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INTRODUCTION

Because of obvious limitations in studying human fetuses and
(to a lesser degree) neonates, human regulation of fetal and
neonatal mineral homeostasis must be largely inferred from
studies in animals. Some observations in animals may not
apply to humans. This chapter briefly reviews existing human
and animal data, including older studies of surgically manipu-
lated animals and recent studies of mice engineered to lack
calciotropic hormones or receptors. Detailed references are
available in two comprehensive reviews.(1,2)

FETUS

Much of normal mineral and bone homeostasis in the adult
can be explained by the interactions of PTH, 1,25-
dihydroxyvitamin D or calcitriol (1,25-D), calcitonin, and the
sex steroids. In contrast to the adult, comparatively little has
been known about how mineral and bone homeostasis is reg-
ulated in the fetus. Fetal mineral metabolism has been uniquely
adapted to meet the specific needs of this developmental pe-
riod, including the requirement to maintain an extracellular
level of calcium (and other minerals) that is physiologically
appropriate for fetal tissues and to provide sufficient calcium
(and other minerals) to fully mineralize the skeleton before
birth. Mineralization occurs rapidly in late gestation, such that
a human accretes 80% of the required 30 g of calcium in the
third trimester, whereas a rat accretes 95% of the required 12.5
mg of calcium in the last 5 days of its 3-week gestation.

Minerals Ions and Calciotropic Hormones
A consistent finding among human and other mammalian

fetuses is a total and ionized calcium concentration that is
significantly higher than the maternal level during late gesta-
tion. Similarly, serum phosphate is significantly elevated, and
serum magnesium is minimally elevated above the maternal
concentration. The physiological importance of these elevated
levels is not known. A calcium level equal to the maternal
calcium concentration (and not above it) seems to be sufficient
to ensure adequate mineralization of the fetal skeleton, and
fetal survival to term is unaffected by extremes of hypocalce-
mia in several animal models. The increased calcium level is
robustly maintained despite chronic, severe maternal hypocal-
cemia of a variety of causes. For example, adult humans and
mice with nonfunctional vitamin D receptors have severe hy-
pocalcemia, but murine fetuses with the same abnormality have
normal serum calcium concentrations.(3)

Calciotropic hormone levels are also maintained at levels
that differ from the adult. These differences seem to reflect the
relatively different roles that these hormones play in the fetus
and are not an artifact of altered metabolism or clearance of
these hormones. Intact PTH levels are much lower than ma-
ternal PTH levels near the end of gestation, but it is unknown
whether fetal PTH levels are low throughout gestation after the
formation of the parathyroids or only in late gestation. The low
level of PTH is critically important, because fetal mice lacking
parathyroids and PTH have marked hypocalcemia and under-
mineralized skeletons.(4) Circulating 1,25-D levels are also
lower than the maternal level in late gestation and seem to be

largely if not completely derived from fetal sources. The low
circulating levels of 1,25-D in the fetus may be a response to
high serum phosphate and suppressed PTH levels in late ges-
tation. With respect to 1,25-D, the low levels of this hormone
may reflect its relative unimportance for fetal mineral ho-
meostasis, because both vitamin D deficiency and absence of
vitamin D receptors do not impair serum mineral concentra-
tions or the mineralization of the fetal skeleton.(3) Fetal calci-
tonin levels are higher than maternal levels and are thought to
reflect increased synthesis of the hormone. Apart from re-
sponding appropriately to changes in the serum calcium con-
centration, there is little evidence of an essential role for
calcitonin in fetal mineral homeostasis.(5)

PTH-related protein (PTHrP) is normally not present in the
human adult circulation (outside of pregnancy and lactation),
but in cord blood, PTHrP levels are up to 15-fold higher than
that of PTH. PTHrP is produced in many tissues and plays
multiple roles during embryonic and fetal development. The
absence of PTHrP (in the Pthrp-null fetal mouse) leads to
abnormalities of chondrocyte differentiation and skeletal de-
velopment,(6) modest hypocalcemia,(7) and reduced placental
calcium transfer. Such Pthrp-null fetuses have increased PTH
levels(8) but still remain modestly hypocalcemic, indicating that
PTH does not make up for lack of PTHrP in maintaining a
normal calcium concentration in the fetal circulation.

The role (if any) of the sex steroids in fetal skeletal devel-
opment and mineral accretion is unknown, largely because the
relevant analyses have not been performed in the relevant
mouse models, and corresponding human data are absent.
Estrogen receptor � and � knockout mice have been shown to
have altered skeletal metabolism that develops postnatally, but
the fetal skeleton has not been examined in detail. Similarly,
postnatal skeletal roles of RANK, RANKL, and osteoprote-
gerin have been shown in relevant knockout mice, but the role
that this system plays in fetal mineral metabolism is not yet
known.

Fetal Parathyroids
Intact parathyroid glands are required for maintenance of

normal fetal calcium, magnesium, and phosphate levels; lack of
parathyroids and PTH causes a greater fall in the fetal blood
calcium than lack of PTHrP. Fetal parathyroids are also re-
quired for normal accretion of mineral by the skeleton and may
be required for regulation of placental mineral transfer. Studies
in fetal lambs have indicated that the fetal parathyroids may
contribute to mineral homeostasis by producing both PTH and
PTHrP, whereas a detailed study of rats indicates that the fetal
parathyroids produce only PTH. Whether human fetal parathy-
roids produce PTH alone or PTH and PTHrP together is un-
clear.

Calcium Sensing Receptor
The calcium sensing receptor (CaSR) sets the serum calcium

level in adults by regulating PTH, but it does not seem to set
the serum calcium level in fetuses. Instead, the fetal serum
calcium is driven above the maternal level by the action of
PTHrP, while in turn, the CaSR appropriately suppresses PTH
in response to this elevated calcium level (Fig. 1A). In the
absence of PTHrP (Pthrp-null mice), the fetal serum calcium
falls to the normal adult level, and the serum PTH is increased,The author has reported no conflicts of interest.
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consistent with the normal function of the CaSR to maintain the
calcium concentration at the adult level (Fig. 1B). Inactivating
mutations of the CaSR (Casr-null fetuses) lead to increases in
serum calcium, PTH, 1,25-D, and bone turnover of fetuses,
resulting in a lower skeletal calcium content by term. The
CaSR is also expressed within placenta as shown in humans
and mice, and this may indicate that the CaSR participates in
the regulation of placental mineral transfer. Casr-null fetuses
have a reduced rate of placental calcium transfer, but whether
this is a direct consequence of the loss of placental CaSR is not
known.(9)

Fetal Kidneys and Amniotic Fluid
Fetal kidneys partly regulate calcium homeostasis by adjust-

ing the relative reabsorption and excretion of calcium, magne-
sium, and phosphate in response to the filtered load and other
factors, such as PTHrP and PTH. The fetal kidneys also syn-
thesize 1,25-D, but because absence of vitamin D receptors in
fetal mice does not impair fetal calcium homeostasis or pla-
cental calcium transfer, it seems likely that renal production of
1,25-D is relatively unimportant.

Renal calcium handling in fetal life may be less important
compared with the adult for the regulation of calcium ho-
meostasis because calcium excreted by the kidneys is not
permanently lost. Fetal urine is the major source of fluid and
solute in the amniotic fluid, and fetal swallowing of amniotic
fluid is a pathway by which excreted calcium can be made
available again to the fetus.

Placental Mineral Ion Transport
As noted above, the bulk of placental calcium and other

mineral transfer occurs late in gestation at a rapid rate. Active
transport of calcium, magnesium, and phosphate across the
placenta is necessary for the fetal requirement to be met; only
placental calcium transfer has been studied in detail. Analo-
gous to calcium transfer across the intestinal mucosa, it has
been theorized that calcium diffuses into calcium-transporting
cells through maternal-facing basement membranes, is carried
across these cells by calcium-binding proteins, and is actively
extruded at the fetal-facing basement membranes by Ca2�-
ATPase.

Data from animal models indicates that a normal rate of

maternal-to-fetal calcium transfer can usually be maintained
despite the presence of maternal hypocalcemia or maternal
hormone deficiencies such as aparathyroidism, vitamin D de-
ficiency, and absence of the vitamin D receptor. Whether the
same is true for human pregnancies is less certain. A “normal”
rate of maternal–fetal calcium transfer does not necessarily
imply that the fetus is unaffected by maternal hypocalcemia.
Instead, it is an indication of the resilience of the fetal–
placental unit to be able to extract the required amount of
calcium from a maternal circulation that has a severely lower
calcium concentration than normal.

Fetal regulation of placental calcium transfer has been stud-
ied in a number of different animal models. Thyroparathyroid-
ectomy in fetal lambs results in a reduced rate of placental
calcium transfer, suggesting that the parathyroids are required
for this process.(10) In contrast, mice lacking parathyroids as a
consequence of ablation of the Hoxa3 gene have a normal rate
of placental calcium transfer.(4) The discrepancy between these
findings in lambs and mice may be caused by whether or not
the parathyroids are an important source of PTHrP in the
circulation. Studies in fetal lambs and in Pthrp-null fetal mice
are in agreement that PTHrP, and in particular mid-molecular
forms of PTHrP, stimulate placental calcium transfer.(7,11,12)

PTH does not seem to be involved in this process, and there is
little evidence that calcitonin or 1,25-D are required either.(3,5)

Fetal Skeleton
A complete cartilaginous skeleton with digits and intact

joints is present by the eighth week of gestation in humans.
Primary ossification centers form in the vertebrae and long
bones between the 8th and 12th weeks, but it is not until the
third trimester that the bulk of mineralization occurs. At the
34th week of gestation, secondary ossification centers form in
the femurs, but otherwise most epiphyses are cartilaginous at
birth, with secondary ossification centers appearing in other
bones in the neonate and child.(13)

The skeleton must undergo substantial growth and be suffi-
ciently mineralized by the end of gestation to support the
organism, but as in the adult, the fetal skeleton participates in
the regulation of mineral homeostasis. Calcium accreted by the
fetal skeleton can be subsequently resorbed to help maintain
the concentration of calcium in the blood. Functioning fetal
parathyroid glands are needed for normal skeletal mineral
accretion, and both hypoparathyroidism (thyroparathyroidecto-
mized fetal lambs and aparathyroid fetal mice) and hyperpara-
thyroidism (including Casr-null fetal mice) reduce the net
amount of skeletal mineral accreted by term.

Further comparative study of fetal mice lacking parathyroids
or PTHrP has clarified the relative and interlocking roles of
PTH and PTHrP in the regulation of the development and
mineralization of the fetal skeleton. PTHrP produced locally in
the growth plate directs the development of the cartilaginous
scaffold that is later broken down and transformed into endo-
chondral bone,(14) whereas PTH controls the mineralization of
bone through its contribution to maintaining the fetal blood
calcium and magnesium.(8) In the absence of PTHrP, a severe
chondrodysplasia results,(6) but the fetal skeleton is fully min-
eralized.(8) In the absence of parathyroids and PTH, endochon-
dral bone forms normally but is significantly undermineral-
ized.(8) The blood calcium and magnesium were also
significantly reduced in aparathyroid fetuses, and this may
explain why lack of PTH impaired skeletal mineralization.
That is, by reducing the amount of mineral presented to the
skeletal surface and to osteoblasts, lack of PTH thereby im-
paired mineral accretion by the skeleton. When both parathy-
roids and PTHrP are deleted, the typical Pthrp-null chondro-

FIG. 1. Fetal blood calcium regulation. (A) Normal high fetal calcium
level, which is dependent on PTHrP, activates the parathyroid CaSR, and
PTH is suppressed. (B) In the absence of PTHrP, the fetal calcium level
falls to a level that is now set by the parathyroid CaSR; PTH is stimulated
to maintain the ionized calcium at the normal adult level (maternal).
(Reprinted from Pediatric Bone, Glorieux FH, Pettifor JM, Jüppner H,
Fetal mineral homeostasis, pp. 271–302, 2003, with permission from
Elsevier.)
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dysplasia results, but the skeleton is smaller and contains less
mineral.(8) Therefore, normal mineralization of the fetal skele-
ton requires intact fetal parathyroid glands and adequate deliv-
ery of minerals to the fetal circulation. While both PTH and
PTHrP are involved, PTH plays the more critical role in en-
suring full mineralization of the skeleton before term.

Fetal Response to Maternal Hyperparathyroidism
In humans, maternal primary hyperparathyroidism has been

associated with adverse fetal outcomes, including spontaneous
abortion and stillbirth, which are thought to result from sup-
pression of the fetal parathyroid glands. Because PTH cannot
cross the placenta, fetal parathyroid suppression may result
from increased calcium flux across the placenta to the fetus,
facilitated by maternal hypercalcemia. Similar suppression of
fetal parathyroids occurs when the mother has hypercalcemia
because of familial hypocalciuric hypercalcemia. Chronic ele-
vation of the maternal serum calcium in mice results in sup-
pression of the fetal PTH level,(9) but fetal outcome is not
notably affected by this.

Fetal Response to Maternal Hypoparathyroidism
Maternal hypoparathyroidism during human pregnancy can

cause fetal hyperparathyroidism. This is characterized by fetal
parathyroid gland hyperplasia, generalized skeletal demineral-
ization, subperiosteal bone resorption, bowing of the long
bones, osteitis fibrosa cystica, rib and limb fractures, low birth
weight, spontaneous abortion, stillbirth, and neonatal death.
Similar skeletal findings have been reported in the fetuses and
neonates of women with pseudohypoparathyroidism, renal tu-
bular acidosis, and chronic renal failure. These changes in
human skeletons differ from what has been found in animal
models of maternal hypocalcemia, in which the fetal skeleton
and the blood calcium is generally normal.

Integrated Fetal Calcium Homeostasis
The evidence discussed in the preceding sections suggests

the following summary models.

Calcium Source. The main flux of calcium and other minerals
is across the placenta and into fetal bone, but calcium is also
made available to the fetal circulation through several routes
(Fig. 2). The kidneys reabsorb calcium; calcium excreted by
the kidneys into the urine and amniotic fluid may be swallowed
and reabsorbed; calcium is also resorbed from the developing
skeleton. Some calcium returns to the maternal circulation
(backflux). The maternal skeleton is a potential source of
mineral, and it may be compromised in mineral deficiency
states to provide to the fetus.

Blood Calcium Regulation. The fetal blood calcium is set at a
level higher than the maternal level through the actions of
PTHrP and PTH acting in concert (among other potential
factors; Fig. 3). The CaSR suppresses PTH in response to the
high calcium level, but the low level of PTH is critically
required for maintaining the blood calcium and facilitating
mineral accretion by the skeleton. 1,25-D synthesis and secre-
tion are, in turn, suppressed by low PTH and high blood
calcium and phosphate. The parathyroids may play a central
role by producing PTH and PTHrP or may produce PTH alone
while PTHrP is produced by the placenta and other fetal
tissues.

PTH and PTHrP, both present in the fetal circulation, inde-
pendently and additively regulate the fetal blood calcium, with
PTH having the greater effect. Neither hormone can make up

for absence of the other: if one is missing the blood calcium is
reduced, and if both are missing, the blood calcium is reduced
even further. PTH may contribute to the blood calcium through
actions on the PTH/PTHrP (PTH1) receptor in classic target
tissues (kidney, bone), whereas PTHrP may contribute through
placental calcium transfer and actions on the PTH1 receptor
and other receptors.

The normal elevation of the fetal blood calcium above the
maternal calcium concentration was historically taken as proof
that placental calcium transfer is an active process. However,
the fetal blood calcium level is not simply determined by the
rate of placental calcium transfer because placental calcium
transfer is normal in aparathyroid mice and increased in mice
lacking the PTH1 receptor, but both phenotypes have signifi-
cantly reduced blood calcium levels.(4,7) Also, Casr-null fetuses
have reduced placental calcium transfer but markedly increased
blood calcium levels.(9)

Placental Calcium Transfer. Placental calcium transfer is reg-
ulated by PTHrP but not by PTH (Fig. 4), and the placenta (and
possibly the parathyroids) is likely an important source of
PTHrP.

Skeletal Mineralization. PTH and PTHrP have separate roles
with respect to skeletal development and mineralization (Fig.
5). PTH normally acts systemically to direct the mineralization
of the bone matrix by maintaining the blood calcium at the
adult level and possibly by direct actions on osteoblasts within
the bone matrix. In contrast, PTHrP acts both locally within the
growth plate to direct endochondral bone development and

FIG. 2. Calcium sources in fetal life. (Reprinted from Pediatric Bone,
Glorieux FH, Pettifor JM, Jüppner H, Fetal mineral homeostasis, pp.
271–302, 2003, with permission from Elsevier.)
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outside of bone to affect skeletal development and mineraliza-
tion by contributing to the regulation of the blood calcium and
placental calcium transfer. PTH has the more critical role in
maintaining skeletal mineral accretion.

The rate of placental calcium transfer has been historically
considered to be the rate-limiting step for skeletal mineral
accretion. However, this is not correct because accretion of
mineral was reduced in the presence of both normal and in-
creased placental calcium transfer.(1) The rate-limiting step
seems to be the blood calcium level, which in turn is largely
determined by PTH. The level of blood calcium achieved in the
Pthrp-null—that is, the normal adult level—is sufficient to
allow normal accretion of mineral, whereas lower levels of
blood calcium impair it.

NEONATE

On cutting the umbilical cord and abruptly losing the pla-
cental calcium infusion (and placental sources of PTHrP), a
rapid adjustment in the regulation of mineral homeostasis oc-
curs over hours to days. The neonate becomes dependent on
intestinal calcium intake, skeletal calcium stores, and renal
calcium reabsorption to maintain a normal blood calcium at a
time of continued skeletal growth. PTH and 1,25-D become

more important, whereas PTHrP becomes less involved in
neonatal calcium homeostasis.

Mineral Ions and Calciotropic Hormones
Birth marks the onset of a fall in the total and ionized

calcium concentration, likely provoked by loss of the placental
calcium pump and placental-derived PTHrP and a rise in pH
induced by the onset of breathing. Studies in rodents indicate a
fall in total and ionized calcium levels to 60% of the fetal value
by 6–12 h after birth and a subsequent rise to the normal adult
value over the succeeding week. Although data are less com-
plete in humans, the progression in ionized and total calcium
values seems to be similar. The ionized calcium in normal
neonates falls from the umbilical cord level of 1.45 mM to a
mean of 1.20 mM by 24 h after birth.(15) Babies delivered by
elective cesarian-section were found to have lower blood cal-
cium and higher PTH levels at birth compared with babies
delivered by spontaneous vaginal delivery,(16) indicating that
the mode of delivery can affect early neonatal mineral ho-
meostasis.

Phosphate initially rises over the first 24 h of postnatal life in
humans and then gradually declines. The intact PTH level has
been found to rise briskly to within or near the normal adult
range by 24–48 h after birth.(2) The increase in PTH follows
the early postnatal drop in the serum ionized calcium and
precedes the subsequent rise in ionized calcium and 1,25-D and
the fall in phosphate. During the first 48 h, the parathyroid
glands have been found to respond sluggishly to more severe
falls in the ionized calcium, such as that caused by exchange
transfusion with citrated blood. The degree of responsiveness
to acute hypocalcemia seems to increase with postnatal age.

In humans, 1,25-D rises to adult levels over the first 48 h of
postnatal life, likely in response to the rise in PTH. Serum

FIG. 4. Placental calcium transfer is regulated by PTHrP but not by PTH;
whether the parathyroids produce PTHrP or not is uncertain. (Reprinted
from Pediatric Bone, Glorieux FH, Pettifor JM, Jüppner H, Fetal mineral
homeostasis, pp. 271–302, 2003, with permission from Elsevier.)

FIG. 3. Fetal blood calcium regulation. PTH has a more dominant effect
on fetal blood calcium regulation than PTHrP, with blood calcium repre-
sented schematically as a thermometer (light gray, contribution of PTH;
dark gray, contribution of PTHrP). In the absence of PTHrP, the blood
calcium falls to the maternal level. In the absence of PTH (Hoxa3-null that
has absent PTH but normal circulating PTHrP levels), the blood calcium
falls well below the maternal calcium concentration. In the absence of both
PTHrP and PTH (Hoxa3/Pthrp double mutant) the blood calcium falls even
further than in the absence of PTH alone. (Reprinted from Pediatric Bone,
Glorieux FH, Pettifor JM, Jüppner H, Fetal mineral homeostasis, pp.
271–302, 2003, with permission from Elsevier.)
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calcitonin rises 2- to 10-fold over cord blood levels over the
same time interval and then gradually declines. Infants that are
premature, asphyxiated, or hypocalcemic have the highest post-
natal calcitonin levels; consequently, hypercalcitoninemia has
been suggested to cause neonatal hypocalcemia. However,
other studies indicate that the postnatal rise in calcitonin levels
does not correlate to the fall in serum calcium.

PTHrP secretion from placenta, amnion, and umbilical cord
is lost at birth; secretion from the parathyroid glands (if ever
present) is also apparently lost sometime after birth, because
PTHrP circulates at low to undetectable levels during normal
adult life in humans and animals. Animal studies suggest that
PTHrP may persist in the neonatal circulation for some time,
whether secreted by the parathyroids or caused by absorption
of PTHrP from milk (milk contains PTHrP at concentrations
10,000-fold higher than the level in the fetal circulation).
Whether PTHrP present in milk contributes to the regulation of
neonatal mineral homeostasis is unknown.

Intestinal Absorption of Calcium
In newborns, intestinal calcium absorption is a passive,

nonsaturable process that is not dependent on vitamin D and
1,25-D. The high lactose content of milk has been shown to
specifically increase the efficiency of intestinal calcium absorp-
tion and net bioavailability of dietary calcium through effects
on paracellular diffusion in the distal small bowel. With in-
creasing postnatal age, the vitamin D receptor begins to appear
in intestinal cells, and mucosal levels of the calcium-binding
protein calbindin9K-D increase sharply. Around the same time,
vitamin D–dependent active transport of calcium becomes
noticeable, whereas passive transfer of calcium declines. By
the time of weaning in rodents, the intestine is less permeable

to passive absorption of calcium, and active transport has
become the dominant means by which calcium is transferred
into the intestinal mucosa. Data from newborn humans are less
complete, but the onset of 1,25-D–dependent active transport
of calcium follows a similar postnatal course. The normal
postnatal maturation of the neonatal intestine may limit the
ability of preterm humans to accrete sufficient calcium for
skeletal mineralization and to regulate the blood calcium.

Renal Handling of Calcium
Although data are limited, urinary calcium excretion rises in

humans over the first 2 weeks, consistent with a concurrent
2-fold rise in glomerular filtration rate. The neonatal kidney
show a response to exogenously administered PTH that in-
creases with postnatal age.

Skeletal Calcium Metabolism
In humans, the neonatal skeleton continues to accrete cal-

cium at a rate of about 150 mg/kg/day, similar to the rate of the
late-term fetus. Vitamin D deficiency or loss of the vitamin D
receptor (which has no or minimal effect on mineral homeosta-
sis of the fetus) becomes obvious during the neonatal period
because of the onset of dependence on intestinal calcium trans-
port for supply of calcium. In human vitamin D deficiency,
hypocalcemia appears late in the first or second week, and
rickets develops after 2–3 months.

Although parathyroidectomy and vitamin D deficiency in
rats and loss of vitamin D receptors in mice will eventually
result in hypocalcemia and hyperphosphatemia, by the time of
weaning, neonatal rats and mice still have normal serum min-
eral concentrations and skeletal mineral content. These findings
suggest that factors other than PTH and vitamin D (such as
lactose and, perhaps, PTHrP in milk) may be required for
normal accretion of calcium in the first several weeks when the
pup is suckling and intestinal calcium absorption is not yet
fully dependent on 1,25-D.

Premature infants are prone to develop metabolic bone dis-
ease of prematurity, a form of rickets precipitated by loss of the
placental calcium pump at a time when the skeleton is accreting
calcium at a peak rate. It is not caused by vitamin D deficiency,
but seems to be the consequence of inadequate calcium and
phosphate intake to meet the demands of the mineralizing
neonatal skeleton. Special oral or parenteral formulas that are
high in calcium and phosphorus content will correct the demi-
neralization process and allow normal skeletal accretion of
these minerals.

Neonatal Response to Maternal Hyper- or
Hypoparathyroidism

Maternal hyperparathyroidism results in suppression of the
neonatal parathyroid glands for some time after birth (the
suppression can be permanent), and hypocalcemia, tetany, and
even death may occur. The mechanism of the prolonged sup-
pression is not known, but may be caused by chronic exposure
to increased flux of calcium across the placenta during fetal
development. Suppression has been observed in infants of
women with familial hypocalciuric hypercalcemia.

Maternal hypoparathyroidism in humans has resulted in neo-
natal parathyroid gland hyperplasia, as noted above in the fetal
section. The serum calcium level of the neonate has usually
been reported to be normal while the PTH level (older assays)
has been found to be elevated. The skeletal findings generally
resolve over the first several months after birth, but acute
interventions may be required to raise or lower the blood

FIG. 5. Schematic model of the relative contribution of PTH and PTHrP
to endochondral bone formation and skeletal mineralization. PTHrP is
produced within the cartilaginous growth plate and directs the development
of this scaffold that will later be broken down and replaced by bone. PTH
reaches the skeleton systemically from the parathyroids and directs the
accretion of mineral by the developing bone matrix. (Reprinted from
Pediatric Bone, Glorieux FH, Pettifor JM, Jüppner H, Fetal mineral ho-
meostasis, pp. 271–302, 2003, with permission from Elsevier.)
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calcium in the neonate. In addition, subtotal parathyroidectomy
may be required to control more severe, autonomous disease.

Maternal hypocalcemia of any cause may result in parathy-
roid gland hyperplasia and hyperparathyroidism in the fetus
and neonate. In women with pseudohypoparathyroidism, chil-
dren that do not inherit the genetic disorder are usually normal
at birth, although transient neonatal hyperparathyroidism has
been reported in some cases. Furthermore, children that did
inherit the condition may also be normal at birth and gradually
develop the full biochemical features of pseudohypoparathy-
roidism over the first several years of life.

Neonatal Hypocalcemia
Neonatal hypocalcemia typically presents as seizures that

onset between 4 and 28 days of age. The preterm infant is
particularly prone to hypocalcemia, having lost the placental
calcium infusion at a time when the skeleton is rapidly accret-
ing calcium, and the intestinal calcium absorption is relatively
inefficient. In addition to prematurity, other causes of neonatal
hypocalcemia include congenital hypoparathyroidism, magne-
sium deficiency, maternal diabetes, vitamin D deficiency or
resistance, and hyperphosphatemia.

Neonatal hypocalcemia can occur as a complication of ma-
ternal diabetes in pregnancy in up to 50% of cases, although
tight control of the maternal glucose during pregnancy reduces
the incidence. The cause of hypocalcemia is likely to be mul-
tifactorial but may include neonatal hypomagnesemia as a
consequence of maternal glucosuria during pregnancy. Studies
in rats have also suggested that maternal diabetes reduces
placental mineral transport and skeletal mineral accretion,
which in turn predisposes the neonate to develop hypocalcemia
and hypomagnesemia.
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INTRODUCTION

Childhood and adolescence are characterized by longitudinal
growth as well as by changes in skeletal size and shape. Bone
mass increases dramatically during growth, and it is becoming
increasingly clear that the amount of bone accrued during these
life periods may be an important determinant of future resis-
tance to fractures. Thus, considerable interest is placed on
defining the determinants that account for the physiological

variations in skeletal growth, because they will provide the best
means for identification of individuals and populations that are
at greatest risk of osteoporosis and other disorders of bone and
mineral metabolism.

The development of precise noninvasive methods for mea-
suring BMC and BMD has significantly improved our ability to
study the influence of genetic and environmental factors on the
attainment of bone mass. Pediatric applications of the most
commonly used methods, DXA and QCT will be discussed
below. Inherent differences in these measurement methods
have sometimes led investigators to different conclusions about
the timing and characteristics of bone growth and accumulation
of bone mass. Nevertheless, bone densitometry can be an
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effective tool in children both within the clinical and research
setting provided that the results are presented in a clinically
useful format or the results are interpreted independent of body
size and growth.

ACCUMULATION OF BONE MASS AND PEAK
BONE MASS

Skeletal mass increases from �70–95 g at birth to 2400–
3300 g in young women and men, respectively.(1) These gains
are achieved through longitudinal growth, which results from a
combination of bone modeling and remodeling. These pro-
cesses occur at different rates and at different times at primary
and secondary sites of bone formation.

Longitudinal studies of total body BMC measurements show
that gains in bone mass are very rapid during adolescence and
that up to 25% of peak bone mass (PBM) is acquired during the
2-year period across peak height velocity.(2) At peak height
velocity, boys and girls have reached 90% of their adult stature
but only 57% of their adult BMC. At least 90% of PBM is
acquired by age 18.(2)

The human skeleton contains �85% cortical bone and
15% cancellous bone, and studies have shown that the
patterns of gain during growth (like those of the rate of bone
loss with aging) differ considerably between these two skel-
etal compartments.(3,4) The density of cancellous bone is
strongly influenced by hormonal and/or metabolic factors
associated with sexual development during late adoles-
cence.(5) On average, cancellous BMD in the spine increases
by 13% during puberty in white boys and girls. After con-
trolling for puberty, vertebral BMD fails to correlate signif-
icantly with age, sex, weight, height, surface area, or body
mass index (BMI).(5) The increase in the density of cancel-
lous bone during the later stages of puberty is likely a
reflection of a greater thickness of the trabeculae.

The factors that account for the increase in cancellous ver-
tebral BMD during late puberty remain to be determined. It is
reasonable to suspect that many of the physical changes un-
dergone, such as the accelerated growth spurt and the increases
in body and bone mass, are, at least in part, mediated by the
actions of sex steroids.(6) Some of these effects may be caused
by changes in protein and calcium metabolism induced by sex
steroids, or, alternatively, they may be secondary to the cascade
of events triggered by the increase in growth hormone (GH)
and insulin growth factor I (IGF-I) production observed after
sex steroid exposure.

The exact age at which values for bone mass reach their peak
at various skeletal sites has not yet been determined with
certainty. It is likely that the timing of peak values differs
between the axial and appendicular skeletons and between men
and women. Moreover, differences among studies are, in part,
a reflection of the different modalities used for measuring bone
mass.

In the axial skeleton, PBM may be achieved by the end of
the second decade of life. Studies in women using CT have
shown that the density and the size of vertebral bone reach their
peak soon after the time of sexual and skeletal maturity,(5,7)

which corroborates anatomical data that indicate trabecular
bone loss as early as the third decade of life, and no change in
the cross-sectional area of the vertebral body from 15 to 90
years of age.(8,9) The data regarding whether vertebral cross-
sectional area in men continues to grow after cessation of
longitudinal growth are controversial; while some authors find
no change in the cross-sectional dimensions after skeletal ma-
turity, others have suggested that vertebral size increases with
age throughout adulthood.(9)

In the appendicular skeleton, the range of ages published in

cross-sectional studies for the timing of PBM has varied sig-
nificantly from 17–18 years of age to as late as 35 years of
age.(10–13) Longitudinal DXA studies indicate that the rate of
increase in skeletal mass slows markedly in late adolescence
and that peak values in the femoral neck, such as those in the
spine, are achieved near the end of puberty in normal fe-
males.(7,14)

According to the “mechanostat” theory, bone mass ac-
crual is tightly controlled by mechanical loads on bone
generated from muscle forces.(15,16) Growing muscle and
body weight in children exert a load on the skeleton that
causes strain (change in dimensions and/or shape of the bone
in response to the force load) on bone. Furthermore, strain
seems to be an important signaling mechanism in bone to
help control bone’s structural adaptations to the mechanical
use.(15) Miscrostrains (�E) between 800 and 1600 preserve
bone, whereas loads on bone that regularly exceeds 1600 �E
result in bone becoming stronger. Absorptiometric data from
a study in Argentina showed that, in children, both bone and
muscle mass increase linearly until puberty, but in girls at 12
years of age, DXA-derived bone mass begins increasing
faster than muscle mass. It is hypothesized that an estrogen
response may result in the storing of more bone than needed
for strictly mechanical reasons in adolescent girls, possibly
to provide calcium stores for later use during pregnancy and
lactation.(17–19)

GENETIC INFLUENCE ON BONE
ACCUMULATION DURING GROWTH

Heredity factors are important determinants of bone mass.
Convergent data from mother-daughter pairs, sib pairs, and
twin studies have estimated the heritability of bone mass to
account for 60–80% of its variance.(20–22) The magnitude of
the genetic effect varies with age and between skeletal sites; it
is higher in the young than in the elderly and in the spine than
in the extremities.(23) Further support for this genetic influence
comes from studies showing reduced bone mass in daughters of
osteoporotic women compared with controls,(22) in men and
women with first-degree relatives who have osteoporosis,(24)

and, more recently, in studies reporting a link between several
“candidate” genes and bone mass.

In a study of a large group of female subjects, polymor-
phisms of the vitamin D receptor (VDR) gene at a BsmI
restriction site were associated with BMD in prepubertal and
adolescent girls.(25) Girls with the BB genotype had signifi-
cantly lower spinal BMD SD scores than girls with the Bb and
bb genotypes.(25) In contrast, polymorphisms at the start codon
site of the VDR gene, detected with the FokI restriction en-
zyme, were not associated with BMD at any skeletal site in
prepubertal girls.(26) An association between femoral and spinal
BMD and the VDR genotype at the ApaI and BsmI restriction
sites has been shown using CT in prepubertal American girls of
Hispanic descent.(27) In this study, girls with aa and bb geno-
types showed significantly higher volumetric BMD values than
girls with the other genotypes, both at the spine and the femur.
A polymorphism in the Sp1-binding site of the gene encoding
for collagen type Ia1 was also found to explain some of the
variability in vertebral BMD in this cohort of prepubertal
girls.(28) In contrast, no relationship between the VDR genotype
at the BsmI site and forearm BMD or rates of gain of BMD was
found in Norwegian boys and girls.(29) It would seem that VDR
polymorphisms are weak determinants of bone mass. This is
not surprising because VDR is likely to be confounded by the
effect of numerous other genes that influence bone homeostasis
and skeletal development in a growing individual. However,
the recent emergence of candidate genes (calcium-sensing re-
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ceptor gene, �2HS-glycoprotein gene, estrogen receptor �
gene, calcitonin gene, PTH gene, collagen I�1 gene, TGF�
genes, and others) has opened new concepts in the understand-
ing of the pathophysiology of bone development and loss, but
much research is still needed for us to detangle the complexity
of gene–gene and gene–environment interactions on bone
mass.(30)

Effect of Sex
Observations using CT indicate that, throughout life, females

have smaller vertebral cross-sectional area compared with
males, even after accounting for differences in body size. On
average, the cross-sectional area of the vertebral bodies is 11%
smaller in prepubertal girls than in prepubertal boys matched
for age, height, and weight.(31) This disparity increases with
growth and is greatest at skeletal maturity, when the cross-
sectional dimensions of the vertebrae are �25% smaller in
women than in men, even after taking into consideration dif-
ferences in body size.(32) Thus, the phenotypic basis for the 4-
to 8-fold higher incidence of vertebral fractures in women
compared with that in men may lie in the smaller size of the
female vertebra.

In contrast, the cross-sectional dimensions of the femur do
not differ between males and females matched for age, height,
and weight.(33) The cross-sectional and cortical bone areas at
the midshaft of the femur are primarily related to body weight,
regardless of sex, a notion consistent with analytical models
proposing that long bone cross-sectional growth is strongly
driven by mechanical loads.(33,34)

Recent evidence also indicates that BMD is similar in boys
and girls before puberty. Data obtained with DXA in two large
samples of healthy subjects clearly indicated that there were no
sex differences in BMC and BMD during the prepubertal
period.(35,36) In the study by Nguyen et al.,(35) BMD values
during puberty in girls were higher in the pelvis and spine,
whereas measures in postpubertal boys were higher in the
whole skeleton. Peak BMC and BMD was achieved between
the ages of 20 and 25 years and occurred much earlier in girls
than in boys.

Effect of Ethnicity
Most reports of ethnic differences in bone mass during

childhood, based on absorptiometric methods, have indicated a
higher bone mass among blacks compared with whites.(36–39)

This has led to the generalization that black population groups
have greater bone mass and strength compared with white
population groups as an attempt to explain the lower fracture
rates observed in black population groups. However, not all
U.S. studies have observed ethnic differences in BMC and
BMD in children.(40,41) Furthermore, black Gambian children
have a smaller bone mass than British children,(42) and black
children in South Africa have a similar appendicular bone mass
to white children.(43) Prepubertal black children in South Africa
have greater BMC at the femoral neck than their white peers
and similar BMC at the lumbar spine and whole body and
lower BMC at the midradius than their white peers. Thus, it is
important to recognize that bone mass varies within and among
ethnic groups depending on a variety of genetic and environ-
mental factors.

Pediatric studies using CT indicate that, regardless of sex,
ethnicity has significant and differential effects on the density
and the size of the bones in the axial and appendicular skele-
tons.(44) In the axial skeleton, the density of cancellous bone in
the vertebral bodies is greater in black than in U.S. white
adolescents. This difference first becomes apparent during late
stages of puberty and persists throughout life.(45) Based on CT

data, cancellous BMD is similar in black and white children
before puberty, but during puberty it increases in all adoles-
cents. The magnitude of the increase from prepubertal to post-
pubertal values is, however, substantially greater in black than
in white subjects (34% versus 11%, respectively).(44) The
cross-sectional areas of the vertebral bodies, however, do not
differ between black and white children.(44) Thus, theoretically,
the structural basis for the lower vertebral bone strength and the
greater incidence of fractures in the axial skeleton of white
subjects resides in their lower cancellous BMD. In contrast, in
the appendicular skeleton, ethnicity influences the cross-
sectional areas of the femora but not the cortical bone area or
the material density of cortical bone.(44) Although values for
femoral cross-sectional area increase with height, weight, and
other anthropometric parameters in all children, this measure-
ment is substantially greater in black children.(44) Because the
same amount of cortical bone placed further from the center of
the bone results in greater bone strength, the skeletal advantage
for blacks in the appendicular skeleton is likely the conse-
quence of the greater cross-sectional size of the bones.(34)

Limited data from Asian and Hispanic youth suggest that
their bone mass is similar to that of whites but much lower than
that of black children.(41) Differences in bone and body size
account for much of the apparent observed ethnic differences in
BMD among non-Hispanic, Hispanic, and Asian children.(41)

TRACKING OF BONE MASS

The lack of a meaningful clinical pediatric outcome measure
related to BMD examinations is currently a major limitation for
their value in children. Unfortunately, studies assessing the
relationship of childhood fractures to bone measures have been
inconclusive. While several studies have suggested that chil-
dren with fractures have a deficiency in bone acquisition com-
pared with those who do not fracture, other factors, such as
level of activity and the risk associated with youthful behavior,
limit the predictive value of bone measures. However, estab-
lishing the degree that these determinations can be tracked
throughout growth will help us to define the constancy of a
child’s expected measurements relative to population percen-
tiles. The amount of bone that is gained during adolescence is
the main contributor to PBM, which, in turn, is believed to be
a major determinant of osteoporosis and fracture risk in the
elderly. Available data indicate that the morphological traits
that contribute to the strength of the bone track throughout life,
from childhood to adulthood.(35,46,47) Longitudinal CT measure-
ments of the cross-sectional areas of the vertebrae and femora
and of cancellous BMD in healthy children indicated that
measures at early puberty predicted values at sexual maturi-
ty.(47) When baseline values were divided into quartiles, a
linear relation across pubertal stages was observed for each
quartile (Fig. 1). The regression lines differed among quartiles,
paralleled each other, and did not overlap. Therefore, individ-
ual volumetric BMD and bone size tracked through growth,
maintaining the same position in the normal distribution at the
end of puberty as was present in the prepubertal period. Estab-
lishing whether DXA values also maintain their rank order
across time will aid in the identification of those children who
are prone to develop low values for PBM and who may be at
greater risk for osteoporosis later in life. Available data support
the notion of significant tracking for pediatric DXA measures.
Indeed, strong correlations between baseline and follow-up
DXA values 2 years later have been observed in prepubertal
girls.
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PEDIATRIC BONE MASS MEASUREMENT

DXA
The most commonly used quantitative radiologic method to

assess bone mass in children, as in adults, is DXA. The stan-
dard software from most DXA manufacturers, however, was
designed with adult patients in mind, so special software for
pediatrics has been developed by some manufacturers. The
software may require longer scanning time, which can make
cooperation from children difficult, resulting in motion artifacts
and other inaccuracies.(48)

The preferred anatomic sites for DXA measurements in
adults (lumbar spine, proximal femur, and forearm) are prob-
lematic when measured in the growing skeleton where size and
shape change with age. There is also tremendous variability in
growth and body size at any given chronologic age. Because of
these factors that affect regional BMD in children, whole body
BMC has been recommended for pediatric studies.(49)

Normative data for DXA values in pediatrics are available in
the literature and are included in some DXA software pack-
ages. It should, however, be noted that different DXA manu-
facturers display substantial variation in BMD values of the
same bone. Therefore, caution is advised before using pub-
lished normative data for clinical use, and institutional and
device-specific norms are preferable to published references.

Bone mass determinations in children with DXA have been
done at all ages, including newborns(50) and infants.(51,52) In
general, values measured at different skeletal sites increase
from infancy to adulthood (Fig. 2).(14,40,53,54) The relationship
between age and BMC in the lumbar spine seems to be repre-
sented by a segmented polynomial curve; a rapid increase

during childhood is followed by an even greater increase dur-
ing puberty that ends in the third decade of life.(7,14,55,56) Similar
relationships may be seen in the femoral neck(14,53,55) and the
entire skeleton.(53,55) However, radial DXA values in children
have not been found to be influenced by puberty.(55)

Radiation exposure involved in DXA examinations is ex-
tremely low. The subject effective dose has been estimated to
be �0.4 �Sv for lumbar spine measurements and �5.4 �Sv for
whole skeleton scans.(57) In children, the precision of DXA
measurements ranges from 0.8% to 2.5% in most studies.(50,51)

Several limitations of DXA must be stressed with reference
to bone measurements during childhood, when major changes
in body composition, body size, and skeletal mass occur. DXA
is a projectional technique, and its measurements are based on
the 2D projection of a 3D structure. Thus, DXA values are a
function of three skeletal parameters: the size of the bone being
examined, the volume of the bone, and its mineral density.(58)

These values are frequently expressed as measurements of the
bone content per surface area (g/cm2), as determined by scan
radiographs. However, scan radiographs only provide an ap-
proximation of the size of the bone, and any correction based
on these radiographs is only a very rough estimate of the
“density.” Consequently, the interpretation of DXA-derived
areal BMD poses major challenges in children because of

FIG. 2. Changes in BMD values of (A) the lumbar spine and (B) whole
body with chronological age. The acceleration during adolescence is fol-
lowed by a plateau phase in early adulthood. DXA measurements per-
formed in 319 healthy subjects (156 female, 163 male) from 4 to 32 years
of age are shown (courtesy of Stefano Mora, MD, Milan, Italy).

FIG. 1. Longitudinal measurements of vertebral cancellous BMD (top)
and vertebral cross-sectional area (bottom) in 20 girls from Tanner stages
2–5 of sexual development. Values are shown (A) for each girl and (B) for
each quartile.

58 / CHAPTER 9

© 2006 American Society for Bone and Mineral Research



changes in bone and body size related to age and pubertal
development. A number of approaches have been suggested to
overcome this disadvantage with the use of correction factors.
A simple correction involves adjusting BMD for the height of
the subject. Another method is the determination of bone
mineral apparent density (BMAD), which can be calculated in
a variety of ways: by dividing BMC by the 3D bone volume
calculated from the 2D DXA-derived bone area, assuming the
cross-sectional area of the vertebrae is a cube(56,58,59); or by
assuming that the shape approximates a cylinder with a circular
base,(54,60) or a cylinder with an elliptic base area.(61) Other size
adjustments for BMC include use of lean tissue mass, etc.
However, all of these methods are subject to error because
there is no closed formula that defines the shape of the verte-
brae. Similarly, although correction formulas have been pro-
posed for the femur and the midradius,(54,62) they are also prone
to error, because they cannot account for the marked changes in
the size and shape of the bone during growth.

Inaccuracies in DXA values can also result from the un-
known composition of the soft tissues adjacent to the bone
being analyzed. Because corrections for soft tissues are based
on a homogenous distribution of fat around the bone, changes
in DXA measurements are observed if fat is distributed inho-
mogeneously around the bone measured. It has been calculated
that inhomogeneous fat distribution in soft tissues, resulting in
a difference of a 2-cm fat layer between soft tissue area and
bone area, will influence DXA measurements by 10%.(63)

While this is not of concern when studying subjects whose
weight and body size remain constant, longitudinal DXA val-
ues in children are subject to considerable error, and measure-
ments may reflect the changes in body size and composition
that occur with growth more than true changes in BMD. This
disadvantage especially limits the use of DXA in studies of
children with eating disorders, such as obesity or anorexia
nervosa.

QCT
QCT bone measurements can be obtained at any skeletal site

with a standard clinical CT scanner using an external bone
mineral reference phantom for calibration and specially devel-
oped software. The ability of QCT to assess both the volume
and the density of bone in the axial and appendicular skeletons,
without influence from body or skeletal size, is the major
advantage of this modality when used in children. Unfortu-
nately, CT scanners are expensive, large, nonportable machines
that require costly maintenance and considerable technological
expertise for proper function. Moreover, this equipment is
usually located in the radiology department and is under con-
stant clinical demand, creating a lack of accessibility. These
disadvantages have partially been overcome by the recent
development of smaller, mobile, less expensive peripheral
QCT (pQCT) scanners designed exclusively for bone measure-
ments. These smaller scanners, however, can only assess the
bones of the appendicular skeleton; reference data of the distal
radius are available for children.(64)

The radiation exposure from QCT measurements is related
to the technique used and can be as low as 150 mrem (1.5 mSv)
localized to the region of interest in the appendicular or axial
skeleton. The total body equivalent dose of radiation is �4–9
mrems (40–90 �Sv), and this figure includes the radiation
associated with screening digital radiographs used to localize
the site of measurement.(57) This amount of radiation is far
lower than that associated with other CT imaging procedures,
accounting for the wide range of published figures for the
radiation dose associated with CT measurements. It is also less
than many other commonly used radiographic diagnostic tests.

In the axial skeleton, QCT has principally been used to
determine cancellous bone density (mg/cm3) in the vertebral
bodies, and less frequently, the dimensions of the vertebrae
(Fig. 3). It should be noted that because the vertebrae of
children contain proportionally more bone and less fat than that
of elderly subjects, both the precision and accuracy of QCT
cancellous BMD determinations in children are far better than
those reported for adults. CVs for determinations of cancellous
BMD, vertebral body height, and vertebral cross-sectional area
have been calculated as 1.5%, 1.3%, and 0.8%, respectively.(31)

Unfortunately, the cortical bone in the vertebral body is not
thick enough to avoid inaccuracies associated with bone aver-
aging errors.

FIG. 3. Normative data for vertebral cancellous BMD and cross-
sectional area in children and adolescents. Values for BMD are similar for
boys and girls, whereas those for cross-sectional area differ.
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In the appendicular skeleton, three bone parameters can be
measured by QCT: the cross-sectional area (cm2) of the bone,
the cortical bone area (cm2), and the cortical bone density.(65,66)

To this effect, the outer and inner boundaries of the cortex are
identified by specially developed software at the place of the
maximum slope of the profile through the bone. The area
within the outer cortical shell represents the cross-sectional
area, whereas the area between the outer and inner shells
represents the cortical bone area. The mean CT numbers of the
pixels within the inner and outer cortical shells provide the
average density of the bone. The CVs for repeated QCT mea-
surements of cortical BMD, cortical bone area, and cross-
sectional area of the femur range between 0.6% and
1.5%.(33,65,66) Unfortunately, the reproducibility of measure-
ments of cancellous BMD is poor because of the large ana-
tomical variability of the metaphysis of the long bone.

ENVIRONMENTAL AND HORMONAL INFLUENCE
ON BONE ACCUMULATION DURING GROWTH

Physical Activity
The beneficial effects of exercise on bone mass are well

documented through multiple observational and retrospective
studies indicating that weight-bearing activities increase bone
mass. Studies of prepubertal female gymnasts showed a larger
cross-sectional area of the forearm, despite a shorter stature,(67)

and that areal BMD values expressed as SD scores were
significantly greater than zero (the predicted mean of the con-
trols) in the arms, legs, and spine, all weight-bearing sites.(67) In
other studies, children and adolescents who were physically
active accrued more bone mineral than their sedentary
peers,(2,68) and a more recent study showed that physical activ-
ity levels measured by accelerometry and parental report were
positively associated with total body BMC and BMD measure-
ments in preschool children.(69)

Studies comparing the effects of different physical exer-
cises on bone indicated that high impact exercises resulted
in the greatest increases in bone mass in adolescents.(70)

Similarly, gymnasts had higher spine and femur BMD than
swimmers or sedentary girls.(71) Amateur athletes involved
in weight-bearing sports (rugby, soccer, endurance running,
fighting sports, bodybuilding) had higher values for total
body and legs BMD than amateur sportsmen involved in
active loading activities (swimming, rowing).(72)

Several randomized trials involving weight-bearing activity
interventions for bone mass gains have been conducted in
children and adolescents.(73–77) Exercise session attendance
ranged from 50% to 97%; exercise adherence is therefore a
potentially serious threat to the internal validity of the results.
However, the most recent studies showed very high rates of
adherence. With one exception at 36� months,(73) the duration
of the interventions was 6–12 months. All studies reported
significant changes in femoral BMD, and four studies indicated
increases in lumbar spine BMD and BMC in the intervention
groups.

Whether the beneficial effect of physical activity on the
growing skeleton is maintained in adulthood is unknown, be-
cause no prospective study has been designed to address this
question. However, the results of most, but not all, retrospec-
tive analyses indicate that, indeed, the enhancement of bone
acquisition during growth because of exercise interventions
may be long lasting. Lifetime tennis players, playing at a lower
level of intensity then during youth, have remarkably higher
forearm BMC than control subjects.(78) Retired soccer players
have high BMD during the first 10–20 years after cessation of
sport, but their BMD is lower compared with active players.(79)

Other studies suggest that BMD values are maintained at
�0.5–1.0 SD above the age-predicted mean in athletes who
have been retired for 10–20 years.(67,80,81) Peri- and postmeno-
pausal women who participated in sport activities during ado-
lescence showed BMD measurements at the lumbar spine and
femur that were remarkably higher than those of women who
did not participate in physical activities during youth.(82) In a
recent follow-up study of 27 years, lifetime physical activity
was related to adult BMD, indicating the importance of con-
tinuing exercise after growth.(83) In contrast, a decrease in
spinal BMD has been reported in runners who ceased exercis-
ing.(84) Similarly, cessation of exercise led to the return of
BMD values to pretraining levels in 12 women who performed
unilateral leg press for a year.(85)

Calcium Intake
The earliest data suggesting an influence of dietary calcium

on PBM came from a study of two Croatian populations with
substantially different calcium intakes.(86) The differences seen
in bone mass were present at 30 years of age, suggesting that
the effects of dietary calcium probably occurred during growth
rather than in adulthood. Moreover, some epidemiological
studies have shown an increased prevalence of osteoporosis in
regions where dietary calcium intake is extremely low.(87)

The most convincing evidence that calcium consumption
influences rates of bone mineral accrual rates comes from
controlled supplementation trials in young healthy subjects.
These studies showed that subjects given additional calcium for
1–3 years had greater gains than did controls.(88–93) Although
bone size increased as a result of added dietary calcium in two
studies,(88,92) the response to calcium varied with skeletal site,
pretreatment calcium consumption, and pubertal stage. Greater
bone mineral gains have been generally reported at cortical
skeletal sites in prepubertal subjects and in girls whose habitual
dietary intake was �850 mg/day.(92)

Whether short-term increases in bone mineral observed in
these trials will translate into a clinically relevant reduction in
osteoporosis risk is yet unknown. The magnitude of gains in
BMC or BMD in most studies was modest (�5%). Moreover,
the beneficial effect of calcium supplementation does not seem
to last, and most studies reported that the benefits of interven-
tion disappeared once the treatment was stopped. However, in
other studies, the benefits persisted 12 months after discontin-
uation of supplement.(92)

Hormonal Status
The presence of low bone mass in patients with abnormal

pubertal development shows the critical role that pubertal hor-
mone changes have on mineral acquisition. Adult patients with
hypogonadotropic hypogonadism commonly have low BMD
values, resulting from inadequate bone mineral accrual during
puberty.(94) Androgen receptors mediate the effects of testos-
terone in bone but their function is generally exerted after
conversion to estrogen by a specific aromatase present in
osteoblastic cells.(95) Thus, the more important sex steroid
involved in skeletal maturation is estrogen.(96) Amenorrheic
teens have lower lumbar BMD than girls with normal men-
ses.(97) In addition, male patients with aromatase deficiency, or
estrogen receptor defects resulting in complete resistance, have
a phenotype that includes tall stature, normal secondary sexual
characteristics, severe osteoporosis, and skeletal immaturity
(delayed physeal closure), despite normal serum levels of tes-
tosterone.(98) Idiopathic delayed puberty has also been impli-
cated as a cause of reduced peak bone mass.(99)

The effect that pregnancy and lactation have on bone acqui-
sition in teenagers is yet to be fully defined. Normal pregnancy
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places a demand on calcium homeostasis, because the fetus and
the placenta draw calcium from the maternal circulation to
mineralize the fetal skeleton, and low BMD has been reported
during pregnancy. Whether pregnancy during adolescence neg-
atively influences BMD and PBM is the subject of great im-
portance and is yet to be elucidated.

Reduced BMD is commonly seen in GH–deficient children
who fail to acquire bone mineral at the expected rate.(100) Part
of the bone mass deficit in these patients is caused by reduced
bone size. Much of the GH action on bone is mediated through
IGF-I, which functions as a bone trophic hormone that posi-
tively affects osteoblasts and stimulates collagen synthesis. In
humans, IGF-I serum levels have been found to be positively
correlated to bone size measured at the midshaft of the fe-
mur.(101)

CONCLUSION

Skeletal mass is accrued throughout childhood and adoles-
cence and is largely determined by genetic and/or familial
factors. A child’s sex affects bone mass after puberty, while
many ethnic differences seem to be present throughout growth.
The influence of gonadal steroids is of major importance during
puberty, while many factors such as other hormonal influences,
physical activity type and intensity, and dietary calcium intake
affect bone acquisition throughout growth. Bone mass mea-
surements such as DXA and CT, while limited in some respects
for pediatric applications, can be very important in assessing a
child’s skeletal status and growth.
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Chapter 10. Skeletal Physiology: Pregnancy and Lactation
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INTRODUCTION

Normal pregnancy places a demand on the calcium homeo-
static mechanisms of the human female, because the fetus and
placenta draw calcium from the maternal circulation to miner-
alize the fetal skeleton. Similar demands are placed on the
lactating woman, to supply sufficient calcium to the breast milk
and enable continued skeletal growth in a nursing infant. De-
spite a similar magnitude of calcium demand presented to
pregnant and lactating women, the adjustments made in each of
these reproductive periods differ significantly (Fig. 1). These
hormone-mediated adjustments normally satisfy the daily cal-
cium needs of the fetus and infant without long-term conse-
quences to the maternal skeleton. Detailed references on this
subject are available in two comprehensive reviews.(1,2)

PREGNANCY

In total, the developing fetal skeleton gains up to 33 g of
calcium, and �80% of the accretion occurs during the third
trimester when the fetal skeleton is rapidly mineralizing. This
calcium demand seems to be largely met by a doubling of
maternal intestinal calcium absorption, mediated by 1,25-
dihydroxyvitamin D and other factors.

Mineral Ions and Calciotropic Hormones
Normal pregnancy results in altered levels of calcium and

the calciotropic hormones as schematically depicted in Fig.
2.(1) The total serum calcium falls early in pregnancy because
of a fall in the serum albumin. This decrease should not be
mistaken for true hypocalcemia, because the ionized calcium

(the physiologically important fraction) remains constant. Se-
rum phosphate levels are also normal during pregnancy.

The serum PTH level, when measured with a two-site im-
munoradiometric assay, falls to the low-normal range (i.e.,
10–30% of the mean nonpregnant value) during the first tri-
mester, but increases steadily to the midnormal range by term.
Total 1,25-dihydroxyvitamin D levels double early in preg-
nancy and maintain this increase until term; free 1,25-
dihydroxyvitamin D levels are increased from the third trimes-
ter and possibly earlier. The rise in 1,25-dihydroxyvitamin D
may be largely independent of changes in PTH, because PTH
levels are typically decreasing at the time of the increase in
1,25-dihydroxyvitamin D. The maternal kidneys likely account
for most, if not all, of the rise in 1,25-dihydroxyvitamin D
during pregnancy, although the decidua, placenta, and fetal
kidneys may contribute a small amount. The relative contribu-
tion of the maternal kidneys is based on several lines of
evidence,(1) including the report of an anephric woman on
hemodialysis who had low 1,25-dihydroxyvitamin D levels
before and during a pregnancy. The renal 1�-hydroxylase is
upregulated in response to factors such as PTH-related protein
(PTHrP), estradiol, prolactin, and placental lactogen. Serum
calcitonin levels are also increased during pregnancy.

PTHrP levels are increased during pregnancy, as determined
by assays that detect PTHrP fragments encompassing amino
acids 1–86. Because PTHrP is produced by many tissues in the
fetus and mother (including the placenta, amnion, decidua,
umbilical cord, fetal parathyroids, and breast), it is not clear
which source(s) contribute to the rise detected in the maternal
circulation. PTHrP may contribute to the elevations in 1,25-
dihydroxyvitamin D and suppression of PTH that are noted
during pregnancy. PTHrP may have other roles during preg-
nancy, such as regulating placental calcium transport in the
fetus.(1,3) Also, PTHrP may have a role in protecting the ma-
ternal skeleton during pregnancy, because the carboxy-terminalThe authors have reported no conflicts of interest.
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portion of PTHrP (osteostatin) has been shown to inhibit oste-
oclastic bone resorption.(4)

Pregnancy induces significant changes in the levels of other
hormones, including the sex steroids, prolactin, placental lac-
togen, and IGF-1. Each of these may have direct or indirect
effects on calcium and bone metabolism during pregnancy, but
these issues have been largely unexplored.

Intestinal Absorption of Calcium
Intestinal absorption of calcium is doubled during pregnancy

from as early as 12 weeks of gestation (the earliest time-point
studied); this seems to be a major maternal adaptation to meet
the fetal need for calcium. This increase may be largely the
result of a 1,25-dihydroxyvitamin D–mediated increase in in-
testinal calbindin9K-D and other proteins; prolactin and placen-
tal lactogen (and possibly other factors) may also mediate part
of the increase in intestinal calcium absorption. The increased
absorption of calcium early in pregnancy may allow the ma-
ternal skeleton to store calcium in advance of the peak fetal
demands that occur later in pregnancy.

Renal Handling of Calcium
The 24-h urine calcium excretion is increased as early as the

12th week of gestation (the earliest time-point studied), and the
amounted excreted may exceed the normal range. The elevated
calcitonin levels of pregnancy might also promote renal calcium
excretion. Because fasting urine calcium values are normal or low,
the increase in 24-h urine calcium likely reflects the increased
intestinal absorption of calcium (absorptive hypercalciuria).

Skeletal Calcium Metabolism
Animal models indicate that histomorphometric parameters

of bone turnover are increased during pregnancy and that BMC
may increase; however, comparable histomorphometric data
are not available for human pregnancy. In one study,(5) 15
women who electively terminated a pregnancy in the first
trimester (8–10 weeks) had bone biopsy evidence of increased
bone resorption, including increased resorption surface and
increased numbers of resorption cavities. These findings were

FIG. 1. Schematic illustration contrasting calcium homeostasis in human
pregnancy and lactation compared with normal. The thickness of arrows
indicates a relative increase or decrease with respect to the normal and
nonpregnant state. (Modified with permission of The Endocrine Society
from Kovacs CS, Kronenberg HM 1997 Maternal-fetal calcium and bone
metabolism during pregnancy, puerperium and lactation. Endocr Rev 18:
832–872. Copyright 1997, The Endocrine Society.)

FIG. 2. Schematic illustration of the longitudinal changes in calcium,
phosphate, and calciotropic hormone levels that occur during pregnancy
and lactation. Normal adult ranges are indicated by the shaded areas. The
progression in PTHrP levels has been depicted by a dashed line to reflect
that the data are less complete; the implied comparison of PTHrP levels in
late pregnancy and lactation are uncertain extrapolations because no re-
ports followed patients serially. In both situations, PTHrP levels are ele-
vated. (Adapted with permission of The Endocrine Society from Kovacs
CS, Kronenberg HM 1997 Maternal-fetal calcium and bone metabolism
during pregnancy, puerperium, and lactation. Endocr Rev 18:832–872.
Copyright 1997, The Endocrine Society.)
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not present in biopsy specimens obtained from nonpregnant
controls or in biopsy specimens obtained at term from 13
women who had elective cesarian-sections.

Most human studies of skeletal calcium metabolism in preg-
nancy have examined changes in serum markers of bone forma-
tion and urine markers of bone resorption. These studies are
fraught with a number of confounding variables, including lack of
prepregnancy baseline values; effects of hemodilution in preg-
nancy on serum markers; increased glomular filtration rate (GFR);
altered creatinine excretion; placental, uterine, and fetal contribu-
tion to the levels of markers in blood; degradation and clearance
by the placenta; and lack of diurnally timed or fasted specimens.
Given these limitations, many studies have reported that urinary
markers of bone resorption (24-h collection) are increased from
early to mid-pregnancy (including deoxypyridinoline, pyridino-
line, and hydroxyproline). Conversely, serum markers of bone
formation (generally not corrected for hemodilution or increased
GFR) are often decreased from prepregnancy or nonpregnant
values in early or mid-pregnancy, rising to normal or above before
term (including osteocalcin, procollagen I carboxypeptides, and
bone-specific alkaline phosphatase). It is conceivable that the bone
formation markers are artifactually lowered by normal hemodilu-
tion and increased renal clearance of pregnancy, obscuring any
real increase in the level of the markers. Total alkaline phospha-
tase rises early in pregnancy due largely to contributions from the
placental fraction; it is not a useful marker of bone formation in
pregnancy.

Based on the scant bone biopsy data and the measurements of
bone markers (with aforementioned confounding factors), one
may cautiously conclude that bone resorption is increased in
pregnancy from as early as the 10th week of gestation. There is
comparatively little maternal–fetal calcium transfer occurring at
this stage of pregnancy compared with the peak rate of calcium
transfer in the third trimester. One might have anticipated that
markers of bone resorption would increase particularly in the third
trimester, but in fact, no marked increase is seen at that time.

Changes in skeletal calcium content have been assessed
through the use of sequential BMD studies during pregnancy.
Because of concerns about fetal radiation exposure, few such
studies have been done. Such studies are confounded by the
changes in body composition and weight during normal preg-
nancy that can lead to artifactual changes in the BMD reading
obtained. Using single and/or dual-photon absorptiometry
(SPA/DPA), several prospective studies did not find a signifi-
cant change in cortical or trabecular BMD during pregnancy.(1)

Several recent studies have used DXA before conception
(range, 1–8 months prior, but not always stated) and after
delivery (range, 1–6 weeks postpartum).(2) Most studies in-
volved 16 or fewer subjects. One study found no change in
lumbar spine BMD measurements obtained preconception and
within 1–2 weeks after delivery, whereas the other studies
reported decreases of 4–5% in lumbar spine BMD, with the
postpartum measurement taken between 1 and 6 weeks after
delivery. Because the puerperium is associated with BMD
losses of 1–3% per month, it is possible that obtaining the
second measurement 2–6 weeks after delivery contributed to
the bone loss documented in many of the studies. Other lon-
gitudinal studies have found a progressive decrease during
pregnancy in indices thought to correlate with BMD, as deter-
mined by ultrasonographic measurements at another peripheral
site, the os calcis. None of all the aforementioned studies can
address the question as to whether skeletal calcium content is
increased early in pregnancy in advance of the third trimester.
Further studies, with larger numbers of patients, will be needed
to clarify the extent of bone loss during pregnancy.

It seems certain that any acute changes in bone metabolism
during pregnancy do not cause long-term changes in skeletal

calcium content or strength. Numerous studies of osteoporotic
or osteopenic women have failed to find a significant associa-
tion of parity with BMD or fracture risk.(1,6) Although many of
these studies could not separate out the effects of parity from
those of lactation, it may be reasonable to conclude that if
parity has any effect on BMD or fracture risk later in life, it
must be only a very modest effect.

Osteoporosis in Pregnancy
Occasionally, a woman may present with fragility fractures

and low BMD during or shortly after pregnancy; the possibility
that the woman had low BMD before pregnancy cannot be
excluded. Some women may experience excessive resorption
of calcium from the skeleton because of changes in mineral
metabolism induced by pregnancy and other factors such as
low dietary calcium intake and vitamin D insufficiency. The
apparently increased rate of bone resorption in pregnancy may
contribute to fracture risk, because a high rate of bone turnover
is an independent risk factor for fragility fractures outside of
pregnancy. Therefore, fragility fractures in pregnancy or the
puerperium may be a consequence of preexisting low BMD
and increased bone resorption, among other possible factors.
During lactation, additional changes in mineral metabolism
occur that may further increase fracture risk in some women.

Focal, transient osteoporosis of the hip is a rare, self-limited
form of pregnancy-associated osteoporosis. It is probably not a
manifestation of altered calciotropic hormone levels or mineral
balance during pregnancy, but rather might be a consequence
of local factors. The theories proposed to explain the condition
include femoral venous stasis caused by the gravid uterus,
reflex sympathetic dystrophy, ischemia, trauma, viral infec-
tions, marrow hypertrophy, immobilization, and fetal pressure
on the obturator nerve. These patients present with unilateral or
bilateral hip pain, limp, and/or hip fracture in the third trimes-
ter. There is objective evidence of reduced BMD of the symp-
tomatic femoral head and neck, which has been shown by MRI
to be the consequence of increased water content of the femoral
head and the marrow cavity; a joint effusion may also be
present. The symptoms and the radiological appearance usually
resolve within 2–6 months postpartum.

Primary Hyperparathyroidism
Although probably a rare condition (there are no data available

on its prevalence), primary hyperparathyroidism in pregnancy has
been associated in the literature with an alarming rate of adverse
outcomes in the fetus and neonate, including a 30% rate of
spontaneous abortion or stillbirth. The adverse postnatal outcomes
are thought to result from suppression of the fetal and neonatal
parathyroid glands; this suppression may occasionally be pro-
longed after birth for months. To prevent these adverse outcomes,
surgical correction of primary hyperparathyroidism during the
second trimester has been almost universally recommended. Sev-
eral case series have found elective surgery to be well tolerated
and to dramatically reduce the rate of adverse events compared
with the earlier cases reported in the literature. Many of the
women in those early cases had a relatively severe form of
primary hyperparathyroidism that is not often seen today (symp-
tomatic with nephrocalcinosis and renal insufficiency). While
mild, asymptomatic primary hyperparathyroidism during preg-
nancy has been followed conservatively with successful out-
comes, complications continue to occur; therefore, in the absence
of definitive data, surgery during the second trimester remains the
most common recommendation.(7)
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Familial Hypocalciuric Hypercalcemia
Although familial hypocalciuric hypercalcemia (FHH) has

not been reported to adversely affect the mother during preg-
nancy, maternal hypercalcemia can cause fetal and neonatal
parathyroid suppression with subsequent tetany.

Hypoparathyroidism and Pseudohypoparathyroidism
Early in pregnancy, hypoparathyroid women may have fewer

hypocalcemic symptoms and require less supplemental calcium.
This is consistent with a limited role for PTH in the pregnant
woman and suggests that an increase in 1,25-dihydroxyvitamin D
and/or increased intestinal calcium absorption will occur in the
absence of PTH. However, it is clear from other case reports that
some pregnant hypoparathyroid women may require increased
calcitriol replacement to avoid worsening hypocalcemia. It is
important to maintain a normal ionized calcium level in pregnant
women because maternal hypocalcemia has been associated with
the development of intrauterine fetal hyperparathyroidism and
fetal death. Levels of ionized calcium rather than that of total
calcium should be followed, because of the fall of serum albumin
during pregnancy. Late in pregnancy, hypercalcemia may occur in
hypoparathyroid women unless the calcitriol dosage is substan-
tially reduced or discontinued. This effect may be mediated by the
increasing levels of PTHrP in the maternal circulation in late
pregnancy.

In limited case reports of pseudohypoparathyroidism, preg-
nancy has been noted to normalize the serum calcium level,
reduce the PTH level by one-half, and increase the 1,25-
dihydroxyvitamin D level 2- to 3-fold.(8) The mechanism by
which these changes occur despite pseudohypoparathyroidism
remains unclear.

LACTATION

The typical daily loss of calcium in breast milk has been
estimated to range from 280 to 400 mg, although daily losses
as great as 1000 mg calcium have been reported. A temporary
demineralization of the skeleton seems to be the main mecha-
nism by which lactating humans meet these calcium require-
ments. This demineralization does not seem to be mediated by
PTH or 1,25-dihydroxyvitamin D, but may be mediated by
PTHrP in the setting of a fall in estrogen levels.

Mineral Ions and Calciotropic Hormones
The normal lactational changes in maternal calcium, phos-

phate, and calciotropic hormone levels are schematically de-
picted in Fig. 2.(1) The mean ionized calcium level of exclu-
sively lactating women is increased, although it remains within
the normal range. Serum phosphate levels are also higher
during lactation, and the level may exceed the normal range.
Because reabsorption of phosphate by the kidneys seems to be
increased, the increased serum phosphate levels may, therefore,
reflect the combined effects of increased flux of phosphate into
the blood from diet and from skeletal resorption in the setting
of decreased renal phosphate excretion.

Intact PTH, as determined by a two-site immunoradiometric
assay (IRMA) assay, has been found to be reduced 50% or
more during the first several months of lactation. It rises to
normal at weaning, but may rise above normal after weaning.
In contrast to the high 1,25-dihydroxyvitamin D levels of
pregnancy, maternal free and bound 1,25-dihydroxyvitamin D
levels fall to normal within days of parturition and remain there
throughout lactation. Calcitonin levels fall to normal after the
first 6 weeks postpartum. Mice lacking the calcitonin gene lose
twice the normal amount of BMC during lactation, which
indicates that physiological levels of calcitonin may protect the
maternal skeleton from excessive resorption during this time

period.(9,10) Whether calcitonin plays a similar role in human
physiology is unknown.

PTHrP levels, as measured by two-site IRMA assays, are
significantly higher in lactating women than in nonpregnant
controls. The source of PTHrP may be the breast, because
PTHrP has been detected in breast milk at concentrations
exceeding 10,000 times the level found in the blood of patients
with hypercalcemia of malignancy or normal human controls.
Furthermore, lactating mice with the PTHrP gene ablated only
from mammary tissue have lower blood levels of PTHrP than
control lactating mice.(11) Studies in animals suggest that
PTHrP may regulate mammary development and blood flow
and the calcium content of milk. In addition, PTHrP reaching
the maternal circulation from the lactating breast may cause
resorption of calcium from the maternal skeleton, renal tubular
reabsorption of calcium, and (indirectly) suppression of PTH.
In support of this hypothesis, deletion of the PTHrP gene from
mammary tissue at the onset of lactation resulted in more
modest losses of BMC during lactation in mice.(11) In humans,
PTHrP levels correlate with the amount of BMD lost, nega-
tively with PTH levels, and positively with the ionized calcium
levels of lactating women.(12–14) Furthermore, observations in
aparathyroid women provide evidence of the impact of PTHrP
in calcium homeostasis during lactation (see below).

Intestinal Absorption of Calcium
Intestinal calcium absorption decreases to the nonpregnant

rate from the increased rate of pregnancy. This corresponds to
the fall in 1,25-dihydroxyvitamin D levels to normal.

Renal Handling of Calcium
In humans, the glomerular filtration rate falls during lactation,

and the renal excretion of calcium is typically reduced to levels as
low as 50 mg/24 h. This suggests that the tubular reabsorption of
calcium must be increased to account for reduced calcium excre-
tion in the setting of increased serum calcium.

Skeletal Calcium Metabolism
Histomorphometric data from animals consistently show

increased bone turnover during lactation, and losses of 35%
or more of bone mineral are achieved during 2–3 weeks of
normal lactation in the rat.(1) Comparative histomorphomet-
ric data are lacking for humans, and in place of that, serum
markers of bone formation and urinary markers of bone
resorption have been assessed in numerous cross-sectional
and prospective studies of lactation. Some of the confound-
ing factors discussed with respect to pregnancy apply to the
use of these markers in lactating women. In this instance, the
GFR is reduced, and the intravascular volume is contracted.
Urinary markers of bone resorption (24-h collection) have
been reported to be elevated 2- to 3-fold during lactation and
are higher than the levels attained in the third trimester.
Serum markers of bone formation (not adjusted for
hemoconcentration or reduced GFR) are generally high dur-
ing lactation and increased over the levels attained during
the third trimester. Total alkaline phosphatase falls imme-
diately postpartum because of loss of the placental fraction,
but may still remain above normal because of the elevation
in the bone-specific fraction. Despite the confounding vari-
ables, these findings suggest that bone turnover is signifi-
cantly increased during lactation.

Serial measurements of BMD during lactation (by SPA,
DPA, or DXA) have shown a fall of 3–10.0% in BMC after
2–6 months of lactation at trabecular sites (lumbar spine, hip,
femur, and distal radius), with smaller losses at cortical
sites.(1,6) The loss occurs at a peak rate of 1–3% per month, far
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exceeding the rate of 1–3% per year that can occur in women
with postmenopausal osteoporosis who are considered to be
losing bone rapidly. Loss of bone mineral from the maternal
skeleton seems to be a normal consequence of lactation and
may not be preventable by raising the calcium intake above the
recommended dietary allowance. Several studies have shown
that calcium supplementation does not significantly reduce the
amount of bone lost during lactation.(15–18) Not surprisingly, the
lactational decrease in BMD correlates with the amount of
calcium lost in the breast milk.(19)

The mechanisms controlling the rapid loss of skeletal cal-
cium content are not well understood. The reduced estrogen
levels of lactation are clearly important but are unlikely to be
the sole explanation. To estimate the effects of estrogen defi-
ciency during lactation, it is worth noting the alterations in
calcium and bone metabolism that occur in reproductive age
women who have estrogen deficiency induced by
gonadotropin-releasing hormone (GnRH) agonist therapy for
endometriosis and other conditions. Six months of acute estro-
gen deficiency induced by GnRH agonist therapy leads to
1–4% losses in trabecular (but not cortical) BMD, increased
urinary calcium excretion, and suppression of 1,25-
dihydroxyvitamin D and PTH levels.(1) In lactation, women are
not as estrogen deficient but lose more BMD (at both trabecular
and cortical sites), have normal (as opposed to low) 1,25-
dihydroxyvitamin D levels, and have reduced (as opposed to
increased) urinary calcium excretion. The difference between
isolated estrogen deficiency and lactation may be caused by the
effects of other factors (such as PTHrP) that add to the effects
of estrogen withdrawal in lactation (Fig. 3).

The BMD losses of lactation seem to be substantially re-
versed during weaning.(1,6,16) This corresponds to a gain in
BMD of 0.5–2% per month in the woman who has weaned her
infant. The mechanism for this restoration of BMD is uncertain
and largely unexplored. In the long term, the consequences of
lactation-induced depletion of bone mineral seem clinically
unimportant. The vast majority of epidemiologic studies of pre-
and postmenopausal women have found no adverse effect of a
history of lactation on peak bone mass, BMD, or hip fracture
risk.

Osteoporosis of Lactation
Rarely, a woman will suffer a fragility fracture during lac-

tation, and osteoporotic readings will be confirmed by DXA.
Like osteoporosis in pregnancy, this may represent a coinci-
dental, unrelated disease; the woman may have had low BMD
before conception. Alternatively, some cases might represent
an exacerbation of the normal degree of skeletal demineraliza-
tion that occurs during lactation and a continuum from changes
in BMD and bone turnover that may have occurred during
pregnancy. For example, excessive PTHrP release from the
lactating breast into the maternal circulation could cause ex-
cessive bone resorption, osteoporosis, and fractures in some of
these cases. PTHrP levels were high in one case of lactational
osteoporosis and were found to remain elevated for months
after weaning.(20)

Hypoparathyroidism and Pseudohypoparathyroidism
Levels of calcitriol/calcium supplementation required for

treatment of hypoparathyroid women fall early in the postpar-
tum period, especially if the woman breastfeeds, and hypercal-
cemia may occur if the calcitriol dosage is not substantially
reduced.(21) As observed in one recent case, this is consistent
with PTHrP reaching the maternal circulation in amounts suf-
ficient to allow stimulation of 1,25-dihydroxyvitamin D syn-
thesis and maintenance of normal (or slightly increased) ma-
ternal serum calcium.(22)

The management of pseudohypoparathyroidism has been
less well documented. Because these patients are likely resis-
tant to the renal actions of PTHrP and the placental sources of
1,25-dihydroxyvitamin D are lost at parturition, the calcitriol
requirements might well increase and may require further ad-
justments during lactation.

IMPLICATIONS

In both pregnancy and lactation, novel regulatory systems
specific to these settings complement the usual regulators of
calcium homeostasis. The studies of pregnant women sug-
gest that the fetal calcium demand is met in large part by
intestinal calcium absorption, which more than doubles from
early in pregnancy, correlating with the increase in 1,25-
dihydroxyvitamin D. The studies of biochemical markers of
bone turnover, DXA, and ultrasound are not conclusive, but are
compatible with the possibility that the maternal skeleton does
contribute calcium to the developing fetus. In comparison, the
studies in lactating women suggest that skeletal calcium resorption
is a dominant mechanism by which calcium is supplied to the
breast milk, whereas renal calcium conservation is also apparent.
These changes seem to be driven by PTHrP in association with
estrogen deficiency. These observations indicate that the maternal
adaptations to pregnancy and lactation have evolved differently
over time, such that dietary calcium absorption dominates in
pregnancy, whereas the temporary borrowing of calcium from the
skeleton seems to dominate during lactation. Lactation seems to
program an obligatory skeletal calcium loss irrespective of mater-
nal calcium intake, but the calcium is completely restored to the
skeleton after weaning. The rapidity of calcium loss and regain by
the skeleton of the lactating woman are through mechanisms that
are, at best, only partly understood. A full elucidation of the
mechanisms of bone loss and restoration in the lactating woman
might lead to the development of novel approaches to the treat-
ment of osteoporosis and other metabolic bone diseases. Finally,
while it is apparent that some women will experience fragility
fractures as a consequence of pregnancy or lactation, the vast
majority of women can be assured that the changes in calcium and
bone metabolism during pregnancy and lactation are normal,
healthy, and without adverse consequences in the long term.

FIG. 3. Acute estrogen deficiency (e.g., GnRH analog therapy) increases
skeletal resorption and raises the blood calcium; in turn, PTH is suppressed
and renal calcium losses are increased. During lactation, the combined
effects of PTHrP (secreted by the breast) and estrogen deficiency increase
skeletal resorption, reduce renal calcium losses, and raise the blood cal-
cium, but calcium is directed into breast milk. (Reprinted with permission
of The Endocrine Society from Kovacs CS, Kronenberg HM 1997
Maternal-fetal calcium and bone metabolism during pregnancy, puerpe-
rium and lactation. Endocr Rev 18:832–872. Copyright 1997, The Endo-
crine Society.)
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Chapter 11. Menopause
Ian R. Reid

Department of Medicine, University of Auckland, Auckland, New Zealand

INTRODUCTION

Menopause refers to the cessation of menstruation, which oc-
curs at �48–50 years of age in healthy women. The decline in
ovarian hormone production is gradual and starts several years
before the last period. Changes in bone mass and calcium
metabolism are evident during this perimenopausal transition.
Estrogen is the ovarian product that has the greatest impact on
mineral metabolism, although both progesterone and ovarian
androgens may have some influence. Menopause ushers in a
period of bone loss that extends until the end of life and that is
the central contributor to the development of osteoporotic
fractures in older women.

EFFECTS ON BONE

Before menopause, there is virtually no bone loss in most
regions of the skeleton, and fracture rates are stable. The most
obvious effect of menopause on bone is an increase in the
incidence of fractures; in the forearms and vertebrae, this is
clearly apparent within the first postmenopausal decade. It is
attributable to the rapid decline in bone mass that occurs in the
perimenopausal years. Bone loss is more marked in trabecular
than in cortical bone because the former has a far greater

surface area over which bone resorption can take place. Thus,
the fractures that occur early in menopause are in trabecular-
rich regions of the skeleton such as the distal forearm and
vertebrae. The loss of bone and increase in fracture rates are
preventable with estrogen replacement.

The perimenopausal increase in bone loss is driven by in-
creased bone resorption.(1) Bone biopsy specimens in normal
postmenopausal women show an increase in the proportion of
bone surfaces at which resorption is taking place and an in-
crease in the depth of resorption pits. These changes follow
from an increase in the activation frequency of remodeling
units and a prolongation of their resorptive phase. Indices of
bone resorption are twice the levels found in premenopausal
women, whereas markers of bone formation are only �50%
above premenopausal levels,(2) leading to negative bone bal-
ance. The resulting loss of bone leads to the perforation and
loss of trabeculae and increased porosity in cortical bone. The
changes in histomorphometric indices and biochemical mark-
ers can be returned to premenopausal levels with estrogen
replacement therapy.

The changes in bone turnover that accompany menopause
are in part accounted for by the direct actions of estrogen on
bone cells. Estrogen receptors are present in both osteoblasts
and osteoclasts. Estrogen promotes the development of osteo-
blasts in preference to adipocytes from their common precursor
cell,(3) increases osteoblast proliferation,(4) and increases pro-The author has reported no conflicts of interest.
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duction of a number of osteoblast proteins (e.g., IGF-1, type I
procollagen, TGF-�, and BMP-6). Thus, estrogen tends to have
an anabolic effect on the isolated osteoblast, which is comple-
mented by its inhibition of apoptosis in osteocytes(5) and os-
teoblasts.(6) In vivo, however, the initiation of estrogen replace-
ment therapy is usually associated with a reduction in
osteoblast numbers and activity.(7) This is accounted for by the
tight coupling of osteoblast activity to that of osteoclasts and
the overriding effect of estrogen to reduce osteoclastic bone
resorption. However, there is now evidence that high concen-
trations of estrogen increase some histomorphometric indices
of osteoblast activity (e.g., mean wall thickness) in humans,
possibly by increasing osteoblast synthesis of growth factors.(8)

Estrogen’s suppression of osteoclast activity is contributed
to by increased osteoclast apoptosis,(9) by reduced osteoblast/
stromal cell production of RANKL, and by increased produc-
tion of osteoprotegerin.(10) These direct effects are buttressed
by estrogen action on bone marrow stromal and mononuclear
cells and on T cells. The former produce cytokines, such as
IL-1, IL-6, and TNF-�, which are potent stimulators of oste-
oclast recruitment and/or activity.(11) Estrogen decreases pro-
duction of each of these cytokines(12) and modulates levels of
IL-1 receptors.(13) Bone loss after ovariectomy is reduced by
blockers of these cytokines. IL-1 and TNF-� may act in part by
regulating stromal cell production of IL-6 and macrophage
colony-stimulating factor.(14) Estrogen’s reduction in bone re-
sorption is also contributed to by its increasing levels of NO
and TGF-�, both of which are potent inhibitors of osteoclast
differentiation and bone resorption.(15) TGF-� acts through
regulation of T-cell production of TNF-�,(16) and estrogen also
influences T-cell proliferation through interferon-�.(17) These
effects on osteoclasts and bone marrow cytokines are supported
by estrogen’s regulation of the release of systemic factors, such
as growth hormone.(18)

EFFECTS ON CALCIUM METABOLISM

The bone loss that follows menopause is accompanied by
negative changes in external calcium balance, which are ap-
proximately equally contributed to by decreases in intestinal
calcium absorption and by increases in urinary calcium loss.(19)

Menopause is associated with reduced circulating concentra-
tions of total, but not free, 1,25-dihydroxyvitamin D
[1,25(OH)2D], implying that its main effect is on vitamin D
binding protein. However, intestinal mucosal cells contain es-
trogen receptors and respond directly to 17�-estradiol with
enhanced calcium transport,(20) probably through regulation of
the epithelial calcium channel CaT1,(21) suggesting estrogen’s
effects are independent of vitamin D.

In the kidney, it is clear that tubular reabsorption of calcium
is higher in the presence of estrogen(22,23). One study(23) found
higher PTH concentrations in the presence of estrogen and
inferred that this was the mechanism of the renal calcium
conservation. However, higher PTH levels have not been the
finding in a number of other studies. Thus, it is likely that
estrogen directly modulates renal tubular calcium absorption
through its own receptor in the kidney, as suggested by in vitro
studies of renal tubule cells that show a stimulatory effect of
17�-estradiol on calcium membrane transport.(24)

The changes in the handling of calcium by the gut and
kidney could each be a cause of postmenopausal bone loss or
they could represent homeostatic responses to it. If the former
was the case, PTH concentrations would be elevated in post-
menopausal women to maintain plasma calcium concentrations
in the face of intestinal and renal losses. This, in turn, would
cause bone loss. If, on the other hand, bone loss were the
primary event, suppression of PTH would be expected, leading

to secondary declines in intestinal and renal calcium absorp-
tion. The effect of menopause on PTH concentrations has been
addressed many times without any consistent pattern emerging.
This suggests that estrogen has direct effects on bone, kidney
and gut, and the opposing effects of these actions on PTH
secretion leads to inconsistent changes in PTH concentrations.
Furthermore, estrogen may directly modulate PTH secre-
tion.(25,26)

There are small but consistently demonstrable effects of
menopause on circulating concentrations of calcium. Total
calcium is 0.05 mM higher after menopause.(22,27) This is partly
attributable to a contraction of the plasma volume and resulting
increase in albumin concentrations that occurs in the absence of
estrogen,(28,29) and partly to an increase in plasma bicarbonate
that leads to an increase in the complexed fraction of plasma
calcium. The higher bicarbonate levels of postmenopausal
women are attributable to a respiratory acidosis that results
from the loss of the respiratory stimulatory effects of proges-
terone on the central nervous system, an action that is poten-
tiated by estrogen.(30,31) Despite changes in protein-bound and
complexed calcium fractions, ionized calcium concentrations
are usually found to be the same in pre- and postmenopausal
women.

SUMMARY

The effects of menopause on skeletal physiology are sum-
marized in Fig. 1. The major effect is an increase in bone
turnover, which is dominantly an increase in bone resorption.
This results in bone loss that may be contributed to by reduc-
tions in both intestinal and renal tubular absorption of calcium.
Bone loss persists throughout the entire postmenopausal period
and results in a high risk of fractures in those women whose
peak bone mass was in the lower part of the normal range.
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FIG. 1. The potential pathways by which
menopause leads to bone loss. For simplic-
ity, a contribution from loss of any ana-
bolic effect of estrogen on the osteoblast is
not shown. The fall in ovarian production
of androgens and progesterone also con-
tributes to some of these changes.
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INTRODUCTION

Age-related fractures are the most common manifestation of
osteoporosis and are responsible for the greatest proportion of
the morbidity and mortality from this disease. Over the next
quarter century, as the population ages, fracture prevalence will
also rise. Biochemical, biomechanical, and nonskeletal factors
contribute to fragility fractures in the elderly. In this overview,
we will focus on the quantitative and qualitative changes in the
skeleton as well as the nonskeletal pathways that contribute to
osteoporotic fractures in older individuals.

AGE-RELATED CHANGES IN BONE QUALITY
AND QUANTITY THAT CONTRIBUTE TO

FRACTURE RISK

Numerous studies have documented a progressive reduction in
BMD at nearly every skeletal site with aging(1); however, fracture
risk also climbs with age, independent of BMD.(2) Therefore, other
skeletal and nonskeletal factors must contribute to overall fracture
risk. Recent advances in imaging technology and the availability
of more longitudinal studies reveal significant changes in trabec-
ular architecture and connectivity that can be linked to bone
strength and ultimately fracture risk in the elderly.(3) Other qual-
itative factors that are influenced by age include the degree of
mineralization, microcrack number and frequency, anisotropy,
skeletal geometry, and the periosteal response to trabecular bone
loss. The latter is particularly intriguing because the loss of tra-
becular elements may result in a compensatory increase in the
cortical shell diameter.(4) This characteristic is more pronounced in
the aging male rather than female and probably serves to protect
the skeleton during active bone loss. Finally, recent attention has
focused on the role of marrow fat in the bone marrow compart-
ment because adipogenesis at this site increases with aging.(5) .
These age-related changes can be visualized by MRI and could
have structural consequences, although neither the function nor
the fate of marrow adipocytes is known.(6)

Currently. it is difficult, if not impossible, to clinically mea-
sure qualitative characteristics of bone; however, risk factors
such as age and previous fracture capture some of these qual-
itative determinants of fracture risk. In contrast to the limited
ability to measure qualitative changes in bone, quantifying
BMD and loss of BMD can be easily assessed by DXA mea-
surements. BMD changes with aging contribute to the risk of
future fracture. For example, over a lifespan, women lose
�42% of their spinal and 58% of their femoral bone mass.(1)

Surprisingly, rates of bone loss in the eighth and ninth decades
of life may be comparable with or even exceed those found in
the immediate peri- and postmenopausal period of some wom-
en.(7,8) This is caused by uncoupling in the bone remodeling
cycle of older individuals, resulting in a marked increase in
bone resorption but no change or a decrease in bone forma-
tion.(7,9) The latter scenario is particularly intriguing because
aging is associated with a significant increase in stromal cell
differentiation into the fat lineage and greater marrow adipos-
ity, which may be associated with fewer stromal cells commit-

ted to the osteoblast lineage. Alterations in bone turnover can
be detected by biochemical markers of bone remodeling that
include bone resorption indices (e.g., urinary and serum break-
down products of type I collagen) and bone formation markers
(e.g., osteocalcin, procollagen peptide, bone specific alkaline
phosphatase). In general, bone turnover markers are signifi-
cantly higher in older rather than younger postmenopausal
women, and these indices are inversely related to BMD.(10) For
example, in the EPIDOS trial of elderly European females, the
highest levels of osteocalcin, N-telopeptide, C-telopeptide, and
bone-specific alkaline phosphatase were noted for those in the
lowest tertile of femoral BMD.(11) Also, increased bone resorp-
tion indices were associated with a greater fracture risk inde-
pendent of BMD.(11) For those women in EPIDOS with low
BMD and a high bone resorption rate, there was a nearly 5-fold
greater risk of a hip fracture. Similar findings have been noted
in other cohorts composed of elderly individuals.(12)

In contrast to consistently high bone resorption indices, bone
formation markers in the elderly are more variable. Serum osteo-
calcin levels are high in elderly individuals, but this may be
indicative of an increase in bone turnover rather than reflecting a
true rise in bone formation.(11) On the other hand, bone-specific
alkaline phosphatase and procollagen peptide levels have been
reported to be high, normal or low in elderly men and women.(13)

Bone histomorphometric indices in the elderly are also quite
variable. Morphologically, the age-associated increase in marrow
fat may or may not contribute to the heterogeneity in formation
markers. Thus, although there is strong evidence for an age-
associated rise in bone resorption, changes in bone formation are
inconsistent. Notwithstanding the limitations of biochemical
markers, it is generally assumed there is uncoupling of the remod-
eling unit that leads to bone loss, altered skeletal architecture, and
an increased propensity to fractures.

FACTORS THAT CONTRIBUTE TO AGE-RELATED
BONE LOSS

Nutritional
Increased bone resorption in older individuals can be attrib-

uted to a number of factors including calcium and/or vitamin D
deficiency. Both are very common in the elderly and are caused
by a number of conditions, including abrupt dietary changes,
lack of sunlight exposure, malabsorption, use of certain drugs,
cachexia, and anorexia. The result of low calcium intake is
persistent secondary hyperparathyroidism, which in turn leads
to increased bone resorption, often accentuated by occult vita-
min D deficiency, especially in women living in northern
latitudes.(14) It is estimated that upward of 80% of elderly
postmenopausal women may have vitamin D deficiency as
defined by a 25-hydroxyvitamin D of �20 ng/ml (50 nM).(15,16)

Low vitamin D levels could result not only in reduced bone
mass but also altered muscle function.

In a meta-analysis of clinical trials of calcium supplementa-
tion for postmenopausal women, lumbar BMD was shown to
be slightly increased in women who were supplemented.(17)

Calcium treatment alone, however, does not reduce vertebral or
nonvertebral fractures and debate continues about whether
vitamin D alone, in doses of �800 IU/day, can prevent
fractures.(18–20) Certainly there is some evidence to suggest that
vitamin D supplementation can improve muscle function,
thereby indirectly reducing fracture risk.(20) The National
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Academy of Science recommends a minimal daily requirement
for calcium intake in people �65 years of age to be 1500
mg/day and for vitamin D to be 600 IU/day.(21) It is likely that
this 600 IU/day recommendation for vitamin D will be in-
creased to 800 IU/day in the coming years.

A balanced diet that includes micro- and macronutrients is
essential for the overall health of the older individual. Besides
calcium and vitamin D, other nutritional factors may play a role in
age-related osteoporosis. Although total protein intake seems to be
beneficial to the skeleton, there is still a debate as to whether high
animal protein intake creates an acidic environment in bone,
leading to loss of calcium from the skeleton.(22–24) Protein/calorie
malnutrition stimulates bone resorption and impairs bone forma-
tion both directly and through other mechanisms such as reduced
serum IGF-I.(25) Vitamin K deficiency may contribute to an in-
creased risk of osteoporotic fractures, possibly through effects on
the carboxylation of bone proteins such as osteocalcin.(26) Other
micronutrients such as the B vitamins and vitamin C have been
linked to osteoporotic risk in some but not all studies. At least one
observational study suggested that increased vitamin A intake
might be associated with low BMD.(18,27) A case control study
showed a significant relationship between excessive intake of
vitamin A and age-related fractures.(28)

Hormonal
Estrogen deficiency has long been recognized as a major cause

of bone loss in the first decade after menopause. More recently,
investigators have identified a strong relationship between endog-
enous estrogen and bone mass in elderly men and women. In one
prospective study, Slemenda et al.(29) noted that both estrogens and
androgens were independent predictors of bone loss in older
postmenopausal women. In both the Rancho Bernardo cohort and
the Framingham Cohort, estradiol levels were strongly related to
BMD at the spine, hip, and forearm.(30,31)

Males also suffer from age-related bone loss, and evidence
suggests that absolute estrogen levels, rather than testosterone
concentrations, are essential for maintenance of BMD. In the
Rancho Bernardo cohort, serum estradiol levels in elderly men
correlated closely with bone mass at several sites,(30) and low
estradiol levels in men were associated with increased risk of hip
fracture. Recently, Falahati et al.(32,33) showed that small amounts
of estradiol were essential for preventing bone resorption in men,
in part by upregulating osteoprotegerin (OPG). Endogenous tes-
tosterone also plays a role in regulating bone turnover, possibly
more on the formation side than in respect to resorption. Serum
testosterone levels decline with age at a rate of �1.2%/year,
whereas sex hormone binding globulin (SHBG) levels rise. Males
treated with androgen antagonists or gonadotropin agonists for
prostate cancer metastases rapidly lose bone mass and may be at
high risk for subsequent osteoporotic fractures.(34) Overall, it
seems likely that both androgens and estrogens are important in
the elderly male. Whether changes in male hormone levels are
causally related to age-related bone loss in men will have to await
large scale prospective studies.

Changes in other circulating factors may be related to bone
loss in the elderly. For example, growth hormone (GH) secre-
tion declines 14% per decade and is the principle cause for low
serum IGF-I concentrations in both elderly men and women.(35)

Serum IGF-I concentrations in some studies but not others are
directly related to BMD, and in one study, low IGF-I was an
independent predictor of hip fracture.(36) Similarly, the adrenal
androgens, dehydroepiandrosterone (DHEA) and DHEA-S,
also decline precipitously with age and are 10–20% of young
adult serum levels.(37) OPG levels are also lower in the elderly
than in younger postmenopausal woman, but whether this can
lead to increased bone loss has yet to be shown.(2) Aging is also

associated with a generalized cytokinemia, including greater
serum levels of interleukin-6 (IL-6) and TNF, as well as
C-reactive protein (CRP). Whether these changes are a func-
tion of other disease processes and therefore may contribute to
bone loss in the elderly have not been established.

Heritable and Environmental Factors
Age-related bone loss can be dramatic in some individuals,

and this decline cannot be attributed solely to hormonal or
nutritional factors. Several investigators have hypothesized that
there is genetic programming, which when triggered by envi-
ronmental factors, may lead to bone loss, especially in the
elderly. Some animal models, but not others, have shown a
heritable component to age-related bone loss.(38) Recently,
Bouxsein et al.(39) showed that, after ovariectomy, inbred
strains of mice lost bone at very different rates. This would
suggest that genetic programming may be operative in deter-
mining the rate of bone loss with estrogen deprivation. In
humans, the multiplicity of environmental factors makes the
determination of fracture heritability complicated, although
recent publications also suggest a genetic component.(40,41) On
the other hand, environmental factors, including inactivity and
loss of muscle mass, smoking, alcohol, and medications such
as glucocorticoids and anticonvulsants, may contribute to an
excessive rate of bone loss in some elderly.

FRACTURES AND FALLS IN THE ELDERLY

In elderly individuals, decreased bone strength, as reflected
by BMD, is only one of many important contributors to overall
hip fracture risk. Other factors include propensity to fall, in-
ability to correct a postural imbalance, characteristics of the
faller such as height and muscle activity, the orientation of the
fall, adequacy of local tissue shock absorbers, and character-
istics of the impact surface. The resistance of a skeletal struc-
ture to failure (i.e., fracture) depends on the geometry of the
bone, the material properties of the calcified tissue, and the
location and direction of the loads to which the bone is sub-
jected (i.e., during a fall or other activities). Estimations of the
forces generated within the bone in response to a given load
can be estimated using basic engineering principles. Those
forces can be compared with the strengths of the tissue. The
ratio of the impact force expected during a fall to the force
required to cause the bone to fail incorporates the two major
determinants of fracture risk. When this ratio is close to or
more than 1, the structure is at great risk of failure.

In the elderly, this ratio is 0.3 at the femoral neck for simple
stance and normal ambulation. For stair climbing, it is about
0.6. In falls, the ratio ranges from 1 to �70.(42) These calcu-
lations are complicated by considerable uncertainty about the
loads to which hips are actually subjected during falls. For
example, skeletal structures at high risk for age-related frac-
ture, such as the hip, change their geometry with aging and
bone remodeling, making it difficult to ascertain the true force
of failure in vivo. Most of the energy from a fall dissipates
before actual injury, and yet the residual force at impact re-
mains two orders of magnitude greater than the energy required
to fracture elderly femurs. This would suggest that a simple fall
is easily capable of fracturing the proximal femur.

Falls in older people are rarely due to a single cause. Falls
usually occur when a threat to the normal homeostatic mecha-
nisms that maintain postural stability is superimposed on under-
lying age-related declines in balance, ambulation, and cardiovas-
cular function. In some cases, this may involve an acute illness
such as a fever or infection or an environmental stress such as a
newly initiated drug or an unsafe walking surface. Regardless of
the nature of the stress, an elderly person may not be able to
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compensate because of either age-related declines in function or
severe chronic disease. It is unlikely for an extrinsic stress to
completely explain the circumstances of a fall. Older persons, by
virtue of their age alone, experience declines in physiologic func-
tion, have greater numbers of chronic diseases, acute illnesses, and
hospitalizations, and use multiple medications. Superimposed on
these age-related characteristics, challenges to postural control
may have a greater impact in aged persons according to their
risk-taking behavior and opportunity to fall. Thus, those individ-
uals who are completely immobile may not be at risk of falling
despite multiple predisposing factors. On the other hand, persons
who are either vigorous or only slightly frail may be at higher risk
compared with individuals in between those extremes, due in part
to more risk taking and inability to compensate for postural
changes. Despite the importance of falls, BMD still remains a
major predictor of fracture risk(2) regardless of age.(43) Recent
evidence also implicates low vitamin D as an important contrib-
utor to the risk of falls and fractures and to lower extremity
function.(20,44,45) Moreover, vitamin D supplementation may re-
duce fracture risk by enhancing muscle strength, particularly in the
lower extremity.

In one large study for hip fracture risk in elderly women, the
subjects were grouped into three categories according to number
of risk factors for fracture other than BMD. Across all three risk
groups, BMD remained an important predictor for fracture.(2)

APPROACH TO FRACTURE PREVENTION IN THE
ELDERLY PATIENT

Because older persons have lower BMD to start, are con-
tinuing to lose bone, and are in the age group most likely to
fracture, interventions would be expected to be most cost-
effective when initiated in these individuals. The interventions
can be divided into two groups: (1) those that reduce the
applied load to the skeleton (fall prevention, passive protective
systems) and (2) those that preserve or increase BMD.

Interventions That Reduce the Applied Load
Interventions to prevent falls must be predicated on an

assessment of fall risk. This should include a history of falls
because a history of falls is the single most important risk
factor for a subsequent fall. If that history is positive, additional
information can be obtained surrounding the events of the fall,
because this information may identify important factors for
targeting risk factor modification strategies. The physical as-
sessment of fall risk should include orthostatic vital sign mea-
surement, a test of visual acuity, hearing, cardiac exam, ex-
tremity exam, and a test of the postural stability system as a
whole using any of several recently developed assessment tools
such as the “Get Up and Go” test(46,47) and the Short Portable
Physical Performance Battery.(48) Because some of the unfa-
vorable outcomes of major fractures such as hip fractures are
highly dependent on the premorbid status of an older patient,
fracture prevention efforts should include a thorough assess-
ment of underlying disability and frailty of the older person,
because these factors influence long-term outcomes.(49)

For fall prevention interventions, the pooled results from
several studies suggest that an intervention in which older
people are assessed by a health professional trained to identify
intrinsic and environmental risk factors is likely to reduce the
fall rate (OR � 0.79; 95% CI, 0.65–0.96).(50,51) Because falls to
the side that impact on the hip are the primary determinant of
hip fracture,(52) protective trochanteric padding devices have
been developed. Over the past 5 years, randomized, controlled
trials have largely confirmed that hip protectors can reduce hip
fracture, but subject compliance has been low.(53)

Interventions That Preserve or Increase BMD
In addition to the attention to adequate basic nutritional

factors, the use of therapeutic agents in the treatment of osteo-
porosis in the elderly person may be useful. Because older
persons are at the greatest risk of fracture and because frac-
ture reduction has been shown for the bisphos-
phonates,(54–56) estrogen therapy,(57,58) nasal calcitonin,(59)

risedronate,(55) and PTH,(60) potentially fewer elderly persons
would have to be treated for less duration to prevent fractures
than a younger population at lower risk of fracture.(61–64)
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