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Reading: 

Circulation Lecture 3: Blood Pressure 

 Berne & Levy Physiology (7th Ed.)  
Koeppen & Stanton, Chapter 17, pages: 354 - 359 

Learning Objectives: You should be able to 

CIRC 3.1. Explain laminar and turbulent flow, the shift between them, Reynold’s 
number, and how these effect audible events. 

CIRC 3.2. Understand how blood pressure is measured in humans 

CIRC 3.3. Apply the relationships between pressure, flow, resistance, and cross-
sectional area to the arteries, arterioles, capillaries, venules, and veins. 

CIRC 3.4. Define the physical and physiological factors that influence arterial pressure. 

CIRC 3.4. Explain the factors that affect total peripheral resistance 
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CIRC 3.1. Explain laminar and turbulent flow, the shift between them, Reynold’s 
number, and how these effect audible events. 
 
Poiseuille’s law requires several assumptions that don’t hold true for blood (as a fluid) 
and vessels (as a tube). These include: 
 

• The fluid is a Newtonian fluid – constant viscosity 
• Steady, not pulsatile flow 
• The tube is perfectly cylindrical in shape 
• The tube is rigid 
• The flow is laminar 

 
For the vascular system, none of these assumptions hold true in all instances. Some of 
these points will be discussed else, but here, we will discuss laminar flow and its 
opposite: turbulent flow. 
 

• Laminar Flow: Fluid moves in parallel concentric layers within a tube that do not 
mix. 

• Turbulent Flow: Fluid moves disorderly/chaotically (non-laminar) 
 
In laminar flow, the thin outermost layer of 
the fluid, which comes in direct contact 
with the tube itself adheres to the tube 
wall and thus does not move. The next 
most inner layer of fluid slows very slowly, 
and must flow against the outermost 
motionless layer, and thus generates 
shear stress. The next inner layer is faster 
and shears against the slower layer 
outside of it. And so on, until at the center 
of the tube, flow is the fastest. This 
generates the parabolic shaped velocity 
profile shown in Figure 3.1. In laminar 
flow, particles from one layer do not mix 
with particles from another layer.  
 
In turbulent flow, these layers are 
disrupted, and the particles move 
throughout the fluid in complex vortices. Turbulent flow can arise from abrupt changes 
in tube geometry. It takes greater pressure to move fluid when it is turbulent versus 
laminar. In laminar flow, the pressure drop is proportional to the first power of flow rate, 
but in turbulent flow it is proportional to the flow rate squared.  
 
Whether flow is laminar or turbulent can be determine from the Reynold’s Number (NR). 
When NR is below 2000, flow is laminar, and when it is above 3000 it is turbulent. NR is 
defined in Eq 3.1. 

 

Fig 3.1. Laminar vs. turbulent flow 



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

Page 19 
 

 
Eq 3.1  𝑁𝑁𝑅𝑅 = 𝜌𝜌𝜌𝜌𝑣𝑣

𝜂𝜂
 

 
Where ρ = fluid density, D = tube diameter, v = mean velocity, and η = fluid viscosity.  
 
Thus, turbulent flow would be more likely when vessel diameter is large, velocity is high, 
and/or viscosity is low.  
 
Turbulent flow is also important because it creates sound. This sound is called a 
murmur in the heart and a bruit in a vessel. Blood clots, or thrombi, can disrupt flow and 
cause a bruit. Korotkoff sounds, which are used to determine blood pressure are from 
turbulent flow.  
 
CIRC 3.2. Understand how blood pressure is measured in humans 
 
Blood pressure is non-invasively measured using a 
sphygmomanometer. The basis for measuring blood 
pressure is Korotkoff sounds, i.e. the sound generated 
from turbulent flow through the vessels, as seen in Fig 3.2.  
 

• When the pressure generated by the inflated cuff is 
higher than the systolic pressure, there is no pulse.  

• As pressure is slowly released from the cuff, the 
pressure drops below the systolic pressure, and 
blood begins to flow in a turbulent manner (because 
of the increased velocity of blood flow, see 
Reynold’s number. 

• The decreased vessel diameter would lower 
Reynold’s number, but the increased velocity is 
proportionally larger and results in turbulent flow. 

• The Korotkoff sounds from this turbulent flow are 
detected by auscultation (listening) via stethoscope.  

• When the cuff pressure flows below the diastolic 
arterial pressure, flow is laminar, and no sounds are 
audible.  

 
Ankle-Brachial pressure index (ABI): The ratio of 
systolic pressure at the ankle to the upper arm 
(branchium). It can be an indicator of peripheral artery disease (PAD). Ankle pressure is 
normally a little higher due to wave reflection from the vascular bed of the foot, so 
normal range is 1-1.2. The lower the value, the greater the risk of more severe PAD.  
 
Practice Question: Blood pressure measured in the left brachial artery is different than 
the right brachial artery (left arm vs. right arm). The right arm is further from the heart 
and has lower compliance. Which arm do you expect to have higher blood pressure? 

 
Fig 3.2. Blood pressure 
measurement 
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CIRC 3.3. Apply the relationships between pressure, flow, resistance, and cross-
sectional area to the arteries, arterioles, capillaries, venules, and veins. 
 
The various blood vessels that compose the systemic circulatory system, from the LV 
(aorta) to the RV (vena cava), are shown in Table 3.1. There are several important 
aspects to be aware of. 

• The diameters vary by over 1000-fold. Based on Poiseuille’s definition of 
resistance through a tube (Eq. 1.4), resistance will vary by an even greater 
amount.  

• The venous system has a much greater CSA than arteries. Coupled with 
their high compliance, this explains why they hold ~60% of the blood 
volume. 

• Arteries, on the other hand, only hold about 15% of the blood volume. 
• Capillaries have the largest total cross-sectional area. They thus have the 

slowest blood flow (see Eq 1.1). 
 

 
 
Fig 3.3 shows resistance per unit length (R/l) 
measured in various vessels on the arterial 
and venous circulation (along with capillaries in 
the center).  
 
There are a couple important elements of this 
figure to take note of.  

• The y-axis is not linear, it is exponential, 
while the x-axis is linear. This allows the 
graph to take into account the 
relationship between vessel radius and 
resistance (4th power).  

Vessel Diameter (μm)
Wall Thickness 

(μm) Wall/Lumen
Total CSA 

(cm2)
% Blood 
Volume

Aorta 25,000 2,000 0.08 4.5 2
Artery 4,000 1,000 0.25 20 12
Arterioles 30 6 0.2 400 1
Capillary 5 1 0.2 4500 5
Venules 20 1 0.05 4000
Vein 5,000 500 0.1 40 64
Vena cava 30,000 1,500 0.05 18

Pulonary 8
Heart 8

Table 3.1. Characteristics of the various vessels 

 
Fig 3.3. Resistance/length varies with 
vessel diameter 
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• Despite this wide range of resistances, vessel diameter only goes from 7 – 58 
micrometers, representing only capillaries, arterioles, and venules. The arteries, 
veins, and larger vessels would have much, 
much lower resistance. 

 
While an individual capillary has the highest 
resistance, the capillary system has the lowest total 
resistance. The reason for this is that the capillaries 
have the largest cross-sectional area (see Table 
3.1). All of these capillaries are in a parallel 
arrangement, and so they decrease the total 
resistance (remember CIRC 1.5?). Therefore, the 
drop in pressure across the capillaries is small.  
 
In fact, the small arteries and arterioles are the 
primary resistance vessels. Fig 3.4 shows how 

velocity, pressure, and cross-sectional area are inter-related across the different vessel 
types. The pressure rapidly drops across the high resistance vessels. Pressure 
throughout the system is shown in more detail in Fig 3.5.  
 
Understand mean arterial pressure and pulse pressure 
 
Pulse Pressure: The difference between systolic pressure and diastolic pressure.  
 
Mean Arterial Pressure (MAP): Average arterial pressure over the cardiac cycle. The 
cardiac cycle is approximately 1/3 systole and 2/3 diastole, thus: 
 

Eq 3.2  𝑀𝑀𝑀𝑀𝑃𝑃 =  1
3
𝑃𝑃𝑖𝑖𝑑𝑑𝑖𝑖 + 2

3
𝑃𝑃𝑑𝑑𝑖𝑖𝑙𝑙 = 𝑃𝑃𝑑𝑑𝑖𝑖𝑙𝑙 + 1

3
𝑃𝑃𝑃𝑃 

 

 

Fig 3.4. Pressure, velocity, and 
CSA  

 

 

Fig 3.5. Developed pressures throughout the circulatory system starting and ending at the 
t   
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Where Psys is systolic pressure, Pdia is diastolic pressure, and PP is pulse pressure.  
 
The pulse pressure waveform throughout the cardiovascular system is shown in Fig 3.6. 
 
Several things to note:  

• Pulse pressure increases in the arteries downstream from the aorta 
• Mean arterial pressure continuously decreases throughout the circulatory system 
• There is no pulse pressure in the capillaries and veins 
• Greatest decrease in arterial pressure across the arterioles (resistance vessels) 

 
 
PRACTICE QUESTION: Calculate MAP for an individual with a blood pressure of 
120/90. Calculate PP for an individual with a MAP of 90 and a diastolic pressure of 70. 
 
CIRC 3.4. Define the physical and physiological factors that influence arterial 
pressure. 
 
Recall Pressure (P): Force per unit area, 1 mm Hg. = 1.36 cm water 
 

• Transmural Pressure - Pressure tending to distend (or collapse) a vessel. 
• Pressure Gradient - Pressure differential between inflow and outflow. 
• Hydrostatic Pressure - Pressure caused by the height of a fluid column.  

 
Physiological factors: 
 1. cardiac output (stroke volume x heart rate): 

 a) primarily affects systolic pressure. 
 b) regulated by autonomic nervous system. 
2. peripheral resistance: 

 a) primarily affects diastolic pressure (because this is when diastolic 
runoff to the periphery occurs). 

 b) regulated by autonomic nervous system. 

 

Fig 3.6. Pressure tracings in various vessels. 
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c) regulated by local metabolic activity – local regulation overrides 
nervous control. 

 
a) Baroreceptor Reflex – acts via the autonomic nervous system to affect both 

cardiac output and peripheral resistance. 
b) Exercise – systolic pressure increases, and diastolic pressure remains 

constant or decreases (depending on level of exercise). Therefore, pulse 
pressure widens and mean arterial pressure increases.  

c) Disease – congestive heart failure, infarction, bradycardia, sepsis all decrease 
blood pressure. Hypertension increases blood pressure (systolic and diastolic 
forms of hypertension). 

 
Physical factors: 

• arterial compliance: affects both systolic 
and diastolic pressures. Determined by 
location in arterial vasculature, age, blood 
volume, sympathetic tone, pregnancy. 

• blood volume: affects stroke volume and 
arterial compliance. 

 
CIRC 3.5. Describe how arterial systolic, diastolic, mean, and pulse pressure are 
affected by changes in a) stroke volume, b) heart rate, c) arterial compliance, and 
d) total peripheral resistance. 
 
Stroke Volume: Fig 3.8 shows the effect of a change in stroke volume (V2-V1 and V4-V3) 
for a constant compliance (red line). The baseline stroke 
volume (V2-V1) generates a MAP of 𝑃𝑃𝐴𝐴��� and a pulse 
pressure of P2-P1. As stroke volume increases (V4-V3), 
there is an increase in MAP (to 𝑃𝑃𝐵𝐵���) and an increase in 
pulse pressure (P4-P3).  

• Thus, an increase in stroke volume increases 
pulse pressure and MAP. 

 
Heart Rate: MAP is described by the equation MAP = 
CO x TPR (analogous to Ohm’s Law/Poiseuille’s Law, 
Eq 1.3), and since CO = SV x HR, an increase in heart 
rate will cause an increase in MAP. This is primarily 
driven by an increase in systolic pressure, that drives a 
small increase in pulse pressure.  

• Thus, an increase in HR increases MAP. 
 

 
Fig 3.7. Determinants of blood 
pressure 

 
Fig. 3.8. Effect of stroke volume 
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Arterial Compliance: Fig 3.9 shows the relationship 
between TPR (Rp) and arterial compliance. It illustrates 
how changes in either Rp and/or compliance affect arterial 
pressure. For example, for a given Rp, as compliance 
decreases (left to right) the arterial pulse pressure widens 
(increase in systolic and decrease in diastolic pressures). 
Looking at another example, for a given compliance, as Rp 
increases (top to bottom) both systolic and diastolic 
pressures increase.  

The second panel shows more directly the effect of 
compliance. A given stroke volume (V2-V1) generates a 
given pulse pressure (P3-P2). If the compliance 
decreases (from red to blue line), diastolic pressure 
decreases, and systolic pressure increases so that pulse 
pressure increases significantly (P4-P1). 

• A decrease in arterial compliance decreases 
diastolic pressure, increases systolic pressure, and 
significantly increases pulse pressure. 

 
Total Peripheral Resistance. As explained above, since 
MAP = CO x TPR, an increase in TPR will 
result in an increase in MAP. However, arterial 
compliance is mostly linear, so this results in 
very similar increases in both systolic and 
diastolic pressure, and thus pulse pressure 
remains minimally changed. Since, there is a 
slight decrease in compliance at high 
pressures (Fig 3.10), there is a slight increase 
in pulse pressure with increased TPR. 
Although if the increase is significant, pulse 
pressure can increase 
significantly. 

• An increase in TPR 
increases systolic and 
diastolic pressure, and 
MAP, although has 
little to no effect on 
pulse pressure. 

 
Fig 3.11 shows the various 
mechanisms by which 
autonomic nervous system 
activity can affect cardiac 
output, and thus blood 
pressure. 
 

 
Fig 3.9. Changes in TPR (Rp) 
and compliance 

  
Fig 3.10. Effect of changes in TPR 

 
Fig 3.11. Neural control of blood pressure 
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In general, sympathetic stimulation increases blood pressure through actions on the 
heart, arteries, and veins. While parasympathetic decreases blood pressure (through 
decreasing heart rate). 
 
CIRC 3.6. Explain the factors that affect total peripheral resistance 
 
Fig 3.12 shows the primary 
determinants to total peripheral 
resistance. Blood viscosity, as 
described by Pouseuille’s Law (Eq 1.4) 
increases resistance. So, conditions 
like anemia or polycythemia affect 
TPR. 
 
Also described by Pouseuille’s Law, 
the primary determinant of resistance 
is vessel radius, and the resistance 
vessels are the arterioles.  
 
Arteriolar radius can be affected by 
either local (intrinsic) or extrinsic 
control mechanisms.  
 
Intrinsic 
Myogenic Response, Endothelium-mediated regulation, Local metabolic changes 
 
Extrinsic 
Baroreceptor reflex, Hormonal (epinephrine, angiotensin), Sympathetic activity 
 
Each of these mechanisms will be discussed in detail in CIRC L5 and CIRC L6.  
 
  

 

Fig 3.12. What affects TPR 
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