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Background

Blood pressure regulation is a homeostatic process
- Parasympathetic responses correspond to positive feedback loops
- Sympathetic responses correspond to negative feedback loops

Baroreceptors are located in arterial walls

- By measuring pressure, the baroreflex affects the firing rate of the
associated neurons, which will increase/decrease the systemic arterial
pressure

Investigate how a change in carotid sinus pressure relates to the feedback
adjustment of systemic arterial pressure due to the relationship between
baroreceptors and peripheral nervous system
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Goals

Model a human sympathetic
baroreflex response through
mathematical governing equations
and simulink/MATLAB

Introduce closed- and open-loop
transfer functions that relate input
carotid sinus pressure to output
arterial pressure

Conduct a Bode plot analysis and
evaluate the feasibility of our model
in human model application

Investigate medical conditions such
as multiple sclerosis (MS) and their
effects on blood pressure
regulation through model
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Defining Our System: Assumptions

We assume that all governing equations, transfer functions, and datasets from literature
apply to normal human physiological conditions.

For our governing equations, we assume that the efferent sympathetic nerve firing rate,
modeled as f, is determined through a linear amplifier model.

In literature, rabbit experimental data assumed that the influence of muscular activity is
eliminated through anesthetization. For consistency, we assume that human muscular
activity does not affect our model.

We assume that arterial and carotid sinus pressure are similar to the point of being
interchangeable.

We assume that stroke volume and total peripheral resistance are constant gain values in
calculating the carotid sinus pressure as a function of resting heart rate.


#
#
#
#

Methods
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The blood pressure was related to the baroreceptor firing rate (efferent sympathetic nerve

activity) through arterial wall deformation, modelled through artery wall strain, and
mechanoreceptor stimulation, modelled through end nerve strain.

Governing equations relating these terms together were modelled in simulink
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Baroreceptor Nerve Firing

Equations and Values

p(t) = P, t 2. 551'71(p2 — plt)

de
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Parameter Definition

zero pressure radius
wall thickness
elastic modulus
aortic distensibility

elastic nerve constant

viscous nerve coupling constant

nerve ending constant

nerve ending relaxation rate

firing constant

firing constant

Value
1.13
0.17
1050

ro/ (Eh)

10
2.5

E,/n,
E,/n,
E,/n,
E,/n,
E,/n,
E,/n,
480
100

Units
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Efferent Baroreceptor Sympathetic Nerve Firing
Rate as a Function of Carotid Sinus Pressure
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The output nerve firing rate shown in
green is modelled sinusoidally, even
though governing equations are linear.
Attributed to mismatched sampling rate.
Light blue line represents an estimated
corrected curve with proper sampling
rate used.
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Carotid Sinus Pressure

_| Cardiac Output _|
» 95 » 83 (1)
I/ |/ CSP
Step1
Resting Heart Rate Stroke Volume Total Peripheral Resistance

- The carotid sinus pressure in our model was represented as a linear
function of resting heart rate, and related through the above physiological
values. The values are taken from average human physiological conditions.
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Transfer Functions

Sympathetic Baroreflex

»( 1

Error
@ 1/(2 % pi *0.035)s + 1 R 1 B
Cop 1/(2 % pi % 0.6)"25> + 1/(pi % 0.6)s + 1 1/(2 % pi*0.049)"2s% + (0.92 % 2) /(pi % 2 % 0.049)s + 1
Neural Arc Transfer Function Neural Arc Peripheral Arc Transfer Function Peripheral Arc
(First-order highpass filter) Lag Time (Second-order lowpass filter) Lag Time

- Transfer functions based on anesthetized rabbits were found from literature. Models were
adjusted to humans through modelling carotid sinus pressure as a function of resting hez ¢,
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0.6
0.49
0.92

SAP

10


#
#
#
#

System Block Diagram in Simulink

Carotid Sinus Pressure

Carotid Sinus Pressure

Sympathetic Baroreflex

SAP
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Systemic Arterial Pressure
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For an input resting heart
rate of 75 bpm, or ~1.25
beats per second.

Negative feedback is
apparent, with steady-state
settling at around 50 mmHg
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Neural Arc & Peripheral Arc Bode Plots

Bode Diagram
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Closed Loop System Bode Plot

Bode Diagram
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Sensitivity Analysis

Normal resting heart rate: ~75 bpm
(1.25bps)

Women: 77, men 72

Assuming 95mL stroke volume and .83
mmHg/s/mL TPR[9]

Sensitivity=1/[1+P(s)*H(s)]

st + 6.859 823 + 14.36 s22 + 10.01 s + 1.447

sAd. ¢ 123 A3 + 1307 sf2: 4 10.81L s 4 2.8895

Maximum sensitivity at w=0.836 (rad/s) at
original parameter values (107(5/20)=1.77)
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£c1=0.035 50%fc1l® 200%fc1

Sensitivity

Sta b | |_| ty fc2=0.6  50%fc2 200%fc2

Variable S Stability

CSP 1 60-160 mmHg

fc1 <<1  >=0.026 (75%) fn=0.49  50%fn
fc2 <<1  >=0.3 (50%)

fn <<1 <=0.6125 (125%)

zeta <<1 1>7>=0.46 (50%)

150%fn B

Zeta=0.92 50%Zeta |8 200%Zeta i
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Discussion + Future Directions

e Our model was able to show the behavior of a human sympathetic baroreflex response,
relating carotid pressure to output arterial pressure

In the future:
e Usethe model to look at other conditions such as multiple sclerosis, which is a disease in
which the immune system eats away the myelin sheaths of the nervous system.
e Further investigate the relationship between baroreflex efferent nerve firing rate input and
peripheral arc response, and model in simulink.
e Expand upon linear action potential model and look into other non-linear models such as the
leaky integrate-and-fire model

18


#
#
#
#

Acknowledgements

Thank you to Dr. Gert Cauwenberghs and the BENG 122A TA's for lectures,
guidance, and suggestions throughout this quarter.

Thank you to the various authors for their publications and literature
referenced in this project.

Thank you to all of the rabbits that have contributed to the experimental
data and information referenced in this project.

19


#
#
#
#

[1]
2]
3]
[4]

[5]

[6]
[7]
8]

9]

References

G Billman. “Homeostasis: The Underappreciated and Far Too Often Ignored Central Organizing Principle of Physiology,” FrontPhysiol. vol. 11, pp.
200, 2020. https:/doi.org/10.3389/fphys.2020.00200
PK. Gummadavalli. “Computational Modeling of Sensory Circuitry in the Nucleus Tractus Solitarii from Arterial Baroreceptor and Somatosensory

Inputs,” M.S thesis, University of Missouri-Columbia, 2007.

L.K. Hill, J.J. Sollers III, C.L. Edwards, J.F. Thayer, K.E. Whitfield. “A validation of estimated total peripheral resistance using twin

data,” BiomedScilnstrum, vol. 50, pp. 210-218, 2014. PMID: 25405426

M. Huang, D.R, Allen, D.M. Allen, D.M. Keller, P.J. Fadel, E.M. Frohman, S.L. Davis. “Impaired carotid baroreflex control of arterial blood pressure
in multiple sclerosis,” JNeurophysiol. vol. 116, no. 1, pp. 81-87, 2016. https://doi.org/10.1152/jn.00003.2016

Y. Ikeda, T. Kawada, M. Sugimachi, O. Kawaguchi, T. Shishido, T. Sato, H. Miyano, W. Matsuura, J. Alexander, Jr, and K. Sunagawa. “Neural arc of
baroreflex optimizes dynamic pressure regulation in achieving both stability and quickness,” AmJPhysiolHeartCirc. vol. 271, no. 3, pp. H882-890,
1996 https://doi.org/10.1152/ajpheart.1996.271.3.H882

T. Kawada, K. Saku, T. Miyamoto (2021). Closed-Loop Identification of Baroreflex Properties in the Frequency Domain. Frontiers in neuroscience,
15, 694512. https://doi.org/10.3389/fnins.2021.694512

J.T. Potts, T. Hatanaka, A.A. Shoukas. “Effect of arterial compliance on carotid sinus baroreceptor reflex control of the circulation,”
AmJPhysiolHeartCirc. vol. 270, no. 3, pp. H988-1000, 1996 https://doi.org/10.1152/ajpheart.1996.270.3.H988

K. Toru, S. Keita, M. Tadayoshi. “Closed-Loop Identification of Baroreflex Properties in the Frequency Domain,” FrontNeurosci. vol. 15, pp. 1044,
2021. https://doi.org/10.3389/fhins.2021.694512

Y Goorakani, M S. Rahimabadi, A Dehghan, et al. “Correlation of resting heart rate with anthropometric factors and serum biomarkers in a
population-based study: Fasa PERSIAN cohort study. BMC Cardiovasc Disord” 20, 319 (2020). https://doi.org/10.1186/s12872-020-01594-y

20


#
#
#
#
https://doi.org/10.3389/fphys.2020.00200
https://doi.org/10.1152/jn.00003.2016
https://doi.org/10.1152/ajpheart.1996.271.3.H882
https://doi.org/10.3389/fnins.2021.694512
https://doi.org/10.1152/ajpheart.1996.270.3.H988
https://doi.org/10.3389/fnins.2021.694512
https://doi.org/10.1186/s12872-020-01594-y

Thank you for listening!
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