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 Reading: 

Circulation Lecture 1: Hemodynamics 

 Berne & Levy Physiology (7th Ed.)  
Koeppen & Stanton, Chapter 17, pages 345-351 

Learning Objectives: You should be able to 

CIRC 1.1. Describe the organization of the circulatory system. 

CIRC 1.2. Understand the relationship between blood velocity, blood flow, and cross-
sectional area.  

CIRC 1.3. Define Bernoulli’s principle and its application to the circulatory system. 

CIRC 1.4. Explain Poiseuille’s law. Understand the relationship between pressure, flow, 
and resistance in the vasculature. 

CIRC 1.5. Define series and parallel resistance, and how these effect pressure and 
flow. 

CIRC 1.6. Define viscosity, and the relationship between viscosity, vessel diameter, and 
hematocrit. 
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CIRC 1.1. Describe the organization of the circulatory system.  
 

As you learned in the previous section, the heart consists of two pumps in series. 
The right ventricle pumps blood through the lungs to exchange O2 and CO2 (pulmonary 
circulation; more in the Pulmonary lectures) and the left ventricle that pumps blood to 
the rest of the body (systemic circulation).  

 
Let’s follow the path of blood through 
this closed loop circuit (Fig 1.1), 
starting at the left ventricle. 
Oxygenated blood leaves the left 
ventricle to the arterial circulation 
through the aorta. The coronary 
arteries (see Circulation L7) branch off 
the aorta almost immediately to 
perfuse the heart muscle. Most of the 
oxygenated blood continues in the 
aorta, however, and continues 
through the arteries, arterioles, and 
tissue capillary beds. These all 
provide a resistance to flow, and their 
arrangement in series and parallel 
(see CIRC 1.5) affects the pressure 
and flow of blood to various regions of 
the body. 
 
After oxygen and nutrients are 
exchanged at the tissue through the 
capillaries (see Circulation L3) the 
blood is de-oxygenated and enters the 
venous circulation. Through the veins 
(which contain uni-directional valves 
to assist blood flow) and eventually 
the venae cavae, the de-oxygenated 
blood returns the heart (right atrium, 
right ventricle). The right ventricle 
pumps the blood through pulmonary 
artery to the lungs, where CO2 is 
released and O2 is taken up. The 
oxygenated blood then returns to the left atrium and left ventricle through the pulmonary 
veins.  
 
There are three types of pressure that impact the circulatory system: 

1. Hydrostatic Pressure: the pressure from gravity. Sometimes we will ignore this 
when we are discussing changes over small areas. 

 

Fig 1.1: Schematic of the Circulatory System 
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2. Driving Pressure: This is the pressure gradient that drives blood flow from areas 
of high pressure to low pressure. 

3. Transmural Pressure: This is the pressure pushing outward on the vessel wall. 
This is most akin to blood pressure.  

 
CIRC 1.2. Understand the relationship between blood velocity, blood flow, and 
cross-sectional area.  
 
To understand the vascular system, one first must understand the physical laws that 
govern the flow of a liquid through a tube.  
 
Important Definitions: 

• Blood velocity (v) is the distance a particle of blood travels over a certain 
duration of time, and thus has units of distance/time (for blood velocity, it 
is normally expressed as centimeters per second).  

• Blood flow (Q), on the other hand, is the rate of displacement of a volume 
of blood, and has units of volume/time (or cm3/sec or mL/sec).   

• Cross-sectional area (A) is the area within the tube that blood flows 
through. 

 
These three values are related by the following equation: 
 

Eq 1.1  v = Q/A 
 
The velocity of blood in a tube is equal to 
the flow divided by the cross-sectional 
area. In a rigid tube (blood vessels aren’t 
actually rigid, but we can assume they 
are nearly rigid for this relationship), the 
conservation of mass dictates that blood 
flow through a tube must remain 
constant. Therefore, if the CSA is large, 
velocity will decrease. As an analogy, 
imagine a river. Flow must stay constant 
through the river (otherwise it would flood), so when the river is very wide, the water 
flows slow, and when the river is narrow it flows rapidly. The same happens in a tube, 
as shown in Fig 1.2, which shows the relationship between velocity, flow, and CSA.  
 
PRACTICE QUESTION: If the next section in the tube shown in Fig 1.2 had a velocity of 
2 cm/sec, what would the CSA of that section be?  
 
CIRC 1.3. Define Bernoulli’s principle and its application to the circulatory 
system. 
 

 

Fig. 1.2. Flow through a tube as CSA changes. 
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Daniel Bernoulli (1700-1782) developed a principal for the energy in a hydraulic (fluid) 
system, that is relevant for circulation. The total energy in a closed system (Ptot) remains 
constant (law of conservation of energy), and is the sum of three components: 
 

• Gravitational energy – Can be ignored if the tube is horizontal and has no 
changes in gravity from one end to the other. Or if the section is very 
small. We will ignore it.  

• Static Pressure Energy (Plat)– This is the pressure of the actual fluid, and 
will exert a transmural (lateral) pressure on the tube. 

• Dynamic Pressure Energy (Pdyn) – This is the pressure that is generated 
from the motion of the fluid, and is equal to one-half the density of the 
liquid (ρ) times the square of the velocity (v). 

 
Thus, we can combine these elements into the following equation. 
 

Eq 1.2  𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑 + 𝑃𝑃𝑙𝑙𝑙𝑙𝑡𝑡 = 𝜌𝜌𝑣𝑣2

2
+ 𝑃𝑃𝑙𝑙𝑙𝑙𝑡𝑡 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 

 
The important take away from this equation 
(and the Bernoulli Principal as a whole for our 
discussion) is that increasing blood velocity 
will decrease the transmural (lateral) 
pressure. This can be seen in Fig 1.3, where 
CSA decreases from point C to point D, 
which results in an increase in velocity (see 
Eq 1.1 above), and thus a decrease in 
transmural pressure (P2). The total pressure 
increases again at V3, however, P3 is a little 
smaller than P1 because there is a small loss of energy through a tube, due to the 
viscosity of the fluid (see CIRC 1.6). Thus, while the flow from P2 to P3 is against the 
pressure gradient, the overall pressure gradient from P1 to P3 is decreasing, causing 
flow to continue in that direction. 
 The relevance of the Bernoulli Principal to the circulatory system can be seen 
through the example of aortic stenosis. Fig 1.4 shows a recording of LV and aortic 
pressure in a patient with aortic valve stenosis. Normally during LV contraction, the 
aortic valve opens and pressure in the LV and aorta are almost identical. In this 
example, however, the stenotic valve greatly reduces the cross-sectional area of the 
valve, thus greatly increasing the velocity through the valve (see Eq 1.1). As shown by 
the Bernoulli Principal and Eq 1.2, this increase in velocity decreases pressure. As can 
be seen by the aortic (AO) tracing in Fig 1.4, it is much lower. The difference between 
the LV and AO pressures is shown as the LV-AO Gradient, the pressure lost to the 
increased velocity.  
 
This decreased pressure just distal to the aortic valve is a problem because that is 
where the coronaries exit the aorta to perfuse the heart. In aortic stenosis, this decrease 
in aortic pressure can result in myocardial ischemia.  
 

 

Fig 1.3. From McDonald’s Blood Flow in 
Arteries 
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Another example is catheter-based aortic pressure measurements. Some catheters 
have an end-port (facing the flow being ejected from the LV) pressure transducer, while 
others have a side-port. An end-port pressure transducer will measure both the potential 
(pressure) energy and the kinetic energy, which is high in the aorta. A side-port 
transducer will only measure potential (pressure) energy, and will thus provide a more 
accurate measurement of aortic pressure.  

 
CIRC 1.4. Explain Poiseuille’s law. Understand the relationship between pressure, 
flow, and resistance in the vasculature. 
 
Poiseuille (1799-1869) was one of several scientists working in the 19th century to 
understand the physics of blood moving through vessels. He had training as both a 
physicist and a physician, which gave him key insight that helped him identify the 
relationships others had struggled with.  
 
The relationship he discovered is analogous to Ohm’s Law (1827) that found that 
electrical current (flow of electrons) is equal to the voltage (electric pressure) times the 
inverse of the resistance (current = voltage/resistance). Thus, the simplest 
representation of Poiseuille’s law is: blood flow = (difference in pressure)/(resistance to 
flow), as shown in Equation 1.3: 
 

Eq 1.3  𝑄𝑄 = ∆𝑃𝑃
𝑅𝑅

 
 
The complex element of this equation is resistance to flow (R). Poiseuille identified 
several elements which affect resistance to blood flow: 
  

• Resistance to flow inversely related to vessel radius (r) to the 4th power 
• Resistance is directly related to the length of the vessel (L) 
• Resistance is directly related to the blood viscosity (η) 

 

 

Fig 1.4. Recording from patient with aortic valve stenosis. From Pasipoularides A, JACC, 
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Thus, the equation for resistance to flow in a tube is represented by Eq 1.4: 
 

Eq 1.4  𝑅𝑅 =  8∙𝐿𝐿∙𝜂𝜂
π∙𝑟𝑟4

 
 
Substituting the more complex equation for resistance (R) from Eq 1.4 into Eq 1.3, 
leaves us with Eq 1.5: 
 

Eq 1.5  𝑄𝑄 = ∆𝑃𝑃 ∙ 1
𝑅𝑅

= (𝑃𝑃1 − 𝑃𝑃2) �Π∙𝑟𝑟
4

8∙𝐿𝐿∙𝜂𝜂
� 

 
A schematized tube with these 
characteristics is shown in Fig 1.5. The 
major determinants of blood flow in the 
cardiovascular system are the pressure 
gradient (P1 – P2) and the radius of the 
vessels (r). Importantly, flow is related to 
the 4th power of the radius, making it a 
powerful modulator of flow. Therefore, 
small changes in arteriolar radius can 
cause large changes in blood flow to the tissue or organ that is downstream. You will 
see that this is precisely how blood flow is controlled in the body.  
 
PRACTICE QUESTION: By what factor will the flow rate of a fluid through a tube 
change if the tube radius, length, and fluid viscosity are doubled, and the pressure drop 
is reduced by 75%? 
 
CIRC 1.5. Define series and parallel resistance, and how these effect pressure and 
flow. 
 
Vessels in the cardiovascular system are organized in two different ways. They can be 
arranged in: 
 

• Series (one after another in a single path) so that the same blood flows through 
each vessel or  

• Parallel (multiple vessels branching from a 
single point) which share a common input 
and output pressure, but each branch has a 
different flow. 

 
The various types of vessels (i.e. aorta, arteries, 
and arterioles as shown below in Table 1.1) are arranged in series (the aorta flows into 
the arteries, which flow into the arterioles), as shown in Fig 1.6.  
 
FYU – For Your Understanding, you don’t need to memorize these equations 

 

Fig 1.6. Elements in series 

 

Fig 1.5. A tube. 

Length (L)

Inlet Pressure (P1) Outlet Pressure (P2)

Ve
ss

el
 ra

di
us

(r
)

Flow (Q)



FHB 2022 – Circulation 
Jonathan A. Kirk, Ph.D. (CTRE 522) 

Page 7 
 

In a series arrangement, the pressure difference across the entire system (Pi – Po) is 
equal to the summation of the pressure drops across each element. This yields 
Equation 1.6. 
 

Eq 1.6   𝑃𝑃𝑖𝑖 − 𝑃𝑃𝑡𝑡 = (𝑃𝑃𝑖𝑖 − 𝑃𝑃1) + (𝑃𝑃1 − 𝑃𝑃2) + (𝑃𝑃2 − 𝑃𝑃𝑂𝑂) 
 
Elements in series must share the same flow. Thus, we can divide both sides of the 
previous equation by Q, and maintain their equality. This yields Equation 1.7. 
 

Eq 1.7  𝑃𝑃𝑖𝑖−𝑃𝑃𝑜𝑜
𝑄𝑄

= (𝑃𝑃𝑖𝑖−𝑃𝑃1)
𝑄𝑄

+ (𝑃𝑃1−𝑃𝑃2)
𝑄𝑄

+ (𝑃𝑃2−𝑃𝑃𝑂𝑂)
𝑄𝑄

 
 

The change in pressure divided by the flow across an element is the definition of 
resistance (see Equation 1.3). Thus, we are left with the definition of series resistors, 
shown in Equation 1.8. 

 
Eq 1.8  𝑅𝑅𝑇𝑇 = 𝑅𝑅1 + 𝑅𝑅2 + 𝑅𝑅3 

 
What you must remember is that for a system with resistances in series, the total 
resistance is equal to the summation of the individual resistances.  
 
Vessels of the same type are often arranged in a parallel configuration. For example, 
capillaries are almost always in a parallel configuration 
(except in the renal vasculature). For parallel 
configuration, the input and output pressures for all 
elements are the same, and the total flow is the 
summation of the flow through all the individual 
elements. This is the opposite as it was for a series 
arrangement (where flows were all equal and the 
pressures summed).  
 
FYU – For Your Understanding, you don’t need to memorize these equations 
 
Following the same approach as for the series arrangement, we begin by adding the 
flow through each element together, as shown in Equation 1.9. 
 

Eq 1.9  𝑄𝑄𝑇𝑇 = 𝑄𝑄1 + 𝑄𝑄2 + 𝑄𝑄3 
 
As the pressure difference is the same across each element, we can divide both sides 
of the equation by it, as shown in Equation 1.10.  
 

Eq 1.10 𝑄𝑄𝑇𝑇
𝑃𝑃𝑖𝑖−𝑃𝑃𝑜𝑜

= 𝑄𝑄1
𝑃𝑃𝑖𝑖−𝑃𝑃𝑜𝑜

+ 𝑄𝑄2
𝑃𝑃𝑖𝑖−𝑃𝑃𝑜𝑜

+ 𝑄𝑄3
𝑃𝑃𝑖𝑖−𝑃𝑃𝑜𝑜

 
 
The ratio of flow over pressure is the reciprocal of resistance (see Equation 1.3 above). 
Substituting resistance into the above equation yields Equation 1.11. 
 

 

Fig 1.7. Elements in parallel 
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Eq 1.11 1
𝑅𝑅𝑇𝑇

= 1
𝑅𝑅1

+ 1
𝑅𝑅2

+ 1
𝑅𝑅3

 
 
This is not as intuitively as easy to understand as Equation 1.8 for the series 
configuration, however, its significance can be seen by looking at a specific example. In 
this instance, R1 = R2 = R3, and so Equation 1.11 becomes 1/RT = 3/R1. Taking the 
reciprocal leaves RT= R1/3.  
 
As with the series arrangement, the equations are derived here to help with your 
understanding. You do not need to memorize the equations, only remember that in a 
parallel arrangement, the total resistance is less than the individual resistances. Even if 
you add a very high resistance tube in parallel with a very low resistance tube, the 
overall resistance goes down, since a new pathway for flow has been added.  
 
The effect of increased resistance depends on the ability of the system to redirect blood 
flow. What does this mean?  

• If blood cannot be redirected to another path, an increase in resistance will keep 
flow constant, but increase the pressure gradient across the resistance (increase 
in pressure upstream/before the resistance, and a decrease in pressure 
downstream/after the resistance – think of the resistance as a dam in a river). 
Think of this like systemic hypertension (increased resistance across all the 
vessels – blood flow cannot be redirected, and blood pressure increases).  

• If blood flow can be redirected to another path, it will take the path of least 
resistance. Thus, if resistance increases in the vessel we are considering, blood 
flow will be redirected to other vessels. Flow decreases but pressure remains the 
same. Think of this like exercise, where blood flow is redirected to metabolically 
active tissues (more on exercise in CIRC L9). 

 
 
CIRC 1.6. Define viscosity, and the relationship between viscosity, vessel 
diameter, and hematocrit. 
 
Viscosity is the internal frictional resistance between adjacent flow layers (as described 
above). Sir Issac Newton described viscosity as a “lack of slipperiness” (yes, 
slipperiness is a word).  
 

• Shear Stress: Resistance to movement between layers (pressure) 
• Shear Rate: Relative velocity between the layers (velocity) 
• Viscosity: Shear Stress/Shear Rate (pressure/velocity) 
• Units: Poise (dyne sec)/cm2, or centipoise (cP) 
• Some examples: water: 0.894 cP, blood: 3-4 cP, olive oil: 81 cP, honey: 2,000-

10,000 cP, peanut butter: 250,000 cP 
 
Poiseuille’s Law assumes blood is a Newtonian fluid: 

• Newtonian Fluid: A fluid with constant viscosity over a range of shear rates and 
shear stresses (examples: water, plasma) 
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• Non-Newtonian Fluid: A fluid with a viscosity that changes over a range of shear 
rates and shear stresses (whole blood) 

 
Because blood is non-Newtonian, we refer to its 
apparent viscosity, i.e. its viscosity under a certain 
set of conditions. Rheologically, blood is a 
suspension of erythrocytes (red blood cells) in a 
plasma (a Newtonian fluid on its own). As the 
hematocrit changes (percent of the volume of 
RBCs compared to the volume of whole blood), this 
changes the apparent viscosity of the whole blood 
(see Figure 1.8). Normal hematocrit is 40-54% for 
males and 36-48% for females. Thus, normal blood 
viscosity is about 50% higher than plasma 
viscosity. Patients with severe anemia will have 
lower apparent viscosity. The other important 
element from this figure is that apparent viscosity is 
considerably lower in an actual blood vessel (dog 
hind leg in this figure, shown in blue) compared to a glass capillary tube (shown in red).  
 
Apparent viscosity also changes with the tube diameter. Blood in tubes with a diameter 
of less than ~0.3 mm has a significantly reduced apparent viscosity, as shown in Figure 
1.9. The arterioles, the major resistance vessels in the body, have a diameter of 
approximately 30 μm, considerably less than this critical value. As viscosity decreases 
in the arterioles, this results in a decrease in resistance (Eq 1.4, Poiseuille’s law). This 
mechanism then helps reduce the resistance in the vessels with the greatest resistance.  
 
Erythrocytes will tend to aggregate at low flow rates, and this can significantly increase 
the apparent viscosity. Thus, viscosity decreases at higher shear rates, a phenomenon 
known as shear thinning. The exact mechanism is unknown, but it is thought to involve 
the structural re-arrangement of the fluid (the red blood cells tend to concentrate in the 
axial flow layer, the center line, of the tube). 
This structural rearrangement from axial 
streaming also results in a decreased 
hematocrit in smaller vessels compared to 
larger ones.  
 
The deformability of erythrocytes is also a 
factor in apparent viscosity. As a single red 
blood cell has a diameter of 7 μm and a 
capillary has a diameter of 3 μm, the cell 
must deform to move through the vessel. 
The higher the erythrocyte flexibility, the 
lower the viscosity. Plasma fibrinogen 
enhances erythrocyte flexibility, and thus 
decreases the apparent viscosity.  

 
Fig 1.8. Viscosity vs. hematocrit 

 
Fig 1.9. Viscosity vs. tube diameter 
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PRACTICE QUESTION: The hind leg data in Fig 1.8 was collected by measuring values 
from the femoral artery to the femoral vein. The glass tube viscometer had an internal 
diameter of 0.876 mm. Why was the apparent viscosity so much lower in the measured 
values compared to the viscometer? 
 
  




