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Definition of Terms

Airway Opening Pressure

Airway Resistance

Alveolar Deadspace

Alveolar Minute Ventilation
Anatomic Deadspace

Apnea

Arterial Blood Gas (ABG)

Atelectasis
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Biot’s Breathing
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Boyles Law

Bradypnea

Cheyne-Stokes Breathing

Compliance

Dyspnea

Elastance

Eupnea

Exosurf
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Functional Residual Capacity (FRC)

Hooke’s Law

Hyaline Membrane Disease (Respiratory Distress Syndrome)

Hypercarbia (Hypercapnia)

Hyperpnea

Hyperventilation

Hypocarbia (Hypocapnia)

Hypopnea

Hypoventilation

Intralveolar Pressure  (Intrapulmonary Pressure)

Intrapleural Pressure

Kussmaul’s Breathing

Minute Ventilation

Lecithin

L:S ratio

Orthopnea

Physiologic Deadspace

Pneumothorax

Poiseuille’s Law

Pressure gradient

Resistance

Sphingomyelin

Survanta

Tachypnea

Tidal Volume

Transairway or Transrespiratory Pressure

Transthoracic Pressure

Transpulmonary Pressure

WOB (Work of Breathing)

Module B - VENTILATION
I. Physiology of Ventilation

A. Definition

1. Ventilation is defined as the process that moves gas from the atmosphere to the alveoli and by which carbon dioxide is carried from the alveoli to the atmosphere.  It is the bulk movement of gases into and out of the lung.

B. Tidal Volume/Flow/Inspiratory Time

1. Normal Tidal Volume is 5-8 mL/kg of ideal body weight.

a. Inspiratory and expiratory tidal volumes can be measured with a respirometer or spirometer.

2. Inspiratory Time (Ti) is the amount of time it takes to breath in the Vt.  

3. Flow () is defined as Volume/Time and is measured in L/sec, L/min, mL/sec, or mL/min.

C. Airway Pressure is the same as the atmospheric pressure at the end of inspiration and at the end of expiration (when we are spontaneously breathing).  

1. The atmospheric pressure at sea level is 760 torr or 1034 cm H20.  

a. Atmospheric Pressure fluctuates daily

b. 1 mm Hg = 1.36 cm H20


D. Driving Pressure is the pressure difference between two points; This is called a pressure gradient.  A pressure gradient is necessary for flow (movement of gas) to occur.

E. Types of Pressure 

1. Airway opening pressure is the pressure at the mouth.  (Pawo, Paw, Pmouth, or Pmask).

2. Intrapulmonary pressure is the pressure inside the alveoli (Palv).  This is also called intra-alveolar pressure.

3. Intrapleural pressure is the pressure in the intrapleural space (Ppl).  This pressure is always subatmospheric and is measured with an esophageal balloon.

4. Body surface pressure (Pbs)

F. Pressure Gradients

1. Transrespiratory Pressure is the pressure difference between the Pmouth and the Palv.  This pressure is responsible for moving gas into and out of the airway.







PTR = Pawo - Palv
2. Transpulmonary Pressure is the pressure difference between the alveoli and intrapleural space.  This pressure change maintains alveolar inflation (alveolar distending pressure).







PL= Palv - Ppl



3. Transthoracic Pressure is the pressure difference between the intrapleural space and the body surface.  This is the total pressure required to expand the lungs and chest wall together.  







PTT = Palv - Pbs
G. Pressure Changes during Spontaneous Breathing

1. During inspiration, the intrapleural pressure becomes subatmospheric and the Palv pressure becomes subatmospheric.  This causes a pressure gradient between the Palv and the Pawo.  

2. As a result of this gradient, gas flows into the lungs.  During spontaneous breathing, the Pbs and the Pawo remain at atmospheric pressure so the only changes are Palv and Ppl.

3. Intrapleural pressure is always subatmospheric during spontaneous breathing ranging from -5 cm H2O at end expiration to -10 cm H2O at end inspiration.  It is when the pressure is most subatmospheric (end-inspiration) that the majority of venous return occurs.  

H. Normal Ventilation is based on Boyle’s Law
1. Inspiration

a. Inspiratory muscles contract and the diaphragm moves downward.

b. Thoracic volume increases.

c. Subatmospheric pressure is generated in intrapleural space and alveoli (Ppl & Palv). 

d. A pressure gradient results. 

e. Gas flow begins (mL/sec) and continues until the pressure is again atmospheric at the end of inspiration (Palv = Pbs).

f. Inspiratory tidal volume has been determined and can be measured.

2. Expiration

a. Diaphragm relaxes and moves upward

b. Thoracic volume decreases

c. Intrapleural and intraalveolar pressures increase (pressure gradient results).

d. Gas flows out of the lungs (mL/sec) until the pressure is again atmospheric at the end of exhalation (Palv = Pbs)

e. Expiratory tidal volume can be measured

3. Inspiratory Tidal Volume should equal Expiratory Tidal Volume

I. Diaphragm Movement

a. At rest, the normal excursion of the diaphragm is 1.5 cm but during a deep inspiration, the diaphragm may move 6-10 cm.

b. The more the diaphragm descends on inspiration, the more subatmospheric the intrapleural pressure becomes.

II. Factors Affecting Normal Ventilation

A. Changes in the Elastic Properties of the Lung & Thorax (Compliance)

1. Decreased compliance results from atelectasis, pneumothorax, loss of surfactant and over distention of the alveoli.

2. Increased compliance results from emphysema.

B. Changes in the Inelastic Properties of the Airway (Airway Resistance)

1. Increased Airway Resistance results from mucous plugs, secretions, foreign body, endotracheal tubes, bronchospasm, edema or swelling of the airway.

C. Abnormal Ventilatory Patterns

1. May be central in origin or a result of compliance and resistance changes in the lung.
D. Surface Tension/Surfactant
1. Surface Tension
a. Surface Tension is a force exerted by molecules at the interface between a liquid and a gas.

b. The surface tension of a liquid is the result of intermolecular forces.  Molecules at the surface of a liquid experience attractive forces that draw them together.   Like molecules are being attracted to each other and move away from the interface.  This causes the liquid to occupy the smallest volume possible. (Ex. drop of water)

c. Surface Tension is expressed in dynes per centimeter.  It is defined as the force (dynes) necessary to produce a tear 1 cm long in the surface layer of a liquid.  

d. The liquid film that lines the interior surface of the alveoli has the potential to exert a force in excess of 70 dynes/cm, a force that can easily cause complete alveolar collapse.

e. Alveoli are different sizes with bigger alveoli in the apex of the lung and smaller alveoli at the lung base.

f. The law of surface tension is governed by LaPlace’s Law




P = 2 ST








r

2. Surfactant

a. To prevent alveoli from collapsing, the lung secretes a substance know as surfactant which helps to stablize the alveoli and prevent collapse.  (The surface tension of a fluid is reduced by chemical substances called surfactants)  Surfactants decrease surface tension by interfering with the molecules of the fluid at the interface (surface) causing a reduction in the force that draws the fluid centrally inward.  (Soaps and detergents are surfactants)

b. Alveoli are smaller at the bottom of the lung.  If it were not for surfactant, the small alveoli would collapse during expiration.  So surfactant will decrease surface tension as the radius of the alveoli decreases.

c. The purpose of surfactant is to:

i. Decrease lung inflation pressure during inspiration

ii. Prevent alveolar collapse during expiration

iii. Decrease the patients work of breathing

d. The lung produces surfactant, which is composed of protein and phospholipids.

i. Protein + Phospholipids (lecithin and sphingomyelin)

ii. Lecithin is short for dipalmitoyl phosphatidylcholine.

e. Surfactant is produced from the type II alveolar cells.  Surfactant is stored in the lamellar inclusion bodies in the type II cells, and moves to the surface of the cell where surfactant is secreted onto the surface layer of the alveoli.

f. During lung development, surfactant is first seen in the alveoli after 22-24 weeks gestation.  

g. During this time, concentrations of lecithin and sphingomyelin are low but the levels continue to rise.  When the amount of lecithin is greater than the amount of sphingomyelin, the lungs are mature.  This usually occurs at approximately 35 weeks gestation.  Babies born earlier may be at risk for Respiratory Distress Syndrome (Hyaline Membrane Disease).  Phosphatidyl-glycerol is also produced late in gestation.  The presence of this substance is also an indicator of fetal lung maturity.

h. To determine lung maturity prior to the baby being born, an amniocentesis may be performed to determine the L:S ratio.

i. L:S ratio of 2:1 indicated lung maturity.

ii. L:S ratio of 1:1 transitional

iii. L:S ratio of 1:2 high risk of developing RDS

i. Whenever the level of surfactant decreases in the lung, alveolar instability results and atelectasis occurs.

j. Newborn infants born with low L:S ratios have low lung compliance, increased WOB, and increased oxygen consumption.

k. Factors which decrease surfactant production or secretion resulting in atelectasis are:

i. Premature birth

ii. Oxygen toxicity

iii. Hypoxia

iv. Inhalation of noxious fumes

v. Smoke inhalation

vi. Pulmonary emboli

vii. Lung contusions

viii. Inhaled anesthetics (post-op)

ix. Drowning

x. Gastric aspiration

l. Four commercial artificial surfactants on the market are:

i. Survanta - 1991 (minced cow lung)

ii. Exosurf – 1990

iii. Infasurf

iv. Curosurf

III. Compliance

A. Static vs. Dynamic

1. Static refers to the study of matter at rest.

2. Dynamic refers to the study of matter during movement.

B. Introduction
1. Lungs have a natural tendency to recoil inward or collapse.

2. Chest Wall has a tendency to move outward or expand.

3. Because of the two opposing forces, the lungs are at their resting volume at Functional Residual Capacity).  At this point, the inward recoil force of the lungs is equal to the outward or expanding force of the chest wall.  The FRC is the volume of gas remaining in the lungs after a normal exhalation (at rest).

4. There are two major forces that cause an inflated lung to recoil inward:

a. The elastic properties of the lung itself

b. The surface tension produced by the layer of fluid that lines the inside of an alveolus.

C. Elastic Properties of the Lung

1. How easy or how difficult it is to expand the lung is a measurement called compliance.

2. It is a measurement of the elastic forces in the lung.

3. Compliance is defined as:

C =  Volume





        Pressure

4. The units are L/cm H20 or mL/cm H20

5. EXAMPLE: If the patients tidal volume is 750 mL or .75 L and the amount of pressure it took to inflate the lungs was 5 cm H20, then compliance would be


C = 0.750 L

      5 cm H20


C = .15 L/cm H20 or 150 mL/cm H20

6. The normal compliance values are:
a. Lung compliance is 0.2 L/cm H20

b. Thorax compliance is 0.2 L/cm H20

c. Total Compliance is 0.1 L/cm H20
i. This means is takes 1 cm H20 to push in 100 mL of tidal volume.

7. Elastance is the reciprocal of compliance
E =  Pressure







        Volume

8. A patient with a high lung Compliance will have a low Elastance.

9. A patient with a low lung Compliance will have a high Elastance

10. Elastance can be thought of as recoil force; highly elastic lungs are stiff and difficult to inflate and have a high recoil force

11. An increased compliance means:

a. It is easier to inflate the lungs

b. It will take less pressure to inflate the lungs

c. There will be a low Elastance

d. This is seen in patients with emphysema

12. A decreased compliance means:

a. It will take more pressure to inflate the lung

b. The lungs are becoming “stiffer”

c. It is harder to inflate the lungs

d. Elastance is increased
e. This is seen in patients with pulmonary fibrosis
13. Hooke’s Law states that when an elastic body is acted on by 1 unit of force (pressure) the elastic body will stretch 1 unit of length (or volume).  When the force goes beyond the elastic limit of the substance, the ability of length to increase in response to force stops.

14. Should the force continue, the elastic substance will break.

15. When applying Hooke’s Law to the lungs, volume varies directly with pressure.  However, once the elastic limit is reached, little or no volume change occurs and if the pressure should continue, the lung unit will rupture.  

16. Pressure/Volume Curve[image: image1.jpg]Volume

saline-filled

Pressure

air-filled




a. This phenomenon explains a hazard associated with mechanical ventilation.

b. If the pressure during mechanical ventilation causes the lung unit to expand beyond its elastic capability, the lung unit could rupture, allowing alveolar gas to move into the intrapleural space, and thus causing the lungs to collapse.  This is called a pneumothorax.
17. There are two types of compliance measurements: 

a. Static Compliance is measured at a point of no airflow.



Static Compliance (CST) =  Volume



    

           Pressure (intrapleural)

b. Dynamic Compliance is measured during a period of gas flow.



Dynamic Compliance (CDYN) =  Volume





 Pressure (transpulmonary)

18. The intrapleural pressure change must be measured with an esophageal balloon.

IV. Airway Resistance

A. Measurement of Inelastic Forces

1. The term dynamic refers the study of forces in action.  In the lungs, dynamic refers to the movement of gas in and out of the lungs and is called airway resistance.
B. Airway Resistance is measured from the nose down through the terminal bronchioles.

C. During inspiration, the airways increase in diameter (dilation).

D. During expiration, the airways decrease in diameter (constrict).
Under normal conditions, this is not a problem.  With lung disease, airway resistance can increase and result in increased work of breathing.

E. The factors that affect airway resistance is best explained in Poiseuille’s Law.

(P = 8ln 



 = (P(r4
 (r4




8ln

Where n = viscosity of gas (or fluid)


P = Change in Pressure (pressure gradient)


r = radius


l = length of the airway


= Flowrate


8 = constant


= constant

F. The first arrangement of Poiseuille’s Law states that pressure is directly related to length, flowrate and viscosity and inversely proportional to radius.

a. If flowrate remains constant, decreasing the tube radius by ½ requires an increased pressure to 16 times its original level.

b. If the driving pressure is 1 cm H20 and the bronchial tube is reduced by ½ because of mucosal swelling or edema the driving pressure would have to increase to 16 cm H20 to maintain the same flowrate.

c. When airway resistance increases initially, patients will increase their muscular pressure to maintain the same flowrate and tidal volume.  This increases their WOB.  If left untreated, they will soon fatigue and tidal volume and flow will decrease.

G. The second arrangement of Poiseuille’s Law states the radius of the airway profoundly affects that flowrate.

a. If the pressure remains constant, decreasing the radius by ½ will reduce gas flow 16 times.  

b. Example:  if the gas flow is 16 mL/sec and the radius of the airway is reduced by half its original size, the flowrate through the airway would by 1 mL/sec.  Tidal volume will decrease.

Airway Resistance is defined as the pressure difference between the mouth and the alveoli (transairway pressure) divided by the flowrate.

Raw = (P          


     



Flowrate ()

H. Normal Raw is 0.5 to 2.5 cm H20/L/sec

I. Factors that increase airway resistance include:

1. Increased secretions/mucous plugging

2. Bronchospasm

3. Edema in the airway

4. Foreign body obstruction

5. Placing an endotracheal tube

J. The reciprocal of Raw is Airway Conductance (Gaw).

V. Gas Flow Patterns

A. The movement of gas through a tube (bronchial airway) can be classified as: 

1. Laminar flowrate 

a. Laminar gas flow refers to gas flow that is streamlined.  The gas molecules move through the tube in a pattern parallel to the sides of the tube.  This flow pattern occurs at low flow rates and at low-pressure gradients.

2. Turbulent flowrate

a. Turbulent gas flow refers to gas molecules that move through a tube in a random manner.

3. Gas flow encounters resistance from both sides of the tube and from the collisions with other gas molecules.  This flow pattern occurs at high flow rates and at high pressure gradients

B. Reynolds number predicts when flow will change from laminar to turbulent.  Reynolds number greater than 2000 indicates flow is turbulent.

C. Gas flow patterns in the lung are highly turbulent in the larger airways but never turbulent in the smaller bronchioles and distal airspaces unless disease is present.

D. When gas flow patterns become turbulent in the small bronchioles and distal airspaces, airway resistance increases and results in increased work of breathing.
VI. Normal Ventilatory Pattern

A. Tidal Volume

1. Tidal Volume (Vt) is defined as the volume of air that normally moves into and out of the lungs in one quiet breath.  Normally it is 5 to 8 mL/kg of ideal body weight.

B. Deadspace Ventilation (Vd)

1. This represents the portion of ventilation that does not participate in gas exchange.

2. Deadspace is divided into three parts

a. Anatomic deadspace: This is the volume of gas in the conducting airways from the nose down to the terminal bronchioles.  This is normally 1cc/lb of body weight.  If the patient is 150 lbs, then his anatomic Vd would be equal to 150 mL.

b. Alveolar deadspace: This represents the amount of gas that reaches the alveoli but does not participate in gas exchange.  It occurs when an alveolus is ventilated but not perfused with pulmonary blood flow.
c. Physiologic deadspace: This is the sum of the anatomic and alveolar deadspace.

C. Alveolar Volume 

1. Alveolar Volume (VA) represents the portion of tidal volume that actually participates in gas exchange.

2. Tidal volume  - Deadspace (Vt – Vd)

D. Respiratory Rate or Frequency

1. The normal respiratory rate (f) is 12 – 20/min.

E. I:E ratio

1. The normal I:E ratio is 1:2 or 1:3

2. This consists of inspiration, expiration and an expiratory pause.

3. Minute Ventilation
4. E= Tidal volume multiplied by the Respiratory rate (Vt x f).

5. Normal Minute Ventilation is 5 – 10 L/min.

F. Alveolar Minute Ventilation

1. A = (Vt - Vd) x f

2. This represents the portion of the minute ventilation that actually participates in gas exchange.

VII. Effects of Compliance on Ventilatory Patterns

A. Decreased lung Compliance

1. The patient’s respiratory rate increases and tidal volume decreases (rapid-shallow breathing).

2. Generally 5% of the patients total energy expenditure goes to the work of breathing.

3. This % increases with lung disease

VIII. Ventilatory Patterns

A. Apnea: Complete absence of spontaneous ventilation

1. This causes the PaO2 to decrease and the PaCO2 to rise.

2. Death will ensue in minutes.

B. Eupnea: Normal spontaneous breathing.

C. Biot’s Breathing: Short episodes of rapid uniformly deep inspiration followed by 10 – 30 seconds of apnea.

1. Seen in patients with meningitis.

D. Hyperpnea: Increased depth of breathing (increased volume) with or without an increased respiratory rate.

E. Hyperventilation: Increased alveolar ventilation produced by either an increased tidal volume or an increased respiratory rate in which the PaCO2 decreases (hypocarbia).  CAN ONLY BE ASSESSED BY AN ABG!!

F. Hypoventilation: Decreased alveolar ventilation produced by either a decrease in tidal volume or a decrease in respiratory rate in which the PaCO2 increases (hypercarbia).  CAN ONLY BE ASSESSED BY AN ABG!!

G. Tachypnea: An increase respiratory rate. 

H. Bradypnea: Decreased respiratory rate.

I. Cheyne-Stokes Breathing: A gradual increase and then decrease in the tidal volume followed by period of apnea after which the cycle repeats.

1. This is associated with cerebral disorders

J. Kussmaul’s Breathing: Both an increased depth (hyperpnea) and rate of breathing (f).  This causes the PaCO2 to decrease and the PaO2 to increase.  

1. This is seen in diabetic acidosis (ketoacidosis)

K. Dyspnea: A subjective awareness of shortness of breath.  The patient is aware he is having difficulty breathing.

L. Orthopnea: This is dyspnea in the supine position;  Breathing difficulty is relieved in the sitting position.

M. Hypopnea: A shallow breathing pattern (decreased tidal volume).

IX. Time Constants
A. A time constant is the amount of time needed to inhale or exhale the tidal volume.

B. Calculation

1. 1 TC = C (L/cm H20) x Raw (cm H20/L/sec).

2. 3 TC are needed to exhale or inhale 95% of the tidal volume. 

C. Factors that determine time constants

1. ( TC will be seen when you have an (Raw or ( Compliance

2. ( TC will be seen when you have a ( Raw or ( Compliance
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