

nerve ending, as well as in the connective tissue surrounding that nerve ending [22]. These elements 

are modelled by Eq. (3.13 ï 3.16) in which the strain elements (‐ȟ ‐, ‐) are functions of the 

respective elastic (ὑȟὑȟὑ) and viscous (ὄȟὄȟὄ) constants, and in which the elasticity of the 

baroreceptor nerve ending is represented as ὑ  [22]. In this way the dynamic strain (‏) detected at the 

baroreceptor nerve ending is a function of the difference between the strain at the arterial wall (‐ ) 

and the strain from the coupling across the different tissues and membranes. 
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Thereafter the firing response of the baroreceptor nerve is modelled with a simplified integrate and fire 

model, as seen in Eq. (3.17). The firing response (n) initiated if the strain at the baroreceptor nerve 

ending (‏) exceeds the baroreceptor threshold strain (‏ ), is a function of the strain sensitivity (S) and 

the jump frequency parameter (‒) [22]. 

 ὲ  
π ȟὭὪ ‏ ‏

Ὓ‏ ‏‒  ȟὭὪ ‏ ‏ 
 (3.17) 

The subsystems shown below in Figure 3.5 show the relationships between the model subsystems. The 

block diagram for the expanded subsections of the model is shown in Figure 3.6, where the colours 

highlight the separate subsystems. The equations above are described with reference to the variables in 

Figure 3.6. 

 

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 representing the Bugenhagen et al. baroreceptor model 

[22]. 

The block diagram of the implementation of the model components in Simulink, as per the subsystems 

shown in Figure 3.6 are available in Appendix C, Figure C.7.2 to Figure C.7.4.  
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3.3.3 Model Behaviour Compared with Published Data 

I implement this model in Simulink and compare its performance with simulated and experimental 

data from WKY rats published by Bugenhagen et al. [22].  

The parameters for one of the experiments described in the Bugenhagen paper [22] are presented in 

Table 3.3. Plots of simulated static arterial strain, dynamic strain and membrane (combined) strain are 

presented in Figure 3.7. Simulated firing response based on the parameters as reported by Bugenhagen 

is shown in Figure 3.8, while the result after optimising one parameter (ὑ ) is shown in 

Figure 3.9. The input is a step in pressure from 0 mmHg to 230 mmHg at 3.0 s. The initial conditions 

for the differential states in this simulation are determined from simulating the model at 0 mmHg for 

3 s. 

Note that I have scaled the magnitude of the firing response in Figure 3.8 and Figure 3.9 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 (0 ï 230 mmHg) Pressure Experiment 

Parameter Value Units Parameter Value Units 

ὑ  1.000 mmHg/mm S 255.000 Hz 

ὑ 1.500 mmHg/mm ‏ὸὬ 0.200 unitless 

ὑ 3.750 mmHg/mm ‒ 1.000 unitless 

ὑ 1.050 mmHg/mm ‐  0.204 unitless 

ὄ 1.000 mmHg x s/mm ‐  0.232 unitless 

ὄ 10.000 mmHg x s/mm ‐  0.149 unitless 

ὄ 300.000 mmHg x s/mm Ὑ 1.600 mm 

ὄ  1.000 mmHg x s/mm ὑ  1.950 mmHg/mm 

ὅ  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) with ╚ ▫▬◄░□░▼▄▀. 

 

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

experimental and simulated data (Bugenhagen et al. [22]). Model parameters as in Table 3.3 




















































































































































