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Respiratory System Physiology Lecture 1
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As you can see in the image below, blood enters the capillaries near the alveoli (where
gas exchange occurs) and then exits back to the circulation. The post-capillary
composition of blood here must have the ABGs discussed in the last lecture in normal

ranges (our focus here is on oxygen and carbon dioxide: PO, =100, PCO, =40 [mmHg]).

An interesting fact is that in normal situations, these desired conditions (ABG values)
are met just after the blood passes about 1/3 of the alveolar capillaries, meaning that
the remaining 2/3 of the capillaries are in equilibrium, where exchange between the
alveoli and the capillaries has no net DF (similar pressures across). In other words, 2/3
of the capillaries are kept as a reserve in case the first 1/3 could not fulfil the
reconditioning function of the lungs (fixing PO,and PCO, values in blood).
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The image below shows how capillary blood is reconditioned with time (only P.O; is
shown, but P,CO, shares a similar concept but with the slope decreasing since CO; is
lost from the blood to the alveoli). Normally, the blood passes through the alveolar
capillaries in about 0.8 seconds, considering that the heart rate in a normal person is
about 75 bpm (blue curve). This 0.8-second interval resembles one cardiac cycle.
However, if the heart rate is increased, the cardiac cycle will be shortened, leading to
less time for gas exchange in the capillaries. Thankfully, the gas exchange in the lungs
only needs 1/3 of the time available in a 75-bpm-beating person, which is 0.25-0.3

Al 3y 940l g S,
:(Cardiac Cycle)
jadill yiee
s s (31 gl
A8l (o3 1A 75 Judlas
105 0.8 (ol 32 pall §,ffices
gasll Slpadll e jsltall
0.8 638 J1ai (351 wafhat))
Alols 4auld )90 dals
Balyy a3 13f

e (@I Sl s Jaad
(5950 Las daldl 59af
JaLil JB1 o8y LA (o)
A gaull ol padill (o8 el

| s

seconds, so the rest of the 0.8 seconds is a reserve, with no net gas exchange (gas
pressures in this portion are equal to systemic arterial values).
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The lungs will continue to function normally until the heart rate increases so much that
the cardiac cycle (gas diffusion time available) becomes less than the time needed for
full reconditioning of the blood (< 0.25-0.3 seconds). For example, if the heart rate
increases to 150 bpm (green curve), the cardiac cycle will become 0.4 seconds, which
is still enough for adequate gas exchange. However, if the heart rate reaches a very high
number, say 300 bpm (red curve), the cardiac cycle will become 0.2 seconds, which is
less than 0.25 seconds, meaning that ABGs cannot be fully returned to desired values.
In this case, P,O. will be less than 100 mmHg (80 mmHg for example). This means that
the reserve (2/3) was fully used and still the lungs could not perform the required
function (available is < 1/3), and this is why when P,0; is significantly lower than 100
mmHg. The patient would be admitted to the hospital for respiratory assistance.
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Respiratory System Physiology Lecture 1
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So, a very high heart rate has severe consequences, 3 of which are summarized below:

Gilaall 355 palaa31.2

> Bl T (0 SIS i (@IElLyg SIS b GBI Sy s aaa S s Bl s g1 (o ol B
(7 801 0 Rl s ol 1 S 389 oetlil] L QAL (o] 50 Lo (B pll paa) Bt JS 0 4 a5l ] i S S ol 5y Jans 3l Lo b8 0 il 555 Losie) ool 5558 0 ol
1. Insufficient stroke volume and thus insufficient cardiac output. = e s
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2. Decreased coronary perfusion (recall that blood flow is pulsatile and that &=
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opposite to other vessels, the coronaries are mainly perfused during the diastole
(100% diastolic perfusion vs 65% systolic; other vessels are the opposite)).
)
3. Inadequate reconditioning of blood in the alveoli, as discussed abover.\““f‘@‘3@“’*%“'&*“‘*-&“«‘-3
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An important question arises: why is alveolar O, (P»O;) constant at about 100 mmHg,
while blood O; is gradually increasing along the capillaries in the lung?

The answer lies in the volume difference between compartments (see the figure above).

The blood volume in the body is about 5 liters in a 70-Kg person. These 5 liters are
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3000 mlin systemic veins (blood reservoir)

distributed in the following patter
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\/o 750 mlin systemic arteries
/o 350 mlin systemic capillaries
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o 190 mlin pulmonary veins; 190 mlin pulmonary arteries ﬁ“ﬁﬁ""‘*ﬁﬂ'wﬂ'ﬂw'@*m

o 70 mlin pulmonary capillaries (our concern here!)
The total alveolar volume is about 2300 ml, which is much larger than the 70 ml present
in the pulmonary capillaries. This means that the effect of alveolar PO, on blood PO, is
much larger than the effect of blood PO, on alveolar PO,. So P,O; is essentially constant
and continuously renewed by breathing, and oxygen uptake by the blood is negligible,
while blood PO, changes from 40 to 100 mmHg gradually as blood passes through the
respiratory zone of the lungs, reaching equilibrium after the first part of the capillary.
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The same applies to PACO; (= 40 mmHg) and blood PCO; (gradually changes from 45 to
40 mmHg as blood passes, and it reaches an equilibrium (P,CO; = 40 mmHg)). ’\)/
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When talking about gas exchange in systemic capillaries, we have a similar process
occurring between blood (350 ml) and the interstitial fluid (11000 ml).

The image below shows how oxygen passes through from blood into the interstitium and
then into body cells to use it for their needs. Carbon dioxide is also shown as it passes
in the opposite direction as oxygen, moving from body cells as a metabolic waste
product, into the interstitium, and finally to blood for reconditioning in the lungs. For
both gases to pass through these pathways, a pressure gradient across the 3
compartments must be maintained. As shown below, PO, is highest in arterial blood
(100 mmHg), then in the interstitium (40 mmHg), and then inside cells (<40 mmHg).
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As discussed in the previous lecture, the airway starts with the conductive zone (0-16™
divisions), which is also called the anatomical dead zone, which is not accurate
because this zone (1) humidifies air, (2) warms air, and (3) secretes protective mucus

:(Tidal Volume) judisill aaa
B aaa anuy 1389 (il JS (o8 £ 9l (50 Jo 500 (ol 5 (oraabs Sy il (bt LA i | sice

and propels foreign bodies outside.
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The composition of air in this zone is variable, depending on the phase of the breathing
cycle. At rest, a normal person inhales about 500 ml and exhales the same volume per
one breath; this amount is referred to as the tidal volume. At the end of expiration, the
composition of air in the “anatomical dead space” is similar to alveolar air (PO, = 100;

PCO; =40 [mmHg]).
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During inspiration, the inhaled fresh air (PO, = 150; PCO, = 0; PH.O =47 [mmHg]) is in
total about 500 ml (tidal volume). The first 150 mlthat enters only displaces the “old” ai
from the conductive zone back into the alveoli, while the rest of the tidal volume (350
ml) is the part that actually mixes with the alveolar air, maintaining the continuous
renewal for the gases.

SN maad o e Lilas¥ ! (il adlus s
£18¢d1 O (3 adll ode oAl (835 ol il 1 gl 3301 JAss (CPR) s LibacsY | (pudiil] it
s g (o (5 gy 31 Y1 (eSS (30 ST ot (o (59 (5311) Lnaadl gl o152 sudh 2 Ll 3l

This orientation helps explain why CPR is effective. During mouth-to-mouth ventilation,
the rescuer delivers expired air into the patient’s lungs. Although expired air is not

atmospheric air, it still has clinical value.
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Expired air is a mixture of alveolar air (350 ml; 100 mmHg O,; 40 mmHg CO,) and dead-
space air (150 ml; 150 mmHg O,; no COy); therefore, its PO, (116 mmHg) is higher and
its PCO, (28 mmHg) is lower than pure alveolar gas (PaO, = 100; PACO, = 40 [mmHg]).

Calculating gas pressures in expired air is done by a weighted average of both alveolar

and dead-space air contents (see the equations below). Z275i veon sy v o
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350 ml* 100 mmHg + 150 ml * 150 mmHg

Pr02 = 500 ml

~ 116 mmHg

350 ml x40 mmHg + 150 ml x 0 mmHg

PECO2 = S00 i

~ 28 mmHg

The subscript “E-bar” means “mixed expired’] which relates to expired air composition.

This composition makes for a driving force (DF) that maintains sufficient oxygen

diffusion into pulmonary capillary blood and allows CO, elimination, making expired air

adequate for temporary ventilation during CPR. :(CPR) gty gusiitizy et asiy
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Boyle’s Law of Gases :.ui
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Imagine that there is a specific mass of a gas contained in a sphere container with a
specific volume. As the gas molecules are in constant movement, they are in
continuous collisions with the wall of the sphere, and these collisions produce a force
applied to the surface area of the sphere wall.

Force

We can calculate the pressure of this gas; remember that P = roq "

If the same gas mass now is contained in a bigger sphere (increased volume), the same
number of collisions is happening against a bigger surface area, thus the gas pressure
will decrease, and this is the concept of Boyle’s law of gases which states that “for a
fixed amount of gas at a constant temperature, its pressure and volume are
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The pressure and volume of a gas are inversely proportional,
provided the temperature and mass are kept constant
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High pressure => Low volume Low pressure => High volume

PV, = P,V, = Constant
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Respiratory System Physiology Lecture 1

Mechanics of breathing: How do we breathe?
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Inspiration is the process of air entering the lung. As inspiration is a flow, it is guided by
ohms law; remember (Flow = % [Ohm's Law]); DF is generated from the pressure

difference between the outside air and the alveoli. If the two compartments had a

Vo)
pressure of zero, there will be no flow even if the resistance is zero, so to generate this e
pressure gradient, the outside pressure must be higher than the alveolar pressure. P

During inspiration, the pressure gradient will be in favor of air entering the lungs until ﬁ’f‘“‘“"
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the end of inspiration, where the gradient of pressure will be zero as the equilibrium /e bezape
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calculations. Negative values (-) indicate suction (Inhalation). Positive values (+) iy )
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indicate pushing (Exhalation). (sl 51

In clinical settings, external air pressure can be controlled by a respirator/ventilator to
aid in inspiration and expiration by creating a pressure gradient between outside air and "
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the alveoli. However, this is not what happens in a normal human. 2 s ias Cu st oSSl o e
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Physiologically, the outside air pressure is constant; however, alveolar pressure can be
modified by controlling the volume of the alveoli. When the alveoli expand, they 5

increase in volume and their pressure decreases (Boyle’s Law) relative to the outside :izﬁ“ggw
pressure, generating a pressure gradient that leads to the inflow of the air into the lungs, =002
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increasing alveolar pressure until equilibrium is reached again (AP = zero).

How do the alveoli increase in volume?

The lung is surrounded by the pleural cavity, which is a closed chamber. Intrapleural
pressure is -4 mmHg, and when it drops to -6 mmHg, the lungs will immediately inflate;
this is achieved when the diaphragm contracts as the contraction makes the diaphragm
descend down increasing the volume of the thoracic cavity, which in turn makes the
intrapleural pressure more negative, and increases intra-abdominal pressure. This
contraction will increase the pressure on the abdominal part of the IVC, while the
expansion of the thoracic cavity decreases the pressure on the thoracic part of IVC, thus
increasing the pressure gradient that aids in venous return.
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Respiratory System Physiology unspiration) sl Lecture 1
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2. Expansion of the thoracic cavity. s s s o s
3. Intrapleural pressure becomes more negative (note that it is by default

negative, but it becomes more negative after the thoracic cavity expands)./-\J
4. Lunginflates. To il Sl LSl e e e ™

Intra-alveolar pressure drops to -1 mmHg.?;
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“Itis not the air that inflates the lungs,
it is the inflated lungs that pulls air in”
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Normal human breathing is said to be negative breathing, which means that breathing is
essentially sucking air into a negative pressure chamber. On the other hand, artificial
breathing is positive breathing as it pushes air from outside into the lungs.
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When the diaphragm relaxes, the volume of the thoracic cavity decreases, making the
intrapleural pressure less negative (from -6 to -4 mmHg), thus compressing the lungs
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Imagine we have a rubber band; pulling it further than its resting length needs active .2 200 L
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tension, and bringing it back to its resting length is passive and does not consume s st s
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energy. Applying this concept to the lungs, inspiration is active and requires the
contraction of the diaphragm, and thus it require ATP, while expiration is passive and =7 el 7 i,
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does not require energy. Ul ol 2l 3 #1541
Muscles of respiration including the diaphragm, external intercostal muscles, neck
muscles, etc., are very efficient and consume only 2% of the ATP expenditure of the
body. When expiration becomes active in pathological conditions, these muscles could

consume more energy (as far as 80% of the body’s ATP), leading to fatigue and )
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eventually death in extreme cases. s cswsa slis
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