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Sweet is the lore which Nature brings;
Our meddling intellect
Mis-shapes the beauteous forms of things –
We murder to dissect.

- William Wordsworth

400 years ago, William Harvey demonstrated to the world that blood flows in a circle1. In our own time, we have 
forgotten his lesson. How? By dividing the circulation into segments. This brief monograph aims to rectify that 
modern mistake by reclaiming Harvey’s hard-won (and, in his own time, hard-fought) insight and then by offering 
an integrated visualization of cardiovascular function called the “Cardiovascular Function Vector”. While this 
approach may be new, it respects both Harvey’s circle and Bernoulli’s contribution of energetics to that circle.

Why did we stray from Harvey’s discovery in the first place? Most likely because segments are easier to 
comprehend than circles. Unfortunately, what we lost in breaking the circle into isolated “left ventricular 
pressure-volume loops” or “venous return curves” were the hydraulic principles that nature itself obeys when it 
generates circular flow. Therein lies the danger of focusing on what is easily measured (segments) rather than on 
what the circulation actually gives us: a circle. We murder to dissect.

Let’s take the first example of segmental error. The pressure-volume loop confines itself to only one part of the 
circulation: the left ventricle. Although it is useful for understanding the mechanics of the isolated ventricle, that 
same isolation confuses some of our language, and with it, some of our assumptions. By supposing that arterial 
pressure is simply “afterload”, or impedance to stroke volume, and that venous pressure is simply “preload”, the 
pressure-volume loop leads us to ignore the fact that both pressures are the result of the heart acting on the 
otherwise resting blood. In other words, neither preload nor afterload are pressures that just “happen” to the 
heart. The heart is no passive or innocent bystander here. Instead, arterial and central venous pressures are the 
result of the heart adding hydraulic energy to stationary blood and moving it from the veins into the arteries.

There are additional logical errors that result from ignoring the circle. One of the most stubbornly wrong notions 
in our textbooks is the concept of the “venous return curve”. Here, it is posited that venous return to the heart 
(which, in the steady state, is equal to cardiac output – a redundancy that should be a hint that something is 
amiss) is the result of the pressure gradient between the peripheral veins (mean systemic pressure, or Pms) and 
the right atrium (central venous pressure, or CVP)2. However, it is quite clear from both in vivo experiments as 
well as in vitro modeling, that the pressure gradient which bounds the two ends of this arbitrarily designated 
segment is the result of blood flow, not the cause of blood flow3. Here, physics comes to the rescue of logic. 
Pascal’s Principle states that pressure is the same everywhere throughout a fluid continuum at the same height. 
Only after a hydraulic energy source is added to a fluid does a pressure gradient occur, not the other way around. 
The laws of thermodynamics remain unviolated, unlike the textbooks that repeat the error.

A simple three-compartment circular model (depicted in Figures 1 and 2) of the systemic circulation confirms the 
same point. All pressures throughout the circuit are equal at rest. Only after an artificial heart (an impeller pump) 
adds hydraulic energy to the fluid, is circular flow generated. At the inlet of the pump Central Venous Pressure 
(“CVP”) falls after flow is initiated. At the outlet, Mean Arterial Pressure (“MAP”) rises after flow is initiated. 
Neither conceptually nor physically do the pressure gradients in this model cause flow. Instead, they are the result 
of flow, which, in turn, is the result of hydraulic energy being added to the fluid. In 1979, Levy made the identical 
point using an animal model with a cardiac bypass pump4. His conclusion was so logical that it hardly required 
experimental confirmation. Both Levy’s in vivo demonstration as well as my in vitro model depicted here confirm 
the obvious.



It’s all very well to build both a conceptual and physical model, like those in Figures 1 and 2, that refute 
old segmental thinking, but let’s take the additional step of building a new conceptual model that 
remains faithful to the dynamics of the circle (Harvey would approve) as well as to the primary role of 
hydraulic energy in the circulation (Bernoulli would approve).

Figure 3 depicts an “Energy Spiral Diagram” that starts by circularizing the systemic circulation. Here, I 
have excluded the pulmonary circulation, but the same principles pertain. Pressure at any point in the 
circulation is represented as radial distance from the center, which is at atmospheric pressure (Patm). 
Resting blood pressure (mean systemic pressure, or Pms) is the ratio of stressed blood volume to overall 
vascular compliance and, in accordance with Pascal’s Principle, is everywhere the same throughout the 
circulation at cardiac arrest5,6. When the heart begins to beat, hydraulic energy is added to the blood, 
generating both pressure and flow. Stated differently, cardiac-derived hydraulic energy adds both 
potential energy (pressure within the elastic recoil of the various blood vessels) and kinetic energy (flow 
through the same vessels). As blood flows through the circulation, resistive heat loss degrades both 
pressure and flow. That is why the pressure-volume work at the outlet of the heart is greater than the 
pressure-volume work at the inlet of the heart. The difference may be considered a “heat-gap” and is 
equivalent to total resistive heat loss. At the inlet of the heart, in the central veins, pressure is below Pms

as a result of cardiac action removing blood from the central veins and translocating it into the arteries. 
The “Potential Energy Ratio” (MAP-PVP/PVP-CVP) is a theoretically useful metric of the ratio of arterial-
to-venous resistance or tone. It changes as a function of the respective resistances as well as a function 
of flow (Figure 4). The ratio of arterial-to-venous tone may be a clinically useful diagnostic during sepsis, 
vasoplegia, hemorrhage, resuscitation, and during pharmacologic intervention. Peripheral Venous 
Pressure (PVP) is the locus of, and identical to, Pms

7. This last observation is an important practical 
consideration. Circulatory arrest pressure (Pms) can be estimated simply by measuring pressure in the 
peripheral veins (PVP). This was pointed out by Starling 124 years ago5 and has been reconfirmed in our 
own time7.

Figure 5 depicts how the three primary variables of circulatory function interact to converge on the 
“Cardiovascular Function Vector”. Those variables are: 1) Cardiac-derived Hydraulic Power, which, in turn, 
is represented by the length (magnitude) of the Cardiovascular Function Vector and is the product of 
chronotropy (heart rate) and inotropy (energy of contraction); 2) Vascular Resistance (R), and 3) the gold 
standard of volume status: Pms or PVP (the ratio of stressed blood volume to overall vascular compliance, 
and therefore cardiovascular “fullness”). The Cardiovascular Function Vector is the mathematical and 
physical convergence of these three variables. Vascular Resistance acts as an Energy Splitter to divide 
Cardiac-derived Hydraulic Energy into Kinetic Energy (blood flow) and Potential Energy (blood pressure). 
The effect of resistance on pressure and flow is in adherence to the Poiseuille equation and is depicted as 
the slope of the Cardiovascular Function Vector. The sum of kinetic and potential energy remains 
constant (by the Bernoulli equation) while their ratio is determined by resistance. This graph allows us to 
visualize the relationship between each of the three variables of cardiovascular function that are under 
physiological control. These three variables may be considered the efferents of the cardiovascular control 
loop. What, then, is the afferent limb? Stretch receptors (the misnamed “baroreceptors” that measure 
vascular wall stretch, not pressure per se). The central controller of the baroreceptor system establishes a 
homeostatic set-point boundary which is the autonomically servo-controlled degree of vascular stretch 
that we translate for convenience into “pressure”. In essence, the body measures vascular stretch and, 
using the three variables under its control, adjusts vascular stretch. This visualization will predict 
concurrent changes and compensatory changes in each of the cardiovascular parameters that matter to 
overall function. Of note, clinicians can substitute an arterial line pressure transducer (a strain gauge) for 
the baroreceptor afferent limb, and they can also substitute vasoactive drugs and blood volume 
manipulation for the efferent limbs of cardiovascular control. When they do this, the clinician then 
becomes the central controller. All of this, (either natural or clinician-controlled), can be visualized by the 
position, magnitude, and direction of the Cardiovascular Function Vector.
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So where has the Cardiovascular Function Vector brought us? To a point, literally, where we can visualize each of 
the cardiovascular variables that are under direct autonomic control. We see them all in one place. We also see 
how they relate as they both enable and constrain each other. This concept allows us to visualize normal 
physiology and pathophysiology simultaneously. For example, volume status changes will affect Pms and 
therefore the y-intercept of the Cardiovascular Function Vector. Heart failure will shorten the magnitude of the 
Vector (that is, Hydraulic Power), and with it, the coordinates that represent Kinetic Energy (blood flow) and 
Potential Energy (blood pressure). Arterial vasoconstriction will increase the slope of Vascular Resistance. And 
any changes to the baroreceptor (stretch) set-point boundary will raise or lower the Set-Point line. The 
mathematical constraints themselves enable concrete predictions. For example, if inotropy (a contributor to the 
magnitude of Hydraulic Power) increases, then either the slope of Vascular Resistance must decrease and/or 
chronotropy (the other contributor to the magnitude of Hydraulic Power) must decrease if the Baroreceptor Set-
Point Boundary is to remain constant. Anesthesia and many disease states relax or change the Baroreceptor Set-
Point Boundary for blood pressure. That is why we engage vasoactive drugs and/or volume changes under 
anesthesia or during treatment for sepsis or vasoplegia. This graphical analysis will allow us to visualize both 
what has changed and what we can do to intervene.

It should not escape our attention that the Cardiovascular Function Vector suggests a means for making and 
testing hypotheses about the multivariate (and now mathematically visible) causes of hypertension and the 
variety of potential therapies for hypertension.

One other feature of the Cardiovascular Function Vector is noteworthy. That is, the role of Vascular Resistance as 
an “Energy Splitter”. We have been taught to view Vascular Resistance (usually denoted as systemic vascular 
resistance or “SVR”) as simply one of three variables in an Ohmic relationship between pressure and flow. In 
fact, we define it as R = (MAP – CVP)/Q. The problem with that definition of Vascular Resistance is that it tells us 
nothing new that the ratio of pressure to flow doesn’t already tell us. It is true by definition and, therefore, 
uninteresting. On the other hand, when we see the physics below the obvious, something more interesting 
emerges. The total Hydraulic Energy output of the heart is split by Vascular Resistance into two components: 
Kinetic Energy (blood flow) and Potential Energy (blood pressure). The Bernoulli principle is, in essence, a 
restatement of the Law of Conservation of Energy, and that is why the magnitude of Hydraulic Power remains 
constant unless total cardiac-derived Hydraulic Power itself changes. This also constrains the sum of kinetic and 
potential energies to a constant value between pure Kinetic Energy (zero Vascular Resistance) on the x-axis at 
the one extreme, and pure Potential Energy (infinite Vascular Resistance) on the y-axis at the other extreme.

The Energy Spiral Diagram and the Cardiovascular Function Vector provide two visual insights that bring us back 
to Harvey’s discovery and to Bernoulli’s Principle. Together, they close a circle that has been severed and repay 
an energy debt that has come due.
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