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Bone Structure and Metabolism

Francisco Forriol and Alexander Jedrzejczak

Overview

Metabolic diseases affect bone as a regulat-
ing organ of mineral metabolism, mainly
calcium and phosphorus. Mechanical
integrity depends on a balance in the regu-
lation of bone resorption and bone
formation.

blasts (bone-forming cells) and osteoclasts
(bone-absorbing cells) allow bone tissue to repair
itself, after a fracture, without scarring. In addi-
tion, the skeleton is essential for the immune sys-
tem and acts as a storehouse of electrolytes and
other essential substances for nerve conduction,
muscle and heart contraction, clot formation, and
other metabolic patterns. Bone mass contributes
to blood calcium homeostasis.

1.1 Bone and Its Function

Bones constitute a part of the musculoskeletal
system that defines the shape of the body and
protects vital organs. Bones are essential in
movement, acting as a rigid lever for the action of
muscles. In addition, they have a hematopoietic
function and act as phosphorus and calcium
(P/Ca) homeostasis regulators. Bone is a living
structure that grows, develops, and is continually
modified during life due to the coordinated func-
tions of its cells—osteoblasts, osteocytes, and
osteoclasts. The coordinated actions of osteo-

F. Forriol (21)
School of Medicine, University CEU-San Pablo,
Madrid, Spain

A. Jedrzejczak
Universita Campus Bio-Medico di Roma,
Rome, Italy

1.2 Structure of Bone Tissue

Bone is composed of an organic and inorganic
component. The organic component is made up
of cells and an organic matrix and accounts for
30% of the bone’s dry weight. Bone cells com-
pose only a small portion (2%) of the organic
component, with the remainder consisting of
osteoid produced by osteoblasts. The osteoid is
mainly composed of collagen, which accounts
for the majority of the proteins in the organic
component. The collagen is deposited along
mechanical stress lines and creates a template for
mineral deposition. The non-collagen proteins,
even though only constituting a minor portion of
osteoid protein content, play important roles in
regulating osteoblast proliferation, metabolism,
matrix production, and mineralization. The inor-
ganic or mineral component (70% of dry weight)
is mostly made up of a carbonate-rich hydroxy-
apatite analog. The hydroxyapatite analog incor-
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porates carbonate as well as magnesium, sodium,
potassium, chloride, fluoride, strontium, and
other bone-seeking elements. The analog has
crystalline imperfections, making it more soluble
than pure hydroxyapatite and therefore more
readily available for metabolic activity and for
exchange with body fluids. The union of collagen
and hydroxyapatite provides the viscoelastic and
anisotropic qualities of bone. Hydroxyapatite
crystals provide mechanical resistance against
compression forces; however, their elasticity is
low. Collagen fibers are not resistant to compres-
sion, but they withstand torsional forces and have
excellent elasticity.

The adult skeleton is made up of two distin-
guishable histological types of bone tissue,
cortical (compact) and cancellous (trabecular or
spongy). Cortical bone is solid and dense, with
low porosity (<30%), while cancellous bone is
full of holes and highly porous (50-90%). All
normal adult bone is lamellar bone, whether it
has a cortical or a cancellous structure. Cortical
bone accounts for 80% of skeletal bone mass and
consists of osteons and Havers and Volkmann
canals. In a typical long bone, cortical bone
forms the wall of the shaft, and cancellous bone
is located in the metaphysis and epiphysis of the
long bones. Cancellous bone is also found in the
body of short bones such as the vertebrae and
contains hematopoietic tissue. Although only
making up 20% of skeletal bone mass, cancel-
lous bone has a larger surface area and its
surface-to-volume ratio is approximately ten
times that of cortical bone. Vascularization is
more abundant in cancellous bone tissue than in
cortical bone.

The fundamental functional unit of adult cor-
tical bone is the osteon. The osteon is filled with
osteocytes and consists of concentric layers of
bone or lamellae. The osteon has extensions that
flow into the cortical bone canaliculi (Havers and
Volkmann channels), communicating with cells
covering the endosteal and periosteal bone sur-
face. The Haversian canals (canals of Havers) are
found centrally in the osteons and contain blood
vessels, nerve supplies, and a supportive extracel-
lular matrix. The lateral Volkmann canals carry
blood vessels from one osteon to another. These

canaliculi deliver oxygen and other nutrients to
osteocytes through diffusion or convection forces
resulting from mechanical motions.

In contrast to cortical bone structure, cancel-
lous bone is made up of a porous honeycomb-like
matrix. This matrix is composed of mature lamel-
lar bone trabecula, in which osteocytes are con-
centrically oriented and have a well-developed
canalicular network. The bony trabeculae fill the
cross section of the bone, occupying approxi-
mately 20% of its volume. Depending on the
location, such as in the proximal end of the femur,
the trabeculae are quite regularly arranged reflect-
ing the direction of mechanical stress acting on
the bone.

1.3  Bone Remodeling

There are two populations of bone stem cells:
mesenchymal stem cells (MSCs) and hematopoi-
etic stem cells (HSCs). Osteoblasts and bone-
lining cells originate from MSCs, while
osteoclasts derive from osteoclast progenitors
(mononuclear cells).

Bone is formed through two mechanisms,
intramembranous and endochondral, each result-
ing in the same chemical composition. Although
the biochemical compositions are comparable in
both cortical and trabecular bones, their physical
properties are markedly different to suit their
local requirements. The thin cortical shell sup-
ported by trabecular bone at the ends of long
bones is well suited to distribute the concentrated
loads in the joints, whereas the tubular cortical
midshaft is better suited to support the large tor-
sional and bending loads applied to this area.

In the absence of a cartilage scaffolding, new
bone is formed by mesenchymal osteoblasts
through intramembranous ossification.
Endochondral ossification occurs in the presence
of a preexisting calcified cartilage matrix. Long
bones and vertebrae increase in size through a
combination of these two processes. For exam-
ple, in a long bone, ossification of the shaft is an
intramembranous process, while endochondral
ossification increases long-bone length by carti-
lage proliferation at the growth plate. The rate of
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remodeling changes with age, a 2-year-old boy
remodels 50% of his skeleton annually, while an
older adult does only 2—5% each year.

The initial step in cortical bone remodeling is
the removal of portions of osteons through the
action of osteoclasts. The osteoclasts form shal-
low depressions in the bone called Howship lacu-
nae (resorption bays). After the bone is removed,
osteoblasts secrete osteoid, which mineralizes
with the osteoblasts inside and transforms them
into osteocytes. The osteocytes regulate bone
remodeling from external mechanical stimuli.
New lamellae are then deposited in concentric
layers until a new osteon is formed.

Cortical bone is remodeled on the periosteal,
endosteal, and Haversian canal surfaces. Bone
width growth occurs on the periosteal surface, the
diameter of the medullary canal is determined
through endosteal activity, and together they
determine the overall thickness of the bone cor-
tex. Haversian canal surfaces are responsible for
the density of the cortex.

Cancellous bone is remodeled five times more
than the cortical bone because it has a larger sur-
face area. In actively forming or remodeling can-
cellous bone, the direction of deposition is
determined by a row of osteoblasts on one border
of the trabecula. The deposition of new bone by
osteoblasts is counterbalanced by osteoclast
removal of bone on the opposite surface of the
trabecula. This coordinated formation and resorp-
tion can shift trabecula within a bone while main-
taining mass homeostasis.

Effect of Mechanics
on the Bone

14

Mechanical integrity depends on a precise bal-
ance between osteoblast and osteoclast activity,
resulting in bone formation and resorption. In the
normal adult skeleton, bone formation and
resorption are balanced in a state called coupling
where net bone formation equals net bone resorp-
tion. Any alteration to this complex balance
results in clinical diseases such as osteoporosis,
in which resorption action is predominant. Other
examples include primary hyperparathyroidism

in which osteoclastic activity is abnormal or
osteopetrosis in which the bone formation is
predominant.

Exercise improves and maintains bone mass,
while inactivity leads to atrophy. In immobilized
limbs, disuse osteoporosis sets in rapidly and the
cortex thins. After resuming weight-bearing, the
bone gradually rebuilds and cortical mass and
thickness are restored. Disuse osteoporosis can
be either localized or generalized. In generalized
disuse osteoporosis, bone loss is extensive in the
cancellous bone of the axial skeleton and weight-
bearing long bones. Bone loss due to immobiliza-
tion does not continue indefinitely and plateaus at
approximately 50% of initial values.

Bone mass decreases with age and is one of
the causes of increased fractures in older people.
The magnitude of bone density varies between
individuals as it depends on genetic, mechanical,
nutritional, and hormonal factors. If the bone
density and structure become so depleted that the
skeleton can no longer withstand the mechanical
stresses of everyday life, pathologic fractures
also known as fragility fractures may result.
When considering the postmenopausal period,
lower bone density values are usually found in
women. Beginning at 35 years of age, cortical
bone loss begins in both sexes. A reduction of 0.3
and 0.5% of total bone density per year is
reported. The compressive strength of bone is
proportional to the square of its apparent density,
meaning for a density decrease by a factor of 2,
its compressive strength decreases by a factor of
4. In men, the loss of bone density with age is
progressive, while in women, it decreases dra-
matically before menopause.

1.5 Bone Mass Homeostasis

The skeleton acts as an effective mineral bank for
the body to store ionized calcium and phosphate
in a metabolically stable and usable manner. In
order to clinically evaluate mineral metabolism,
laboratory tests must be conducted to determine
the levels of calcium (total and unbound), phos-
phorus, and magnesium. There are four basic
mechanisms of bone mass regulation: stimulation
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and inhibition of bone formation, and stimulation
and inhibition of bone resorption. Markers of
bone formation include specific bone alkaline
phosphatase, osteocalcin, and N-terminal pro-
peptide of type I collagen. Bone resorption mark-
ers include free and total pyridinoline, free and
total deoxypyridinoline, telopeptide N with
cross-links with type I collagen, and telopeptides
C with cross-links.

1.5.1 Calcium

The body is able to regulate serum calcium levels
with exceptional accuracy despite variations in
daily calcium intake. Primary regulation of serum
calcium concentration is under the control of
parathyroid  hormone (PTH), calcitonin,
1,25-dihydroxy vitamin D (1,25-(OH),D), and
osmotic gradient that provides passive calcium
transport. Secondary factors such as hormones,
proteins, phosphate, and blood pH also contrib-
ute to the regulation of serum calcium concentra-
tion. When calcium levels fall below physiological
range, it is restored to normal through the
PTH/vitamin D system, which increases calcium
absorption in the gastrointestinal tract, reabsorp-
tion in the kidneys, and resorption of bone.
Through the balance of bone formation and
resorption, around 1000 mg/day of calcium is
exchanged between bone and extracellular fluid.
Most of the calcium in bones does not readily dif-
fuse into the extracellular compartment, so when
the body needs to utilize calcium from its mineral
reserves, it must resorb bone. In order to counter-
act the resorption, bone formation increases and
osteoblasts are stimulated; however, this response
may not occur in the elderly. Calcium is intro-
duced by the diet, and its absorption in the bowel
is regulated by the body’s needs, vitamin D sta-
tus, age, and calcium consumption. Only some of
the calcium secreted into the intestine is absorbed;
much of it is excreted as unabsorbed calcium.
The kidneys filter around 8000 mg of calcium
daily and reabsorb over 95% under the effects of
PTH. Due to this, calcium absorption is better
determined using urinary calcium level than cal-
cium intake.

1.5.2 Phosphate

Unlike calcium, phosphate is present in almost
all foods and dietary deficiencies are uncommon.
Absorption of phosphate is less selective than
that of calcium and is partly dependent on vita-
min D metabolites. Renal excretory mechanisms
control phosphate ion levels. Additionally, renal
absorption of phosphate is inversely related to
PTH concentration. Phosphorus is present in
crystalline form in the skeleton (85%), and the
remaining 15% is in extracellular fluid and intra-
cellular phosphorylated intermediates.

1.6 Hormones

Bone metabolism is largely regulated by parathy-
roid gland, which produces PTH; the thyroid
gland, which secretes calcitonin; and the kidney,
which provides 1,25-(OH),D from less active
vitamin D metabolites. Other hormones such as
thyroid hormones, estrogens, insulin, growth hor-
mone also play a role. These hormones act col-
lectively to regulate calcium and phosphate levels
in serum and extracellular fluid by adjusting the
ion absorption in the gut and kidneys and rate of
bone resorption.

1.6.1 VitaminD

About half of our vitamin D is obtained from
diet, with the other half originating from a reac-
tion in our skin with ultraviolet radiation. A diet
high in oily fish can help prevent vitamin D defi-
ciency. Vitamin D from the skin and diet is
metabolized in the liver to 25-hydroxyvitamin D
(25-(OH)D), which is used to determine a
patient’s vitamin D status. 25-(OH)D is metabo-
lized in the kidneys by the enzyme
25-hydroxyvitamin D-1 o-hydroxylase to its
active form, 1,25-(OH), vitamin D. The renal
production of 1,25-(OH), vitamin D is regulated
by plasma PTH levels and serum calcium and
phosphorus levels. The vitamin D metabolite
1,25-dihydroxyvitamin D (1,25-(OH),D or cal-
citriol) helps regulate calcium and phosphate
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serum levels by increasing the efficiency of their
absorption in the intestine and renal tubules as
well as osteoclastic bone resorption by stimulat-
ing osteoclast precursors.

1.6.2 Parathyroid Hormone (PTH)

PTH is secreted from the parathyroid glands to
regulate Ca and P levels in the blood. When a dip
in calcium is detected, the parathyroid glands
increase PTH secretion, which then leads to an
increase in calcium levels and suppression of
PTH secretion creating a feedback loop. PTH
raises calcium levels by promoting calcium entry
from the bone, renal tubules, and intestine. This
is achieved by increasing bone resorption,
enhancing renal reabsorption of calcium, and
increasing the synthesis of 1,25-(OH),D, which
activates calcium absorption in the small intes-
tine. Renal reabsorption of phosphate is inversely
related to PTH concentration, and high PTH
decreases phosphate reabsorption. Compared to
other secretory systems, parathyroid cells contain
minimal amounts of PTH and as such regulation
of secretion occurs at the gene level and through
cell proliferation. Apart from calcium and phos-
phate concentrations, PTH secretion is also con-
trolled by the active form of 1,25-(OH),D and
fibroblastic growth factor-23 (FGF23). Serum
levels of calcium and phosphate posttranslation-
ally affect PTH by increasing and decreasing
PTH mRNA levels, respectively. FGF23 can also
bind to Klotho proteins on parathyroid cells sup-
pressing PTH gene expression and secretion.
PTH is also essential for normal mineralization
of bone in the later stages of fracture healing.

1.6.3 Calcitonin

Calcitonin is a polypeptide hormone produced by
parafollicular cells of the thyroid gland.
Calcitonin’s principal function is to inhibit osteo-
clast resorption of bone in response to elevated
serum calcium levels. The production of this hor-
mone is stimulated by elevated serum calcium
levels and inhibited by decreased calcium levels.

Calcitonin may have analgesic properties on
bone pain in patients with osteoporosis and in
bone resorption processes (Paget’s disease).

1.6.4 Growth Hormone (GH)

Secretion of growth hormone in the pituitary
gland is regulated by neurosecretory neurons in
the hypothalamus. GH stimulates bone formation
and is necessary for the maintenance of normal
bone mass. GH has an important function
throughout the process of fracture healing by
binding to cell membrane receptors in the tissues
involved in the regenerative response. Individuals
with a GH deficiency can show symptoms like
short stature and dwarfism, and conversely gigan-
tism and tall stature result from high or excess
GH levels.

1.6.5 Insulin

Insulin stimulates the synthesis of the bone
matrix and promotes the correct mineralization.
Much like GH, insulin has an important function
throughout the process of fracture healing by
binding to cell membrane receptors in the tissues
involved in the regenerative response.

1.6.6 Leptin

Leptin regulates bone mass by stimulating bone
formation and resorption through sympathetic
signaling pathways. One through AP-1 favors
osteoblast proliferation, and another one, through
the molecular clock, inhibits osteoblast
proliferation.

1.6.7 Androgens

Androgen deficits produce a decrease in the
secretion of calcitonin and calcitriol through its
osteoblast-like receptors. Androgens counteract
PTH (bone resorption) activity, may stimulate an
increase in bone mass, and prevent Ca loss.
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Medications that lower the levels of androgens
increase the rates of bone loss. The exact role of
androgens in maintaining skeletal mass is not
well understood.

1.6.8 Estrogens

Estrogen receptors are found in both osteoblasts
and osteoclasts. Estrogen decreases osteoclasts’
sensitivity to PTH, causing estrogen deficiency to
be the major cause of bone loss in early post-
menopause. Development of osteoporosis in
postmenopausal women is linked with estrogen
deficiency. Estrogen plays an important role in
regulating RANK ligand (RANKL), a molecule
critical in osteoclast formation and activity.
Decreasing estrogen decreases RANKL regula-
tion and osteoclast activity increases.

1.6.9 Glucocorticoids

At physiological concentrations, glucocorticoids
act as modulators of bone remodeling. At high
doses, they inhibit osteoblasts and the synthesis
of insulin-like growth factors, inducing bone
loss.

1.7  Metabolic Diseases

Metabolic diseases affect bone as a regulatory
organ of mineral metabolism. The etiology is very
varied, but a common pathologic mechanism is
present. Metabolic diseases usually produce an
imbalance between bone formation and resorp-
tion (Table 1.1). These conditions could be quan-
titative alterations, altering the mineral content
(osteoporosis, Siideck’s dystrophy, osteosclerosis,
renal osteodystrophy, osteopetrosis) or qualitative
diseases, modifying the structure or the shape of
the bone (osteomalacia, rickets, Paget’s disease).

1.7.1 Osteoporosis

Osteoporosis is the decrease in bone mass per
unit of bone volume, without affecting mineral-

Table 1.1 Analytics in some metabolic diseases

Anemia Myeloma

1 VSG Pathologic fracture

1 Ca Hyperparathyroidism

Ca Tumoral hypercalcemia
Malabsorption
Vitamin D deficit

B Osteomalacia

1 Alkaline phosphatase Vitamin D deficit

Liver diseases
Paget’s disease

1 Transaminases Liver diseases

Albumin Malnutrition
Liver diseases
Renal diseases

25-(OH) vitamin D Vitamin D deficit

FPTH Hyperparathyroidism
TSH Hyperthyroidism
Ca 24-h urine Hyperparathyroidism
Hypercalciuria Hyperthyroidism

Tumoral hypercalcemia

ization, to what is considered normal for a certain
age, sex, and race, with the structure and content
of bone mineral being normal. Osteoporosis is
fully described in Chap. 2.

1.7.2 Siideck’s Dystrophy or Reflex
Sympathetic Dystrophy

Stideck’s dystrophy is painful osteoporosis,
located in the skeletal area related to previous
trauma, fracture, sprain, or inflammatory process,
where venous stasis occurs in bone sinusoidal
spaces. It occurs in 2-3% of patients with limb
injuries, and pain develops shortly after fracture
or joint injury has healed. The first clinical mani-
festations are redness, swelling, hyperhidrosis,
and hyperesthesia of the limb at the injury site as
well as proximally and distally. The precise
pathophysiology of this disorder is not yet under-
stood, but disinhibition of the sympathetic ner-
vous system in the area of injury is one theory.

1.7.3 Renal Osteodystrophy
Kidney pathologies affect the skeleton, especially

patients undergoing hemodialysis or treatment
with  drugs that prevent hydrolyzing
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25-dihydroxyvitamin D to form the active form
(1,25-(OH),D) or retain phosphates by not being
filtered by the kidney.

1.7.4 Paget’s Disease

In Paget’s disease, the patient presents excessive
osteoclastic activity, intense bone resorption, and
substitution of the marrow by hypervascular
fibrous tissue. The repair bone is a disorganized
bone with poor mechanical conditions. This con-
dition is fully described in Chap. 3.

1.7.5 Osteopetrosis or Albers-
Schonberg Disease or Marble
Bone Disease

Osteopetrosis is characterized by defective osteo-
clast function and impaired bone resorption,
leading to bone fragility with an increased risk of
fracture. It presents a diffuse increase in skeletal
density and closure of the trabecular spaces (mar-
row spaces). Three distinct types of osteopetrosis
are seen in humans, autosomal dominant (adult,
benign, Albers-Schonberg disease), autosomal
recessive (infantile, malignant), and X-linked
inheritance patterns. Autosomal dominant is
associated with limited disability and a normal
life span; however, autosomal recessive is often
fatal during childhood.

1.7.6 Osteomalacia and Rickets

Nutritional rickets is an infrequent metabolic
bone disease defined by impaired mineralization
of osteoid resulting from severe vitamin D defi-
ciency (<10 ng/mL). Osteomalacia (adult rickets)
has several additional causes to severe vitamin D
deficiency.

Childhood rickets presents with impaired
growth, bowed extremities, and height usually
below the third quartile. Low weight is not typi-
cally seen unless there is a simultaneous nutri-
tional deficiency. Affected children are typically
lethargic and irritable. The head will present with
abnormalities such as softness or skull deformity.

A thoracic exam may show flaring and deformity
of the ribs, funnel chest, pigeon breast, or nod-
ules at costochondral junctions. Examination of
the extremities will expose abnormalities such as
symmetric enlargement of the ends of the long
bones, bowleg, and, less frequently, knock-knee.
Other manifestations include frequent fractures,
respiratory infections, and chronic cough. The
prevalence of childhood rickets varies highly
between different regions of the world. Treatment
for childhood rickets is achieved through vitamin
D and calcium supplementation.

It is more difficult to establish a diagnosis for
adult osteomalacia as the changes may be much
smaller than in childhood rickets. In the early
stage, patients may be asymptomatic with only
biochemical changes. The most sensitive of these
changes is an elevated serum total alkaline phos-
phate, which if observed should lead to obtaining
a bone-specific alkaline phosphate (BSAP). An
elevated BSAP should suggest osteomalacia; this
can be confirmed with quantitative bone histo-
morphometry. Once a diagnose is established,
biochemical testing can determine the etiology,
and the abnormalities can be corrected.

Patients with adult and advanced osteomalacia
present with generalized weakness, bone pain,
easy fatigability, and a general feeling of discom-
fort or illness. Physical findings are limited; how-
ever, in more serious and long-standing cases,
tenderness of bony prominences, muscle weak-
ness strong enough to affect gait, bowleg, or
kyphosis may be seen. Rickets presents with a
very characteristic histological appearance of the
epiphysial plate. Rachitic epiphysial plates show
a greatly increased axial height due to an
increased number of cells in the maturation zone,
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