Respiratory Physiology

« Neural control of breathing — efferent arm of the re
respiratory system control loop
site of origin of the respiratory rhythm
muscle of respiration (chest wall and upper airway)

» Mechanics of breathing
anatomy of the airway
relationship between lung and chest wall
pulmonary compliance
role of surfactant
airway resistance
pathophysiology of lung volumes

¢ Lung volume
static lung volumes
dynamic measures of ventilation

spiratory control loop

¢ Pulmonary gas transfer
gas transfer of oxygen
gas transfer of carbon dioxide

« Regulation of breathing — afferent arm of the respir
central chemoreceptors
peripheral chemoreceptors
stretch receptors
nasal receptors
nociceptive receptors
lung irritant receptors

« Control of breathing during exercise
control of the 4 phases of steady state exercise
control of breathing during incremental exercise

« Control of breathing during sleep
control of breathing in health
control of breathing in obstructive sleep apnea

atory control loop




Control of Breathing
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FUNCTIONS OF THE RESPIRATORY SYSTEM

Provide oxygen
Eliminates carbon dioxide

Regulates hydrogen ion concentration (pH) in cooraiation with the
kidneys

Forms speech sounds (phonation)

Defends against microbes

Influences arterial concentrations of chemical mesngers by removing
some from pulmonary capillary blood and producing aad adding others to

this blood

Traps and dissolves blood clots from systemic (uslalegs) veins
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Generation of the Respiratory Rhythm
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Anatomy of the major and minor respiratory musclesand the locations of the phrenic,
intercostal, and abdominal respiratory motor neurors in the spinal cord and their
respective connections to respiratory muscles




Respiratory Muscle Activity during Inspiration and Expiration
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Respiratory Muscle Activity during Inspiration and Expiration

Contracted
external

Relaxed
diaphragm —____

abdominal
muscles

During inspiration (a) the diaphragm pulls downwatt external intercostals pull the ribs upward an
outward, and the accessory muscles in the neckisgatie rits. (b) During passive expiration, the inspira
muscles relax and the compliance of the chestnealins the ribs to their relaxed position expellair. (c)
During forced expiration the internal intercosteds pull the ribs downward and inward and the iectu

abdominis and the external oblique muscles pulttrest wall down, compressing the chest gas volume




Quiz

1) The phrenic nerve:

a) originates from motoneurons located in the thoracic region of the spinal
cord

b) innervates the external intercostal muscles

c) is normally active during expiration

d) receives phasic inspiratory input from neurons located in the region of
the dorsal respiratory group

e) all of the above are correct

2) Expiratory muscles include:

a) the internal intercostal muscles
b) the external intercostal muscles
c) the sternocleidomastoid

d) the diaphragm

e) none of the above are correct

Structures of the Upper Airway

Inferior turbinate (IT) and the middle turbinate (MT).
Function of the turbinates include warming, humidifying
uvula (U), the soft palate and cleaning the air as it passes through the nose into
(SP), and both tonsils (T). the lungs. If the turbinates are extremely large, they can
block airflow through the nose. (U) Is the uvula. (T) Is the
anterior tongue, the part of the tongue that we can see in
our mouth. The tongue also extends back quite a bit; the
rearmost part is called the base of tongue ("BoT").




Structures of the Upper Airway
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Ventilation and Mechanics of Breathing -
Functional Anatomy of Respiratory System
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Ventilation and Mechanics of Breathing -
Functional Anatomy of Respiratory System
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Ventilation and Mechanics of Breathing -
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Ventilation and Mechanics of Breathing -
Functional Anatomy of Respiratory System

Airflow (F) is a function of the pressure differenes
between the alveoli (Palv) and the atmosphere (Pajm
divided by airflow resistance (R).

Air enters the lungs when B, < Py,
Air exits the lungs when B, > Py,

F = Palv - Patm
R

Ventilation and Mechanics of
Breathing — Pulmonary Mechanics
of Lung and Chest Wall

The

Intrapleural

Space

Pressure differences are | ntrap | eu ral

dependent on the coupling of the

lung and chest wall Space
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Ventilation and Mechanics of Breathing— Pulmonary
Mechanics of Lung and Chest Wall

The Two-
Spring Model
Ventilation and Mechanics of Breathing— Pulmonary
Mechanics of Lung and Chest Wall
P=-5
P=0 P=0
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Ventilation and Mechanics of
Breathing — Lung Pressures
and Pressure Gradients

The recoil pressure of the chest wall is the
difference between Ppl and Patm.

Pcw = Ppl - Patm

The recoil pressure of the lungs,
transpulmonary pressure (Pl), is the difference
between Palv and Ppl. When there is no air
flow (closed nose and mouth) Palv and the
pressure measured at the mouth are the same

PL = PA— Ppl

The recoil pressure of the total respiratory
system, transrespiratory system pressure (Prs
is measured as the difference between Palv a
Patm

Prs = Palv - Patm
Hence, Prs is the sum of the pressure
generated by its two components, lung and

chest:

Prs =PL + Pcw

Ventilation and Mechanics of Breathing —
Lung Pressures and Pressure Gradients

During inspiration, the diaphragm contracts, and
the chest wall and the lungs expand. As the
lungs are pulled further away from their resting
position (which is below RV), Ppl becomes more
subatmospheric. Consequently, lung volume is
increased and gas in the lungs is decompressed,
and pressure in the alveoli (Palv) drops below
atmospheric pressure. The created negative
pressure gradient between airways and
atmosphere generates air flow to the lungs. As
inspiration proceeds, the lungs fill up with air, and
the pressure gradient and air flow gradually
decrease. At the end of inspiration air flow stops
because Palv is equal to atmospheric pressure
(no pressure gradient). At the onset of expiration,
the diaphragm relaxes, elastic recoil of the
respiratory system compresses the gas in the
lungs, thereby increasing Palv. The positive
pressure gradient between the lungs and the
atmosphere is reversed and air from the lungs is
pushed out to the atmosphere. As lung volume
decreases, Ppl slowly returns to its resting level.
At the end of expiration (i.e. at FRC) air flow and
Palv are 0 (ml/sec and cmH20, respectively),
and Ppl is about -5 cmH20
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Transpulmonary Pressure Changes
During Inspiration and Expiration

Summary
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Ventilation and Mechanics of Breathing —
Determinants of Lung Compliance

» Once transpulmonary pressure changes the gas vohanenters the
lung is dependent on lung compliance.

» The compliance of the lung is defined as a chamgelume per unit
pressure.

*To begin our discussion of respiratory mechareddavior, we will
consider the lung itself (without the chest wadid without gas flow.

Ventilation and Mechanics of Breathing —
Determinants of Lung Compliance

The experimental apparatus shown above is causing lung expansion in much the
same way that the chest wall does. The apparatus creates a negative pressure
around the lung. This causes gas to be sucked in to the lung. The pressure around
the lung (relative to atmospheric pressure) is measured and reported in cmH,0.
The volume of the lung is recorded using the spirometer shown at left.
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Ventilation and Mechanics of Breathing —
Determinants of Lung Compliance

Elastic Forces caused by lung structure and anatomy
Composition of structural components
Arrangement of components
Interdependence of alveoli

Elastic Forces Caused by Surface tension

» The shape of the compliance curves is determined by elastic forces
caused by surface tension, and elastic forces caused by the lung.

« Elastic behavior of the lung itself is determined by the composition and
arrangement of the collagen and elastin fibers of the lung. The
construction of the lung is such that inflation of one alveoli tends to
augment the inflation of adjacent alveoli (interdependence). These
tissue factors account for about 1/3 of the compliance behavior of the
lung.

» The majority of static compliance behavior is determined by surface
tension. Each alveolus is an air-water interface. Surface tension is a
result of unequal attraction between gas molecules and liquid
molecules. Water molecules will have more attraction for each other
than for air molecules. Thus, there is a tendency to decrease the
surface area of the air water interface (to ‘contract’). In an alveolus, this
means that surface tension tends to promote deflation (collapse).
Quantitatively, surface tension is responsible for 2/3 of the compliance
behavior of the lungs.
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Ventilation and Mechanics of Breathing —
Determinants of Lung Compliance

The importance of surface tension at a gas-liquid interface is illustrated by the two static
compliance curves illustrated above. Note that when the gas-liquid interface (and surface
tension) is eliminated by inflation of the lungs with saline, the lungs become more compliant,
and it takes less pressure to expand the lungs with saline than with air.

The above diagram does not show the compliance curve that would be generated in a diseased
lung, or in one that does not contain surfactant. A lung without surfactant would be less
compliant than the normal compliance curve shown above, and would be shifted to the right.

Ventilation and Mechanics of Breathing —
Determinants of Lung Compliance - Surfactant

Comprised of dipalmitoyl phosphatidylcholine, *Geproteins (surface
apoproteins)
Type Il epithelial cells

Decreases surface tension of the water layer atlVe®lar surface,
which increases lung compliance (decreases wobkezthing)

Decreasing surface tension leads to a reductibysteresis
Surfactant promotes alveolar stability
Surfactant dries alveoli

A deep breath increases the secretion of surfabtastretching type II
cells. Surfactants concentration decreases wieehrdaths are small.

16



Ventilation and Mechanics of Breathing —
Determinants of Lung Compliance - Surfactant

Surfactant is secreted by type Il epithelial cellthe alveoli of
normal lungs. Surfactant is a surface-active agewater that
acts to decrease surface tension at the air-watface of the
alveolus. In doing so, it decreases work of bre@thincreases
compliance, stabilizes alveolar size, and alscahdying effect
on the alveoli. The major component of surfactamrimarily a
phospholipid (dipalmitoyl phosphatidylcholine). Tmwlecule
has a hydrophobic portion and a hydrophilic portidinis serves
to orient the molecule at the air-water interfaselaown above.

Ventilation and Mechanics of Breathing —
Determinants of Lung Compliance - Surfactant

Produced in the fetal lung when gestation is
approximately 85% complete.

Associated with increased fetal plasma
corticosteroid concentration

Decreased quantity or quality of surfactant may
occur in cases of acute respiratory failure

Surfactant replacement may be used to treat acute

respiratory failure
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Ventilation and Mechanics of Breathing —
Determinants of Lung Compliance — Surfactant

How Does Surfactant Promote Alveolar Stability

Ventilation and Mechanics of Breathing —
Determinants of Lung Compliance - Surfactant

The above diagrams show the effect of surfactant on alveolar stability. To understand the above
diagram, you must understand the equation that is used to describe the alveolar conditions of
interest:

P =2T/R

P is the intra-alveolar pressure, T is the tension of the alveolus (resistance that acts to preserve the
integrity of the surface), and R is the radius of the alveolus.

In the example shown at the top of the previous slide, the alveoli are assumed to be without
surfactant. Thus, the surface tensions are equal. Based on the above equation, you can see that the
smaller alveolus will have a larger intraluminal pressure. Because gas flows from regions of high
pressure to low pressure, gas will flow from the smaller alveolus to the larger alveolus. (One alveolus
will be deflated or collapsed). When alveoli are collapsed, they are said to be atelectic.

The bottom example shows the effects of surfactant on surface tension. First, look at the alveolus on
the right. Note that the presence of surfactant decreased the surface tension by approximately 4
times. The result of this alteration is a significant decrease in the intra-alveolar pressure from 8
cmH,0 to 2 cmH,O. The importance of this change is evident when you assess the pressure in the
larger alveolus (left). In the larger alveolus, the intraluminal pressure is 4 cm H,0. Thus, gas will flow
from the larger alveolus to the smaller. The end result will be two alveoli of equal size. Thus, deflation
(atelectasis) is prevented.

The above example shows that surface tension was lower in the small alveolus than in the large.
This is similar to what happens to surface tension in the experimental apparatus shown in the middle
of the page. Note that as the relative surface area is reduced, surface tension is decreased in the
presence of surfactant. This probably has to do with the fact that surfactant is concentrated as
surface area is reduced.
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Ventilation and Mechanics of Breathing —
Determinants of Lung Compliance - Surfactant

This slide shows the effect of different alveolar size on surfactant concentration at
the air-water interface. Both alveoli have approximately the same amount of
surfactant in them. Note that as the alveolus becomes smaller (right), the surface
area of the alveolus is reduced and the layer of surfactant is concentrated at the
air-water interface. In the more expanded alveolus, surfactant is ‘spread out'.
Thus, you would expect the alveoli to have different surface tensions because of
the coverage of the alveolar surface with surfactant.

Total Lung Compliance
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Changes in Pulmonary Compliance
in Disease States

QuIZ

1) In response to a pneumothorax:

a) the chest wall expands.

b) the intrapleural pressure becomes zero.
c) the lungs expand.

d) the chest wall contracts.

e) a and b are correct

2) Given that surface tensions in both alveoliare e  qual and
surfactant was not produced by type Il epithelial ¢ ells the
direction of airflow in the diagram shown above wou Id be from:
a) the smaller alveolus to the larger alveolus.

b) the larger alveolus to the smaller alveolus.

¢) air would not flow in either direction.
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Ventilation and Mechanics of Breathing —
Dynamic Lung Compliance and Airway Resistance

Elastic properties of chest Elastic properties of chest
wall wall

Elastic properties of lung Elastic properties of lung
Surface tension Surface tension

Airway Resistance
Tissue Resistance
Inertia

We will now consider the effects during ventilation (i.e., when air is moving). The
additional factors we must consider are airway resistance, tissue resistance, and
inertia. Of these, airway resistance is quantitatively the most important.

Ventilation and Mechanics of Breathing —
Dynamic Lung Compliance and Airway Resistance

« for inspiration to occur, alveolar pressure \ P
must fall to establish a pressure gradient

« this occurs by a decrease in intrapleural
pressure during inspiration

« if there was no airway resistance
intrapleural pressure would follow ABC
determine by elastic recoil of lung

« the red-shaded area is attributed to
airway resistance

The above diagram shows simultaneous changes in lung volume, intrapleural pressure, gas flow,
and alveolar pressure during normal inspiration and expiration. The graph of intrapleural pressure
shows the actual pleural pressure, and the pleural pressure that would have to be developed to
overcome only the elastic characteristics of the lung. The difference in pressures is due to the
additional work that must be expended to overcome resistance to air flow.
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Poiseuille Law and the
calculation of airway resistance

« This law describes the relationship between pressure and flow for laminar flow in
a tube.

Where P is the pressure, r is the tube radius, h is fluid viscosity and | is tube
length.

Since resistance is the driving pressure divided by flow then we can arrange this
equation to calculate resistance

R = 8hl

pré

Thus, Poiseulle’s law predicts that resistance to laminar flow (of air or a Newtonian
fluid) is directly proportional to viscosity and tube length and inversely proportional
to tube radius. Therefore, small changes in tube radius can have large effects on
resistance.

Ventilation and Mechanics of Breathing —
Factors that Determine Airway Resistance

Physical dimensions and branching patterns of giswa
(airway geometry; lung volume - radial traction loét
surrounding lung tissue)

Airway smooth muscle tone
sympathetic/parasympathetic effects
circulating endogenous mediators
P,CO,

mucus production

Airflow pattern
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Ventilation and Mechanics of Breathing — Factors tha
Determine Airway Resistance — Physical Dimensions

Resistance in airways based upon generation (and thus, size).
Remember that total cross sectional increases greatly in the small
airways, and resistance to airflow is diminished.

Ventilation and Mechanics of Breathing— Factors that
Determine Airway Resistance — Physical Dimensions
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This graph shows the relationship between airway resistance and lung volume. As
lung volume decreases below normal, airway resistance is increased. This is
because the structure of the lung is such that inflation of alveoli results in the
structural support of the small airways. Note the close relationship of the bronchiole
in the inset picture to the alveoli surrounding it.

23



Ventilation and Mechanics of Breathing —

Factors that Determine Airway Resistance — Airway Smmoth Muscle

Airway resistance may be importantly affected by a variety of endogenous mediators. Airway smooth
muscle tone may be effected by noxious stimuli that travel in a reflex arc via the Vagus nerve. Efferent
fibers innervate bronchial smooth muscle, and with stimulation will cause bronchial smooth muscle
constriction. This reflex is a parasympathetic one that is modulated by the release of acetylcholine at
muscarinic receptors on the muscle cell. Afferent innervation that originates beneath the epithelium
respond to noxious stimuli. The efferent response to stimulation of this reflex arc may be blocked by
parasympatholytic drugs (l.e., atropine or glycopyrrolate).

The sympathetic system (shown to the far right of the diagram) plays a role in modulating bronchial
smooth muscle tone, and some direct innervation is present as shown in this diagram. However, the
presence of circulating catecholamines is probably much more important to airway resistance as direct
innervation is not extensive in most species. Agonists at the beta-2 receptor are frequently used
therapeutically to treat bronchoconstriction (ie, albuterol, clenbuterol).

The nonadrenergic noncholinergic system may also play a role in modulating smooth muscle tone, and
vasoactive intestinal peptide (VIP) has been shown to be a bronchodilator.

Nitric oxide may also play a role in modulation of bronchial smooth muscle tone.

A variety of inflammatory mediators can alter airway tone. Histamine and serotonin are two mediators
that can be released from mast cells in response to IgE-mediated degranulation of mast cells. Lipid
mediators (leukotrienes (LTB4), sulfidopeptide leukotrienes (LTC4, LTD4, LTE4), prostaglandins, and
platelet
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Ventilation and Mechanics of Breathing —
Factors that Determine Airway Resistance — Airflow Rtterns

« airflow changes from laminar to turbulent flow when airflow velocity is increased

« even during normal tidal breathing airflow is turbulent in the upper airways

« in turbulent flow, particles move in irregular and constantly varying paths
forming eddies

« flow changes from laminar to turbulent when Reynold’s number > 2000:

Reynolds number = 2rvd
h
where r = radius; v = linear velocity; d = density; / = viscosity
« turbulent airflow generates breath sounds (laminar flow in essentially noiseless)

Ventilation and Mechanics of Breathing —
Dynamic Lung Volumes

25



Ventilation and Mechanics of Breathing —
Dynamic Lung Volumes

Ventilation (V) = frequency (f) * Volume (Y)

Tidal vol. (V;) = dead space vol. {) + alveolar vol. ()
alveolar volume refers to the volume of air entgittime alveoli only.

Anatomical dead space refers to structures thaito
contribute to gas exchange.

Physiological dead space includes alveoli thahateerfused
or poorly perfused (alveolar deadspace), leadingasted
ventilation, and anatomical deadspace.

Ventilation and Mechanics of Breathing —
Static Lung Volumes

26



Ventilation and Mechanics of Breathing —
Static Lung Volumes

Ventilation and Mechanics of Breathing —
Static Lung Volumes

27



Ventilation and Mechanics of Breathing —
Lung Disease and Static Lung Volumes

Example of Restrictive and Obstructive Lung Disease s

Restrictive
A. Diseases of thoracic cage
1. Kyphoscoliosis
2. Ankylosing spondylitis
3. Closed chest wall trauma
B. Diseases of nerve supply to respiratory muscles
1. Polimyelitis
2. Muscular dystrophy
3. Guillain-Barre syndrome
4. Myasthenia gravis
C. Abnormalities of pleura and pleural space
1. Pneumothorax
2. Pleural effusion
3. Pleural thickening
D. Pathology in lung
1. Fibrosis
2. Space occupying lesions, e.g. cysts
II. Obstructive
A. Bronchoconstriction
1. Asthma
2. Inhalation of irritants, e.g. cigarette smoke
B. Structural changes in airways, e.g. chronic bronchi tis
C. Obstructions within airways
1. Inhaled foreign body
2. Excess bronchial secretions
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QUIZ

1) An individual suffering from an obstructive lung disease will:
a) have an increased vital capacity compared to normal

b) have an decreased total lung capacity compared to normal

c) will have a reduced FEV, ,/FVC ratio compared to normal

d) have decreased airway resistance

e) c and d are correct

2) Residual volume is defined as:

a) the volume of gas that remains in the lung after a normal expiration.
b) the volume of gas in the lungs after a maximal expiration.

c) the volume of gas in the lungs after a normal inspiration.

d) the volume of gas in the lungs after a maximal inspiration.

e) none of the above are correct.

Gas Exchange — calculating the partial
pressure of oxygen and carbon dioxide

Pressure is proportional to the
average force exerted by molecules

colliding with the walls of a ALTITUDE Pg(mmHg) PO, (mmhg)
container. 0 760 159.2
Sea level = 760 mmHg; 5500 1,000 674 141.2
meters = 380 mmHg 2,000 596 124.9
Pressure is usually measured relative 3 000 526 110.2
to the atmosphere. 4,000 462 96.9
If pressure inside container = 755 9,000 231 48.4

mmHg and outside = 760 mmHg,

then pressure is -5 mmHg.
Pressure is also proportional to the
kinetic energy; therefore, pressure is
proportional to temperature.
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Gas Exchange — calculating the partial
pressure of oxygen and carbon dioxide

When water is exposed to air, water molecules |¢éaee
liquid and become water vapor.

Vapor pressure depends on temperature, and is
independent of barometric pressure.

Inspired air is rapidly warmed and saturated wittens.
The vapor pressure of water at®&7is 47 mmHg.

The Ro, of dry air at sea level is 159 mmHg (760 * 0.21),
but saturated air at L is 149 mmHg ((760 - 47) * 0.21).

Because 47 mmHg is a constant aP@7you must
subtract 47 from the barometric pressure to calera,.

Gas Exchange — partial pressure of oxygen and carbon
dioxide at lung, pulmonary capillaries and tissue bd

A diagram illustrating the partial pressure of oxygen and carbon dioxide at the level of the lung,
pulmonary capillaries and tissue bed.
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Gas Exchange — partial pressure of oxygen and carbon
dioxide at lung, pulmonary capillaries and tissue bd

Hypoventilation or Hyperventilation

Lack of equilibration between alveolar
gas and arterial blood gas

Shunts

Ventilation/Perfusion mismatch.

Gas Exchange

Gases move between the alveolar air and blood &siye
diffusion.

Fick’s Law: Flow is proportional to the pressuredjemt
divided by the resistance multiplied by a constéit Q
= K*(P1-P2)/R.

Under normal conditions, blood is in contact wttle t
alveoli for 0.75 seconds, and P@aches equilibrium in
about 0.25 seconds; thereforg,i©not diffusion limited.

If alveolar PQ is low or the diffusion resistance is high,
capillary PQ may not reach equilibrium with alveolar RO
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Gas Exchange — Shunts

In an ideal lung, PaO, and PaCO, = PAO, and PACO,.
In normal healthy people, these values are close but not identical.
In disease conditions, the numbers can vary greatly.

The word “shunt” refers to blood that has not exchanged gases that
mixes with blood that has exchanged gases.

Sources of shunt:

Thebesian circulation that perfuses the left ventricle then dumps
into the left ventricle. Bronchial circulation that perfuses lung
tissue and empties into the pulmonary vein. In normal people this
accounts for about 2-4% of total blood flow. Perfusing collapsed
alveoli or having a hole in the wall of the atria or ventricles will
produce a right to left shunt.

Gas Exchange —
Ventilation/Perfusion Inequality

The rate of uptake of oxygen depends on the ratdeh
it is supplied (ventilation), and the rate at whitcis
removed (perfusion).

If all alveoli have the samé/Q ratio, capillary PQwill
reach equilibrium with alveolar BOand there will be no
alveolar-arterial P@difference.

V/Q heterogeneity leads to an alveolar-arterial difiese
That is, some alveoli may be hypo- hyper-ventilaed
others may be hypo- hyper-perfused.

If you give a person who hasvéQ imbalance 100% ©xo
breathe, the alveolar arterial difference disappear
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Gas Exchange-
Ventilation/Perfusion Inequality

l . A

V=0 l V=1 V=1

™ Obstruction

— ——- -
Q=1 Q=1 ' :Embolus

Q=0
Venous Normal Wasted
Admixture Ventilation

Gas Exchange-
Ventilation/Perfusion Inequality

Changes in POand PCQwith alterations in ventilation and perfusior
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Gas Exchange-
Ventilation/Perfusion Inequality
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Gas Exchange-
Ventilation/Perfusion
Inequality

Distribution of ventilation
and blood flow down the
upright lung. Note that
ventilation-perfusion ratio
decreases down the lung

Result of combining the pattern
of ventilation-perfusion ratio
inequality with the effects of this
on gas exchange. Note that the
high-ventilation perfusion ratio
at the apex results in a high
PO, and low PCO,
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Local Correction of Ventilation-Perfusion Mismatch

Gas Exchange - Oxygen Transport
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Gas Exchange - Oxygen Transport

Oxygen transport: Oxygen is carried in two forms:
1) dissolved in plasma and 2) combined with hentziglo
Henry’s law states that the amount of dissolvedig@soportional to the partial pressure of that gas

Dissolved in plasma For each mmHg of PQthere will be 0.003 ml of £100 ml of blood. Therefore,
at a normal P@of 100 mmHg only 0.3 ml of Qwill be dissolved in the blood and transferredhe t
tissue. The normal oxygen content of blood is 2A.@d ml of blood. Therefore, another method of
transporting oxygen to the blood must be present.

Combined with hemoglobin- Each hemoglobin (Hb) molecule is capable of bigdirmolecules of
oxygen. When a Hb molecule bindl®xygen moleculeshan the molecule is said to be fully saturated.
When fully saturated, each gram of Hb can Hir@4 ml of oxygen Therefore, the oxygen content of
hemoglobin equals the hemoglobin concentrationiplidt! by 1.34multiplied by the degree of saturatio
of hemoglobin with oxygen.

Example: Hb content in women is 14 grams. In més 16 grams.

O, content = 16 /100 ml * 1.34 mlf@ * 1.0 = 21.44 mI@100 ml of blood

Gas Exchang-
Oxyhemoglobin Dissociation Curve

A diagram showing the oxyhemoglobin dissociation eue and the factors which are capable
of shifting the curve.
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Gas Exchange - Carbon Dioxide Transport

Carbon dioxide is carried in the blood in threenfer
Dissolved CQrepresents only about 6% of the total.
CO, content = 0.072 * PCO2 (24 times more soluble @gn
Carbamino compounds represent another 4%.
CO, binds reversibly to the amino terminus of alpha heth
chains.
The remainder is carried as bicarbonate.
CO, + H,0 <=> H,CO, <=> H' + HCO3.

In a normal individual, arterial and alveolar PCaDe virtually
identical. Arterial PCQis a balance between G@roduction and
elimination.

Mixed venous CQcontent is a balance between oduction, CQ
delivery and the CQequilibrium curve.

Carbon Dioxide Transport: Carbon Dioxide is transported in three forms: Epdived in plasma (6%) 2
as a bicarbonate ion (90 %) and 3) as a carbamimpaond (4 %) (mostly bound to hemoglobin).

A diagram showing the reactions whereby,@Qtransported from the tissue to the red bloot] astl
how HCO3is formed in the systemic capillaries.
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Carbonic Acid Formation

CO,+H,0= H,CO,= H*+HCO,

Carbonic

I

Hemoglobin Bicarbonate leaves the
anhydrase buffers red cell and chloride
enzyme hydrogen ions enters in exchange
catalyzes (in (in red cell) “chloride shift”
red cell)

A diagram showing the normal pH
and the changes in pH associated
with the accumulation and loss

of acids and bases

Carbonic acid
Lactic acid
Ketone bodies
Phosphoric acid

The concept of pH

<~—— bicarbonate ions

(from Powers S.K. and Howley E.T. Chapter 10 inii Physiology,Chicago: Brown and Benchmark, 199206).
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Gas Exchange - Acid Base Balance -
Linear Henderson-Hasselbach

Normally:
[H +] — 24 PCOZ [H*] = 40 nmol/L
[HCO ]

PCO, =40 mmHg

[HCO ;] = 24 mmol/L

Gas Exchange- Acid Base Balance-Linear
Henderson-Hasselbach

The Henderson-Hasselbalch
equation:

H* = 24 * PCO/HCO

(from Netter, F. The Ciba Collection of Medictiistrations. In: Divertie M.B. and Brass A. (edspdRiratory System, vol 7, Ciba, New Jersey, pp 71).
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QUIZ

1) The partial pressures of oxygen and carbon dioxi de at the apex of the lung:
a) are increased and decreased, respectively, compared to the base of the lung
b) are the same as measures made at the base of the lung

c) are decreased and increased, respectively, compared to the base of the lung
d) are both increased compared to the base of the lung

€) none of the above answers are correct

2) Which of the following metabolic changes will ca use the oxyhemoglobin dissociation
curve to shift to the right:

a) an increase in temperature and an increase in hydrogen ion concentration.

b) a decrease in temperature and an increase in the partial pressure of carbon dioxide.

c) a decrease in temperature and a decrease in the partial pressure of carbon dioxide.

d) an increase in the partial pressure of carbon dioxide and a decrease in the hydrogen ion
concentration.

e) both b and d are correct.

Inputs to Respiratory Control System-
Descending Inputs

=—=EFFERENT

Medullary
Respiratory
Neurons

AFFERENT

Central
Chemoreceptors
(medulla)

/4 Spinal Peripheral
Respiratory Chemoreceptors
Upper Motoneurons (carotid bodies)

Airway
Muscles

Respiratory y
Muscles ) Airway and
Airway : Lung

Smooth Receptors
Muscle

Pulmonary
Ventilation
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Inputs to Respiratory Control System-
Descending Inputs

Emotions
(forebrain)

Limbic
System

Reticular
Formation

( Voluntary Control
(motor cortex)

Posture
(cerebellum)

Cough
Sneeze etc.
(medulla)

Rhythm
Generator
(medulla)

Sensory
Stimuli

(pain, startle)

Respiratory Motoneurons
(spinal cord)

Inputs to Respiratory Control System— Ascending Inputs— Carotid Bodies

The peripheral chemoreceptors are fast-respondingtamns of the arterial blood
comprised of: (a) The carotid bodies (5mm long) tedailaterally in the neck at thg
bifurcation of the common carotid artery into it¢éernal and external branches. (b)
The aortic bodies are located on the superior Wat® aortic arch. The carotid

bodies in humans are exclusively responsible fervémtilatory response to hypoxig.
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Impact of Changes in PQ on Minute Ventilation

Summary H*
— t
PCO,
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Inputs to Respiratory Control System— Ascending Inputs— Carotid Bodies

Stimulation of the inspiratory
area by the chemosensitive area|
Hydrogen ions stimulate the
central chemoreceptors, wherea
it is carbon dioxide in the fluid

that gives rise to most of the
hydrogen ions.

Inputs to Respiratory Control System — Combining theefferent

and afferent arms of the respiratory control loop

Ventilation L/min

50
40- normal resting >150
equilibrium Arterial Po,
poiry mmHg
30+
. 0(\
Walfjerl;\leeness 56 e fﬁ _
20- a“agi‘i _ -
-
-
-
10- —
e resting metabolic hyperbola
P - -
0 1 T T
35 40 45 50 55

Arterial Pco, mmHg
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Summary

Inputs to Respiratory Control System — Other Neurallnputs

Vagi Intact Vagi Cut

AT o VW
Pons O)/\KO/ B NV\ ﬁ[‘
v
Medulla - M M
Spinal
Cord
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Inputs to Respiratory Control System —
Stretch Receptors

Lung volume

_J
Stowy adepting | IESMEELRUC AT

Lung volume

Rapidly adapting H
stretch receptors

Stretch Receptors

These receptors, located in the airway provide a feedback signal, via the vagus, proportional to lung
volume. They participate in the Hering-Breuer reflex whereby an increase in lung volume terminates
inspiration. In animals, this reflex is strong and actually determines the inspiratory time for each
breath, but in humans the reflex is weaker and does not determine the resting breathing pattern.
Thus, vagotomy in animals produces a slow deep breathing pattern but in humans has no effect at
rest. Only for increased breathing does the reflex come into play. So these receptors have two
functions in humans:

1) Control of breathing pattern. Ventilation is determined by the gas exchange requirements, but
ventilation is composed of two parts; tidal volume and breathing frequency (rate). Depending on the
mechanical properties of the lungs (airway resistance to flow and system compliance) it may be
advantageous in terms of minimizing the work of breathing to breathe slowly and deeply or rapidly
and shallowly. The most efficient choice is made by the respiratory control system partly based on
information from the stretch receptors.

2) Dyspnoea (breathing discomfort, such as experienced during breath holding). Dyspnoea may be
proportional to the difference between the pulmonary ventilation demanded by the control system
and that actually achieved. The chemoreceptors signal the ventilation demanded while the stretch
receptor’s role is to signal the changes in lung volume actually achieved.
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Irritant Receptors

These receptors are found throughout the airway from the nose to the alveoli and as their name implies
respond mainly to irritating stimuli. Their stimulation initiates various protective reflexes, which have
stereotyped patterns depending on the location of the irritant receptors stimulated. A typical
classification is listed below:

Receptor Reflex Nerve

- nasal sneeze trigeminal nerve

- epipharyngeal aspiration glossopharyngeal
- laryngeal cough vagus

- tracheal cough vagus

There are also irritant receptors scattered throughout the airway from the trachea to the bronchioles,
and special juxtapulmonary capillary receptors (J-receptors), both communicating to the medulla via the
vagus. The latter receptors may be responsible for triggering sighs that inflate the lungs more than usual
to help overcome ventilation-perfusion mismatches.

The irritant receptors all share the ability to stimulate breathing and produce bronchoconstriction. The
bronchoconstriction is produced when bronchiolar smooth muscle is activated from the nucleus
ambiguus via the vagus nerve. You can see that the cough, for example, consists of a deep breath and
explosive expiration with the bronchoconstriction increasing the velocity of airflow and therefore acting
to expel foreign particles from the airway. However, these reflexes can work against us. In asthma,
bronchoconstriction is produced by the release of active agents, but these agents also stimulate irritant
receptors and thereby exacerbate the bronchoconstriction via the reflex.

QuUIZ

Breathholding under resting conditions is a process by which an
individual voluntarily decides to hold their breath. However the
length of time that an individual is capable of holding their breath is
dependent primarily on involuntary mechanisms. Describe how
these involuntary mechanisms override the voluntary effort to
breathhold. In answering this question consider the changes in
blood gas values that occur in response to breathholding. Then
consider how these changes might affect the receptors that were
presented to you in lecture. Lastly consider how changes in the
activity of these receptors might cause you to stop your breathhold
and begin breathing.
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Control of Ventilation During Exercis— Mechanisms responsik
for changes in ventilation during exercise

A diagram showing other afferent inputs that agatée of altering the medullary
respiratory controller and hence ventilation.

Control of Ventilation During Exercise — Historical Perspective

A diagram which
shows the changes in
various respiratory
parameters during an
incremental exercise
test performed on a
cycle ergometer by a
normal subject.

a7



Incremental Exercise iIrMcArdle’ s patients

Measures of EMG activity
during incremental exercis

(Test 1)

1%
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Measures of EMG activity
during incremental exercise

(Test 2)

Ventilatory responses to constant load exercise

— This is a trained professional do not try this @tnle
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Ventilation during Transition from Rest to Steady-Sate Exercise

Three distinct phases can be distinguished
during exercise hyperpnea under constant
load light and moderate exercise; phase | or
fast response component, phase Il or slow
response component, and phase Il or steady-
state response component, followed by post-
exercise recovery.

Alyeolar Pcoy
Mixed Venous R,
and Alveolar P,
during Exercise

Control of Ventilation during Constant-load Exercise

The control of breathing during exercise is thebed effect of several neural and humoral stintilimoral stimuli associated with
respiration as § CG,, H" and K ions provide feedback into the peripheral or cémfnamoreceptors. These stimuli also include
feedback from airway and lung receptors and respiyanuscle receptors. Neural stimuli originate fronanges that occur in higher
brain centers or from the periphery of the bodyher brain center mechanisms include central cordraad short-term potentiation
while peripheral stimuli include stimuli from pehigral ergoreceptors, cardiac receptors, tempereggeptors, carotid sinus receptors
and venous and pulmonary stretch receptors.

Phase |: the Fast Response Component

The onset of exercise is characterized by an afimapase in ¥ due to a central command drive and afferent sigoats active limb
proprioceptors. Neural stimuli from from two suppapine structures theotor cortexand thehypothalamugeedforward to the DRG in
the medulla oblongata and are combined with feddbacn mechanoreceptors and metaboreceptors freradhtracting muscles. This
central neural input and peripheral non-respirafeeglback stimuli continue throughout phase |,éasing \¢ so that the respiratory
exchange ratio remains unchanged despite the nigtabanges in @consumption and CQOproduction. However, in some cases
hyperventilation occurs and pulmonary gas exchaxgeeds the metabolic rate and as a result enivtitlames of Q and CQ increase
and decrease respectively, andrivay plateau for a period of 15-20 sec.

Phase II: the slow response component

The fast response component is followed by a 2-irite period of exponential increase ip,\D, consumption and CQ production
until it reaches a steady level. Central commaruiaative limb muscles continue to provide inputhe tespiratory control centers. This]
ventilatory response can be due to the STP meaharfisespiration (is a central neural mechanisnh pnalongs the excitatory input into
the brain stem respiratory centers beyond cessefitire excitatory stimulus) and partly due to @ases in arterial [{ that stimulate the
carotid body chemoreceptors, which in turn stimeithie respiratory control center in the medullaobhta.

Phase lII: the steady-state response component

During this phase all mechanisms (central comm&i®, [K] have reached a steady state. Control gisvseems to be an additive
combination of the initial neural drive (centrahemand and STP) and signals from the chemorecetiorsever, the contribution of the
chemoreceptors seems to be small. It appears, ttiraugh small fluctuations in the humoral stimulint@l, and peripheral
chemoreceptors keep pulmonary gas exchange clabse tmetabolic rate. This theory is known asrbaro-humoral theoryand it was
first proposed by Dejours in 1964.

Post- Exercise — Recovery

The recovery period can be distinguished in phaaedlIl. In the former, a cessation of the centtahmand drive and muscle afferent
feedback occurs, followed by a brief plateau indéie to hypecapnic conditions induced by the ragidrehse in Y. In the latter, STP
dictates the slow decay ingMn combination possibly with decreasing*[KIn addition, any humoral drives such as hypoaiz
hypercapnia are also removed and may contributeeimverall decay of ¥/
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Schematic representation of various factors that déct the control
of pulmonary ventilation by the medulla.

1) The peripheral chemoreceptors:

a) may contribute to the slow increase in ventilation characteristic of phase |l of steady state
exercise.

b) increase their rate of discharge in response to increases in the partial pressure of oxygen.
c) decrease their rate of discharge in response to increases in hydrogen ion concentration.
d) increase their rate of discharge in response to decreases in the partial pressure of oxygen.
e) both a and d are correct.

2) Phase | of the ventilatory response that is obse  rved during a constant load exercise test
performed at a mild workload:

a) is characterized by a slow increase in ventilation.

b) is mediated in part from type | proprioceptors that originate at the level of the working limb.

c) is mediated primarily by stimulation of the peripheral chemoreceptors in response to an increase
in potassium ion concentration.

d) is characterized by an abrupt increase in ventilation.

e) b and d are correct.

3) The non-linear increase in ventilation observed during an incremental exercise:

a) may be elicited by stimulation of the peripheral chemoreceptors which occurs in response to an
increase in blood hydrogen ion concentration.

b) may be elicited by stimulation of the peripheral chemoreceptors which occurs in response to a
decrease in blood potassium concentration.

c) is generally greater in individuals after removal of the carotid bodies.

d) may be reduced in response to the recruitment of fast twitch motor units.

e) none of the above are correct.
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Sleep Architecture

Sleep stages are normally
characterized by a distinct
pattern throughout the night

" These distinct patterns are
also inherently linked to other
biological rhythms (e.g.
secretion of GH)

" Sleep quality can be
quantified by examining the
change in the amount of time
spent in a given stage of slee
number of arousals and total
sleep time

Normal Sleep
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Pathophysiology of Obstructive Sleep Apnea

Pathophysiology of Sleep Apnea

Compromised upper
airway anatomy and—}’

Reduced airway diameter ‘4—

increased compliance

TN

Decreased uppef

airway dilator
muscle activity

Loss of neuromuscular compensatiOI{'l

Hypoxia and hypercapnia

™

Hyperventilate: correct hypoxia
and hypercapnia

a

| Airway opens |

Pharyngeal muscle activity restored

a

Arousal from sleep

Increased ventilatory effort

Z
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Sleep Apnea

J

Sleep fragmentation,
Hypoxia/Hypercapnia

p

Excessive daytime
sleepiness

\

Increased morbidity
and mortality

Cardiovascular
Complications

/

Treatment of Obstructive Sleep Apnea
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