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Physiological Aspects of Arterial

Blood Pressure

Sheldon Magder

Blood pressure is measured by almost all health
care professionals and is one of the most basic
vital signs. However, little attention is given to
the physics of the measurement and its physio-
logical implications. As an example of a common
error in reasoning, low values of arterial pressure
frequently are used to identify inadequate tissue
perfusion and then used to provide targets for
titration of vasopressor therapy. However, arterial
pressure does not predict cardiac output or indi-
cate adequate tissue perfusion. The arterial pres-
sure of a septic patient may be less than 80
mmHg, and cardiac output be twice normal. At
peak exercise, a young male can have a cardiac
output that is five times normal, but only have a
small change, or even a fall, in mean arterial pres-
sure. Blood pressure in patients with cardiogenic
shock can be higher than normal even though car-
diac output is critically low. Blood pressure in
women often is 90 mmHg or less with a normal
cardiac output and normal perfusion. To under-
stand why these variations occur requires a better
understanding of the determinants of arterial
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pressure, which is the subject of this chapter.
Many of these concepts have been covered else-
where (Magder 2014, 2018).

Physical Principles

The flow of a Newtonian fluid through a rigid
tube, that is, a fluid that develops laminar flow,
was described by Poiseuille as (Burton 1965a):
AP
Flow =— 8.1)
R
where AP is the difference between the inflow

and outflow pressure, and R is the resistance to
flow along the tube. R is defined as:

R= h’—f (8.2)

r
where [ is length between the two pressure mea-
surements, 7 is viscosity, and r is radius of the
tube. When Poiseuille’s law is written the way it
appears in Eq. 8.1, it appears that the pressure
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difference determines the flow. However, in the
circulation, cardiac output injected into the aorta

Arterial pressure = Cardiac output x systemic vascular resistance(i.e. BP =QOx R)

determines the arterial pressure, so that the rela-
tionship is:

(8.3)

More precisely, flow is determined by the
product of cardiac output and systemic vascular
resistance minus a downstream number, which
will be discussed later because in Poiseuille’s law
it is the difference in pressure, not just the
upstream pressure. Equation 8.3 can be very use-
ful diagnostically because it indicates that if
blood pressure is decreased, it is either because
the cardiac output is decreased or because the
systemic vascular resistance is decreased. Since
systemic vascular resistance is a derived value
and cardiac output is either measured or esti-
mated, when assessing a hypotensive patient the
primary question should be: is the cardiac output
normal or elevated, in which case the primary
problem is a decrease in systemic vascular resis-
tance; or is the cardiac output decreased, in which
case the decrease in cardiac output is the primary
problem. Causes of a decrease in systemic vascu-
lar resistance include a systemic inflammatory
response due to infection or other causes of cyto-
kine release, anaphylaxis, hepatic failure, endo-
crine  conditions  (hyperthyroid,  adrenal
insufficiency), spinal shock, spinal anaesthesia, a
major arteriovenous fistula, vasodilating drugs,
or Beriberi and thiamine deficiency. Treatment
should then be directed at correcting the condi-
tion that caused the low resistance state, and if
necessary, treating the decrease in systemic vas-
cular resistance with a vasopressor to try to
restore flow to regions that need a greater percent
of total flow such as the heart, brain, kidney, and
bowel. If the cardiac output is decreased, as dis-
cussed in Chap. 2 (Magder volume), this could be
because of a decrease in pump function or a dif-
ference in the return function. If the problem is a
decrease in pump function, treatment should be
directed at correcting the pump problem by using
therapies to increase pump function. If the prob-
lem is the return function, this usually means that
a volume infusion is required. Abnormalities in
the pump function versus return function often

can be identified by examining the change that
occurred in central venous pressure because this
is where the cardiac and return functions
intersect.

Poiseuille’s law makes it look like a pressure
difference is the only force driving flow, but flow
is really determined by the total fluid energy dif-
ference from the inflow to outflow of a vessel
(Burton 1965a, b):

E=P+pgh+1/2pV’ (8.4)

where p is density, g is the acceleration due to
gravity, and v is the velocity of blood. All val-
ues are normalized to volume so that this rep-
resents energy per volume (p/volume = mass,
and P x Volume = E). The first term of Eq. 8.4
is elastic energy. It is the lateral force that
stretches the vascular walls and is the most
important determinant of all vascular pres-
sures. The second term, gravitational energy,
becomes especially important in the upright
posture and when making measurements with
fluid-filled systems. The third term, kinetic
energy, is the energy produced by the move-
ment of blood. What counts for flow is the dif-
ference in total energy from the start of the
system to the end. This point will become
important when considering the kinetic and
gravitational components.

Elastic Energy

Elastic energy is the primary type of energy in the
cardiovascular system and the value we usually
are referring to when we consider arterial pres-
sure, venous pressure, capillary pressure, ven-
tricular pressures, preload, afterload, and many
others. It is based on Hooke’s law that says that
an increase in length of a substance above a rest-
ing length produces a force that is proportional to
the change in length (Fig. 8.1) (Burton 1965a).
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Fig. 8.1 Length tension and pressure—volume relation-
ships and elastic energy. (a) Hooke’s law: change in ten-
sion (7), or stress if normalized to cross-sectional area,
with a change in length of an elastic substance. The slope
of the line is elastance (E); V, indicates the limit of
unstressed length, that is, a length that does not cause ten-
sion. Tension only occurs above V. (b) Pressure and vol-
ume are used for the length—tension relationship in a
round structure; V is volume and P is pressure (force per

The proportionality constant is called elastance,
and the units are force per length. If the substance
is homogeneous, the relationship is linear. In the
vasculature, we deal with curved structures so
that the term pressure is used to describe the force
per cross-sectional area. Pressure can be consid-
ered as a kind of “potential energy” in a fluid-
filled vessel. Volume in a vessel distends the
elastic wall and thus changes its length. This cre-
ates a recoil force that tends to push the volume
out of the vessel when it is opened to atmosphere
(Fig. 8.1). The walls of vascular structures are not
homogeneous and thus their relationships of
force per length, or pressure to volume, are not
linear. At lower lengths elastin dominates, which
is very “stretchable,” whereas collagen domi-

Flow (L /min) = Velocity (L /[)x cross —sectional area (l : )

cross-sectional area). When the structure is homogeneous,
the relationship is linear. (¢) Pressure—volume (P-V) rela-
tionship of vessels in the body. The lower end of the P-V
relationship is curvilinear because of recruitment of paral-
lel elements and differences in the elastance of the compo-
nents of the vessel wall. At greater volumes, the
relationship tends to be more linear, especially in veins,
because collagen becomes the dominant factor. (d) The
recoil of an elastic structure can produce flow

nates at higher lengths, and it is much less
stretchable so that the elastance greatly increases
and then remains constant.

Kinetic Energy

Kinetic energy contributes only a small compo-
nent to the arterial pressure, but it has important
implications on how blood pressure is measured
as well as the elastic force acting on vessel walls
(Burton 1965b). The key to understanding this is
the distinction between blood flow, which is vol-
ume per time, and blood velocity, which is vol-
ume per distance. Flow is related to velocity by
the following (I = length):

(8.5)
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Fig. 8.2 The importance of elastic and kinetic energies
for measurements of pressure and for pathological pro-
cesses. The schematic represents flow through a tube with
minimal loss of energy due to friction over its length. The
velocity (v) at the start is 100 cm/s and kinetic energy per
volume (1/2 pv?, where p is density and v is velocity) is 3.8
mmHg. This energy is detected by the catheter at Pl
which has an opening facing the flow because it stops the
flow and the kinetic energy is converted into elastic
energy. P2 only measures the lateral pressure and thus

Figure 8.2 shows a tube that is narrowed in its
middle. Pressures are measured with two types of
manometers. In one type, the opening of the tube
faces the direction of flow and in the other the
opening is perpendicular (lateral) to the flow.
There only is a negligible resistive drop from the
beginning to the end of the tube. In the first sec-
tion, the pressure is higher (height of the manom-
eter) when measured with the tube that has its
opening facing the oncoming flow than the pres-
sure measured with the tube that has its opening

gives a lower pressure value than P1. In the constricted
region, velocity must increase to conserve the same vol-
ume over time as comes in as goes out (conservation of
mass), which increases the kinetic energy component. P4
is thus much lower than P3. In the last section, the vessel
is wider and velocity goes back to the initial rate, and the
difference between P5 and P6 is the same as at the start.
When just looking at the lateral measurements, it looks
like the pressure is increasing from P4 to P6 but the total
energy has not changed

perpendicular to the flow (lateral pressure). This
is because the fluid that directly hits the open part
of the tube facing the flow is stopped, and the
kinetic energy must be turned into elastic energy
to maintain the conservation of energy. In the
narrowed section, to conserve the movement of
the same mass of blood (volume/time) from the
beginning to the end of the tube, blood flow must
speed up (volume/distance) to allow the same
mass to pass through. This means that elastic
energy must be converted into kinetic energy.
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This is evident by the decrease in the lateral elas-
tic pressure with no change in the pressure mea-
sured with the tube opening facing the oncoming
flow because it includes both the kinetic and elas-
tic energies. When the tube again widens, the
velocity of blood decreases and so does the
kinetic energy. The lateral pressure is back to
where it was before the narrowing, and this
makes it look like the flow went from a lower to
higher pressure. However, the total energy
remained constant throughout the tube except for
a trivial loss of energy due to friction against the
walls of the tube and the “layers” of flowing fluid.

From this example, it should be evident that
blood pressure measured with an inflated cuff
should be slightly lower than that measured with
an arterial line in which the opening of the cath-
eter faces the flow and thus “senses” the conver-
sion of kinetic energy to elastic energy. The
inverse of the example in Fig. 8.2, a tube that is
wider in the middle as is the case with an arterial
aneurysm, has the opposite consequence. Blood
velocity in the dilated region is reduced, and
kinetic energy is converted into lateral elastic
energy. The lateral pressure in the aneurysm then
becomes much higher than in the upstream and
downstream regions. This effect is even worse
when the person exercises and flow significantly
increases because the velocity and thus kinetic
component is even greater. The lateral force pro-
motes further dilatation of the aneurysmal sec-
tion and creates a vicious cycle. For this reason,
the aneurysm must be repaired when the vessel
diameter is beyond a critical size.

Kinetic energy contributes only about 3% to
arterial systolic pressure (Burton 1965b).
However, it potentially plays a larger role in some
circumstances. In a septic patient who has a car-
diac output that is twice normal, for example, 10
L/min, and the systolic blood pressure only is 80
mmHg, the kinetic component could be close to
10% of the pressure and could have a significant
impact on how the pressure is measured and inter-
preted. As another example, the cross-sectional
area of the pulmonary artery is similar to that of
the aorta, and the blood flow is the same, so that
the velocity of flow is the same. However, because

pulmonary artery pressure is much lower than
aortic pressure, the kinetic component makes up a
larger proportion of the pressure. This is not mea-
sured with opening of most catheters facing away
from the flow, whereas catheters measuring aortic
pressure most often face the flow. If a catheter
with a transducer at the tip or a fluid-filled cathe-
ter with a hole placed laterally, the kinetic compo-
nent is not detected. Kinetic energy also makes up
a greater proportion of venous pressures. This is
because the sizes of the inferior and superior
venae cavae are similar to the descending aorta.
This means that flows and velocities are similar
and thus the kinetic energy is the same, but the
lateral pressures are lower.

Gravitational Energy

The third energy type is gravitational energy
(Burton 1965a). Our bodies always are being
accelerated towards the centre of the earth by
gravity, but this force is resisted by the structures
below us. This force is all around us all the time
but we do not think about it because it is our
baseline state. However, it is very noticeable to
astronauts returning from space. Gravity does not
have a major impact on haemodynamics when in
the supine position because the height differences
are small and all parts of the body are affected
fairly equally. However, even when supine, there
still is a significant force difference between the
top and bottom of the body that can affect fluid
filtration from capillaries. Where gravity really
counts is in the upright posture, which is how we
as bipeds spend most of our time. The key vari-
able in the force of gravity is height. Figure 8.3
shows a man in the supine position. The mean
pressure at the level of the heart is 100 mmHg.
There is only a small pressure drop due to resis-
tance along the major vessels so that in this case,
the pressure in the arteries of the feet and head
only are 5 mmHg lower than at the level of the
heart. Gravity plays no significant role. However,
things are dramatically different when the person
stands up. In this example, the man is 180 cm in
height (71 inches). The height of a column of
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Fig. 8.3 Gravitation effect on arterial and venous pres-
sures. On the left side, in the supine position, the effect of
gravity is minimal. The dotted lines indicate the reference
level at the midpoint of the right atrium. The arterial pres-
sure is 100 at the level of the heart and the venous pressure
is 2 mmHg. There is a 5 mmHg arterial pressure drop
from the heart to the head and foot due to resistance and 2
mmHg for the returning venous blood. The right side of
the figure indicates the person in the upright posture. His
height is 182 cm. The dotted line again indicates the refer-

fluid has a weight because of the acceleration due
to gravity of the mass of the fluid in the column.
The density of water is 1 (mass/volume) so that
the force is simply the height in cm of water
times the gravitational constant. This can be con-
verted to the usual mmHg unit by multiplying by
the density of mercury which is 13.6 times the
density of water and accounting for the conver-
sion from cm to mm which gives 1.36.
Accordingly, the addition of the gravitational
force to the elastic force gives an arterial pressure
of 183 mmHg in the foot. More strikingly, the
pressure in the arteries perfusing the top of the
head only is 51 mmHg. In someone who is
198 cm tall (6’ 6”) and has a pressure of 120/80
mmHg at the level of the heart, the systolic pres-
sure at the top of the head only is 69/29 mmHg.
This likely imposes a limit on how tall humans
can be.

88 mmHg

ences at the heart. The numbers on the right in mmHg
indicate added gravitational energy to the pressures in the
feet and loss of energy to vessels in the head with the same
arterial pressure of 100 mmHg at the level of the heart and
2 mmHg of venous pressure. The arterial pressure is this
example is 183 mmHg in the foot and 51 mmHg in the
head. See text for further details. (From Magder 2014.
Used with permission of Wolters Kluwer Health, Inc.)

Why Is Mammalian Arterial Pressure
Set So High Compared to Lower
Species?

After the previous discussion, it may seem that at
high pressure is needed to perfuse the head.
However, the arterial pressures of mice and rats
are similar to humans, and they do not have a
gravitational challenge. It is higher in all mam-
mals, and even higher in birds, than any other ani-
mals. A high pressure also is not simply neccessary
to maintain cardiac output in the range of 5 L/min.
The right heart of the averaged-sized male heart
pumps 5 L/min through the lungs with a systolic
pressure of less than 20 mmHg. Blood pressure
also is not higher in whales and elephants. There
are two important advantages for high aerobic
mammals and birds to have high systemic arterial
pressures. First, by starting with a high arterial
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pressure, blood flow can be selectively increased
to different regions of the body by decreasing the
local resistance in the area of need (Magder 2018;
Burton 1965a). The alternative approach would
have required decreasing the already very low
resistances in the areas that need more flow. This
would have required producing a very large
increase in the vessel diameters of the regions in
need of more flow. More space would be needed
for the dilated vessels and blood volume would be
sequestered thereby decreasing the effective vol-
ume for venous return. The pulmonary circuit
actually increases its flow through recruitment
and dilatation of pulmonary vessels when flow
increases but this works because the whole organ
dilates with only a modest redistribution of blood
flow; the net effect is an increase in flow with little
change in pressure. Another strategy could have
been to significantly vasoconstrict all regions
except for the region that requires more flow.
However, this would compromise local metabolic
regulation of the non-working regions and require
a lot more central neural coordination. The second
advantage of starting with a high arterial pressure
is that the load on the left ventricle can remain
relatively constant. This is important because
generating pressure is a much greater stress on
heart muscle than ejecting volume. Even at peak
exercise and the need for high tissue flow the
arterial pressure of a healthy young person does
not increase much above the normal value.
This increase in flow can occurt because the major
vasodilation in the working muscles. This brings
us to the next topic, and the most difficult one,
which is the distribution of regional flows.

Regional Distribution of Flow

I will first begin with some basic principles.
When resistances are in series, the total resis-
tance is the sum of all the resistances in the series
(Ross 1985):

Royw =R +R,+R, +R, +n (8.6)

total

For example, the total resistance from the aorta to
the capillaries is the sum of the resistance in the
aorta, large arteries, smaller arteries, arterioles,
and pre-capillary sphincters. The significance of
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Fig. 8.4 Effect of stenosis in epicardial coronary artery
on coronary blood flow (CBF). The bottom of figure indi-
cates that the epicardium contributes only 5% of the total
coronary arterial resistance and the arterioles (100-200
pm) make up ~95%. Thus, a proximal stenosis can be
adequately compensated by downstream dilation until
there is a >75% proximal stenosis. Resting flow (dotted
line) is not compromised when the stenosis is >95%

this is that the narrowest region dominates the
pressure drop. The major resistance, and thus
major pressure drop, occurs at the level of small
arteries and arterioles, which are in the 100-200
u size. The significance of this is very evident in
coronary artery disease (Fig. 8.4). Coronary ste-
noses occur in the large epicardial conductance
vessels, which normally contribute very little to
the pressure drop along the coronary arteries.
Thus, a major narrowing of epicardial vessels can
be readily compensated by dilation of the major
downstream resistance vessels (Ross 1985;
Gould et al. 1975; Gould and Lipscomb 1974;
Gould 2009). Because of this, a coronary stenosis
of 50% only has a minimal effect on maximum
coronary flow, and coronary flow does not
become limited enough to be symptomatic until
there is a greater than 70% stenosis. Resting
symptoms are not present until the proximal ste-
nosis is >90%.

Blood flows to the different organs are in par-
allel. Total resistance through a vascular bed with
parallel resistances is given by (8.5):

1/R,, =1/R+1/R,+1/R,+1/R,+n  (8.7)
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The rationale is that the greater the number of
parallel channels, the greater the total cross-
sectional area and the lower the total resistance.

The greatest flow occurs in the path of least
resistance (i.e., greatest cross-sectional area).
The distribution of blood flow to different parts
of the body is based on the relative vascular
resistances of the different parts as represented in
Fig. 8.5a by their individual pressure vs flow
lines, which represent conductance or 1/resis-
tance (Ross 1985). At rest, the greatest propor-
tion of flow goes to the muscle region because it
comprises the large proportion of total body
mass, and its vessels have the largest cross-
sectional area. The next largest proportion is the
splanchnic region because it is metabolically
active and has a large area. Although the kidneys
are small, only about 250 g each, they have a
large blood flow because of their role in filtering
blood. Brain blood flow accounts for ~15% of the
total because of its active metabolic rate. In com-
parison, at resting heart rates of around 70 b/min,
the heart only takes up about 5% of cardiac out-
put because of its small mass.

a
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< .
E Splanchnic
E .
= Kidne
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°
w Brain
Heart
5 60 90 (mmHg)
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Fig. 8.5 Hypothetical pressure flow relationships of
major vascular regions. (a) Regional pressure—flow (P-F)
relationships for muscle, splanchnic region, kidney, brain,
and heart (based on data from Magder 1986; Hoffman
1984) based on actual flow. The slope of the lines is con-
ductance or 1/resistance. (b) The same relationships with
flow are normalized by the weight (100 g) of the organ.

The pattern looks quite different when the
flows are normalized to tissue mass; this allows
the importance of local metabolic activity of
the tissues to be more evident (Fig. 8.5b). In
this analysis, resting flow to the muscle is very
low and flow to the heart is proportionally
higher. Proportional flows per weight to the
brain and splanchnic regions are not as high
because although they are active regions, they
are not as metabolically active as the heart and
the flow to the kidney is not related to meta-
bolic activity.

Flows to regions can increase by decreasing
their local resistances. The minimal resistance (or
greatest conductance) of a region determines the
maximum possible flow for a given blood pres-
sure (Magder 1986). Renal resistance is close to
its minimum at baseline and it thus only has a
small reserve to increase its flow (Figs. 8.5 and
8.6). This makes it very vulnerable to a fall in
pressure. The splanchnic bed and brain, too,
change little with increased metabolic activity
because the range of changes in their metabolic
activity is small. Skeletal muscle has a very large

b
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The slope of the muscle P-F now is small; it increases
markedly with exercise (curved arrow) as does that to
heart with an increase in heart rate from 70 to 180 b/min
(curved arrow). The heart has the highest flow capacity
per weight of tissue of the major vascular beds and has a
marked capacity to increase vascular conductance
(decrease in resistance)
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Fig. 8.6 Pressure-flow (P-F) lines for kidney (left) and
heart (right) obtained in dogs under baseline condition and
after maximal dilatation of the vasculature with nitroprus-
side. P-F relations were obtained by haemorrhaging the
animals and blood flow was measured with radio-labelled
microspheres. The solid line indicates the P-F for the max-
imally dilated state and the hashed lines the non-dilated

capacity to increase its flow (Fig. 8.5b). During
exercise, blood flow to large working muscles
can go from less than 5—10 ml/min/100 g to 200
ml/min/100 g. The heart is the most impressive of
all. Its resting flow is in the range of 80 ml/
min/100 g of tissue and can reach 500 ml/
min/100 g of tissue at peak heart rate (Figs. 8.4,
8.5, and 8.6) (Hoffman 1984). It thus has a very
large vasodilatory reserve, which is far larger
than any other tissue (Magder 1986). Of course,
this assumes that there is no proximal coronary
artery stenosis.

The issue of relative resistances brings up a
very important point for resuscitation. Equation
8.3 indicates that arterial pressure is approximated
by the product of cardiac output and systemic vas-
cular resistance. If arterial pressure falls because
cardiac output falls (Fig. 8.5), and only a vasopres-
sor is given to increase arterial pressure, total flow
does not change, nor will the flow in any region
change unless the distribution of flow changes
(Fig. 8.7) (Magder 2011; Thiele et al. 2011a, b).
This emphasizes the earlier point that pressure

state. The peak flows at a given pressure are higher in the
kidney than in the heart. However, the kidney starts close
its maximal P-F line and thus has much less reserve. The
coronary vasculature heart has a very large capacity to
dilate. Note that the dilated coronary flow was still above
the non-dilated value at very low arterial pressures. (From
Magder 1986, APS journal — no permission needed)

does not indicate flow, and vasoconstriction by
itself only produces what is called a “tangible
bias” in that the pressure on the monitor increases
but O, delivery to tissues does not change. This is
most evident with the use of phenylephrine, a pure
alpha agonist with no significant effect on cardiac
contractility (Thiele et al. 2011a, b). The only way
that a region can benefit by vasopressor therapy is
for that region to constrict less proportionally
than other regions. This could happen if its local
regulatory mechanisms override the effect of the
exogenous vasoconstrictor (Berne 1964a, b;
Guyton et al. 1964), but this is hard to predict and
less likely to be the case at high doses of vasopres-
sors. It also means that some other regions lost out.
The message is that if the blood pressure falls
because of a fall in cardiac output, cardiac output
must rise to correct the perfusion deficit. At the
other extreme, if all regional resistances decrease
proportionately, the same cardiac output can be
delivered at a lower pressure (Fig. 8.8). As an
example, as noted at the start of this chapter, it is
not uncommon to see women, and sometimes



S. Magder

116
Vasoconstrictor
Cardiogenic shock No change in CO
a b
15
15 2 1 L/min
L/min M
Muscle
T Splanchnic 3
z , K
S GRAN & RN (o[- JR .-...-..............-..7"-."-.
_g Brain /(.)
()]
[0)
o
.................... Heart . ...
5 60 90 (mmHg)
Pressure Pressure

Fig. 8.7 Hypothetical regional pressure—flow relation-
ships during cardiogenic shock and in response to a vaso-
pressor. Regional flows are based values from ref. (Magder
1986). The x-axis is arterial pressure (mmHg) and the
y-axis flow (L/min). The slope of the lines is conductance,
the inverse of resistance (1/R). (a) The initial values are at
(1). At (2) cardiac output falls without any reflex adjust-
ment. The graph (b) shows what would happen if resis-
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Fig. 8.8 Hypothetical regional P-F relationships with a
proportionally equal dilation of all vascular regions. The
left side shows the same starting P-F relationships as in
Fig. 8.5. On the right side, all the P-F slopes have been
increased (decreased resistance) proportionately. The dot-

tance increased by a similar amount in all regions but
without any change in cardiac output. (3) The vasopressor
restored the mean pressure to 90 mmHg but flows in each
region remain the same as indicated by the dotted lines.
The downward arrows mark the decrease in flow from
baseline for the muscle (M), kidney (K), and heart (H) that
would occur without any local autoregulation
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ted lines show that the same initial resting flows can be
maintained at 55 mmHg (the splanchnic and cardiac flows
are marked by dotted lines). However, it is worth noting
that the kidney likely does not have the vasodilatory
reserve to reach this value
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men, with systolic pressures less than 90 mmHg
and still be perfused normally. This indicates that
all their regional resistances are proportion-
ally lower than normal and this allows their normal
distribution of blood flow. This has important
implications for the management of the markedly
reduced systemic vascular resistance in patients
with septic shock. If resistances have decreased
proportionally in all regions, even low blood pres-
sures can be tolerated. However, it is more likely
that resistance does not decrease proportionally
and that the greatest decrease is in the peripheral
muscle bed because it has a large proportional
mass and large dilatory reserves. It also is possible
that mitochondrial dysfunction sends signals
which are equivalent of normal metabolic signals.
In contrast to the muscle bed, renal resistance
starts close to its minimum value and cannot dilate
much more (Fig. 8.6). The kidney, thus, is the most
vulnerable of all organs and usually the first to fail.
Because it is so sensitive, renal function may not
be the best target in resuscitation protocols because
trying to protect it may compromise other more
important regions for survival.

The concept of regional resistances poten-
tially is important when considering use of high
doses of vasoactive drugs. The typical barorecep-
tor response to hypotension is an increase in sys-
temic vascular resistance. This vasoconstriction
is greater in peripheral muscle beds than in the
splanchnic region (Hainsworth et al. 1983),
which from an evolutionary point of view makes
sense because the constriction will have less con-
sequences for muscles than on the metabolically
active and more delicate splanchnic region. The
difference responses in the two regions is most
likely due to differences in receptor densities.
Presumably, the same selectivity occurs when
exogenous vasoconstrictors are given at moder-
ate doses, which provides a more physiologically
appropriate response. However, although specu-
lative, it is quite possible that this selectivity is
lost at higher vasopressor doses and consequently
there is increased vasoconstriction everywhere
which disturbs normal flow distribution and com-
promise perfusion of vital organs, especially if
there is no increase in cardiac output. Furthermore,
vasoconstrictors also can increase the resistance

to venous return which decrease cardiac output
and makes matters worse. The problem for clini-
cians is that it is currently not known what consti-
tutes a “high” dose of vasopressors which would
produce a loss of vasopressor selectivity.

Critical Closing Pressure

Systemic vascular resistance classically is calcu-
lated from the difference between mean aortic
pressure and central venous pressure. However,
it has been shown that there is a critical closing
pressure (Permutt and Riley 1963), or flow limi-
tation, at the arteriolar level. Starling understood
the importance of this for the regulation of flow
and the constancy of the load on the heart
(Patterson and Starling 1914) (Fig. 8.9). He
inserted a floppy tube, which is now called a
Starling resistor, in the arterial circuit of his
heart-lung preparation. By controlling the pres-
sure around the floppy tube, he could regulate
the downstream pressure faced by the heart and
thereby study the effects of changes in afterload.
The value of critical closing pressures varies
throughout the vasculature. A critical closing
pressure of about 25-30 mmHg has been demon-
strated in the coronary circulation under baseline
conditions (Bellamy 1978; Kloche et al. 1981;
Dole et al. 1984) and a value greater than 60
mmHg in resting skeletal muscle (Magder 1990).
An average for the whole body has be demon-
strated in dogs by obtaining pressure—flow rela-
tionships of cardiac output versus arterial
pressure; the value was around 30 mmHg
(Sylvester et al. 1981). The critical closing pres-
sure in the hind limb of a dog has been shown to
decrease with exercise (Magder 1990), reactive
hyperemia (Magder 1990), adenosine (Shrier
and Magder 1997), calcium channel blockers
(Shrier and Magder 1995a), and is raised by
alpha agonists (Shrier and Magder 1995b), a
reduction in baroreceptor tone (Shrier et al.
1991), by myogenic response in response to a
local increase in arterial pressure (Shrier and
Magder 1993) which thereby tries to keep flow
constant, and by inhibition of nitric oxide syn-
thase (Shrier and Magder 1995b).
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Fig. 8.9 Hypothetical P-F lines and significance of a
downstream critical closing pressure on the measurement
of vascular resistance. The vertical dotted line indicates
three pressure values with the same arterial pressure. In A,
resistance is measured in the standard way as the inverse
of P-F line from the arterial pressure to the central venous
pressure (CVP). In B, there is a critical closing pressure
which means that the resistance (i.e., inverse of the slope
of the P-F line) is actually much lower than measured by
calculating the pressure difference from the arterial pres-

When a circuit has a critical closing pressure,
the pressures and the resistances downstream
from the site no longer affects total flow into the
region. However, factors downstream from the
critical closing pressure still can affect capillary
filtration and the distributions of flow in the
microcirculation. The consequence of a critical
closing pressure in systemic arteries is that total
systemic vascular resistance (SVR) should be
calculated from mean aortic to mean critical clos-
ing pressure and not to the central venous pres-
sure because factors below the critical pressure
do not affect the flow into the region. The stan-
dard calculation of SVR gives a resistance value
that is much higher than the SVR calculated in
the usual way and introduces an important arte-
fact when the true resistance changes. If the criti-
cal closing pressure does not change, and the
difference in pressure between the CVP and criti-
cal closing pressure do not change, the error pro-
duced by neglecting the critical closing pressure

Pressure or flow

sure to the CVP. The right upper figure shows how the
error in the slope of the P-F relationship increases as the
pressure and flow fall and the bottom right shows how the
resistance “appears” to increase even without any actual
vasoconstriction. At C, the critical closing pressure
increased without a change in the slope of the P-F line (1/
resistance); the flow falls for the same arterial pressure. At
D, the arterial resistance increased with the same critical
closing pressure, and there is a further fall in flow at the
same arterial pressure

as the true downstream pressure increases as the
arterial pressure or cardiac output decrease. This
makes it look like the arterial resistance is
increasing when flow or pressure decrease, which
would make sense physiologically, but because
of the error it also could just be an artefact. As an
example, milrinone has been considered by some
to have no inotropic effect and to only act as a
vasodilator because when milrinone is adminis-
tered the SVR falls with the rise in cardiac out-
put. However, based on the artefact just described,
any increase in cardiac output will produce a
decrease in calculated SVR without any actual
dilation. This is not to say that milrinone does not
dilate vessels, or for that matter, lower the critical
closing pressure, but rather that the effects cannot
be distinguished without having a number of
points on a pressure-flow line. The presence of
critical closing pressures also impacts on mea-
surements of impedance and dynamic aortic
elastance.
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What Determines Pulse Pressure?

As discussed in Chap. 2, a pressure exists
throughout the vasculature even without cardiac
contractions, although it only is in the range of 8
to 10 mmHg. With each cardiac contraction, the
heart pumps a stroke volume into the aorta which
stretches its walls and produces a rising pressure
that is modified by the run-off of volume to
downstream regions with a lower pressure. The
distended elastic walls of the aorta recoil after the
end of systole and allow aortic flow to continue in
diastole and lengthen the pulse pressure. This is
called a Windkessel effect based on the mecha-
nism in early steam engines. When the elastance
of the aorta is normal, during early diastole a
pressure wave moves in the opposite direction to
blood flow because of reflected waves from
downstream bifurcation points. These backward

Pressure

waves further augment aortic pulse pressure.
When aortic elastance is increased by hyperten-
sion or aging, the speed of reflected waves
increase and they can come back to the heart dur-
ing the ejection phase and increase the load on
the left ventricle.

The primary determinants of systolic pressure
in the aorta are the amount of volume entering
per beat, that is, the stroke volume, and the elas-
tance of the aortic wall. Because the elastance of
the aorta is curvilinear, another variable is the
volume remaining in the aorta at the onset of sys-
tole (Fig. 8.10). The greater the initial volume,
the greater the pressure for a given stroke vol-
ume. The volume left in the aorta at the end of
diastole is dependent upon the downstream resis-
tance and critical closing pressure. It also can be
affected by heart rate because a faster heart rate
reduces the diastolic time for aortic emptying and
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Fig. 8.10 Effect of age and initial volume on thoracic
aortic elastance. Schematic pulse pressures are shown
above a graph of hypothetical pressure—volume relation-
ships in the aorta on the left and actual data of the aorta
showing an increase in circumferential tension versus
increases in aortic circumference in % from age <18 to
>80 mmHg. (From Nakashima and Tanikawa 1971, with
permission of SAGE Publications). The slope of lines in

the graphs is elastance or 1/compliance. With aging, the
aorta becomes stiffer and shifts to the left. This results in
increasing pulse pressure (top) for the same size SV (A)
and from the same staring diastolic volume. The SV at B
is the same size but starts from a higher initial volume
diastolic volume and thus is on a steeper part of the aortic
P-F curve. This results in a much larger pulse pressure for
the same SV
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increases the aortic volume at the end of diastole
much the same way that a rapid breathing rate
can lead to hyperinflation in the lungs, especially
if arterial resistance is high (see Chap. 7, Heart
Rate). Higher pressures also can produce a myo-
genic effect and increase critical closing pres-
sures (Shrier and Magder 1993). The shape of the
elastance curve also is important. Although true
aortic elastance likely does not change acutely,
the aorta becomes stiffer with age, with chronic
hypertension, and potentially, with other chronic
processes (Nakashima and Tanikawa 1971). A
stiffer aorta produces a larger pulse pressure and
the increased pressure leads to further increases
in aortic elastance by the induction of compensa-
tory transcriptional mechanisms in vascular
walls. For all these reasons, pulse pressure is
related to stroke volume, but the relationship is
not direct.

Impedance

The arterial waveform is determined by a pres-
sure wave, a velocity wave, downstream resis-
tance, the capacitance effect from the arterial
elastance, and reflected waves (O’Rourke 1971,
1990). It thus is argued that the load on the heart
is best evaluated by assessing the impedance to
flow in the frequency domain instead of the time
domain. This allows a decomposition of the vari-
ous components of the waveform and is discussed
in detail in Chap. 9. However, in the intensive
care unit, we mostly are concerned with determi-
nants of cardiac output, and the major determi-
nant of this in the impedance analysis is the
arterial resistance and the downstream critical
closing pressure. The aortic elastance is a major
determinant of the wave patterns, but elastance is
a function of the make-up of the walls of the ves-
sels and does not change rapidly in acute illness
because changes are required in the composition
of the vascular walls. In some studies, attempts
have been made to assess arterial elastance under
acute conditions, but what most likely is being
observed is a change in downstream resistance or
the critical closing pressures. Factors in the
impedance analysis can affect the magnitude of

the pulse pressure, shape of the pulse, and the
pattern of downstream transmission, but these
only have a small impact on cardiac output and
thus on O, delivery, which is the primary concern
for tissue perfusion. I thus have not included
impedance as a major factor in this chapter (for
discussion see Chap. 9). Its analysis also is not
feasible in most critically ill patients.

Where Should Pressure
Be Measured and Which Pressure?

Because of reflected waves, the pulse pressure
increases the farther away the pulse is from the
aortic valve. It thus has been argued that aortic
pressure ideally should be measured at the aortic
valve, and a tonometric technique has been devel-
oped to estimate this value. This central aortic
pressure likely is important for understanding the
physical forces that induce cardiac hypertrophy,
but this pressure likely is not very significant
determinant of regional flows. The assumptions
required to estimate the central pressure in criti-
cally ill also likely are not valid in patients with
distributive shock.

More proximal sites for pressure measure-
ment, such as the femoral artery or brachial
artery, often are recommended for monitoring
patients in shock. This is based on the potential
for the more peripheral radial artery pressure to
be damped. There also is data indicating that
when these more proximal sites are used, less
catecholamines are needed, especially in cardiac
surgery patients (Lee et al. 2015; Dorman et al.
1998; Kim et al. 2013). However, I have found
that this often is just another tangible benefit. If it
is known that proximal values are higher than a
radial artery pressure, then why not just accept
the lower radial artery value and save potential
complications from the more proximal sites!

The question also arises as to which pressure to
use: systolic, mean, or diastolic. The mean is the
most frequently used with indwelling catheters and
today the mean is commonly obtained with auto-
mated cuff-compression techniques. Use of the
mean avoids under or over-damping errors with
indwelling catheters (Gardner 1981). It also is
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thought that it better indicates organ perfusion
pressures. Much of this has come from studies
examining the ideal perfusion pressure for the kid-
ney (Bersten and Holt 1995), and most from stud-
ies that were performed with some kind of
controlled renal blood flow with a relatively non-
pulsatile pump. However, most tissues in the body
receive the largest percent of their flow during sys-
tole. Furthermore, the mean is very much affected
by diastolic run-off and a low diastolic pressure
lowers the mean. However, for the diastolic pres-
sure to be disproportionately lower than expected
based on the observed systolic pressure, flow must
continue to be emptying from the aorta during dias-
tole and thus some regions are still being perfused.

I thus prefer the use of systolic pressure. To
begin, this was the traditional measure in the emer-
gency department or on the ward that triggered the
call for the patient to be assessed when blood pres-
sure was measured by a sphygmomanometer.
There are few caveats though. When using systolic
pressure with an arterial cannula, it is essential to
ensure that the waveform is valid. When I am con-
cerned about the systolic pressure, especially if it
is low, I compare it to a cuff pressure. For me the
gold standard is not an oscillometer, which calcu-
lates the systolic pressure, but rather the auscul-
tated pressure or palpated pressure with a cuff. I
will often use the cuff pressure as my reference
and use the arterial line to rapidly detect changes
in the patient’s condition, which likely is the most
important thing to know. In my experience, this
leads to less catecholamine use than occurs with
use of the mean pressure. However, there is no out-
come data to know if this is valid.

There is a school of thought that argues that
diastolic pressure is an important value to monitor
(Hamzaoui and Teboul 2019). The basis of the
argument is that diastolic pressure is important for
coronary blood flow, and therefore there is a mini-
mal coronary perfusion pressure that needs to be
maintained. On the other hand, coronary flow
reserves are very large and can be maintained
with very low pressures (Magder 2019). However,
this assumes that there are no significant proximal
coronary lesions which then require higher perfu-
sion pressures. My approach is to not follow the
diastolic pressure because this leads to higher

concentrations of vasopressors, which also have
been found to be harmful. However, if signs of
myocardial ischemia appear, arterial pressure
likely should be increased. Of note, an increase in
troponin is not a reliable measure of this. These
issues were recently reviewed in an online debate
(Hamzaoui and Teboul 2019; Magder 2019).

Conclusion

I have not dealt in this chapter with the subject of
what is the best clinical arterial target for blood
pressure in the critically ill. This is because cur-
rently there is no satisfactory empiric data. An
appropriate physiological prediction also cannot
be made because of the complex determinants of
what we measure. A crucial point is that pressure
is not flow and what counts for tissue function is
the flow that they receive. A central factor in the
assessment of the ideal pressure is how flow is
distributed based on arterial resistances feeding
different organs. Unfortunately, this currently
cannot be obtained in an intact person. It is likely
that only carefully planned empiric studies which
take into account the physiological principles
linking pressure and flow will allow recommen-
dations for best targets for blood pressure. These
likely also will have to be specific for different
patho-physiologies because best pressure targets
will be different for haemorrhagic shock, septic
shock, and cardiogenic shock. Even with general
recommendations, target values will likely still
need to be individualized based on the individual
patient’s needs. In difficult cases, an estimate of
cardiac output as well as tissue perfusion should
help individualize care.
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