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== EDITORIAL

Phenylephrine and Tangible Bias

Sheldon Magder, MD

n this issue of Anesthesia & Analgesia, Thiele et al.'?

define a “tangible bias” as “our tendency to favor what

we can see and understand over what we cannot,” and
argue that the use of pure a agonists such as phenylephrine
“is driven by this bias by favoring less important but
immediately measurable variables, such as mean arterial
blood pressure, over more important but less measurable
variables, such as tissue oxygen delivery.” This bias unfor-
tunately runs through much of our regular resuscitation
practices, and as Thiele et al. demonstrate in their compre-
hensive reviews, this bias is especially true for the use of
phenylephrine, which effectively increases blood pressure
but does little for tissue perfusion.

There are perhaps some clinical situations in which
phenylephrine might be helpful. Phenylephrine can be
lifesaving in hypotensive patients who have dynamic aortic
outflow-tract obstruction. It has been shown to increase
cardiac filling during postural hypotension® and could
have a potential use in patients who have an acute loss of
a-adrenergic tone. Other recipients for phenylephrine cited
by Thiele et al. include patients with decompensated tetral-
ogy of Fallot, women with hypotension undergoing cesar-
ean delivery, and patients with decompensated aortic
stenosis. The evidence for this last indication is limited, and
there has not been a comparison with the use of norepi-
nephrine; it even has been shown that nitroprusside can be
helpful!* There also might still be a place for anesthetists to
carry a syringe of phenylephrine in a pocket to transiently
increase the blood pressure to ensure coronary perfusion
pressure when arterial pressure rapidly decreases after
induction for intubation; a study to prove that point would
be very difficult to perform and, based on the review by
Thiele et al., I suspect it is less beneficial than the use of
norepinephrine.” Finally, an old but still likely valid use of
phenylephrine boluses is to transiently raise arterial pres-
sure to increase vagal output in someone with a supraven-
tricular tachycardia, especially if the person is already
hypotensive. Besides these special situations, there seems
to be little value for sustained use of pure a agonists.
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The failure of phenylephrine to increase flow is an
excellent example of the distinction between increasing
pressure, which we can see, and increasing flow, which we
cannot. The reason why it fails to improve flow also
provides important insights into the regulation of blood
flow in the circulation. To help interpret the empiric data,
Thiele et al. present a comprehensive review of the regula-
tion of cardiac output,' and although there are many parts
of their discussion that I agree with, I also have some
fundamental disagreements, and will argue that failure of
phenylephrine to increase flow provides support for my
view of how the circulation works.

Thiele et al. use an electrical analogy based on Ohm’s
law to explain the regulation of flow, and start by arguing
that the proper formulation of Ohm’s law is I (current)
equals V (voltage) divided by R (resistance). Accordingly,
they argue that cardiac output is determined by arterial
pressure divided by vascular resistance, because they be-
lieve that the arterial pressure determines total blood flow
just as voltage determines the current. Ohm actually wrote
hislaw as V = IR, and in my view, this is the valid form for
the circulation. That is, blood pressure is determined by the
product of cardiac output and vascular resistance, which
are regulated to keep arterial pressure relatively con-
stant.®” The arterial pressure does not determine total flow
(cardiac output). Regional blood flows, such as coronary,
cerebral, or renal blood flow, are determined by arterial
pressure divided by the regional resistance, but the arterial
pressure driving the regional flow is determined by the
total blood flow and total arterial resistance. Even in
regional circulations, changes in resistance regulate flow
over a range of arterial pressures.

Part of the problem arises with use of the electrical
analogy. In the electrical approach, voltage—the equivalent
of the pressure difference—is fixed by an external source,
which then is taken to be the equivalent of the energy
provided by the heart. However, unlike the electrical
analogy, the circulation has an important resting potential
energy stored in vessels, even without a contracting heart;
puncturing vessels with the heart stopped still leads to
blood flow in the system, albeit only temporarily. Although
this potential energy seems low, the beating heart can never
create a flow in the system that is higher than that pro-
duced by this elastic recoil pressure.®

The actual blood flow in the body is determined by the
intersection of 2 functions,®® which are both sensitive to
volume. They are cardiac function, which gives the change
in output for a given end-diastolic volume at a constant
heart rate, constant afterload, and constant contractility, as
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defined by Frank and Starling, and second, the return
function, which is defined by the stressed volume, which
stretches compliant vessel walls and produces an elastic
recoil pressure, the drainage characteristics of these vessels,
and the downstream pressure, which is at the right atrium.
The bulk of stressed volume, almost 70% of the total, is in
small venules and veins, for this region has compliance that
is 30 to 40 times that of other vessels in the body. Because
total compliance of a system is the sum of the individual
compliances in series, and the compliance of venules and
veins is so much larger than that of the remainder of the
body, lumping all the compliance in the body in this one
region makes the overall analysis much simpler and adds
only a small error in the assessment of the regulation of
cardiac output under most conditions. The pressure and
volume in this compliant region thus are the primary
determinants of the elastic recoil pressure for the circula-
tion and the potential energy driving blood back to the
heart, which I call the return function. Flow does not occur
unless the heart lowers the pressure downstream from the
veins and venules. Actual flow around the circulation is
thus determined by the intersection of cardiac and return
functions. The second important role of the heart is a
restorative function, because the heart puts the blood back
into the venules and veins.

The key role of blood volume in the determination of the
elastic recoil pressure, a major determinant of flow, ' is not
present in electrical models, although they do include the
equivalent of volume being taken up by capacitors. Thiele
et al. emphasize the role of arterial compliance in the
Windkessel model,' but this only has a smoothing effect on
the flow and little effect on the total flow because arterial
compliance is so much lower than that of the veins and
venules. Under flow conditions, depending on the func-
tions of the right and left ventricles, some volume can be
redistributed from the venous compliant region to other
regions, but because its large compliance is so large relative
to other vascular regions, the elastic recoil pressure of the
venous compliant regions remains relatively constant. Fur-
thermore, there is little volume that the heart can recruit to
increase the venous elastic recoil pressure and thus venous
return. Consequently, increasing pump function above
normal levels only produces by itself a small increase in
cardiac output. Thus, the heart functions to keep up with
what is coming back, but does not increase flow much
above the level of flow determined by recoil of veins and
venules. This has been referred to as a “bathtub” analogy'’;
flow out of a bathtub is determined by the height of the
volume in the tub (equivalent to the recoil pressure) and the
drainage characteristics of the tub, and is only affected by
the volume coming out of the inflow tap but not the
pressure coming out of the tap. Furthermore, if there is a
pump returning the draining volume to the bathtub, the
pump can never increase the height of the bathtub above
the starting condition. Thus, in hydraulic models, it is the
initial volume that is fixed,'® whereas in electrical models it
is the pressure across the system that is fixed, but that is not
the way the circulation works.

The independence of cardiac output from arterial pres-
sure should be evident to anyone who has managed
critically ill patients. For example, a septic patient has a low
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arterial pressure and high cardiac output, whereas a patient
with major ventricular dysfunction can have a low cardiac
output but increased arterial pressure. During aerobic
exercise, cardiac output can increase 5-fold, but there is
only a modest increase in arterial pressure. In isometric
exercise, the pressure increases, but the cardiac output
does not.

The consequence of a decrease in left ventricular func-
tion does not mirror an increase in function.'® If left
ventricular dysfunction is severe enough, volume accumu-
lates in the pulmonary compartment, especially if right
heart function is preserved. This shift in volume decreases
the elastic recoil pressure in the systemic veins and venules
and contributes to the decrease in cardiac output. Adding
volume in this situation restores cardiac output but also
increases pulmonary edema! Thiele et al." argue that this is
a limitation of Guyton’s approach, because the right atrial
pressure no longer predicts left ventricular filling. How-
ever, why should it, because the diastolic compliance of
the left and right ventricles are not the same. However, the
right atrial pressure still describes the interaction of the
heart as a pump and the return function, and thus right
atrial pressure is the value that should be used for assessing
responses to fluids or inotropes'?; the left heart can only
pump out what the right heart gives it.

An important difference from the electrical model is that
the effect of the circuit can be changed by increasing total
blood volume through fluid retention or by changes in
capacitance. This latter term is often confused, because
in electrical models capacitance is used to define change in
charge for change in voltage. The equivalence in a hydrau-
lic system is change in volume for change in pressure. This
is called compliance in pulmonary and vascular physiol-
ogy. The term capacitance in vascular physiology refers to
the total blood volume for total pressure and thus includes
volume that is necessary to round out vessel walls but does
not stretch them and is “unstressed,” and the volume that
stretches the vessel walls and is “stressed.”'® The reason
why this is so important is that unstressed volume can be
converted into stressed volume by contractions of the
smooth muscles in the walls of the vessels of the compliant
part of the circulation. Under resting volume-replete con-
ditions, 10 to as much as 18 mL/kg unstressed volume can
be recruited into stressed volume, and this occurs almost
instantaneously because it is under neural control.'* Re-
cruitment of unstressed volume does not show up in
electrical models, because volume is not one of the set
variables.

Failure to consider the importance of the large venous
reservoir has led to underappreciation of the importance of
resistance draining this region.'® Although the pressure
decrease from the venous compliant region to the right
heart is normally only in the range of 4 to 8 mm Hg, and
only represents a small proportion of the pressure decrease
from the aorta back to the heart, this pressure decrease is
critical because it controls the drainage of the large venous
reservoir. As will be seen, this is very important for
understanding the response to phenylephrine. This resis-
tance is in series with total arterial resistance, and is
missing in the equations used by Thiele et al.!
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Although arterial pressure is maintained relatively con-
stant under normal conditions, as is implied in the electrical
model, the stroke output of the heart is very much affected
by its filling volume through Starling’s law, by changes in
heart rate, and by change in contractile function, so that the
heart does not provide a constant flow when inflow
changes and thus by itself does not provide a constant
pressure or energy source to the system. Maintenance of
the relatively constant normal arterial pressure occurs
because of integration of the flow and arterial resistance.

Smooth muscles of small veins and venules are inner-
vated with a-adrenergic receptors, and when these recep-
tors are activated, vascular smooth muscles shorten and
decrease the capacitance of these vessels. However, this
does not usually change the slope of their pressure-volume
relationship, which is the inverse of compliance. The way to
think of this is that it is as if one cut out a piece of an elastic
band and then put the remaining band back together, so
that the change in tension for change in length is not
changed but occurs at a shorter overall length. The veins
draining the compliant region are innervated with « recep-
tors, but also have B receptors. Thus, norepinephrine can
constrict the capacitance vessels but at the same time does
not increase the resistance draining the compliant region.'
It has even been shown that activation of the baroreceptor
reflex by hypotension constricts arterial vessels as expected
but also decreases resistance in the vessels draining the
compliant region of the splanchnic bed."* This allows more
blood to drain from this region and leads to an increase in
cardiac output. However, a pure a agonist such as phenyl-
ephrine constricts venous resistance vessels, which de-
creases the return of blood to the heart.

The cardiac output response to phenylephrine is very
dependent on the starting conditions of the return function,
for when left ventricular function is normal, increases in left
ventricular afterload have only a small effect on cardiac
output.'® If the person is volume replete, with good re-
serves in unstressed volume and minimal initial tone in the
veins draining the compliant region, phenylephrine can
recruit unstressed volume, which will increase the venous
elastic recoil pressure and, if this effect is greater than the
increase in venous resistance, venous return and cardiac
output will increase. This also assumes that the heart is on
the ascending part of the cardiac function curve and can
increase its output through the Starling mechanism. If,
however, sympathetic tone is increased and a large portion
of unstressed volume has already been recruited, then the
effect on venous resistance will likely be dominant and
venous return and cardiac output will decrease. I would
predict that most critically ill patients already have a degree
of sympathetic activation and thus some reduction in their
recruitable unstressed volume. If the decrease in blood
pressure is due to a decrease in cardiac function, and this
has resulted in the right heart functioning on the flat part of
the cardiac function curve, phenylephrine will have no
effect, or more likely will produce a further decrease in
cardiac output, as was the case in most of the studies
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reviewed by Thiele et al.> However, the arterial pressure
will likely increase and provide a “tangible” comfort to the
clinician!

In conclusion, the caution by Thiele et al. about being
comforted by “tangible” benefits rather than true physi-
ologic benefits needs to be heeded. It is very true for
phenylephrine, but also is likely true for many other
aspects of our resuscitative armamentarium. Perhaps it is
also true for physiology, in which all parts of the system
need to be taken into account when assessing the actions of
vasoactive agents! §§
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The Physiologic Implications of Isolated Alpha,
Adrenergic Stimulation

Robert H. Thiele, MD, Edward C. Nemergut, MD, and Carl Lynch Ill, MD, PhD

Phenylephrine and methoxamine are direct-acting, predominantly o, adrenergic receptor (AR)
agonists. To better understand their physiologic effects, we screened 463 articles on the basis of
PubMed searches of “methoxamine” and “phenylephrine” (limited to human, randomized studies
published in English), as well as citations found therein. Relevant articles, as well as those
discovered in the peer-review process, were incorporated into this review. Both methoxamine and
phenylephrine increase cardiac afterload via several mechanisms, including increased vascular
resistance, decreased vascular compliance, and disadvantageous alterations in the pressure
waveforms produced by the pulsatile heart. Although pure «; agonists increase arterial blood
pressure, neither animal nor human studies have ever shown pure a;-agonism to produce a
favorable change in myocardial energetics because of the resultant increase in myocardial
workload. Furthermore, the cost of increased blood pressure after pure a;-agonism is almost
invariably decreased cardiac output, likely due to increases in venous resistance. The venous
system contains «; ARs, and though stimulation of o; ARs decreases capacitance and may
transiently increase venous return, this gain may be offset by changes in afterload, venous
compliance, and venous resistance. Data on the effects of o, stimulation in the central nervous
system show conflicting changes, while experimental animal data suggest that renal blood flow is
reduced by a;-agonists, and both animal and human data suggest that gastrointestinal perfusion
may be reduced by «; tone. (Anesth Analg 2011;113:284-96)

ANESTHESIA SCANALGESIA

adrenergic receptor (o;-AR) agonist synthetically de-
rived from epinephrine, structurally different only in
its lack of an hydroxyl group at position 4 on its benzene ring."
It exerts mild positive ionotropic effects when administered at
high concentrations.>* Methoxamine is a long-acting a;-AR
agonist, synthetically derived from epinephrine but different
in the number and location of side groups (including O-CHj
groups at both the C, and C; locations of the benzyl ring, as
well as a CH; group attached to the « carbon)’ (Fig. 1).
Phenylephrine and methoxamine have similar effects on
vascular resistance, although phenylephrine is 5 to 10 times
more potent™® with a 3-fold higher maximum attainable
response.” Phenylephrine is also shorter acting; a single
dose of phenylephrine generally lasts <20 minutes,”
whereas a single dose of IV methoxamine can exert its
effects for as long as 60 minutes.”®
Many early studies of a;-AR agonism were conducted
with methoxamine. Methoxamine’s relatively long duration
of action and consequent lack of titratability, combined with
the ability to variably infuse phenylephrine, have obviated its

I ’henylephrine is a direct-acting, predominantly «;-
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use in modern clinical practice.” Because their mechanisms of
action are similar (predominantly «,; agonism) and because
some physiologic studies of methoxamine were never re-
peated with phenylephrine, this review of the physiology and
experimental data of o;-AR agonism will include data on
both.

But why, some 60 years after phenylephrine was intro-
duced into clinical practice,'® did we choose to review the
physiologic effects of these drugs?

First, practicing physicians are now squarely in the
midst of a movement towards “goal-directed therapy.”""
The thought process underpinning goal-directed therapy is
that, rather than using an intervention to treat an “abnor-
mal” number, one should think critically about (a) which
physiologic variables are most important (if this is known);
(b) how a particular intervention affects these variables,
even if they cannot be directly measured; and (c) whether
manipulating these variables can change outcomes.

Favoring less important but immediately measurable vari-
ables, such as mean arterial blood pressure (MAP), over more
important but less measurable variables, such as tissue oxy-
gen delivery (DO,), is the result of “tangible bias,” our
tendency to favor what we can see and understand over what
we cannot. Despite the practicalities that preclude the routine
measurement of regional blood flow, changes in global and
regional blood flow should be anticipated any time hemody-
namics are manipulated, with the goal being adequate DO,
and nutrients to organs of interest.

Second, and equally important, is the idea that much of
medical lore is based on tightly controlled animal experi-
ments that may or may not be applicable to the intact
organism. Although it may never be possible to reproduce
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Experimental Alpha;-Agonism Data
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Figure 1. Chemical structure of epinephrine, norepinephrine, phenylephrine, and methoxamine.

these studies in humans in vivo, advances in mathematical
modeling and computational biology (as exhibited by
Magder et al.'*) have made it possible to critically assess the
validity of these long-held physiologic truths.

Thus, we critically examined the use of both methox-
amine and phenylephrine. Our initial search was conducted
in PubMed, using the word methoxamine and limiting our-
selves to randomized, controlled, human trials published in
English. This resulted in 28 articles, the abstracts of which
were reviewed for relevance. Articles describing the hemo-
dynamic effects of methoxamine were examined in detail.
We then repeated our search using phenylephrine as our key
word (same limits), resulting in 435 articles that were
similarly reviewed, acquired, and if applicable, read. Ar-
ticles brought to our attention during the review process
were included as well.

Before proceeding, 3 prerequisite axioms, on which the
utility of this review are based, must be established. First,
this review assumes that DO, is critical for the survival of
cells, organs, and whole organisms. Second, that for all
organs and organisms, there is an optimal DO,, which can
be organ specific. Third, and perhaps most relevant, that
despite a lack of data regarding the optimal DO, in most
pathophysiologic states, anesthesiologists and intensivists
will develop their own upper and lower limits of accept-
ability and, in general, will attempt to manipulate hemo-
dynamics to maintain DO, in this range.

A COMPREHENSIVE APPROACH TO BLOOD FLOW

Rationale

When studying the effects of any vasoactive drug on the
cardiovascular system, it is not sufficient to focus (as many
textbooks and articles do) on an arbitrarily chosen subset of
the system (e.g., systemic arteries), and in the process
ignore other components (e.g., central veins, right ventricle
[RV]) that also affect the system as a whole as well as the
region of interest. On the other hand, isolating the indi-
vidual components of the cardiovascular system, all of
which interact with each other in vivo, is useful from both
experimental (such experiments are easier to conduct) and
educational (simplified concepts are easier to understand)
standpoints.

Thus, although many of the experiments cited in this
review were either conducted in isolated experimental
models or focused on a subset of the cardiovascular system,
their relevance depends heavily on one’s ability to integrate
these findings into a more global model of the cardiovas-
cular system.

August 2011 e Volume 113 e Number 2

The 6-Compartment Model

This review assumes that Magder et al.’s model of the
cardiovascular system closely approximates reality.'?
Specifically, Magder et al. considered the cardiovascular
system to be a “6-compartment” system (right heart, pul-
monary arteries, pulmonary veins, left heart, systemic
arteries, systemic veins) that forms an in-series closed loop.
At any point in time, all 6 compartments have a given
pressure and volume. Additionally, the 4 vascular compart-
ments can be further described by their compliance
(dV/dP), whereas the 2 cardiac compartments can be
further described by the rate at which they move volume
(dV/dt). In accordance with the law of conservation of
mass, volume that is added to (or removed from) one
compartment must be removed from (or added to) an
adjacent compartment.

The implications of the 6-compartment model are that
blood flow through the cardiovascular system is not merely
a function of just how much pressure the left heart gener-
ates and how much resistance the systemic arterioles
provide, but the result of a much greater number of
interacting, codependent variables. The details of these
interactions will be discussed in the appropriate sections
below.

Regional Versus Global Blood Flow

When the effects of any intervention on all components of
the cardiovascular system are considered, it is important to
distinguish global from regional changes. For example,
many drug studies focus on cardiac output (CO), presum-
ably because CO is easy to measure and changes in global
flow are thought to result in similar changes in regional
blood flow; however, drugs may affect global and regional
blood flow inversely (e.g., increasing CO while decre-
asing blood flow to the kidneys). Thus, simply measur-
ing CO changes may not give adequate insight into the
utility of a particular drug, and in some instances may be
misleading.

THE MATHEMATICS AND PHYSICS OF FLOW
Ohm’s Law and Mathematical Notation

Textbooks commonly compare blood flow in the cardiovas-
cular system with the flow of electrical charge (dQ/dt)
across a voltage differential (E) in a single resistor (R)
circuit (Ohm’s law):

[=E/r=dQ/dt 1)

Often, when this relationship is applied to blood flow, it is
rearranged as follows (common rearrangement of Ohm'’s law):
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MAP = CO X systemic vascular resistance (SVR) (2)

Although “mathematically correct,” this equation can be
misleading. Convention dictates that the dependent vari-
ables of an equation are always written on the left-hand
side of an equals sign and that the independent variables
are on the right. Just as the placement of a single digit has
meaning when describing a multidigit number (123 does
not equal 213), the location of variables in a mathematical
equation is designed to convey important information. One
is led to infer from Equation 2 that changes in CO affect
MAP. Blood flow can most easily (and correctly) be de-
scribed as follows:

CO = (1/SVR) X MAP = (1/RVR, + 1/RVR, + 1/RVR,
+ ...+ 1/RVR,) X MAP (3)

(analogy of Ohm’s law for global blood flow). Equation 3
introduces 2 important points — first, because the individual
organs that resist blood flow exist in parallel, SVR can be
related to the inverse of all individual regional vascular
resistances (RVR) in accordance with Kirchoff’s circuit laws
(1/Rypp = 1/R; + 1/R, + ... + 1/R,). Second, because the
body regulates blood pressure (and not CO) primarily
through alterations in vascular resistance brought about by
changes in sympathetic tone, MAP can remain stable over
a wide variety of hemodynamic states in which CO is
inversely related to vascular resistance. Thus, CO is a
complex function of global efforts to regulate MAP despite
multiple regional systems that alter RVR in an attempt to
autoregulate.

Still, the common rearrangement of Ohm’s law (Equa-
tion 2) does have practical utility in physiologic states in
which CO is fixed, such as during cardiopulmonary bypass
or in an autoregulated, healthy cardiovascular system. In
both instances, pressure can be considered dependent on
blood flow if, and only if, the pressure generator is capable
of increasing pressure (with attendant increases in energy
consumption) in response to increased vascular resistance.

Indeed, human studies have shown that with massive
blood loss, the healthy, intact cardiovascular system will
regulate MAP by manipulating afterload at the expense of
CO."® More recent studies of the hemodynamic response to
tracheal intubation have confirmed that from a whole-body
perspective, preservation of MAP takes precedence over
CO."™ That said, if pressure generation is fixed or limited,
blood flow will further diminish as resistance to flow is
increased. It must be kept in mind that even in these idealized
situations, if pressure generation were to cease, so too would
the flow of blood through the cardiovascular system.

When thinking about the cardiovascular system as a
whole, particularly in nonidealized situations (e.g., cardio-
vascular failure, loss of autoregulatory reflexes) or regional
blood flow, one must appreciate that resistance to flow and
pressure generated by ventricular contraction make equal
contributions to the determination of both regional and
global blood flow (and thus, DO,).

Thus mathematical equations—which describe physical
reality in terms that can be quantified, understood, and
applied—profoundly influence our conception of reality,
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and are of great importance. But Ohm’s law, which de-
scribes the movement of electrical current through a circuit
when a constant voltage is applied, and is often used to
model the human cardiovascular system, is not perfect. It
does not adequately describe the movement of electrical
current in cases in which the voltage differential varies with
time (e.g., alternating current). When the electrical potential
changes, the resulting current changes as well; how much
so depends on both the resistance and the “capacitance” of
the circuit.

An Introduction to Capacitance

(and Compliance)

Capacitance is the ability to store potential energy. In
electrical engineering, electrical capacitance (Cupcec) is
defined as the amount of charge (Q) stored given an
applied voltage potential (E):

CAP,elec = Q/E (4)

An electrical circuit with a high capacitance will be more
resistant to rapid changes in voltage. When applied voltage
is increasing, some of the current that would normally
travel through the resistive elements of the circuit instead
accumulates in the capacitive elements of the circuit,
“smoothing out” fluctuations in current. This phenomenon
is often referred to as dampening.

If one considers electrical capacitance, movement of
current through an electrical circuit can no longer be
described in simple linear terms. A differential equation is
required:

I=dQ/dt = [E(t) = Q/Capeic] /R Q)

which is flow of current through an RC series circuit,'®
where E(t) is voltage as a function of time.

Similarly, the driving force of the human cardiovascular
system is pressure generated by a pulsatile heart, and the
vessels themselves act as capacitors. In the arterial systems,
compliant vessels store mass (blood) and potential energy
(pressure X volume) during systole and deliver mass
(blood) and energy (pressure X volume) to the human
“circuit” during diastole. The end result is that the capillary
beds receive a more constant stream of blood, despite the
pulsatile nature of the heart. This is referred to as the
windkessel effect,'® and its conceptual development is attrib-
uted to Otto Frank.'”

The major systemic arterial capacitance vessels include
the aorta and large arteries, which exist in parallel with the
resistive elements of the vasculature, and because the
upper and lower body contain capacitance vessels of
different lengths, the systemic vascular system is most
appropriately modeled as a 2-capacitor circuit."®* A major
difference between the cardiovascular system and an analo-
gous electrical circuit is that the cardiovascular system
stores mass (volume), not charge.

Volume exists in 2 states: hemodynamically inactive
“unstressed” volume (defined as the amount of blood
present in the venous system where venous transmural
pressure is 0 [approximately 70% of total venous blood
volume]), and hemodynamically active “stressed” volume
(defined as the difference between total venous blood
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volume and unstressed volume).'” From the standpoint of
measuring flow as a function of changes in pressure,
volume, compliance, and resistance, it is only the stressed
volume that matters. Importantly, hemodynamic changes
(e.g., vasoconstriction) can convert “unstressed” volume to
“stressed” volume as a compensatory means,* without
necessarily changing vascular compliance.'” There is no
electrical equivalent for “unstressed volume.”

Thus, it is useful to think of the vasculature not only in
terms of the amount of volume stored at a given pressure
(defined as vascular capacitance, Equation 6), but also in
terms of vascular compliance, defined as a change in volume
that results from a change in pressure (Equation 7).'°
Vascular compliance is inversely related to vessel stiffness
(k). Vascular capacitance is defined as

CAP,Vasc = V/P (6)

and vascular compliance as

COM,vasc = AV/AP = 1/K (7)

Note that while convention dictates that the ability to store
electrical energy in the form of charge is referred to as
electrical capacitance, the ability to store energy in the form of
pressure is more appropriately described by vascular com-
pliance (because it appropriately neglects the “unstressed”
volume that is energetically inactive), and for the purposes
of this analogy, electrical capacitance (Q/E) and vascular
compliance (AV/AP) can be considered interchangeable,
although they will be abbreviated as C,p ¢ and Copng yase
(or 1/ k), respectively.

As with the electrical circuit driven by an oscillating
voltage potential, blood flow through a compliant vessel is
not simply a function of “resistance,” but must also con-
sider arterial compliance and the volume of blood con-
tained in the vessel at that moment:

Q= dV/dt = P/R + dP/dt X (Conree) = P/R + dP/dt

X (1/k)

Equation 8 describes blood flow through a compliant
vessel, or what is known as the “Two Element Windkessel
Model.” Models incorporating up to 4 elements have been
developed, and increasingly approximate experimental
observations.*"*>

Therefore, although hemodynamic data can be used to
calculate systemic vascular “resistance,” this value is a
combination of resistance to blood flow when a constant
driving force is applied, the instantaneous directional
change in pressure (dP(t)/dt), and compliance, all of which
affect blood flow—their relative contribution changes de-
pending on the hemodynamic state. To truly appreciate the
oscillatory component of afterload, one must decompose
both the pressure and flow waveforms into their harmonic
components, the end result of which is the bipartite concept
of vascular impedance (abbreviated Z, comprising modu-
lus and phase), the details of which are beyond the scope of
this review but are thoroughly detailed elsewhere.”

Arterial compliance may also affect myocardial oxygen
consumption (mVO,). Kelly et al.** studied the effects of
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compliance changes on ventricular efficiency in adult dogs,
by altering the compliance of the abdominal aorta with a
rigid plastic graft. The plastic conduit reduced arterial
compliance by 60%-80%, resulting in an 11.9% increase in
MAP despite a 10.5% decrease in CO (calculated SVR
increased by 20%). Despite the roughly equal oppositional
changes in pressure and volume, implantation of the rigid
graft resulted in a 32% increase in mVO, and a 32%
decrease in ventricular efficiency, reflecting the relatively
substantial contribution of pressure work (energy inten-
sive, in comparison with volume work) in the determina-
tion of myocardial oxygen needs. Interestingly, the increase
in myocardial consumption was directly proportional to
the increase in pressure volume area (PVA; see PUMP
WORK AND VENTRICULAR EFFICIENCY section, be-
low); however, because the authors did not increase vascu-
lar resistance independently of compliance, it is impossible
to know for certain whether an isolated decrease in com-
pliance also worsens ventricular efficiency.

The venous systems, by contrast, are much more com-
pliant than are the arterial systems, and, by comparison,
store more volume (70% of total blood*®) and less potential
energy. Thus, although arterial compliance primarily af-
fects the arterial waveform and afterload, venous compli-
ance impacts the cardiovascular system through several
different mechanisms, all of which are based on an under-
standing of the venous function curve and the concept of
mean circulatory filling pressure (MCFP).

Venous Function Curve

The venous function curve, as originally described by
Guyton,*® describes the effect of changes in right atrial
pressure (RAP) on venous return: as RAP is increased,
venous return (and CO) decreases, and ultimately becomes
zero as RAP approaches MCFP. Similarly, as RAP is
decreased, venous return increases, reaching a maximum at
the point at which veins collapse (atmospheric pressure, or
higher in the setting of positive end-expiratory pressure).

Guyton’s venous function curves can also be understood
working backwards, i.e., starting from the position of no
CO." When CO is zero, blood pressure in the pulmonary
and systemic arterial and venous systems will be equal; this
is referred to as the MCFP, and is a function of total blood
volume as well as arterial and venous compliance in both
the pulmonary and systemic vasculatures. As the left
ventricle (LV) and right ventrical (RV) begin to pump
blood, arterial pressures will increase above MCFP. Venous
pressures will decrease below MCFP, thereby establishing a
pressure gradient (required for blood flow) across the
pulmonary and systemic vasculatures, and shifting volume
from the venous compartments to the arterial compart-
ments. As CO increases further, arterial pressures will
necessarily continue to increase, venous pressures will
continue to decrease, and increasing volume will be shifted
towards the arterial compartments.

For a given blood volume and vascular compliance, the
cardiovascular system can exist at any state that lies on its
venous function curve. Traditional teaching espouses that
this state depends on where the venous function curve
intersects the CO curve (because, at steady state, total
venous blood return must equal CO). The CO and venous
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function curves are often plotted together to make this
calculation, which can be misleading because although
RAP is closely related to right ventricular preload, the
ability of RAP to reflect LV preload is dependent on the
physiologic state of the pulmonary vascular tree as well as
on that of the left ventricle.

This added complexity complicates Guyton’s classic teach-
ing and suggests that Guyton’s venous function curves, which
were derived in experimental animal models, may not be
directly applicable in vivo.”>° Regardless, Guyton’s major
premise, that venous return is just as important as cardiac
outflow in determining steady-state blood flow, still holds
true, and has major implications, as noted below.

Despite the controversy surrounding the shape of the
venous function curve in vivo, it is generally thought that
venous compliance impacts CO through 3 mechanisms.
First, because venous pressures decrease with increasing
CO but cannot decrease below the point of venous collapse,
the maximum attainable CO is impacted by both blood
volume and venous compliance (or, as was more precisely
described by Levy in 1979, the ratio of venous to arterial
compliance®). Second, steady-state CO is at least partially
dependent on the configuration of the venous function
curve, which is a function of venous compliance. Third, by
redistributing blood volume towards (or away from) the
central vessels, atria, and ventricles,>" changes in venous
resistance and compliance can profoundly affect ventricu-
lar end diastolic volume, and thus CO.32

Relative Importance of Arterial and Venous
Vascular Resistance
Because the majority of SVR is provided by the arterioles, it
may seem counterintuitive that venous resistance and
compliance could significantly impact CO. Indeed, 51 years
after Guyton published his venous function data, the utility
of his models was still being debated in the literature.>>*
The debate about whether Guyton’s models are appli-
cable in vivo is a misunderstanding of his experiments and
his conclusions. Guyton’s venous function curves were
developed by cannulating the right atrium and aorta,*
bypassing both ventricles and the lungs. A mechanical
pump (connected in series with a piece of collapsible
tubing, connected proximally [i.e., a “Starling resistor”])
was placed in between.>*?> As the height of the Starling
“resistor” was changed, inflow to the pump was variably
throttled, resulting in changes in both RAP and venous
return. Technically, the independent variable in this ar-
rangement was flow>>*> (determined by the Starling resis-
tor), not RAP (although if one accepts that blood moves
down a pressure gradient, the origin of the pressure
gradient is not relevant). Maximal output was limited by
the point at which the tubing collapsed (0 mm Hg). This
arrangement is not necessarily what happens in live ani-
mals with a closed chest and interacting pulmonary and
systemic circulations, pumps that depend on preload, vary-
ing thoracic pressures, and central venous systems that
may, in some instances, remain patent even at subatmo-
spheric pressures. Studies of closed-chest humans after
cardiac surgery have produced mixed results. Some au-
thors have suggested that Guyton’s relationship holds,*
and others have failed to elucidate a relationship between
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venous return and Pg,.*” Thus, Guyton’s initial experi-
ments, which established that decreased resistance to ve-
nous return (and the resultant increase in venous pressure
gradients) lead to increased venous return in an experimen-
tal system, were unable to attribute these changes in venous
return to changes in RAP.

To better understand the impact of changes in venous
resistance on venous return and CO, Guyton compared
selective increases in either arterial or venous resistance in
anesthetized dogs (right-heart bypass preparation).*® Vas-
cular reflexes were abolished using spinal anesthesia. Ar-
terial resistance was then increased by injecting glass beads
into the aorta, and venous resistance was increased by
tightening inflatable cuffs implanted around the vena cava.

Interestingly, doubling SVR via the injection of glass
beads led to a 15% decrease in CO and a 75% increase in
blood pressure, whereas doubling SVR via constriction of
the vena cava reduced CO by 65%, presumably by seques-
tering blood in the venous system, and thus depriving the
ventricles of the preload needed to maintain CO (postu-
lated, but not proven, by Guyton in this article®®). Indeed,
no amount of isolated arterial resistance (even a 500%
increase in SVR) could decrease CO to the extent achieved
by a relatively modest increase in venous resistance (50%
increase in SVR via constriction of vena cava).

Clearly, the canine left ventricles in this experiment
were better able to maintain stable CO despite increased
arterial resistance, in comparison with increased venous
resistance. This was likely due to differences in vascular
distensibility. Arteries, which are relatively nondistensible,
are unable to remove significant volume from the circulation
despite increased resistance to flow. Increased arterial resis-
tance does not markedly decrease cardiac filling unless the
heart cannot maintain constant CO despite increased after-
load. By contrast, veins, which are highly distensible (compli-
ant) and store approximately 70% of total blood volume, can
almost immediately sequester relatively large amounts of
blood despite increased resistance to flow, essentially robbing
both the left and right ventricles of preload.

Thus, in 1958, Guyton’s experimental data began to
provide proof that the all-encompassing concept of “sys-
temic vascular resistance” and tacit assumption that SVR is
due to arterial tone may not be physiologically relevant,
because the location of vascular resistance is critical and is
not accounted for by simply dividing pressure gradients by
CO. This idea was further refined by separating the regu-
lation of venous flow into changes in compliance and
resistance, which can occur independently of one another.*®

Pressure Wave Reflections

Further complicating hemodynamic predictions is the
3-dimensional shape of the cardiovascular system. Whereas
electrical circuits are made of wire that rarely vary in size,
shape, or composition, the “wires” of the human cardio-
vascular system vary greatly, both in terms of their stiffness
and shape as well as their branch points.

As a pressure wave travels down the vascular tree, it
meets additional resistance at places where the vascular
tree branches or where vascular impedance (a combination
of resistance and compliance) changes quickly.>” At these
branch points and changes in impedance, part of the pressure
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wave is reflected back towards the heart (much as ultrasound
waves emitted by an echocardiography probe are partially
reflected by tissue interfaces), thus reducing the driving force
for forward blood flow. Normally, these pressure waves reach
the left ventricle during diastole, where they can either
contribute to coronary perfusion® or be absorbed by the
closed aortic valve. In cases in which vascular compliance is
significantly reduced (e.g., with atherosclerosis or aging),
these reflected pressure waves travel more quickly, and can
arrive back at the left ventricle before aortic valve closure,
decreasing the speed of myocyte shortening.*

The relative contributions of resistance, compliance, and
pressure waves to ventricular afterload are difficult to tease
apart, because most interventions (e.g., vasoconstrictors)
affect all 3 variables simultaneously.*” In addition to in-
creasing arteriolar resistance, vasoconstrictors (including
phenylephrine®) appear to augment these arterial tree
reflections by decreasing compliance and accelerating pres-
sure wave conduction.*

SUPPLY AND DEMAND—THE ECONOMICS OF
CARDIAC PERFORMANCE

Oxygen delivery (DO,) is preeminently important in the
context of oxygen consumption (VO,). Thus, when consid-
ering the hemodynamic effects of drugs on the heart, one
must have an appreciation for both coronary artery perfu-
sion (supply) and mVO, (demand).

Supply (Coronary Artery Perfusion)
Heyndrickx et al. studied the effects of methoxamine on
coronary blood flow in healthy, conscious dogs, with both
paced and spontaneously beating hearts. In the paced hearts,
methoxamine increased coronary blood flow, whereas in the
spontaneously beating hearts, coronary blood flow decreased
8% (despite increasing MAP by 55%, and decreasing heart
rate by 13 beats per minute [bpm]).*! Woodman and Vatner**
gave phenylephrine (0.5 and 1 ug/kg/min) to unanesthetized
dogs autonomically blocked with hexamethonium,
propranolol, and atropine and found that phenylephrine
increased MAP but had no effect on coronary blood flow.
Crystal et al.*® administered phenylephrine (2.8 pg/kg/min)
to anesthetized dogs and found that although myocardial
blood flow increased by 60%, mVO, increased by 61%.
Neither arterial-coronary sinus oxygen difference, coronary
sinus Po,, or coronary sinus saturation changed significantly.
Miller et al. studied the effects of phenylephrine on coro-
nary blood flow in humans, by administering nitroglycerin to
17 paced patients undergoing cardiac diagnostic catheteriza-
tion (MAP decreased by an average of 10.5 mm Hg), and then
randomizing them to phenylephrine (50 to 90 ug/min) versus
no intervention. At 10 minutes postnitroglycerin, coronary
sinus blood flow was significantly higher in the phenyleph-
rine group.** Indeed, studies of a, receptor density in humans
have confirmed that the coronary arteries contain «; recep-
tors, although the amount (2.1 fmol/mg protein) is signifi-
cantly less than that found in the other, similarly sized
arteries, such as the mammaries (6.0 fmol/mg protein).*>
Loeb et al.*® studied the effects of methoxamine (2
mg/min) in 20 patients with stable, ischemic heart disease
(mean MAP 90 mm Hg before intervention), finding that it
increased coronary sinus flow by 82% but also increased
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mVO, by 77%. The arterial-coronary O, saturation differ-
ence was unaffected (64% in both instances), however.
Fifteen percent of patients receiving methoxamine dis-
played ST segment changes.

Antonopoulos et al. administered phenylephrine (80
pg/min) to 41 hemodynamically stable patients with docu-
mented coronary artery disease, increasing MAP by 30%
above baseline. Sixty seconds after achieving an increase in
blood pressure, 2 mCurie (mCi) of thallium (Tl) were
injected and TI scintigraphy was performed 2 and 240
minutes after Tl injection. Scintigraphy after phenylephrine
infusion revealed 152 defects (average 14% of evaluated
segments), and the size of the defect was directly related to
the number of diseased vessels. The authors concluded that
blood pressure increase accompanying phenylephrine pro-
duced a significant impairment of myocardial perfusion.*”
Unfortunately, the authors did not include data on myo-
cardial perfusion before administration of phenylephrine.

Taken together, these studies suggest that although
increased pressure can maintain global perfusion, depend-
ing on how achieved, it may still lead to a maldistribution
of regional myocardial blood flow.

Demand (Afterload)
Afterload (o) is a measure of the forces against which the
heart must work to generate a given CO. In its purest form,
it is defined as the forces opposed to LV fiber shortening
(i.e., LV wall stress).*® SVR is considered by most practitio-
ners as equivalent to afterload.*® However, as noted above,
SVR is an oversimplified quantification of hemodynamics.
Unfortunately, true afterload cannot be readily mea-
sured except in the experimental setting. It can be best
approximated by calculating circumferential wall stress (S),
in a variation of Laplace’s law known as Lame’s equation.®”
Although more difficult to calculate than is SVR, it gives a
more accurate indication of cardiac energy expenditure,
and is more specifically proportional to mVO,.*

S="Pr/h 8)

where S = wall stress, P = pressure, r = radius, and h =
thickness. An important implication of Lame’s equation is that
afterload is not simply a function of resistance, compliance,
and wave reflections, but is also dependent on the geometry
of the left ventricle itself. During systole the ventricular wall
thickens as its radius contracts, which reduces LV wall stress.
In the latter half of systole, afterload is reduced simply
because LV radius is smaller and wall thickness is greater. All
other things being equal, a heart operating with more short-
ened myocytes (e.g., as may occur after B adrenergic stimu-
lation) will work against less “afterload,” because it will spend
proportionately more time in a favorable (smaller radius)
geometrical configuration.

Lang et al. studied the effects of methoxamine, nitro-
prusside, norepinephrine, and dobutamine on 8 anesthe-
tized, intubated, and catheterized (left and right heart) but
otherwise healthy dogs.*® Using Grossman’s previously
validated method® to calculate afterload, Lang et al. found
that SVR is an almost 2-fold underestimate of LV wall stress
after administration of methoxamine (SVR increased 48%,
whereas LV wall stress increased 86%). Norepinephrine led
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Figure 2. Effect of pharmacologic agents on blood pressure, cardiac
output, and SVR. Effect of nitroprusside, methoxamine (pure
a-agonist), dobutamine, and norepinephrine on aortic pressure,
cardiac output, and systemic vascular resistance in healthy dogs
(redrawn from Lang et al.,*® with written permission from Wolters
Kluwer Health). MCFP = mean circulatory filling pressure; LVEDV =
left-ventricular end-diastolic volume.
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Figure 3. Effect of pharmacologic agents on SVR and end-systolic
wall stress. Comparative effects of nitroprusside, methoxamine
(pure a-agonist), dobutamine, and norepinephrine on systemic vas-
cular resistance (SVR) and afterload (defined as end-systolic wall
stress, o,¢) in healthy dogs. Note that for norepinephrine, SVR is
positive, whereas o, is negative, thus invalidating SVR as an
indicator of afterload (redrawn from Lang et al.,*® with written
permission from Wolters Kluwer Health). CO = cardiac output.

to a 21% increase in calculated SVR, but measured LV wall
stress actually decreased by 9% because of increased con-
tractility and a subsequent decrease in ventricular size.
Thus, in some instances, SVR is not simply off by a
percentage, it changes in the opposite direction of wall
stress*® (Figs. 2 to 4).

Guyton et al.s experiments on selective vascular resis-
tance further support this view, because changes in SVR
bore almost no relationship to changes in either CO or
afterload. Indeed, isolated increases in arterial resistance
led to significant increases in aortic blood pressures,
whereas equivalent increases in venous resistance led to
almost no change in aortic blood pressure.?®

PUMP WORK AND VENTRICULAR EFFICIENCY
Pump (Mechanical) Work

Afterload, which measures force, is related to but distinct
from work, the application of force over distance. Pumps
work by applying pressure to a displaced volume, and

290 www.anesthesia-analgesia.org

50

40

30

20

10
METH

o

DOB NE

N
S}

o
1S3

% Change in Rate-Corrected Velocity of Fiber-Shortening

@
S

Key: NP = nitroprusside, METH = methoxamine, DOB =
dobutamine, NE = norepinephrine

Figure 4. Effect of pharmacologic agents on left ventricular function.
Effects of nitroprusside, methoxamine (pure a-agonist), dobutamine,
and norepinephrine on left-ventricular performance (as measured by
velocity of leftventricular fiber shortening, Vcf,) in healthy dogs
(redrawn from Lang et al.,*® with written permission from Wolters
Kluwer Health). SVR = systemic vascular resistance.

produce both pressure work (increasing pressure) and
volume work (movement of volume), both of which require
the expenditure of energy. Mathematically, the amount of
mechanical work done by a pump is represented by the
area inside the curve of a pressure-volume (PV) loop:

V2

W = —f Pdv (9)

Vi

Note that although pressure work and volume work can be
thought of separately, neither can occur in the absence of
the other. Increased pressure without moving volume does
not result in work, nor does moving volume if pressure is
not accordingly increased.

In situations in which CO (volume pumped) is desired,
pressure work is inefficient because increased ventricular
pressures necessitate the formation and release of additional
myosin-actin cross-bridges (which consumes adenosine
triphosphate), but does not increase flow. The shape of the PV
loop can provide a visual estimate of volume-based ventric-
ular efficiency. Multiple studies in humans have shown that
phenylephrine reduces CO and increases measured vascular
resistance,’° "> which heightens the resultant PV loop, and
usually decreases stroke volume (Fig. 5).%*>*

Internal Work

Unlike an inanimate, mechanical pump (e.g., internal com-
bustion engine) that requires no energy when not function-
ing, the heart requires energy to maintain its cellular
integrity even when not contracting.

In addition, the heart requires energy expenditure to
generate pressure even when no volume is moved. This is
referred to as internal work (also termed potential energy) and
can be attributed to electrical activation and excitation—
contraction coupling (calcium cycling).>®

Suga et al. noted that differing combinations of pressure
and volume work (which produce an identical amount of
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Figure 5. Effect of phenylephrine on the pressure—volume loop in the
setting of human heart failure (adapted from Asanoi et al.,>> with
written permission from Wolters Kluwer Health).

mechanical work) require different amounts of oxygen
consumption,”>°® and that these differences could be attrib-
uted to increases in internal work required to function at
different physiologic states (Fig. 6A). Unlike the PV loop
area, total pressure-volume area (PVA, Fig. 6, B-C) reliably
estimates myocardial VO, in an isolated canine heart
model, as was shown by Suga,®>° Khalafbeigui,*®® and
Burkhoff®' in a series of experiments conducted over a
period of 10 years.

Ventricular Efficiency

The term ventricular efficiency has several definitions, but is
usually thought of as CO per milliliter of oxygen con-
sumed. Note that this definition assumes that the quantity

of blood flow is more important than the pressure required
to deliver it. From this volume-based ventricular efficiency
standpoint, increased pressure work and internal work are
wasteful and should be minimized.

Phenylephrine decreases volume-based ventricular effi-
ciency by shifting myocardial mechanical work from volume
to pressure work, and presumably by increasing internal
work (although PVA has not been specifically studied in
humans, this can be surmised by analyzing the resulting PV
loops, Fig. 5). A study comparing phenylephrine with epi-
nephrine, norepinephrine, dopamine, dobutamine, and iso-
proterenol in piglets under general anesthesia suggested that
of these 6 vasoactive drugs, phenylephrine was the only one
that did not increase the CO/PVA ratio.®?

In instances in which perfusion pressure is deemed
more important than global blood flow (e.g., optimizing
cerebral perfusion pressure), volume work is wasteful,
because it does not necessarily lead to increased blood
pressure but still requires additional mechanical work (and
expenditure of energy). Thus, from a practical standpoint,
the “efficiency” of the heart depends not only on work
done per energy consumed, but also on what type of work
is needed most (volume or pressure).

EFFECT OF ALPHA-ADRENERGIC AGONISTS ON
INDIVIDUAL ORGAN SYSTEMS

Cardiovascular System

Left heart and CO. Smith et al.®® randomized 60 carotid
endarterectomy patients to anesthesia (MAC 1.04) with no
ionotropic drugs versus deeper anesthesia (MAC 1.43) with
administration of phenylephrine to maintain systolic blood
pressure within 20% of baseline. Intergroup differences in
blood pressure were insignificant; however, the phenyleph-
rine group was burdened with a 40% increase in LV
end-systolic wall stress as estimated by transesophageal
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echocardiography, a 160% increase in the incidence of
segmental wall motion or wall thickening abnormalities,
and a 32% reduction in the rate-corrected velocity of
circumferential fiber shortening.

Goertz et al.®*®® compared phenylephrine to norepi-
nephrine in both volunteers and cardiac surgery patients,
both under general anesthesia. In 16 volunteers (2 pg/kg of
phenylephrine vs. 0.1 pg/kg of norepinephrine) and 38
cardiac surgery patients (2 pug/kg of phenylephrine vs. 0.05
wng/kg of norepinephrine), both drugs produced identical
changes in MAP, but phenylephrine produced significantly
higher wall stress (estimated from transesophageal echo-
cardiographic measurements) and significantly lower frac-
tional area change (and presumably, CO) in comparison
with norepinephrine.

Sharrock et al.*® compared phenylephrine (2 to 20
pg/min) with epinephrine (1 to 5 ug/min) in 30 patients
undergoing epidural anesthesia and found that despite no
difference in MAP, phenylephrine led to slower heart rate
and CO.>* Brooker et al. conducted a similar study in 13
patients undergoing spinal anesthesia and found that phen-
ylephrine significantly reduced CO, in comparison with
epinephrine.”’ Langsesaeter et al. also studied the effects of
phenylephrine (0.25 ug/kg/min) in patients undergoing
spinal anesthesia, comparing it with placebo in 80 women
undergoing cesarean delivery. While phenylephrine clearly
increased systolic blood pressure, it also led to significant
reductions in CO in comparison with that in controls. A
more recent comparison of phenylephrine infusion rates in
the setting of spinal anesthesia for elective cesarean deliv-
ery found that the maximal decrease in CO was linearly
related to the dose.®®
Systemic venous return. Multiple animal studies have
shown that «y-agonists are venoconstrictors, and thus
capable of increasing MCFP.>*"~%° Appleton et al., for
instance, found that 8 to 20 ug/kg/min of phenylephrine
increased MCFP by 49% in lightly sedated dogs.?

Although an isolated increase in venous tone may
transiently increase CO, whether or not a pharmacologi-
cally mediated increase in venous tone leads to increased
venous return in the intact organism has been debated.”
Unlike the increased skeletal muscle tone that accompanies
exercise, or the increase in stressed volume that occurs after
fluid administration, all of the known drugs that increase
venous tone have the potential to cause accompanying
increases in arterial and venous resistance, potentially
negating any improvements in venous return.”!

In an illuminating review, Gelman and Mushlin pointed
out that 25% of total body blood volume is present in the
splanchnic organs, making them an important hemody-
namic reservoir. Furthermore, they suggested that a;-
agonists have a dose-dependent effect on venous return;
the initial response being an increase in venous return as
the splanchnic vasculature is “unloaded,” followed by a
decrease in venous return at higher doses as the effects of
vasoconstriction and venoconstriction (decreased organ
outflow) predominate.””

The idea that the splanchnic circulation is an important
reservoir for venous blood is strongly supported by Flamm
et al.’s study of blood volume distribution in exercising
humans. Flamm’s group exercised 14 healthy volunteers on
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Figure 7. Effect of escalating doses of methoxamine on cardiac
output and peripheral resistance. Escalating dose response of
methoxamine (long-acting pure « agonist) on the hemodynamic state
of dogs after administration of spinal anesthesia (dose started at
0.3 mg/kg/h, increased by 0.3 mg/kg/h every 15 minutes; redrawn
from Zandberg et al.,” with written permission from Wolters Kluwer
Health).

stationary bikes, increasing workloads from rest (VO,
averaged 5.8 mL/kg/min) to VO,,..  (average 39
mL/kg/min). CO increased by 170% at maximal values,
but organ-specific blood volumes (measured with techne-
tium 99-m scanning) decreased by 46%, 24%, and 18% in
the spleen, kidneys, and liver, respectively. By contrast,
organ-specific blood volumes increased by 50% and 24%,
respectively, in the lungs and heart.??

Particularly appealing about the splanchnic venous res-
ervoir concept is the fact that the splanchnic vasculature
exists in parallel (1/Rpo = 1/R; + 1/R, + ... + 1/R))
with the remainder of the systemic circulation, thus attenu-
ating the increase in venous resistance that would other-
wise accompany venoconstriction, while at the same time
allowing the body to mobilize a significant amount of
volume.'®

Thus, it appears that o;-agonists” effects on the venous
circulation have the ability to both increase (by reducing
venous compliance, thus converting unstressed volume to
stressed volume and increasing preload) and decrease
(primarily through increases in venous resistance) CO. The
end result is likely related to dose of the drug and the
sensitivity of the individual organism and tissues. This idea
is supported by Zandberg et al.’s dose-response study of
methoxamine in dogs who had undergone spinal anesthe-
sia. Initially, methoxamine increased both CO (maximally
at 0.6 mg/kg/h of methoxamine) and blood pressure,
although at increasing doses, CO began to decrease” (Fig.
7). Interestingly, calculated SVR was increased even at low
doses (0.3 to 0.6 mg/kg/h), suggesting that the increased
CO was due to increases in stressed volume and preload.

A limited number of human studies also support the
idea that a;-agonists reduce venous compliance and poten-
tially increase venous return. In 1975, Marino et al
compared the effects of phenylephrine, isoproteronol, do-
pamine, and phentolamine on perfusion pressures and
reservoir volumes in 73 patients undergoing cardiopulmo-
nary bypass. Marino et al.’s experiments showed signifi-
cant increases in cardiopulmonary bypass reservoir
volumes after administration of both phenylephrine (0.3
mg) and low- (0.2 mg) and high- (4 mg) dose dopamine (by
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Figure 8. Effects of phenylephrine and dopamine on vascular
resistance and preload as measured by changes in perfusion
pressure and venous reservoir volume on the basis of measure-
ments in patients on cardiopulmonary bypass (adapted from Marino
et al.,”* with written permission from Wolters Kluwer Health).

247, 444, and 687 mlL, respectively), suggesting that both
drugs decrease venous compliance through enhanced tone.
Perfusion pressures changed by 23, 0.13, and 15 mm Hg,
respectively, suggesting that phenylephrine and high-dose
dopamine increased vascular resistance (and thus, afterload),
whereas low-dose dopamine had no effect on vascular resis-
tance, despite its ability to increase venous return” (Fig. 8).
Right heart and pulmonary circulation. Because systemic
compliance is approximately 7 times that of the pulmonary
circulation,®”*° the pulmonary vascular system cannot
store as much latent “preload” as does its systemic coun-
terpart. That said, because the left heart relies on the right
heart for preload, and the right heart traditionally faces
significantly less afterload than does the left, changes in
pulmonary vascular resistance can profoundly impact the
cardiovascular system as a whole.

Studies of «; receptor density in humans have shown
that the pulmonary arteries contain a higher density of a;
receptors than does any nonsplanchnic organ.*® Tuman et
al. examined the effects of phenylephrine on right ventric-
ular function in patients undergoing coronary artery sur-
gery, and found that postinduction phenylephrine (titrated
to increase systolic blood pressure to 20% above baseline)
significantly increased right ventricular end-diastolic vol-
ume index (RVEDVi) (from 86.3 to 97.5 mL/m? P =
0.0001)”® without significantly impacting cardiac index.
Pulmonary vascular resistance, however, increased from
62.0 to 157.2 dyne - s - cm°, suggesting that the increase in
RVEDVi was due to an increase in pulmonary vascular
resistance, and not venous return.

Brain
It is generally thought that the cerebral vasculature lacks
significant «, receptors, mostly on the basis of animal
experiments (such as Harik et al.’s data from rat and pig
models”®), although this assertion is refuted by other data
from bovine,”” rat,”® and gerbil”® models, as well as some
human data.®

Nevertheless, phenylephrine has been used to increase
cerebral perfusion pressure. Although Doppler studies
have been used to suggest that cerebral autoregulation is
intact during general anesthesia,®' they have also been used
to show that phenylephrine increases blood flow velocity in

August 2011 e Volume 113 ¢ Number 2

the intracranial vessels of animals with experimental neu-
rologic injuries (and presumably a disrupted cerebral au-
toregulatory curve).®” However, increased velocity does
not necessarily imply increased flow, especially if achieved
through the actions of a vasoconstrictive drug.

Studies of phenylephrine on cerebral blood flow (CBF),
as opposed to velocity, are rare. Kitaguchi et al. studied the
effects of methoxamine on 10 patients with ischemic cere-
brovascular disease undergoing extraintracranial artery
bypass and, using the Kety—Schmidt inert gas saturation
technique, found no relationship between CBF and
methoxamine-induced increases in MAP.*® Joseph et al.
studied the effects of phenylephrine on 5 vasospastic
subarachnoid hemorrhage patients and found that mean
CBF in the right frontal cortex increased by 75% in the
vasospastic cortical regions, but did not report CBF in the
nonvasospastic cortical regions.®*

Kidneys and Other Organs

Studies of a, receptor density in humans have shown that
the renal arteries contain a relatively high density of «a;
receptors (24 fmol/mg protein), in comparison with other,
similarly sized vessels, such as the mesenteric arteries (13
fmol/mg protein).*> Human physiologic studies are largely
absent; however, Grangsjo and Persson®® studied the ad-
ministration of vasoactive drugs on canine renal blood
flow. Three normotensive dogs under general anesthesia
received methoxamine (doses ranged from 0.17 to 0.6
mg/kg), which immediately resulted in significant reduc-
tions in urine output (in 1 animal, measured renal blood
flow decreased from 110 to 10 mL/min) and total cessation
of urine output within minutes. Three hypotensive dogs
(bled through a femoral artery catheter to blood pressure
[systolic or diastolic not distinguished] <50 mm Hg) also
received methoxamine (0.3 to 1 mg/kg), which similarly
reduced renal blood flow by 70%-80%, despite significant
increases in blood pressure and renal perfusion pressure
(Fig. 9). Norepinephrine, by contrast, increased medullary
blood flow and resulted in an increase in urine output
when administered as a continuous infusion (0.03 to 0.6
pg/kg/min) in Grangsjo and Persson’s experiments.®® At
least 1 case of overt renal failure induced by phenyleph-
rine administration in humans has been reported.®®

Hoffbrand et al. administered vasopressors to unanes-
thetized rhesus monkeys, and found that although norepi-
nephrine (0.5 to 3 pg/kg/min) redistributed CO towards
the heart and skeletal muscles, methoxamine increased
vascular resistance uniformly and reduced CO at both low
(20 to 100 pg/kg/min) and high (150 to 500 ug/kg/min)
doses (by 20% and 43%, respectively). Both doses of me-
thoxamine significantly reduced blood flow to the kidneys,
spleen, pancreas, and lungs, and high-dose methoxamine
significantly reduced blood flow to the brain (regional
resistance increased by 54%), heart (regional resistance
increased 79%), gastrointestinal tract, and skeletal muscles,
and of all the organs measured, spared only the adrenals®”
(Fig. 10).

Heyndrickx et al. found that when escalating methox-
amine doses from 5 to 50 pg/kg/min in healthy, conscious
dogs, MAP values increased to 25, 35, and 55% above
baseline, but CO decreased by 9% at lower doses and by as
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Figure 9. Effects of methoxamine (0.1 mg/kg IV) on blood pressure
(solid line) and renal blood flow (dashed line) in mongrel dogs under
general anesthesia (redrawn from Grangsjo and Persson,®® with
written permission from publisher John Wiley and Sons).
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Figure 10. Effects of methoxamine on regional blood flow in
unanesthetized Rhesus monkeys at both low and high doses
(adapted from Hoffbrand and Forsyth,®” with written permission
from the publisher, The American Society for Pharmacology and
Experimental Therapeutics).

much as 31% at high doses. Importantly, renal blood flow
decreased 13%-37% at the same doses. Mesenteric blood
flow decreased 32%—-46%. High dose methoxamine, which
increased MAP by 55%, produced a trend towards reduced
coronary blood flow.*!

Nygren et al. compared phenylephrine with norepi-
nephrine (dosed to increase MAP by 30% for 30 minutes) in
patients at the end of coronary artery bypass graft surgery,
and found a larger increase in arterial lactate, splanchnic
oxygen extraction, and mixed venous—hepatic vein satura-
tion gradient in the phenylephrine group, suggesting that
both global and gastrointestinal organ perfusion were
relatively decreased in the phenylephrine group.®®

CONCLUSIONS

In both animal and human studies, the effect of a; AR
agonists on global CO depends on dosing as well as the
complex interplay between the arterial and venous vascu-
lature of both the pulmonary and systemic systems. a; AR
agonists have the potential to both increase and decrease
CO, the former via venoconstriction and conversion of
unstressed to stressed volume (thus increasing preload),
the latter by restriction of venous return (thus decreasing
preload). Except in cases of myocardial failure or impaired

294 www.anesthesia-analgesia.org

autoregulation, the effects of a; AR agonists on CO are
mediated predominantly by interactions with the venous
system, whereas the effects of a; AR agonists on mVO, are
mediated predominantly by interactions with the arterial
system and the resultant increases in pressure work. At
most doses studied (and used clinically), o; AR agonists
tend to reduce CO and increase blood pressure, myocardial
work, and oxygen requirements, which may be associated
with myocardial injury. In the experimental setting, they
have not been shown to increase blood flow in any organ
system, and may significantly decrease coronary perfus-
ion, although their effects on individual organs vary
substantially. g8
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