Lecture 1 – Structure and Function
Processes underlying human respiration
1. Ventilation/Gas Exchange (between atmosphere and alveoli)
2. Exchange of O2 and CO2 (between alveolar air and blood in pulmonary capillaries)
3. Transport of O2 and CO2 (by blood between lungs and tissues) (pulmonary  heart  systemic)
4. Exchange of O2 and CO2 (between blood in systemic capillaries and tissues)
· Processes accomplished by convection/bulk flow/dependent on total pressure difference
· 1) Ventilation
· 3) Gas Transport
· Processes accomplished by diffusion/dependent on partial pressures
· 2) Gas Exchange
· 4) Gas Exchange
· Respiratory Quotient
· Ratio of CO2 produced to O2 consumed
· = (200mL/min)/(250mL/min) = 0.8 at rest
Respiratory Airways: Upper Airways and the Tracheo-Bronchial Tree
· Conduct air between atmosphere and alveoli
· Upper airways
· Nose
· Mouth
· Pharynx (throat)
· Larynx (vocal cords)
· Tracheo-Bronchial Tree
· Trachea
· Carina (1st bifurcation point in trachea into 2 bronchi)
· Right bronchus
· Left bronchus
· Diaphragm (separates thoracic and abdominal cavities)
· Thoracic cavity = lungs and mediastinum (heart, vessels, nerves, esophagus, thymus)
· Chest wall = ribs & muscles, spinal cord, diaphragm
The Upper Airway
· Multipurpose passage for air, food, and liquid
· Common structure for respiration, digestion, and phonation
· Uvula: closes naso-pharynx during swallowing, inhibiting nasal regurgitation
· Epiglottis: movement of hyoid bone during swallowing brings it down stopping food from entering trachea and directs food into esophagus
· Vocal Cords: in-foldings of mucous membrane that lie across laryngeal opening; allow for phonation; prevent food aspiration
The Upper Airway
· Over 20 muscles regulate the position of 4 structures keeping the airway closed during swallowing or open during breathing (upper airway dilators)
· Upper airway is made of 4 anatomical segments (naso-, velo-, oro-, hypo-) which vary their function between keeping the airways open in breathing and closed during swallowing using 20 muscles regulating the position of 4 structures
· Soft palate, tongue, hyoid apparatus, posteriolateral pharyngeal wall
· Obstructive sleep apnea: decreased genioglossus muscle activity  airway obstruction by tongue
The Upper airway mucosal lining
Inspiration
· Heat and moisture lost from mucosal lining heats and humidifies inspired air to 37oC, saturated water vapour
Exhalation
· Air releases heat and moisture, partially warming and humidifying the mucosa
· Remaining recovery is from the systemic blood supplying the airways
Why do we need to humidify inspired air?
· Diffusion at alveoli occurs better at higher temperature
· Prevent desiccation of thin alveolar walls
The tracheo-bronchial tree
· Left lung has 2 lobes (airways and pulmonary vessels)
· Right lung has 3 lobes (airway)
· Lobes = independent sections (remove one without affecting others, blockage in one localized)
· Trachea  bronchi  bronchioles  terminal bronchioles  respiratory bronchioles  alveolar ducts  alveolar sacs
· Largest, longest, fewest, largest cross-sectional airway in proximal (higher up) airways
Airways with cartilage resist collapse
· Trachea: U-shaped cartilage completed into a ring by trachealis smooth muscle
· Bronchi: cartilage plates interspersed within bronchial smooth muscle ring
Some airways have no cartilage
· Bronchioles (smooth muscle)
· Terminal bronchioles
· Respiratory bronchioles
· Alveolar ducts
· Rigidity maintained by pressure differences and nervous regulation of smooth muscle
Three Types of airflow in the airways
Turbulent flow
· Axial and radial in direction
· Noisy, rapid speed
· Occurs in larger diameter airways where speed of air molecules is fast
· Depends on density of air (lighter gas mixture = more laminar flow)
Laminar flow
· Streamline (parabolic profile) [fastest in middle, slower at periphery]
· Silent and slow
· Occurs in smaller airways (< 2mm diameter) where speed of air molecules is slow
· Depends on viscosity of air
Transitional flow
· Characteristic intermediate between turbulent and laminar flow
· Prominent flow regime throughout most of the tracheo-bronchial tree
Case Study
· Laryngeal tumour
· Concern about status of air delivery to lungs
· Want to improve airflow by changing flow regimes to predominantly laminar type to reduce work of breathing required to overcome resistance to flow due to tumour
· What can they do to reduce resistance to airflow and reduce work of breathing?
· Lower air density by replacing N2 with Helium
· Heliox – used in diving and submarines
· Is the treatment limited to upper way obstruction? Adults? Is it okay to use “externally”?
· Maybe children
· Not okay externally, because at room temperature, would cause hypothermia


Lecture 2 – Lung Parenchyma and Airway Clearance
Composition of the airway wall lining
· Gradual transition from proximal to distal airways to thinner epithelium with loss of mucous glands and cartilage
· Large conducting artery
· Columnar epithelium with tall cilia
· Mucous glands and goblet cells
· Cartilage and smooth muscle
· Small conducting artery
· Cuboidal epithelium with shorter cilia
· Smooth muscle
· Alveolus
· Squamous epithelium with no cilia
· Capillaries
· 2 separate blood supplies
· Conducting zone – bronchial systemic circulation
· Respiratory zone – pulmonary circulation
The alveolus is designed for gas exchange
· 300 million alveoli each in contact with 100s of pulmonary capillaries
· Dense, mesh-like pulmonary capillaries
· Pores of Kohn for collateral circulation
The alveolus is composed of three cell types
1. Type I Pneumocyte
a. Squamous epithelium (analogous to a fried egg  yolk=nucleus)
b. Cover 95% of alveolar surface area
c. Thin (0.1-0.3 microns in width – thinner than hair)
d. Total alveolar surface area = 100 m2 (½ of a tennis court) 
2. Type II Granular Pneumocyte
a. Cuboidal-shaped
b. Contains lamellar inclusion bodies that store pulmonary surfactant
c. Surfactant reduces alveolar surface tension caused by humidified water droplets
d. Surfactant is a mixture of lipids (mostly) and proteins (diphosphatidylcholine [DPPC] is key surface tension reducing agent)
3. Type III Alveolar Macrophage (“Dust Cell”)
a. At the extracellular lining of alveolar surface
b. Migratory (pseudopodia) and phagocytic
The Alveolar-Capillary Membrane/The Air-Blood Barrier
Blood plasma / capillary endothelium / interstitium (basement membrane) / alveolar epithelium / surfactant / air
Alveolar Interstitium
· Joins and supports structural elements via elaborate fiber system (collagen and elastin fibers)
· Fluid space between air and blood barrier in series with lymphatic system allowing excess fluid drainage into the lymphatic system (e.g. when BP is high)
Airway Clearance – Defense Against Inhaled Particles
Particles  >10 micrometers in diameter
· Filtered and trapped by nasal hairs
· Irritant receptors lining nasal passages initiate sneeze reflex  removal of particles
Particles  2-10 micrometers in diameter
· Mucociliary transport system lining the airways proximal to terminal bronchioles
· Irritant receptors in airway lining  cough  removal of particles
Particles that reach alveoli <2 micrometers in diameter
· Migrating and phagocytic macrophages engulf particles on alveolar surface and degrade them
Non-degradable particles
· Particles with sharp profiles (silica dust, asbestos fibres)
· Injure alveolar epithelium and macrophages leading to inflammation and scar formation (collagen deposition) and in turn pulmonary fibrosis
· Particles engulfed by macrophage, but no enzymes to digest it, therefore physical damage to macrophage
The Mucociliary Transport System
· 2-layer mucous blanket at surface of ciliated cell
· Superficial sticky gel or mucus layer
· Sol or aqueous periciliary layer underneath
· Mucociliary escalator – cilia act like an escalator to clear particles
Impairment of the Mucociliary transport system
· Decreased airway clearance and increased infection
· Decreased mucous production and/or decreased cilia function
Smoking: decreased ciliary motion, increased mucus production
Pathogenic Microbes (e.g. pseudomonas): release substances that paralyze ciliary motion
Primary Ciliary Dyskinesia: inherited disease – cilia dysfunction due to structural defect
Cystic Fibrosis: inherited disease – defective chloride channels involved in transport of water and sodium across epithelium result in formation of viscous sticky mucus hard to clear from lungs and pancreatic ducts



Lecture 3 – Mechanics of Quiet Breathing
Two Compartment model of the respiratory system
· Lungs and Chest Wall – both have elastic properties
· Lungs have inward elastic recoil tendency to minimum volume
· Chest wall has outward elastic recoil tendency
· Together, at FRC, outward recoil of chest wall is equal in magnitude but opposite in direction to the inward recoil of the lungs
· At FRC, neither component considered individually is at rest, but together the structures are at rest
· Alveolar sac/pleural sac containing pericardium is between lungs and chest wall
The pleural cavity lies between the two compartments
Two Functions of Cohesive Forces of Pleural Fluid
1. Adhesion: keep the two compartments attached to each other allowing passive lung inflation and deflation with movements of chest wall
2. Friction: reduce friction as lung tissue glides past chest wall

· Analogy: 2 glass slides glide easily and stick together with water in between
· Each lung has its own independent pleural sac
· Pleural sac has very thin membranes and very little fluid
· Lung / visceral pleura / pleural cavity / parietal pleura / thoracic wall
Two Compartments – The Lungs and the chest wall
Atmospheric (barometric) pressure (PB)
· Pressure exerted by the weight of the air in the atmosphere on objects on Earth’s surface
· At sea level: 760mmHg = 0 cmH2O
· Diminishes with increasing altitude as the layer of air above Earth’s surface decreases in thickness
· Minor fluctuations in PB occur at any altitude due to changes in weather
Alveolar (intrapulmonary) Pressure (PA): Pressure within the alveoli
Pleural (intrapleural) Pressure (Ppl)
· Pressure within pleural space (outside the lungs but within the thoracic cavity)
· Closely approximates the intrathoracic pressure and esophageal pressure
· During resting breathing: Ppl = -5 cmH2O
· Subatmospheric (negative) pressure because of the mechanical properties of the lungs and chest wall – lungs want to collapse and chest wall wants to expand, creating a negative pressure
· Small, relative pressure changes during breathing
· Before breathing, no pressure difference between air and alveoli  no movement of air
· Pleural pressure < atmospheric pressure
Transmural (transpulmonary) pressure = pressure inside – pressure outside
· At FRC at no airflow, the respiratory system is at rest: Prs = PA – PB = 0
· 5 cmH2O pressure keeps lungs open against their tendency to recoil inward
· PA – Ppl = o – (-5) = 5 cmH2O across lung wall
· 5 cmH2O pressure keeps chest wall from recoiling outwards
· Ppl – PB = -5 – 0 = -5 cmH2O across thoracic wall
Pneumothorax
· Air in pleural space resulting from puncture of lungs/chest wall
· Large or small resulting in partial or complete collapse of lungs
· Trauma to chest wall or lung lining can also result in hemothorax (blood in pleural cavity)
· Tension pneumothorax (valve, not hole)
Traumatic Pneumothorax: puncture in chest wall
· Gradient for air to enter pleural space from outside – pressure increases from -5 to 0 cmH2O
· Results in collapsed lung – each component at rest with equal pressures, therefore natural recoil tendencies occur (chest wall expands, lung collapses)
Spontaneous Pneumothorax: hole in lung
· Gradient for air to enter pleural space from lung
· Lung deflates and chest wall expands (or similar explanation as traumatic pneumothorax)
Boyle’s law
· The relationship between pressure and volume
· Pressure = force per unit area caused by gas molecules striking walls of a contained
· At constant temperature, pressure is inversely related to the volume of the container (closed system)
Respiratory Pressures during a quiet breath
Inspiration
1. Inspiratory muscles contract
2. Chest wall expands and Ppl and PA (intra-thoracic pressures)decrease (Boyle’s Law).  There is an increase in transmural pressure distending the lungs.
3.  Air flows into the lungs until PA = PB
Key Concept: Change in thoracic volume leads to change in intra-thoracic pressures
Key Concept: To inspire, we create a pressure less than atmosphere – we’re negative pressure breathers
a) What is the driving pressure for airflow into the lungs? Difference between PA and PB
b) What created this driving pressure? Contraction of inspiratory muscles
c) How come PA decreases and then swings back up but Ppl decreases continuously during inspiration? Air flows into alveoli, but pleural sac is closed space with fluid
Iron lung: reduce pressure outside  suck chest wall out
Expiration
1. Inspiratory muscles stop contracting
2. Lungs recoil inward (reducing thoracic volume) causing compression and increase in Ppl and PA (PA rises above PB).  Lung transmural pressure decreases.
3. Air flow out of lungs until PA = PB
Key Concept: Quiet expiration is passive. Recoil of lungs increases PA above PB driving flow of air out of lungs.
a) The transmural pressure of the lungs is always positive during a breath cycle – what does this imply about the state of the lungs? Stretched
b) What is the relationship between transmural pressure and the elastic recoil pressure of the lungs? (?)
Key elements of the ventilator pump
The chest wall and peripheral nerves
· Peripheral nerves
· Pleura
· Muscles
· Bones (sternum, ribs, back bone)
· Airways
The muscles of respiration
Inspiration
Major
· Diaphragm: lowers  increases vertical dimension of thoracic cavity
· Contraction responsible for 75% of air intake
· External intercostals: causes bucket-handle-like elevation of ribs  increases side-to-side size
· Elevation of ribs causes sternum to move up and out  increases front-to-back size
Accessory
· Sternocleidomastoids: lift the sternum (pump-handle motion)
· Scalene muscles: lift first two ribs
Expiration
· Return of diaphragm, ribs, and sternum to resting position restores thoracic cavity dimensions
· Internal intercostals: flattens ribs and sternum  further reduction in side-to-side and front-to-back dimensions
· Abdominal muscles (rectus, oblique, transverse): causes diaphragm to by pushed upward  further reduction in vertical dimension
Innervation of the respiratory muscles
Inspiration
· Diaphragm: cervical spinal roots exiting C3-C5 as bilateral phrenic nerves
· External Intercostals: intercostals nerves [T1-T12]
· Accessory Muscles (of the neck): [C3-C8]
Active Expiration
· Internal Intercostals: intercostals nerves [T1-T12]
· Abdominal Muscles: thoracic and lumbar nerves [T7-T12, L1]
Different Scenarios – Respiratory Muscles Used
· Sniffing: diaphragm
· Coughing: abdominal muscles
· Parturition (giving birth): abdominal muscles
· Trying to look slim while walking: transverse abdominal muscles (?) (rectus?)
· Nasal flaring (nasalis muscle)


Lecture 4 – Airway Resistant and Lung Compliance
Respiratory pressures during a quiet breath
· The change in lung transmural pressure reflects the force required to overcome 2 key factors affecting airflow
· Airways resistance
· Lung compliance
Airways resistance
· Key factor in movement of air in and out of lungs
· Total resistance to flow of air in the airways (Raw) is very little (2 cmH2O/L/sec) – 250-fold less than that encountered generating the same airflow through a smokers pipe
Resistive Forces
1. Inertia of the respiratory system (negligible)
2. Friction
a. Lung and chest wall tissue surfaces gliding past each other
b. Lung tissue past itself during expansion
c. Frictional resistance to airflow through the airways represent 80% of total airways resistance (between molecules, between molecules and walls)
Relationship between flow, driving pressure, and resistance
Flow = change in pressure/resistance
Resistance = change in pressure/flow (units = cmH2O/L/sec)
Raw = PA – PB / flow = -1.0 cmH2O/ -0.5L/sec = 2 cmH2O/L/sec at peak flow during quiet inspiration
Want the value to be low  less work per breath of air
Airways branching
· Parallel design reduces frictional resistance to airflow
· Largest resistance to flow in larger airways because smaller total cross-sectional area compared to combined cross-sectional area of smaller airways
· Analogy: 6-lane highway vs. 24 –lane highway  less resistance in highway with more lanes
· Resistance = 1/radius4
· In health, major contribution of airways resistance lies in the larger airways (generation 1-6)
· In airway disease caused by smoking, smaller airways are the major site of resistance to flow of air because of reduction of their luminal size
If flow = change in P/R  and radius = 1/r4:
1. How much will airflow be affected if the radius of an airway is halved in caliber? 16
2. If the airway radius cannot be changed, what can you change to increase air flow to the levels prior to the reduction in airway radius? By how much? Increase pressure difference
Reduced airway radius in disease states
· Key mechanisms and a common outcome
· Increase in airways resistance and reduction in maximal expiratory flow
· How come breathing in is not affected?
· During inspiration, pressures drop, Ppl is negative – elastic recoil/tethering keeps airways open
Bronchoconstriction: asthma/COPD
Inflammation: asthma/chronic bronchitis/COPD/bronchiolitis
Excess Mucus Production: asthma/chronic bronchitis/cystic fibrosis
Reduced Alveolar Elastic Recoil: [affects neighbouring airway size by reduced tethering] emphysema
Elastic recoil of alveoli drives flow and keeps bronchioles open
· Elastic recoil of alveoli creates the driving pressure that results in air flow
· Elastic recoil of alveoli creates radial traction on neighbouring airways tethering them open (passive regulation of airway caliber)
Expiration and airflow limitation

Receptors on the airway smooth muscle
· Neural regulation of airway caliber via ANS
Cholinergic Receptors
· Stimulated by ACh from post-ganglionic parasympathetic innervations of airway smooth muscle (vagus nerve)  muscarinic M3 receptors  bronchoconstriction
· Dominant at rest in regulating airway smooth muscle tone
Adrenergic Receptors
· Mainly stimulated by adrenaline (during exercise) (a hormone) released by adrenal medulla and circulating in blood  beta-2 receptors  bronchodilation
· Sympathetic innervations of airways’ smooth muscles is sparse and hence the role of released noradrenaline in bronchodilation is small
Lung compliance
· A measure of distensibility (how easily an object can be stretched)
Elastance
· Inverse of compliance
· The tendency of an object to oppose stretch or distortion 
· The ability of the object to return to its original form after the distorting force is removed
· Compliance = 1/elastance
· Rubber bands: thick – greater elastance; thin – greater compliance
Physical properties determining lung compliance
Key Connective Tissue Fibers Surrounding the Airways
Collagen
· Like a strong twine
· High tensile strength
· Inextensible
Elastin
· Like a weak spring (stretch and recoil)
· Low tensile strength
· Extensible
Alveolar Surface Tension
· Water molecules at surface of liquid-gas interface are attracted strongly to water molecules within the liquid mass (cohesive force)
· Air entering lungs is humidified and saturated with water vapour at body temperature  substantial surface tension created
· Without surfactant, surface tension of water would cause alveoli and lungs to collapse
· Surface tension creates inward recoil
Neonatal Respiratory Distress Syndrome (NRDS) - Case of High Alveolar Surface Tension
· Premature babies born with inadequate production of pulmonary surfactant have stiff lungs (hard to inflate)
· Life-threatening and ventilator dependent
· Treated with semi-synthetic surfactant delivered intra-tracheally
· Mother treated with corticosteroids during pregnancy (growth hormone for type II cells)
Changes in Lung Compliance
Aging: loss of elastin and collagen fibers  wrinkled skin and increased lung compliance (floppy)
Emphysema: smoking/genetically inherited  alveolar wall destruction  increased lung compliance
· Lungs easily inflatable, but can’t deflate because of lost elasticity
· Disappearing lung disease
Pulmonary Fibrosis: lung injury (e.g. asbestosis)  collagen deposition in alveolar walls  decreased lung compliance (stiff) (fibrotic lung)
Static Compliance of the Lungs
· Determined by the PV curve of the lungs and depends on lung volume
· Graph: transpulmonary pressure (x) vs. lung volume (y)
· Static lung compliance = CL = slope = change in V/change in P
· Change in V = volume gained when transpulmonary pressure increased
· Non-linear relationship
· Compliance of lungs depends on lung volume – inversely proportional
· Emphysema – high compliance
· Steep slope
· High lung volume, but can’t deflate easily (hyperinflated)
· Pulmonary Fibrosis – low compliance
· Flat slope
· Low lung volume  not easily filled
Case Study
· Chronic smoker with severe chronic obstructive lung disease (COPD)
· SOB and cough have worsened in the past 2 years
· Quit smoking 5 years ago (smoking: high airways resistance and high alveolar compliance)
· On inhaled bronchodilator therapy, physiotherapy for pulmonary rehabilitation, and antibiotics for acute bacterial infections
· Chair-to-bed existence with supplemental home oxygen
· Waiting for candidacy for lung volume resection surgery to remove some of her emphysematous lung
1. Why is patient using bronchodilators? Allow more exhaled airflow since floppy lungs
2. What causes patient’s recurrent lung infections? How does this affect her airways resistance? Unable to expel pathogens due to low exhalation rate (?) Increased airways resistance (?)
3. Why would having emphysema and a highly compliant lung also make it harder for patient to breathe out? Reduced tethering/alveolar elastic recoil (?)


[image: http://upload.wikimedia.org/wikipedia/commons/thumb/6/6a/LungVolume.jpg/600px-LungVolume.jpg]Lecture 5 – Breathing Quantified
Static Lung volumes
 (
*See graph in notes*
)TLC = VC + FRC
FRC = ERV + RV
VC = IC + ERV
IC = TV + IRV
· Capacity = sum of 2+ volumes
· TV: normal inspiration and expiration
· VC: maximum inspiration and expiration 
· Spirometer measures static lung volumes
· Static lung volumes not measured by spirometer: TLC (maximum inspiration) and RV (maximum expiration)
· Static lung volumes – conscious maneuvers done in lab setting
Factors determining static lung volumes
Height: taller individuals have larger lung volumes
Gender: males have larger lung volumes
Age: 
· Children: lung volume increases with growth
· Adults: stable lung volume
· Senescence: increased RV and FRC and decreased ERV (stiffer chest wall and floppier lungs)
Ethnicity:
· Asian: smaller lung volumes due to petite size
· Black: tall, but long legs
· Inuit: short, but big chests
Obesity/Pregnancy: downward movement of diaphragm limited
· Diving below sea level affects lung volume
· Altitude does not affect lung volume (it affects total pressure)
Performing the forced vital capacity maneuver
First step in diagnosing respiratory disease
Two categories of ventilator defects (Fig. 11.20)
Restrictive Diseases
· Make is more difficult to get air into the lungs  “restrict” inspiration
· Pulmonary fibrosis
· Stiff chest wall (e.g. ankylosing spondylitis [arthritis in spine], kyphoscoliosis)
Obstructive Diseases
· Make it more difficult to get air out of the lungs  obstruct and “limit air flow” during expiration
· COPD
· Asthma
· Chronic Bronchitis
· Emphysema
Expiratory airflow limitation
Breathing Quantified – Dynamic Volumes
Minute ventilation = tidal volume (VT) x breathing frequency
= 500mL x 12 beats/min = 6000mL/min = 6L/min
 (
FRC = 2400mL
V
A
V
DS
)Ventilation – Minute, Alveolar, Dead Space
VDS = 150 mL
· Dead space (anatomic phenomenon)
· Nose to terminal bronchioles (conducting portion)
· Can be extended (see example)
VA = 350mL
· Alveolated zone
Minute ventilation = 500mL (150+350)
Minute ventilation = VT x breathing frequency = 500mL x 12 = 6L/min
Alveolar ventilation = VA x breathing frequency = 350mL x 12 = 4.2L/min
Dead space ventilation = VDS x breathing frequency = 150mL x 12 = 1.8L/mi (in and out of conducting zone)
Pattern of Breathing Affects alveolar ventilation and gas exchange
	Breathing Pattern

	VT (mL)
	Breathing Frequency (breaths/min)
	Minute Ventilation (mL/min)
	Dead Space Ventilation (mL/min)
	Alveolar Ventilation (mL/min)

	Normal quiet breathing
	500
	12
	6000
	1800
	4200

	Shallow and fast/panting
	150
	40
	6000
same
	6000
More than 
	0

	Deep and slow
	1000
double
	6
	6000
same
	900
	5100
More than 



· Minute ventilation stays the same because it is sum of alveolar ventilation and dead space ventilation (which are proportionally different in different situations)
· In deep and slow breathing, VT doubles but breathing frequency is halved, so minute ventilation stays the same
· Is panting effective in improving gas exchange?
· What breathing pattern is generated when you exercise?
Example
· Snorkeling: dead space from mouth piece to tip of snorkel tube is 300mL (extended D.S.)
· Calculate minute, dead space, and alveolar ventilation if person breathes 600mL at a rate of 8 breathes per minute.
Minute ventilation = 600 x 8 = 4800mL/min
Alveolar ventilation = 600 – (300+150) x 8 = 1200mL/min   [300 = snorkel D.S.; 150 = natural D.S.]
Dead space ventilation = (300+150) x 8 = 3600mL/min
How could person change her breathing pattern to improve gas exchange in her lungs? Shorter snorkel tube in order to reduce dead space ventilation proportion and increase alveolar ventilation proportion
Mechanical Ventilation
When a mechanical ventilator assists a patient to breathe, what is the dead space volume? (very large?)
Alveolar Ventilation
· Portion of breathing that reaches the alveoli and participates in gas exchange
· Two key players in gas exchange are alveolar ventilation and alveolar perfusion
Matching of ventilation and perfusion 
· Affects the partial pressure of respiratory gases in the alveolus and pulmonary capillary
Alveolar dead space
· Portion of breathing that reaches the alveoli
· Does not participates in gas exchange because of inadequate perfusion to the alveolus
· Insignificant in healthy lungs
· Important in disease states (e.g. pulmonary embolus)
· Different from anatomic dead space
Partial pressure of respiratory gases

Homeostasis – Ventilation and Perfusion Equality
· O2 and CO2 levels affect airway and blood vessel size
Area in which airflow (ventilation) is greater than blood flow (perfusion) – dead space
Area in which blood flow (perfusion) is greater than airflow (ventilation) – “shunt-like”
*See flow charts in lecture slides*

CORE CONCEPTS ???


Lecture 6 – Introduction to Gas Exchange
Partial pressure of alveolar gases is reflected in the arterial blood
· [bookmark: _GoBack]Gas exchange results in end capillary blood gases that are in equilibrium with the partial pressure of gases in the alveoli  diffusion!
· Deoxygenated blood in pulmonary artery is within artery, but venous in nature
· Deoxygenated blood = mixed venous blood
Ventilation Perfusion Mismatch affects arterial blood gas values

Atmospheric/Barometric Pressure (PB)
· Dry air is composed of a mixture of gases
· Each gas exerts a partial pressure which is the pressure it would exert if it alone occupied a given volume
· Barometric pressure is the total pressure exerted by this mixture of gases = 760 mmHg at sea level (0 cmH2O)
Composition of Gases in atmospheric air
N2 = 79%
O2 = 21%
Ar = 0.93%
CO = 0.03%
Trace amounts of Neon, Methane, Helium, Krypton, Hydrogen, Xenon
Partial Pressure of N2 in atmospheric air = 760 mmHg x 0.79 = 600 mmHg
Partial Pressure of O2 in atmospheric air = 760 mmHg x 0.21 = 160 mmHg
Determining the Partial pressure of a gas in a mixture of gases and water vapour
Pgas = PB x Flgas
In dry air at sea level: P(O2) = 760 mmHg x 0.21 = 160 mmHg
Inspired air is heated to 37oC, humidified and saturated with water vapour P(H2O) = 47 mmHg
During inspiration in the conducting airways: P(O2) = (760-47) mmHg x 0.21 = 150 mmHg [reduction!]
· Makes sense – gas exchange eventually results in oxygen being ‘replaced’ by carbon dioxide
The partial pressure of oxygen decreases as inspired air courses through the airways
Dry air at sea level
· P(O2) = 160 mmHg
· P(CO2) = 0 mmHg
· P(H2O) = 0 mmHg
Conducting airways (heated and humidified)
· P(O2) = 150 mmHg
· P(CO2) = 0 mmHg
· P(H2O) = 47 mmHg
Alveoli (mixed in a reservoir of air –FRC) (?)
· P(O2) = 100 mmHg
· P(CO2) = 40 mmHg
· P(H2O) = 47 mmHg
Example
· At the summit of Mt. Everest at 18,000 ft, barometric pressure is half of its value at sea level
· What happens to the partial pressure of inspired oxygen?
· How about the P(O2) at the level of the carina?
· At the summit: P(O2) = (760/2) x 0.21 = 380 x 0.21 = 80 mmHg
· In the carina: P(O2) = (380-47) x 0.21 = 70 mmHg
· In the alveoli: pressure drops further – hypoxic on Mt. Everst – breathing more difficult, harder and faster
Partial pressure of gases dissolved in solution
· At equilibrium, the tension of gas in solution = the partial pressure of gas in the pocket above it
· Gases flow from a region of higher partial pressure to one of lower pressure
· Gases dissolve, diffuse, and react according to their partial pressures and not according to their concentration in solution
· The concentration of gas in solution is not the same as its partial pressure as solubility of gas affects its concentration
“the driving pressure”
· Key factor in the amount of gas exchange is the partial pressure difference across the gas exchange barrier
Across pulmonary capillaries
· O2 partial pressure gradient from alveoli to blood = 60 mmHg (100  40)
· CO2 partial pressure gradient from blood to alveoli = 6 mmHg (46  40)
Across tissue capillaries
· O2 partial pressure gradient from blood to tissue = 60 mmHg (100  40)
· CO2 partial pressure gradient from tissue to blood = 6 mmHg (46  40)
Factors that affect diffusion of gases across barriers – Fick’s Law of diffusion
Volume flow rate of gas = 
A = area
D = diffusivity or diffusion coefficient = solubility/
T = thickness
Compare D and  of O2 and CO2 and explain equal time for end capillary equilibration of these gases in the lungs
·  similar, therefore solubility changes diffusivity  CO2  20x more soluble than O2
· CO2: low driving P, higher solubility
· O2: high driving P, lower solubility
Factors affecting gas exchange
Increased in Surface Area
· Exercise  increased cardiac output  increased pulmonary vascular resistance  increased recruitment and distension of pulmonary capillaries  increased surface area
· Exercise  increased tidal volume  increased surface area, decreased alveolar thickness
Loss of Surface Area
· Emphysema  destruction of alveolar walls  increased lung compliance (floppy)  
· Athelectasis: collapse of lung parenchyma (e.g. pneumothorax)
· Surgical removal of lung (e.g. cancer)
Increased thickness
· Pulmonary fibrosis  collagen deposition and scar formation in alveolar walls  mechanical complication (decreased lung compliance – stiff, can’t fill)  gas exchange complication
· Pulmonary fibrosis (scar formation) results in response to exposure to
· Industrial dust (asbestosis, silicosis)
· Spores from moldy hay (farmers lungs)
· Antigens in avian feather/excreta (bird breeders lung)
· Therapeutic drugs, radiation, poison (weed killer, paraquat)
· Pneumonia: inflammatory accumulation in and around alveoli from variety of causes
· Pulmonary edema: abnormal build up of fluid in interstitial or alveolar space as a result of direct damage to lung tissue or inability of heart to pump blood (e.g. left heart failure)
Gas exchange across pulmonary capillary
· Complete with ¼ second
· At rest: pulmonary transit time (3/4 second) is more than that required to complete gas exchange (¼ second)
· During exercise: despite increase C.O., pulmonary transit time remains 
· Pulmonary fibrosis
· At rest: additional time spent in the capillary is sufficient to compensate for thickened barrier
· During exercise: reduced gas exchange
· Elite athletes: if very high C.O., pulmonary transit times below ¼ second during intense exercise  inadequate oxygen exchange at lungs  low oxygen levels in blood (arterial hypoxemia)


Lecture 7 – Transport of Blood Gases Between Lungs and Tissues
Transport of Oxygen by Blood
Transported in 2 forms
1. Chemically bound to Hb molecule (98%)
a. Does not exert partial pressure
b. Rapid, reversible binding (oxy-hemoglobin, deoxy-hemoglobin) – pick up at lungs, release at tissues
2. Physically dissolved (2%)
a. Exerts partial pressure – driving force for diffusion
b. Compared to CO2, oxygen is relatively insoluble
Structure of the Hemoglobin Molecule
· 4 subunits each made of 
· A globular protein (soluble in aqueous solution) with an embedded heme group
· Heme group contains an Fe atom responsible for binding the oxygen
· 4 oxygen-binding sites
Pulse Oximeter
· Non-invasive device measuring percentage of oxyhemoglobin in the arterial blood (Hb saturation/SaO2/SpO2)
· Colour of blood varies depending on how much oxygen it contains
· Pulse oximeter shines 2 beams of light through a finger/earlobe – one red and one infrared light
· Absorption at these wavelengths differs between oxy and deoxy Hb form – ratios allows calculation of % of oxyhemoglobin in arterial blood, SaO2
· Normal SaO2 range = 95-100%
· Other than Hb, other tissue components absorb light – measure max and min absorptions to eliminate contribution of components others than arterial blood
Oxygen Content of Blood
· Total amount of O2 in the blood – physically dissolved and chemically bound to Hb
Units: mL O2 per 100mL blood (volume %)
CaO2 = 20 vol% = 20mL  (content arterial O2)
CvO2 = 15 vol% = 15mL  (content venous O2)
· Each time blood circulates through the systemic circulation, 5 vol% O2 diffuses to the tissues
· Diffusion of O2 continues as long as there is a partial pressure gradient from O2 between the alveoli and plasma (alveoli  blood)
· Oxygen bound to Hb does not participate in diffusion
· Hb acts as an O2 sink  picks up O2, therefore maintains driving partial pressure for diffusion
[image: ]The Oxyhemoglobin Dissociation Curve
Loading Oxygen in the Lungs
· Mixed venous blood enters the capillary at P(O2) = 40; sat = 75%. It equilibrates with alveolar gas P(O2) = 100; sat = 100%
· The plateau region, P(O2) = 60-100, provides a safety margin for gas exchange in the lungs (disease, altitude)
· P(O2) > 100 does  not improve gas exchange
Unloading of Oxygen at the Tissues
· As blood courses through systemic capillaries, O2 unbinds from Hb  P(O2) falls from 100 to 40
· In the steep region, P(O2) = 40-10, a small decrease in tissue P(O2) results in substantial unbinding of O2 from Hb (i.e. O2 unloading from the blood).  Tissue P(O2) depends on tissue metabolic activity (on average = 40)
· Tissue metabolic activity determines steepness – if high O2 use in tissue, steeper slope
Changes in Affinity of Hb for Oxygen
· P50 = P(O2) at which 50% Hb is bound to O2 (is it 50% of all Hb molecules OR 2/4 sites on each Hb molecule?)
· Normal: pH = 7.4, TB = 37oC, PaCO2 = 40 mmHg, P50 = 27 mmHg
· Increased affinity of Hb for O2 shifts curve to the left (decreased P50)
· Decreased affinity of Hb for O2 shifts curve to the right (increased P50)
· Increased temperature, P(CO2), [H+] (decreased pH), and 2,3 BPG (biphophoglycerate) shift curve to the right (Bohr Shift)
· Hb saturation not as high for same P(O2)  increased O2 availability for tissues
Effects of Anemia and CO
Anemia
· Decreased Hb  decreased O2 carrying capacity of blood and decreased O2 content (SaO2 remains normal)
[image: ]Carbon Monoxide
· Affinity of Hb for CO is 250-fold greater relative to O2  competes with O2 binding
· Odorless, tasteless, colourless gas
· Left shift – interferes with O2 unloading at tissues  (HbCO = carboxyhemoglobin)
· Severe tissue hypoxia


Carbon Dioxide Transport By Blood
Transported in 3 forms:
1. Physically dissolved as bicarbonate ion (HCO3-) (70%)
2. Chemically combined to the Hb molecule (23%)
3. Physically dissolved in blood (7%)
Blood Transports More CO2 Than O2
· CO2 is 20-fold more soluble than O2 in plasma
· Total amount of CO2 in the blood (CO2 content) – sum of CO2 in the blood in all three forms
CaCO2 = 48 vol% = 48mL  (content arterial C O2)
CvCO2 = 52 vol% = 52mL  (content venous CO2)
· Each time blood circulates through the body, 4 vol% of CO2 is removed from the tissues and delivered to the lungs to be exhaled
[image: ]The Carbon Dioxide dissociation curve – the Haldane effect
· The CO2 dissociation curve is influenced by the oxygenation state of Hb
· Transport of CO2 is dependent on O2 release
Carbonic anhydrase
· The key enzyme in transport of CO2 in blood
· Enzyme in the RBCs, not in plasma
· Accelerates formation of carbonic acid (H2CO3) from CO2+water over 1000-fold
[image: ]The molecular basis for the Haldane effect
1. H+ ions – Bohr shift
2. CO2 to form carbamino compounds 
In turn assisting blood to load more CO2 from the tissues






[image: ]Compare blood gas transport at the tissues relative to the lungs



Lecture 8 – Control of Breathing
Automatic  vs. Conscious/Voluntary control
· Rhythm of breathing is established in the CNS
· Breathing is initiated in the medulla by aggregates of neurons
· Breathing is modified by higher structures of CNS and input from central and peripheral chemoreceptors and mechanoreceptors in the lungs and chest wall
· Diaphragm is only skeletal muscle that works all the time (75% of breathing work)
· More complex control than heart
Automatic breathing is initiated in the medulla
DRG (dorsal respiratory groove)
· Mainly inspiratory neurons (active during inspiration) driving the inspiratory muscles
· Receives input from peripheral chemoreceptors and mechanoreceptors
VRG (ventral respiratory groove)
· Mainly expiratory neurons – silent during quiet breathing and active during active expiration driving the expiratory muscles
Pontine structure – pons respiratory centre, medullary centre (?)
Bulbospinal Inspiratory Neurons
· Initiate inspiration via spinal nerves to the inspiratory muscles
· The bilateral phrenic nerves supply motor input to the diaphragm
· Formed by rootlets exiting the cervical spine (C3-C5) bilateral phrenic nerves supply the hemi-diaphragm
· External intercostal nerves exiting thoracic and lumbar spine provide input to nerves supplying the intercostals and abdominal muscles
· Cranial nerves supply the motor output to the upper dilator muscles
Feedback and Feed Forward Input to Medullary Respiratory Centre
*see diagram in notes
The Hering Breuer Reflex
· A reflex triggered to prevent over-inflation of the lungs
· Stretch receptors in smooth muscle of large airways respond to stretching of lung during inflation, allowing expiration to occur – reflex mediated by CN X (vagus)
· Believed that reflex plays major role in establishing rate and depth (rhythm) of breathing – not true for humans at rest
· Reflex may determine breathing rate and depth in newborns and in adults when tidal volume > 1L, as during exercise
Two Types of Chemoreceptors Provide Feedback to Respiratory Neurons in Medulla
Central Chemoreceptors (*see diagram in notes*)
· Few mm below ventral surface of the medulla
· Stimulated by small changes (few mmHg) in arterial P(CO2) via the associated changes in [H+] in the brain ECF
· Arterial P(CO2) primary regulator of breathing normal range (35-45 mmHg)
· What would happen to arterial P(CO2) if you
· Held your breath (increase CO2, increase H+)
· Hyperventilated (decrease) 
Peripheral Chemoreceptors
· Carotid and aortic bodies
· CB sensory information carried via CN IX (glossopharyngeal)
· AB sensory information carried via CN X (vagus)
· Minuscule structures “tasting” blood (own blood supply in high)
· Sense mainly arterial P(O2) as well as P(CO2) and pH
· Separate entities from baroreceptors (stretch receptors)
· Not typically working – work in hypoxic conditions
· Sense decrease in arterial P(O2) levels < 60 mmHg with exposure to high altitude or disease
· The ventilatory response to low P(O2) is hyperventilation  results in decreased P(CO2) and increased P(O2)
· Metabolic acids stimulate peripheral chemoreceptors and increase ventilation
· Lactic acid produced by muscles during intense exercise
· Diabetic ketoacidosis (Kussmaul breathing)
· *see diagram in notes
Congenital Central Hypoventilation Syndrome / “Ondine’s Curse” / Forgetting to Breathe
· Rare disorder in children (400 cases known worldwide)
· Breathing is adequate when awake/conscious
· Breathing is inadequate or absent during sleep (treat with mechanical ventilation/diaphragm pacing)
· Some patients have low or absent ventilatory response to elevated CO2, low O2, metabolic acidosis
· Low or non-existent chemosensitivity to breathing or drugs
· Possibly poor integration of chemoreceptor input at the medulla
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