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Biographical Sketches 
 
Summary 
 
This chapter focuses on modeling the general features of circulatory system, 
emphasizing the interaction of various elements including hemodynamic properties, 
local and global control mechanisms, various circulatory subsystems, and other factors 
that unify the overall cardiovascular function into a complex interacting system. This 
chapter is a companion to the chapter on Hemodynamics and like that chapter, focuses 
on the human circulatory system though many features carry over to other systems. In 
this chapter we provide various examples of models at the system level and provide 
insight into how models of such systems can be validated with special emphasis given 
to the information provided by sensitivity analysis for carrying out efficient parameter 
estimation. An important sub-theme of this chapter is the presentation of heath problems 
related to the circulatory system which can be studied via modeling, clinical 
manifestations of these problems that represent important challenges to health care, and 
challenges to adapting models to study such problems in individual subjects. 
 
1. Introduction 
 
The subject of this chapter is the Circulatory System which is written to be a companion 
chapter to Hemodynamics in human: Physiology and Mathematical Models. The 
hemodynamics chapter focuses on physical determinants of blood flow including 
pressures, resistances, compliances, the pumping heart, and characteristics of blood, 
while the current chapter emphasizes systemic characteristics of overall circulatory 
system structure and function. This chapter includes discussion of control mechanisms 
that stabilize the system in response to challenges or perturbations of the system. This 
division of subject matter for the two chapters is clearly somewhat arbitrary due to the 
interrelationships between the various component elements of hemodynamics and the 
structure and function of the overall circulatory system that is built from these elements. 
In particular, heart function overlaps both topics and we will often use the phrase 
cardiovascular system interchangeably with circulatory system.  
 
2. Circulatory System Organization and Physiology 
 
In this section we review important elements of the circulatory and cardiovascular 
system (CVS). Important resources for further reading include J. R. Levick (2003), L. 
B. Rowell (1993), and A.C. Guyton and J.E. Hall (2006).  
 
2.1. Principal Elements of the CVS System Structure and Function 
 
The circulatory system together with the heart as a pump has as its primary purpose the 
distribution of nutrients and substrates needed for metabolism and the removal of 
unwanted by-products. The ultimate target for the transport system is the cell where 
exchange is carried out at the microvascular-intercellular fluid boundary. Transport to 
the cell is over a physical distance and hence the system of vessels must not only 
distribute blood effectively but efficiently so that the work of transport is not too 
expensive in terms of energy or time. This requires many specialized compromises 
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between cost and benefit and innovation in the design of the system. One example is the 
compromise in the number of red blood cells which raises not only oxygen carrying 
capacity but also viscosity and hence the work in transporting the red cells. 
Furthermore, if not for the efficiency of hemoglobin in loading oxygen, the number of 
red cells needed would create enormous problems in distribution. 
 
2.2. Vascular Structure, Relation to Hemodynamics and Blood Flow, Interstitial 
Fluid and Lymph 
 
The total circulatory system consists of two subcircuits as follows: 
 
• The systemic circuit transports blood from the left ventricle through the systemic 

arteries to the tissues and returns blood via the systemic venous system to the right 
atrium of the heart. 

• The pulmonary system represents a similar pathway from the right ventricle to the 
lungs, returning to the left atrium. 

• The arterial components of each circuit are high pressure components since they 
receive blood pumped from a ventricle while the venous components are at low 
pressure since blood has already passed along pathways with an inherent resistance 
to flow. 

• Starting at the main artery joining the ventricle, the vasculature branches many 
times, terminating in the capillaries whose walls are sufficiently thin to allow 
efficient exchange of nutrients and waste products with intercellular fluid in tissue 
and with alveoli in the lungs. The exchange is by passive diffusion alone, based on 
the balance of various pressure differences such as osmotic pressure. 

• On the venous side of the systemic capillary network the blood is collected by small 
veins which in turn merge into larger veins finally returning systemic blood by the 
superior and inferior vena cava to the right atrium. Venous valves are needed to 
keep blood moving toward the heart given the low pressure. In fact the "muscle 
pump" is an important contributor in creating the venous return flow. In the 
pulmonary circuit blood is similarly collected and returned to the left atrium via 
four pulmonary veins. 

 
The anatomy and organization of the vascular tree is quite complex. The system can be 
modeled via a lumped compartmental modeling approach or a distributed modeling 
approach depending on whether extension in space is a central element in the 
phenomenon under study. See for example the work of N. Westerhof and N. 
Stergiopulos (1998) for a discussion of modeling issues related to the vasculature. The 
vasculature can be divided into the microvasculature and macrovasculature. The former 
consists of capillaries and small arterioles and venules less than approximately 50 
microns while the latter consist of larger vessels. This distinction is important because 
the characteristics of blood flow are different at these two levels. Fluid that filters out of 
the capillaries enters the interstitial or intercellular space. This fluid is available to be 
reabsorbed when Starling pressures allow diffusion back into the capillaries. This can 
happen, for example, if hematocrit (the proportion of red blood cells to total blood 
volume), albumin, or other blood constituents are increased which changes the osmotic 
pressure gradient. Excess fluid can also be returned to the blood via the lymphatic 
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system which allows for interstitial fluid to circulate back via lymph vessels to the 
venous blood stream. These features supplement the function of the circulatory system. 
 
3. Control Mechanisms 
 
Control system behavior can be classified as global or local. Global control refers to 
those controls that respond to the state of the system as a whole as measured by key 
quantities such as arterial blood pressure, blood volume, and blood CO2 and O2 levels. 
Local control responds with local mechanisms to influence local conditions. 
 
Global control utilizes sensory systems to evaluate the state of the system. Information 
on the state of the system is sent to control centers in the brain, which transform this 
information into response signals that are transmitted via the peripheral nervous system 
to the sites where the control responses are implemented. Global control influences 
many aspects of the circulatory system. The control acts to redistribute blood flow to 
various tissues via variation in systemic resistance and mobilization of unstressed 
volume. It also acts to increase or decrease the pumping action of the heart. The 
response of the control is designed to maintain overall stable system function.  
 
Sensory System 
 
Effective global control of circulatory and cardiovascular function depends on adequate 
monitoring of the state of the system. This is primarily accomplished by monitoring key 
blood pressures as well as blood gases. Systemic arterial blood pressure is monitored by 
baroreceptors located in the carotid arteries and aorta. These cells stretch in response to 
an increase in blood pressure, causing an increase in their firing rate which is 
transmitted to the control centers in the brain. Reduction in pressure allows the 
baroreceptors to contract with the opposite effect. 
 
Cardiopulmonary receptors are located at the opening of the right atrium, allowing for 
monitoring central venous pressure and indirectly blood volume. Receptors are also 
scattered in the right atrial-ventricular regions, allowing for monitoring ventricular 
filling, as well as scattered in the pulmonary arterial vasculature allowing for 
monitoring pulmonary pressures. Chemoreceptors in the carotid bodies and aortic arch 
monitor levels of blood CO2 and O2 which is indicative of respiratory system status (see 
article Respiratory System) and also indirectly indicates blood perfusion of these 
sensory cells. Reduced perfusion implies reduced blood gas stimulation of 
chemosensors which translates into information on blood pressure and flow status 
particularly in special circumstances and critical situations. 
 
All information from sensory sites is transmitted to control centers in the brain where 
this information is integrated and transformed into system response. These control loops 
act as negative feedback controls, generating responses that return the system to its 
normal operating point when a perturbation occurs (such as a drop in blood pressure 
when one stands up). The distribution of sensory sites is depicted in Figure 1. 
 
The Autonomic Nervous System 
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The control system for maintaining stable and appropriate circulatory system function 
operates almost completely via the autonomic nervous system (ANS). This neuronal 
system includes nerve pathways and neuronal centers such as the spinal cord, brain 
stem, medulla, and hypothalamus. The autonomic nervous system consists of two major 
subdivisions (or pathways) called the sympathetic system and the parasympathetic 
system. The sympathetic system influences cardiovascular function by adjusting heart 
rate H , heart muscle contractility S , systemic vascular resistance R , venous 
compliance vC , and unstressed volume uV  (see Hemodynamics in human: Physiology 
and Mathematical Models). The parasympathetic system contributes first and foremost 
to regulation of heart function. Parasympathetic nerve stimulation has an opposite effect 
to the sympathetic stimulation of the heart. This antagonistic (or complementary) 
interaction of sympathetic and parasympathetic actions can also be observed in other 
contexts as well. The vasomotor center in the brain is the primary ANS center for 
transforming cardiovascular sensory information into response signals transmitted by 
the sympathetic and parasympathetic systems. 
 
Sympathetic Action and Its Effects on Circulation 
 

 
 

Figure 1. Control sensors responding to partial pressures of carbon dioxide (Pa CO2), 
oxygen (Pa O2), and brain carbon dioxide PB CO2 and arterial blood pressure and 

central venous pressure CVP. 
 
Sympathetic nerves innervate most tissues. Cardiovascular control via sympathetic 
pathways depends on sympathetic nerve contact with heart muscle and the vasculature. 
Sympathetic stimulation acting on blood vessel vasculature results primarily in 
vasoconstriction and increased resistance to flow. This effect occurs at the level of small 
arteries and terminal resistance arterioles in the arterial system with constriction at the 
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smallest arterioles locally generated by metabolic effects. The venous system is 
similarly organized in regards to distribution of nerves and constrictive action with 
constriction resulting in reduction in venous capacitance. Sympathetic stimulation of 
heart muscle increases heart rate and heart contractility. Reduction in sympathetic firing 
has the opposite effects to those listed above. 
 
Since sympathetic innervation is widespread, global control responses can generate a 
generalized vascular constriction to respond to system challenges, but can also target 
vascular constriction to particular regions in specific situations. . 
 
Parasympathetic Action and Its Effects on Circulation 
 
As mentioned above, the parasympathetic system has a primary role in controlling heart 
rate. Parasympathetic nerve firing slows down heart rate while parasympathetic signal 
withdrawal allows the heart rate to accelerate. Parasympathetic signals reach the heart 
via the vagus nerve with innervation of other tissues primarily restricted to certain 
organs - the parasympathetic connections are significantly less distributed than 
sympathetic connections.  
 
It is important to note that parasympathetic inhibition is the dominant factor in 
determining heart rate at rest, given that the intrinsic pacemaker rhythm of the heart is 
about 100 beats per minute, which is higher than the typical normal rate of 60 - 70 beats 
per minute. Furthermore, changes in parasympathetic activity influence heart action 
much more quickly than changes in sympathetic activity. In general, the reduction in 
inhibitive effects of parasympathetic withdrawal is combined with increased 
sympathetic stimulation to increase heart rate. The reverse pattern decreases heart rate. 
 
3.1. Control of Blood Pressure  
 
Control of blood pressure can be divided into two categories: short-term control and 
long-term control. Figure 1 indicates the elements in the short-term control (baroreflex 
control) loop of the CVS while Figure 2 indicates the action involved in the short-term 
response to a drop in blood volume which causes a drop in blood pressure. A drop in 
arterial blood pressure asP , regardless of cause, would precipitate a similar cascade of 
responses which include the following: 
• The drop in pressure reduces the stretch in the baroreceptors which reduces the 

neural afferent signal to the central controller in the brain. 
• This causes an increase in sympathetic neural activity and a decrease in 

parasympathetic neural activity. Both these actions increase heart rate. 
• Sympathetic activity also raises contractility of heart muscle which supports cardiac 

output and also increases vasoconstriction and hence systemic resistance. 
• Sympathetic action also reduces venous capacitance, which reduces unstressed 

volume and adds blood to the stressed volume and hence dynamic component of 
blood flow. 

• All these actions cause an increase in blood pressure. 
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Several important points should be emphasized. Short-term control responds within 
seconds to changes in pressure and in a very few minutes returns arterial blood pressure 
to normal. The baroreflex, which is responsible for this control, reacts both to absolute 
changes in mean arterial pressure (MAP) as well as the rate of change in pressure and 
also transmits information about pulse pressure. The baroreflex can reset its operating 
point so that deviations around this new operating will trigger the control responses. 
This is one of the complicating problems in hypertension. Exercise typically raises 
blood pressure and cardiac output so it is clear that system response to exercise involves 
additional control pathways besides the baroreflex to set the appropriate system 
operating state. An interesting question is why high blood pressure due to exercise is 
apparently beneficial while static hypertension is not. Clearly, duration may be a factor 
in the difference but there may be other factors that play a role as well. 
 
Clearly, various combinations of changes in , , ,H R S and uV can achieve the same 
result. Individuals show a wide diversity of individualized patterns of responses, with 
specialized groups such as athletes reflecting group-related patterns. A key question is 
whether the response pattern is always the same or varies for an individual and if there 
are variations what determines the choice of response strategy.The baroreflex may or 
may not play a role in setting the long term level of asP  but the kidneys definitely have a 
key role in long term control as discussed below. 
 
3.2. Control of Blood Volume 
 
Reduction in blood volume, such as could occur during hemorrhage or during dialysis 
treatment, reduces central venous pressure (CVP) and hence atrial filling which lowers 
cardiac output, resulting in a drop in arterial pressure. Figure 2 illustrates the baroreflex 
response. The cardiopulmonary sensors respond to such changes in blood volume and 
trigger sympathetic effects that may target mobilization of unstressed volume. Clearly 
the arterial baroreflex also becomes involved as asP is influenced as well by the reduced 
cardiac output. During small changes in blood volume the cardiopulmonary baroreflex 
may play the dominant role in setting system response. How, in fact, information from 
the cardiopulmonary and arterial baroreceptors is integrated and how responses are 
organized based on two sensory streams is still a topic for investigation. It is possible, 
based on the organization of the transfer of information from the two sensory sites and 
the responses generated by the stimulation from these sites, that the effectiveness of the 
response of the system could be either reduced or magnified, depending on 
circumstances of the interaction.  
 
3.3. The Kidneys and Cardiovascular Control 
 
The role of the kidneys is extensively discussed in Hemodynamics in human: 
Physiology and Mathematical Models. We mention here that the kidneys play an 
important role in controlling blood volume both over longer time scales (minutes to 
hours) via direct manipulation of fluid retention or elimination as well over shorter time 
scales (minutes) via hormonal control pathways. Given that the kidneys play a role in 
modulating sympathetic tone and blood volume they may also have a role in the 
emergence of hypertension.  
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Figure 2. Baroreflex control system response to reduced blood volume. The symbol (+) 
denotes increase and (-) denotes decrease. 

 
3.4. Local Control and Autoregulation 
 
Local control of blood flow responds to two primary stimuli: a change in local blood 
pressure and a change in metabolic activity. Local responses act to maintain proper flow 
for metabolic needs. 
 
Autoregulation refers to the ability to counteract and smooth out surges in pressure that 
would unnecessarily alter flow. It also acts to ensure stable capillary pressure and 
glomular filtration rate. Metabolic hyperemia, which is a form of metabolic demand 
control, results from vasodilation when metabolic activity increases (CO2 rises and  O2 
falls) ensuring sufficient blood perfusion locally to meet metabolic demand. 
 
- 
- 
- 
 

 
TO ACCESS ALL THE 49 PAGES OF THIS CHAPTER,  
Visit: http://www.eolss.net/Eolss-sampleAllChapter.aspx 

 
 
Bibliography 
 
Baselli, G., Caiani, E., Porta, A., Montano, N., Signorini, M.G., Cerutti, S., 2002. Biomedical signal 
processing and modeling in cardiovascular systems. Crit Rev Biomed Eng, 30 55 - 84. [Review article 
illustrating the role of signal processing in cardiovascular system analysis and in modeling] 

https://www.eolss.net/ebooklib/sc_cart.aspx?File=E6-188-09-00


UNESCO – 
EOLS

S

SAMPLE
 C

HAPTERS

MATHEMATICAL PHYSIOLOGY – Mathematical Modeling of the Circulatory System – Jerry J. Batzel, Mostafa Bachar 
and Franz Kappel 

©Encyclopedia of Life Support Systems (EOLSS) 
 

 

Batzel, J.J., Kappel, F., Tran, H.T., Schneditz, D., 2006. Cardiovascular and Respiratory Systems: 
Modeling, Analysis, and Control. Siam, Philadelphia. [In depth survey of recent approaches to modeling 
the cardiovascular and respiratory system, with emphasis on control issues.] 

Berger, M.P.F., Wong, W.K. (eds.), 2005. Applied Optimal Design. John Wiley and Sons, Chichester, 
UK. [Illuminating collection of articles on various approaches to investigate optimal experimental design 
issues.] 

Cavalcanti, S., Cavani, S., Santoro, A., 2002. Role of short-term regulatory mechanisms on pressure 
response to hemodialysis-induced hypovolemia. Kidney Int 61, 228 - 238. [Model-based analysis of 
important factors influencing blood volume control especially for dialysis procedure.] 

Cowley Jr., A.W., 2008. Renal medullary oxidative stress, pressure-natriuresis, and hypertension. 
Hypertension 52, 777 - 786. [Clear review of the role of the kidney in control of blood pressure.] 

Fan, H., Khoo, M.C.K., 2002. (PNEUMA) a comprehensive cardiorespiratory model. In: Proceedings of 
the 2nd EMBS/BMES Joint Conference, Houston, Texas, 1533 - 1534. [A comprehensive model for 
studying cardiovascular and respiratory system interactions. Model structure is modular with 
compartments easily understandable.] 

Garcia-Touchard, A., Somers, V.K., Olson, L.J., Caples, S.M., 2008. Central sleep apnea: implications for 
congestive heart failure. Chest 133, 1495 - 1504.[An extremely clear presentation on clinical issues 
linking respiratory instability and congestive heart failure.] 

Giannessi, M., Ursino, M., Murray, W.B., 2008. The design of a digital cerebrovascular simulation model 
for teaching and research. Anesth Analg 107, 1997 - 2008.[Excellent example of modeling for educational 
applications.] 

Grodins, F.S., 1963. Control Theory and Biological Systems. Columbia University Press, New York. 
[Well written text by one of the key developers of mathematical modeling integrated with control theory 
with application in physiology.] 

Guyton, A.C., Coleman, T.G., Granger, H.J., 1972. Circulation: Overall regulation. Ann Rev Physiol 34, 
13 - 46. [Exposition of the overall cardiovascular control system wriiten by leading scientists in this 
field.] 

Kappel, F., Peer, R.O., 1993. A mathematical model for fundamental regulation processes in the 
cardiovascular system. J Math Biol 31, 611 - 631. [Example of how optimal control theory can be applied 
in modeling the baroreflex.] 

Levick, J.R., 2003. An Introduction to Cardiovascular Physiology. Oxford University Press, New York, 
5th edn.[One of the best presentations of the physiology of the cardiovascular system. Provides details but 
also insight into how to think about this subject.] 

Lu, K., Clark Jr., J.W., Ghorbel, F.H., Ware, D.L., Bidani, A., 2001. A human cardiopulmonary system 
model applied to the analysis of the Valsalva maneuver. Am J Physiol Heart Circ, Physiol 281, H2661 - 
H2679. [One of a series of papers developing a complex model of cardiovascular control. This paper 
provides model validation in reference to data generated by the Valsalva maneuver which induces a well 
defined blood pressure perturbation.] 

Olufsen, M.S., Ottesen, J.T., Tran, H.T., Ellwein, L.M., Lipsitz, L.A., Novak, V., 2005. Blood pressure 
and blood flow variation during postural change from sitting to standing: model development and 
validation. J Appl Physiol 99, 1523 - 1537. [Extension of research in reference just before, representing 
an interesting example of how to use a set of candidate models to narrow down the relation between 
variables when internal structure is unknown.] 

Ottesen, J.T., 1997. Modelling the baroreflex-feedback mechanism with time-delay. J Math Biol 36, 41 - 
63. [The role of delay in control function is examined in the baroreflex. Compare to Z. Topor citation for 
respiratory system.] 

Peskin, C.S., 1981. Lectures on mathematical aspects of physiology. In: F.C. Hoppensteadt (Ed.), 
Mathematical Aspects of Physiology, Amer. Math. Soc., Providence, Rhode Island, vol. Lectures on 
Applied Mathematics Vol. 19, 1 - 107. [Well-written exposition by a leading researcher in the area of 
distributed models in general and especially related to heart structure and function.] 



UNESCO – 
EOLS

S

SAMPLE
 C

HAPTERS

MATHEMATICAL PHYSIOLOGY – Mathematical Modeling of the Circulatory System – Jerry J. Batzel, Mostafa Bachar 
and Franz Kappel 

©Encyclopedia of Life Support Systems (EOLSS) 
 

 

Rideout, V.C., 1991. Mathematical and Computer Modeling of Physiological Systems. Prentice Hall, 
Biophysics and Bioengineering Series, Englewood Cliffs, New Jersey. [A comprehensive discussion of 
physiological systems with a strong engineering slant.] 

Rowell, L.B., 1993. Human Cardiovascular Control. Oxford University Press, New York. [An important 
contribution to the field, insightfully written and illustrating how to balance, integrate, and interpret 
diverse experimental research.] 

Thrasher, T.N., 2005. Baroreceptors, baroreceptor unloading, and the long-term control of blood pressure. 
Am J Physiol Regul Integr Comp Physiol 288, R819 - R827. [Review of experimental data on baroreflex 
resetting, disordered baroreceptor function, and the pathogenesis of hypertension in subjects with 
decreased arterial compliance] 

Ursino, M., 2000. Modelling the interaction among several mechanisms in the short-term arterial pressure 
control. In: M. Danielsen, J. T. Ottesen (Eds.), Mathematical Modelling in Medicine: Vol. 71 in Studies 
in Health Technology and Informatics, IOS Press, 139 - 162. [Provides an overview of all the interacting 
mechanism in blood pressure control.] 

 
Biographical Sketches 
 
Jerry J. Batzel received his PhD from North Carolina State University in 1998 with area of research 
applied mathematics. 

He is currently Research Associate at the Institute for Mathematics and Scientific Computing at the 
University of Graz, Austria. He has coauthored the book Cardiovascular and Respiratory Systems: 
Modeling analysis and control, Siam Philadelphia, 2007. Current interests include modeling physiological 
systems and inverse problems. 

Mostafa Bachar received his PhD from University of Pau et Pays de l'Adour in December, 1999 with 
areas of research applied mathematics, recently he is working as Assistant Professor in Department of 
Mathematics, in King Saud University, Saudi Arabia, and his current research are mathematical modeling 
in mathematical biology and mathematical analysis. 

Franz Kappel received his PhD from University of Graz in 1963, was Associate Professor at the 
University of Würzburg (Germany) from 1971 – 1975 and was Full Professor at the University of Graz 
from 1975 – 2008. 

 


