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The move: Do not start with the names of the branches. Start with the 
problem branching solves, then let Fick’s law reveal why the tree looks 
the way it does. 

Branching is what builds the surface area 

Open with the purpose. We are tidal breathers, which means we breathe 
in and out of a blind-ended bag, albeit a very complex one. The whole 
architecture is organized around one quantity from Fick’s law: surface 
area. There are about 23 generations of branching because this is the 
only way to turn two football-sized organs into roughly 300 million little air 
sacs. 

Two zones, split by their job 

Now split the tree into two zones and tie each to its job. The conducting 
zone is the first sixteen generations of branches or so. Its job is simply to 
move air to and from the gas-exchange surface, so it is the anatomical 
dead space: real volume that never participates in exchange. The 
respiratory zone is the last seven generations, where alveoli appear and 
gas exchange happens. Cross-sectional area stays tiny through the 
conducting zone and then explodes upward at the respiratory zone. That 
explosion is the surface-area term in Fick’s law made visible. 

Each structure read as a result of adaptive logic, top to 
bottom 

Walk the structural transitions down the tree as adaptive to specific 
functions, not as a list to memorize. Up high there’s a need for rigid open 
pipes, so we find cartilage that keeps the airway from collapsing when 
intrathoracic pressure climbs during a forced exhale. There is also 
pseudostratified ciliated columnar epithelium with goblet cells producing 
mucus. That mucus traps dust, bacterial spores, and other airborne 
particles, and the cilia sweep it toward the pharynx, where we swallow it, 
carrying the trapped particles into the digestive tract. That is the 
mucociliary defense and is necessary because our lungs are blind-ended 
and would otherwise slowly fill with dirt. Then ask what has to change as 
the alveoli are approached, and why. Mucus here would be a thick wet 
layer that gases must cross, which adds directly to the diffusional 

Causal Chain: Why the Tree Looks Like This 

A blind-ended lung can raise exchange area only by 
subdividing, and the lung does it by branching (~ 23 
generations) to ~ 300 million alveoli. More alveoli means 
more surface area (A in Fick’s law) and so a higher 
diffusion rate. The two zones divide the work: conducting 
zone keeps small area + cartilage to move air without 
collapse (dead space, no exchange); respiratory zone 
maximizes area and minimizes wall thickness for fast 
diffusion 

Key Relation 

• Fick: Jₘ ∝ D · A · (ΔP / ΔX). Surface area and short 
distance are the two structural levers the anatomy 
optimizes. 

Key Distinction: Conducting vs. Respiratory Zone 

• Conducting (gen. 1–16): big rigid pipes, cartilage, 
mucus + cilia, no exchange (dead space) 

• Respiratory (gen. 17–23): thin squamous sacs, 
smooth muscle, no mucus/cilia, all exchange 

Common Errors 

• Error: Treating dead space as wasted or vestigial. It is 
the necessary plumbing to reach the exchange 
surface; the cost is real volume that never exchanges 
gas. 

• Error: Thinking cross-sectional area falls as the tree 
branches. Per branch it falls, but the total summed 
area rises steeply toward the alveoli. 

• Error: Assuming cilia and mucus run all the way down 
the tree. They stop before the alveoli because mucus 
would add to ΔX. 

Prediction Prompt 

• Predict: A drug paralyzes airway cilia. Where would 
you expect particulate matter and infection to 



distance (ΔX). So, mucus and cilia disappear together, the epithelium 
thins to flat squamous cells, and the cartilage is replaced by smooth 
muscle. That smooth muscle is the lever for matching air flow to blood 
flow, an important concept discussed later in the chapter. 

Same conduit, opposite priorities at the two ends 

Contrast the ends to make the design stick. Conducting zone equals big 
rigid pipes, small total area, no exchange, mucus and cilia present. 
Respiratory zone equals tiny thin-walled sacs, enormous total area, 
exchange everywhere, mucus and cilia gone. Same tube, opposite design 
priorities at the two ends, and Fick’s law explains the switch. 

accumulate, and why does this matter more for blind-
ended lungs than for a flow-through gill? 

• Predict: A surgeon removes one lung lobe, reducing 
alveolar number by about 20 percent. Predict the 

effect on the maximum achievable O2 diffusion rate. 

 

Section 2: Alveolar Structure and the Respiratory Membrane — Two Surface Tensions, One 
Barrier 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Emphasize the importance of respiratory membrane surface 
area, then show that surface tension is a problem in one place and quite 
useful in another.  

Two jobs explain every cell type 

Frame the alveolus as having two important jobs: maximizing the surface 
area for diffusion and protecting that surface against both particles and 
collapse. Keeping these in mind, the cell types explain themselves. 

The cell varieties fall out of those two jobs 

Type I cells are the flat squamous cells that form most of the alveolar 
wall. Their flatness is the point: they keep the diffusional distance small. 
Type II cells are fewer, but essential because they secrete surfactant. 
Here is their key role: the alveolar wall is lined by a thin layer of water, 
and water molecules are dipoles that attract one another and pull 
together. That inward pull is surface tension, and it tends to collapse the 

Causal Chain: How Surfactant Keeps Alveoli Open 

Water lining the alveolus forms dipole attractions → those 
attractions create surface tension pulling the wall inward 
→ unopposed, that tension would collapse alveoli and the 
smallest bronchioles. Type II cells secrete surfactant, 
which lowers surface tension → lower tension keeps the 
tiny spaces open, preserving surface area and 
compliance. Two further factors oppose collapse: the 
interstitial connective-tissue mesh, whose outward 
tension rises as an alveolus shrinks, and the negative 
pleural fluid pressure 

Respiratory Membrane = ΔX (≈ 0.3 µm) 

• Alveolar (Type I) epithelium + fused basement 
membrane + capillary endothelium. 



alveolus. If alveoli collapsed with every exhale we would have to re-inflate 
millions of them with every breath, which would be catastrophic. 
Surfactant is a lipoprotein detergent that gets between the water 
molecules and reduces that surface tension, helping keep the small 
spaces open. Assisting surfactant in preventing collapse of the alveoli is 
the fact that these tiny sac-like structures are suspended within an 
interstitial connective tissue “mesh.” As an alveolus shrinks, tension on 
this outwardly pulling mesh increases, further decreasing the likelihood of 
collapse. A third cell type performs surface clearance. Macrophages, the 
dust cells, wander the alveolar surface and phagocytose dust, bacterial 
spores, and fungal spores that slipped past the mucociliary escalator. 
Cilia are absent at the alveoli, so clearance depends on a mobile 
phagocytic cell instead. 

The respiratory membrane is the “ΔX” in Fick’s law 

Now build the respiratory membrane based on its very specific 
requirements. Although students treat the ΔX in Fick’s law as a vague 
gap, this term is of critical importance. Blow up the spot where an 
alveolus meets a capillary. The barrier here consists of alveolar 
epithelium, the capillary endothelium, and a fused basement membrane 
of extracellular matrix in between. That stack represents the entire 
distance a gas molecule must cross to move from air to blood or back. 
We want this distance to be small, around 0.3 microns, so diffusion can 
be fast. No membrane proteins carry gases across the respiratory 
membrane; the whole process is passive diffusion down a partial-
pressure gradient. 

Surface tension: enemy inside, ally outside 

Close with the interesting and essential surface tension dichotomy: on the 
inside of the alveolus this force must be reduced via presence of 
surfactant because here it threatens collapse. On the outside, in the 
pleural space, surface tension is advantageous because it helps the lung 
adhere to the chest wall. Same physical phenomenon, opposite 
desirability, two different locations. Flag this contrast now so it does not 
blindside students in the ventilation section. 

• Entirely diffusion-dependent; no membrane proteins 
carry these gases. 

Key Distinction: Same Surface Tension, Two Verdicts 

• Inside the alveolus: harmful (threatens collapse); 
reduce it with surfactant. 

• In the pleural space: essential (holds lung to chest 
wall); maintain it there. 

Common Errors 

• Error: Believing Type I cells do the exchange work 
actively. They are passive thin barriers; their value is 
thinness. 

• Error: Treating surface tension as always harmful. 
Inside the alveolus it is harmful; in the pleural space it 
is essential. 

• Error: Visualizing alveoli as perfect spheres. They are 
actually flat-sided polyhedra packed together, which 
matters for why the Laplace relation among pressure, 
wall tension, and radius does not cleanly apply to 
them. 

Prediction Prompt 

• Predict: A premature infant lacks surfactant. Using 
Fick’s law and the compliance idea, predict what 
happens to the work of breathing and to alveolar PO2, 
and why positive-pressure ventilation helps. 

• Predict: Pulmonary fibrosis triples the thickness of the 
respiratory membrane. Predict the effect on the O2 
diffusion rate through the ΔX term, and why CO2 
transfer is less impaired. 

 



Section 3: Ventilation Mechanics — How Lungs With No Muscles Can Still Move Air 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Lead with this paradox: the lungs contain no muscles that 
move air. Explain that this can still be accomplished via the pleural 
linkage and application of Boyle’s law, in that order. 

The lungs are passive, so control is indirect 

State the paradox first. The lungs are passive. They contain no muscles 
to move air in or out. So how does air move? The answer is indirect, and 
step one is the linkage. Each lung is wrapped in a pleural membrane with 
two layers, visceral on the lung and parietal on the chest wall and 
diaphragm, separated by a thin film of pleural fluid. That fluid adheres the 
lung to the chest wall the way a film of water sticks two panes of glass. 
Use this demonstration: a dry pane of glass slides on a desk and lifts 
straight off; add olive oil and it slides even more easily but now resists 
being pulled straight up. The oil represents pleural fluid. It reduces friction 
so the lung slides as the thorax changes shape, and it generates surface 
tension so the lung does not pull away from the wall. Further preventing 
lungs from separating from the chest wall and allowing their volume to 
track changes in thoracic cavity volume is negative pleural fluid pressure 
(explanation coming up).  

Boyle’s law predicts why changes in thoracic volume result 
in airflow 

Step two is Boyle’s law. Because the lung adheres to the thorax, when 
muscles change thoracic volume, lung volume tracks it. Boyle says 
pressure and volume are inversely related at fixed temperature. The 
diaphragm contracts and drops, the external intercostals lift the ribs, 
thoracic volume rises, so intrapulmonary pressure (Palv) falls below 
atmospheric and air rushes in down the newly developed pressure 
gradient. Relax the muscles and the elastic lung recoils, volume falls, Palv 
rises above atmospheric, and air flows out, this time down the reverse 
pressure gradient that just formed. During quiet breathing Palv swings only 
about one millimeter of mercury on either side of 760 mmHg. Step three 

Causal Chain: Inspiration 

Diaphragm and external intercostals contract → thoracic 
volume increases (taller via diaphragm, wider via ribs) → 
pleural linkage forces lung volume to increase with it → 
by Boyle, Palv falls below Patm → air flows down the 
pressure gradient into the lungs. Expiration at rest 
reverses this passively via elastic recoil 

Key Distinction: Two Pressures, Keep Them Separate 

• Palv (intrapulmonary): swings just above and below 
atmospheric to drive air. 

• Intrapleural: stays negative throughout to keep the 
lung attached. 

Common Errors 

• Error: Thinking lung muscles pump air. There are 
none; thoracic muscles change volume and the lung 
follows. 

• Error: Believing intrapleural pressure goes positive 
during a normal breath. It stays negative; if it reaches 
atmospheric, the lung collapses. 

• Error: Confusing the two pressures, or assuming the 
lung is physically glued to the wall rather than held by 
fluid surface tension and negative pressure. 

Prediction Prompt 

• Predict: A knife wound opens the pleural space on 
one side. Predict what happens to that lung’s volume 
on the next inspiratory effort and why the contralateral 
lung can still ventilate. 

• Predict: At the very end of a quiet exhale, no air is 
moving. Predict the sign of Palv and of intrapleural 



is the intrapleural pressure, which students commonly assume is positive. 
It is negative, though, around -4 mmHg to -6 mmHg. Present this as a 
tug-of-war analogy: the elastic lung is always recoiling inward, and the 
chest wall is always springing outward, so the two pull away from each 
other across the sealed fluid space. That creates a partial vacuum that 
holds the lung against the wall. Even at the end of a breath, when air 
stops moving and Palv equals atmospheric, intrapleural pressure stays 
negative. 

Lose the seal, lose ability to ventilate the lung 

Now bring up the failure mode. Puncture the seal and air enters the 
pleural space. Negative pressure is lost, surface tension is lost, and the 
elastic lung recoils into a shriveled ball that no longer tracks the thorax. 
This is a pneumothorax and it produces atelectasis, a collapsed lung. 
Having two separate pleural cavities is the reason a one-sided 
pneumothorax is survivable, but a bilateral pneumothorax is not: the intact 
side keeps its seal and keeps ventilating. 

pressure at that instant, and explain why one is zero 
(relative to atmospheric) while the other stays 
negative. 

 

Section 4: Spirometry, Compliance, and Disease — Separating “How Much?” From “How Fast?” 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Get students to see that ventilation volume and flow rate are 
different measurements, then let obstructive and restrictive diseases fall 
out as failures of one or the other. 

The device first, to make the numbers meaningful 

Start with the device so the numbers relate to what’s happening 
physically in the patient. A Collins spirometer is just a bucket inverted in 
water with a hose into the trapped air. Breathe in and out and the bucket 
rises and falls by exactly the volume of air moved, tracing it on a drum. 
Modern units are electronic and use flow transducers, but the bucket 
makes clear that we are directly measuring moved air volume. Lay out the 
volumes as fundamental increments and the capacities as meaningful 

Key Distinction: Two Separate Measurements 

• Volume: how much air (TV, IRV, ERV, VC, RV). VC 
falls only in restrictive disease. 

• Performance: how fast a maximally exhaled volume of 
air can be moved (FEV1/FVC). Falls in obstructive 
disease. 

Causal Chain: How Disease Splits the Two 

Obstruction (mucus, inflammation, bronchospasm) 
narrows airways → by Poiseuille, the smaller radius 
raises resistance steeply → air exits slowly, so FEV1/FVC 
drops below ~ 0.7. Separately, restriction (scarring) 



sums. Tidal volume (TV) is the air moved in a single breath, and it is not 
fixed. Above it sits the inspiratory reserve (IRV) that is not being inhaled 
during a normal breath, below it the expiratory reserve volume (ERV). 
Maximal inhale to maximal exhale is the vital capacity (VC), the sum of 
tidal plus both reserves. Residual volume (RV) is the roughly one liter the 
subject can never exhale, so it cannot be measured by spirometry at all. 
During exercise TV grows by drawing on both reserves (IRV and ERV), 
while VC itself does not change. 

Capacities are volumes added together 

Capacities are just meaningful sums of the four volumes. Students often 
mistakenly conflate them with the volumes themselves. Vital capacity has 
already been defined: inspiratory reserve plus tidal plus expiratory 
reserve, all the air one can voluntarily move. Two more capacities are 
extremely relevant: functional residual capacity is the expiratory reserve 
plus the residual volume, the air still in the lungs after a normal quiet 
exhale. This constitutes the resting balance point, where the lung's inward 
elastic recoil exactly offsets the chest wall's outward spring, and it is the 
volume breathing actually oscillates around. As we will see later, the 
alveolar air O2 and CO2 partial pressures are functions of this FRC. Total 
lung capacity (TLC) is all four volumes together, the fully inflated 
maximum. Note the consequence that ties back to the device: because 
both FRC and TLC contain the RV, and RV never leaves the lung, neither 
capacity can be measured by spirometry alone. 

Volume and performance are two separate measurements 

Now switch from volume to performance, which is the second, 
independent parameter spirometry measures. Have the subject inhale 
maximally, then exhale as hard and fast as possible. The total exhaled 
under this timed condition is the forced vital capacity (FVC), which should 
be of the same volume as the ordinary VC because forcing it as a race 
does not change the volume of air that’s actually moved. The fraction 
blown out in the first second is the forced expiratory volume @ 1 second 
(FEV1). In a healthy person FEV1 is about 80 percent of FVC. That ratio is 
a rate measurement, governed by resistance to airflow, which is 
Poiseuille territory: narrow the tube and resistance climbs steeply with the 
fourth power of radius. 

lowers compliance (ΔV/ΔP) → lung will not expand, so 
VC and FVC shrink while the FEV1/FVC ratio stays 
normal. 

Key Relation: Capacities Are Sums of Volumes 

• Vital capacity (VC) = IRV + TV + ERV (max inhale to 
max exhale). 

• Functional residual capacity (FRC) = ERV + RV (air 
left after a quiet exhale; the resting balance point). 

• Total lung capacity (TLC) = all four volumes (full 
inflation). Both FRC and TLC include RV, so neither is 
measurable by spirometry alone. 

Common Errors 

• Error: Equating a low FEV1 volume with obstruction. 
What matters is the FEV1/FVC ratio, not the raw FEV1. 

• Error: Thinking RV can be measured on a spirometer. 
It cannot; this is a volume of air that never leaves the 
lungs. 

• Error: Believing VC changes during exercise. TV 
changes by tapping into the reserves; VC is fixed 
except in disease. 

Prediction Prompt 

• Predict: Two patients have the same FEV1 in liters. 
One has a FEV1/FVC ratio of 0.85, the other 0.55. 
Predict which has obstructive disease and sketch how 
their FVC curves differ in shape. 

• Predict: A patient with pulmonary fibrosis exhales 
forcefully. Predict their FVC and their FEV1/FVC ratio 
relative to normal, and explain why the ratio can stay 
normal while vital capacity falls. 



Two diseases, two distinct failures 

Read the three curves (normal plus both disease categories) as two 
independent failures. Obstructive disease, the COPDs like emphysema 
and chronic bronchitis, plus acute asthma, narrows the airways with 
inflammation, mucus, or bronchospasm. Resistance rises, so air comes 
out slowly and FEV1/ FVC drops below about 0.7, even though the person 
may still eventually move a near-normal volume. Restrictive disease, the 
CRPDs like fibrosis, scars and stiffens the lung. Here compliance falls, 
defined as the change in volume per change in pressure, so the lung will 
not expand and vital capacity shrinks, yet the person can still move that 
smaller volume quickly, so the FEV1/FVC ratio stays near 0.8. 

Where the textbook separation blurs 

End with an integrative caution. Obstructive diseases are generally 
restrictive too, over time. Emphysema starts by wrecking the FEV1/FVC 
ratio, but as it destroys surface area and elasticity it also drops 
compliance and vital capacity. So, the textbook separation between 
COPD and CRPD blurs with time. You should tell students about this up 
front rather than let the real spirogram surprise them. 

 

Section 5: Alveolar Air Composition — Why Alveolar PO2 Is Not 160 mmHg 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Set a conceptual trap: ask students what the alveolar air PO2 
is in a resting subject. Most will say 160 mmHg (same as atmospheric 
air). Tell them that’s wrong, then explain why it is actually about 105 
mmHg. 

Start at the atmosphere with Dalton’s law 

Dalton’s law states that total gas pressure is the sum of the partial 
pressures of component gases. Atmospheric pressure at sea level is 
about 760 mmHg. Air is a mixture of mostly nitrogen and oxygen, and is 

Why Alveolar PO2 ≈ 105, Not 160 

• Dalton: PO2 of dry inhaled air = 0.21 × 760 mmHg ≈ 
160 mmHg. 

• Tidal breathing mixes fresh air with deoxygenated 
residual air (dilution). 

• Humidification adds water vapor (PH2O ≈ 47 mmHg), 
displacing O2 and N2. 

• Net alveolar PO2 ≈ 105 mmHg. 



about 21% O2, so PO2 in inhaled air is 0.21 times 760 mmHg, about 160 
mmHg. Write that on the board. 

Spring the trap: alveolar PO2 is 105 mmHg, not 160 mmHg 

Now spring the trap. Ask what PO2 is down at the alveolar level, and it’s 
definitely not 160 mmHg. Two factors lower the PO2 there and both follow 
from how we breathe. First, we are tidal breathers, so the lung never fully 
empties. Fresh fully oxygenated TV air must be humidified and then 
combines with the partially deoxygenated FRC air remaining in the lungs 
following the last exhalation, which lowers the PO2 of the alveolar air 
mixture. Very specifically, inhaled tidal air gets humidified as it crosses 
the wet airway surfaces, and water vapor rises from near zero to a partial 
pressure of about 47 mmHg, which displaces some of the oxygen and 
nitrogen. Between humidification and combination with the FRC, alveolar 
PO2 settles at around 105 mmHg. This is important because gas diffusion 
across the respiratory membrane is driven by the partial-pressure 
gradient, the ΔP in Fick’s law. The alveolar PO2 of about 105 mmHg 
meets incoming blood at a PO2 of 20 mmHg to 40 mmHg, so the gradient 
is roughly 65 mmHg to 85 mmHg, which is large and drives oxygen 
briskly into the blood. The body deliberately holds alveolar PO2 near 105 
mmHg (and maintains it at that level via repetitive breathing cycles even 
though net O2 diffusion into the pulmonary capillary blood is taking place) 
because that is high enough to keep that gradient strong and to fully 
saturate hemoglobin (Hb). 

Carbon dioxide handling as the mirror image, where Henry 
earns its place 

Present the situation for carbon dioxide exchange as a mirror image of 
that seen with oxygen, and here Henry’s law is fully relevant. CO2 moves 
the opposite direction, from blood into alveolar air, because blood arrives 
with a PCO2 of about 45 mmHg and alveolar air sits at about 40 mmHg 
(also maintained at that level through repeated breathing cycles during 
resting conditions). That is a gradient of only 5 mmHg, which seems 
inadequate next to the oxygen gradient. The resolution to this is solubility. 
Henry’s law says the amount of a gas that moves into or out of solution 
depends on both the partial pressure above the solution and the solubility 
of that gas, and CO2 is far more soluble in body fluids than is oxygen. So, 

Why We Hold It There 

• O2 gradient = 105 mmHg − (20 mmHg to 40 mmHg) = 
65 mmHg to 85 mmHg: strong enough for rapid 
diffusion and full Hb saturation. 

• CO2 gradient = 45 mmHg − 40 mmHg = only 5 mmHg, 
yet CO2’s high solubility (Henry) lets it equilibrate 
anyway. 

Common Errors 

• Error: Assuming inspired PO2 (160 mmHg) is what the 
alveolus and blood see. Mixing and humidification 
drop it to ~105 mmHg. 

• Error: Concluding the tiny CO2 gradient means poor 
CO2 removal. Solubility compensates fully. 

• Error: Forgetting that humidification reduces PO2 
even before mixing (760 mmHg – 47 mmHg, then × 
0.21 ≈ 150 mmHg). 

Prediction Prompt 

• Predict: At altitude, atmospheric pressure falls but the 
fraction of O2 stays 21% and PH2O stays 47 mmHg. 
Predict the direction of change in alveolar PO2 and in 
the O2 diffusion gradient. 

• Predict: A patient voluntarily hyperventilates. Predict 
the direction of change in alveolar PCO2 and in 
alveolar PO2, and explain why the two move in 
opposite directions. 



CO2 equilibrates readily even across a tiny gradient. This is exactly why a 
soda fizzes: it was packaged under high-pressure CO2, and when you 
open it the pressure above the liquid collapses and the gas rushes out of 
solution. 

Three laws, one respiratory membrane 

Close with the synthesis. Dalton explains the partial pressures, Henry 
explains why a small CO2 gradient still works while oxygen needs a big 
one, and Fick ties both back to the gradient term. Three laws, one 
membrane, one coherent story. 

 

Section 6: Oxygen Transfer — Driven by Diffusion, Limited by Perfusion 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Build the resting reserve first, then show exercise spending it. 
The bathtub-and-glass analogy makes perfusion-limitation concrete. 

Equilibrium is reached with time to spare 

Consider the situation in a resting subject. Alveolar PO2 sits at about 105 
mmHg, held there by sustained ventilation. Blood, partially deoxygenated 
and returning from the systemic tissues enters the pulmonary capillary at 
about 40 mmHg. The partial pressure gradient drives oxygen into the 
blood, and the blood PO2 climbs and equilibrates with the alveolus. The 
striking fact is timing: a red cell spends about 0.75 second in the capillary 
(pulmonary capillary transit time), but O2 diffusion reaches equilibrium in 
about 0.25 second, within the first third of the capillary. The last two-thirds 
is reserve we are not using at rest. So, what is the significance of that 
reserve? The answer is it’s needed during exercise. During exercise 
ventilation rises to still hold alveolar PO2 at ~ 105 mmHg, but cardiac 
output rises several-fold, so a red cell now traverses the capillary in about 
0.25 second instead of 0.75 second. That is exactly the time it takes for 
equilibration to occur. The reserve length of capillary is now being used. 
The incoming pulmonary arterial (formerly systemic venous) blood PO2 

Causal Chain: Why Transfer Is Perfusion-Limited 

Strong gradient (105 mmHg vs 40 mmHg) drives O2 into 
capillary blood → equilibrium reached in ~ 0.25 s, within 
the first third of the capillary. At rest, pulmonary capillary 
transit time is ~ 0.75 s, so two-thirds of the capillary is 
reserve. In exercise, transit time falls to ~ 0.25 s → the 
reserve is consumed but equilibration is still just 
completed → blood still leaves saturated. Because blood 
always leaves at full concentration, uptake scales with 
flow: transfer is perfusion-limited. 

When Transfer Across the Membrane is Compromised 
(Diffusion-Limited) 

• Thickened membrane (↑ΔX) or low alveolar PO2 slows 
diffusion. 

• Equilibrium not reached before the venous end → 
under-saturated blood → diffusion-limited. 

Common Errors 



has also dropped to about 20 mmHg because the muscles extracted 
more oxygen, which actually steepens the partial pressure gradient and 
speeds equilibration. So even at the now tripled flow rate, blood still 
leaves the pulmonary capillary with its hemoglobin fully saturated with O2. 

Perfusion, not diffusion, sets delivery 

Because diffusional equilibrium is just about always reached, the amount 
of oxygen carried away from the lungs is really set by how fast blood is 
delivered. This is called perfusion-limited transfer. Consider a glass being 
used to bail water out of a bathtub: each glassful comes out full whether 
you scoop slowly or quickly, so you empty the tub faster only by scooping 
faster, not by filling each glass fuller. Blood leaves the pulmonary circuit 
at the same oxygen concentration whether it moves slowly or quickly, so 
faster flow means more oxygen delivered per minute. 

Changing factors within Fick’s law defines another way to 
limit oxygen transfer 

Suppose disease thickens the respiratory membrane, raising ΔX, or 
altitude lowers alveolar PO2. By Fick, diffusion slows, so equilibration is 
delayed and the blood PO2 curve no longer reaches the alveolar value 
before the red cell runs out of capillary. The blood now leaves under-
saturated. This is diffusion-limited transfer, and it is the failure state. The 
glass referred to above is no longer full each trip. That’s why patients with 
pulmonary disease or climbers at altitude fatigue: at the very moment 
they speed blood flow to deliver more oxygen, they cannot fill each red 
cell, so faster flow delivers less, not more O2. 

Perfusion-limited is the goal; diffusion-limited is the disease 

State the conclusion. We want O2 transfer to be perfusion limited. That 
means diffusion is so fast it is never the bottleneck, leaving blood flow as 
the dial that can be turned up. Diffusion-limited exchange is the disease 
state, where the transfer itself becomes the bottleneck and speeding flow 
actually lowers delivery rather than raising it. 

• Error: Thinking faster blood flow always delivers more 
O2. Only true while the exchange is perfusion-limited; 
if diffusion-limited, faster flow delivers less O2. 

• Error: Believing the resting reserve is unnecessary. 
This is the safety margin that’s tapped into during 
exercise. 

• Error: Confusing the cause of impeded O2 transfer 
during pulmonary disease: in cases of ↑∆X or low 
alveolar PO2 the bottleneck is the membrane 
(diffusion), not the capillary flow (perfusion). 

Prediction Prompt 

• Predict: Pulmonary edema doubles the respiratory 
membrane diffusion distance. Predict what happens to 
end-capillary blood PO2 at rest versus during sprinting, 
and explain which condition unmasks the problem. 

• Predict: An athlete triples cardiac output at sea level. 
Predict whether end-capillary blood still leaves fully 
saturated and name the capillary reserve that makes 
this possible. 

• Predict: A surgeon removes one lung lobe, reducing 
alveolar number by about 20 percent at fixed cardiac 
output. Predict whether end-capillary blood remains 
fully saturated at rest versus during maximal exercise, 
and explain what reserve is consumed as flow rises. 

 

 

Section 7: Ventilation–Perfusion Matching — The Lung’s Backwards Hypoxic Reflex 



 

Instructor Narrative Structured Outline / Causal Chain 

The move: Teach how gravity affects the ventilation:perfusion ratio first 
so students see why local control is needed, then highlight the one reflex 
that is the opposite of the systemic rule. 

Start with the theoretically ideal situation, then show how 
gravity disturbs it under normal conditions 

Start with the ideal ventilation:perfusion ratio and then show how it is 
challenged by gravity. On average, in a resting, standing person, 
ventilation and perfusion match 1:1 across the whole lung. Written as a 
ratio of alveolar ventilation to blood flow, this is called the V/Q ratio, and 
on the whole-lung average, it sits near 1. This makes good sense in that 
one liter or air and one liter of blood at full saturation hold approximately 
the same amounts of O2. But this generalized ratio masks big differences 
in major lung regions that are affected by blood pressure and gravity. At 
the lung’s apex, pulmonary blood pressure is low so perfusion is poor and 
ventilation exceeds perfusion, giving a high V/Q. In this region, then, 
blood becomes very well-oxygenated but little blood flows through the 
area. At the base, gravity favors flow (higher blood pressure), perfusion is 
excellent and exceeds ventilation, giving a low V/Q and a larger volume of 
less-oxygenated blood. Lying down erases most of these regional 
differences because gravity now affects all lung regions in the same way. 
Make the consequence of the regional differences explicit: a lung in an 
upright subject with regional mismatch but an overall V/Q of 1 does not 
exchange gas as well as a uniformly matched lung (supine subject), 
because the standing subject’s over-perfused lung base contributes a lot 
of poorly oxygenated blood and the well-oxygenated apex contributes 
very little. This has direct implications for the O2-hemoglobin dissociation 
curve that will be discussed soon: blood leaving the lung apex is already 
almost fully saturated with O2, so the very high PO2 there cannot load 
much additional oxygen, while the large volume of less-saturated blood 
from the base pulls the mixed venous result down for the lung as a whole. 
That suggests there’s adaptive value in fine-tuning the regional mismatch 
(adjusting V/Q at both the apex and base so they’re now closer to 1). 
Coming up next, we’ll see how that’s done. 

The Gravity Problem (Upright) 

• Apex: poor perfusion, V/Q > 1, little but very oxygen-
rich blood. 

• Base: great perfusion, V/Q < 1, lots of less-
oxygenated blood. 

• Average ≈ 1, but regional mismatch lowers overall 
efficiency compared to that found in supine subjects. 

Key Distinction: The Inverted Reflex 

• Systemic tissue: hypoxia → vasodilation (deliver more 
O2). 

• Lung: a poorly ventilated region develops local 
alveolar hypoxia → low alveolar PO2 directly constricts 
the pulmonary arterioles feeding that region (hypoxic 
pulmonary vasoconstriction) → blood is diverted 
toward better-ventilated alveoli → V/Q is re-matched 
and arterial PO2 is protected. This runs opposite to 
systemic because pulmonary blood flow only picks up 
O2 where alveoli are ventilated, so perfusing an 
unventilated region would only dilute arterial O2. 
Bronchiolar tone adjusts airflow in parallel to fine-tune 
the match. 

 

Common Errors 

• Error: Applying the systemic rule to the lung: “hypoxia 
dilates.” In the pulmonary circuit hypoxia constricts. 

• Error: Thinking V/Q matching can overcome gravity. It 
only fine-tunes within the gravitational gradient. 

• Error: Assuming perfusing every alveolus is good. 
Perfusing unventilated alveoli dilutes systemic arterial 
PO2. 

Prediction Prompt 



Local control fine-tunes what gravity mismatches 

Now consider the local control mechanism, built on the two smooth-
muscle control points from Section 1. Bronchiolar smooth muscle 
regulates air flow, and arteriolar smooth muscle regulates blood flow. The 
body adjusts both to match each other region by region in the lung. 
Students must work through the events taking place here carefully, 
because they invert the rule they just learned in the cardiovascular 
chapter. 

The lung inverts the systemic rule 

Set up the contrast. In any systemic tissue, big toe or your spleen, 
hypoxia causes vasodilation: low oxygen means the tissue needs more 
blood, so you open the vessel and deliver more. Ask the students what 
should ideally happen at the lung. The relationship is inverted. In the lung, 
blood flow does not deliver oxygen; it loads oxygen. So, if a lung region is 
hypoxic, it is poorly ventilated, and sending blood there accomplishes 
little, because there is little oxygen to load. The pulmonary adaptive 
response, then, is the opposite of what was observed in systemic tissues: 
local hypoxic conditions result in pulmonary vasoconstriction. Constrict 
the arteriole, divert blood away from the poorly ventilated region toward 
well-ventilated regions where it can actually load oxygen. 

Both flows nudged toward each other 

Now explain the overall effect. Where ventilation is excellent but blood 
flow cannot keep up (lung apex in a standing person), bronchiolar 
constriction trims ventilation to match the available perfusion, limiting 
alveolar “dead space” (where O2 is not being effectively taken up due to 
weak or absent blood flow). Conversely, hypoxic vasoconstriction would 
occur in areas where V/Q ratios are low (lung base). The system nudges 
both flows toward each other everywhere, squeezing the best possible 
exchange out of a lung that gravity keeps trying to mismatch. 

• Predict: A mucus plug blocks ventilation to one lung 
segment. Predict the local change in arteriolar 
diameter and explain how it protects the PO2 of blood 
leaving the whole lung. 

• Predict: A climber breathes hypoxic air, lowering PO2 
in every alveolus at once. Predict the pulmonary 
vascular response across the whole lung and its 
consequence for pulmonary arterial pressure. 

 

Section 8: Hemoglobin and the O2 Dissociation Curve — We’re Talking Cooperativity Here, Not a 

Slide 



 

Instructor Narrative Structured Outline / Causal Chain 

The move: Lose the “sliding up and down the curve” misconception 
immediately, then build the sigmoid curve for students from single-
molecule steps and the R and T states. 

Hemoglobin exists because plasma cannot carry enough O2 

Begin with why hemoglobin exists at all. Oxygen is barely soluble in 
plasma, so plasma alone cannot carry enough to keep us aerobic. 
Hemoglobin raises the carrying capacity of blood roughly seventyfold. It is 
a four-subunit protein, each subunit holding a heme group, an iron atom 
inside a porphyrin ring, and each iron reversibly binds one O2.  

We sample the curve at two points, not slide along it 

Now show students how to read the curve correctly, because the most 
common error is treating it as a continuum to slide along. This curve is an 
experimentally generated relationship between PO2 and percent 
saturation. In the body, hemoglobin is exposed to only two distinct 
environments, the lung at about 100 mmHg to 105 mmHg and the tissues 
at about 20 mmHg to 40 mmHg. Hb’s O2 saturation is stable between 
these points. We are not sliding along this curve; we are sampling it at 
two places. Build the shape from a single molecule to make cooperativity 
tangible. One hemoglobin can only occupy five states: zero, one, two, 
three, or four oxygens bound, that is 0, 25, 50, 75, or 100 percent. If you 
raise PO2 a little, the first oxygen binds, and then the next ones bind more 
readily, with smaller and smaller increases in PO2 needed, until the last 
requires a large increase. That uneven stepping is a result of subunit 
cooperativity, a form of allosteric modulation where binding at one site 
changes affinity at the others. Keep this separate from the modulators 
coming in Section 10: cooperativity is oxygen changing hemoglobin’s 
affinity for more oxygen, the same molecule acting on its own binding, 
whereas the chemical signals like carbon dioxide and acidity are different 
molecules that bind elsewhere and shift affinity from the outside. Average 
trillions of molecules, which do not all “step” at the identical PO2, and the 
steps smooth into the sigmoidal curve. Explain the shape with two stable 
states. Hemoglobin essentially toggles between a relaxed R-state, which 

Why Hemoglobin 

• O2 solubility in plasma is poor; Hb raises carrying 
capacity ~70-fold. 

• 4 subunits, each with a heme iron binding one O2. 

Reading the Curve 

• Curve is sampled at two fixed environments: lung 
(~100 mmHg) and tissue (20 mmHg – 40 mmHg). 

• Single molecule: only 0, 25, 50, 75, 100% possible. 

• First O2 on → others bind more easily (cooperativity). 

• Averaging many molecules smooths the steps into a 
sigmoid curve. 

• R-state (high affinity) favored at lungs; T-state (low 
affinity) favored as O2 leaves. 

Common Errors 

• Error: Thinking we “slide up and down” one curve in 
the body. Hb sees two discrete PO2 environments; 
saturation is stable between them. 

• Error: Calling the curve linear. Cooperativity makes it 
sigmoidal, with the steep part over tissue PO2. 

• Error: Believing each subunit acts independently. 
Binding at one alters affinity at the others. 

Prediction Prompt 

• Predict: If hemoglobin had a single subunit (no 
cooperativity), its curve would be hyperbolic. Predict 
how O2 delivery to a tissue dropping from 40 mmHg to 
20 mmHg would differ from the real sigmoidal case. 

• Predict: Carbon monoxide binds one of the four sites 
and, through cooperativity, raises the affinity of the 
other three. Predict the effect on O2 unloading at the 
tissues, beyond the loss of one binding site. 



binds oxygen readily and dominates at high PO2 near the lungs, and a 
taut T-state, which holds oxygen poorly and dominates as oxygen is lost. 
As the first oxygen leaves a saturated molecule, the shift toward T makes 
the rest leave quickly. That is why the curve is steep right where it counts. 

The steep part of the curve sits right over tissue PO2 

The steep portion of the curve sits exactly over the tissue PO2 range of 20 
mmHg to 40 mmHg. So small drops in tissue PO2 produce large drops in 
saturation, which means large oxygen release exactly when a tissue is 
working harder and pulling its local PO2 down. Cooperativity provides the 
sensitivity that lets O2 delivery track demand. The upcoming section 
works this out in numbers. 

 

Section 9: Loading and Delivery — The Venous Oxygen Reserve 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: The number of O2 molecules bound to the average Hb can be 
easily summarized after transfer for both pulmonary and systemic 
capillaries: four bound at the lung, three at rest in systemic tissues, one 
still bound in heavily exercising tissue. The venous oxygen reserve is the 
oxygen that remains bound in each case. 

Put both environments on the curve and read 

Put the two environments on the curve and read percentages. At the lung 
PO2 of about 100 mmHg, hemoglobin is essentially 100 percent 
saturated, four of four sites bound on average. That is ideal, and it is the 
reason our bodies hold alveolar PO2 near 100 mmHg. The blood leaves 
the lung fully loaded. Now go to resting tissue at a PO2 of about 40 mmHg 
and read up: about 75 percent saturation. So, saturation fell from 100% to 
75%, which means on average each hemoglobin gave up one of its four 
oxygens. Three-quarters of the carried oxygen rode through the tissue 
and was never delivered. That’s the venous O2 reserve. State the 
repeating cycle succinctly: four at the lung, down to three at the tissue, 

Read the Two Points 

• Lung PO2 ≈ 100 mmHg → ~100% saturation (4 of 4 
bound). Blood leaves fully loaded. 

• Resting tissue PO2 ≈ 40 mmHg → ~ 75% → 1 of 4 
delivered. 

• Active tissue PO2 ≈ 20 mmHg → ~ 25% → 3 of 4 
delivered (≈ 3× the resting amount). 

• Add ↑ blood flow (≈ 3×) → delivery up roughly 9×. 

Venous O2 Reserve 

• The ~ 75% still bound at resting tissue returns in 
venous blood: a ready buffer for rising demand. 

Common Errors 



back to four, down to three, a single oxygen loading and unloading while 
three remain bound. 

The undelivered oxygen is a reserve, not waste 

The undelivered venous oxygen reserve is a safety factor, not a result of 
compromised delivery efficiency. Consider the situation during exercise. 
An active tissue drops its PO2 to about 20 mmHg. Read up on the steep 
part of the curve and saturation falls to roughly 25 percent. Now three of 
four oxygens are delivered instead of just one, and the venous oxygen 
reserve has been accessed. This yields nearly a threefold jump in 
delivery from a single change, the tissue lowering its own PO2 by 
consuming oxygen, with no other factors (such as increased blood flow) 
even yet considered. Cooperativity is what makes that small PO2 change 
produce such a large delivery change. 

Flow multiplies on top of extraction 

Then stack the second multiplier. Active tissue also gets more blood flow, 
often several-fold. If each unit of blood delivers three times as much 
oxygen and three times as much blood arrives, delivery climbs roughly 
ninefold, and it can get better still once affinity shifts occur (discussed in 
Section 10). The lesson: the body has layered, multiplicative mechanisms 
for matching oxygen delivery to need, and the venous reserve is the first 
and simplest of them. 

• Error: Thinking blood O2 is fully unloaded at the 
tissues. At rest only ~ 25% comes off; most returns as 
venous reserve. 

• Error: Treating the reserve as inefficiency. It is the 
safety margin that exercise draws on. 

• Error: Forgetting that flow and affinity changes 
multiply on top of the PO2-driven release, they’re not 
just added. 

Prediction Prompt 

• Predict: A tissue’s PO2 falls from 40 mmHg to 20 
mmHg while its blood flow doubles. Estimate the fold 
increase in O2 delivery and identify which factor 
(extraction vs flow) contributes more. 

• Predict: A resting tissue extracting one of four bound 
oxygens begins exercising. Predict how much extra O2 
the venous reserve can supply in the first seconds, 
before blood flow has risen at all. 

 

Section 10: Local Affinity Shifts — Right Shift Equals Delivery on Demand 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Tie the effect of every affinity modulator to a single idea: a 
working tissue changes its local chemistry, and those changes lower 
hemoglobin’s affinity so it unloads more O2. 

Byproducts lower affinity exactly where oxygen is needed 

One Idea, Four Levers 

• Active tissue → ↑CO2, ↑H+, ↑temperature → ↓affinity 
→ ↑unloading (↑BPG adds the same effect over hours 
of hypoxia). 

Causal Chain: The Bohr Effect 



Frame the whole section as one logic before giving any details: a 
metabolically active tissue produces byproducts, and those byproducts 
lower hemoglobin’s affinity for oxygen right where oxygen is needed 
most. The curve does not move because we slid along it; the tissue is 
now in a different chemical environment, so hemoglobin sits on a right-
shifted curve there. Just like before, we still sample the curve at two 
points, but the steep part of the curve has now shifted to the right 
because Hb’s O2 affinity has decreased.  

One equation generates two of the modulators 

Start with the carbonic acid equation, because it generates two of the 
modulators at once. Aerobic metabolism in the Krebs cycle produces 
CO2. Inside red cells, carbonic anhydrase speeds the hydration of CO2 to 
form carbonic acid, which quickly dissociates into bicarbonate and a free 
proton. More metabolism means more CO2, which by the law of mass 
action drives the reaction right, producing more protons and lowering pH. 
Lactic acid adds even more protons. Both CO2 and protons bind 
hemoglobin as negative allosteric modulators, favoring the T-state, 
lowering affinity, and enhancing unloading. That is the Bohr effect, seen 
as a rightward shift of the curve. Show the magnitude of this shift on the 
curve. At a resting tissue with physiological pH near 7.4, a given PO2 
yields a certain saturation. Raise metabolism, acidify, and the same PO2 
now sits on the right-shifted curve at a lower saturation, so more oxygen 
comes off at the identical PO2. The point is that the tissue’s own activity, 
not some external command, triggers the extra delivery. 

Heat and BPG complete the set 

Add temperature as the second physical modulator. Working skeletal 
muscle generates heat it cannot shed fast enough, so the tissue warms. 
The added thermal energy loosens the iron-to-oxygen bond, lowering 
affinity and enhancing unloading. Heat is not a binding modulator like CO2 
and H+, but it shifts the curve the same direction and also amplifies the 
other effects. 

BPG and the altitude twist 

Finish with BPG and the altitude twist. 2,3-BPG is a glycolytic byproduct, 
always present, that binds hemoglobin and lowers affinity, right-shifting 

Metabolism raises tissue CO2 → CO2 enters the RBC; 
carbonic anhydrase speeds CO2 + H2O → H2CO3 → 
HCO3

− + H+, and rising CO2 drives it rightward (mass 
action), raising H+ (pH falls). The elevated H+ and CO2 
then bind Hb as negative allosteric modulators, favoring 
the T-state → curve shifts right → at the same tissue 
PO2, saturation is lower, so more O2 is released 

The Altitude Twist (BPG) 

• Hyperventilation lowers CO2, raises pH → would left-
shift (bad for tissues). 

• BPG rises and right-shifts, keeping affinity functional. 

Common Errors 

• Error: Saying the curve “moves” to the right. It is a 
different curve, because the tissue is a different 
chemical environment. 

• Error: Referring to temperature as an allosteric 
modulator. It is a physical effect, not a bound ligand, 
though it shifts the curve the same way. 

• Error: Thinking a right shift is detrimental. At the 
tissues this shift assists in delivery; the matching left 
shift at the lungs facilitates loading. 

Prediction Prompt 

• Predict: Hypoventilation raises blood CO2. Predict the 
direction of the Bohr shift and what it does to O2 
unloading at the tissues, using the carbonic acid 
equation. 

• Predict: A sprinter’s quadriceps warms, acidifies, and 
accumulates CO2 and BPG at once. Predict the net 
direction of the curve shift there and its effect on O2 
delivery. 



the curve. Its production rises with hypoxia, which makes sense: low 
oxygen, more dependence on glycolysis, unload more O2. The more 
subtle case is high altitude exposure. Hyperventilation there blows off 
CO2 and raises pH, which by itself would left-shift and increase affinity, 
the wrong direction for tissues. BPG rises and counters that, holding 
affinity in a useful range. So, three modulators, CO2 and protons (Bohr), 
temperature, and BPG, all push the same way: a busy tissue gets more 
oxygen delivered. 

 

Section 11: Fetal Hemoglobin — Stealing Oxygen Across the Placenta 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Anchor increased affinity to the one place it must be found: 
the placenta, where fetal blood has to take oxygen from what’s available 
in maternal blood. 

The constraint forces higher fetal affinity 

Set the constraint that forces the design. The fetus cannot breathe. It gets 
all its oxygen at the placenta, where fetal and maternal blood flow side by 
side, but never mix, and exchange by diffusion. For oxygen to move from 
mother to fetus across two sets of capillaries, fetal hemoglobin must pull 
oxygen away from maternal hemoglobin that is releasing it. That requires 
the fetal version to have higher affinity. 

Lower P50 means higher affinity 

Read the two curves and use P50 as a measure of affinity. Fetal 
hemoglobin, with its different subunit composition (2α, 2γ), occupies a 
left-shifted curve, and adult hemoglobin (with the 2α, 2β configuration) a 
more right-shifted one. P50 is the PO2 at which a sample is 50 percent 
saturated, so a lower P50 means higher affinity. Fetal hemoglobin reaches 
half saturation at a lower PO2 than adult (that is, its P50 is lower), 
confirming the higher affinity. After birth the fetal form is replaced by adult 
by about six months. Thinking about this quantitatively: pick a placental 

The Constraint 

• Fetal and maternal blood flow adjacent at the 
placenta, never mixing; O2 moves only by diffusion. 

• To pull O2 from maternal Hb, fetal Hb must have 
higher affinity. 

Derivation Chain: How Fetal Hb Secures O2 at the Placenta 

Affinity difference (the affinity gap indicates which side 
loads more O2; the gradient drives the direction): Fetal Hb 
carries 2γ chains in place of 2β → γ chains bind 2,3-BPG 
weakly → BPG stabilizes the T-state less → higher 
intrinsic O2 affinity, expressed as a lower P50 (≈19 vs 26.8 
mmHg). Lower P50 = a left-shifted curve, so at any shared 
PO2 the fetal curve sits above the maternal one. This 
marks that fetal Hb loads more readily; it is not the force 
that moves O2. 

Double Bohr effect (a separate, parallel contribution):  
Independently, CO2 diffuses down its gradient from fetus 
to mother → fetal blood loses CO2 (left shift, ↑ fetal 
affinity) and maternal blood gains CO2 (right shift, ↓ 



PO2 of about 30 mmHg, a common value for both the mother and fetus, 
and read both curves. Maternal hemoglobin is around 60 percent 
saturated there, meaning it has given up about 40 percent of its oxygen. 
The fetal hemoglobin at that same PO2 is above 80 percent saturated, 
meaning it is taking on the oxygen the mother released. The affinity 
difference is what makes the handoff occur in the right direction. 

A double Bohr shift widens the gap 

Then show the difference is even larger than the static curves suggest, 
because of a double Bohr shift, and this rewards students who learned 
Section 10. At the placenta the fetus gives up CO2, which left-shifts the 
fetal curve and raises its affinity further. The mother picks up that CO2, 
which right-shifts her curve and lowers her affinity. So, at the same 
placental PO2 the gap widens further: the mother releases even more and 
the fetus binds even more. 

The Bohr effect, deployed at an organ 

Leave them with an integrative reward. This is the Bohr effect doing its 
job at an organ rather than a tissue. CO2 moving from fetus to mother 
does not just clear waste; it simultaneously tunes both hemoglobin 
subtypes to favor oxygen transfer toward the fetus. Same mechanism as 
Section 10, deployed in a new place, which is exactly the kind of transfer 
you want students to make. 

maternal affinity) → the two curves separate further, on 
top of the subunit-driven gap. 

Directional transfer (the driver):  
Net O2 movement is set by the PO2 gradient, maternal > 
fetal, not by the saturation gap → as fetal Hb binds O2 its 
high affinity holds fetal plasma PO2 low → the maternal-
to-fetal PO2 gradient is sustained across the exchange 
surface → O2 diffuses net into fetal blood. The affinity 
difference then determines how much O2 the fetus walks 
away with per unit Hb, but the gradient sets the direction. 

Common Errors 

• Error: Thinking lower P50 means lower affinity. Lower 
P50 = half-saturated at lower PO2 = higher affinity. 

• Error: Assuming fetal and adult curves overlap. They 
do not; fetal lies left of adult at every PO2. 

• Error: Missing that the CO2 exchange itself shifts both 
curves favorably (opposite-direction Bohr shifts, both 
favoring the fetus). 

• Error: Treating the higher fetal saturation as the cause 
of O2 transfer. Saturation reflects affinity; net diffusion 
is driven by the PO2 gradient (maternal > fetal). 
Reading both curves at one PO2 shows the affinity 
difference but is not the transfer condition, which 
requires unequal PO2. 

Prediction Prompt 

• Predict: If a fetus expressed adult hemoglobin instead 
of the fetal variety, predict the effect on oxygen 
transfer at the placenta and on fetal tissue 
oxygenation. 

• Predict: Predict how the direction of CO2 transfer at 
the placenta (fetus → mother) shifts each curve, and 
which way the double Bohr pushes the net O2 handoff. 

 



Section 12: Myoglobin — The Intracellular Oxygen Shuttle 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Resolve this apparent paradox: if myoglobin’s affinity is so 
high, how does it ever release oxygen? The resolution is that there is a 
steep intracellular PO2 gradient. 

Myoglobin is the intracellular oxygen store 

Myoglobin sits in the cytoplasm of cardiac muscle and slow-twitch skeletal 
muscle, the tissues that stay aerobic under heavy demand, and it gives 
them their red color. It is a single-subunit oxygen-binding protein with one 
heme. Compare it to hemoglobin on the same axes. Hemoglobin’s four 
cooperating subunits are the basis of its sigmoid dissociation curve, ideal 
for loading near 100 mmHg at the lung and unloading across the steep 20 
mmHg to 40 mmHg tissue range. Myoglobin’s curve lies far to the left, 
much higher affinity, with a P50 of about 3 mmHg against hemoglobin’s 
roughly 27 mmHg. Also, myoglobin’s curve is not sigmoidal but 
hyperbolic, because with a single subunit there is no cooperativity to 
create the S-shape. 

Why would it ever release? Raise the paradox 

Now raise the paradox students should see immediately. If myoglobin is 
half-saturated at a PO2 of only 3 mmHg, and tissue ECF PO2 is 20 mmHg 
to 40 mmHg, then shouldn’t myoglobin just stay loaded and never hand 
its oxygen off for cellular use? The answer to this enigma lies in the real 
geometry of a cell. 

The intracellular gradient resolves it 

Resolve this by looking carefully at the intracellular O2 gradient. The 20 
mmHg to 40 mmHg PO2 figures are for interstitial fluids, measured 
outside the cell. Crossing the cell membrane, though, and moving inward 
toward the mitochondria, PO2 falls steeply because the mitochondria are 
consuming oxygen, and mitochondrial PO2 is only about 3 mmHg. That 
means myoglobin loads near the cell surface where PO2 is 20 mmHg to 
40 mmHg, nearly saturating, then diffuses inward and unloads 

Key Distinction: Hb vs. Mb 

• Hb: 4 subunits, cooperativity, sigmoid, P50 ≈ 27 mmHg, 
loads and unloads. 

• Mb: 1 subunit, no cooperativity, hyperbolic, P50 ≈ 3 
mmHg, stores and shuttles. 

Derivation Chain: The Paradox and Its Resolution 

The paradox: Mb P50 ≈ 3 mmHg, far below interstitial PO2 
(20 mmHg–40 mmHg) → looks like it should never 
release. 

The resolution: Mitochondria consume O2 as the final 
electron acceptor (eventually forming water) → 
mitochondrial PO2 falls to ≈ 3 mmHg → steep intracellular 
PO2 gradient, membrane to mitochondria → Mb loads 
near the membrane (20 mmHg–40 mmHg), diffuses 
inward, unloads at the mitochondria (≈ 3 mmHg, right at 
its P50). Binding free O2 also holds cytoplasmic PO2 low 
→ sustains the inward gradient into the cell. 

Common Errors 

• Error: Concluding high affinity means myoglobin 
never delivers. It delivers at the very low PO2 found at 
the mitochondria. 

• Error: Drawing myoglobin’s curve as sigmoidal. One 
subunit means no cooperativity, so it is hyperbolic. 

• Error: Using interstitial PO2 as the value myoglobin 
unloads at. The relevant PO2 is intracellular, near the 
mitochondria, and it’s very low. 

Prediction Prompt 

• Predict: A diving mammal has 10× the muscle 
myoglobin of a human. Predict how this extends 



dramatically as it nears the mitochondria at a PO2 of 3 mmHg, right at its 
P50. Myoglobin acts as a shuttle, carrying oxygen through the cytoplasm 
from the membrane to the mitochondria. 

A second task for myoglobin: holding the gradient open 

Add the second job. By binding free oxygen inside the cell, myoglobin 
keeps intracellular free oxygen low, which maintains the diffusion gradient 
pulling oxygen from the interstitium into the cell. Whales push this to an 
extreme, expressing about ten times the muscle myoglobin we do, 
effectively carrying an oxygen tank on every dive. High affinity is not a 
weakness here; combined with a steep internal gradient, it is exactly what 
makes the shuttle work. 

aerobic dive time and why high affinity is an advantage 
rather than a problem here. 

• Predict: Predict why myoglobin’s hyperbolic, high-
affinity curve would make it a poor blood O2 carrier, 
using the two PO2 environments that circulating blood 
actually sees. 

 

Section 13: Blood Oxygen Capacity — Why the Y-Axis Has to Change 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Switch the y-axis from percent saturation to ml O2 per 
volume. Percent saturation hides the very thing oxygen capacity (oxygen 
concentration) is about: total binding sites occupied (i.e., actual amount of 
O2 picked up at the lungs and then delivered to the tissues). 

Saturation hides capacity, so change the axis 

Explain why we now need a new, slightly different, graph. Percent 
saturation cannot show absolute capacity, because anemic blood, normal 
blood, and oxygen-rich blood all reach 100 percent saturation at the lung. 
Percent saturation is a fraction of available sites occupied. To see how 
much oxygen blood actually carries we must plot oxygen concentration, 
milliliters of oxygen per 100 milliliters of blood, on the y-axis (and values 
plotted there will precisely mirror the percent saturation values they are 
associated with). This is sometimes drawn as a single curve with two y-
axes, one for percent saturation and one for oxygen content. Now 
consider how the numbers fall out at different amounts of hemoglobin 
present. Percent saturation is where the curve sits along the pressure 

Why a New Axis 

• Percent saturation hides capacity: all blood hits ~ 
100% at the lung. 

• Plot ml O2 / 100 ml blood to expose differences in 
binding sites. 

Derivation Chain: Sites Set Delivery 

Normal: saturated ≈ 20 → tissue ≈ 15 → delivers 5 ml 
O2/100 ml. Anemia: fewer sites → saturated ≈ 13 → 
tissue ≈ 10 → delivers 3 ml O2/100 ml (if ¼ extraction 
holds constant). EPO/polycythemia: more sites → 
saturated ≈ 28 → tissue ≈ 21 → delivers 7 ml O2/100 ml, 
while high hematocrit raises viscosity and cardiac work 
(the downside). 

Note: This chain holds the extraction fraction constant to 
isolate capacity. In a real anemic tissue it does not stay 



axis, and it can be used to assess hemoglobin’s O2 affinity (P50). This 
curve sets the oxygen level at which hemoglobin loads and unloads. 
Capacity (exactly the same curve shape) indicates how much O2 is 
physically carried by Hb (measured in milliliters carried/volume) at the 
PO2s of blood in the pulmonary and systemic capillaries.  Capacity is 
ultimately a function of the number of binding sites available (how much 
Hb is present) in that volume of blood. Percent saturation and oxygen 
capacity are separate, but closely related parameters: anemia lowers 
capacity without changing affinity, while the Section 10 modulators shift 
affinity without changing capacity. Consider normal blood first. Fully 
saturated at the alveolar PO2 of about 100 mmHg, normal blood carries 
about 20 milliliters of oxygen per 100 milliliters. That number is not 
arbitrary. Each gram of fully saturated hemoglobin binds about 1.34 
milliliters of oxygen, and with roughly 15 grams of hemoglobin per 100 
milliliters of blood, 15 times 1.34 comes to about 20 ml O2/100 ml. If that 
blood flows through tissue capillaries and falls to a tissue at a PO2 of 
about 40 mmHg, it desaturates to about 15 ml O2/100 ml. The five-
milliliter drop is the oxygen delivered to that tissue. The fraction unloaded 
is what the percent curve showed; the absolute amount is what the 
oxygen capacity axis adds. 

Fewer sites means less delivered at the same fraction 

Now look at why O2 delivery to the tissues is compromised in patients 
with lower-than-normal hemoglobin levels. In anemia, fewer red cells or 
less hemoglobin per cell means fewer binding sites per unit blood. 
Saturated capacity falls from 20 ml O2/100 ml to perhaps 13 ml O2/100 
ml. If the same fraction is unloaded at the tissues (percent saturation 
decrease is the same as in a normal subject) the oxygen capacity 
decreases from 13 ml O2/100 ml to about 10 ml O2/100 ml, delivering only 
3 ml O2/100 ml instead of 5 ml O2/100 ml. Same percent unloaded, less 
actual oxygen delivered, because there were fewer sites to begin with. 
Conversely, erythropoietin raises red cell and hemoglobin production, 
lifting capacity to possibly 28 ml O2/100 ml, so the same fractional 
unloading now delivers about 7 ml O2/100 ml. Flag the cost of a high 
hematocrit so students do not conclude more is always better. Packing in 
red cells raises blood viscosity, which increases resistance and cardiac 

constant: lower delivery drops tissue PO2, and the 
resulting Bohr shift (plus a rise in 2,3-BPG over time) 
increases extraction, so the tissue pulls venous saturation 
lower and offsets part of the loss. Capacity still sets the 
ceiling: increased extraction recovers part of the lost 
delivery but cannot restore it, which is why severe anemia 
eventually limits delivery despite maximal extraction. 

Fick’s Principle (Lungs + Heart as One System) 

• VO2 = CO × (CaO2 − CvO2). Capacity × flow = 
consumption rate. 

• Rest ≈ 5000 ml/min × 5 ml/100 ml ≈ 250 ml O2/min. 

Common Errors 

• Error: Reading anemia off the percent-saturation 
curve. Anemic blood still saturates to 100%; the deficit 
is in total content (ml O2/100 ml blood). 

• Error: Assuming higher hematocrit is purely beneficial. 
Viscosity and cardiac load rise with it. 

• Error: Conceptually separating lung function from 
heart function. Fick’s principle shows delivery is the 
product of the two. 

Prediction Prompt 

• Predict: An endurance athlete takes EPO, raising 
CaO2 from 20 ml/100 ml to 25 ml/100 ml with max CO 
at 40 L/min and the same 70% extraction. Predict the 
change in VO2 max and the assumption that change 
depends on. 

• Predict: The Hb of two patients both saturate to 100% 
at the lung; one is anemic. Predict which delivers less 
O2 to the tissues, and why the percent-saturation 
curve cannot reveal that. 



work and can cause cardiovascular trouble. Normal hematocrit is a 
compromise that meets aerobic needs without those penalties. 

Turn capacity into a rate with Fick 

Finally, connect oxygen capacity to a rate with Fick’s principle. Capacity 
tells you oxygen per volume of blood; multiply by the volume of blood per 
minute, the cardiac output (CO), and you get oxygen consumed per 
minute (VO2). VO2 equals CO times the arterial blood minus venous blood 
oxygen content difference (CaO2 − CvO2). At rest, roughly 5000 milliliters 
per minute times a 5 ml O2/100 ml difference gives about 250 milliliters 
per minute VO2. In exercise both terms, CO and (CaO2 − CvO2), rise, 
output climbs, and extraction widens, so VO2 can increase several-fold.  

 

Section 14: Carbon Dioxide Transport — Three Forms, and Why Bicarbonate Plays Such a 

Pivotal Role 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Build to bicarbonate as the dominant carrier, then show the 
Haldane effect as the mechanism that stabilizes it, and the reversal at the 
lung as mandatory. 

Three forms, building toward bicarbonate 

Lay out the three forms of CO2 transport in order of importance, building 
toward the third. First, dissolved CO2, about 5 to 10 percent of the load. 
Note this is far more than oxygen’s roughly 1.5 percent dissolved fraction, 
because CO2 is much more soluble. Second, bound to hemoglobin as 
carbaminohemoglobin, about 10 to 20 percent. Useful side effect: this 
binding itself enhances oxygen unloading at the tissue. Be explicit about 
where the carbon dioxide attaches, because students assume it 
competes with oxygen for the same site. It does not. Carbon dioxide 
binds the amino-terminal ends of the globin chains, a different location 
from the heme iron that carries oxygen, so one hemoglobin can hold both 

Three Forms (by Share) 

• Dissolved CO2: 5–10% (vs ~1.5% for O2, because 
CO2 is far more soluble). 

• Carbaminohemoglobin: 10–20% (also aids O2 
unloading). 

• Bicarbonate: 70–85% (the workhorse). 

Causal Chain: Loading at the Tissue 

CO2 enters RBC; carbonic anhydrase: CO2 + H2O → 
H2CO3 → HCO3

− + H+ → reaction runs right (mass 
action) as tissue CO2 rises → H+ binds Hb (buffered), and 
deoxygenated Hb is an especially good proton acceptor, 
stranding HCO3

− so it cannot reverse (Haldane effect) → 
result: more CO2 carried as soluble bicarbonate; same H+ 
binding lowers O2 affinity (Bohr) 



at once. We are still well short of the total, so there must be a third, 
dominant route. The third form is built through the carbonic acid equation. 
CO2 from the tissues diffuses into red cells, where carbonic anhydrase 
catalyzes CO2 plus water into carbonic acid (H2CO3), which dissociates 
into bicarbonate (HCO3

-) and a free proton (H+). Without the enzyme this 
hydration reaction is far too slow to keep pace with metabolism; carbonic 
anhydrase, concentrated inside the red cell, speeds it enough to convert 
large amounts of carbon dioxide during the fraction of a second blood 
spends in a capillary. HCO3

- carries 70 to 85 percent of the CO2, hidden 
inside the ion, and that’s really the crux of blood carbon dioxide transport. 
The carbon atom that entered the blood as CO2 has been chemically 
converted into HCO3

-, so most carbon dioxide does not travel as a 
dissolved gas at all. It rides as this soluble, stable ion and is turned back 
into carbon dioxide gas only at the lung.  

The Haldane effect protects the bicarbonate 

HCO3
- ions need protecting, which is where the Haldane effect comes 

into play. As the carbonic acid reaction runs to the right at the tissues, 
HCO3

- and H+ accumulate, and by mass action they could recombine and 
run the reaction backward, releasing CO2 prematurely. This is prevented 
by removing one product: the free protons bind to hemoglobin, in a 
manner strongly influenced by Hb’s oxygen state. Since hemoglobin has 
just released its oxygen at the tissue, it is a better H+ acceptor than is 
oxygenated hemoglobin, so the same deoxygenation that delivered 
oxygen also primes hemoglobin to soak up these protons. That is why 
this effect is strongest exactly where carbon dioxide is being loaded. With 
protons stripped out of solution, bicarbonate is effectively stranded and 
cannot easily enter the reaction in reverse, so the blood can carry far 
more CO2 in this soluble form. That stranding is the Haldane effect and 
note that it is the same proton binding that drives the Bohr effect. Bohr 
and Haldane are two readings of one event: protons binding hemoglobin 
both unload oxygen and stabilize bicarbonate. 

The chloride shift keeps the RBC membrane charge 
balanced 

Moving HCO3
- out of the cell creates an electrical problem that’s easily 

resolved by use of plasma’s most abundant anion. Most of the 

Reversal at the Lung 

• CO2 diffuses out → equation shifts left → HCO3
− + H+ 

recombine to re-form H2CO3, which then dissociates 
→ CO2 exhaled. 

• H+ leaves Hb → affinity rises (left Bohr shift), aiding O2 
loading. 

Key Detail: The Chloride Shift (Hamburger Shift) 

• HCO3
− is made in the RBC but exported to plasma, 

where most CO2 is carried. 

• Protons stay inside, bound to Hb → exporting HCO3
− 

alone would unbalance charge. 

• Cl− moves in one-for-one as HCO3
− moves out, 

preserving neutrality; the swap reverses at the lung. 

Common Errors 

• Error: Thinking we exhale bicarbonate. We cannot; it 
must be reconverted to CO2 first. 

• Error: Treating Bohr and Haldane as unrelated. Both 
come from H+ binding hemoglobin. Two sides of the 
same coin. 

• Error: Forgetting the law of mass action drives the 
direction at both tissue and lung. 

Prediction Prompt 

• Predict: Does venous blood carry more CO2 during 
exercise? Use the carbonic acid equation and proton 
buffering by hemoglobin to justify your answer. 

• Predict: Carbonic anhydrase is inhibited in the red 
cell. Predict the effect on the dominant (bicarbonate) 
CO2-carrying route and on CO2 loading at the tissues. 



bicarbonate made inside the red cell does not stay intracellular; it is 
exported into the plasma, where it constitutes the form in which most of 
blood’s CO2 is actually carried. But most of the H+ also released when it 
dissociated from H2CO3 remain inside the RBC, bound to hemoglobin. 
Exporting negatively charged bicarbonate while keeping the positive-
balancing protons inside would leave the cell electrically unbalanced. So 
as each HCO3

− leaves, a chloride ion (Cl−) moves in to take its place, 
preserving electrical neutrality. That one-for-one swap is the chloride shift, 
sometimes called the Hamburger shift, and like other mechanisms 
discussed in this section it runs in reverse at the lung: bicarbonate re-
enters the cell to reform H2CO3 and chloride moves back out. 

Everything reverses at the lung 

Now the reversal at the lung, and students forget this is mandatory. We 
cannot exhale bicarbonate. At the lung, CO2 diffuses out into the alveolar 
air, dropping blood CO2, which by mass action pulls the carbonic acid 
equation leftward. Bicarbonate recombines with protons, reforms carbonic 
acid, and releases CO2, the volatile gas we can actually exhale. As the 
protons come off hemoglobin, its oxygen affinity rises in a left Bohr shift, 
which is exactly what is needed at the lung for loading. 

The closing symmetry 

Leave them with the symmetry. Everything that happened at the tissue 
runs in reverse at the lung. CO2 was loaded, protons bound, bicarbonate 
stranded; now CO2 is unloaded, protons released, bicarbonate unwound. 
The same chemistry, read forward and backward, moves CO2 from the 
cells that make it to the air that carries it away. 

 

Section 15: Respiratory Muscles and the Breathing Pacemaker — Controlling Air by Controlling 

Volume 

 

Instructor Narrative Structured Outline / Causal Chain 



The move: We never control the lungs directly; we control the muscles 
that change thoracic volume. The medulla sets the rhythm. 

No air-moving muscles, so ventilatory control is muscle 
control 

Restate the fact that lungs have no air-moving muscles, so breathing 
control is muscle control of thoracic geometry. The brainstem sends 
output through the spinal cord to the respiratory muscles, largely through 
the phrenic nerves to the diaphragm. Rate is set by the interval between 
motor neuron bursts; depth is set by how many motor units are recruited, 
the same recruitment logic as in any skeletal muscle. 

Quiet and forced breathing use different muscle sets 

Separate quiet breathing from forced breathing, because the muscle sets 
differ. In eupnea, quiet breathing at rest, the diaphragm contracts and 
drops to make the thorax taller, and the external intercostals lift the ribs to 
make it wider. Taller plus wider means more volume, so by Boyle the 
pressure falls and air enters. Eupneic expiration needs no muscle 
contraction at all; it occurs by passive elastic recoil. In hyperpnea, forced 
breathing during exercise, larger and faster volume changes are needed, 
so accessory muscles join. The sternocleidomastoid and scalenes pull 
harder on the ribs and sternum for inspiration, and now expiration 
becomes active too, with internal intercostals pulling the ribs down and 
abdominal muscles pushing the diaphragm up. Stronger, faster muscle 
contractions change thoracic volume more abruptly, generating larger 
pressure gradients between atmosphere and alveoli, and a larger 
gradient drives greater and faster air flow. 

The medulla sets the rhythm, the pons tunes it 

Now investigate the source of ventilatory rhythm. The pacemaker is in the 
medulla, and the precise cells responsible are hard to pin down because 
the regions are intermingled. Identify the three medullary groups and their 
roles. The dorsal respiratory group (DRG) is mainly inspiratory, driving the 
diaphragm, and is the likely site of sensory integration that modifies the 
intrinsic rate. The ventral respiratory group (VRG) contains both 
inspiratory and expiratory neurons that mostly run the accessory muscles, 

The Organizing Principle 

• No lung muscles move air; control = control of thoracic 
volume via muscles. 

• Rate = interval between motor neuron bursts; depth = 
motor unit recruitment. 

Key Distinction: Quiet vs. Forced Muscle Sets 

• Eupneic inspiration: diaphragm (taller) + external 
intercostals (wider). 

• Eupneic expiration: passive elastic recoil, no muscle. 

• Forced inspiration: add sternocleidomastoid and 
scalenes. 

• Forced expiration: internal intercostals + abdominals 
(active). 

Medullary + Pontine Centers 

• DRG: mainly inspiratory; site of sensory integration. 

• VRG: inspiratory + expiratory; accessory muscles; 
active in hyperpnea. 

• Pre-Bötzinger complex: putative pacemaker, needed 
for automaticity. 

• Pontine: apneustic (prolongs inspiration), pneumotaxic 
(limits it). 

Sensory Feedback: The Hering-Breuer Reflexes 

• Pulmonary stretch receptors sense lung inflation and 
report to the medulla. 

• Inflation reflex: high inflation → prolong expiration, 
lower volume (limits overinflation). 

• Deflation reflex: deflation → stimulate inspiration 
(opposes alveolar collapse). 

• Mostly quiet at rest; active in exercise when tidal 
volume nears vital capacity. 

• Irritant receptors (dust, smoke, cold air) → constriction 
and cough, protecting the exchange surface. 



so it is largely quiet during eupnea and active during hyperpnea. The pre-
Bötzinger complex is the putative pacemaker, required for automaticity. 

The pontine modulators ride on top 

Add the pontine modulators. Two pontine centers tune the medullary 
output rather than drive muscles directly. The apneustic center stimulates 
and prolongs inspiration; the pneumotaxic center does the opposite, 
shutting off inspiration to limit tidal volume and set the rhythm. Like the 
heart’s SA node, the respiratory pacemaker fires on its own but is 
continuously adjusted by inputs so that rate and depth track demand. 

Stretch receptors close a volume feedback loop 

Close the control loop with sensory feedback, because pacemaker 
function can be adjusted. Pulmonary stretch receptors in the airway walls 
sense how inflated the lung is and report back to the medulla. When 
inflation grows large, they fire and trigger the Hering-Breuer inflation 
reflex, which prolongs expiration and brings lung volume back down, 
reducing the stretch and guarding against overinflation. The mirror-image 
deflation reflex works the other way: as the lung deflates, it stimulates 
inspiration and prevents alveolar collapse. Both are quiet during ordinary 
eupneic breathing and become important during exercise, when tidal 
volume can climb toward vital capacity and the lung most needs 
protecting from its own extremes. This is negative feedback on volume: 
sense the volume, adjust the output. Mention the protective receptors too, 
briefly, because the system also defends itself: irritant receptors in the 
airway lining respond to dust, smoke, and even cold air by provoking 
constriction and cough, limiting how much of the offending agent reaches 
the delicate exchange surface. They are not part of rhythm generation; 
they are protective reflexes layered on top of it. 

Common Errors 

• Error: Thinking expiration is always active. At rest it 
takes place by passive recoil; only forced expiration 
requires muscle contractions. 

• Error: Believing the medulla drives the lungs directly. 
It drives the muscles that change thoracic volume. 

• Error: Treating the pacemaker as fixed. Like the SA 
node, it is continuously modulated by input. 

Prediction Prompt 

• Predict: During heavy exercise, predict which muscle 
groups switch on for expiration that were silent at rest, 
and how this enlarges the pressure gradient driving air 
out. 

• Predict: A lesion silences the pneumotaxic center. 
Predict the effect on the duration of each inspiration 
and on tidal volume. 

 

Section 16: Central Chemoreceptors — Sensing CO2 Through a Proton Middleman 

 

Instructor Narrative Structured Outline / Causal Chain 



The move: Counter the intuition that breathing is governed by oxygen 
levels. Central drive is controlled by CO2, read indirectly as a pH change 
in poorly buffered CSF. 

The central sensor tracks CO2, not oxygen 

Students assume breathing is controlled by oxygen levels. The central 
chemoreceptors, in the ventral medulla, are actually most responsive to 
CO2, and they sense it indirectly through presence of protons. This makes 
sense since breathing serves two jobs, gaining oxygen and expelling 
CO2, and that CO2 is tightly linked to pH through the carbonic acid 
equation. 

The barrier passes CO2 but not protons 

Cover the blood-brain barrier logic carefully, because what happens here 
is the crux of breathing control. The barrier limits the diffusion of protons 
and bicarbonate but lets CO2 through, because CO2 is lipophilic. So, 
when blood CO2 rises (hypercapnia) CO2 diffuses into the brain 
interstitium and CSF, drives the carbonic acid equation right, and 
generates protons there. The receptors detect the protons, but it was 
actually CO2 that diffused into the CSF from the interstitial fluids. Protons 
are the middleman, the readout of a CO2 change. 

Poor CSF buffering makes central chemoreceptors 
exquisitely sensitive 

Explain the CSF property that makes central chemoreception exquisitely 
sensitive. CSF has very few proteins, so it has very little buffering 
capacity. In blood, proteins and bicarbonate soak up protons; in CSF they 
remain free. That means a small CO2 rise produces a relatively large free-
proton change, and the receptors fire strongly to a stimulus that would 
have been partly obscured in blood. Close the negative feedback loop. 
The protons stimulate the chemoreceptors, which signal the adjacent 
medullary control centers to increase the rate and depth of ventilation. 
More ventilation expels more CO2, which pulls the carbonic acid equation 
back left, lowering brain proton levels and restoring pH. As acidity falls, 
chemoreceptor output falls and ventilation returns to baseline. This is a 
clean negative feedback loop with CO2, via pH, as the controlled variable. 

The Counterintuitive Driver 

• Central control is primarily CO2, not O2, sensed 
indirectly via H+. 

Causal Chain: From Blood CO2 to Ventilation 

Hypoventilation or pulmonary disease → blood CO2 rises 
(hypercapnia) → CO2 (lipophilic) crosses the blood-brain 
barrier; H+ and HCO3

− largely cannot → in CSF: CO2 + 
H2O → H2CO3 → H+ + HCO3

− (equation shifts right) → 
CSF is poorly buffered, so H+ rises sharply and strongly 
stimulates receptors → receptors signal medulla → 
↑ventilatory rate and depth → CO2 expelled → blood and 
CSF CO2 fall → (negative feedback) stimulus removed, 
ventilation returns to normal, pH restored 

Why CSF, Specifically 

• Few proteins → little buffering → small CO2 change 
gives a large free-H+ change → high sensitivity. 

Common Errors 

• Error: Believing central receptors sense O2. They 
primarily sense CO2 through the proton change it 
causes. 

• Error: Thinking H+ from blood directly activates central 
chemoreceptors. The blood-brain barrier blocks H+ 
and HCO3

−; CO2 crosses and makes H+ on the far 
side. 

• Error: Ignoring CSF’s low buffering. This lack of 
buffering is what makes the sensor so sensitive to 
small CO2 changes. 

Prediction Prompt 

• Predict: A patient breathes a CO2-enriched gas 
mixture. Trace the path from blood CO2 to a change in 
ventilation, naming where protons are generated and 
why CSF responds so sharply. 



Why a fast CSF sensor matters clinically 

End on the clinical relevance. Brain protein function is acutely sensitive to 
pH, so the body must correct hypercapnia expeditiously. A fast, sensitive 
CO2 sensor in poorly buffered CSF gives early warning of rising CO2 
before it becomes dangerous, which is why this variable is the primary 
continuous regulator of resting ventilation. 

• Predict: A patient hyperventilates and blows off CO2. 
Predict the change in CSF protons and the resulting 
effect on central chemoreceptor drive. 

 

Section 17: Peripheral Chemoreceptors — The Hypoxia Alarm With an Exponential Trigger 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Pair these against the central receptors: central is the CO2 
sensor, peripheral is the hypoxia alarm. End on the shape of the output 
curve, which is extremely important clinically. 

Location is the design clue 

Locate the receptors and explain their locations as an adaptive feature. 
The peripheral chemoreceptors are glomus cells, neuron-like cells that 
release neurotransmitter when stimulated, found in the carotid bodies at 
the carotid artery in the neck and the aortic bodies at the aortic arch. 
Their placement is purposeful: the aortic bodies sample blood headed to 
the entire systemic circuit, while the carotid bodies specifically sample 
blood headed to the brain, so the brain has a dedicated sensor for its own 
blood supply. 

Peripheral chemoreception is the oxygen alarm, central 
chemoreception is the CO2 sensor 

List what the receptors sense and rank the significance. Glomus cells 
respond to low oxygen, hypoxemia, to high CO2, hypercapnia, and to high 
protons, acidosis. Note that hypercapnia and acidosis are linked through 
the carbonic acid equation, so a CO2 rise shows up as a proton rise too. 
The ranking here is in key contrast with Section 16: the peripheral 
receptors are most sensitive to hypoxemia, whereas the central receptors 

Key Distinction: Central vs. Peripheral 

• Central (medulla): primarily CO2, via CSF protons. 

• Peripheral (carotid/aortic bodies): primarily hypoxemia; 
also, CO2 and pH. 

Why Their Location Matters 

• Aortic bodies sample blood to the whole body; carotid 
bodies sample blood to the brain. 

Causal Chain: The Exercise Trigger 

↑Metabolism (e.g., exercise): ↓O2, ↑CO2, ↑H+ arrive 
together → glomus cells release neurotransmitter → 
↑action-potential frequency in sensory neurons to 
DRG/VRG → ↑rate and depth of ventilation → blood 
gases restored (negative feedback) 

The Output Curve 

• Flat and low at normal/high PO2 (quiet alarm). 

• Exponential surge in the low-PO2 danger zone 
(escalate hard). 

Common Errors 



are most sensitive to CO2. Central is the CO2 sensor; peripheral is the 
oxygen alarm. Tie the stimuli to a single trigger, increased metabolism. 
During exercise we use more oxygen, make more CO2, and that CO2 
generates more protons. All three changes that excite glomus cells arrive 
together as a package whenever metabolism rises, so the receptors are 
tuned to detect exactly the disturbance exercise creates. Trace the 
output. Stimulated glomus cells release more neurotransmitter, raising 
action potential frequency in the sensory neurons that feed the medullary 
control centers, mainly the dorsal and ventral respiratory groups, which 
drive the respiratory muscles to raise ventilation rate and depth. Standard 
negative feedback, restoring blood gases toward normal. 

The curve shape is the message: quiet, then surge 

Conclude by considering the response curve. Plot carotid output against 
arterial PO2. At normal and high PO2 the output is low and nearly flat; the 
alarm is quiet because the oxygen level is within acceptable limits. As 
PO2 falls, output rises gradually at first, then, in the low danger zone, the 
curve turns sharply upward into an exponential surge of firing and induces 
a dramatic hyperventilatory drive. The flat top and exponential tail of the 
curve are adaptive: output stays low when oxygen is adequate, then rises 
steeply when it becomes genuinely threatening. That shape is why these 
receptors are silent in daily life yet life-saving in true hypoxia. 

• Error: Swapping the sensitivities: peripheral is the 
hypoxia alarm, central is the CO2 sensor. 

• Error: Reading the output as linear in PO2. It is flat 
then exponential, which is the adaptive design. 

• Error: Forgetting hypercapnia and acidosis are linked 
through the carbonic acid equation. 

Prediction Prompt 

• Predict: Why are the peripheral receptors nearly silent 
during a normal day yet capable of a massive 
ventilatory drive during severe hypoxia? Answer using 
the shape of the output-versus-PO2 curve. 

• Predict: A patient develops anemia: O2 content falls 
but arterial PO2 stays normal. Predict whether the 
peripheral chemoreceptors increase ventilation, and 
explain why. 
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