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Abstract
Arterial pressure is regulated over long periods of time by neural, hormonal and local control
mechanisms, which ultimately determine the total blood volume and how it is distributed between
the various vascular compartments of the circulation. A full understanding of the complex interplay
of these mechanisms can be greatly facilitated by the use of mathematical models. In 1967, Guyton
and Coleman published a model for long-term control of arterial pressure that focused on renal control
of body sodium and water and thus total blood volume. The central point of their model is that the
long-term level of arterial pressure is determined exclusively by the ‘renal function curve’, which
relates arterial pressure to urinary excretion of salt and water. The contribution of the sympathetic
nervous system to setting the long-term level of arterial pressure in the model is limited. In light of
the overwhelming evidence for a major role of the sympathetic nervous system in long-term control
of arterial pressure and the pathogenesis of hypertension, new mathematical models for long-term
control of arterial pressure may be necessary. Despite the prominence and general acceptance of the
Guyton–Coleman model in the field of hypertension research, we argue here that it overestimates
the importance of renal control of body fluids and total blood volume in blood pressure regulation.
Furthermore, we suggest that it is possible to construct an alternative model in which sympathetic
nervous system activity plays an important role in long-term control of arterial pressure independent
of its effects on total blood volume.

The central argument
Mean systemic arterial pressure is the product of the rate at which blood is ejected from the
left ventricle (cardiac output) into the arterial compartment and arteriolar resistance, which
determines the rate at which blood moves from the arterial to the venous compartment.
Regulation of arterial pressure involves a complex interaction of renal control mechanisms,
which determine total blood volume, and mechanisms regulating the heart and vasculature to
distribute that volume between the arterial and venous compartments (since the heart and lungs
have relatively little blood storage capacity).

On the surface, it seems logical to link the regulation of blood pressure to regulation of blood
volume. However, since arterial pressure is also expressed as the quotient of stressed arterial
blood volume and arterial compliance, it is more accurate to link the regulation of arterial
pressure to arterial blood volume. In that context, it is clear that total blood volume is not the
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major determinant of arterial pressure but rather of how that volume is distributed between the
arterial and venous compartments.

The central argument of this article is that renal control of total blood volume is not the only
factor that affects the long-term level of arterial pressure and that a previous mathematical
model built on this foundation is therefore incomplete (Guyton & Coleman, 1967). As an
alternative theoretical construct, we propose that the autonomic nervous system dynamically
monitors the complex status of the cardiovascular system and exerts exquisite control over the
distribution of blood volume in a variety of physiological conditions. We hypothesize that, in
combination with powerful hormonal controllers of sodium and water balance (Bie, 2009), the
autonomic nervous system is uniquely positioned as an important long-term controller of
arterial pressure and that new mathematical models incorporating these mechanisms need to
be developed.

The Guyton–Coleman model centres on renal control of blood volume and
minimizes the role of the nervous system in long-term control of arterial
pressure

Although many mathematical models for short-term regulation of arterial pressure exist
(Kappel & Peer, 1993; Ursino et al. 1994; Ursino & Magosso, 2003; Arts et al. 2005; Broskey
& Sharp, 2007), there are relatively few for long-term control. The most well-known and
accepted long-term model was first published by Guyton & Coleman (1967). The core concept
around which the ‘G–C model’ is structured is shown in Fig. 1. Boxes with bold lines highlight
key components of the model that will be discussed.

The foundation of the G–C model is the ‘renal function curve’ or ‘pressure–natriuresis curve’,
which ultimately ties mean arterial pressure to total blood volume, mandating only one possible
steady-state combination of the two variables. Simply stated, the steady-state relationship
between the perfusion pressure of the kidney, which is essentially mean arterial pressure
(MAP), and the excretion of sodium and water, establish the ‘equilibrium point’ around which
MAP is regulated. The balance between input of sodium and water and renal excretion of
sodium and water determines extracellular fluid volume and therefore blood volume. Non-
renal fluid losses are considered to be minor and fairly constant.

The fundamental idea is that whenever arterial pressure increases above the ‘equilibrium point’,
the kidneys will excrete more sodium and water,which will then decrease blood volume and
cardiac output and restore arterial pressure to its normal level. The opposite occurs when arterial
pressure falls. The renal function curve is said to have ‘infinite gain’ in that, even for minute
changes in arterial pressure, the kidneys will always regulate pressure back to normal. Indeed,
the G–C model predicts that this mechanism dominates all other pressure-controlling systems
over time; ‘The infinite gain principle dictates that the long-term level to which arterial pressure
is regulated can never change except by altering one of the above two factors, changing either
the level of net fluid intake or changing the renal function curve’ (Guyton et al. 1988).

A limitation of the G–C model is that control of arterial pressure is almost entirely dependent
on regulating one variable, namely blood volume. As we have previously discussed, from a
teleological perspective, it seems unlikely that regulation of arterial pressure, which is vital to
perfusion of the brain and heart, would be dependent on control of a single variable such as
blood volume (Osborn, 2005). Moreover, the experimental support for a direct relationship
between blood volume and the long-term level of arterial pressure in humans is extremely poor
(Conway, 1984).
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It is important to note in Fig. 1 that the G–C model did indicate that the relationship between
blood volume and venous return to the heart is also dependent on ‘vascular capacity’ which,
to a large extent, is a function of venous capacitance, since veins are many times more compliant
that arteries (Guyton et al. 1973;Levy, 1979;Rothe, 1983). This means that, technically, the
model did not assume that blood volume alone was the driving force for venous return and
cardiac output. However, since the primary controller of vascular capacity is thought to be the
sympathetic nervous system and the G–C model minimized the role of the sympathetic nervous
system as an important long-term controller of arterial pressure regulation of ‘vascular
capacitance’ was not extensively considered (Guyton et al. 1988). As a result, the G–C model
focused on regulation of blood volume as the sole long-term determinant of arterial pressure.

Although the G–C model acknowledges that the nervous system controls arteriolar resistance
and venous capacitance, it also dictates that the only way the nervous system can increase
arterial pressure in the long term is by an increase in sympathetic nerve activity to the renal
vascular bed and a rightward shift of the renal function curve. In other words, sympathetic
activity to non-renal vascular beds (e.g. splanchnic and skeletal muscle) is insignificant in long-
term control of arterial pressure, since it does not affect the renal function curve and thus total
blood volume.

Another reason why the role of the sympathetic nervous system is underappreciated in the G–
C model is that the primary controller of sympathetic activity is represented as a simple arterial
baroreceptor reflex arc. The issue of whether or not the arterial baroreceptor reflex is important
in long-term control of arterial pressure is still debated 40 years after the G–C model was first
published (Barrett & Malpas, 2005; Brooks & Sved, 2005; Lohmeier et al. 2005; Osborn et
al. 2005; Thrasher, 2005). Guyton presented two empirical arguments for dismissing the
arterial baroreceptor reflex as a long-term controller of arterial pressure (Guyton, 1980). First,
arterial baroreceptors adapt and therefore cannot provide an accurate long-term negative
feedback signal to the brain regarding arterial pressure. Second, surgical removal of the afferent
projections of arterial baroreceptors (sinoaortic denervation; SAD), which removes tonic
inhibitory input to the sympathetic premotor neurons in the brainstem, results in a transient
increase in arterial pressure but does not lead to chronic hypertension (Cowley et al. 1973).
This latter point was used to support the argument that the pressure–natriuresis relationship
dominated over sympathetic control of arterial pressure over long periods of time in SAD
animals (Cowley et al. 1980; Guyton, 1988). However, it is now clear that the return of arterial
pressure to normal levels after SAD is not due to the pressure–natriuresis relationship but rather
to a normalization of sympathetic nerve activity (Osborn & England, 1990; Osborn et al.
2005; Malpas et al. 2006). The mechanisms responsible for regulating sympathetic activity in
SAD animals are unknown. One possibility is that that cardiopulmonary receptors compensate
for the loss of arterial baroreceptor input, but the observation that arterial pressure is normal
in rats with lesions of the nucleus tractus solitarius (Schreihofer & Sved, 1992), the site of
synaptic input for both arterial and cardiopulmonary afferents, argues against this idea. Overall,
these studies are consistent with the idea that the nervous system is important in long-term
control of arterial pressure but that ‘non-arterial baroreflex’ mechanisms dominate over the
arterial baroreceptor reflex in long-term control of sympathetic activity and arterial pressure
(Osborn et al. 2005). However, these concepts have not been incorporated into any current
mathematical model for long-term control of arterial pressure. This subject is discussed in more
detail below.

The G–C model predicts that a single haemodynamic profile in all forms of
hypertension is triggered and maintained by blood volume expansion alone

The G–C model predicts that all forms of experimental and human essential hypertension are
due to primary renal dysfunction, represented by a primary shift of the renal function curve to
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a higher operating pressure. This results in blood volume expansion, which sets into motion
the ‘whole body autoregulation haemodynamic profile’, which is characterized by an initial
increase in cardiac output and a subsequent increase in total peripheral resistance and a return
of cardiac output to near normal levels (Guyton, 1991). As shown in Figs 1 and 2, increased
blood volume and cardiac output result in hyperperfusion of tissues, which triggers an
autoregulatory vasoconstrictor response of systemic arterioles. The model predicts that this
‘whole body autoregulation’ response is what mediates the increase in peripheral resistance in
the later phases of hypertension. It is important to note that the sustained increase in resistance
is dependent on sustained blood volume expansion, albeit at levels within 5% of control
(Guyton, 1992). In other words, increased blood volume alone is the driving factor for initiation
and maintenance of hypertension according to this theory. The model dictates that a shift of
the renal curve alone determines the steady-state value of the arterial pressure, whereas ‘whole
body autoregulation’ establishes the balance between cardiac output and peripheral resistance
(Guyton, 1991).

The G–C model is restrained by its dependence on the renal function curve control of blood
volume and a single haemodynamic profile to explain all forms of hypertension. A recent study
conducted in conscious, freely moving dogs has shown that pressure natriuresis only occurs
when arterial pressure falls by 20% or increases by 10% from control levels (Seeliger et al.
2005). These investigators concluded that pressure natriuresis can be an important regulator
of sodium and water balance, but only under pathophysiological conditions. More to the point,
studies in normal rats (Greene et al. 1990; Krieger et al. 1990), dogs (Krieger et al. 1990) and
humans (Sullivan & Ratts, 1983) have reported chronic salt-induced increases in blood volume
and cardiac output but no change in arterial pressure, since peripheral vascular resistance was
decreased. These studies are inconsistent with the concepts of a ‘chronic renal function curve’
or blood volume as the exclusive long-term determinant of arterial pressure. Finally, although
blood volume expansion and whole body autoregulation may explain some forms of
hypertension, there are numerous examples where hypertension occurs independent of volume
expansion and, in most cases, is associated with decreased blood volume (Conway, 1984). A
mathematical model capable of simulating the several haemodynamic profiles that are known
to occur in hypertension (Conway, 1984), which are not necessarily triggered and/or
maintained by changes in total blood volume, is clearly needed.

The autonomic nervous system is uniquely positioned as an important long-
term controller of arterial pressure

In the 40 years since the G–C model was introduced, there has been an avalanche of new
knowledge related to autonomic regulation of the circulation. We now know that the
sympathetic nervous system is much more complex than a simple ‘all-or-none’ system that is
activated under conditions of stress. Acutely, the sympathetic nervous system is capable of
generating very precise response patterns to a variety of stimuli such that sympathetic nerve
activity (SNA) to the heart, kidneys, gastrointestinal tract and skeletal muscle distribute blood
flow to where it is most needed in those conditions. This topic has been extensively discussed
in the excellent text by Korner (2007) and recent review by Guyenet (2006). It has been
proposed that similar distinct response patterns occur over long periods of time and contribute
to neurogenic cardiovascular diseases such as hypertension (Folkow, 1982; Conway, 1984;
Korner, 2007), but this remains to be conclusively proven.

In addition to precise response patterns of efferent sympathetic pathways, it is also clear that
the brain receives a constellation of afferent inputs that are integrated and ultimately processed
to generate these differential efferent SNA response patterns. The role of arterial and
cardiopulmonary afferents in control of sympathetic activity has been intensively studied, and
the neural pathways are well worked out (Guyenet, 1990). These neural inputs to the brainstem
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relay information regarding the pressure/volume status of arterial, cardiopulmonary and venous
compartments. However, it is now known that baroreceptor afferents provide only a fraction
of the signals to the brain regarding cardiovascular homeostasis, and their importance in long-
term control of sympathetic activity is eclipsed by a multitude of other sensory inputs to the
central nervous system.

For example, an area of investigation that began at the time the G–C model was introduced is
the role of circumventricular organs (CVOs) in long-term regulation of autonomic function
(Johnson & Loewy, 1990). These structures, which are found in the brainstem and
hypothalamus, have a poor blood brain–barrier, which provides a communication portal
between the cardiovascular system and the brain. In mammals, the key CVOs are the area
postrema (AP), subfornical organ (SFO) and the organum vasculosum of the lamina terminalis
(OVLT). The CVOs contain receptors for numerous hormones, including angiotensin II,
vasopressin, aldosterone, oestrogen, leptin and insulin, to name a few. In addition, the OVLT
is believed to be the location of central osmoreceptors, which mediate the sympathetic
responses to changes in plasma sodium concentration. As such, the circumventricular organs
‘sense’ not only plasma sodium concentration but also hormones that signal changes in body
fluid homeostasis and energy balance. The neural projections from these sites ultimately input
to the paraventricular nucleus of the hypothalamus, the ‘central command centre’ for
maintenance of homeostasis. The role of CVOs in regulation of autonomic function has been
discussed in several excellent reviews (Johnson & Loewy, 1990; McKinley et al. 2004;
Guyenet, 2006).

Although it is abundantly clear that the brain receives numerous neural and blood-borne signals
related to the cardiovascular, body fluid and energy status of the body, the mechanisms whereby
these signals are integrated and ultimately result in the generation of state-specific sympathetic
patterns are largely unknown. A complete understanding of the extreme complexity of these
neural interactions requires experimental studies in animals and humans in combination with
mathematical modelling, similar to the approach that Guyton and Coleman used to study the
role of the kidney in the regulation of arterial pressure.

The Guyton–Coleman model cannot serve as the starting point for a
computational model incorporating recent advances in autonomic
neuroscience

If a new model is to be generated, then where do we start? One suggestion would be to modify
the G–C model, since it is already firmly established. We feel this would be unsuccessful for
several reasons. First and foremost, the core concept of the model is that renal control of blood
volume is the sole determinant of the long-term level of arterial pressure and, as we have argued
in this article, we believe this approach is incorrect. Indeed, the model dictates that the only
way the sympathetic nervous system can regulate pressure is by changes in renal nerve activity
that alter the renal function curve. This is not true, since some models of neurogenic
hypertension, such as the angiotensin II–salt model, are not dependent on renal nerves (King
et al. 2007; Burke et al. 2008). Second, the code for the model is not easily accessible. Third,
although not discussed in detail in this article, the original model is based on a single systemic
vascular bed, which restrains the haemodynamic performance of the model.

Establishment of a new mathematical model for long-term control of arterial
pressure

In the preceding pages, we have summarized what we feel are deficiencies in the most widely
accepted model for long-term control of arterial pressure. However, in order to make significant
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progress in the field it is important to move beyond criticizing existing models and propose a
new one. Inspired by the vision of Dr Guyton, we have taken the first steps to develop a new
model with the long-term goal of incorporating recent advances in autonomic neurosciences.
The foundation of the model, in terms of the circulatory components, has been presented in
preliminary form (V.A. Averina, G.D. Fink & J.W. Osborn, unpublished observation) and is
illustrated in Fig. 3. The development of the model is structured on the following core concepts.
First, although we recognize that total blood volume can impact long-term control of arterial
pressure, our model is designed to understand how blood volume is distributed between the
arterial and venous compartments as well as individual vascular beds. Therefore, although our
model will include a pressure–natriuresis relationship (renal function curve), it will not have
‘infinite gain’ (Seeliger et al. 2005); it will operate primarily as a ‘back-up’ to hormonal
controllers of sodium and water balance (Bie, 2009) and reset to long-term changes in arterial
pressure (Reinhardt et al. 1994). Second, the new model includes a ‘high-compliance’ and
‘low-compliance’ vascular bed arranged in parallel. Third, the model will allow for the
sympathetic nervous system to differentially regulate nerve activity to these parallel vascular
beds, as well as arteries and veins, affecting their compliances, unstressed volumes and
resistances. This feature permits the simulation of several haemodynamic profiles of
hypertension in conditions of an increase, decrease or no change in total blood volume, which
is consistent with the literature (Conway, 1984). Fourth, future iterations of the model will
incorporate ‘non-baroreflex’ mechanisms for long-term regulation of sympathetic activity.
Finally, the details of the model (underlying assumptions, mathematical description, code for
numerical simulations, parameter estimation, etc) will be in the public domain to enhance
collaboration among all interested investigators. We feel this is the best mechanism to foster
our collective understanding of long-term control of arterial pressure as well as the
pathogenesis of hypertension.

Perspectives
Dr Guyton's pioneering studies, combining mathematical modelling with animal
experimentation, have made an indelible contribution to our understanding of the role of the
kidney in long-term control of arterial pressure. He was a man far ahead of his time and laid
the groundwork for decades of intensive research on the mechanisms of arterial pressure
regulation and hypertension. The original model was published over 40 years ago and, although
some modifications have been made over the years, the foundation upon which the model was
constructed has not changed. Although the longevity of the model is a testimonial to the vision
of Drs Guyton and Coleman, it should also not be surprising that after 40 years the model is
lagging behind new discoveries in cardiovascular and neuroscience research. The time is upon
us to either update the G–C model or to generate an entirely new one.

We approached this problem by asking ourselves the following question. Is it possible to retain
the essential features of the G–C model and simply update it with recent advances in autonomic
neuroscience? Upon close examination, we felt this was not the correct approach for reasons
we have discussed above. That led us to start at the beginning to create a new model. Although
still in its infancy, we are committed to bringing the ‘Guytonian’ passion and spirit for
integrative physiology to generate a new mathematical model that will merge the fields of
systems cardiovascular and neuroscience research together with the long-term goal of
advancing our understanding of the neurogenic mechanisms of cardiovascular diseases. We
approach this tremendous endeavour recognizing the importance of the inclusion of our
colleagues in open and objective dialogue. Hopefully, this paper is the beginning of that
dialogue.
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Figure 1. Schematic diagram of the core concept of the Guyton-Coleman model for long-term
control of arterial pressure
Adapted from figure 6–4 of Guyton (1980). See text for details.
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Figure 2. Schematic representation of the combined effects of shifting the ‘renal function curve’
and ‘whole body autoregulation’ as proposed by Guyton (1989)
Numbers 1-5 indicate the temporal sequence of events whereby a shift of the renal function
curve (1) results in expansion of BV and increased CO (2). This is followed by whole body
autoregulation (3) resulting in vasoconstriction (4) which results in increased TRR and
normalization of CO (5). Abbreviations: MAP; mean arterial pressure; BV, blood volume; CO,
cardiac output; TPR, total peripheral resistance; and UO, urine output.
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Figure 3. Schematic representation of the parallel vascular bed model upon which a new
mathematical model will be developed
The model assumes that the Frank–Starling mechanism of the left ventricle is the primary
determinant of systemic blood flow. Cardiac output (CO) is determined by the filling pressure
(Ph) and compliance (Ch) of the heart. Arterial pressure (Pa) is a function of arterial blood
volume and compliance of the arterial compartment (Ca). Pressure in vascular bed 1 (P1) is
determined by its compliance (C1) and volume, which is established by arteriolar (R1a) and
venous resistance (R1v) to flow across it. Similarly, pressure in vascular bed 2 (P2) is determined
by its compliance (C2) and volume, which is established by arteriolar (R2a) and venous
resistance (R2v) to flow across it. Although not illustrated, the sympathetic nervous system will
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differentially regulate the contribution of resistance and compliance of each vascular bed, and
total blood volume will primarily be regulated by hormonal controllers of sodium and water
excretion.
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