Supplemental Guide: Bone Physiology
How Bone Works as Living Architecture, Instructor Guide
Mechanisms and Logic in Human Physiology | Silldorff & Robinson | Kendall Hunt

Supplemental module: bone physiology is not a chapter in the textbook.

Format: Left column = instructor narrative in the author’s voice. Right column = structured outline with causal chains, key distinctions, common errors, and
prediction prompts. The organizing framework: bone is a living tissue disguised as a rock, a fiberglass composite, perpetually torn down and rebuilt,
serving two jobs that can compete, supporting the body and storing its calcium. Bone mass is the running score of build versus break dynamics. This
guide tracks the standard A&P / HAPS skeletal sequence so it can be bolted onto the text in syllabi that require coverage of this topic.

Companion to Mechanisms and Logic in Human Physiology by Erik P. Silldorff and
Gerald D. Robinson (Kendall Hunt Publishing). The half-year and full-year web
T et subscriptions and the print version are available at
HUM““ https://he.kendallhunt.com/product/mechanisms-and-logic-human-physiology-2. For those
teaching A&P more classically in a 2-semester sequence, the book is also packaged with
PHYS'“[UGY P8 Visible Body to support the anatomical portions of those courses (365-day subscriptions):
LS,

https://he.kendallhunt.com/product/mechanisms-and-logic-human-anatomy-and-
4 o physiology-visible-body-1.

[=]

Resource Hub

Cite as: Silldorff, E. P., & Robinson, G. D. (2026). Bone Physiology: An Instructor Guide for
Mechanisms and Logic in Human Physiology. https://doi.org/10.5281/zenodo.22834365

This work is licensed under CC BY-NC-ND 4.0. https://creativecommons.org/licenses/by-
nc-nd/4.0/
© 2026 Erik P. Silldorff and Gerald D. Robinson

Erik P. Silidort! | Gerald D. Robinson

Section 1: What Bone Is For, and the Two Tasks That Compete

Open with the central tension before any structure. If students leave day one thinking “bone = dry scaffolding,” every later discussion of turnover, hormone
effects, and calcium metabolism will read as disconnected trivia. That’s definitely not the objective here!

Instructor Narrative Structured Outline / Causal Chain

The move: Define the whole topic of bone physiology by its tension Bone is a living tissue, not rock
before introducing any structures. Bone is living tissue serving two jobs: it e ~ 2% of bone mass is living cells; the rest is matrix
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is the body’s structural support and also its calcium store; those two
missions can pull in opposite directions.

It looks dead. It is intensely alive.

Bone is durable in a way no other tissue is, persisting long after soft
tissues have decayed, and that durability leads students to picture it as
inert rock. Correct that misconception on day one, because the image is
diametrically backward. Bone’s hardness does come from stored mineral,
but about two percent of its mass is living cells, and those cells never stop
working. There’s roughly a ten percent turnover of the skeleton every
year, which means that over the span of about a decade all bones in the
body have been quietly torn down and rebuilt piece by piece. The rock
metaphor is a facade over a construction site that never closes, and
almost everything covered in this unit is about what bone’s living cells are
doing and why.

Job one: be the structure

The first task is mechanical, and is the role students already associate
with the skeleton. Bone holds the body upright, which is why we stand
and a jellyfish cannot, and, working with skeletal muscle across joints, it
provides leverage that turns a muscle’s pull into actual movement. That
partnership is close enough that we often refer to it as one system, the
musculoskeletal system. The same rigidity also shields vital organs that
need protection: the skull around the brain, the vertebral canal around the
spinal cord, the rib cage around the heart and lungs, the pelvis around the
organs it cradles. Support, leverage, and protection are not three
separate talents but one job seen from three angles, namely being rigid in
the places where defense against mechanical insult is needed.

Job two: be the reservoir

The second job is chemical and metabolic, and it is the one students
rarely see coming. Bone is the body’s mineral reservoir: about ninety-nine
percent of our body’s calcium is stored in the skeleton, locked into
calcium-phosphate salt. Bone is also an energy depot, holding fat in the
yellow marrow, and the site of blood cell production, housing the red
marrow where red cells, white cells, and platelets are produced. So the
same organ that physically supports the body is simultaneously a mineral

o ~ 10% of the skeleton turns over per year (continuous

remodeling)
o Durability comes from stored mineral, not from being
inert

Job 1: structure (rigidity where needed)
e Support: upright posture, bears body weight

e Leverage: bones plus muscles across joints produce
movement

e Protection: skull, vertebral canal, rib cage, pelvis

Job 2: reservoir (mineral and energy store plus blood cell
production)
e Mineral store: ~ 99% of body Ca?* stored as salt
¢ Energy store: fat in yellow marrow
¢ Blood cell production: red marrow makes RBCs,
WBCs, platelets
Causal Chain: Why the Jobs Compete

Blood Ca?* falls below the range nerve, muscle, and
clotting need — parathyroid chief cells release PTH —
osteoclasts dissolve bone matrix — the Ca2* locked in
that matrix enters the blood — blood Ca?* is back in
range and the matrix that supplied it is gone

Common Errors

o Error: Treating bone as dead, rigid framing rather than
a living, turning-over tissue.

e Error: Listing the functions as unrelated facts instead
of as two competing jobs.

e Error: Assuming the blood calcium level is maintained
moment-to-moment from diet rather than from the
skeletal store.

Prediction Prompt



store, an energy store, and a site of blood cell production. That multiple e Predict: A patient’s blood calcium is dangerously low
functionality is what sets up conflicts to come. for months. Predict what happens to bone mass, and
Wh intaining b intearit d calci h tasi why the body allows this.

y maintaining bone integrily and calcium homeostasis e Predict: Name one structural function and one

compete reservoir function that share the exact same tissue,
Here is the through-line for the entire unit, so state it plainly and early. and explain why that sharing creates a conflict.
Free calcium in the blood is essential because nerves, muscle, and

clotting all fail if the ECF concentration of that mineral drifts outside a

narrow range. When blood calcium runs low, the body does not simply

wait for the next meal; it withdraws calcium from the skeleton to defend

the blood level, spending structure to protect chemistry. That single act,

the reservoir being drawn down to keep the blood level correct, is the idea

that will later explain bone loss, the hormones that regulate it, and why

aging skeletons deteriorate. Plant this concept now and the rest of the

guide becomes a study of its inescapable consequences.

Section 2: Bone Is Like Fiberglass: Why Composition Buys Both Stiff and Tough

Teach bone matrix as a composite material, not an ingredient list. The two key components and their ratio predict how bone fails. This is the payoff
students remember.

Instructor Narrative Structured Outline / Causal Chain

The move: Frame bone matrix as comparable to fiberglass before Composition of bone matrix
naming even a single mineral. Two ingredients with opposite weaknesses - : . . .
combine into a material that is hard and not brittle, but the ratio of the two 0 = 28 MINOFEL: S5 EI Ehespinels g,

constituents can be used to predict exactly how a bone can fail. hydroxyap?tlte crystals ]

e ~ 1/3 protein: collagen fibers
The recipe, and why it has to be a composite e Remaining ~ 2% is the living cells
Bone matrix is about two-thirds calcium-phosphate mineral, which Each component alone

crystallizes into hydroxyapatite, and about one-third collagen protein.
Emphasize the numbers because the entire integrity of bone falls out of
combining these components rather than being attributed to just one or
the other. Mineral by itself behaves like glass: it's extremely hard, resilient

e Mineral content imparts a glass-like consistency: hard,
great resistance to compression, but brittle



under compression, and brittle, so it shatters rather than bending.
Collagen by itself acts like rope: it’s flexible and tough, but soft, with no
rigidity to speak of. Neither substance could ever make up a working
skeleton on its own. Combine these components, though, and you get the
equivalent of fiberglass: the minerals (in the form of hydroxyapatites)
contribute hardness and collagen threads through those mineral deposits
to allow some give. Composite bone, both stiff and shatter-resistant,
emerges.

The recipe dictates the build order

Because one cannot inject collagen into finished mineral, the collagen
scaffold has to be laid down first and mineralized second, never the other
way around. Hold onto that sequence, because it is exactly what bone-
building cells do in the next section, and is why the fiberglass analogy
reaches forward so cleanly: you spin the fibers first, then pour the glass
around them and let everything congeal.

The recipe also predicts failures

A shifted mineral-to-collagen ratio can be used to predict disease, which
is the part students actually remember. Too little mineral (from perhaps a
shortage of calcium or vitamin D) leaves bone collagen-rich and soft, so a
child’s leg bones bend under body weight into the bowed legs of rickets.
That is the downstream end of the skin’s vitamin-D pathway from the
integumentary guide, now arriving at bone. Too little or defective collagen
leaves bone all-mineral and therefore glass-like, so it snaps under minor
stress in the brittle-bone pattern. Same tissue, opposite failures, both
read straight off the ratio of the two main ingredients.

e Collagen presence contributes the qualities of a rope:
flexible, tough, but no rigidity

e Composite is like fiberglass: stiff and shatter-resistant

Causal Chain: Fiberglass Logic

Osteoblasts secrete collagen into a soft osteoid layer —
mineral crystals nucleate on and between the collagen
fibers — the fibers end up embedded throughout the
hardening mineral — load is carried by the mineral while
the embedded fibers stop a crack from running

Causal Chain: Too Little Mineral (Rickets)
Low Ca?* or vitamin D limits the mineral available for
deposition — osteoid is laid down but poorly mineralized
— the matrix stays soft and deforms under body weight
— a growing child’s leg bones bow (rickets)

Causal Chain: Defective Collagen (Brittle Bone)

A type | collagen gene defect leaves the matrix with too
few or malformed fibers — mineral crystals sit without a
continuous fiber network binding them — a small crack
meets nothing that stretches to absorb it — the crack
runs through the mineral — the bone shatters under trivial
stress (brittle-bone pattern)

Common Errors

e Error: Thinking the mineral part of bone is the “strong”
part and collagen is filler; each compensates for the
other’s weakness.

e Error: Assuming collagen makes bone hard (it makes
it tough); mineral makes it hard.
e Error: Forgetting collagen must be deposited before
mineralization, not after.
Prediction Prompt

e Predict: A child’s bones bend rather than break.
Predict which matrix component is short, and why
bending rather than snapping.



e Predict: A patient’s bones snap from trivial force but
x-rays show normal mineral density. Predict the
defective component.

Section 3: The Living 2%: Cells That Build and Remove Bone

This is the cell lineage students must own. Teach it as one storyline (the osteoblast’s life) plus one exception, not as four parallel bullet points.

Instructor Narrative Structured Outline / Causal Chain

The move: Present the cells as a single lineage, from stem cell to bone- The lineage (one cell, three generations)
forming osteoblast to the osteocyte sealed in matrix, then treat the
osteoclast separately, since it arises from a different lineage. Three of the
four cells are of one lineage; the fourth is an exception.

o 1. Osteoprogenitor: stem cell that divides to make
osteoblasts

e 2. Osteoblast: bone-forming cell that secretes osteoid,

Osteoprogenitor, osteoblast, osteocyte: one lineage then mineralizes it

Three of the four bone cells are not really separate cell types at all; they * 3. Osteocyte: osteoblast buried in its own matrix, now
are the same cell at different ages. The osteoprogenitor is a stem cell, maintaining that tissue

living in the membranes that line bone, and its one job is to divide and The outlier

produce osteoblasts. Osteoblasts are bone-forming cells, the ones that
actually make bone. Osteocytes are the same cells after they become
embedded, walled into the very matrix they just laid down. Teach the

e Osteoclast: bone-resorbing cell from a blood/monocyte
lineage, not the lineage above

three cell types as one arrow rather than three isolated details, because e Giant and multinucleate cell (precursors fuse)
seeing them as generations within the same family is what makes the e Secretes acid (dissolves mineral) plus enzymes
fourth cell stand out as the exception. (digests collagen)

Causal Chain: How an Osteoblast Becomes an Osteocyte

Osteoblasts pave a bone surface, each adding matrix
beneath itself — the layer thickens and the working
surface advances outward — a cell that stops keeping
pace with the advancing front is walled in on all sides —
cut off from the surface, it can no longer add matrix and
shifts to maintaining what surrounds it (now an osteocyte)

The osteoblast builds “fiberglass” in a sequence

The osteoblast does precisely what the previous section predicted it must.
It first secretes the collagen scaffold, an unmineralized matrix called
osteoid tissue, and only then mineralizes it, spinning the fibers before
pouring the glass. As it paves a surface with new matrix, some
osteoblasts get buried in their own product, and the moment an
osteoblast is sealed inside the matrix it stops building and becomes an
osteocyte. This embedding is not an accident or a failure; the buried cell Osteoblast-Osteoclast Coupling



actually becomes the long-term maintenance cell for surrounding bone
tissue.

The osteoclast is the exception, from a different lineage
entirely

Now the fourth cell type, and the single most important point about it is
where it comes from. The osteoclast does not descend from the
osteoprogenitor line at all; it arises from a blood-cell lineage, the same
one that produces macrophages, and it is the bone-resorbing cell. It is a
giant, multinucleate cell, formed when several precursors fuse into one,
and it does the exact reverse of the osteoblast: it secretes acid to dissolve
the mineral and enzymes to digest the collagen. Notice that it has to
remove both components, precisely because, as described in Section 2,
bone is a composite. Working osteoclasts carve pockets into the matrix
and move along the surface, and osteoblasts typically follow to refill the
trenches they leave.

The osteoblast lineage really controls the bone remodeling
process

The two disparate cell populations are not independent systems that
happen to share a common target (bone tissue), and missing this would
be the root of major confusion later. The bone-forming lineage
(osteoblasts and osteocytes) signals the resorbing lineage (osteoclasts),
setting when resorption rises and when it falls, so the balance between
formation and resorption is controlled largely from the osteoblast side.

Osteoblasts express proteins that control osteoclasts

Now we see that osteoblast management of osteoclast activation,
differentiation, and maturation doesn’t occur by accident. Specifically,
cells of the osteoblast lineage, along with depositing new bone tissue,
also produce receptor activator of nuclear factor kappa-B ligand (RANKL)
and osteoprotegerin (OPG) which modulate osteoclastogenesis
(osteoclast production) from monocyte/macrophage lineage. When
osteoblasts release RANKL, that protein binds to receptor activator of
nuclear factor-kB (RANK) on the membranes of osteoclast precursors,

Osteoblast lineage signals the osteoclast lineage to
increase or decrease resorption

Osteoblast-lineage cells release RANKL — RANKL
binds RANK on osteoclast precursors (monocytes) —
bound monocytes fuse and differentiate into mature
osteoclasts — more osteoclasts work the bone surface
— resorption rises

Osteoblast-lineage cells release OPG — OPG binds
circulating RANKL — bound RANKL cannot reach
RANK on the monocytes — fewer monocytes
differentiate — fewer osteoclasts work the surface —
resorption falls and more of the existing matrix stays

So, build vs. break is actually one regulated dial, not
two independent systems

Common Errors

Error: Filing the osteoclast under the same lineage as
the other three; it is a different family.

Error: Thinking osteocytes are dead; they are living
maintenance cells.

Error: Treating osteoblasts and osteoclasts as
functionally unrelated, when the osteoblast lineage
really controls bone resorption.

Error: Treating osteoblast control of osteoclast
differentiation and action as a bare fact; the coupling
runs through RANKL-RANK-OPG signaling.

Prediction Prompt

Predict: An osteoblast finishes paving a surface and
is sealed in matrix. Predict its new name and new job.

Predict: A drug wipes out the monocyte lineage.
Predict which bone cell disappears and what happens
to old, damaged bone.

Predict: A breast cancer patient with metastatic bone
tumors is given denosumab, a RANKL-blocking



activating those cells, and stimulating their differentiation into mature
osteoclasts. However, when osteoblasts release the glycoprotein OPG,
that cytokine serves as a decoy receptor, binding to RANKL (effectively
blocking that ligand’s binding to its cellular receptor RANK), suppressing
osteoclast proliferation, and thereby shifting the remodeling balance
toward retention of bone. In this way, RANKL and OPG, both expressed
by osteoblasts, are crucial, but antagonistic, signaling components of the
bone remodeling pathway.

Interestingly, RANKL/RANK signaling is also known to play a role in bone
tumor metastasis by promoting osteoclast differentiation and increasing
invasiveness of cancer cells (including those originating in breast and
prostate tumors). Knowledge of this pathway, along with development of
RANKL inhibition therapies represents a promising strategy for managing
such metastases and generally restoring bone integrity.

Keep osteoblast-osteoclast coupling and factors that mediate that
coupling in mind because this is the hinge that makes upcoming
discussions of hormone actions, exercise effects, and menopausal bone

loss all cohere. When those topics arrive, the seminal question will always

be “what’s happening that tightens or loosens this coupling and what are
the downstream effects?”

monoclonal antibody. What’s the rationale for
administration of denosumab?

Predict: In the early 2000s, clinical trials were
conducted in which synthetic, recombinant OPG was
injected into postmenopausal women to ameliorate
symptoms of osteoporosis. The trials were initially very
promising, producing desirable results, but later had to
be discontinued because the injected drug stimulated
production of neutralizing OPG antibodies (which
actually exacerbated bone deterioration). Explain why
the exogenous therapy was successful at first but later
led to deleterious effects.

Section 4: Why the Osteocyte Looks Like a Sea Urchin: Living Inside Rock

This is the same supply problem encountered with avascular epidermis in the skin guide, but now focused on bone mineral management. Solve it once

and spongy-bone and osteon size both fall out of it later.

Instructor Narrative Structured Outline / Causal Chain

The move: Pose the problem before the structure: how does a living cell  The problem

survive sealed inside calcified matrix that nutrients cannot diffuse . . . .
o Osteocyte lives in a lacuna, sealed in mineral



through? The answer is a relay network, and it gives the osteocyte its
spiky, sea-urchin shape.

The problem: a cell entombed in rock-like tissue

An osteocyte sits in a tiny cavity called a lacuna, completely surrounded
by mineralized matrix. Oxygen, nutrients, and waste cannot diffuse
through calcified bone the way they traverse soft tissue, so the usual
delivery system simply does not reach the cell. An osteocyte parked deep
in the matrix, far from any blood vessel, therefore, has a supply problem
that should kill it within hours. That is, of course, unless the bone’s
structural organization somehow compensates for the location of its
osteocytes. So, before naming any structural details, ask the class how a
living cell could possibly survive walled inside stone.

The solution: a relay through tiny canals

The answer is a network of hair-thin channels called canaliculi that thread
through the matrix in every direction. Each osteocyte sends slender
projections out through these canals until they meet the projections of
neighboring osteocytes. Where two projections touch, gap junctions allow
the cells to pass material directly from one to the next. A cell sitting
beside a vessel takes up nutrients and hands them off, cell-to-cell, down
the chain to the cells buried deepest, in a form of cytological relay. Pull a
single osteocyte out of its lacuna and it would look like a sea urchin, a
small round body bristling with spines, one spine reaching into each
canaliculus. The spiky shape is simply the delivery network made visible.
That same network has a second role, and Section 9 depends on it. The
projections are anchored in the matrix, so when the bone around an
osteocyte is loaded and deforms, the cell feels it. The osteocyte is
therefore the tissue’s strain sensor as well as its supply line, and it passes
what it senses to the cells working on the surface.

Back to the skin’s problem again

Students have already met this exact logic in a different tissue. In the skin
guide, we saw that the epidermis is avascular, so its living cells stay down
near the dermal blood supply while the dead ones ultimately rise to the
surface. The constraint here with bone is the same, but in a harder
material: living cells can persist inside mineral only because the relay

¢ Nutrients and waste cannot diffuse through calcified
matrix

e Deep cells are far from any blood vessel

The solution
e Canaliculi: tiny canals threading the matrix

e Osteocyte projections run through them and touch
neighbors

e Gap junctions at the contacts allow direct cell-to-cell
handoff

o Result: a relay from vessel to deep cell, and a strain-
sensing network in the same cells

Causal Chain: Why Osteons Stay Narrow and Trabeculae
Stay Thin

Mineralized matrix blocks diffusion — nutrients reach
buried cells only by cell-to-cell handoff along the
canaliculi — each cell in the relay receives less than the
one before it, so beyond a few cell-lengths the last cell
falls below what it needs. That diffusion limit is why
osteons stay narrow and trabeculae stay thin: bone
persists only where every osteocyte sits within that
distance of a vessel.

Why the osteocyte resembles a sea urchin

e Cell body in the lacuna; projections fill every
canaliculus

o Extracted, the cell is a spiny ball, the relay made
visible
Callback plus forward link
e Same logic as the avascular epidermis (skin guide)

o Diffusion distance caps vessel and osteocyte spacing,
which sets osteon and trabecula morphology + size

Common Errors



keeps the diffusion distance short enough for them to survive. The
familiar no-blood-supply constraint is met in a comparable way wherever
it arises: every cell must somehow stay within reach of a handoff.

Diffusion distance sets the geometry

Flag the forward consequence now, because it pays off twice in the next
two sections. Since nutrients can only be relayed so far, the cell at the
end of a linear chain could well starve because of the overall distance
involved. That is why the osteons discussed in the next section are each
built around their own central blood vessel, and why the trabeculae of
spongy bone stay thin rather than thickening into solid blocks.

Error: Thinking nutrients diffuse freely through bone
matrix.

Error: Imagining osteocytes as isolated cells rather
than a connected network.

Error: Missing that the spiky shape of osteocytes is
functional, not decorative.

Prediction Prompt

Predict: A blood vessel feeding one osteon is cut.
Predict which osteocytes die first and in what order.

Predict: From the relay limit alone, predict why
spongy-bone struts cannot be thick and solid.

Section 5: Two Architectures for Two Loads: Compact (One Axis

Structure follows the loading problem. Teach each bone type as an engineering answer to a different kind of force, with the femur as the worked example.

Instructor Narrative Structured Outline / Causal Chain

The move: Do not present compact and spongy bone as essentially two
“textures” to memorize. Present them as engineering solutions to two
different loading problems: force from one direction versus force from
many. Both can be seen in a bone like the femur.

Compact bone
¢ Dense outer shell; unit is the osteon (microscopic
cylinder)
e “Handful of pencils” analogy: superb along the long
axis
Weak across the axis; forms the shaft walls

Compact bone: loaded along one axis

Compact bone is the dense outer shell of every bone, and its repeating o
unit is the osteon, a microscopic cylinder. The useful image here is a Spongy bone

handful of pencils bundled lengthwise: the bundle is extremely difficult to No osteons; open lattice of trabeculae (struts)
compress along its length but far weaker if you push on it from the side. T '

That analogy sums up the structural makeup of compact bone. This Struts aligned along the lines of stress
arrangement excels in resisting force directed along the bone’s long axis, 3-D strength: resists load from many directions
the compression and tension a shaft carries when you stand and move. Found at joint ends, vertebrae, flat-bone cores
That explains why compact tissue forms the thick walls of a long bone’s
shaft and the hard outer cortex over every bone.

Causal Chain: Architecture Follows Load



Spongy bone: handles loads applied from many directions

Spongy bone has no osteons. Instead, it is an open lattice of bony struts
called trabeculae. The key fact here, and one students always miss, is
that those struts are not arranged randomly. They line up along the very
paths that force travels as it passes through the bone. A lattice braced
like this resists load from many directions, so spongy bone has genuine
three-dimensional strength, where compact bone has essentially just one-
dimensional strength. That is why spongy bone is located wherever loads
arrive from varied and changing angles: the ends of long bones at their
joints, the bodies of the vertebrae, and the core of flat bones.

The femur shows the logic in one bone

Walk the femur as a good example of a bone having both compact and
spongy tissue. The shaft of the femur is composed of thick compact bone,
because the loads of standing and walking run mainly along that axis.
The head and neck, though, where the hip joint delivers force from
constantly shifting angles, are filled with spongy bone whose trabeculae
fan outward along the lines of stress, like the bracing in a bridge. One
bone, two architectures, each placed exactly where its particular kind of
strength is needed.

Why long bones break the way they do

Now collect the applied payoff. A long bone’s shaft is wonderfully strong
along its axis and comparatively weak across it, which is the trade-off the
pencil bundle analogy predicts. Stand with your weight on one leg and
take a hard hit from the side, the classic football tackle, and the force
lands off-axis, in the one direction the bundle handles worst. The bone
bends slightly and then snaps transversely. The fracture pattern is
therefore a direct readout of the impact point relative to architecture: the
same structure that lets the bone carry one’s full weight all day, whether
walking, running, or jumping, is the configuration that fails when force
comes from the wrong direction.

Repeated loading strains the matrix hardest along the
paths that carry the force — osteocytes in those paths
signal for formation, and those off the paths signal for
resorption — bone accumulates along the load paths and
is removed elsewhere — the surviving osteons and struts
lie along the lines the force travels

Femur as the worked example
e Shaft is thick compact bone (axial load)

e Head/neck is spongy bone, trabeculae fanned along
stress lines (joint load from many angles)

Causal Chain: The Transverse Fracture of a Long Bone (shaft
strong on-axis, weak across it)
The osteons run lengthwise and offer little resistance
across the axis. A side impact loads the shaft across its
axis — the shaft bends slightly — a crack opens on the
tension side and runs across the shaft — the bone snaps
transversely

Common Errors

o Error: Thinking spongy bone is weak; it is strong, just
in a different way.

o Error: Believing trabeculae are arranged randomly
rather than along stress lines.

o Error: Expecting compact bone to be present
everywhere; spongy dominates where loads vary.

Prediction Prompt

e Predict: A vertebra is loaded from many angles as
you bend and twist. Predict which bone type fills its
body, and why.

e Predict: Why does a sideways tackle fracture the
shaft of a long bone, when the same bone easily bears
one’s full standing weight?



Section 6: Reading Bone Like Tree Rings: Lamellae and the Remnants of Old Bone

Use the osteon’s layered look to make turnover visible. The leftover fragments between osteons are the section’s payoff: you can see remodeling in a
cross-section.

Instructor Narrative Structured Outline / Causal Chain

The move: Teach the osteon as a readable record. Its concentric rings The osteon, in cross-section
are layers of matrix situated around a vessel, and the odd fragments
wedged between osteons are the leftovers of older bone torn down and _ _
built over. An abundance of those odd fragments signals turnover that * Central canal carries the vessel feeding the osteocytes
can actually be seen under the microscope. o Layered growth reads like tree rings

e Concentric lamellae (rings) around a central canal

Three kinds of lamellae

The osteon reads like a tree stump, in three kinds of layers
e Concentric: rings of one osteon

Cut an osteon cross-sectionally and it looks like a tree stump: concentric

rings of matrix, called lamellae, wrapped around a central canal. The  Circumferential: broad layers wrapping the whole bone
canal carries the blood vessel that, by the relay discussed in the last ¢ Interstitial: fragments between osteons, remnants of
section, keeps buried osteocytes alive, and, because bone is added in old osteons

layers, the rings really do signify growth in the way a tree’s annular rings
do. Naming the lamellae by what each kind is doing helps students.
Concentric lamellae are the rings of a single osteon. Circumferential
lamellae are the broad layers wrapped around the whole bone’s outer and
inner surfaces, binding the separate osteons into one continuous mass.
And interstitial lamellae are the irregular fragments crammed into the
spaces between osteons, which turn out to be the most interesting layers

Causal Chain: How a Remnant Forms

Osteoclasts cut a tunnel through part of an old osteon —
osteoblasts line that tunnel and build a new osteon inside
it — the unresorbed remainder of the old osteon is left
wedged between the new ones — that wedge persists as
an interstitial lamella

of all. Getting blood in
g e Central canals: lengthwise, vessels parallel to the
Interstitial lamellae are remnants of old osteons shaft

Those wedged interstitial fragments are leftovers of osteons that were
partly resorbed and then built over by newer osteons. They are
remodeling caught in the act, the literal debris of bone that has been torn

o Perforating canals: crosswise, link central canals to
surface/marrow vessels

down and replaced, preserved between the structures that replaced it. Common Errors

When a microscope field is crowded with interstitial lamellae, it's an o Error: Treating interstitial lamellae as their own
indication that the bone has been worked and reworked many times over structures rather than remodeling debris.

a Iifetime..This is the moment wh_ere the “torn down and rebu_ilt” claim o Error: Assuming all lamellae are the same age; the
from Section 1 becomes something students can actually point to on a interstitial remnants are older.

slide.



. . e Error: Forgetting that blood vessels, nerves, and
How the vessels, nerves, and lymphatics get in lymphatics found within central and perforating canals

One piece of housekeeping completes the supply story: how do blood are needed to keep osteocytes alive.
vessels, nerves, and lymphatics reach cells buried in the bony shaft?

Central canals are found inside osteons and run lengthwise along the Prediction Prompt

bone, carrying these structures. Perforating canals, however, run e Predict: A histology slide is crowded with interstitial

crosswise, perpendicular to the central canals, linking them out to the lamellae. Predict what that says about the bone’s

larger vessels, nerves, and lymphatics at both the bone’s surface and in history.

the marrow. Together the two sets of canals are conduits that osteocytes e Predict: Predict where you would expect the

depend on. youngest, most intact osteons versus the oldest
fragments.

Section 7: The Wrappers: Periosteum and Endosteum as the Cell Reservoir

Two membranous coverings, but the teaching point is the specialized cells they contain. This is where growth and repair are staged.

Instructor Narrative Structured Outline / Causal Chain

The move: Locate the surface cells. Bone is wrapped on the outside and  Two membranes
lined on the inside by membranous coverings, and they are where growth

and repair take place e Periosteum: covers the outer surface

o Endosteum: lines marrow cavity, trabeculae, internal

Two membranes, and what lives in each layer canals
Bone is covered on its outer surface by the periosteum and lined on its  Each has an outer fibrous plus inner cellular layer
inner surfaces by the endosteum, the latter reaching everywhere blood The cell roster

and marrow go: the marrow cavity, the trabeculae of spongy bone, and
the canals running through compact bone. Think of these structures as _ o o
the outer cloak and inner lining of the bone, respectively. Each one is built ~ ® Absent: osteocytes, which are by definition buried in
in two layers, an outer fibrous layer and an inner cellular layer, and both matrix, not in a lining

strata are important for different reasons. The fibrous layer is tough dense  Quter fibrous layer

irregular connective tissue, the same “leather” students met as the : « » PR
reticular dermis in the skin guide, and its fibers anchor into the bone and * I:I?t?:cg;ense iregular CT (‘leather,” a skin-guide
tie in tendons and ligaments. The cellular layer is the one to dwell on

¢ Present: osteoprogenitors, osteoblasts, osteoclasts

¢ Anchors bone to tendons and ligaments



here, because it is where the active cells, osteoprogenitors, osteoblasts, Logic: Why the Linings Have No Osteocytes

and osteoclasts reside. An osteocyte is an osteoblast that walled itself in. Burial is

self-inflicted, so only a matrix-secreting cell can suffer it.

Everyone but the osteocyte Osteoprogenitors secrete nothing, and osteoclasts

Make the roster explicit, because it is a clean way to check that students dissolve matrix while moving along the surface, so neither
understand the lineage from Section 3. The periosteum and endosteum is ever enclosed. The linings therefore hold

contain three of the four kinds of bone cells: stem cells, osteoblasts, and osteoprogenitors, osteoblasts, and osteoclasts
osteoclasts. The one type of cell they never contain is the osteocyte, and permanently. The only cell that ever leaves is an

the reason is purely definitional: an osteocyte is a cell that has been osteoblast, and it leaves by becoming an osteocyte.

walled into the matrix, so by definition it cannot be sitting loose in a

surface lining. Put this specific to the class directly: if the cell resides in ECCHELSS

one of the membranous coverings, it is still an osteoblast; the instant it is e Error: Placing osteocytes in the

buried in compact or spongy bone, it is an osteocyte. periosteum/endosteum; they are embedded in matrix.
Lo . o Error: Treating the periosteum as a passive wrapper

This is where growth and repair happen rather than the surface cell source.

Because active cells are located in these two coverings, the periosteum e Error: Forgetting the endosteum lines the internal

and endosteum are precisely where bone gets added, thickened, and surfaces too, not just the marrow cavity.

repaired. Strip the periosteum off a bone and you have removed its

surface cells along with the route for blood, nerve, and lymphatic supply; A CIE

and with those goes the bone’s capacity to grow in width and to heal after o Pred_ict: A_Surgeon $zfrips the periosteum from a bone.
a fracture. That single consequence sets up the next section, where every Predict which capacities are lost.
growth process we bring up will turn out to be logically staged. e Predict: Given the roster, predict why bone growth

and fracture repair both originate at these membranes.

Section 8: Building the Rock: Endochondral Ossification and Growth-Plate Closure

Teach the logic of replacing a flexible template, and concluding with plate closure, not a sequenced list of cartilage zones (most of which don’t necessarily
need to be named).

Instructor Narrative Structured Outline / Causal Chain

The move: Frame bone growth as a problem of building a rigid skeleton Endochondral ossification (the rule)
inside a body that must keep working and developing. The answer is to

start with a flexible cartilage template, replace it with bone, and keep one O (B (B2 £ & MEE earilEge Motk



band of cartilage producing new tissue to lengthen the bone, until puberty
ends growth.

Start flexible, then replace with bone

Most bones begin life as a hyaline cartilage model, a flexible and easily
formed template for the bone that will eventually take its place. Bone
tissue replaces the cartilage model from the inside out: a primary site of
bone formation appears in the shaft, secondary sites appear later in the
ends, and bone grows outward from each. The point worth emphasizing
is that the cartilage is replaced by bone, not converted into it. The
cartilage model is very much like scaffolding, taken down as the real
structure goes up around it.

Maintaining a band of growing cartilage is needed for bones
to lengthen

In children and adolescents, a band of that original cartilage persists
between the shaft and each end of growing long bones. This cartilage is
the growth (epiphyseal) plate, a site of lengthening for the whole bone,
and it works as a balance between two opposing processes. On the side
of the plate facing the end of the bone, cartilage is continually produced,
which pushes the two ends farther apart. On the side facing the shaft, that
same cartilage is steadily replaced by bone. As long as production keeps
pace with replacement, the plate stays intact and the bone gets longer; it
does this while remaining fully functional and weight-bearing.

At puberty, why cartilage production ends

Two hormonal influences govern the balance between activities at the
sides of growth plates, and distinguishing their roles is the heart of this
section. Growth hormone (GH) and insulin-like growth factor 1 (IGF-1)
drive cartilage production on the growing side of the plates, so they are
the influences that keep cartilage production supplied throughout
childhood. Increasing sex steroid levels at puberty do something more
decisive. Estrogen, and this holds true in both sexes because
testosterone acts largely after being converted to estrogen, first amplifies
the pubertal growth spurt and then drives the cartilage-producing cells
toward exhaustion. Once that proliferating cartilage runs down,
replacement by bone finally catches up and overtakes it, the plate

Bone replaces the cartilage (shaft first, then the ends)
Cartilage is replaced, not converted cell for cell

The growth plate is the site of lengthening

A band of cartilage between the shaft and its ends

Cartilage produced on the end side lengthens the
bone

Cartilage replaced by bone on the shaft side

Production at least keeps pace with replacement, so
the bone keeps growing

Causal Chain: Growth Plate Closure at Puberty

Sex steroid levels rise at puberty — estrogen accelerates
chondrocyte proliferation, then drives the proliferative
pool toward exhaustion — GH/IGF-1 can no longer
sustain cartilage production against the exhausted pool
— the shaft side replaces cartilage faster than the plate
makes it — the cartilage band narrows to nothing —
epiphysis and shaft fuse, leaving the epiphyseal line, and
lengthening stops

Width plus the exception

Width: periosteal osteoblasts add layers; osteoclasts
widen the marrow cavity

Intramembranous ossification: skull, clavicle, which
ossify directly with no cartilage model

Common Errors

Error: Thinking cartilage “turns into” bone cell for cell;
it is replaced.

Error: Crediting androgens directly for plate closure;
closure is promoted by estrogen (testosterone acts
indirectly via conversion).

Error: Thinking the growth plate adds width; it adds
length only.



narrows to nothing, and the ends fuse to the shaft. This event is called e Error: Citing growth cartilage zones by name as the
epiphyseal closure and signifies the conclusion of a long bone’s growth. main teaching point; the logic of the bone growth
So, the plate does not close because it is outpaced; it closes by process is the key point.

exhausting its supply of proliferating cartilage. What remains afterward is
the epiphyseal line, a faint internal scar marking where the plate used to
be. This line is easily seen on a simple X-ray.

Prediction Prompt

e Predict: A man genetically lacks aromatase and
cannot convert testosterone to estrogen. Predict his

Growing wider, and the one exception adult height and explain why.
Increasing bone length comes from growth plate activities, but expanding * Predict: A child suffers a growth plate fracture. Predict
width arises from the bone’s surface. Osteoblasts in the periosteum add the risk (compared to that of a midshaft fracture).

new layers to the outside of a long bone’s shaft while osteoclasts
concurrently widen the marrow cavity from within, and the net effect is a
bone that thickens while staying properly proportioned.

The exception: intramembranous ossification

Note that there is one exception to the cartilage-template process just
discussed. A few bones, mostly flat ones such as the skull and the
clavicle, and parts of others, skip the cartilage stage entirely and ossify
directly within a sheet of embryonic connective tissue, a process called
intramembranous ossification. Same osteoblasts doing the same
chemistry, just with no cartilage model to replace.

Section 9: Bone Mass Is a Running Score: Build vs. Break, and What Sets the Dial

The integrating section. Bone mass results from “build minus break” activity, and the inputs (load, calcium demand, nutrition, hormones) set where the dial
rests. Think of the events here as controlled by a dial, not an on-off switch.

Instructor Narrative Structured Outline / Causal Chain

The move: State the master expression of the unit: bone mass is The master expression
determined by what osteoblasts add minus what osteoclasts remove,
integrated continuously. Everything that factors into this, exercise, diet,
hormones, aging, just nudges the dial one way or the other.

e Bone mass = build (osteoblasts) minus break
(osteoclasts), integrated continuously

e Both run at once; the more active side dominates



Bone mass is determined by a balance; it’s not a fixed
quantity

Both bone deposition and dissolution run at the same time, all the time,
so whether one’s bone mass is rising, holding steady, or falling depends
entirely on which process is currently more active. Because turnover is
continuous, with something like ten percent of the skeleton replaced each
year, bone mass is a running tabulation rather than a number that gets
set once and locked when growth ends. This single reframing is critical: a
running score is one that can shift, for better or worse, based on what’s
happening with influencing factors.

The dial is regulated, not unconstrained

Recall the coupling from Section 3, because it is what turns a vague
balance into a real control system. With its modulators, the bone-forming
cell lineage signals the resorbing lineage when to step up and when to
back off, so the balance between formation and resorption is a controlled
dial rather than unregulated antagonism. Every input that follows acts by
turning that dial, almost always by changing how much resorption the
osteoblasts permit. Frame the whole section that way and the separate
factors stop being just a list and become one mechanism with several
control levers.

Mechanical load is the dominant local input

This is Wolff’'s law stated in plain language: bone adapts to the stress
placed on it. The cell that makes this a mechanism rather than a slogan is
the osteocyte from Section 4. Buried in matrix and tethered to it by its
processes, the osteocyte registers how hard the bone around it is being
strained and signals the surface cells accordingly, which is why loading
and unloading reach the remodeling dial at all. Load a bone, especially
with weight-bearing exercise, and local formation outpaces resorption, so
that bone thickens and strengthens in exactly the regions that are
stressed. Unload it instead, through bed rest, a cast, or weightlessness,
and resorption outpaces formation quickly, with weight-bearing sites
losing one to two percent of their mass per month and the heel losing
about ten percent over four months of bed rest. The logic here is strict:

e ~ 10%/yr bone turnover means mass is a movable
running summary
A regulated dial

o Osteoblast lineage signals how much deposition
occurs and how much resorption is allowed (the
coupling)

¢ Inputs act by turning that dial

Input 1: mechanical load (dominant, local)
o Wolff's law: bone adapts to stress, with osteocytes as
the strain sensors
¢ Load and weight-bearing tip the balance toward
formation, so bone thickens and strengthens

¢ Disuse tips the balance toward resorption, with ~1-2%
of mass lost per month at weight-bearing sites

Input 2: chemistry and supply (resting point)
e Chronically low Ca?* intake or low mechanical load
biases the dial to withdrawal
e Substrate: Ca?* and PO43~; vitamin D for absorption;
vitamin C for collagen
¢ Diminish any needed input and osteoblasts cannot
keep up even when signaled to do so
Causal Chain: Disuse

Load is removed (bed rest, cast, weightlessness) —
matrix strain around the osteocytes drops — osteocytes
change the signals they send to the surface cells —
osteoblasts lay down less matrix while osteoclasts keep
cutting — weight-bearing sites lose one to two percent of
their mass a month

Common Errors
e Error: Thinking bone mass is fixed once growth ends.

e Error: Treating build and break as independent rather
than one regulated dial.



bone is expensive to maintain, so its integrity is maintained only where it's o Error: Assuming exercise is cosmetic for bone; load is

currently load-bearing. the dominant local input.
Calcium demand, nutrition, and vitamin D set the resting Hizelelen e
point e Predict: An astronaut spends six months weightless.
. ) . . Predict the direction and rough speed of the change in
The dial also answers to chemistry and to supply, with these acting as bone mass.

moderating factors. A chronic shortfall of dietary calcium, or a standing
demand that keeps blood calcium running low, biases the dial toward
withdrawal, so the reservoir is quietly drawn down (which is the subject of
the next section). Building also needs raw material and helpers: calcium
and phosphate as the substrate, vitamin D to absorb them, the skin’s
pathway once again, and vitamin C to build the collagen scaffold. Reduce
any of these and osteoblasts simply cannot keep up even when every
input signal is telling them to build. Hormones then layer on top of all of
this, which is where Section 11 picks up.

e Predict: Two inputs say “build” but the diet is calcium-
poor. Predict whether mass actually rises, and why.

Section 10: The Calcium Reservoir: When the Skeleton is Sacrificed for the Sake of

Homeostasis

The reservoir job made concrete, and the Section 1 conflict is realized. Two hormones move the dial on bone, gut, and kidney. Keep the vitamin-D loop
tied back to the skin guide.

Instructor Narrative Structured Outline / Causal Chain

The move: Now cash out the conflict promised in Section 1. Blood Why blood Ca?* cannot be allowed to drift

calcium must remain within a narrow band for life-or-death functions, and

the skeleton is the reservoir. Two antagonistic hormones control bone-

blood calcium exchange, one raising blood Ca2* and one lowering it. e Hormone and neurotransmitter release
¢ Blood clotting

¢ Nerve signaling, muscle contraction

Why maintenance of blood calcium is essential

Free Ca?* in the blood runs nerve signaling, muscle contraction, the
release of hormones and neurotransmitters, and blood clotting, so the i _ _ .
body cannot let ECF levels of this mineral drift, even briefly, without » Withdrawal requires osteoclasts to dissolve matrix
serious consequences. That is the pressure behind everything cited in e Drawing on the reservoir means spending structure

The reservoir is locked
e Bone Ca?* is bound in mineral salt, not free



this section. When intake falls short, the body does not wait for the next
calcium-rich meal to fix the problem; it reaches immediately for the only
large store it has, the skeleton.

The reservoir has to be unlocked, not just opened

State one subtlety precisely, because it is what ties the chemistry back to
the structure. The calcium in bone is not sitting around as free ions ready
to be scooped out; it is locked into solid mineral salt. To withdraw any of
this Ca?*, osteoclasts must dissolve matrix, putting acid to the mineral,
releasing these ions into the blood. Drawing on the reservoir therefore
means spending structure, every time. That is the conflict from Section 1
again, now expressed as a mechanical necessity rather than an abstract
tension.

PTH raises blood calcium; calcitonin lowers it

Two hormones move calcium in opposite directions, and each one acts
on the same three places, so teach them as a matched, but antagonistic,
pair working bone, gut, and kidney. When blood calcium falls, parathyroid
hormone is released and pushes it back up in three ways: it increases
resorption to release calcium from bone, it raises calcium absorption from
the gut by way of activated vitamin D, and it reduces the calcium the
kidney excretes in the urine. When blood calcium runs high, calcitonin
does the reverse, suppressing resorption and letting the kidney shed the
excess. In adult humans, PTH is the workhorse and calcitonin is a minor
player, but as a teaching pair they are the clean two-way control over
blood calcium.

The vitamin-D loop closes here

This is the section where the skin guide’s vitamin-D pathway finally pays
off, so make the connection explicit. The skin makes a precursor from
sunlight, the liver and then the kidney activate it into the hormone
calcitriol, and calcitriol is precisely what allows the gut to absorb the
calcium and phosphate that bone needs. This loop closes cleanly: the
skin starts it, the kidney finishes it, the gut absorbs because of it, and
bone is mineralized by it. That is also why a vitamin-D shortfall shows up
clinically not as a skin problem but as a bone problem.

Two hormones, three targets (bone / gut / kidney)

e PTH (low Ca?*): more resorption, more gut absorption
(via vitamin D), less renal loss, so blood Ca?* rises

e Calcitonin (high Ca?*): less resorption, more renal
loss, so blood Ca?* falls

e |n adult humans, PTH is the workhorse; calcitonin
plays a minor role

Causal Chain: Defending Low Blood Calcium

Blood Ca?* falls — parathyroid chief cells release PTH —
osteoclasts resorb matrix, the kidney reabsorbs more
Ca?*, and calcitriol rises to increase gut uptake — Ca?®*
enters the blood faster than it leaves — blood Ca?*
returns to range, with the skeletal share taken out of
matrix

Causal Chain: The Vitamin-D Loop (closes the skin guide)

UV converts a skin precursor to cholecalciferol — the
liver hydroxylates it, then the kidney hydroxylates it again
to calcitriol — calcitriol raises Ca?* and PO43~ uptake
across the gut wall — plasma Ca?* and PO43" rise —
osteoblasts have the substrate to mineralize new matrix

Common Errors

e Error: Thinking bone calcium is free and instantly
available; it must be unlocked from mineral salts.

e Error: Making calcitonin the main human regulator;
PTH dominates.

e Error: Thinking “vitamin D comes from the sun”; UV
makes a precursor and the kidney completes the
chain.

e Error: Treating calcium vs. mass as a strict “either-or”
rather than a moderated dial.

Prediction Prompt



e Predict: A patient eats far too little calcium for years.

Keep the tension honest Predict the skeletal cost and the reason the body

Resist letting the discussion of drawing on the calcium reservoir collapse permits it.
into a simple either-or, which is the trap students fall into once they grasp T T e L r——
the reservoir idea. The skeleton is not drained every time someone skips PTH for.months el e gffect gn Foie

a glass of milk: vitamin D, dietary calcium, and mechanical load all set
where the dial rests from day to day. But a sustained calcium debt, one
that persists because blood chemistry is defended ahead of bone mass,
is a genuine and major driver of bone loss over the long run. Free calcium
versus bone mass is a real competition; it is simply moderated by the
other inputs rather than being an absolute distinction.

Section 11: Hormones and Nutrition as Dials on Bone Turnover

Gather the hormonal and nutritional levers in one place, each tagged by which way it pushes the dial. Emphasize the logic of “which lever, which
direction,” not a catalog to memorize.

Instructor Narrative Structured Outline / Causal Chain

The move: Categorize every hormone and nutrient and focus on which Building / growth dials (push toward build)

2;2/ C/tti(z;%rg? tt’l:ee b;;fg/sgsilg-rgfoe;;gal. YO GENTES (M e T Hrts e GH plus IGF-1, and thyroid hormone, drive growth
p ’ (feed the plate)

Growth and building hormones e Sex steroids (estrogen, androgens) stimulate

Several hormones push the dial toward building, and they are extremely osteoblasts; estrogen closes the growth platt?

important during growth. GH and IGF-1, together with thyroid hormone, * Later loss of these factors loosens the restraint on

drive cartilage production, so they are the ones feeding the epiphyseal resorption (sets up the aging section)

plate (Section 8). Sex steroids, both estrogen and androgens, stimulate Calcium-tuning dials

osteoblasts directly, and estrogen is additionally the hormone that
induces closure of the growth plate (androgens act on the plate only after
conversion to estrogen). The eventual disappearance of these hormones
is the hinge of the aging section, so flag it here in advance: when sex Nutrition: substrate plus cofactors
steroid levels fall, the restraint on resorption loosens, and the dial drifts e Ca2* and PO43": the raw mineral

toward bone loss. o ) ) )
e Vitamin D: lets mineral in (absorption)

e PTH raises blood Ca?*; chronically high it costs bone
e Calcitonin lowers blood Ca?*; it spares bone



Calcium-tuning hormones

Two hormones impact blood calcium levels rather than bone growth, and
students just met them in the previous section. Parathyroid hormone
raises blood calcium and, when its blood concentration remains
chronically high, costs the skeleton bone. Calcitonin lowers blood calcium
and spares bone. The cleanest way to prevent the usual confusion is to
keep the two purposes separate in students’ minds: the growth hormones
build structure, while the latter two tune blood chemistry.

Nutrition: substrate and cofactors

Hormones can only push as hard as the available supplies allow, so
nutrition sets a ceiling on what any given signal can accomplish. Calcium
and phosphate constitute raw mineral, vitamin D is what lets these
substances enter the body, and vitamin C is required to build the collagen
scaffold, which is exactly why scurvy, a vitamin-C deficiency, produces
weak matrix and bleeding gums. Smaller contributors such as vitamins A,
K, and B12 and a few trace minerals round out the list. The single logic to
carry away here is that without substrate there is no building, no matter
how strong the hormonal signal happens to be.

Excess, and the growth plate-state payoff

Close with one worked example that ties the hormones straight back to
growth and quietly tests Section 8. Too much growth hormone in a child,
while the growth plates are still active, produces gigantism, because the
plates are still producing cartilage and now do so even faster. The very
same excess in an adult, after the plates have already fused, cannot
lengthen bone at all, so it can only thicken what’s already there: bones
and soft tissues of the hands, feet, and face grow heavier and coarser, all
signs of acromegaly. Same hormone, opposite outcome, and the deciding
factor is entirely whether the growth plate is still open. If students can
explain that contrast, they understand the growth section.

Vitamin C: builds the collagen scaffold (scurvy results
in weak matrix, bleeding gums)

¢ Vitamins A, K, B12 and trace minerals: minor support

Causal Chain: GH Excess with the Plate Open (Gigantism)

GH excess raises IGF-1 — proliferating chondrocytes at
the growth plate divide faster — the plate keeps driving
the ends apart faster than bone replaces it — long bones
lengthen past normal (gigantism)

Causal Chain: GH Excess after the Plate Fuses (Acromegaly)

GH excess raises IGF-1 — IGF-1 reaches the
periosteum, the only osteogenic surface still active —
periosteal osteoblasts add matrix to the outside of
existing bones — hands, feet, jaw, and brow thicken and
coarsen, with soft tissue enlarging alongside
(acromegaly)

Common Errors

Error: Memorizing hormones as a list without tagging
the direction each one pushes.

Error: Mixing the growth hormones with the calcium-
tuning hormones.

Error: Thinking acromegaly makes a person taller; the
growth plates are closed, so bone can only thicken.

Error: Forgetting that no substrate means no building,
regardless of signal.

Prediction Prompt

Predict: A 40-year-old develops a GH-secreting
tumor. Predict whether they grow taller or only thicker,
and why.

Predict: A sailor with scurvy has weak bones and
bleeding gums. Predict the missing nutrient and the
matrix component it serves.



Section 12: Aging, Osteoporosis, and a Teaching Note on Sequence

A closer doing double duty: aging changes recap the whole unit by naming what fails, and the teaching note explains why this guide is built tension-first.

Instructor Narrative Structured Outline / Causal Chain

The move: End with a closer that does two jobs. The aging changes Aging is a review by subtraction
revisit the entire guide by naming what breaks down, and the teaching
note explains why this guide leads with the two-jobs tension and the _ _ _
build-versus-break dial rather than simply walking through structure. * Resorption comparatively unrestrained

e Less active vitamin D, so less Ca%* absorbed

¢ Less mechanical load if less active
e Net result: bone mass drifts downward without

o Lower osteoblast activity

Aging tips the dial toward bone loss

Section 9 indicated that bone mass is a running tabulation, and that aging
drifts that tally downward. Bone loss begins insidiously around the thirties

. o L correction
and continues for several reasons: osteoblast activity falls, resorption is
comparatively unrestrained, less active vitamin D is made as the years Why women lose faster
pass, and physical load often drops as people move/exercise less. Note e \Women ~ 8%/decade; men ~ 3%

that every one of these factors is the teardown of a concept the guide
already covered: fewer osteoblasts, weaker coupling, less calcium
absorbed, and a compromised stress signal. The aging slide is really a
review disguised as a list of declines.

e Estrogen restrains resorption (one control on the
coupling)

e Menopause induces a sharp estrogen drop, so
restraint is released

Why women lose faster e Men’s decline is gradual, so loss is gentler

The numbers are conspicuously lopsided: women lose roughly eight Osteoporosis (a Section 5 callback)
percent of bone mass per decade, men about three, and the difference o Severe loss crossing into fragility
traces almost entirely to sex steroids. Estrogen normally restrains o e .

resorption, acting as one of the controls on the coupling from Section 3. * Spongy bone fails first: trabeculae thin and snap
Consequently, when estrogen levels drop sharply at menopause that e Early fractures: vertebrae (compression, height loss),
restraint is suddenly released and resorption significantly outpaces hip, wrist

formation. Men'’s sex-steroid decline, by contrast, is gradual, so their bone  ¢,ysal chain: Menopausal Bone Loss

loss is correspondingly more limited. The sex difference in bone mass
follows from osteoclast restraint being released quickly in one case and
slowly in the other.

Estrogen falls sharply at menopause — osteoblast-
lineage cells shift their RANKL/OPG output toward
RANKL — more osteoclasts are recruited to trabecular
surfaces — struts thin, then perforate — the three-
dimensional bracing collapses and the bone becomes
fragile

Osteoporosis shows up in spongy bone first



Osteoporosis is bone loss severe enough to cross into outright fragility,
and it is worth tying to Section 5 for an explanation of where it strikes. The
lattice of spongy bone loses struts first: the trabeculae thin and then snap,
and as they go the three-dimensional bracing collapses. That is why early
osteoporosis-related fractures cluster precisely where spongy bone
dominates, in the vertebral bodies, which sustain compression fractures
and lost height, and at the hip and the wrist. The very architecture that
gave bone its multidirectional strength is now the architecture that fails
first once the deposition-dissolution dial has run negative for a long
enough period of time.

Teaching note: why this sequence

A closing word on the design of this guide. The typical textbook deck
marches from bone structure to growth to homeostasis and disease as
separate, sequential topics. This guide instead leads with the organizing
tension, that bone is a living composite doing two jobs that compete, and
then hangs structure, cells, growth, and calcium on that single build-
versus-break dial. The reason for the approach taken here is practical
rather than stylistic: students retain a causal spine far better than they do
a sequence of isolated topics, and an instructor working under a tight
syllabus can lift any single section out of this guide without losing the logic
that holds the rest together. The same principle governs the specifics of
this unit, from osteoblast-osteoclast coupling to the osteocyte’s shape,
bone growth and maintenance, transverse fractures, the bowed legs of
rickets, gigantism set against acromegaly, and post-menopausal bone
loss: every detail presented to students has to earn its place by actually
explaining something.

Teaching note: why tension-first

Lead with the two-jobs tension and the build/break dial
Hang structure, cells, growth, and calcium off the
spine

A causal spine is assimilated better than a topic list
Any section lifts cleanly into a constrained syllabus

Common Errors

Error: Thinking osteoporosis hits compact bone first;
spongy bone actually fails first.

Error: Treating aging loss as fixed; load and nutrition
still move the dial.

Error: Reading aging changes as a disconnected list
rather than a logical teardown of named parts.

Prediction Prompt

Predict: A postmenopausal woman is at risk of
fracture. Predict which bone type and which sites go
first, and why.

Predict: Two people are the same age; one has been
a lifelong weight-bearing exerciser. Predict the
difference in their bone mass and explain it via the
dial.



