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Resource Hub 

Section 1: Exercise as the Universal Stressor — Why This Is an Integration Chapter 

 

Open the whole chapter by telling students what it is not: Exercise physiology is not a new system to memorize. It is a stress test of everything they 
already know applied to a very common and important activity. 

Instructor Narrative Structured Outline / Causal Chain 
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The move: Exercise is the classic physiological stressor, and the only 
reason it gets its own chapter is that it forces every organ system to 
respond at the same time. There is no new machinery here. 

Nothing here is new: it is everything at once 

Say this plainly at the outset: every mechanism discussed here has 
already been taught to at least some extent in previous chapters. 
Metabolism set the fuel pathways in Chapter 4, muscle set contraction 
and fiber types in Chapter 7, the cardiovascular system set flow and 
pressure in Chapter 9, and the lungs set gas exchange in Chapter 10. 
Exercise does not add a mechanism. It turns the dial up on familiar 
instruments working together to achieve a common goal. Grasping how 
the body deals with the many challenges presented by exercise is difficult 
because multifaceted adjustments are taking place, some immediately, 
some over time, and they’re inseparable. 

The same responses run every day, just on a smaller scale 

Keep students from filing exercise physiology under “elite athletics.” The 
author's framing is that getting up off the couch to grab something from 
the refrigerator triggers the same integrated response, only milder. Heart 
rate and breathing rise, fuel is mobilized, blood is redirected, heat is 
produced and shed. Exercise is just the amplified, easy-to-see version of 
ordinary homeostatic integration, which is exactly why it is the ideal 
vehicle for teaching integration at all. 

Read the list of perturbed parameters as the table of 
contents for the chapter 

Work the perturbed parameters as a map, not a list. Each one names a 
parameter that exercise perturbs and then cites every system that 
delivers an answer. Skeletal muscle contraction requires actions of the 
nervous system; blood O2 and CO2 pull in respiratory, cardiovascular, and 
nervous responses; blood pH regulation elicits respiratory, 
cardiovascular, excretory, and buffering adjustments; body temperature 
control requires cardiovascular, integumentary, and nervous system 
modifications. The point to make is that no correction is furnished by just 
a single system; they all respond in a collaborative manner. That is the 

What This Chapter Actually Is 

• Exercise = the classic whole-body stressor; multiple 
systems respond to one perturbation 

• No new mechanism is introduced; prior chapters (4, 7, 
9, 10) are run simultaneously under load 

• Same response occurs in daily activity (the trip to the 
refrigerator), just smaller 

The Perturbed Parameters as a Map 

• Every perturbed parameter is answered by several 
systems, never one 

• O2 / CO2 → respiratory + cardiovascular + nervous 

• pH → respiratory + cardiovascular + excretory + 
buffering 

• Temperature → cardiovascular + integumentary + 
nervous 

Causal Chain: One Perturbation, Many Responders 

Muscle begins contracting (intensity rises) → ATP 
demand, O2 use, CO2 and H+ output, and heat all change 
at once, and each change is a stimulus to a different 
control system → those systems respond in parallel and 
must be coordinated. The integrated whole is the 
response to exercise. 

The Fire Analogy (carry it all chapter) 

• Fuel choice = energy sources (fat slow, carbohydrate 
fast) 

• Burn rate = exercise intensity (aerobic vs. anaerobic) 

• Blowing on the fire = cardiopulmonary O2 delivery and 
CO2 / heat removal 

• Building a better furnace = training adaptations 

Common Errors 



definition of integration, and the rest of the chapter just works through the 
rows. 

The fire analogy is the through-line 

Plant this analogy now because we will return to it throughout the chapter. 
Muscle metabolism is like a fire. You choose the fuel (fat burns slow, 
carbohydrate burns fast), you set the burn rate by intensity, you blow on 
the fire to feed it oxygen and carry off the smoke, and with training you 
build a bigger furnace and stock more fuel. Hold that single scenario in 
mind and the four major divisions of the chapter, energy sources, energy 
use, cardiopulmonary support, and plasticity, become four answered 
questions about the same fire. 

• Error: Treating exercise physiology as isolated 
responses to memorize. It is integration of known 
mechanisms. 

• Error: Assuming the dramatic response only matters 
for athletes. The same loops run in routine activity. 

• Error: Looking for the one system that handles a 
given change. Every perturbed parameter has several 
responders. 

Prediction Prompt 

• Predict: Pick any single parameter exercise changes 
(say, blood CO2). List every system that must respond 
and the prior chapter each draws on. You have just 
derived one parameter and its full set of responders 
from mechanism. 

 

Section 2: The Fuel Tanks — Tiny Glycogen, Vast Fat, and Why It Matters 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Start the energy story with an inventory and a paradox. The 
body stores almost no carbohydrate and enormous amounts of fat, yet 
carbohydrate is at least as important as fat in fueling hard work. 

The carbohydrate tank holds 1% of the fuel; the fat tank 
houses most of the rest 

Put the numbers up first because they drive everything. Total 
carbohydrate, stored as glycogen, is only about 1% of available energy 
reserves, roughly 1,500 to 2,000 calories, enough to fuel about 20 miles 
of intense running. The other 99% is lipid in adipose tissue and protein in 
muscle; fat alone would fuel running over a thousand miles. So the small 
tank holds the fuel we depend on most under load, and the huge tank 

The Inventory 

• Carbohydrate (glycogen) ≈ 1% of reserves (~ 1,500–
2,000 cal; ~ 20 miles of running) 

• Fat ≈ most of the other 99% (would fuel >1,000 miles 
of running) 

• Paradox: the small store is the one hard work leans on 
most 

Two Glycogen Pools (Ch. 4 liver hub) 

• Muscle glycogen (~ 80%): burned on site by the fiber 
that stores it 

• Liver glycogen (~ 20%): broken to free glucose, 
released to blood (glucagon, epinephrine) 



holds fuel we struggle to use fast. That mismatch is the seed of fatigue, 
carbohydrate loading, and the bonk … all coming up. 

Glycogen lives in two places with two jobs 

Split glycogen by location because the two pools behave differently, and 
this is the liver-as-hub idea from Chapter 4. About 80% of glycogen sits 
inside the very muscle fibers that will burn it, local fuel, used on site. The 
other 20% is found in the liver, and liver glycogen is special: it is broken 
down by glycogenolysis to free glucose that is released into the blood for 
other tissues. The liver is like a bank. It stores glycogen when nutrients 
are plentiful and pays out glucose between meals and during exercise, on 
hormonal command, largely glucagon and epinephrine. Tissues with little 
fuel of their own, like nervous tissue, live on that released glucose. 

The small tank is highly labile 

Make the point that the glycogen supply is changeable on a timescale of 
days. Because this carbohydrate store is small and many cells draw on it, 
daily diet swings it dramatically. A carbohydrate-free diet or a 24-hour fast 
nearly empties it; gluconeogenesis can turn on but barely covers ongoing 
needs and does not refill the tank. Conversely, a few days of high 
carbohydrate intake super-loads glycogen and can easily double the 
reserve. That deliberate doubling is called carbohydrate loading, and it 
raises endurance, with a ceiling, because past the limit, extra 
carbohydrate is simply converted to fat. 

Tapering is carbohydrate loading by another route 

Athletes taper train for days before a competition. On a fixed diet, cutting 
the catabolism of stored glycogen while still eating carbohydrate lets 
stores climb. That is carbohydrate loading achieved by reducing the 
withdrawal side rather than increasing the deposit side, same result, fuller 
tank, more endurance. Framing this as deposits versus withdrawals 
keeps the bank analogy alive and previews the addition-versus-removal 
logic that governs nearly everything in this chapter. 

• Liver = the bank: stores postprandially, pays out 
between meals and during exercise 

Causal Chain: Why Glycogen Swings Day to Day 

Carbohydrate store is small and widely used → 
carbohydrate-free diet / 24-h fast nearly empties it → 
gluconeogenesis turns on but only covers ongoing need 
(no refill). Conversely, a few days of high carbohydrate 
intake doubles stores (carbohydrate loading) → 
endurance rises; excess beyond the ceiling is converted 
to fat 

Key Distinction: Deposit vs. Withdrawal 

• Carbohydrate loading = increase deposits (eat more 
carbohydrate) 

• Tapering = decrease withdrawals (train less, same 
diet) → same fuller tank 

• Both raise glycogen and endurance 

Common Errors 

• Error: Assuming the body stores plenty of 
carbohydrate. This is the smallest tank by far. 

• Error: Thinking muscle glycogen can be shared 
between fibers like liver glucose. Muscle glycogen is 
local; only the liver exports glucose. 

• Error: Believing more carbohydrate always means 
more glycogen. Past the ceiling, carbohydrate 
becomes fat. 

Prediction Prompt 

• Predict: An athlete tapers training for several days on 
a fixed, carbohydrate-rich diet. Predict the change in 
muscle and liver glycogen, and name the strategy this 
reproduces. 

• Predict: A 24-hour fast precedes a long run. Predict 
the starting glycogen state and why gluconeogenesis 
will not rescue endurance. 

 



Section 3: Glycogen Depletion and the Bonk — Why the Huge Fat Tank Can't Save You 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Resolve the paradox from the last section. The body holds 
enormous fat reserves, yet running out of the tiny glycogen store still 
cripples performance. The reason is rate, not amount. 

Depletion forces a fuel switch and limits endurance 

State the consequence first. Normal or high glycogen, used heavily by 
type II fibers in moderate-to-intense work, spares protein. When glycogen 
runs low, from fasting, low-carbohydrate diet, or simply prolonged aerobic 
work, the fuel blend shifts hard toward fat, and the liver ramps up 
gluconeogenesis using amino acids pulled from muscle. Despite that new 
glucose, supply stays low and moderate-to-intense endurance collapses. 
Low-intensity work suffers least because type I fibers were already 
running mostly on fat. 

Fat oxidation is slow because of how it is stored and 
carried 

Explain why a vast fuel reserve cannot rescue hard effort, drawing on the 
β-oxidation picture from Chapter 4. Fat is stored as large droplets with 
poor enzymatic access compared with glycogen, so mobilization is slow. 
Being hydrophobic, free fatty acids circulate at very low levels and ride 
protein carriers (lipoproteins) in blood; once inside the cell they still need 
fatty-acid binding proteins to shuttle them to the mitochondria. Every one 
of those steps is a delay. The fuel is enormous but the pipe is narrow. 

The bonk is metabolic gear-grinding 

Name the experience and tie it to mechanism. The slow mobilization and 
transport of fat is a major cause of peripheral fatigue, fatigue at the 
muscle itself, felt as “bonking” or “hitting the wall.” The author's phrase is 
metabolic gear grinding: the abrupt forced downshift from fast-release 
carbohydrate to slow-release intramuscular and adipose fat. There is a 
real gap in ATP supply rate during the switch, and that gap causes hitting 
the wall. Even so, fat oxidation supplies well over half of fuel during 

What Depletion Does 

• Forces a shift toward fat; liver gluconeogenesis 
increases (amino acids from muscle) 

• Moderate-to-intense endurance collapses; low-
intensity (type I, fat-fueled) least affected 

• Both long aerobic and short anaerobic performance 
fall, glucose is important to each 

Why Fat Use Is Slow (Ch. 4 β-oxidation) 

• Stored as large droplets → low surface-area-to-
volume ratio → poor enzymatic accessibility 

• Hydrophobic → low free levels, carried on lipoproteins 
in blood 

• Needs intracellular fatty-acid binding proteins (FABPs) 
to reach mitochondria 

• Many slow steps = a narrow pipe from a vast tank 

Causal Chain: Why the Bonk Happens 

Muscle always burns a carbohydrate-fat blend → 
prolonged work depletes glycogen (the fast fuel), so the 
blend tips abruptly toward fat (the slow fuel), a ratio shift 
rather than an all-or-nothing switch → fat mobilization and 
oxidation cannot match that ATP demand rate, and losing 
carbohydrate further caps fat oxidation itself (Ch. 4) → a 
supply gap opens: "metabolic gear grinding" → peripheral 
fatigue: bonking / hitting the wall 

 

Key Distinction: Amount vs. Rate 

• Fat = very large amount, slow rate (a substantially 
lower ATP yield per second than glycogen) 



prolonged moderate exercise and nearly all ATP at rest. It is not weak, 
just slow. 

Training widens the fat pipe 

End on adaptation because it paves the way for upcoming plasticity 
sections. Endurance training improves fat mobilization and metabolism, 
likely by raising lipase and other fat-handling enzyme expression, 
especially at intramuscular stores. Trained athletes use fat earlier, and in 
greater proportion, even before glycogen is depleted. The result is 
endurance: by leaning on the huge fat tank sooner, they spare the small 
glycogen tank, and since glycogen is the limiting fuel, sparing it delays 
fatigue. 

• Glycogen = small amount, fast rate; the limiting fuel for 
hard work 

• Training raises fat-handling enzymes → earlier fat use 
→ spares glycogen → more endurance 

Common Errors 

• Error: Thinking large fat stores mean fat can fuel 
intense work. Rate, not amount, is the limit. 

• Error: Treating the bonk as 'running out of energy.' 
Energy (fat) is abundant; the delivery rate is what fails. 

• Error: Forgetting low-intensity work is barely affected 
by glycogen depletion (type I fibers run on fat). 

Prediction Prompt 

• Predict: Glycogen depletes mid-marathon and fat 
becomes dominant. Why does peak pace fall even 
though fat is calorie-dense? 

• Predict: An endurance-trained runner finishes a long 
race and must sprint the last 200 m. Why can this 
athlete outsprint an untrained runner who is running 
the same race? 

 

Section 4: Fat Burns in a Carbohydrate Flame — The Amphibolic Krebs Bottleneck 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: One cannot efficiently burn fat without simultaneously burning 
carbohydrate. The reason is that the Krebs cycle is amphibolic, so its 
intermediates, oxaloacetate above all, must be continuously replaced. 

The Krebs cycle is both catabolic and anabolic 

Recall the Chapter 4 idea. The Krebs cycle does not only break fuel down 
for ATP; its intermediates are pulled off to build amino acids, purines, 
pyrimidines, heme, and more. That dual nature is referred to as 

Amphibolic Krebs Cycle (Ch. 4) 

• Catabolic and anabolic: intermediates pulled off to 
build amino acids, purines, pyrimidines, heme 

• Acetyl (2C) + oxaloacetate (4C) → citrate (6C): the 
cycle can't turn without oxaloacetate 

• Carbohydrate (pyruvate)-derived acetyl groups keep 
oxaloacetate topped up 



amphibolic. Follow the carbons: an incoming two-carbon acetyl group 
must combine with four-carbon oxaloacetate to make six-carbon citrate 
before the cycle turns. Oxaloacetate is the acceptor, and everything 
cycle-related hinges on whether enough of this is present. 

Fat can only enter if oxaloacetate is waiting 

Make the bottleneck concrete. β-oxidation hands the cycle acetyl groups 
from fat, but those acetyl groups go nowhere unless oxaloacetate is there 
to catch them. If oxaloacetate is being siphoned off to build amino acids 
or nucleotides, or if earlier intermediates have been removed and 
oxaloacetate is not being regenerated, fat oxidation stalls. Normally, 
carbohydrate-derived acetyl groups (from pyruvate) keep the intermediate 
pool topped up so fat can keep feeding in. Practically: when glycogen is 
limited, the ability to oxidize fat is also limited. That is why depletion 
fatigue is actually worse than it looks. 

Anaplerotic reactions refill the cycle: at a cost 

Give them the rescue and its price. When carbohydrate is scarce, amino 
acid backbones can be added at several points to replenish intermediates 
like oxaloacetate; these cycle-filling reactions are called anaplerotic. They 
keep the wheels turning, but they burn functional protein, and breaking 
down amino acids means deamination and rising toxic ammonia. A 
memorable payoff from the chapter: during very prolonged glycogen-
depleting exercise, athletes can begin to smell of ammonia as that volatile 
waste accumulates in sweat. The smell is the readout of a bottleneck. It 
means carbohydrate is now missing and protein is being fed in to let fat 
keep burning. 

Read the smell as a diagnostic 

Turn this into a reasoning exercise. Ammonia in sweat tells you two 
things at once: glycogen has run out, and amino acids are now being 
mobilized. And it tells you why: amino acid backbones are doing the 
anaplerotic job that glucose-derived acetyl groups normally do, propping 
up oxaloacetate so fat-derived acetyl groups can still enter the cycle. One 
smell and the whole mechanism revealed. Have students narrate that 
chain backward from the symptom; it is the cleanest test of whether they 
understand the amphibolic bottleneck. 

Causal Chain: Why Low Glycogen Limits Fat Oxidation 

Glycogen depleted → little pyruvate available for 
anaplerotic carboxylation to oxaloacetate → oxaloacetate 
falls, since gluconeogenesis and biosynthesis keeps 
draining a pool that is no longer being replaced → fat-
derived acetyl groups have no oxaloacetate to condense 
with → fat oxidation stalls → fatigue deepens beyond 
simple glucose shortage 

The Anaplerotic Rescue (and its cost) 

• Amino acid backbones added at several points refill 
intermediates (oxaloacetate) 

• Keeps the cycle turning when carbohydrate is scarce 

• Cost: deamination → toxic NH3 (ammonia smell in 
sweat during depletion) 

Key Distinction: Two Ways to Top Up Oxaloacetate 

• Normal: carbohydrate-derived acetyl groups (pyruvate) 
maintain intermediates 

• Depleted: anaplerotic amino-acid backbones do it, 
burning functional protein 

• The ammonia smell = readout that the system 
switched to the costly route 

Common Errors 

• Error: Believing fat oxidation is independent of 
carbohydrate. It depends on carbohydrate to keep the 
Krebs cycle stocked. 

• Error: Treating the Krebs cycle as purely catabolic. It 
is amphibolic; intermediates are constantly removed. 

• Error: Missing that the ammonia smell is a metabolic 
signal, not just dehydration or diet related. 

Prediction Prompt 

• Predict: An athlete late in an ultramarathon smells of 
ammonia. Which store is depleted, which is mobilized, 



and what does mobilizing the second accomplish 
energetically? 

• Predict: A diet eliminates carbohydrate but keeps fat 
and protein abundant. Predict the effect on the 
maximal rate of fat oxidation and explain via 
oxaloacetate. 

 

Section 5: Hormones Partition the Fuel — The Endocrine Layer of Exercise 

 

This is Chapter 6 made concrete. Every hormone mentioned here is doing exactly what its chemical class and receptors predict; exercise just supplies the 
stimulus and the stakes. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Show that the fuel switches of the last three sections do not 
occur automatically. They are hormonally driven, and the hormones split 
cleanly into mobilizers and a single storer that gets switched off. 

Catecholamines are the fast first responders 

Lead with epinephrine and norepinephrine because they move first. 
Adrenal medullary secretion rises once exercise exceeds about 50% of 
maximal aerobic capacity. Epinephrine drives glycogenolysis at liver and 
muscle and strongly activates lipolysis at adipose; norepinephrine adds 
lipolysis and, during intense work, spills over from sympathetic nerve 
endings into the blood. The net effect is to elevate circulating nutrients 
fast. Connect to Chapter 9 here, these same catecholamines run much of 
the cardiovascular response, so one signal amplifies fuel and flow 
together. 

Insulin falls so the others can work 

Frame insulin by its absence. Insulin is the storage hormone; its level 
normally rises after a meal to drive uptake and storage, especially 
glucose via GLUT-4. During exercise, as working muscle consumes 
circulating glucose, insulin secretion is progressively depressed. That is 

Mobilizers vs. the Storer 

• Catecholamines (epinephrine, norepinephrine): fast; 
glycogenolysis + lipolysis; also drive CV response (Ch. 
9) 

• Glucagon (α-cells): delayed; hepatic glycogenolysis + 
gluconeogenesis + lipolysis 

• Growth hormone / IGFs: pulsatile; mobilize fat, hepatic 
gluconeogenesis, protein-sparing 

• Testosterone: anabolic; muscle protein synthesis + 
neural adaptations 

• Insulin (β-cells): the storer, suppressed during 
exercise 

Causal Chain: Why Suppressing Insulin Secretion Enables 
Fuel Release 

Working muscle consumes circulating glucose → blood 
glucose drifts down → insulin secretion falls → low insulin 
removes the 'store it' signal → catecholamines + 
glucagon now mobilizes glycogen and fat freely; muscle 



permissive: with the insulin level low, glycogen stores are far more readily 
mobilized by catecholamines and glucagon. Meanwhile muscle keeps 
taking up glucose because contraction itself recruits GLUT-4 to the 
membrane, a route that does not require insulin. So, secretion of insulin, 
the storage signal, falls exactly when fuel must be released rather than 
stored. 

Glucagon and growth hormone arrive later, sparing protein 

Sequence the slower hormones. Glucagon release from pancreatic α-
cells rises as blood glucose drifts down, driving hepatic glycogenolysis 
and gluconeogenesis (with enhanced amino-acid uptake) and mobilizing 
fat by stimulating lipolysis and inhibiting triglyceride synthesis. These 
effects are delayed relative to exercise onset. Growth hormone, released 
in pulsatile spikes that grow with activity, mobilizes adipose fat and 
promotes hepatic gluconeogenesis. Crucially, GH (acting partly through 
IGFs) is protein-sparing: by pushing fat use and blunting muscle 
catabolism, it protects lean mass during fasting, aging, and weight loss, 
the “fountain of youth” nickname. GH rises chronically with training, but 
only when that exercise exceeds the lactate threshold. 

Testosterone builds muscle that did the work 

Finish with the anabolic and reproductive layer, including the honest 
complications. Testosterone is a powerful anabolic agent: it raises muscle 
protein synthesis, secondarily stimulates GH and IGFs, and, importantly, 
drives nervous-system adaptations (improved neuromuscular junctions) 
that yield strength beyond pure muscle growth. Women show smaller but 
very real exercise-induced rises. Long-term training diverges by mode: 
resistance-trained men show higher resting testosterone (supporting 
larger mass), while trained endurance runners often show lower-than-
normal secretion, mirroring the suppression of reproductive cycles seen in 
highly trained female aerobic athletes. The lesson: the same hormone 
reads differently depending on the training stimulus, exactly the 
integration theme. 

is still supplied, because contraction recruits GLUT-4 
independently of insulin 

Class Predicts Behavior (Ch. 6) 

• Catecholamines: hydrophilic → fast onset, short-lived 
(fits minute-to-minute role) 

• GH, glucagon: peptides → membrane receptors, but 
slower whole-body effects 

• Testosterone: steroid → slow, gene-level anabolic 
effect 

Key Distinction: Acute vs. Chronic 

• Catecholamines: chronic training raises secretion at a 
given percentage of VO2max but lowers it at a given 
absolute workload 

• Insulin: training raises resting sensitivity (lower type-2 
diabetes risk) 

• Testosterone: resistance ↑ resting, endurance ↓ 
resting 

Common Errors 

• Error: Thinking insulin levels rise during exercise. 
They fall. This is what permits glucose mobilization. 

• Error: Crediting catecholamines with all exercise-
related responses. Glucagon and GH carry the 
delayed, protein-sparing load. 

• Error: Assuming a given hormone has one fixed 
exercise response. Direction depends on acute vs. 
chronic and on training mode. 

Prediction Prompt 

• Predict: A type 1 diabetic (no insulin-secreting cells) 
exercises moderately. Predict whether blood glucose 
rises or falls and explain using muscle uptake versus 
hepatic mobilization. 



• Predict: Two athletes train hard: one lifts, one runs 
distance. Predict their resting testosterone levels 
relative to normal and why. 

 

Section 6: Three Energy Systems by the Clock — ATP, Phosphocreatine, Glycolysis, Aerobic 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Teach the energy systems as a sequence in time, not a 
menu. The instant exercise starts, muscle draws first on stored ATP and 
phosphocreatine, then on anaerobic glycolysis, and only later on aerobic 
metabolism. 

The fire analogy, restated for burn rate 

Open with the fire analogy. A slow, cool fire, fueled by wood or coal, is 
fine when you do not need much energy fast; that mimics fat use during 
low-intensity work. When you need that fire quick and hot, you throw on 
paper and cardboard, which flares instantly but is gone quickly; that 
represents carbohydrate breakdown during intense work. Moderate fires 
use both at once. The point is that burn rate is set by demand, and 
demand is set by intensity. Keep this image because it makes the next, 
more technical sequence intuitive. 

Seconds: stored ATP and phosphocreatine 

Walk the timeline from Chapter 7's muscle-energetics figure. Converting 
nutrient bond energy into ATP is not instantaneous, so the muscle fiber 
must have immediate reserves the moment crossbridges need to cycle. 
Those stores are existing cytoplasmic ATP, good for only a few seconds, 
and phosphocreatine, effective for another 10 to 15 seconds. Both are 
entirely anaerobic, no oxygen required. An all-out sprint sustainable for 
only 10 to 20 seconds is run almost purely on this pair. At moderate effort 
the same reserves stretch past a minute because aerobic metabolism 
simultaneously resupplies them. 

The Energy Systems Ordered by Time (Ch. 7) 

• Existing ATP: a few seconds, anaerobic 

• Phosphocreatine: +10–15 s, anaerobic (sprint = ATP + 
PCr only, ~ 10–20 s) 

• Anaerobic glycolysis: bridges minutes, fast, makes 
lactate 

• Aerobic (carbohydrate + fat): sustainable for hours, 
slow to ramp 

Two Dials Set the Fuel Blend 

• Intensity ↑ → carbohydrate use ↑ (glycolysis is fast; β-
oxidation is slow) 

• Duration ↑ → glycogen falls → fat carries aerobic ATP 

• Almost no real exercise uses a single fuel; blends are 
the rule 

Causal Chain: Why the Muscle Switches Systems as Exercise 
Proceeds 

Contraction starts; ATP needed instantly → existing ATP 
+ phosphocreatine spent first (anaerobic, seconds) → 
anaerobic glycolysis bridges while aerobic pathways 
ramp up (O2 deficit forms) → aerobic metabolism 
matches demand if intensity is moderate → over time 
glycogen falls → fat begins to dominate aerobic supply 

Key Distinction: Fast/Brief vs. Slow/Sustained 



Minutes: anaerobic glycolysis bridges the gap 

Fill the middle of the timeline. As stored phosphates fall and before 
aerobic pathways are fully online, anaerobic glycolysis carries the load, 
fast, oxygen-independent, producing ATP and lactate from glucose. 
Glycolysis is quick; β-oxidation and the full aerobic machinery are slow. 
So as ATP demand climbs, glycolysis climbs with it, which is exactly why 
carbohydrate use rises with intensity. This is also the source of the early 
O2 deficit that the next section quantifies. 

Hours: aerobic metabolism, the sustainable engine 

Close on the long run. Given moderate intensity and adequate O2, ATP is 
made aerobically from carbohydrate and fat together, and this can be 
sustained for a very long time on glycogen and fat stores. Intensity and 
duration are the two dials: raise intensity and the blend shifts toward 
carbohydrate for speed; extend duration and glycogen dwindles, leaving 
fat to carry aerobic production. Have students place a single jump, thirty 
repeated jumps, a 400 m run, and a marathon on this timeline; the system 
used falls out of the clock and the intensity, not memorization. 

• Phosphagens + glycolysis: high power, short duration, 
anaerobic 

• Aerobic: lower peak power, effectively unlimited 
duration 

• Type II fibers favor the fast systems; type I favor the 
aerobic system (Ch. 7) 

Common Errors 

• Error: Treating the energy systems as alternatives 
one chooses. They overlap and hand off in time. 

• Error: Calling sprinting 'aerobic exercise that's hard.' 
A true sprint is phosphagen and glycolysis dependent, 
almost no aerobic ATP supply. 

• Error: Forgetting aerobic metabolism quietly 
resupplies ATP and phosphocreatine during moderate 
work. 

Prediction Prompt 

• Predict: Describe muscle energy use for a single 
standing high jump, then for 30 consecutive jumps. 

• Predict: Why can no one sprint for 20 minutes? Tie 
the answer to which systems a sprint depends on. 

 

Section 7: VO₂, the O₂ Deficit, and VO₂max — Fick's Principle Applied 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Fick’s principle, cardiac output times the arterial - venous O2 
difference, ties O2 use to the whole cardiovascular system. Use this to 
explain the O2 deficit at exercise onset and the VO2max ceiling at peak 
effort. 

Fick's Principle (Ch. 9) 

• VO2 = Q × (CaO2 − CvO2): O2 used = flow × extraction 

• VO2 measured at the lungs as pulmonary O2 uptake 

• Two ways to increase VO2: move more blood (Q) or 
extract more per unit (widen CaO2 − CvO2) 



VO₂ is measured at the lungs but reports on the muscle 

activity 

Anchor on the Chapter 9 equation. Whole-body oxygen consumption, 
VO2, is measured at the lungs as pulmonary O2 uptake because 
measuring individual muscle utilization is impractical. Fick's principle ties 
all of this together: VO2 equals cardiac output times the arterial-minus-
venous O2 difference, VO2 = Q × (CaO2 − CvO2). Ask students to read the 
equation as a sentence: oxygen used per minute equals how much blood 
one moves times how much O2 is extracted from each unit. Every later 
cardiovascular adaptation acts on one of these two terms. 

VO₂ rises fast but not instantly: hence the deficit 

Walk the O2 use onset curve. When exercise begins, O2 consumption 
climbs exponentially over the first minutes, then plateaus at a steady rate. 
But during those first minutes, aerobic metabolism, the heart, and the 
lungs cannot adapt instantly, so O2 supply lags behind ATP demand. The 
muscle covers the shortfall anaerobically, phosphagens and glycolysis, 
and that shortfall generates the O2 deficit, a debt that must be reconciled 
later as excess post-exercise O2 consumption (EPOC). Once the steady 
rate is reached, delivery and aerobic consumption match, little lactate 
accumulates, and stores of glycogen and fat sustain the effort for a long 
time. 

VO₂max is the integrated ceiling 

Define the top of the curve as a system property. Ratchet intensity up and 
you reach a point where the muscle can use no more O2: aerobic 
pathways are maxed out, the maximum O2 consumption rate, VO2max. 
Stress that these determinants are deeply integrative, blood volume, 
hemoglobin concentration, cardiac and lung performance, capillary 
density, and muscle aerobic capacity (mitochondrial number and size, 
enzyme levels). No single organ owns VO2max; it is the whole O2 
cascade's bottleneck. Training improves several terms at once: faster 
attainment of steady rate, higher peak, smaller deficit, later fatigue. 

Past the ceiling, anaerobic metabolism and the lactate 
threshold 

The Onset Curve (VO₂ over time) 

• VO2 rises exponentially, then plateaus at steady rate 

• Early lag → O2 deficit, covered anaerobically 
(phosphagens + glycolysis) 

• Steady rate: delivery = aerobic consumption, little 
lactate, sustainable 

Causal Chain: Why an O₂ Deficit Forms at Onset 

Exercise begins; ATP demand jumps immediately → 
aerobic pathways, heart, and lungs cannot adapt instantly 
→ O2 supply lags demand → muscle uses anaerobic 
sources to fill the gap → an O2 deficit accrues, to be 
repaid later (EPOC) 

VO₂max Is Integrative 

• Limited by blood volume, [hemoglobin], cardiac + lung 
performance, capillary density, mitochondrial capacity 

• No single organ owns VO2max. This is the cascade's 
bottleneck 

• Above the lactate threshold: anaerobic surge, lactic 
acid → lactate + H+, rapid fatigue 

Common Errors 

• Error: Reading VO2 as a lung-only number. It equals 
flow times extraction across the whole body. 

• Error: Thinking VO2max is set by one organ. It is set 
by the weakest link in an integrated chain. 

• Error: Confusing the O2 deficit (start-of-exercise debt) 
with EPOC (post-exercise repayment + extra 
metabolism). 

Prediction Prompt 

• Predict: Trained athletes reach steady rate faster and 
hit a higher VO2max. Name adaptations to Q and to 
(CaO2 − CvO2) that produce this, and predict the 
change in O2 deficit. 



Connect the ceiling to fatigue. If one pushes past the intensity where 
aerobic supply meets demand and anaerobic metabolism surges, lactic 
acid that dissociates into lactate and H+ is produced. That exercise 
intensity is the lactate threshold (developed in Chapter 4). Beyond it, 
fatigue arrives rapidly, which is why sprinting cannot be sustained for very 
long. The enormous O2 deficit and the anaerobic metabolism it forces 
explain the short duration of a maximal effort, and they set up the lactate 
and EPOC sections that follow. 

• Predict: Using VO2 = Q × (CaO2 − CvO2), predict how, 
and through which term, raising hemoglobin 
concentration changes VO2max. 

 

Section 8: Lactate Is Fuel, Not Waste — The Lactate Shuttle and the Cori Cycle 

 

This is the place to overturn a misconception students arrive with. Use the Chapter 4 framing of lactate and the Cori cycle: lactate is produced 
continuously and is a fuel, not a toxic waste. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Lactate is not a fatigue-causing waste product; it is 
continuously produced fuel that gets shuttled to where it can be burned. 

Lactate is made all the time, not just when you 'run out of 
air' 

State the correction first. The idea that lactate is a fatigue-causing waste 
product has been proven false. Pyruvate from glycolysis can go two 
ways: onward into the mitochondria aerobically, or to lactate, and the 
lactate branch runs continuously, even at rest. Metabolic pathways are 
blended, not on/off. Lactate only accumulates in blood above resting 
levels at relatively high exercise intensities (above roughly 60 to 80% of 
aerobic capacity, depending on fitness), and even then, production climbs 
smoothly with intensity well before it shows up in the blood. 

The lactate shuttle: glycolytic fibers feed oxidative 
neighbors 

Build the shuttle from fiber types (Chapter 7) and the Cori cycle (Chapter 
4). Type II fast-twitch fibers, with high LDH, low capillary density, and few 

Overturning the Myth (Ch. 4) 

• Lactate is not a waste product and does not 'cause' 
fatigue 

• Produced continuously (even at rest); pathways are 
blended, not on/off 

• Blood accumulation only above ~ 60–80% aerobic 
capacity (fitness-dependent) 

The Lactate Shuttle (Ch. 7 fibers) 

• Type II fibers (glycolytic, high LDH) produce lactate 

• Adjacent type I fibers (oxidative) take lactate up, 
reconvert to pyruvate, oxidize it 

• At low/moderate intensity, lactate can out-supply 
glucose as fuel 

• Carried by monocarboxylate transporters (MCT1) 

Causal Chain: Where Lactate Goes (the Cori Cycle, Ch. 4) 



mitochondria, run anaerobically and produce lactate. Adjacent type I 
slow-twitch fibers, rich in mitochondria, take that lactate up, convert it 
back to pyruvate, and oxidize it fully. So lactate physically moves from the 
cell that made it to the cell that can burn it, the lactate shuttle. At low-to-
moderate intensity, oxidized lactate can actually supply more energy than 
glucose itself. The transporters that carry it (monocarboxylate 
transporters, MCT1) are the gateways the whole shuttle depends on. 

The liver closes the loop: the Cori cycle 

Add the systemic arm. A smaller fraction of lactate enters the blood and is 
cleared by several tissues. Nervous tissue and cardiac muscle simply 
oxidize it. The liver does something different: it reconverts lactate to 
glucose, the Cori cycle from Chapter 4, and releases that glucose for 
muscles to use directly or store as glycogen. So lactate is not discarded; 
it is recycled, either burned locally, oxidized by heart and brain, or rebuilt 
into glucose by the liver. Sports-nutrition companies now even add lactate 
to drinks on the strength of this updated view. 

Rising blood lactate is a fuel-state signal 

Reframe reading lactate levels as informative, not an indicator of 
imminent failure. Lactate production normally just about matches 
clearance, so blood lactate stays low until clearance is overwhelmed. 
When its level does climb fast, that signals a shift toward greater glucose-
glycogen metabolism, which means the limited carbohydrate stores are 
being spent quickly. So, a sharp lactate rise is an early warning of 
impending glycogen-depletion fatigue, not the cause of fatigue. Teaching 
it this way connects the lactate threshold (Section 7) to the depletion story 
(Sections 3–4) instead of leaving lactate as a villain. 

Active type II fiber: glucose/glycogen → pyruvate → 
lactate → the lactate pool then splits three ways: most is 
shuttled to neighboring type I fibers and oxidized; some 
enters the blood, where heart and brain oxidise it; the 
remainder reaches the liver, which reconverts it to 
glucose (Cori cycle) → that glucose returns to muscle: 
burned or stored as glycogen 

Key Distinction: Production vs. Accumulation 

• Production rises smoothly with intensity from the start 

• Accumulation in blood occurs only when clearance is 
outpaced 

• A fast lactate rise signals heavy glucose-glycogen use 
→ warns of depletion fatigue 

Common Errors 

• Error: Believing lactate is a metabolic waste that 
poisons muscle. It is recycled fuel. 

• Error: Thinking lactate appears only during anaerobic 
'oxygen debt.' It is produced continuously. 

• Error: Treating rising blood lactate as the cause of 
fatigue rather than a signal of fuel-state. 

Prediction Prompt 

• Predict: An MCT1 inhibitor blocks lactate uptake. 
Predict the effect on type I fiber metabolism and on 
glycogen/fat stores. 

• Predict: Blood lactate climbs steeply at a given pace. 
What does this predict about that athlete's 
carbohydrate stores over the remainder of the effort? 

 

Section 9: EPOC — Why You Keep Breathing Hard After You Stop Exercising 

 

Instructor Narrative Structured Outline / Causal Chain 



The move: O2 consumption stays elevated after exercise ends for two 
distinct reasons. You keep consuming extra O2 partly to repay the start-
of-exercise debt, but mostly to support a metabolism that is still elevated. 

Part one: repay the O₂ deficit 

Begin with the debt incurred at the start. Recall from Section 7 that an O2 
deficit accrues at the onset of any exercise because aerobic supply lags 
demand. After one stops exercising, restoring resting ATP and 
phosphocreatine and processing the small amount of lactate produced all 
require O2 delivery above resting levels. For a very brief effort, that 
repayment is essentially the whole story. Glycogen was barely touched, 
so recovery is quick. The deficit-repayment idea is intuitive, so lead with 
it, then show it is not enough to explain a long recovery. 

Part two: metabolism is still elevated (the bigger share) 

Now the part students miss. The elevated post-exercise O2 consumption, 
excess post-exercise oxygen consumption, EPOC, mostly supports an 
exercise-induced rise in overall metabolism, not just debt. Several things 
are still costing energy: respiratory and cardiac muscles are still working 
hard; body temperature rose (bond-energy transfers are inefficient, 
Chapter 4) and heat directly increases metabolic rate across all tissues; 
sweat production and the cutaneous vasodilation that dumps heat both 
demand cardiac output and energy; exercise hormones with short half-
lives are still active; and tissue growth and repair triggered by the session 
keep O2 use elevated for a prolonged period, even raising resting 
metabolic rate in regular trainers. 

The Cori cycle is a minor player in recovery 

Correct a second timeworn belief while you are here. Lactate-to-glucose 
conversion via the Cori cycle was once thought to be a major element of 
recovery; it actually contributes minimally, except after very high-intensity 
work that exceeds the lactate threshold and produces significant lactate 
accumulation. This reinforces Section 8. Most lactate was already 
shuttled and oxidized during exercise, so there is little left to reconvert. 
Keep students from over-weighting lactate in recovery the same way they 
over-weighted it in fatigue. 

Two Components of Post-Exercise O₂ Use 

• Repay the O2 deficit: restore ATP + phosphocreatine, 
process residual lactate 

• Support elevated metabolism (the larger share for 
prolonged exercise) 

• EPOC = excess post-exercise oxygen consumption 

Why Metabolism Stays High 

• Respiratory and cardiac muscles still working hard 

• Raised body temperature directly increases metabolic 
rate (Ch. 4 inefficiency) 

• Sweating + cutaneous vasodilation cost energy and 
cardiac output 

• Short-half-life hormones still active; growth/repair 
ongoing 

Causal Chain: Why Breathing Stays Heavy After Stopping 

Exercise ends, but the disturbances it created don't stop 
with it → three oxygen-demanding processes persist in 
parallel: (1) the O2 deficit is repaid, because ATP/PCr 
resynthesis and lactate disposal are oxidative and draw 
O2 directly; (2) raised core temperature and lingering 
catecholamines hold whole-body metabolic rate above 
baseline, so every tissue respires faster; (3) the heart and 
respiratory muscles keep working harder than at rest and 
consume O2 doing so → total O2 consumption stays 
elevated (EPOC) → to supply that O2 and clear residual 

CO2, chemoreceptor drive keeps ventilation and heart 
rate up → breathing stays heavy for minutes after 
stopping 

Key Distinction: Deficit vs. Elevated Metabolism 

• Brief effort: recovery ≈ just deficit repayment (fast) 

• Prolonged effort: most EPOC supports ongoing raised 
metabolism 



Read recovery time as an intensity readout 

Tie it all together as a diagnostic. How long recovery takes scales with 
how intensely the athlete worked, because both the deficit repaid and the 
metabolic elevation sustained scale with intensity and duration. A short 
easy effort recovers in moments; a long hard one keeps ventilation and 
heart rate up for many minutes. So, the persistence of heavy breathing 
after exercise stops is a direct, observable measure of how much the 
entire integrated system was disturbed, a fitting closing image for the 
energy-use division. 

• Cori cycle (lactate → glucose) contributes minimally 
except after supra-threshold work 

Common Errors 

• Error: Equating EPOC entirely with 'repaying oxygen 
debt.' Most of it supports elevated metabolism. 

• Error: Overstating the Cori cycle in recovery. This 
cycle is important only after significant lactate 
accumulation. 

• Error: Thinking recovery should be instant because 
the muscles stopped working. The rest of the body has 
not. 

Prediction Prompt 

• Predict: Compare EPOC after a 20-second sprint 
versus following a 2-hour run, and explain the 
difference in both components. 

• Predict: Why does a regular trainer show a higher 
resting metabolic rate even on rest days? 

 

Section 10: Blowing on the Fire — The Three Phases of Exercise Ventilation 

 

The striking fact to lead with: ventilation jumps almost instantly at exercise onset, before blood chemistry has changed at all. That timing rules out the 
obvious explanation and forces the feedforward story. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Explain why ventilation can rise to twenty times resting, and 
do it in three phases that hand off from feedforward command to local 
feedback to chemical fine-tuning. 

The job: hold alveolar gases steady while flux soars 

Set the demand. Ventilation can climb from 5 to 6 liters per minute at rest 
to over 100 during hard exercise. That huge airflow keeps alveolar PO2 
and PCO2 near normal so diffusion gradients hold even as far more O2 is 

The Demand 

• Ventilation: ~ 5–6 L/min at rest → >100 L/min in hard 
exercise 

• Keeps alveolar PO2 / PCO2 near normal → preserves 
diffusion gradients 

• Prevents CO2-driven acidosis (carbonic-acid equation, 
Ch. 10/15) 



being pulled across the membrane and far more CO2 delivered to it. It 
also heads off the acidosis that would follow if CO2 were to accumulate 
and push the carbonic-acid equilibrium toward H+. The lung's role during 
exercise is to keep the gas environment constant despite a large 
metabolic disturbance. 

Phase 1: feedforward from motor command and limbs 

Lead with the timing puzzle. At onset, ventilation rises almost instantly, 
faster than muscle metabolism or blood chemistry could possibly have 
changed. That rules out chemistry as the trigger and points to 
feedforward control. Output from cerebral motor centers, the same 
command that drives the muscles, also drives the respiratory centers, 
producing an abrupt rise in tidal volume. Feedback from limb 
proprioceptors in joints and muscles signals that movement has begun 
and more O2 will be needed. This is feedforward control, acting ahead of 
any change in blood chemistry. 

Phase 2: ergoreceptors and the metaboreflex 

Cover the slower second increase, where the mechanism is genuinely 
less settled. After the initial surge, ventilation climbs more gradually, still 
before blood chemistry has shifted much. Two candidates: enhanced 
sensitivity of respiratory neurons to peripheral (carotid and aortic) 
chemoreceptor input, and afferents from local muscle chemo- and 
mechanoreceptors, collectively ergoreceptors, since “ergo” means work. 
The chemoreceptive subset, metaboreceptors, sense metabolic 
byproduct accumulation and drive a metaboreflex that links muscle 
activity to ventilation, cardiac output, and sympathetic discharge. This 
reflex reappears in the upcoming cardiac-output and blood-pressure 
sections, so cite it now. 

Phase 3: chemical fine-tuning, then the drop 

Finish the curve. In the prolonged third phase, ventilation stabilizes to 
match ongoing O2 consumption, now fine-tuned by feedback from 
medullary, arterial, and muscle chemoreceptors reading the true products 
of metabolism, CO2 and H+, as they finally diffuse into blood 
(chemoreceptors developed in Chapter 10). When exercise stops, 
ventilation drops sharply as motor-center input is lost, then lingers at a 

Three Phases of Ventilation 

• Phase 1 (instant): cerebral motor-center feedforward + 
limb proprioceptors 

• Phase 2 (slower): ergoreceptors / metaboreflex; ↑ 
chemoreceptor sensitivity 

• Phase 3 (steady): chemoreceptor fine-tuning to CO2 
and H+ (Ch. 10) 

Causal Chain: Why Ventilation Jumps Before Chemistry 
Changes 

Motor cortex commands the muscles to contract → two 
feedforward signals reach the respiratory centers in 
parallel: a collateral of that same central command, along 
with limb proprioceptor afferents confirming that 
movement has begun → ventilation rises instantly, ahead 
of any blood-chemistry change → chemoreceptors take 
over later to match steady demand 

Key Distinction: Feedforward vs. Feedback 

• Feedforward (Phase 1): anticipatory, from motor 
command + proprioceptors 

• Feedback (Phases 2–3): reactive, from ergo- and 
chemoreceptors 

• Offset: ventilation drops fast (lose motor input), then 
lingers (low pH, high temp) 

Common Errors 

• Error: Explaining the initial rise by blood CO2/pH. 
Those levels have not changed yet. This is 
feedforward control. 

• Error: Forgetting the metaboreflex also drives cardiac 
output and sympathetic outflow, not just breathing. 

• Error: Thinking ventilation stops the instant exercise 
does. Increased breathing lingers while pH and 
temperature recover. 

Prediction Prompt 



lower, but still elevated, level for a while, sustained by the O2 deficit's 
lowered pH and the raised temperature of warmed tissues. The shape of 
the whole curve is affected by which controller is in charge moment to 
moment. 

• Predict: Compare the ventilation response to similar-
duration aerobic vs. anaerobic exercise, using motor-
center output and the metaboreflex. 

• Predict: A drug blocks limb proprioceptor afferents. 
Predict the effect on the Phase 1 ventilation surge at 
exercise onset. 

 

Section 11: Ventilation Outruns O₂ — The Ventilatory Equivalent and Ventilatory Threshold 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Show that ventilation tracks O2 use linearly, until it suddenly 
does not. The break comes when lactate-derived H+ is buffered by 
bicarbonate and the resulting CO2 adds chemoreceptor drive, which links 
breathing back to lactate level and buffering. 

The ventilatory equivalent: why ventilation runs 20 to 25 L 
of air per L of O₂ 

Start with the normal ratio. During light to moderate exercise, minute 
ventilation rises linearly with O2 consumption and CO2 production, about 
20 to 25 liters of air breathed per liter of O2 consumed. That ratio, VE over 
VO2, is the ventilatory equivalent. It is high for two reasons: air is only 
about 20% O2 (Chapter 10), and not all inhaled O2 crosses into blood. 
Much is simply exhaled. So a large ventilation per unit of usable O2 is 
expected, not wasteful. 

The ventilatory threshold: the line inflects upward 

Now the break point. At some higher exercise intensity, minute ventilation 
begins rising faster than O2 consumption. That uncoupling is the 
ventilatory threshold, VT. The cause is chemical and traces straight back 

to lactate: once the lactate threshold is exceeded, H+ released from lactic 
acid combines with bicarbonate to generate extra CO2 (the carbonic-acid 
equation run in reverse, from Chapter 10). That CO2 stimulates 

The Ventilatory Equivalent (ventilation vs. VO₂) 

• VE/VO2 ≈ 20–25 L air per L O2 in light-to-moderate 
work 

• High because air is ~ 20% O2 and not all inhaled O2 is 
absorbed 

• Linear with VO2 up to the ventilatory threshold 

The Ventilatory Threshold (VT) 

• Point where VE rises faster than VO2 (uncoupling) 

• Lactate-derived H+ → buffered by HCO3- → yields 
CO2 + H2O → ↑ chemoreceptor drive 

• ATP breakdown also releases H+, adding to the acid 
load 

Causal Chain: Why Ventilation Outruns O₂ at the VT 

Intensity exceeds the lactate threshold → lactic acid H+ 
combines with bicarbonate → extra CO2 → CO2 (and H+) 
stimulate chemoreceptors → ventilation is driven above 
O2 need → VE/VO2 climbs → hyperventilation lowers 
PaCO2 (risking cerebral vasoconstriction) 

Key Distinction: Linear vs. Uncoupled 

• Below VT: VE and VO2 rise together (ratio ~ 25) 



chemoreceptors and drives ventilation above what O2 needs alone would 

call for (that is, the VE/VO2 now rises even higher than it was during light-
to-moderate exercise). Additionally, rapid ATP breakdown releases H+ 
faster than ATP-producing pathways consume it, adding to the acid load. 

Hyperventilation has a downside at the brain 

Add the cost the chapter flags. The reflex hyperventilation of intense 
exercise blows off CO2, lowering alveolar and then arterial PCO2 and 
slightly raising PO2. But low arterial CO2 causes cerebral 
vasoconstriction, which can reduce cerebral blood flow and contribute to 
central fatigue and even cerebral hypoxia. So, the very response that 
defends blood pH can, at extremes, reduce cerebral blood flow. This is a 
clear example of a control action invoking a tradeoff, a pattern that recurs 
in this chapter. 

VT is a window onto aerobic capacity 

Make the threshold diagnostic. Because VT marks the intensity at which 
lactate, and therefore anaerobic metabolism, starts to dominate, anything 
that lowers aerobic capacity lowers VT. Fewer oxidative mitochondrial 
enzymes mean a switch to anaerobic metabolism at a lower intensity, 
more lactic acid sooner, and an earlier rise in VE over VO2. Training does 
the opposite, pushing VT higher. That means where the line inflects is a 
readable measure of how much of the workload the aerobic system can 
carry before the anaerobic system has to take over. 

• Above VT: VE rises disproportionately (ratio climbs) 

• Low aerobic capacity → lower VT. Training → higher 
VT. 

Common Errors 

• Error: Reading the high ventilatory equivalent as 
inefficiency. It reflects air composition and incomplete 
uptake. 

• Error: Thinking VT is driven by O2 lack. It is driven by 
lactate-derived CO2 and H+ stimulating 
chemoreceptors. 

• Error: Assuming hyperventilation is exclusively 
protective. Low PaCO2 can vasoconstrict cerebral 
vessels and contribute to central fatigue, even cerebral 
hypoxia. 

Prediction Prompt 

• Predict: Reduced oxidative mitochondrial enzymes: 
predict the change in VT and explain via the lactate → 
CO2 pathway. 

• Predict: Predict the direction of arterial PCO2 and PO2 
during intense hyperventilation, and one consequence 
at the brain. 

 

Section 12: The Overbuilt Lung — Reserve, and Exercise-Induced Hypoxemia in Elites 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: For almost everyone the lung has capacity well beyond what 
exercise demands and is never limiting. In elite endurance athletes, 
though, it becomes the bottleneck, for reasons opposite those in disease. 

The Default: Lung Is Overbuilt 

• Even at VO2max, ventilation < maximal voluntary 
ventilation in most people 



For most people lungs are the strong link 

Establish the rule before the exception. In ordinary, untrained individuals, 
there is a respiratory reserve: even at VO2max, ventilation is well below 
maximal voluntary ventilation. Most people could breathe harder than 
intense exercise would ever require. The pulmonary system carries 
substantial excess capacity and is not the weak link in performance. 
Given the absolute necessity of maintaining second-to-second critical O2 
delivery and pH regulation, that excess capacity is adaptive insurance 
against illness, disease, and environmental hypoxia (high altitude 
exposure). So, the default moral is: do not blame the lungs for exercise-
related failures in normal people. 

Disease makes ventilation the limit: the obvious case 

Take the expected failure first. In obstructive disease such as 
emphysema, breathing becomes inadequate during exercise: the 
ventilatory equivalent VE/ VO2 falls because VO2 rises faster than VE can 
keep up, and these patients feel short of breath with activity. Here the 
limit is plainly at the lungs. Reduced ventilatory performance cannot 
supply even sub-maximal needs. This is the case students expect, so use 
it as the baseline against which the next, very surprising, situation stands 
out. 

Elite endurance training makes lungs the limit: the surprise 

Now the paradox the chapter has been building toward. Endurance 
training massively upgrades the cardiovascular system and muscle 
aerobic metabolism, but the pulmonary system adapts very little. The 
mismatch backfires at the top end. Near VO2max, cardiac output is so 
high that blood transits the alveolar capillaries too fast for end-capillary O2 
equilibrium. Uptake becomes diffusion-limited (the same diffusion-
limitation idea from Chapter 9/10). Hemoglobin is not fully saturated, 
producing exercise-induced arterial hypoxemia (EIH). Arterial PO2 can fall 
to three-quarters of normal, capping delivery to muscle. In short, the heart 
and muscle of elite athletes can actually outperform their lungs. 

Two ways to the same ratio 

• Excess capacity = insurance against disease, illness, 
altitude hypoxia 

• For typical individuals the lung is not the performance-
limiting step 

Two Exceptions, Opposite Causes 

• Disease (emphysema): VE limited by disease → 
VE/VO2 falls, dyspnea, even sub-max limit 

• Elite endurance: lung barely adapts while CV + muscle 
do → lung function becomes limiting 

• Result in elites: diffusion-limited uptake → EIH 

Causal Chain: Why Elite Athletes Get Exercise-Induced 
Hypoxemia 

Training upgrades heart + muscle aerobic capacity; lung 
adapts little → near VO2max, cardiac output is enormous 
→ alveolar-capillary transit time too short for O2 
equilibrium → uptake becomes diffusion-limited; 
hemoglobin not fully saturated → arterial PO2 falls (~ 75% 
normal) → EIH caps O2 delivery 

Key Distinction: Same Ratio, Opposite Physiology 

• Patient: low VE ÷ low VO2max (e.g., 40 L/min ÷ 2 L/min 
= 20) 

• Athlete: high VE ÷ high VO2max (e.g., 100 L/min ÷ 5 
L/min = 20) 

• Identical ventilatory equivalent, completely different 
limiting factors 

Common Errors 

• Error: Assuming the lung is always the bottleneck in 
heavy breathing. For most people the pulmonary 
system is a reserve, not the limit. 

• Error: Thinking only diseased lungs limit exercise. 
Healthy lungs limit elite athletes via diffusion limitation. 

• Error: Reading a single VE/VO2 value as diagnostic. 
The same ratio arises from opposite mechanisms. 



Close by forcing the integration. A marathoner and an emphysema 
patient can show the same VE/VO2 ratio at peak effort, but for opposite 
reasons. In the patient, VE is held down by disease and VO2max is low 
from lack of adaptation and limited respiratory capacity. In the athlete, 
both VE and VO2max are high, normal lungs working near their ceiling, 
paired with a trained cardiovascular and muscular system, yielding the 
same lower-than-resting ratio. Same number, opposite physiology: the 
direct test of whether students reason from mechanism rather than 
memorizing a value. 

Prediction Prompt 

• Predict: A marathoner and an emphysema patient 
share the same VE/VO2 at peak. Explain how, citing 
each one's VE and VO2max. 

• Predict: Why does extra cardiac output near VO2max 
worsen rather than help arterial saturation in a trained 
athlete? 

 

Section 13: Exercise Acidosis — The Buffers and Carriers That Hold the Line 

 

Pull together the carbonic-acid equation, the buffers, and the Haldane effect from Chapter 10. The unifying point: pH is defended on several fronts at once 
because even small drops disable proteins. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Explain why exercise threatens pH from two directions, CO2 
and lactate, and why the muscle defends pH so strongly: contractile and 
metabolic proteins are only marginally stable. 

CO₂ drives the acid load through the carbonic-acid equation 

Start with the dominant source. Aerobic metabolism makes large amounts 
of CO2, which combines with water (CO2 + H2O ↔ H2CO3 ↔ H+ + HCO3

-) 
and drives tissue and venous pH down fast. This is the Chapter 10 and 
15 carbonic-acid equation, now running hard. Being lipophilic, CO2 
diffuses readily out of muscle into interstitium and plasma, spreading the 
acid challenge to the blood. The faster one metabolizes, the more CO2, 
the more H+, so pH defense is inseparable from the ventilation that clears 
CO2. 

Layered buffers, inside the cell and out 

pH defense is achieved by several systems at once. Inside muscle, 
phosphate and protein buffers bind free protons, essential, because even 

Two Acid Sources 

• Aerobic CO2 + H2O → H2CO3 → H+ + HCO3
- 

(carbonic-acid equation, Ch. 10, 15) 

• Anaerobic lactic acid above the lactate threshold 

• Lactate is co-transported out with a proton, exporting 
lactate exports acid 

Layered Buffers + Removal (Ch. 10,15) 

• Intracellular: phosphate + protein buffers bind H+ 
(protects marginally-stable proteins) 

• Blood: bicarbonate + hemoglobin; Haldane effect locks 
HCO3

- as the CO2 carrier 

• Lung: exhaling CO2 recombines H+ + HCO3
- → pH 

rises toward normal 

Causal Chain: Why Low Perfusion Worsens Muscle Acidosis 



slight pH drops destabilize contractile and metabolic proteins (the 
marginal-stability idea from Chapters 1, 2, and 15). In blood, bicarbonate 
and hemoglobin are the major buffers. Here the Haldane effect plays a 
key role: hemoglobin ties up H+, which effectively locks bicarbonate in as 
the main carrier of venous CO2. At the lung, blowing off CO2 accelerates 
the recombination of H+ and HCO3

-, pulling pH back toward normal. So 
buffering buys time locally while ventilation does the actual removal. 

Lactate adds a second proton load, and co-exports H⁺ with 

it 

Add the anaerobic contribution and its twist. As effort surpasses the 
lactate threshold, lactic acid production adds directly to the H+ load. The 
detail worth emphasizing: lactate is co-transported out of the cell together 
with a proton, so exporting lactate also exports acid into the blood. At 
these intensities, pH homeostasis becomes genuinely difficult. Blood pH 
can fall toward 6.8 and intramuscular pH to 6.5 or lower. That degree of 
acidity directly impairs protein function, causing muscle failure and some 
of the pain of intense exercise, while systemic acidosis brings the nausea 
and headache of pushing one's limits. 

Low perfusion makes acidosis a self-reinforcing trap 

Close on the integration with blood flow, previewing the cardiovascular 
sections to follow. Low muscle perfusion traps CO2 in the tissue, pushing 
the carbonic-acid equation toward more H+, lowering pH further. That acid 
then disables glycolytic and mitochondrial enzymes, cutting ATP 
production, and impairs myosin ATPase, cutting crossbridge formation 
and tension. And recall from Chapter 7 that contractions above about 
50% of maximum collapse the vasculature, trapping metabolites, so 
strong sustained contractions create exactly the low-perfusion condition 
that exacerbates their own acidosis. The fix is more flow, which is the 
entire next set of sections. 

Strong contraction (> ~ 50% max) compresses vessels 
(Ch. 7) → reduced perfusion → CO2 (and lactate) trapped 
in tissue → carbonic-acid equation driven toward more H+ 
→ pH falls → glycolytic/mitochondrial enzymes and 
myosin ATPase impaired → ATP and tension fall. 
Trapped acid keeps accumulating because low flow 
cannot clear it, until the muscle relaxes and perfusion 
returns 

Key Distinction: Buffer vs. Remove 

• Buffers (phosphate, protein, bicarbonate, Hb) bind H+ 
to buy time locally 

• Ventilation actually removes the acid load (as CO2) at 
the lung 

• Severe case: blood pH falls to ~ 6.8 and intramuscular 
pH to ~ 6.5 (protein failure, pain, nausea) 

Common Errors 

• Error: Thinking buffers eliminate acid. They bind 
protons; the lungs and kidney remove them. 

• Error: Forgetting lactate export also exports a proton, 
a second route to blood acidosis. 

• Error: Missing that strong contractions cause the low 
perfusion that worsens their own acidosis. 

Prediction Prompt 

• Predict: Low muscle perfusion traps CO2. Predict the 
effect on muscle pH, on glycolytic/mitochondrial 
enzymes, and on myosin ATPase. 

• Predict: Explain why exhaling CO2 at the lung raises 
blood pH, using the carbonic-acid equation. 

 

Section 14: Cranking Cardiac Output — Heart Rate, Stroke Volume, and the Autonomic Shift 

 



Instructor Narrative Structured Outline / Causal Chain 

The move: Build the cardiac-output response from the Chapter 9 control 
machinery. Two terms, heart rate and stroke volume, both rise, and they 
climb because sympathetic output to the heart increases while 
parasympathetic output decreases. 

Resting rate is a parasympathetic brake on an intrinsic pace 
that is higher 

Start where Chapter 9 starts. The heartbeat is generated intrinsically by 
pacemaker (nodal) cells that depolarize spontaneously and spread the 
signal through gap junctions. At rest, autonomic input, predominantly 
parasympathetic, holds the rate below the intrinsic pace. So the resting 
heart is not idling at its natural speed; it is being actively slowed. That 
framing is significant because it means exercise can speed the heart two 
ways at once: ease the brake and press the accelerator. 

Exercise pushes sympathetic up and parasympathetic 
down 

Give the coordinated shift. Raising heart rate during exercise requires 
simultaneously increasing sympathetic and decreasing parasympathetic 
output to the nodal cells. The somatomotor cortex continually tunes the 
autonomic output of the medullary cardiovascular control centers, the 
same feedforward principle as seen in ventilation. And there is an 
asymmetry worth stating: ventricular myocardium is innervated only by 
the sympathetic division, so sympathetic drive also raises contractility 
and, therefore, stroke volume. Adrenal catecholamines reinforce all of 
this, but with slower onset. Both heart rate and stroke volume up means 
cardiac output up, delivering more blood to lung gas exchange and to 
working muscle. 

Stroke volume rises by contractility now, by Starling later 

Layer in the two stroke-volume mechanisms, connecting Chapter 9's 
Frank-Starling and pressure-volume material. Sympathetic stimulation 
raises contractility directly. The heart squeezes more strongly and ejects 
a larger fraction of what it holds. Separately, the Frank-Starling 
mechanism means that greater filling (end-diastolic volume) stretches 

The Control Setup (Ch. 9) 

• Heartbeat generated intrinsically by nodal pacemaker 
cells (gap-junction spread) 

• Rest: parasympathetic dominance slows rate below 
intrinsic pace 

• Cardiac output = HR × SV; exercise increases both 

The Autonomic Shift 

• Sympathetic ↑ and parasympathetic ↓ to nodal cells 
(raises HR) 

• Ventricle is sympathetic-only → rising sympathetic 
drive is the only autonomic lever on ventricular 
contractility → ↑ contractility → ↑ stroke volume 

• Adrenal catecholamines reinforce, with slower onset; 
even anticipation triggers it 

Causal Chain: How Two Mechanisms Raise Stroke Volume 

Two mechanisms act in parallel: sympathetic drive ↑ 
contractility → larger ejection fraction (immediate); and 
the muscle pump plus venoconstriction ↑ venous return 
→ greater filling (↑ end-diastolic volume) → 
cardiomyocytes stretched (Frank-Starling) → stronger 
contraction → both routes together ↑ stroke volume → 
with HR ↑ driven separately by the autonomic shift, 
cardiac output ↑ 

Key Distinction: Rate vs. Volume; Push vs. Brake 

• HR rises by both adding sympathetic and removing 
parasympathetic drive 

• SV rises by ↑ contractility (sympathetic) and ↑ filling 
(Starling) 

• VA/Q (~ 1, Ch. 10) improves slightly in exercise (better 
apical perfusion) 

Common Errors 



cardiomyocytes and thereby increases the force of contraction; anything 
that raises venous return raises stroke volume on the next beat. During 
exercise both operate: contractility from sympathetic drive, and enhanced 
venous return from the skeletal-muscle pump and venoconstriction. Even 
anticipation of exercise triggers these changes, then baroreceptor, 
chemoreceptor, and proprioceptor inputs fine-tune output to match need. 

Matching flow to ventilation keeps gas exchange accurate 

Close on the pulmonary pairing so this section connects to the lung 
sections. Alveolar ventilation must be matched by alveolar blood flow, the 
right-heart cardiac output (Q) to hold PCO2 and PO2 near normal in the 
lung’s gas exchange areas so muscle resists energetic and pH-driven 
fatigue. The average ventilation-perfusion ratio of about 1 (Chapter 10) 
actually improves slightly during most exercise as rising pulmonary 
pressure better perfuses the lung apex and reduces top-to-bottom 
mismatch. Overall, ventilation rises a bit more than perfusion, nudging 
alveolar PO2 up and PCO2 down. The heart and lung are not adjusting 
independently. They are tracking each other. 

• Error: Thinking the resting heart runs at its intrinsic 
rate. It is parasympathetically slowed. 

• Error: Attributing higher HR to sympathetic activation 
alone. Parasympathetic withdrawal is part of it. 

• Error: Treating sympathetically-induced contractility 
and stronger contractions via Frank-Starling as the 
same. One is neural/hormone driven, the other is filling 
dependent. 

Prediction Prompt 

• Predict: Blocking the parasympathetic (vagal) input at 
rest: predict the change in resting heart rate and why. 

• Predict: Increased venous return from the muscle 
pump raises EDV. Predict the effect on stroke volume 
via Frank-Starling. 

 

Section 15: Redistributing the Flow — Poiseuille, TPR, and Stealing from Gut and Kidney 

 

The headline number: at maximal exercise: renal blood flow drops to about 1% of cardiac output, from nearly 20% at rest. That single figure makes the 
redistribution vivid. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Explain why more cardiac output is not enough. The body 
must also redirect flow, and the tool used is the radius term in Poiseuille’s 
law: resistance varies with the fourth power of radius, so small changes in 
vessel diameter produce large changes in flow. 

It’s not possible to perfuse two huge capillary beds at once 

Open with the old swimming-after-a-meal adage and the kernel of truth in 
it. A large fraction of the raised cardiac output during exercise is steered 

The Redistribution (blood-flow distribution) 

• Cardiac output ~ 5 L/min (rest) → ~ 25 L/min 
(strenuous) 

• Muscle: ~ 1 L/min (20%) → ~ 20 L/min (80%) 

• Can't maximally perfuse muscle and gut/kidney at 
once → redistribution is forced 

Two-Sided Vascular Control (Ch. 9) 



toward working muscle and away from the gut, liver, and kidneys. The 
body cannot maximize flow to two large vascular beds, muscle and 
digestive organs, simultaneously, even with cardiac output rising fivefold. 
So, redistribution is forced, not optional, and it is achieved by dilating 
vessels where blood is needed and constricting them where it is not. 

Dilate the muscle, constrict the rest 

Walk the two-sided control, connecting Chapter 9's capillary-flow 
regulation. At active muscle, sympathetic-mediated vasodilation plus local 
paracrine signals, heat and metabolic byproducts like CO2, H+, lactate, 
ADP, open the arterioles, and flow rises many-fold, directed preferentially 
to the more vascular oxidative fibers. Simultaneously, sympathetic 
vasoconstriction cuts flow to liver, digestive tract, kidneys, and even 
inactive muscle, freeing their share of cardiac output and its O2 content 
for the muscles that are working. The local metabolites doing the dilating 
are the same waste products the muscle is trying to clear, elegant 
coupling of supply and demand. 

Poiseuille's law: radius is the dominant lever 

Make the mechanism quantitative. Recall Poiseuille's law, Q = ΔP/R, with 
resistance R proportional to 1/r4. Because resistance depends on the 
fourth power of radius, even modest diameter changes produce very 
large flow changes. Dilation at muscle and constriction at gut translate 
into large-scale redistribution. Across all the constricting and dilating beds 
together, total peripheral resistance falls by a factor of four to five, 
showing that the muscle's drop in resistance dominates. The r4 
relationship is why a small vessel adjustment is such a powerful control 
variable. 

The kidney pays the price 

Land the dramatic example and its cost. At rest, the kidneys, weighing 
under a pound, receive nearly one-fifth of cardiac output. During maximal 
exercise, sympathetic renal vasoconstriction cuts renal flow to about 25% 
of its normal value, which, against the now-enormous cardiac output, is 
only about 1% of the total. That degree of constriction limits renal function 
and, if prolonged, can cause minor ischemic glomerular and tubular 
damage; it is why marathoners sometimes show small amounts of protein 

• Active muscle: sympathetic vasodilation + local 
paracrines, metabolites (CO2, H+, lactate, ADP), and 
heat 

• Gut, liver, kidney, inactive muscle: sympathetic 
vasoconstriction 

• Net: TPR falls 4–5X (muscle dilation dominates) 

Causal Chain: Why Small Vessel Changes Move Large Flow 

Poiseuille: Q = ΔP/R with R ∝ 1/r4, so flow varies with the 
fourth power of radius. Sympathetic control then sets 
radius in two beds at once: modest dilation at muscle → 
large flow increase. Modest constriction at gut and kidney 
→ large flow decrease → flow is redistributed 
dramatically with small diameter changes 

Key Distinction: More Output vs. Redirected Output 

• Elevating cardiac output alone cannot supply muscle 
without redistribution 

• Renal flow: ~ 20% of CO at rest → ~ 1% of a much 
larger CO at max exercise 

• Cost: limited renal function; possible 
proteinuria/hematuria after racing 

Common Errors 

• Error: Assuming higher cardiac output by itself fulfills 
needed muscle blood supply. Flow must also be 
redirected (to muscles and away from the 
gut/kidneys). 

• Error: Underestimating radius: because R ∝ 1/r4, tiny 
diameter changes dominate flow. 

• Error: Thinking TPR rises in aerobic exercise. It falls 
4–5X because muscle dilation dominates. 

Prediction Prompt 

• Predict: Why is a large pre-exercise meal especially 
discouraged for cardiac-rehab patients? Reason from 
two competing vascular beds. 



or blood in their urine after a race. Kidney perfusion is traded for muscle 
perfusion, a clear illustration of integrated prioritization under stress. 

• Predict: The driving pressure across a muscle bed 
doubles while its resistance falls to 1/16. Predict the 
change in flow using Q = ΔP/R. 

 

Section 16: Squeezing the Venous O₂ Reserve — A-V Difference, the Bohr Effect, and Diffusion 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Show that the body has a large untapped oxygen reserve 
sitting in venous blood, and that exercise taps it by two simple moves: 
lower hemoglobin's O2 affinity and steepen the O2 diffusion gradient. 

Most carried O₂ by blood comes back unused: that is the 
reserve 

Open with the arithmetic from the chapter. One liter of normal arterial 
blood carries about 200 mL of O2; at a resting cardiac output of 5 L/min, 
that is 1,000 mL of O2 made available per minute. But resting VO2 is only 
about 250 mL/min, so roughly 750 mL O2/min returns to the lungs still 
bound to hemoglobin. That surplus is the venous O2 reserve, an 
immediate reservoir to draw on when metabolism rises. The remarkable 
consequence: O2 delivery can actually triple with no change in cardiac 
output at all, simply by extracting more O2 from each liter of blood. 

Lower the affinity at the tissue: the Bohr effect 

Bring in the Chapter 10 dissociation curve and its shift. As muscle 
consumes O2, tissue PO2 falls, and because blood equilibrates with the 
tissue, hemoglobin is more likely to release its O2. Affinity is simply lower 
in venous blood than in arterial blood. On top of that, the local conditions 
working muscle creates; more H+, more CO2, higher temperature, all 
favor hemoglobin's taut or tense (T-state) low-affinity conformation and it 
unloads still more O2. That is the Bohr effect, and it is why each liter of 
blood can hand over about three-quarters of its cargo at active tissue, 

The Venous O₂ Reserve 

• 1 L arterial blood carries ~ 200 mL O2; at 5 L/min that 
is ~ 1,000 mL O2/min available 

• Resting O2 delivery ~ 1,000 mL/min, of which VO2 
consumes ~ 250 mL/min → ~ 750 mL/min returns with 
venous blood to the heart still bound (the reserve) 

• Delivery can triple with no change in cardiac output, 
just extract more 

Two Moves That Unload O₂ (Ch. 10) 

• Lower affinity: falling tissue PO2 → Hb releases more 
(hemoglobin-O2 dissociation curve) 

• Bohr effect: ↑ H+, ↑ CO2, ↑ temperature → T-state → 
more unloading 

• Steeper gradient: ↓ tissue PO2 widens (CaO2 − CvO2) 
→ faster diffusion (Fick's law) 

Causal Chain: Why Delivery Can Reach 60× Rest 

Two independent factors multiply. (1) Extraction per liter 
roughly triples: as tissue PO2 falls, the blood-to-tissue 
gradient steepens and drives faster diffusion (Fick's law); 
at the same time, the Bohr right-shift lowers hemoglobin's 
affinity so that more O2 is released per liter at any given 
PO2. Together they widen the a-v difference. (2) Muscle 
blood flow rises ~20 times or more: the vasodilation and 



delivering a large part of the venous reserve right where the acid and heat 
signal demand. 

Steepen the gradient: Fick's law of diffusion 

Connect affinity to the actual movement of O2, using Fick's diffusion law 
from Chapter 10. Diffusive flux depends on the concentration difference 
between blood and interstitium. Falling tissue PO2 widens that gradient, 
the arterial-venous O2 difference (CaO2 − CvO2), and a larger gradient 
drives faster diffusion of O2 from blood into muscle. This matters most 
when blood is moving fast: at high flow there is less time for equilibration, 
so a steep gradient is what lets a large fraction of hemoglobin's O2 still 
cross in its brief transit time. Affinity drop and gradient steepening are two 
views of the same delivery enhancement. 

Then add flow, and delivery multiplies 

Stack the mechanisms to show the multiplication. With extraction alone, 
O2 delivery roughly triples (250 to 750 mL/min). But muscle blood flow 
itself can rise 20-fold or more during intense exercise, and the two effects 
multiply: the tripled extraction fraction on top of vastly increased flow can 
lift O2 delivery to 60 times resting levels. Plasma volume even rises with 
acute and chronic exercise, boosting venous return and cardiac output 
and improving both perfusion and skin cooling. The lesson for students: 
O2 delivery is the product of how much you extract per liter and how many 
liters you move, the same two terms as Fick's principle in Section 7, now 
mechanistically unpacked. 

redistribution of Section 15. Together, tripled extraction × 
~20X flow gives O2 delivery ≈ 60X rest. 

Key Distinction: Extract More vs. Move More 

• Extraction (widen CaO2 − CvO2): affinity drop + Bohr; 
works without increasing flow 

• Flow (increase): redistribution + ↑cardiac output 
(Sections 14–15) 

• Delivery = extraction × flow, the two terms of Fick's 
principle (Section 7) 

Common Errors 

• Error: Assuming more O2 delivery requires more 
blood flow. Extraction alone can triple it. 

• Error: Thinking arterial O2 content falls to deliver 
more. Arterial content is held stable; venous content 
decreases. 

• Error: Treating the Bohr effect as incidental. The 
muscle's own acid/CO2/heat is the unloading signal. 

Prediction Prompt 

• Predict: If total O2 consumption triples, must muscle 
blood flow increase to meet it? Explain via the venous 
reserve. 

• Predict: Using Fick's diffusion law, explain how a 
falling tissue PO2 speeds O2 movement from blood to 
muscle. 

 

Section 17: Blood Pressure Rises — Two Mechanisms and Baroreceptor Resetting 

 

Instructor Narrative Structured Outline / Causal Chain 



The move: Resolve an apparent contradiction. Total peripheral 
resistance falls during aerobic exercise, yet blood pressure rises, and the 
explanation differs for weightlifting versus running. 

Weightlifting: compression spikes resistance and pressure 

Take the isometric/strong-concentric case first, connecting Chapter 7's 
contraction types. During strong isometric or concentric contractions, 
vessels inside the active muscle are physically compressed, limiting flow, 
O2 delivery, and waste removal. That triggers the metaboreflex 
(ergoreceptors) and cortical somatomotor drive to the cardiovascular 
centers, raising sympathetic output. Crucially, when large muscles with 
extensive vascular beds are involved, compressing those beds removes 
parallel pathways and total peripheral resistance climbs sharply. With BP 
= CO × TPR, rising output against rising resistance spikes pressure 
dramatically: systolic over 220 mmHg, diastolic over 150 mmHg. That 
higher pressure does help force blood through the compressed muscle, 
but it sharply elevates cardiac workload (afterload, Chapter 9). 

Running: cardiac output outpaces the fall in resistance 

Now the aerobic case, which seems paradoxical. During rhythmic 
moderate muscle contractions, sympathetic vasodilation works well and 
muscle stays aerobic; total peripheral resistance falls substantially. By 
Poiseuille's law you might expect pressure to fall too. It does not. Mean 
arterial pressure rises, because the increase in cardiac output is greater 
than the fall in resistance. Systolic pressure may sit at 150 mmHg or 
higher for prolonged periods. In trained aerobic athletes, repeated 
workload drives cardiac hypertrophy and the ability to generate these 
higher pressures, helping sustain muscle flow during intense aerobic 
work, part of why they reach higher VO2max and lactate thresholds. 

Why the body tolerates the high pressure: baroreceptor 
resetting 

Address the obvious rebuttal. Baroreceptors can certainly detect the 
elevated pressure, so why are counteractive measures like reduced 
sympathetic output not deployed to bring it back down? Because the 
baroreceptors reset, so the higher-than-normal pressure is now tolerated. 

Two Routes to Higher Pressure 

• Weightlifting (isometric/strong concentric): vessel 
compression → TPR ↑↑ → BP spikes (sys > 220 
mmHg, dia > 150 mmHg) 

• Running (rhythmic aerobic): TPR falls, but CO rises 
more → BP rises moderately (sys ~ 150+ mmHg) 

• Unifying lens: BP = CO × TPR 

Why Weightlifting Spikes TPR (Ch. 7/9) 

• Strong contraction compresses muscle vessels → 
limits flow 

• Compressing large beds removes parallel pathways → 
TPR ↑ ('closing highway lanes') 

• Raises afterload → ↑ cardiac workload (Ch. 9) 

Causal Chain: Why BP Rises in Running Despite Falling TPR 

Rhythmic muscle contractions + sympathetic vasodilation 
→ muscle vascular resistance falls → TPR falls 
substantially, while cardiac output rises proportionally 
more (Section 14) → in BP = CO × TPR the larger CO 
term prevails → mean arterial pressure rises (aids 
perfusion of working muscle) 

Key Distinction: Tolerating the Pressure 

• Baroreceptors reset during prolonged aerobic exercise 
→ high BP now tolerated (adaptive) 

• No reset in weightlifting: too brief, and pressor effect is 
mostly mechanical 

• Same resetting occurs in chronic hypertension (high 
resting BP tolerated) 

Common Errors 

• Error: Expecting BP to fall in aerobic exercise 
because TPR falls. CO increases more, so BP 
increases. 



This is adaptive: muscle needs that elevated pressure to maintain flow 
during aerobic exercise. Resetting does not occur during weightlifting 
because the timeframe is too short and the pressor effect is mostly 
mechanical (vessel compression) anyway. Note the clinical parallel: 
baroreceptors also reset in chronic hypertension, so persistent high 
pressure at rest becomes tolerated as their responsiveness fades over 
time. 

BP = CO × TPR is the lens for both cases 

Close by unifying the two cases under one equation. Solving Poiseuille's 
law for pressure gives BP = CO × TPR, and that single relationship 
explains both stories: in weightlifting, both CO and TPR rise, so pressure 
spikes; in running, CO rises more than TPR falls, so pressure climbs 
moderately. Have students reason any exercise scenario by asking what 
happens to each term in the equation and which dominates. Because 
pressure drives flow, the rise in pressure is not a failure of regulation. It is 
regulation, recruited to keep muscle perfused under load, with the 
baroreceptor set-point moved to allow it. 

• Error: Treating weightlifting and running BP increases 
as occurring via the same mechanism. One is caused 
by compression, one is output-driven. 

• Error: Assuming baroreceptors must correct exercise 
hypertension. They reset to permit it. 

Prediction Prompt 

• Predict: Using BP = CO × TPR, contrast the pressure 
response to weightlifting versus distance running. 

• Predict: Why are baroreceptors not reset during a 
short heavy lift, but are during a long aerobic effort? 

 

Section 18: Training Is Specific — You Build the Furnace You Use 

 

This is the payoff of the fire analogy. Adaptation is not generic 'fitness'; the body rebuilds exactly the machinery it was repeatedly asked to use, and almost 
nothing else. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Return to the furnace image one last time. Training does not 
make a generically better body. It rebuilds specific machinery in 
accordance with the explicit needs of that particular kind of exercise. 
State this principle of specificity first, then let every adaptation in the next 
section fall out of it. 

Specificity is the whole rule 

The Principle of Specificity 

• Adaptation matches the imposed demand (mode, 
intensity, duration) 

• Signal is delivered locally at the working tissue → 
untrained tissue does not adapt 

• No general 'fitness' scalar → only specific capacities, 
each separately trained 



Frame all of training plasticity around a single idea: the body adapts to the 
precise demand placed on it, and to very little else. If you repeatedly ask 
for brief maximal force, you get more force-producing machinery. If you 
repeatedly ask for hours of sustained low-power output, you get more 
oxidative machinery. The signal that drives the rebuild is the repeated 
stress itself and the demands associated with it, so the adaptation is 
always shaped by the stress. This is why there is no single qualitative or 
quantitative induced change called 'fitness'.  

The unilateral-training study 

It has been shown that unilateral exercise using a single arm or single leg 
generates adaptive responses on only one side of the body. The 
adaptation is local to the tissue that did the work, which indicates the 
rebuild signal is delivered at the working muscle, not broadcast generally 
through the body. This suggests that tests of fitness must closely match 
the training regimen to assess the effectiveness of training accurately. 

Tests must match the training mode 

Close on the assessment consequence, because students get this wrong 
constantly. If you trained someone for endurance, a one-rep-max test will 
not reveal their adaptation, and if you trained someone for strength, a 
VO2max treadmill test will underrate them. The test needs to load the 
same system the training built. This is also the answer to 'is this person 
fit?' Fit for what? The question is incomplete until one names the demand. 

Why Unilateral Training Proves It 

• Trained limb gains force / oxidative capacity 

• Untrained limb shows little change (small early neural 
cross-education only) 

• Conclusion: the rebuild signal is the local repeated 
stress, not a systemic broadcast 

Causal Chain: From Repeated Stress to Specific Adaptation 

Repeated specific exercise demand on a tissue → signal 
magnitudes increase (local metabolic/mechanical and 
systemic hormonal) and the tissue grows more sensitive 
to them → gene expression shifts toward the machinery 
that demand requires → tissue rebuilds in the shape of 
the stress → capacity rises for that demand, and largely 
only that demand 

Common Errors 

• Error: Believing training produces general 'fitness' that 
transfers to any task. Adaptive responses are specific 
to the demand. 

• Error: Expecting the untrained limb to improve as 
much as the trained one. The signal is local. 

• Error: Assessing endurance training with a strength 
test (or vice versa). The test must match the mode. 

Prediction Prompt 

• Predict: A subject trains only the right leg for 8 weeks. 
Predict and justify the change in each leg. 

• Predict: A coach reports an athlete's VO2max is 
unchanged after a strength block and concludes 
training failed. What is wrong with that conclusion? 

 

Section 19: Resistance vs. Endurance — Two Different Furnaces 

 



The resistance and endurance adaptations are the heart of this section. Do not read them as lists. Derive each adaptation from the demand, and the two 
columns become two predictable stories rather than two columns of details to memorize. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Put the two training types side by side and have students 
predict each adaptation before revealing it. Every adaptation in the two 
columns below follows from one question: what did the training repeatedly 
demand? Resistance demands brief high force; endurance demands 
sustained oxidative flux. Build both columns from that. 

Resistance training: build force-producing machinery 

Walk the resistance column as a single logic. The demand is brief 
maximal force, so the body adds contractile protein, hypertrophy, 
concentrated in the type II fibers that generate that force. It raises 
glycolytic enzyme content and stores more phosphocreatine and 
glycogen, because those are the fuels for brief strong efforts. Myosin 
ATPase activity shifts faster. Notably, mitochondrial density can actually 
fall as fiber volume grows, the opposite of endurance, because oxidative 
capacity is not what was demanded. 

Neural gains come first, then the tissue rebuilds 

Emphasize the time course, because it explains the first month of any 
strength program. Early strength gains are neural: better recruitment, 
better synchronization, less antagonist co-contraction; the size principle 
(Ch. 7), recruitment of motor units from smallest to largest, being driven 
harder. Measurable hypertrophy lags by weeks. So a beginner gets 
dramatically stronger before getting visibly bigger, and that is not a 
paradox. It is the nervous system being trained before muscle is rebuilt. 
Satellite cells then fuse to existing fibers to support growth. In humans the 
fibers enlarge; they do not split into new fibers (no hyperplasia). 

Endurance training: build oxidative machinery 

Now run the endurance column from the opposite demand, sustained 
flux. Mitochondria increase in number, size, and enzyme content; the 
lactate threshold rises (a larger and more useful change than the rise in 
VO2max itself); fat-oxidation capacity and lipase activity climb so fuel is 
spared; and the catecholamine response to a given workload falls 

Resistance Adaptations 

• Hypertrophy, concentrated in type II fibers 

• ↑ glycolytic enzymes; ↑ stored PCr and glycogen 

• Faster myosin ATPase 

• Mitochondrial density may decrease (fiber volume 
grows) 

• Satellite cells fuse to existing fibers; no hyperplasia in 
humans 

Endurance Adaptations 

• ↑ mitochondria (number, size, enzyme content) 

• ↑ lactate threshold (bigger performance effect than ↑ 
VO2max) 

• ↑ fat oxidation and lipase → spares glycogen 

• ↓ catecholamine response at a given workload 

• Plasma volume ↑ 10–20%; capillary density ↑; 
erythropoiesis ↑; 2,3-DPG ↑ 

Key Distinction: Neural Then Hypertrophic 

• Weeks 1–4: gains are mostly neural (recruitment, 
synchronization) 

• Hypertrophy lags by weeks → stronger before visibly 
bigger 

• Beginner strength jump is the nervous system, not 
new protein 

Causal Chain: The Endurance Stroke Volume 

Sustained high venous return, repeated over weeks → 
eccentric cardiac hypertrophy → larger chamber, ↑ end-
diastolic volume → greater filling per beat (Frank-
Starling), with enhanced contractility → stroke volume 
nearly doubles; max HR unchanged or slightly lower → 



because the system is no longer as stressed by it. Tie the threshold point 
back to Section 7: a higher lactate threshold means more of the race run 
aerobically, which contributes more to performance than does VO2max 
alone. 

The endurance heart and blood 

Spend real time on cardiovascular remodeling, because it is the most 
dramatic adaptation. Endurance training produces eccentric cardiac 
hypertrophy (wall thickens outward), a larger chamber, bigger end-
diastolic volume, with enhanced contractility, so stroke volume can nearly 
double. Maximum heart rate does not increase (it may fall slightly, 
parasympathetic), so the gain in cardiac output comes from higher stroke 
volume, which is why the endurance athlete has a low resting heart rate. 
Add the blood changes: plasma volume up 10–20%, capillary density 
higher in the muscle, erythropoiesis up, and 2,3-DPG increased to 
strengthen the Bohr offload at the tissue. Then warn students: detraining 
reverses much of this within roughly two months. The furnace 
deteriorates when demand stops. 

cardiac output gain is SV-driven → at rest the same 
cardiac output is met at a lower rate: low resting heart 
rate 

Common Errors 

• Error: Reading the adaptations as lists to memorize. 
Each entry follows logically from the demand. Derive 
it. 

• Error: Crediting early strength gains to hypertrophy. 
The first month’s progress is largely neural. 

• Error: Thinking endurance increases max heart rate. It 
raises stroke volume; max HR is flat or slightly lower. 

• Error: Assuming human fibers split (hyperplasia). 
They enlarge; satellite cells fuse to existing fibers. 

• Error: Believing the higher VO2max is the main 
endurance payoff. The raised lactate threshold matters 
more. 

Prediction Prompt 

• Predict: Given the demand of each training type, 
predict whether mitochondrial density rises or falls. 
Justify both. 

• Predict: An endurance athlete has a resting HR of 42 
beats/min. Explain mechanistically, using SV and 
autonomic tone. 

• Predict: Predict what happens to lactate threshold, 
plasma volume, and stroke volume after two months of 
detraining. 

 

Section 20: Why It Matters — Exercise, Obesity, and Disease 

 

End the chapter on the clinical stakes. This is the answer to 'why did we do all of this?' 

Instructor Narrative Structured Outline / Causal Chain 



The move: End the chapter, and the course, on why exercise (or lack 
thereof) matters clinically. Frame obesity as an energy-balance problem 
the whole chapter has been explaining. Then show in numbers how 
substantial the risk reduction from regular exercise actually is. 

Obesity is an energy-balance story 

Pose obesity as the integration problem it is. A sustained caloric surplus, 
modern sedentary life plus energy-dense processed food, is stored, and 
over time body mass rises. Note that metabolic rate actually climbs with 
added mass (more tissue to maintain), so weight tends to plateau rather 
than rise without limit, but at a higher set-point. Layer in that susceptibility 
is partly genetic, acting largely through satiety and appetite regulation 
rather than through any single broken pathway. The point for students: 
every parameter cited here: intake, storage, expenditure, hormonal 
regulation, is something they can now define mechanistically. 

Quantify the body-composition framing carefully 

Introduce BMI as mass in kilograms over height in meters squared (BMI = 
mass (kg) / height (m)2), and use it the way clinicians do, as a population 
screen, not a verdict on an individual, since it alone cannot distinguish the 
difference between muscle and fat. Roughly two-thirds of U.S. adults fall 
in the overweight-or-obese range (BMI generally 25-30 kg/m2 or greater). 
Then push past BMI: fat distribution matters, and a high waist-to-hip ratio 
(central adiposity) carries more metabolic risk than the same mass 
carried peripherally. 

Exercise is a first-line drug: in numbers 

Make the benefit concrete rather than vague. Regular exercise, on the 
order of an hour, four to five times a week, lowers all-cause mortality and 
cuts the risk of stroke, heart disease, and type 2 diabetes by up to about 
half. The surprising part: a person who is overweight but fit carries 
substantially lower risk than a sedentary person of normal weight, so 
fitness is not merely a proxy for thinness. And when weight loss is the 
goal, exercise combined with diet preserves lean mass, whereas diet 
alone tends to burn muscle along with fat, a direct callback to the 
specificity and protein-balance logic of this chapter. 

Energy Balance and Obesity 

• Sustained caloric surplus (sedentary life + energy-
dense food) → storage → rising mass 

• Metabolic rate rises with added mass → weight 
plateaus at a higher set-point 

• Genetic susceptibility acts largely through satiety / 
appetite regulation 

Measuring It 

• BMI = mass (kg) / height (m)2, a population screen, 
blind to muscle vs. fat 

• ~ 2/3 of U.S. adults overweight or obese (about 2:1) 

• Waist-to-hip ratio: central adiposity carries more risk 
than peripheral 

The Dose and the Benefit 

• ~ 1 hour, 4–5X/week lowers all-cause mortality 

• Cuts stroke, heart disease, and type 2 diabetes risk by 
up to ~ 50% 

• Health-wise, being fit-but-overweight wins out over 
having a sedentary-but-lean physique → fitness is not 
just thinness 

• Exercise + diet preserves lean mass; diet alone 
sacrifices muscle 

Causal Chain: Why Regular Exercise Protects 

Repeated activity → several changes in parallel: lower 
chronic low-grade inflammation (e.g., ↓ C-reactive 
protein), improved insulin sensitivity, better lipid handling, 
better vascular function → these remove upstream 
drivers of cardiovascular and metabolic disease → lower 
lifetime disease risk and mortality 

Common Errors 

• Error: Treating BMI as a diagnosis for an individual. It 
cannot distinguish muscle from fat. This tool is just a 
screen. 



Close on the mechanism behind the benefit 

Finish by not leaving the benefits of exercise as a black box. Part of the 
protection is anti-inflammatory: regular activity lowers chronic low-grade 
inflammation, reflected in markers such as C-reactive protein, and chronic 
inflammation is itself upstream of cardiovascular and metabolic disease. 
This means the clinical benefit is not mysterious. It is the same physiology 
the whole chapter built, now read at the scale of a lifetime. That is the 
note to end the course on: mechanism predicts not just the next breath 
under load, but long-term health. 

• Error: Assuming thin always means healthy. A 
sedentary lean person can carry higher risk than a fit 
heavier one. 

• Error: Believing diet-only weight loss is equivalent to 
diet-plus-exercise. Diet alone sacrifices lean mass. 

• Error: Treating the non-obvious benefits of exercise 
as mysterious. They include protective effects 
targeting inflammation, insulin sensitivity, and vascular 
function. 

Prediction Prompt 

• Predict: Two adults share a BMI of 29; one trains 
daily, one is sedentary. Predict their relative disease 
risk and justify it. 

• Predict: Explain mechanistically why exercise plus 
diet preserves muscle while diet alone does not, using 
this chapter's protein-balance logic. 

 


