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HEART
The main business of the HEART is to move blood.
Its stock in trade is MOVEMENT, not pressure. The
heart accomplishes this by exchanging chemical
energy from ATP into mechanical energy. The
pressure gradients in the circulation are the result
of the heart displacing blood from one place to
another – not the cause of blood movement.
Although the cardiovascular system is anatomically
complex, it is fundamentally a collection of tubes
filled with fluid and a pump that moves that fluid
through the tubes. There are only a handful of
variables that define the business of the heart:
Volume, Pressure, Energy, Resistance, and
Capacitance (which can be viewed as
interchangeable with Compliance), and Flow. The
following slides will address these variables. It is
important to remember the central role of ENERGY,
which is often neglected. It is also important to
remember that the circulation is just that: a CIRCLE.
The ENERGY DIAGRAM includes and emphasizes
both of these realities.

LUNGS
The main business of the LUNGS is to move
OXYGEN from the atmosphere to the
mitochondria, and CARBON DIOXIDE from the
mitochondria to the atmosphere. The respiratory
physiology pages animate this bi-directional job
of the respiratory system with the “Figure 8
Exchange” model. Mammalian lungs move gas in
and out of alveoli with a to-and-fro movement,
not in a continuous Figure 8 flow. Why is it
depicted that way, then? Because this is a
physiological model, not an anatomic model, and
the Figure 8 Exchange makes it easier to visualize
the whole simultaneous business of gas exchange
without the distraction of including the
inspiratory and expiratory phases of ventilation.
The accompanying equations, as well as the
oxyhemoglobin dissociation curve, will allow you
to put all of these concepts together and solve
many clinical questions about respiratory
function.

To Activate Animations, View PPT in
Full Slide Show Mode.

The Circulation of the Blood:
Rediscovering Harvey’s Circle & Bernoulli’s Energy

Teaching Goals for the CV Lecture:
1. To see the cardiovascular system in an unconventional (but very
old-fashioned) way: as a circle, not as a series of segments.
2. To consider the distribution of energy in the cardiovascular
system.
3. To consider what this distribution of energy (the Energy Ratio)
may tell us about hemodynamic physiology, pathophysiology
and pharmacology.
4. To never see MAP, CVP and Peripheral Venous Pressure (PVP) in
the same way again (with a little help from the Energy Spiral
diagram).

In 1628, William Harvey demonstrated that the circulation is just that: a circle. In the intervening four centuries,
we’ve managed to forget his discovery. Why? Probably because it’s easier to think in terms of straight lines or
segments than it is to think about circles. But there’s a price to be paid for breaking up the circle into easier-tounderstand segments rather than taking nature as it actually is. Ironically, if we run away from the fact that the
circulation is a circle, we’re more likely to fall into the trap of circular reasoning than if we treat both the
anatomy and the physiology of the circulation on its own terms. For example, here are three instances where
our attention has been fixed on segments, and where we can be led astray:
1.

The effects of body position (supine vs. sitting vs. standing) and changes in gravitational force
(acceleration, aerospace flight exposure, e.g.) on the circulation. There’s much more about this in the
monograph “Gravity and the Circulation” (referenced at the end and available, along with other relevant
materials at https://www.jamesmunis.com/). Treating the cerebral circulation as a straight line from heart
up to the upright brain with an open free-fall (“waterfall”) return back down to the heart ignores both
anatomy and physiology. To grasp the dynamics and behavior of upright circulatory loops, it’s necessary to
consider the system as it is: a closed loop, not a segment with a separate, open return.

2.

Guyton’s Venous Return Curves. Arthur Guyton was a legend and one of the granddaddies of physiology.
One of the concepts that made him famous (well – used to be famous – it’s the rare medical student who
knows his name today) was the venous return curve, and it superposition on a cardiac function curve. But
his descendants and interpreters have misunderstood and mis-plotted cause and effect in those curves and
have constructed a dogma that gets some basic physics and physiology wrong. It’s another example where
the circulation has been treated as a segment rather than a circle and resulted in misunderstanding.

3.

The Left Ventricular Pressure-Volume Loops. These are useful constructs in the clinical realm and they
accurately predict changes in inotropy, preload and afterload on stroke volume. That’s a good thing – as
far as it goes. But we have to remember that a segment that is bounded by what goes into and what
comes out of the LV cannot make a complete model of the systemic circulation, and it cannot account for
the rest of the system.

A useful concept, but it treats only one segment of the CV system:

The Venous
Return
& Effect
Backward
A useful
concept,
but itCurve:
treatsGetting
only oneCause
segment
of the
CV system:

From: Munis, JR Just Enough Physiology, 2012

This is the textbook dogma (including
from my own textbook – but I want
you to understand the dogma before
either you or I attack it).

Plotting both the venous return curve and the cardiac function
(Starling) curve on the same axis is mathematically elegant, like
a supply-demand curve in economics. The problem is that our
convention holds that the independent variable (cause) is
plotted on the x-axis and that the dependent variable (effect) is
plotted on the y-axis. That is not true, however, for the
relationship between right atrial pressure (PRA) and venous
return (VR) or cardiac output (CO). The gradient between
circulatory filling pressure (“mean systemic pressure” Pms) and
PRA is the result of the pumping action of the heart causing
venous return, not the cause of venous return. A robust model
of the circulation needs to get cause-and-effect right. The
model that follows attempts to do just that.

392 years ago:

William Harvey made a simple
observation:

The Circulation is a

circle
(not a line)

282 years ago:

Daniel Bernoulli made a simple
observation:

Total fluid energy is the sum of both kinetic
and potential energy:

P = Etot/V = 1/2ρν2 + P + ρgh
One interesting implication of Bernoulli’s
Equation is that fluids don’t always move from
high to low pressure: instead, they always
move from high to low total fluid energy:

Munis, 2012; Burton, 1972

123 years ago:

Ernest Starling made a simple
observation:

“Somewhere in the circulation there must
be a point where the pressure is neither
raised nor lowered and where, therefore, the
pressure is independent of cardiac activity.”

That magic point

Munis, 2012

41 years ago:

Matthew Levy made a simple
observation:

In a cardiac bypass model, where flow is
directly adjusted from zero (circulatory arrest)
upward, arterial pressure rises above, and
central venous pressure falls below, Pms as
pump-generated flow increases. The pressure
gradients that occur throughout the
circulation are the result of flow, not the cause
of flow. This was also true of Guyton’s famous
(and famously misinterpreted) “Venous Return
Curves”: flow was the independent variable,
pressure gradients were the dependent
variable in his experiments. The conventional
plot of these curves inverts the axes, however,
implying the wrong cause and effect.

The Gradient For Venous Return?
No:
The Gradient Of Venous Return.

Munis, 2012

PVP = Pms = Circ Arrest Pressure = (V-Vo)/C = CV “Fullness”
= Baseline for all CV Pressure Excursions

... (You get all this out of one simple pressure. And you can measure that pressure from any IV)

Peripheral Venous Pressure (PVP) is the
same as circulatory arrest pressure (also
called “mean systemic pressure” or “Pms”).
This pressure is also the ratio of stressed
blood volume to vascular capacitance: in
other words, a measure of how full the
cardiovascular system is without the need
for a denominator like patient size.
Although these attributes are useful, the
most interesting thing about PVP is that it
serves as the baseline static pressure for
any model of the circulation that depicts
how energy, pressure, and flow are
distributed throughout the circulation once
the heart begins beating.

Circulatory arrest in a human on CPB:

All pressures converge to PVP (i.e, PVP = Pms)

An Alternative Model: Keeping the Circle & Including Energy
The CV Energy
Diagram

MAP is the result of cardiac-derived hydraulic energy
simultaneously displacing blood out of the high
compliance central venous compartment into the
lower compliance arterial compartment while also
generating flow through arterial resistance.

MAP

(rises above Pms)
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Circulatory Function

Hydraulic Energy = total distance from center
Pressure = Hydraulic Energy/Volume
Shaded areas represent volume displacement
Hydraulic Energy Ratio = (MAP – PVP)/(PVP – CVP)
The PV work out of the heart > PV into the heart. The difference
between the two is heat loss from resistance. Since the volume out
= volume in (an advantage of remembering that the system is a
circle), V cancels out and the pressures alone account for the
resistive heat loss (= hydraulic energy ratio).

CVP (= PRA) represents a local distortion of Pms due to
cardiac displacement of blood out of the central
venous compartment.
PVP is the ratio of stressed blood volume to vascular
compliance (or capacitance). PVP = (V – Vo/C) . Is also
called circulatory arrest pressure, mean systemic
pressure or mean circulatory filling pressure (Pms).
Each pressure is the result of the three components
of the Bernoulli equation (elastic, gravitational, and
kinetic). Pms is the result of the two static
components (static vessel stretch and gravitational, if
applicable). All additional deviations from Pms are
the result, exclusively, of cardiac-derived hydraulic
energy.
QED: all pressure gradients within the cardiovascular
system are the result of, not the cause of, cardiacderived hydraulic energy. This includes the gradient
between Pms and PRA.
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The Heart Generates Flow
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The CV Pressure/Volume Model
(Static View With Variables Defined)
Peripheral Venous
Capacitance vessels
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Click to See VIDEO of Actual
Physical Model Working
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The Heart Generates Flow

(Flow Causes Pressure Gradients
- Not the Other Way Around)
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This simple 3-compartment model represents the main
components of the systemic circulation. The pulmonary
circulation is excluded, but can be considered as a buffer
between the RV and LV that maintains the same total
flow as the systemic circulation in the steady-state.
Vo = “unstressed volume”. Pms = mean systemic pressure
(circulatory arrest pressure). It is the same as Peripheral
Venous Pressure (PVP) and can be measured with a
simple peripheral IV. CV and Ca are venous and arterial
compliances (or capacitances), respectively. RV and Rart
are venous and arterial resistances, respectively. RV is a
mathematical concept more than a practical limitation
to flow. PRA = right atrial pressure (= CVP). When the
Pms heart starts beating from an arrested state, volume is
displaced from the central venous compartment to the
arterial compartment and their respective pressures
change from the Pms baseline accordingly – in proportion
to their relative compliances/capacitances, and also in
proportion to their relative vascular resistances. In the
graphs below, PLVD = left ventricular-derived pressure,
and PRVS = right ventricular “suction”-derived pressure.
The former raises arterial pressure above Pms and the
latter lowers PRA below Pms.

The Heart Generates Pressure
(The Bernoulli Components:
Elastic, Gravitational & Kinetic)

The Heart Displaces Volume

(From the Central Venous Compartment
to the Arterial Compartment)

From: Munis, 2015

The Bernoulli Equation
(kinetic)

(potential)

P = Etot/V = 1/2ρν2 + P + ρgh

Why this odd thought experiment? Because it demonstrates
the “Wisdom of the Body”, as W.B. Cannon would have put
it. The systemic CV system has a finely calibrated
arrangement of arterial resistances, without which, MAP
would not rise to an appropriate value as blood is displaced
into it from the central veins. If R = 0, flow would occur
through whichever vascular bed(s) had zero resistance, but
MAP would be only = Pms and no potential energy would be
stored and instantaneously available to provide flow to
other vascular beds when they need it and when their
resistance decreases to receive it. On the other hand, if R =
∞, no flow occurs and the high MAP (potential energy)
cannot be exchanged for kinetic energy and flow.

So – with those points in mind, let’s return to the model of the systemic circulation
that Keeps the Circle (Harvey would be pleased) and attends to the real language of
the CV system, which is Energy (Bernoulli would be pleased) and Vascular Wall
Stretch.
But first, a caveat about Pressure:
The following two slides (with apologies to, and a little help from, Eric Larson and The
Far Side) make the last point. Pressure by itself is not energy. Only when pressure is
accompanied by volume change (i.e., movement) is it a component of energy and can
it be measured. Neither nature’s own pressure measuring devices (the misnamed
“baroreceptors”, which actually measure stretch) nor our own devices (strain gauges,
blood pressure cuffs, and mercury or water manometers) can measure what we call
“pressure” without movement – i.e., pressure-volume work, which is energy. In fact,
it is thermodynamically impossible to measure pressure, and its changes, without an
energy exchange – i.e, movement – in the measuring device. We speak the language
of “pressure” because it’s convenient, but the body speaks the language of vessel
wall (baroreceptor) stretch and the autonomic nervous system (“A.N.S.” in the
following cartoon) feedback loops change vessel wall (baroreceptor) stretch back to
their set points. The body has no need for the concept of or language of “pressure” by
itself. So, in turn, if we want to model the working of the body, we’d be wise to speak
the language of the body.

How much can you get
out of MAP, CVP & PVP?
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= (V – Vo)/C = PVP = Fullness

(-) Potential
Energy (-PV)

Heat Gap =

CVP

(PVout) – (PVin) = Heat Loss

PVP
Resistance

(PV)in

Heat

Cardiac
Energy

Energy Ratio =
(MAP – PVP)/(PVP-CVP)
Bernoulli:
Etot = PV + ½ ρv2V + Heat

(PV)out
MAP
(+) Potential
Energy (PV)

(MAP – PVP) - (PVP-CVP)
(volume cancels out
in a closed loop)

Kinetic
Energy
(½ ρv2)

Arterial/Venous Tone
Arterial Specific Energy to
Venous Specific Energy Ratio

That’s a lot to expect from only three
measured variables (MAP, CVP and
PVP). So let’s test the theory with a
physical model. If it works, then let’s
refine the theory into a truly circular
model and then test it again:

Theory

Physical
Model
Click to See VIDEO of Actual
Physical Model Working

Thanks to Dr. Suraj Yalamuri and the
Mayo Clinic CV Engineering section
for building this physical model.

Developing the Energy Spiral Model
and the concept of the Energy Ratio:

MAP

The Goals:
CVP

1. Keep the Circle
2. Focus on the Energy

Munis, 2015

This diagram depicts the distribution of pressures throughout the systemic circulation,
both during circulatory arrest (dotted line) and during normal cardiac function. It serves as
the starting point for a model of the circulation that acknowledges the fact that the
circulation is a circle, not a line. In order to accomplish that, we will bend the diagram
around into a circle. One advantage of a circle is that, for any given point in the circuit (like
the heart), volume in = volume out (and flow in = flow out) in the steady state. This means
that we can cancel volume out of our equations and considerations. Since pressure =
energy/volume (that is, “Specific Energy”, or energy per unit volume), once volumes cancel
out, we can now treat pressure as specific energy anywhere in the circuit. Arterial Energy
will be the profile of specific energies prior to the resistance vessels (and above Pms) and
Venous Energy the same profile of specific energies after the resistance vessels (and below
Pms). The Bernoulli Equation above the graph is a reminder of how total fluid energy is
partitioned: static and dynamic. “PLVD” is “left-ventricular-derived” pressure above Pms and
“PRVS” is “right-ventricular-suction” derived pressure.
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As we bend the linear graph around
into a circle, the Energy Ratio that we
met in the previous diagram reappears
in this Energy Spiral Model as well:
this time, as the simple ratio of Arterial
Specific Energy (pressure above Pms) to
Venous Specific Energy (pressure
below Pms) at the position of the heart.
The following slide will predict how
this model behaves when either
arterial or venous tone changes. Then
we’ll have a look at real data from the
physical model of the circulation to
see if it coincides with this theoretical
model (hint: it does).
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The following animated Summary Slide puts this all together, and it
1. Keeps the Circle.
2. Analyzes and accounts for the circulation in terms of Energy.

PVP = Pms = Circ Arrest Pressure = (V-Vo)/C = CV “Fullness”
= Baseline for all CV Pressure (Potential Energy) Excursions
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This is an animated slide. To see the animations, view in
full Slide Show mode and click your way through.
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Where Breath Meets Blood:
A Concise Review of The Respiratory System

Teaching Goals for the Respiratory Lecture:
1. To see the respiratory system in an unconventional way: as a
continuous Figure 8 Circuit that accomplishes gas exchange.
2. To consider the pathways of oxygen and CO2 and to understand
the difference between ventilation and oxygenation.
3. To master only a handful of interrelated equations and
quantitative relationships (graphs) that will equip you to solve
clinical problems with ventilation or oxygenation.
4. To master the foundational Pulmonary Function Tests (PFT’s)
and Arterial Blood Gas (ABG) interpretation..

The following animation is a conceptual
model, not an anatomic model, of the
respiratory system. The mammalian lungs
move gas in and out with a back-and-forth,
to-and-fro, emptying and filling of dead-end
airways and alveoli, not in a continuous
circle as depicted here.
In order to understand the physiology,
though, and in order to consider O2 and CO2
individually, I have depicted ventilation in
the model as a circle, not as a back-andforth straight line.
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