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Abstract The net amount of bone lost during aging is
determined by the difference between the amount of
bone removed from the endocortical, trabecular and
intracortical components of its endosteal (inner) enve-
lope and formed beneath its periosteal (outer) envelope.
Endosteal bone loss is determined by the remodeling
rate (number of basic multicellular units, BMUs) and
the negative balance (the difference between the volumes
of bone resorbed and formed in each BMU). Bone loss
already occurs in young adult women and men and is
probably due to a decline in the volume of bone formed
in each BMU. The rate of loss is slow because the
remodeling rate is low in young adulthood. Bone loss
accelerates in women at menopause because remodeling
intensity increases and BMU balance becomes more
negative as estrogen deficiency reduces osteoblast life-
span and increases osteoclast lifespan. The high re-
modeling rate also reduces the mineral content of bone
tissue. The negative BMU balance results in trabecular
thinning, disappearance and loss of connectivity, corti-
cal thinning and increased intracortical porosity. These
changes compromise the material and structural prop-
erties of bone while concurrent age-related subperiosteal
bone formation increases the cross-sectional area (CSA)
of bone partly offsetting endosteal bone loss and the loss
of structural and material strength. Thus, treatments
aimed at reducing the progression of bone fragility, and
reversing it, should reduce activation frequency and so
reduce the number of remodeling sites, reduce osteo-
clastic resorption in the BMU, and so reduce the volume
of bone resorbed on each of the three components of
the endosteal surface thereby reducing the progression
of trabecular thinning, loss of connectivity, cortical
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thinning and porosity. If treatment also increases
periosteal bone formation, the CSA of the whole bone
and its cortical area will increase. If treatment also in-
creases endosteal bone formation in the BMU, bone
balance will be less negative, especially if resorption
depth is reduced. This may produce thickening of tra-
beculae provided activation frequency is not too low. If
treatment can increase de novo bone formation at qui-
escent endosteal surfaces, this will increase cortical and
trabecular thickness, and reduce intracortical porosity.
In this way, drugs directed at both the resorptive and
formative aspects of remodeling, and bone modeling
may (i) increase compressive and bending strength of
cortical bone by increasing the diameter of the whole
bone, its CSA and the distance the cortical mass is
placed from the neutral long bone axis; (ii) maintain or
increase peak compressive stress and peak strain in
trabecular bone, preventing microcracks and buckling;
and (iii) increase the material density of bone tissue, an
effect that probably should not be permitted to reach a
level which reduces resistance to microdamage accu-
mulation and progression (toughness).
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Structural abnormalities in bone
and their biomechanical consequences

The mineralized skeleton is defined externally by its
periosteal surface and internally by the endocortical,
trabecular and intracortical components of its endosteal
surface [1]. Cellular activity on these surfaces modifies
the external size and shape, internal architecture, total
mass, and thus the material and structural strength of
the skeleton. Periosteal bone formation defines the
bone’s cross-sectional area (CSA) while endocortical
bone formation or resorption determine the proximity
of the endocortical and periosteal surfaces, and thus



cortical thickness and the distance the cortical shell is
positioned from the neutral or long axis of the bone, a
geometric feature important in determining bending
strength of the whole bone [2].

During aging, endocortical bone remodeling with net
resorptive loss of cortical bone narrows the cortex so
that the same axial load is distributed on a smaller CSA,
so load per unit area (stress) increases, which in turn
imposes greater tensile strain on the convex surface and
compressive strain on the concave surface of the long
bone. Increased remodeling with increased resorptive
excavation of intracortical tunnels and reduced bone
formation within each increases the number and size of
intracortical pores, which further reduces cortical mass
and CSA, predisposing to local stress and microdamage.
In old age, intracortical pores coalesce reducing the CSA
of the cortex further [3].

Bone resorption on each side of the trabecular net-
work of plates produces trabecular thinning and perfo-
ration. Trabecular area decreases so that the same loads
are greater in relative terms; i.e., the load per unit area
on the vertical trabeculae increases predisposing to
bending, while shear stresses on horizontal trabeculae
may induce cracks [4]. As horizontal trabeculae disap-
pear, the vertical trabeculae are predisposed to buckling
(Fig. 1). By contrast, bone formation on each side of the
trabeculae thicken them, but whether this compensatory
modeling occurs is uncertain.

Periosteal bone formation at the axial and appen-
dicular skeleton partly offsets endosteal bone loss and
structural damage so that the net loss of bone from these
regions is a function of all of these surface-specific
changes. Women and men with spine fractures have
reduced vertebral bone mineral density (BMD) because
vertebral CSA is reduced due to lower than average
periosteal bone formation during growth, aging or both
[5, 6, 7]. BMD is also reduced because the smaller bone
contains less bone within its periosteal envelope, i.c.,
volumetric bone mineral density (vVBMD) is reduced.

The structural basis of the lower vBMD may be
a reduction in bone tissue mass such as thinner cortic-
es, increased porosity (number and size), thinner and
fewer trabeculae and/or a reduction in the bone mineral

Fig. 1 Trabecular thinning and loss results in a reduction in mass
and cross-sectional area of bone so that the same load is now
relatively greater, increasing the risk of structural failure (from [8],
with permission)

S3

content of the bone tissue mass (regrettably called
“true” density). An individual may have lower vBMD
because a high remodeling rate reduces the mineral
content of the tissue, but the tissue volume may not
differ. Techniques such as densitometry or quantitative
computed tomography ‘“see” the mineralized mass of
bone, not the tissue mass, so it is not possible to deter-
mine whether the deficit in vBMD is due to structural
changes produced by remodeling imbalance, a reduced
mineral content of the tissue or both.

Both the reduction in tissue mineral density of a long
bone’s cortical shell and a reduction in the thickness of
the cortical shell reduce the bone’s ability to tolerate
bending during loading. A reduction in trabecular
number has more severe consequences for peak com-
pressive strength than trabecular thinning or a reduction
in trabecular tissue density (which may increase peak
tolerable strains) [8]. Thus, vBMD may be reduced be-
cause the mineral content of the bone tissue mass is
reduced, because the cortices are thin and porous, and
the trabeculae are thin or have disappeared [9]. In
women with hip fractures, femoral neck diameter may
be reduced, normal or increased, while cortices are thin
and porous [10, 11, 12, 13, 14, 15]. How do these
structural abnormalities develop?

Bone “loss’ during aging
Irreversible bone loss

Bone remodeling is achieved by teams of osteoclasts,
which resorb a volume of bone on the endosteal surfaces
at regions called basic multicellular units (BMUs).
Resorption of a volume of bone is followed by bone
formation by osteoblasts in the same region. Provided
that the volumes of bone removed and replaced within
each focal BMU are the same, no net bone loss or
structural damage occurs. The necessary and sufficient
structural requirement for bone to be irreversibly “‘lost”
is that the volume of bone resorbed is greater than the
volume of bone formed [1]. This may be the result of a
reduction in the volume of bone formed, an increase in
the volume of bone resorbed, or both.

BMD decreases at the spine and proximal femur in
women before menopause [16, 17, 18, 19]. It is likely that
there is a subtle reduction in bone formation in pre-
menopausal women and in young adulthood in men.
Evidence for this is lacking because of the lack of his-
tomorphometric data in young women. There is a some,
albeit weak, evidence for a linear decrease in mean wall
thickness across age in men and in women (Fig. 2) [20].
Whether this is an “appropriate’” response to reduced
loading in sedentary individuals, or an “abnormality”
produced by reduced osteoblast precursor production,
reduced formation of mature osteoblasts, reduced os-
teoblast activity or lifespan, increased osteoclast gener-
ation, activity or lifespan, is uncertain but the effect is
bone loss and structural damage.
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Fig. 2 Mean wall thickness, reflecting bone formation in the basic
multicellular unit, declines with age (from [20], with permission)
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Fig. 3 After menopause there is a rapid decline in bone mineral
density (BMD) because of the delay in filling of the remodeling
space. BMD decline slows as steady state is restored at the higher
remodeling rate but continues to decline because of the worsening
negative bone balance in the basic multicellular unit (E. Seeman,
with permission)

Bone loss accelerates in women at menopause be-
cause estrogen withdrawal is associated with increased
remodeling intensity (activation frequency); many more
discrete foci on the endosteal surfaces remodel bone,
each producing bone loss because of the negative BMU
balance. The initial accelerated loss of bone is due to the
rapid fall in bone mineral mass produced by the increase
in numbers of BMUs, which increase the porosity of
bone as increased bone remodeling expands the revers-
ible remodeling space [21, 22]. The rapid fall in BMD is a
consequence of the delay in bone formation within each
of the many more and new remodeling sites (Fig. 3).
Bone formation (which is coupled with resorption)
proceeds in these high numbers of remodeling sites while
new resorptive cavities form. Bone loss continues from
the lower BMD at a more rapid rate than before
menopause (but slower than immediately after meno-
pause) for three reasons: (1) BMU balance becomes
more negative, (2) the remodeling rate is higher, and (3)
the high remodeling rate reduces the tissue mineral
content of the bone by replacing older, more densely
mineralized bone with younger, less densely mineralized
bone. The BMU balance is more negative because es-
trogen deficiency increases the lifespan of osteoclasts so
more bone is resorbed in the BMU, while the lifespan of
osteoblasts decreases so less bone is formed as well [23,
24]. The increased numbers of remodeling sites and the
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Fig. 4 Trabecular bone volume declines in women because of a
decline in trabecular number with a modest decline in trabecular
thickness, while trabecular thinning is greater in men than in
women (from [25])

deeper resorption lacunae produce loss of connectivity
in women.

Men do not undergo a midlife acceleration in bone
remodeling. The loss of trabecular bone in men proceeds
with thinning of trabeculae, unlike the complete loss of
trabecular plates in women (Fig. 4) [25]. Bone loss is the
result of a reduction in the volume of bone formed
rather than the result of an increase in the volume of
bone removed in the BMU, so trabecular connectivity is
better maintained in men. As trabeculae are lost, the
trabecular surface available for remodeling decreases.
However, the surface available for trabecular remodel-
ing in old age is better preserved in men and is greater
than in women. Therefore, men may continue to lose
bone from the trabecular compartment longer than
women in old age. Despite the accelerated loss of bone in
women, the overall loss of trabecular bone in men and
women is similar in quantitative terms (suggesting
trabecular bone loss continues in men longer than in
women).

Late in life, endocortical and intracortical remodeling
increase and bone loss comes primarily from cortical
bone because remodeling is surface-based and the sur-
faces within cortical bone increase due to increased
intracortical porosity. Cortical porosity increases with
age or may decline as pores coalesce, predisposing to
fractures at cortical sites such as the proximal femur [3,
26]. Cortical bone effectively becomes “trabecularized,”
particularly on its inner third. The total surface available
for bone remodeling does not diminish with age: it
moves from the trabecular to the cortical compartment.

Secondary hyperparathyroidism may increase re-
modeling further in elderly men and women. Bone loss
accelerates in old age because the already thinner porous
cortices and thinner and fewer trabeculae are subjected
to the same or higher intensity of remodeling so that the
same or a larger volume of bone is removed from an
ever-decreasing mass of bone. Consequently, structural
damage and bone fragility increase out of proportion to
the reduction in bone mass. Loss of bone mineral occurs
out of proportion to the loss of bone mass (produced by
the negative BM U balance) because the high remodeling



produces a fall in mineral content of bone tissue. Old
bone that has undergone more complete secondary
mineralization is replaced by younger bone that has
undergone primary, but less complete secondary, min-
eralization.

Periosteal bone formation during aging

As endosteal bone loss proceeds, periosteal apposition
occurs concurrently, increasing the CSA of bone and
reducing the net loss of bone [27]. Cortical bone loss is
less in men than in women because periosteal bone
formation is greater, not because endosteal resorption is
lower (Fig. 5) [27]. Thus, bone “loss” reflects the net
result of all the periosteal bone formed during aging
minus all the bone irreversibly removed from the endo-
steal surface, itself a function of the size of the negative
bone balance in each BMU and the number of BMUs
(the remodeling rate). The hormonal factors that deter-
mine the greater periosteal apposition in men than in
women are unstudied.

It is feasible that the periosteal apposition is an
adaptive response to increased loads on subperiosteal
bone surface which increase strains produced as tra-
beculae disappear and cortices become more porous and
thinner. There is no evidence to support this plausible
adaptive response to increased relative loading.

Thus, women and men who sustain fractures may
have a range of structural abnormalities that reflect the
heterogeneous nature of structural and material changes
that accompany aging of the skeleton. There may be
“excessive” or more rapid bone loss than the rest of the
population due to a more negative bone balance in the
BMU, which itself may be the result of a greater volume
of bone resorbed in each BMU, a lower volume of bone
formed in each BMU, or both. Alternatively, if BMU
imbalance is not more negative than in age-matched
controls, greater bone loss may be due to a higher re-
modeling rate than in controls. Histomorphometric and
biochemical evidence for higher resorption in the BMU,
lower bone formation in the BMU, or a higher remod-
eling rate in fracture cases than in controls is conflicting

Men
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Fig. 5 Cortical bone loss is less in men than in women because
periosteal bone formation is greater in men, not because endocor-
tical resorption is less (E. Seeman, with permission)
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[28, 29, 30, 31, 32, 33, 34, 35]. Although a higher group
mean for indices of resorption or a lower group mean
for indices of bone formation in fracture cases is re-
ported, there is wide scatter so that many patients have
normal or reduced bone resorption while many have
reduced bone formation or no histologic parameters
outside the reference range, suggesting reduced vBMD
may be the result of a reduced peak vBMD with bone
loss proceeding at a rate no different from controls.
Thus, could greater antifracture efficacy result if drug
therapy were targeted to the underlying abnormality
(anabolic therapy for individuals with reduced bone
formation, antiresorptive therapy for patients with in-
creased resorption, or both drugs for individuals with
both abnormalities)?

Antiresorptives increase the mineral content
of the more slowly diminishing mass of bone

Antiresorptive agents reduce the rate at which bone is
remodeled. Fewer sites excavate bone on its endosteal
(trabecular, endocortical, intracortical) surfaces so that
less of the existing volume of the mineralized skeleton is
“turned over.” The reduced remodeling rate results in
slowing in the progression of trabecular and cortical
thinning, trabecular perforation and cortical porosity.
The reduced turnover of the skeletal mass results in an
increase in the mineral content of the existing bone,
which increases the bending stiffness of cortical and
trabecular bone. This increase in mineral density of the
bone tissue, together with the initial filling of the re-
versible or transient remodeling space when remodeling
slows down, accounts for most of the increase in BMD
found with antiresorptive agents (Fig. 6). Older osteons
at various stages of secondary mineralization are no
longer removed and replaced by young bone but rather
undergo more complete secondary mineralization.
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Fig. 6 Bone mineral density increases with antiresorptive therapy
because filling of the reversible remodeling space deficit proceeds
when the larger number of resorptive cavities from the cycle before
the drug was given complete their remodeling cycle. Inset: From
this higher level bone loss resumes or stops depending on the rate of
remodeling and the size of the negative bone balance in each basic
multicellular unit (E. Seeman with permission)
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Fig. 7 Combined approach to treatment reducing the resorptive
side of remodeling (activation frequency, resorption depth) and
bone formation on the periosteum, in the basic multicellular unit
and de novo on quiescent endosteal surfaces, may restore the
structure and mass of bone (E. Seeman with permission)

Antiresorptives may also reduce the magnitude of the
BMU imbalance by reducing the lifespan of the osteo-
clast and increasing the lifespan of the osteoblast. The
increase in mineral density of the tissue may increase the
stiffness of the bone allowing accumulation and spread
of microdamage, as more homogeneously mineralized
bone is less resistant to crack propagation (i.e., bone
becomes less tough) [36, 37].

Thus, the antiresorptive agents combat the three
mechanisms causing bone loss: they reduce the rate of
remodeling, they may reduce the negative balance in
the BMU by producing shallower resorption cavities
and they increase the mineral content of the bone.
Studies in beagles suggest residronate reduces resorp-
tion depth and increases mean wall thickness while
alendronate reduces cortical porosity [38, 39]. There is
no compelling evidence of an increase in trabecular
bone volume on iliac crest bone biopsy specimens. This
should occur if the remodeling space is reduced but
changes may be difficult to detect. There is no consis-
tent evidence that these drugs eliminate the negative
bone balance or make it positive; the latter would
thicken the cortices and trabeculae were it not for the
slow remodeling rate.

The drugs do slow the progression of bone fragility
by reducing the remodeling rate but at no stage is
there an increase in bone mass beyond that produced
by reduction in the reversible remodeling space. In-
deed, bone tissue mass continues to decrease, albeit
more slowly, while the mineral content of the de-
creasing tissue mass increases because bone turnover is
reduced. This is documented using alendronate [39]
and is likely to occur to varying degrees with agents
that reduce the remodeling rate, such as calcium sup-
plements, estrogen, raloxifene, and risedronate as well.
The increase in mineral content of the existing bone
may partly account for the early reduction in fracture
risk. Whether the continued increase in the mineral
content reduces or increases bone fragility in the longer
term is uncertain [36, 37]. Antiresorptive agents do not
restore the strength of bone by increasing its mass and

refashioning this mass into its pristine architectural
form.

Prospects for restoring the structure of bone
using formation-stimulating agents

One of the most encouraging advances in the field of
osteoporosis is the emergence of evidence that bone-
forming agents such as intermittent parenteral parathy-
roid hormone therapy and daily oral strontium ranelate
reduce the risk of fractures [40, 41, 42, 43]. Intermittent
parathyroid hormone administration increases the CSA
of bone by stimulating both periosteal and endocortical
apposition, increases trabecular thickness and may in-
crease trabecular connectivity.

More recently, evidence of the antifracture efficacy of
strontium ranelate in spine fractures has been reported
in abstract form. This orally active agent appears to
have bone-forming and antiresorptive activity [44]. In
preclinical evaluation, strontium ranelate was reported
to increase bone mass and mechanical properties of
bones [43].

Summary and conclusion

Antiresorptive agents reduce the remodeling rate and the
magnitude of the negative bone balance by reducing
osteoclast lifespan and increasing osteoblast lifespan.
Focal remodeling is reduced and erosion cavities are
more shallow, so that trabecular thinning, perforation
and cortical thinning proceed more slowly. Antiresorp-
tive drugs may reduce the severity of the negative bone
balance but they do not make bone balance positive, so
they cannot restore or “build” bone. As bone turnover is
reduced, older osteons undergo more complete second-
ary mineralization so that the more slowly declining
mass of bone has a higher mineral content.

Reduced bone formation plays a central role in the
pathogenesis of bone loss and bone fragility. Increasing
bone formation appears to be a rational approach to
the reversal of bone fragility provided that anabolic
treatment can (i) increase periosteal and endocortical
apposition and so increase bone size and cortical
thickness; (i) increase trabecular thickness, number and
connectivity and (iii) allow normal bone mineralization
to occur (Fig. 7). There seems to be progress in this
direction.
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